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ABSTRACT

While membranes have been widely applied in water and wastewater treatment, further
studies are still needed on the fouling issues. Vertically aligned carbon nanotube (VA CNT),
an antibacterial nanomaterial, is a promising candidate for a membrane because of its
superfast water permeability. The antibacterial and antibiofouling properties of VA CNT
membranes were reported with a high permeate flux. This study showed the high antibio-
fouling property of VA CNT membranes at low cross-flow velocity operation in different
bacterial solutions, resulting from its high antibacterial property, along with a quantitative
comprehension of the relation between biofilms and fouling resistance of VA CNT mem-
branes after membrane operation. These results facilitated the possibility of using VA CNT
membranes for wastewater treatment, such as membrane bioreactors, even at a very low

cross-flow velocity.
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1. Introduction

Although the use of membranes is a promising
technology in water and wastewater treatment pro-
cesses, membrane fouling is an issue that still needs to
be understood and mitigated. Membrane fouling is
divided into four categories according to the species
of foulants: particulate, organic, inorganic, and bio-
fouling [1]. Biofouling is defined as the unwanted
deposition and growth of biofilms [2], and is regarded
as “the Achilles heel” of membrane processes [3]. Bio-
film is composed of the aggregates of cells, extra poly-
meric substance (EPS), and other particulate matter
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that accumulated on the surfaces [4]. Biofilm develop-
ment on membrane surface results in many problems,
including a decrease in the membrane permeate flux
(by increasing fouling layer resistance and concentra-
tion polarization) and hindrance of crossflow on the
membrane surface [5]. However, until now, after more
than 30 years of studies on biofouling, it has not been
clearly understood [6].

Carbon nanotubes (CNTs) are reported to possess
superfast water transport through their inner pores,
and have chemical-resistance, adsorption, and anti-
biofouling properties [7]. These are attractive features
for fabricating membranes. It has been hypothesized
that the toxicity of CNTs could be applied to reduce
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biofouling [8]. CNTs are reported to mechanically
damage bacterial cell membranes [9] and they were
applicable to both Gram-negative and -positive bacte-
ria [10]. In addition, CNTs are sparingly dispersed in
water (i.e. low wettability) due to their superhy-
drophobic property [11], which reduces cell viability
[12]. Commercial membranes have been composited
with CNTs to prevent biofouling [8], but the compati-
bilities between CNTs and membranes still need to be
solved. To enhance the adhesion strength of CNTs on
the membrane surface, the covalent binding of single-
walled (SW) CNTs to RO membranes increased the
long-term antimicrobial property [13]. A synergistic
effect of nanosilver particles and multi-walled (MW)
CNTs was reported to decrease the biofouling of the
microfiltration (MF) membrane [14]. However, they
also showed two limitations. One was the leaching
problem because of weak adhesion and the other was
a lower flux than the original membrane because of
the decreased porosity.

The vertically aligned (VA) CNT membranes using
inner holes as membrane pores showed ultra-high
water permeability [15], and after reinforcement their
leachate did not show any antibacterial effect [16].
Several studies have previously reported that VA
CNT membranes mitigate permeate water flux
declination [17,18]. Thus, the next logical step would
be to more quantitatively study the antibiofouling
properties of VA CNT membranes, especially concern-
ing certain aspects of their biofilm and membrane
performance.

Many studies concerning biofouling on membranes
[19] also correlated biofilm analysis with quantitative
techniques, such as optical density at 545 nm (ODsys),
confocal laser scanning microscopy (CLSM) and Four-
ier-transform infrared (FT-IR) at an attenuated total
reflectance (ATR) mode, and fouling resistance to eval-
uate membrane biofouling [20]. The early study on
membrane biofilms in an RO membrane, using live/
dead cell analysis [21], showed that as the permeate
water flux decreased, the biofilms matured more
rapidly during membrane operation, and the biofilms
dominated the dead bacteria. The traditional quantifi-
cation of biofilm was to observe the absorbance of
extracted crystal violet-stained biofilm. The microbial
strains and their biofilms on the substrate surface can
be characterized by FI-IR spectroscopy at an ATR
mode [22] in real time. One study used CLSM [23] to
three-dimensionally observe the biofilm formed by
single-strain bacteria.

