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a b s t r a c t

Porous carbon nanotube (CNT) mats adsorbed on flat sheet membranes have previously been shown to
significantly improve fouling resistance and contaminant removal capabilities. Unfortunately, these CNT
mats are easily disrupted by backwashing, severely limiting their value in commercial membranes. In this
study, we describe how CNT mats, which are stable to backwashing, can be generated on the inner
surface of hollow fiber membranes. Mat stability was determined from electron microscopy and by
quantifying the mass of CNTs lost during aggressive backwashing, including hydraulic stress and
exposure to harsh chemicals. Stable mats were also formed with powder activated carbon, demonstrat-
ing that the mat's stability is not a consequence of CNT properties, but rather the nature and
directionality of the forces that these mats experience during backwashing. Compared to virgin
membranes, CNT-modified membranes exhibited improved fouling resistance which was sustained
through multiple backwashing cycles. Moreover, no measureable quantities of CNTs entered the
permeate when natural organic matter was filtered through a CNT-modified membrane, indicating that
CNTs will not be released into the permeate during filtration. Collectively, these findings indicate that
CNT-modified membranes could positively impact the sustainability and performance of hollow fiber
membranes being used in water purification.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the past decade, the unique physicochemical properties of
nanomaterials, such as nano-silver, nano-scale metal oxides and
carbon nanotubes (CNTs), has enabled significant breakthroughs to
be realized in numerous fields, including commercial products,
analytical tools, water purification, and medicine [1–5]. CNTs are
particularly well suited to positively impact water treatment as
transformative components in the design of new nano-enabled
environmental technologies based on separation processes
(adsorption, filtration, etc.) [6,7]. In part, this interest in CNTs is
driven by their extremely high surface area-to-volume ratios
making them attractive candidates as a new class of carbon-
based sorbents for chemical and microbial removal from water
[8–14]. Thus, CNTs are effective at removing hydrophobic organic
chemicals [15–17], heavy metals [18–22], natural organic matter
[16] as well as viruses and bacteria [23–25]. The high surface area
and conductivity also enables CNT mats to function as three
ll rights reserved.
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dimensional porous electrodes. This has opened up the possibility
of using redox reactions to destroy contaminants when they
adsorb onto CNT mats, augmenting sorption as a means for
contaminant removal [26–31]. For example, concomitant electro-
lysis during filtration through CNT mats was found to remove E.
coli bacteria and MS2 viruses by more than 6-log10 [26].
In addition to contaminant removal, previous studies have shown
microporous CNT mats, when attached to flat sheet membranes,
enhance fouling resistance tripling the time for transmembrane
pressure (TMP) to increase with minimal reduction in the mem-
brane's clean water permeability [32]. This enhanced resistance to
fouling has been ascribed to the ability of the CNT mat to trap
species responsible for fouling [33].

Membranes modified by CNT mats clearly hold significant
promise for improving the energy efficiency and sustainability of
next generation membranes for water purification. Moreover, the
commercial and economic viability of integrating CNTs into
membranes has been made possible by increased demand and
production [34]; kilogram quantities of CNTs can now be pur-
chased for less than $1000. Unfortunately, mats created from pure
CNTs on flat sheet membranes exhibit poor stability and cannot be
easily handled or integrated into real world membrane systems
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Fig. 1. Preparing a CNT mat by filtering a CNT suspension through a hollow fiber
membrane from the “inside out”. Membrane before loading (Left). Modified
membrane (Right).
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[35]. This instability is a consequence of the large quantity of CNTs
that are released from the membrane's surface and into the
permeate during backwashing [32]. This release of CNTs not only
greatly restricts their practical value, but also raises important
health and safety concerns associated with the presence of CNTs in
the treated water. Synthetic strategies have recently been used to
chemically graft CNTs onto the surface of cellulose nitrate mem-
branes, although only as a minor component (20% maximum) of a
matrix containing poly(vinyl) alcohol and succinic acid [36].

This paper describes our recent discovery that mats composed
exclusively of CNTs can be created with a simple preparative method
on the internal surface of hollow fiber low pressure membranes, and
that these mats remain structurally intact on the membrane's surface
even after several backwashes and aggressive chemical cleaning.
Hollow fiber, low pressure membranes (LPMs), such as polyvinylidene
fluoride (PVDF) and polyethersulfone (PES) [37] are used for many
types of water treatment strategies (except desalination) and can be
operated in either an inside-out (active layer on the inner surface) or
outside-in (active layer on the outer surface) configuration. LPMs act as
a physical barrier for contaminant removal [38], removing aquatic
constituents larger than membrane pores, such as algae, bacteria, and
parasites. The removal of human enteric viruses (20–90 nm in
diameter) by LPMs, however, is often incomplete as these small
diameter viruses can pass through the larger diameter pores in LPMs.
Additionally, LPMs cannot remove most dissolved substances with the
exception of limited adsorption of some organic chemicals [39–42].
The discovery that backwashable CNT mats can be created by a simple
methodology on the inner surface of hollow fiber membranes there-
fore opens up the possibility to exploit the benefits of CNT mats to
enhance the performance of LPMs in real world applications.
2. Materials and methods

2.1. Base materials

Carbon nanotubes: Commercially available pristine (unfunctiona-
lized) multiwalled CNTs (MWCNTs) were purchased from Cheap Tubes
Inc. (Vermont, USA). According to the manufacturer's specifications,
the MWCNTs exhibit diameters ranging from 50 to 80 nm and lengths
between 10 and 20 μm and a specific surface area of 60 m2 g−1. Prior
to loading, MWCNT suspensions were prepared at an approximate
concentration of 750 mg L−1 in Milli-Q water (18 MΩ cm−1) with 0.9%
v=vH2O of non-ionic surfactant (Triton X100). To help disperse the
CNTs, all MWCNT suspensions were sonicated in a water bath
sonicator for 30 min (Aquasonic 250HT).

Hollow Fiber Membranes: Two types of commercially available
hollow fiber (HF) membranes were used: PES and PVDF. The PES
membranes are hydrophilic with a nominal pore size of 0.03 μm
and are capable of sustaining a maximum pure water flux of
approximately 12007120 L h−1 m−2 bar−1. The PVDF membranes
are hydrophobic with a nominal pore size of 0.1 μm and are able to
sustain a maximum flux of pure water of approximately
655785 L h−1 m−2 bar−1.

Creating Membrane Modules: All filtration experiments were
performed using the bench scale filtration system described in
Huang et al. [43]. Virgin hollow fiber PES (HF-PES) and PVDF (HF-
PVDF) membranes, ≈9.5 cm in length, were potted in epoxy with
one end cut open to allow inside out, dead end filtration. The inner
surface area of ≈9 cm2 was kept consistent between different
modules; four fibers for HF-PES and six for HF-PVDF modules.
Once prepared the HF-PVDF and HF-PES membrane modules were
soaked overnight in 25% v=vH2O isopropanol solution or Milli-Q
water, respectively and then attached to the filtration system. Prior
to each experiment the virgin module was flushed with Milli-Q
water and the pure water flux measured by the flux step method
[44]. A new membrane module was used for each experiment.

Fig. 1 summarizes the approach used to create CNT mats on the
inner surface of virgin, HF-PES and HF-PVDF membranes. Here-
after, we refer to PES and PVDF hollow fiber membranes modified
by the addition of CNT mats to their inner surfaces as HF-PES-CNT
and HF-PVDF-CNT membranes, respectively. CNT mats were cre-
ated by filtering 13 mL of a 750 mg L−1 CNT suspension through
each hollow fiber module in an inside-out mode at a constant
filtration flux of 134 L h−1 m−2 using a peristaltic pump. The CNT
loading was maintained at ≈11 g MWCNT m−2. During the CNT
loading process, the transmembrane pressure (TMP) was recorded
every 10 s with a pressure transducer connected to an electronic
board. The mat was created during the filtration process as CNTs
were trapped on the inner surface of the hollow fibers. Once the
CNTs had been loaded the residual surfactant was flushed from the
module with Milli-Q water until the TMP reached a constant value.
Once created the pure water flux passing through the HF-PES-CNT
and HF-PVDF-CNT membranes was determined using Milli-Q
water and the flux step method [44]. See Fig. S1 for a picture of
a module during the formation of a HF-PVDF-CNT membrane.

The CNT loading (mg MWCNT m−2) was determined by multi-
plying the MWCNT concentration (mg L−1) by the total volume of
MWCNT-containing solution filtered through the hollow fibers.
This enabled us to calculate the total mass of MWCNTs (mg) used
during the loading process. This value was then divided by the
inner surface area of the HF-PVDF or HF-PES modules (m2) to
obtain the CNT loading (mg MWCNT m−2).