Concerning the aspects of the membrane, bacterial
fouling on the membrane has on occasion been com-
pared with the classical pore blocking model, such as
colloidal fouling [24], but most studies have related
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membrane biofouling to biofilm. Biofilm has been
reported to be closely dependent on fouling resistance
[25]. In a resistance in series model [26], membrane
fouling resistance was determined by the difference
between the membrane and total resistances calculated
from the measured permeate fluxes of the pristine and
fouled membranes. Biofouling on membranes is very
important and should be quantitatively analyzed in
terms of biofilms and also for fouling resistance. While
the VA CNT membranes can show very good antibio-
fouling property during their operation, they have sel-
dom been studied. This property can reduce the cross-
flow velocity that consumes much of the energy of the
pressurized membrane operation in a membrane
bioreactor. Choi et al. [27] showed that the formation
of a reversible fouling layer was prevented by a cross-
flow velocity of 2.0m/s for an ultrafiltration (UF)
membrane. However, their biofouling study was lim-
ited to biofilms by a single strain. Another study [28]
showed the impacts of SW CNTs on the microbial
community structure in activated sludge (AS), but
there were no results for a dynamic state, such as
membrane operation.

The main purpose of this study was to show the
high antibiofouling property of VA CNT membranes
at a low cross-flow velocity operation in different bac-
terial solutions, resulting from its high antibacterial
property, along with a quantitative comprehension of
the relation between biofilms and the fouling resis-
tance of VA CNTs during and after membrane opera-
tion. First, single strains representing Gram-negative
and -positive bacteria was used for a more quantita-
tive understanding of the antibacterial property of the
VA CNT membrane; AS was then used for a more
practical understanding to show the possibility of
application to a membrane bioreactor even at a low
cross-flow velocity. The commercial UF membranes of
similar pore size as VA CNT membranes were
adapted to all the same experiments as the control.

2. Materials and methods

2.1. VA CNT synthesis and VA CNT membrane
fabrication

The VA CNT synthesis and VA CNT membrane
fabrication procedures followed the protocols of a pre-
vious study [16]. The VA CNT synthesis was based on
the water vapor assisted chemical vapor deposition
(CVD) process. The VA CNTs were grown on an
Fe (1.5nm)/Al (15nm)/Si wafer. After the coating,
the Si wafer was cut into rectangular chips with the
dimensions of 9 mm width and 9 mm length, and the
cut chips were inserted into a cylindrical electric
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furnace of a CVD machine. The carbon source was
high-purity ethylene gas (99.99%) and its flow rate
was 100 standard cubic centimeters per minute, indi-
cating cc/min at a standard temperature and pressure
(sccm). The carrier gas was argon (99.999%) and its
flow rate was 300 sccm. Hydrogen gas (200 sccm;
99.999%) and water vapor (50 sccm) by argon purging
were added to the gases stream. The reaction was
carried out at 750°C for 40 min.

The interstitial space between the synthesized VA
CNTs was filled using a CRP 7005B urethane
monomer (T&L, Yongin, Korea) ethanol solution at a
3:7 volume ratio in a mold. Ethanol was used as a
densification agent and as an inducer for urethane
monomer, filling the interstitial space between the
CNTs. After infiltration, a CRP 7005B monomer was
cross-linked in the interstitial space of the CNTs at
40°C for 12 h. After the cross-linking, the top and bot-
tom of the CNT membranes were cut by a microtome
to open the CNT’s caps and the membrane edges were
extended by additional cross-linking by a different
urethane monomer (UC-40 A, B, Cytec, Yongin, Korea)
which was of a higher hardness to fit the membrane
operation test unit and provide high pressure
durability.

2.2. Bacterial solution preparation

Pseudomonas aeruginosa PA14 (PA14) and Staphylo-
coccus aureus strain ATCC6538 (SA) were used as
Gram-negative and -positive model bacteria, respec-
tively. After overnight culture of each bacterium on
Luria—Bertani (LB) agar plates, a single colony was
inoculated in 60 ml of LB broth (10 g/L tryptone,
5 g/L yeast extract, 10 g/L NaCl). The bacterial strain
was cultured in an incubator at a shaking rate of
250 rpm at 37°C for 12 h. When the growth of the
cultured bacterial solutions reached the late exponen-
tial phase, they were diluted with 6 L of fresh
synthetic wastewater medium (1:100, v/v). The syn-
thetic wastewater was prepared, following the proto-
col set by Herzberg and Elimelech [21]: the synthetic
wastewater was composed of 1.16 mM trisodium
citrate dihydrate, 0.94 mM ammonium chloride,
045mM KH,PO4 050 mM CaCly-2H,O, 0.50 mM
NaHCOj3;, 2.0 mM NaCl, and 0.60 mM MgSO,7H,0.
An optical density value at 595 nm (ODsys) of diluted
bacterial solution was confirmed to be 0.010, as read
by a UV-vis spectrophotometer (DR 5000, Hach,
Loveland, USA). The AS of the aeration tank was
sampled at the Kiheung Wastewater Treatment Plant
(Yongin, Korea) and it was used in the membrane
fouling test without any dilution. Its mixed-liquor
suspended solids concentration was 3,000 mg/L.
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2.3. Membrane operation—Dbiofouling

A VA CNT membrane and a commercial UF mem-
brane (UE4040, Toray Chemical, Kumi, Korea), having
a similar pore size as a control, were tested at 25°C
using a membrane test unit (Fig. 1). Prior to the mem-
brane biofouling operation, the testing membrane was
compacted with 6 L of deionized (DI) water at 4 bar
transmembrane pressure (TMP) and a 10 cm/s cross-
flow velocity (L,) for 3 h. After membrane compaction,
synthetic wastewater was added to the DI water fol-
lowing 2 h of equilibrium time. A bacterial solution
was subsequently added and the permeate water flux
was monitored. When AS was used for the biofouling
test, the DI water was drained after membrane com-
paction, and 6 L of AS was added to the feed tank
without the addition of synthetic wastewater. During
the membrane operation, the growth of each bac-
terium was monitored every 2 h by ODsgs in influent
water. The inflow, permeate flow, temperature of
source water, and TMP were automatically monitored.
The bacterial solution was stirred to protect against
aggregation or precipitation (MSH-20A, Wisestir, Wis-
dLab Instruments, Wertheim, Germany) and air was
supplied by an air generator through a Teflon filter
(0.22 um) during the biofouling test. The size of the
UF membrane cell was 5.5 cm x5.5cm x 0.25cm
(width x length x height), and that of the VA CNT
membrane was 0.2 cm X 0.2 cm x 0.01 cm. All perme-
ate and concentrate water were returned to the feed
tank. The biofouling was in operation for 36 h.

The test unit was cleaned at the end of the biofoul-
ing test. The sequence was as follows. 0.5% (v/v)
NaOCl was circulated for 3 h to disinfect and oxidize
organic matters. After the NaOCl was drained, tap
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Fig. 1. Biofouling test unit used in this study.
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water was circulated for 10 min, twice. After tap water
flushing, 1% (m/v) oxalic acid was circulated for 6 h.
For the final flushing, tap water and DI water were
subsequently circulated for 10 min three times. During
the cleaning, the flow rate was 1 L/min.

2.4. Quantification of biofilms

Biofilm causing biofouling of membranes was
quantitatively analyzed using two methods and visu-
ally checked by CLSM. After the membrane operation,
fouling resistance and ODsss were used for biofilm
quantification, and Concanavalin A (Con A)-stained
biofilm was optically compared with the other two
results.

2.4.1. Fouling resistance

The fouling resistance (the summation of reversible
and irreversible fouling resistance) was calculated by
the difference between total resistance and membrane
resistance in Eq. (1) as follows:

Rtot = Rm + Rr + Rir (1)

where Ry, is total resistance, R, is membrane resis-
tance, R, is reversible fouling resistance, and R; is
irreversible fouling resistance.