2.2. Evaluating the stability of CNT mats towards backwashing

Once the CNT mats were created, mat stability was evaluated
by reversing the flow of water through HF-PES-CNT and HF-PVDF-
CNT membranes using hydraulic backwashing, i.e. outside-in flow.
Three different backwash conditions were applied in sequence:
(i) long term (2 h) backwashing with Milli-Q water at 85 L h−1 m−2,
(ii) hydraulic stress with Milli-Q water for 3 min at four increasing
fluxes ranging from 85 to 420 L h−1 m−2; each step was performed
by flux pulsation (the flux was increased instantaneously and not
incrementally) and, (iii) chemical stress involving three sequential
(3 min) backwashing steps at 85 L h−1 m−2 performed with three
different chemicals in Milli-Q water: (a) synthetic surface water
(49 ppm NaHCO3, 28 ppm CaSO4, 25 ppmMgSO4 and 1.9 ppm KCl),



M.J. Gallagher et al. / Journal of Membrane Science 446 (2013) 59–67 61
(b) 5 ppm and 500 ppm sodium hypochlorite solutions and, (c) a
non-ionic surfactant suspension (0.9% v=vH2O Triton-X). The (i), (ii),
(iii) sequence of backwashing steps was performed in triplicate, i.e.
on three HF-PES-CNT and three HF-PVDF-CNT modules. Compared
to normal membrane operation the backwashing conditions used
in this study to test the stability of the CNT mats represent worst
case scenarios in terms of duration, flux and chemical reagents. For
the long backwash step (i) a 3 ml aliquot of backwashed water was
collected every 10 min. For each of the steps described in back-
wash steps (ii) and (iii) a 3 ml aliquot of the backwashed water
sample was collected.

The mat's stability during each backwashing step was assessed by
determining the mass of CNTs dislodged from the mats. This was done
by analyzing the concentration of MWCNTs in the backwashed water
using UV–vis Spectroscopy (UV–vis). To determine the MWCNT
concentration (and thereby the mass of CNTs released during each
backwash step) by UV–vis it is necessary to ensure that all of the CNTs
are dispersed. This was accomplished by first adjusting the pH of the
backwash water to 10, as we have shown previously that high pH
improves CNT dispersion [45]. Following this step, 0.5% v=vH2O of the
surfactant Triton X100 was added to the solution and sonicated at
70W (Branson 1510) for ≈15min. The CNT concentration was then
determined by measuring the average UV absorbance in the 800–
900 nm range where control studies (see Fig. S2) showed that Triton
X100 does not absorb but MWCNTs absorb/scatter light. The sensitiv-
ity of these measurements was enhanced by using a 5 cm path length
UV–vis cell. The correlation between UV absorbance in the 800–
900 nm range and MWCNT mass concentration (mg L−1) was deter-
mined by conducting separate control studies where knownmasses of
MWCNT powders were dispersed in Milli-Q with 0.5% Triton X100
v=vH2O (see Fig. S3). Using this information, the CNT mass released
from the mat in any backwash step could be determined by multi-
plying the CNTmass concentration, determined by UV–vis, by the total
sample volume collected during backwashing.

The limit of MWCNT detection was determined by identifying
the lowest UV–vis absorbance value that could visibly be discerned
from the baseline (0.011 absorbance units). A range of uncertainty
in the MWCNT detection limit was then calculated from the
uncertainty in the calibration curve shown in Fig. S3. Based on
this analysis we estimate that the limit of MWCNT detection lies
between 2.5–6.6�10−5 mg MWCNT.

2.3. Evaluation of CNT release into the permeate during NOM
filtration

During membrane operation organic matter passing through the
membrane could remobilize CNTs from the mats and transport these
CNTs through the hollow fiber membranes and into the permeate.
To evaluate this possibility Suwannee River Natural Organic Matter
(SRNOM) was used; a type of NOM that has been used extensively in
previous membrane studies [46,47]. The SRNOM suspension was
prepared at a concentration of 5 mg L−1SRNOM, diluted in synthetic
surface water (see Section 2.2), and filtered through a HF-PVDF-CNT
module at 67 L h−1 m−2 in two 60min cycles. In between these two
cycles, the HF-PVDF-CNT membrane was backwashed with the
permeate at 85 L h−1 m−2. To test the possible mobilization of CNTs
during this filtration processes the CNT concentration in the permeate
was determined by the method described in Section 2.2, also taking
advantage of the fact that NOM does not adsorb in the 800–900 nm
region (see Fig. S4). The same approach was used to determine the
CNT concentration during backwashing.