Membrane resistance was calculated from the
water permeability achieved in the graph of TMP vs.
flux as the slope of their linear dependence before the
fouling test, using the following Eq. (2):

AP 1 1
= 2
X

J ux L,

where | is the permeate water flux, AP is the TMP
(bar), u is the viscosity of water (Pas), R is the
resistance (m™'), and L, is the water permeability
(L/m? h bar).

The tested fluxes were calculated from TMPs at
2.0, 2.5, 3.0, 3.5, and 4.0 bar. Eq. (2) is available when
the TMP and water temperature are constant during
the membrane operation. Total resistance was calcu-
lated in the same way as membrane resistance, but
was achieved after the fouling test was finished. The
fouling resistance was calculated from the difference
between the total and membrane resistance.

24.2. CLSM

After the biofouling test, a quarter of the tested
membrane surface was washed twice with phosphate-
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buffered saline (PBS) (Sigma Aldrich, St. Louis, USA).
The membrane surface was stained with 200 uL of
Con A (Sigma Aldrich) for 30 min in the dark at room
temperature. The Con A stains carbohydrate in EPS
was detected by phosphorescence. After washing
twice with PBS, the CLSM (Zeiss LSM 700, Jena, Ger-
many) images of the stained membrane were taken
with a lens of W N-Achroplan 20x/0.5 W (DIC) M27.
The total magnification was 200x. All the images had
the same threshold value.

2.4.3. Crystal violet

After the biofouling test, half of the tested mem-
brane was rinsed twice with PBS. The membrane was
stained with 0.1% crystal violet for 30 min and soaked
in DI water to remove the residual crystal violet for 1 h
in the shaker (SLOS-1D, MyLab, Seoul, Korea). The
crystal violet (stained biofilm on a membrane surface)
was extracted using 50 mL of 99.9% ethanol (Sigma
Aldrich) in the sonicator (WiseClean, Wisd Laboratory
Instruments, Wertheim, Germany) for 10 min at 30°C
at 30% power. The ODsy5 value of the extracted crystal
violet ethanol solution was measured and subtracted
from the value of the pristine membrane following the
same procedure as the control. All the ODsy5 values
were normalized by a membrane area of 10 cm?.

2.5. Antibacterial property

The antibacterial property of each membrane was
tested following the protocols of Lee and Park [16]
using L7012 LIVE/DEAD BacLight Bacterial Viability
Kits (Invitrogen, Carlsbad, USA). In comparing the
growth rate of each bacterium to determine whether
or not they were directly exposed to the VA CNT
membrane surface, the antibacterial property of the
VA CNT membrane for the bacterial solution was ana-
lyzed. After the biofouling test, a quarter of the mem-
brane was stained and analyzed by CLSM. The SYTO
9 (3 puL) and PI (3 pL) were used to stain the nucleic
acid of the bacteria for 15 min in the dark at room
temperature. The CLSM images were taken using the
same procedure as the biofilm analysis with Con A. It
showed the antibacterial property of the VA CNT
membrane to bacteria on the membrane surface.

3. Results and discussion

3.1. VA CNT synthesis and VA CNT membrane
fabrication

The VA CNT forest was grown by the CVD and
densified in a mold. The densification of VA CNTs
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and cross-linking of urethane were carried out on a Si
wafer substrate, and the densified VA CNTs were
removed from the substrate. Former studies [29-31]
also showed the densification procedure of the VA
CNT forest by capillary forces [32] with a volatile sol-
vent. However, the reinforcer filling procedures in the
narrow interstitial space between the VA CNTs (with
large size fillers such as parylene [33], epoxy [29], and
polystyrene) were less efficient. In this study, ethanol
could effectively deliver a small CRP 7005B urethane
monomer into the interstitial space. The densification
was critically maximized by the pressing of mold
walls. The encased edge of the VA CNT membrane
was covered by polytetrafluoroethylene tape for instal-
lation to a membrane test unit. The dimension of the
VA CNT was 80 mm in width and 80 mm in length,
and after the densification, it was reduced to 2.45 mm
in width and 2.75 mm in length. The average effective
area of the CNT forest was 64.1 mm?, whereas that of
the densified CNT was 6.7 mm?>, thus it was densified
by 960%.