2.4. Effect of CNT mats on membrane antifouling properties

The fouling behavior of HF-PVDF-CNT and HF-PES-CNT mem-
branes, including the effect of backwashing, was compared to virgin
HF-PVDF and HF-PES membranes by measuring the change in TMP
during the filtration of sodium alginate. In these studies, sodium
alginate was chosen as a fouling surrogate for NOM rather than
SRNOM because it has higher fouling potential [46,48,49] due to the
presence of larger concentrations of higher weight macromolecules.
Consequently, the filtration of alginate leads to membrane fouling on
an accessible experimental time scale. In these studies an alginate
suspension (5 ppm sodium alginate diluted in 47 ppm NaHCO3 and
380 ppm KCl) was prepared at pH 7. This alginate suspension was
filtered through HF-PVDF, HF-PES, HF-PVDF-CNT, and HF-PES-CNT
membranes in dead-end mode at a constant flux of 67 L h−1 m−2

through four cycles each of 80 min duration with each filtration cycle
followed by 6min of backwashing with the permeate at 85 L h−1 m2.
Thus, the net permeate volume was equal to 90% of the feed water
volume. Membrane fouling was evaluated by measuring the rate of
TMP increase (d(Pt−P0)/dt) vs. time during each filtration cycle, where
P0 is the initial TMP prior to the filtration of the alginate solution and Pt
is the TMP at time t. The irreversible fouling was determined after
each backwashing step by the pressure increase (ΔP) measured at the
beginning of the subsequent filtration cycle.

2.5. SEM imaging of CNT mats

The inner surfaces of HF-PVDF-CNT and HF-PES-CNT mem-
branes were imaged using a cold cathode field emission scanning
electron microscope (JEOL 6700F, FESEM) with 1.0 nm resolution
at 15 keV. Images were acquired after CNT loading and then again
after the various backwashing steps (see Section 2.2) had been
performed. Prior to analysis each membrane sample was dried for
48 h at room temperature. Cross-sectional images were taken by
first cryo-snapping the membranes in the presence of liquid
nitrogen and then sputter-coating them with platinum to prevent
charging during SEM. Samples were mounted vertically onto the
side of a sample stub and imaged at various magnifications.
3. Results and discussion

3.1. Preparation and characterization of CNT mats

Fig. 2 shows the change in TMP observed during the creation of
three HF-PVDF-CNT (Fig. 2–A, left) and three HF-PES-CNT (Fig. 2-B,
right) membranes. As the MWCNT suspension was being filtered
through the membranes (Stage 1), the TMP increased rapidly,
reaching a maximum after ≈6 min of filtration time. During Stage
1, the average TMP increase is higher for the HF-PVDF membranes
(≈0.9 bars) than for the HF-PES membranes (≈0.5 bars).
This difference between the two types of hollow fiber membranes
is consistent with the hypothesis that the TMP increase during
Stage 1 is predominantly a result of hydrophobic interactions
between the base membrane and the surfactant present in the
feed solution [50]. Stronger interactions (and thus greater changes
in the TMP) would be expected between the hydrophobic seg-
ments of the surfactant and the hydrophobic HF-PVDF membranes
as compared to the more hydrophilic HF-PES membranes [50].

Once the volume of the MWCNT suspension filtered through
the membrane reached the desired MWCNT mass loading (≈13 ml
based on the MWCNT concentration), the MWCNTs suspension
was replaced by Milli-Q water (Stage 2). At this point, Fig. 2 shows
that for both HF-PVDF-CNT (Fig. 2-A) and HF-PES-CNT (Fig. 2-B)
membranes, the TMP decreased rapidly as the surfactant was
flushed from the membrane. After approximately 40 min of
washing with Milli-Q water, the TMP in all of the membranes
remained roughly constant at values that were either comparable
to or slightly higher than those of the virgin hollow fiber
membranes. For the HF-PVDF-CNT and HF-PES-CNT membranes the
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permeabilities were 500768 and 10807200 L h−1 m−2 bar−1, respec-
tively. In contrast, the permeability of the virgin HF-PVDF and
HF-PES membranes were 655785 L h−1 m−2 bar−1 and 12007
120 L h−1 m−2 bar−1, respectively. Thus, the presence of CNT mats
inside the hollow fibers reduces the membranes' permeability by
approximately 22% for HF-PVDF-CNT and 10% for HF-PES-CNT
membranes, respectively. These relatively small changes in perme-
ability suggest that the CNT mats possess a large porosity and thus a
low hydraulic resistance as compared to the base membrane.

SEM analysis of both HF-PVDF-CNT and HF-PES-CNT membranes
(Fig. 3) confirms that the loading procedure creates a hybrid mem-
brane with micron thick CNT mats, respectively, adsorbed on the inner
surface of the hollow fiber. SEM images also reveal that the interface
between the CNT mat and the base membrane is relatively sharp and
well defined with little or no evidence of CNTs within the pores of
either the HF-PVDF or HF-PES membranes. Based on the membrane's
pore size (0.1 and 0.03 μm for the HF-PVDF and HF-PES, respectively),
compared to the CNT geometry (O.D450 nm, length:10–20 μm), a
total rejection of CNTs by the membrane during loading is expected.
However, in previous studies we observed that MWCNTs (O.D: 10–
20 nm, length:10–20 μm) dispersed by Triton-X100 permeated
through flat sheet PVDF membranes with significantly higher pore
size (≈0.45 μm) when vacuum filtrationwas used [32]. Thus, it appears
that the properties of the support membrane and the details of the
CNT filtration process are important in determining if a discrete CNT
mat will be formed or not.

3.2. Evaluation of MWCNT mat's stability during backwashing

The stability of the three HF-PVDF-CNT and HF-PES-CNT
membranes towards the aforementioned backwashing and cleaning
conditions described in Section 2.2 were analyzed using UV–vis
spectrometry, and the results are shown in Fig. 4. During long term
backwashing with Milli-Q water the only measureable quantity of
CNTs removed from any of the membranes occurred during the
beginning of the backwash (o10 min). This observation suggests that
the CNTs displaced at the onset of the backwashing correspond to
loosely bound aggregates of CNT particles, not well dispersed during
sonication, that were only weakly adhered to the CNT mats. We
hypothesize that this small fraction of weakly adhered CNTs is a
consequence of the high CNT concentrations in the suspensions used
to create the mats (750 mg L−1) which will likely result in some CNT
aggregates/bundles less tightly bound within the mat. For back-
washing times in excess of ≈10min, however, Fig. 4 shows that the
quantity of CNTs removed by backwashing with Milli-Q water for all
of the HF-PVDF-CNT and HF-PES-CNT membranes was at or below
the detection limit (46.6�10–5 mgMWCNT). For all of the HF-PVDF-
CNT and HF-PES-CNT membranes the total mass of MWCNTs lost
from the mats during long term backwashing with Milli-Q water was
o50 μg, as compared to the approximately 10 mg MWCNTs used to
create them (o 0.5% of the total MWCNT mass used in the loading
process).

For the majority of the membranes tested the quantity of
MWCNTs released during the hydraulic stress steps was below
the detection limit even for really high water fluxes
(i.e. 420 L h−1 m−2). However, one of the HF-PES-CNT membranes
did lose greater quantities of MWCNTs during each of the
hydraulic stress steps (see Fig. 4). The extent of CNT loss from
this HF-PES-CNT membrane in several different backwashing steps
is shown visually in the backwashed water collected (see Fig. S5),
demonstrating that even in this case the vast majority of the CNTs
were retained on the membrane's inner surface. In general, the
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quantity of CNTs removed during each one of the different
chemical treatment steps was small (o0.05 mg); the most dis-
ruptive treatment was the backwash with the synthetic water
solution at a flux of 85 L h−1 m−2.

Based on the total mass of MWCNTs lost during the entire
sequence of backwashing steps it is evident that the MWCNT mats
formed on the HF-PVDF-CNT and HF-PES-CNT membranes remain
intact after backwashing and chemical cleaning. For five of the six
HF-PVDF-CNT and HF-PES-CNT membranes tested, o1% of the
initial MWCNT mass used to create the mats was lost. In general,
HF-PVDF-CNT and HF-PES-CNT membranes exhibited comparable
stabilities which suggest that mat's stability is more a consequence
of its structure than a result of specific CNT interactions with the
membrane surface.