3.2. Permeate water flux

Fig. 2 shows the flux (J/],) decline over time for
the VA CNT and UF membranes (Table 1) operated
with the feed solutions of PA14, SA, and AS for 36 h.
The cross-flow (linear) velocity (10 cm/s) was 10 to 20
times lower than the common side-stream MBR opera-
tion (100-200 cm/s) [27]. The UF membrane showed
dramatic permeate flux decline for all the feed solu-
tions. The operational times to reach half of the initial
flux were 5.4, 1.9, and 0.24 h for PA14, SA, and AS
solutions, respectively. The UF membrane was fully
fouled by the AS solution within a short period of
time (<30 min) compared with the PA14 or SA solu-
tion. After 36 h of operation, the flux was less than 5%
of the initial flux for all the feed solutions. However,
the VA CNT membrane was resistant to biofouling
compared with the UF membrane. The final J/], val-
ues were 0.72, 0.59, and 0.40 for the PA14, SA, and AS
solutions, respectively. This result demonstrated the

Table 1
Membrane specification used in this study
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possibility of low cross-flow velocity operation using
the VA CNT membrane, which could be a key factor
to overcome the high energy consumption issue of
pressurized membrane modules in a membrane
bioreactor process.

The fast permeate flux decline by the SA or PA14
solution from 0 to 15h of operation time appears to
have a close relationship to their bacterial growth
(Fig. 3). This period was overlapped with the expo-
nential growth phase of the bacteria. Biofilm was
formed from 10 h [21] at the same operational condi-
tion. Up to 10 h, the bacterial deposition is presumed
to dominate the membrane fouling (i.e. due to the
increased concentration of bacteria resulting from the
growth). The SA showed a higher growth rate and
higher flux decline in this period than PA14 (Fig. 3),
which is in agreement with the faster flux decline by
SA solution than by PA14 solution.

3.3. Antibacterial property

During the membrane fouling operation, the bacte-
rial growth was monitored every 2 h as ODsgs. Fig. 3
shows the growth curves of SA and PA14, respec-
tively. The 10cm/s of cross-flow velocity corre-
sponded to 1 L/min of cross-flow. For 36 h of the
biofouling test because the test unit was a closed sys-
tem where all water in the feed tank was fully
returned, the single-strain bacteria or cells, in the AS
in 6 L of feed tank, had a total of 360 chances to make
direct contact with the membrane surface (= 1
L/min x 1 cycle/6 L x 36 h x 60 min/h). The growth
or morphology of all bacterial cells monitored by
ODsys could be affected by the contact with the mem-
brane surface during the biofouling test. All bacteria
showed a lower maximum of ODsgs, longer growth
time than the batch growth test, and a slight decline
of ODso5 after the exponential growth phase because
of the poor nutrients supply and low temperature
[21], even though there was enough aeration. The SA
showed higher maximum ODsgs values than PA14,
but a similar ending time of exponential growth, cor-

Membrane properties

VA CNT membrane

UF membrane

Average inner diameter (nm) 4.1 5.7

Wall number of CNTs 4-5 -
Thickness (um) 1,000 20

Pore density (10" pore/cm?) 300 9

Effective membrane area (cm?) 0.453 384
Sealing material Polyurethane Polysulfone
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Fig. 2. Flux (J/]p) decline over time for the VA CNT
membrane and the UF membrane operated with the feed
solutions of PA14 (a), SA (b), and AS (c).

responding to its batch growth test. The most impor-
tant result was that the VA CNT membrane did not
show any antibacterial property to planktonic PA14
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Fig. 3. Growth of PA14 and SA in feed water tank during
the operation of the biofouling test unit equipped with UF
or VA CNT membrane.

and SA, representing Gram-negative and -positive
bacteria, respectively, in the bacterial feed solution,
which agrees with a previous study [16].