Cross-sectional SEM images of the HF-PVDF-CNT (Fig. 5A;
HF-PVDF) and HF-PES-CNT (Fig. 5B; HF-PES) membranes acquired
after the backwashing steps provide visual confirmation that CNT
mats are still present on the membrane's inner surface. In addition
to the obvious retention of the CNTs, the lower magnification SEM
images (Fig. 5, A1 and B1) also reveal that the CNT mats are
formed continuously around the inner surface of the hollow fiber
membranes with a relatively uniform thickness. The higher
resolution electron micrographs (Fig. 5A2 and B2) also highlight
the similar thickness of the CNT mat before and after backwashing
(compare Fig. 3A and B) and the abrupt nature of the interface that
still exists between the CNT mat and the base membrane
(HF-PVDF or HF-PES).

The robustness of the HF-PVDF-CNT and HF-PES-CNT mats
created on the inner surface of the membranes contrasts with the
instability of CNTs mats deposited on the outer surface of the same
membrane. Thus, a visible darkening of the solution in the
membrane module (Fig. S6) demonstrates that even simple back-
washing from the inside-out removed large quantities of CNTs
deposited on the outer surface of a HF-PVDF membrane.
This observation is consistent with our previous findings that
CNT mats adsorbed on flat sheet membranes are easily removed
by simple backwashing with Milli-Q water [32]. In contrast, back-
washed samples collected when the CNT mats were deposited on
the inner surfaces of the hollow fiber membranes were colorless to
the naked eye, indicative of a dramatically greater stability.

3.3. Evaluation of CNT mobilization during filtration of humic
substances

In addition to ensuring CNTs remain intact during backwash-
ing, it is also important to confirm that CNTs do not break through
the membrane and enter the permeate during inside-out water
filtration (i.e. regular use). Any breakthrough of CNTs during
filtration would raise important safety issues as CNTs could enter
the treated water where their environmental health and safety
effects remain unresolved and are the topic of intense scientific
debate [51].

Humic substances exhibit a strong propensity for facilitated
transport and for stabilizing CNTs as suspended particles [52], and
SRNOM filtration is thus a stringent test for CNT stability.
To simulate conditions most likely to facilitate CNT transport
through the membrane, (1) the membrane pore size should be
relatively large and, (2) the SRNOM should not induce fouling
which would decrease the membrane's effective pore size and thus
the propensity for CNT transport. To address the first issue we
chose to study the HF-PVDF membrane because of its larger pore
size (0.1 μm for HF-PVDF vs. 0.03 μm for HF-PES) as compared to
the CNT dimensions (lengths of 10–20 μm with outer diameters of
50–80 nm). To address the second issue, SRNOM (o800 Da
determined by HPLC-SEC with DOC detection) was chosen because
the molecular weight of SRNOM is small enough so that no fouling
would be expected during SRNOM filtration through the HF-PVDF
membrane.

During SRNOM filtration the UV absorbance in the 800–900 nm
range of all permeate samples were below the MWCNT detection
limit (0.011 absorbance units, Table S1). The TMP also remained
constant indicating a lack of organic fouling as expected (Fig. S7).
UV analysis of the backwash conducted at the end of the SRNOM
filtration cycle using the permeate (85 L h−1 m−2) revealed the
presence of ≈10 μg MWCNTs. Thus, our results demonstrate that
within our detection limits no facilitated CNT transport occurred



Fig. 5. SEM pictures of MWCNT mats on the inner surface of PVDF (A1 and A2) and PES (B1 and B2) hollow fiber membranes after the membranes were backwashed. A1 and
B2 are zoomed out SEM images that show the cross section of the modified hollow fibers. A2 and B2 SEM images show the detailed nature of the membrane/MWCNT
interface.
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through the HF-PVDF-CNT membrane during inside-out SRNOM
filtration, although a small quantity of MWCNTs were removed
during backwashing, consistent with our results in Section 3.2 on
the mat's stability. These findings support the idea that CNT mats
created on the inner surfaces of hollow fiber membranes can be
used without introducing unwanted CNTs into the permeate.
3.4. Effectiveness and stability of MWCNT mats during alginate
filtration

As previously reported [32] CNT mats created on flat sheet
PVDF membranes can reduce membrane fouling. In the present
study, the fouling resistance of HF-PVDF-CNT and HF-PES-CNT
membranes was tested by monitoring the change in TMP during
the filtration of sodium alginate, a typical fouling surrogate used in
membrane studies. It should be noted that this study is distinct
from the one previously described in Section 3.3 which was
designed specifically to evaluate the potential for any CNT remo-
bilization during filtration of NOM. In contrast, sodium alginate
represents a far more aggressive foulant enabling us to evaluate
the benefits that CNT mats have on fouling resistance, including
their ability to sustain any improvements through repeated
backwashing steps.

Fig. 6 shows a representative example of the TMP increase
measured as a function of time during alginate filtration for the
two membrane types. Regardless of the membrane, the TMP
variation showed two regimes described by a rapid increase in
TMP followed by a slower, more linear rate of increase. This could
be a reflection of different fouling mechanisms (such as pore
blockage and cake filtration for the first and second steps,
respectively) [53], although a detailed study as to reasons why
CNT mats increased the fouling resistance of the membranes was
not the focus of the present study. As a convenient metric to
compare the fouling resistance of different membranes we used
the rate of TMP increase in the second regime (the linear increase
in TMP observed towards the end of each cycle).
Fig. 6-A shows that during each cycle of alginate filtration the
rate of TMP increase for the HF-PVDF-CNT membranes decreased
considerably compared to the HF-PVDF membranes. Thus, for the
HF-PVDF and HF-PVDF-CNT membranes the fouling rate in the
first cycle was equal to 2 and 0.8 mbar min−1, respectively. Conse-
quently, the presence of a CNT mat reduced the fouling rate by
about 60%. The improvement in the antifouling properties of the
HF-PVDF-CNT membranes were sustained through all four filtra-
tion cycles and backwashing steps with the final TMP after ≈5 h
equal to 0.3 and 0.1 bars for the HF-PVDF and HF-PVDF-CNT
membranes, respectively. The observation that the fouling resis-
tance of the HF-PVDF-CNT membranes was sustained through
repeated backwashing steps, shown in Fig. 6-A, is further evidence
that the CNT mats remain intact on the membrane's inner surface.
As shown in Fig. 6-A the presence of CNT mats also decreased the
extent of irreversible fouling. Before fouling the permeability of
the HF-PVDF and HF-PVDF-CNT membranes was 655785 and
434752 L h−1 m−2 bar−1; after the last backwash step permeabil-
ities had decreased to 468756 and 3957 43 L h−1 m−2 bar−1,
respectively. Thus, the irreversible fouling reduced the perme-
ability of the HF-PVDF membranes by 29% but the HF-PVDF-CNT
membrane by only 9%.

The CNT mats were, however, much less effective at reducing
alginate fouling when adsorbed on the inner surface of PES
membranes. During the first cycle the fouling rate was 2 and
1.3 mbar min−1for the HF-PES and HF-PES-CNT membranes,
respectively. Furthermore, after each filtration cycle the relative
improvement of the HF-PES-CNT membrane compared to the HF-
PES membrane decreased such that after three backwash cycles
the performance of the HF-PES-CNT and the HF-PES membrane
were virtually indistinguishable from one another. The extent of
irreversible fouling was negligible for either the HF-PES-CNT
membrane or the HF-PES membrane.

The reason why the CNT mats have a greater effect on the
performance of the HF-PVDF membranes compared to the HF-PES
membrane can be ascribed to the difference in pore-size between
the two types of hollow fiber membranes and the CNT mats.
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The HF-PES and HF-PVDF membranes have pore sizes of
o0.03 μm and ≈0.1 μm, respectively, while the CNT mats have a
pore size distribution predominantly in the range 0.01–0.1 μm
based on our previous findings with flat sheet membranes [32].
Thus, for the HF-PVDF membrane the CNT mat introduces a new,
finer filter that helps to trap the particles responsible for clogging/
blocking membrane pores. In contrast, the pore size in the HF-PES
membrane is comparable to the pore size in the CNT mat.
Consequently, the CNT mat produces far less of a change in the
membrane's antifouling properties. The exact mechanism of foul-
ing reduction by CNT mats is currently under investigation.
3.5. Rationalizing the CNT mat stability

The central finding of this study is that backwashable CNT mats
can be generated on the inner surfaces of hollow fiber membranes
using a simple preparative method. Our working hypotheses is
that the detailed nature of membrane–CNT interactions is not
playing a major role in determining the mat's stability due to our
ability to create stable CNT mats on two membranes (HF-PVDF and
HF-PES) with very different physicochemical properties (different
hydrophilic properties, pore size, chemical composition, etc.).