Fig. 4 shows the live (green) and dead (red) cells
in different colors. Fig. 4(a), (c), and (e) show the bac-
teria (PA14 (a), SA (c), AS (e)) on biofouled VA CNT
membrane surfaces after the operation, while Fig. 4(b),
(d), and (f) show cells (PA14 (b), SA (d), AS (f)) on
biofouled UF membrane surfaces. At the end of the
operation, there were as many dead bacteria as live
bacteria on all six-fouled membranes, which was as
expected from the growth results demonstrating the
ODsys (Fig. 3). Similar results were found in the result
of Herzberg and Elimelech [21]. However, the total
density of cells on the VA CNT membranes was much
smaller than that on the UF membranes (see VA CNT
and UF membranes before and after the biofouling
test in Supplementary Figures). This resulted from the
difference in the adhesion strength of the cells
exposed to the membrane surfaces, even though all
fouled membranes were washed by the same proce-
dure before the staining, by means of changing the
morphologies of the cells from direct contact [9]. Simi-
lar to the results of a previous study [16], this study
showed the antibacterial property of the CNT mem-
brane surfaces after direct contact. However, this
study showed a higher density of PA14 and higher
density of dead PA14, because we did not flush the
cells on the membrane surfaces before the staining,
and the dead PA14 and weak adhesive PA14 were
easily flushed out. Nevertheless, both studies showed
the same result, that is, a high antibacterial property
of the VA CNT membrane surface. In comparison
with the difference of the cells, the residual cell



K.-]. Lee et al. | Desalination and Water Treatment 57 (2016) 23505-23515 23511

(b)

Fig. 4. Live/dead cell analysis results: PA14 on the fouled VA CNT (a) and UF (b) membrane surfaces. SA on the fouled
VA CNT (c) and UF (d) membrane surfaces. AS on the fouled VA CNT (e) and UF (f) membrane surfaces.
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numbers on the fouled membrane surfaces were
proportional to the concentration of feed water.

3.4. Biofilm analysis

Biofilm, mainly causing biofouling, was analyzed
using three methods. One method involved fouling
resistance, as calculated from the difference between
the total and membrane resistances. Fig. 5 shows the
fouling resistances (Rg) of the UF and VA CNT mem-
branes fouled by PA14, SA, and AS solutions. The Rg,
of VA CNT membranes fouled by PA14, SA, and AS
solutions were 2.0, 3.0, and 7.0x10°m™}, respec-
tively. They were 1,000-3,000 times smaller than those
of the UF membranes fouled by the three types of
solutions. The reduced number of bacteria formed
fewer fouling layers because of the antibacterial dam-
age on the VA CNT membrane surfaces. The order of
the antibacterial damage was AS > SA > PA14 (Fig. 4),
which resulted in the same order of R;. The antibacte-
rial damages on the membrane surfaces could mitigate
biofilm, therefore, reduced biofouling.

This order trend was similar to the ODsys of the
extracted crystal violet result from the stained biofilm
on the fouled membrane. Fig. 6 shows the ODsys
results of the UF and VA CNT membranes fouled by
the PA14, SA, and AS solutions. The ODsy5 values
were all zero for biofilms on the surface of the VA
CNT membranes fouled by PA14, SA, and AS solu-
tions. After being flushed with the DI water before
staining, almost no cells remained on the VA CNT
membrane surface after the fouling test. Furthermore,
small amounts of bacteria or their biofilms existed on
the VA CNT membrane surfaces fouled by the PA14
and SA solutions, immediately after the fouling test
was finished. In the case of the UF membrane fouling,

80 0.08
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< 604 L0.06 &
g =)
o —_—
= L
. 40 Loos £
= O
& <
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0 0.00
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Fig. 5. Fouling resistances of UF and VA CNT membranes
fouled by PA14, SA, and AS.
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Fig. 6. ODsys results of the UF and VA CNT membranes
fouled by PA14, SA, and AS.

the order of ODsy5 was the same as that of R¢, but the
ODsy5 of biofouled UF membranes was 1.8 times
higher than the other values, and this difference dif-
fered significantly from the result of R;. It is likely that
a low density biofilm was formed by the AS.