To explore the generalizability of a mat's stability on the inner
surface of a hollow fiber membrane we conducted a limited number
of experiments using powder activated carbon (PAC) (200–400 mesh;
75–35 micron), rather than CNTs. In these studies, surfactant stabi-
lized particles of powder activated carbon (PAC) were filtered through
a HF-PVDF membrane from the inside-out using an experimental
approach analogous to the one used for CNTs. During the loading
procedure a qualitatively similar variation in TMP was observed.
Thus, at the end of the PAC loading step and subsequent flushing of
the surfactant with Milli-Q water the measured TMP was similar to
that of the virgin membrane. Two HF-PVDF-PAC membrane modules
were created in this way, with loadings of ≈19 g cm−2 and ≈28 g cm−2.
Both membranes were then subjected to prolonged backwashing
with Milli-Q water and hydraulic stress as described in Section 2.2
(i) and (ii). Visual analysis of the backwashed water showed that the
vast majority of the PAC had been retained within the membranes.
This was confirmed by SEM analysis, which showed that PAC mats
remained on the inner surface of the HF-PVDF (see Fig. S8).
This result indicates that the stability of the CNT mats, which are
the focus of this investigation, is not a consequence of the unique
physicochemical properties of CNTs but is a more generalizable
phenomenon that can likely be extended to a range of other
materials.
Thus, a key question is why are the mats created on the inner
surface of the hollow fiber membranes stable to aggressive back-
washing, while mats deposited either on flat sheet membranes or
on the outer surface of hollow fiber membranes are easily
removed by the most simple backwashing steps? [35,36]. As a
first step towards rationalizing this phenomenon it is constructive
to consider the stresses that mats experience during backwashing
as a result of the water pressure. Based on the SEM images shown
in Fig. 5 the CNT mats can be considered as a thin walled cylinder
since their thickness is less than 1/20 of their diameter [54]. As
stated previously by Brinket et al. [55] hollow fibers, and therefore
by inference the CNTs mats, will be mainly subjected to radial and
circumferential stresses during filtration, although longitudinal
stress can be neglected as the fiber is open on one end. During
backwashing the greatest stress experienced by a mat loaded on
the outer surface of fiber is tensile hoop stress which exerts a force
that tries to expand the material [56]. In contrast, a mat created on
inner surface of a fiber is subjected to compressive hoop stresses.
Thus, our results suggest that the difference in mat stability is
related principally to the nature and directionality of stresses that
they experience during backwashing (compressive or tensile) with
mats being more resistant to compressive as opposed to tensile
forces. Indeed, for a given material its compressive strength is
generally higher than its tensile strength [57]. Moreover, the
magnitude of the stresses experienced by the mat during back-
washing depend on the diameter of the mat; CNT mats created on
the outer surface will be subjected to higher stress because they
exhibit larger diameters than ones created on the inner surface.
Thus, both the nature and magnitude of the forces both point
towards a greater stability for CNT mats created on the inner
surface of hollow fibers and subjected to outside-in backwashing.
Further theoretical studies and computational modeling will be
necessary to fully explore the reasons for the mat's stability.
4. Conclusions

We describe a new and simple method to generate backwash-
able CNT mats on the inner surface of hollow fiber polymeric
membranes. The method involves filtering a CNT suspension
through a hollow fiber membrane operating in dead-end mode
from the inside-out. The most impressive attribute of these CNT
mats is their ability to withstand backwashing, including long
term backwashing and hydraulic stress with Milli-Q water and
chemical cleaning, while maintaining permeability. On average,
the CNT mats lost o1% of their initial mass during these
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backwashing steps; the mat's stability was confirmed visually by
cross-sectional SEM images taken before and after backwashing.
The stability of CNT or PAC mats created on the inner surface of
hollow fiber membranes is in marked contrast to the facile release
of CNTs from mats created on the outer surface of hollow fiber
membranes or on flat sheet membranes towards even the simplest
and least aggressive backwash steps. This difference in stability is
ascribed to differences in the nature and directionality of the
forces that the mats experience during backwashing rather than
any differences in the intrinsic properties of the materials used to
create the mats. The potential for CNT mats to enhance hollow
fiber membrane performance in real world applications is high-
lighted by their ability to sustainably improve the antifouling
resistance of HF-PVDF membranes through several filtration/
cleaning steps. However, the potential applications of the CNT
mats described in this study only apply to hollow fiber membranes
being operated in an inside out mode.
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