The order trend of ODsy5 representing the amount
of total biofilm was proportional to the intensity of the
ConA signal in the CLSM images (Fig. 7), thereby rep-
resenting the amount of carbohydrates consisting of
biofilm. All the ConA-stained biofilms on the UF
membranes showed a higher density than that on the
VA CNT membranes; furthermore, the ConA-stained
biofilms on the UF membrane, fouled by the PA14,
SA, and AS solutions, showed thicknesses of 10, 35,
and 80 um, respectively. The overwhelmingly thickest
biofilm formed by AS on UF membrane coincided
with the ODsys5 of the UF membrane. The trend of the
ConA-stained biofilms on the VA CNT membranes
fouled by PA14, SA, and AS was the same as the
result of the Rg.

3.5. Mechanistic explanation of antibiofouling property in
VA CNT membrane

This study showed that the single strain of bacteria
or cells in AS were damaged on the surfaces of the
VA CNT membranes during the membrane operation,
as also shown in a previous study on the antibacterial
property of the CNT-based membrane [16], even
though there were two obvious differences: the exis-
tence of the membrane permeation and the system
volume. Various studies [34-40] have reported
antimicrobial properties of suspended CNTs, showing
overall damages to planktonic bacteria. However,
those studies showed different results, whereby the
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(a)

(b)

(c)

(d)

Fig. 7. ConA-stained biofilms analyzed by CLSM: PA14 on the fouled VA CNT (a) and UF (b) membrane surfaces. SA on
the fouled VA CNT (c) and UF (d) membrane surfaces. AS on the fouled VA CNT (e) and UF (f) membrane surfaces.

integrated VA CNT did not show any damage to the
bacterial growth and only showed an antibacterial
property against the bacteria on their surfaces. The
suggested mechanisms of the antibacterial properties

of CNTs are mechanical piercing such as “nano-darts”
[41], electrochemical damages [42], and toxicity of the
catalysts embedded in the CNTs [35]. All mechanisms
were closely related to the direct and continuous
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contact between the CNTs and bacteria. A higher
number of dead cells (higher ratio of red to green
color) were observed on the CNT membranes than on
the UF membranes (see Fig. 4).

Because of the long fouling test time (36 h) with
insufficient nutrients, all the surfaces of the mem-
branes showed many dead cells (red colored cells in
Fig. 4). However, the VA CNT membranes reduced
the number of bacterial cells on their surfaces after
36 h of the fouling test. This could result from the
combination of the ultrahigh hydrophobicity and
weakened adhesion between the bacteria or cells and
the membrane surfaces. Finally, this decrease in the
number of bacteria or cells resulted in a dramatically
low density of biofilm on the VA CNT membrane
surfaces after the fouling test.

Taken together, this study suggests that there
could be a synergistic effect, combined with the ultra-
high hydrophobicity and an antibacterial property, on
the decrease in cell number on VA CNT membranes
during the operation, on the decrease in biofilm den-
sity, and on the decrease in the biofouling on the VA
CNT membrane surfaces.

4. Conclusions

The VA CNT membranes showed an antibacterial
property only on their surfaces during the operation,
which concurs with the static antibacterial result of a
previous study [16]. The bacterial growth was not
inhibited by the VA CNT membranes during the
long period of direct exposure. This localized antibac-
terial property of VA CNT membranes dramatically
reduced the biofilm on the membrane surface. The
VA CNT membranes showed the possibility of
operating at a low cross-flow velocity because of
their high antibiofouling property, which could not
be achieved with a commercial membrane. It is a
promising result for pressurized membrane modules
in membrane bioreactors, which have shown high
energy consumption for high cross-flow velocity
against biofouling. To the best of our knowledge, it
was the first study to show the possibility of the VA
CNT membranes for wastewater treatment, such as
membrane bioreactors, even at a very low cross-flow
velocity.
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