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ABSTRACT

Membrane filtration is often used in purification of carbon nanotubes and in preparation of their
thin films (buckypaper). Filtration characteristics of multiwall carbon nanotubes (MWCNT) sus-
pended in aqueous solution of detergents was investigated in this study. Although the diameter
of the MWCNT was estimated at around 50 nm from the scanning electron micrograph, a micro-
filtration membrane whose nominal pore size was 0.2 pm retained the carbon nanotubes. The spe-
cific resistance of the filter cake of the carbon nanotubes was 7 x 10" m kg ' at 98 kPa and the
compressibility index was 0.12. The carbon nanotubes were entangled in the buckypaper formed
on the microfiltration membrane and the internal structure of the buckypaper was similar under
the applied pressure in the preparation of 10-98 kPa.
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1. Introduction

Carbon nanotubes [1,2] have received much atten-
tion as functional materials [3]. The materials are
synthesized via arc discharge [2], laser ablation [4],
chemical vapor deposition [5], etc. The raw products
usually contain impurities such as amorphous carbon,
fullerenes, and catalytic metals. The impurities should
be removed to utilize carbon nanotubes efficiently.
Most of the amorphous carbon and fullerenes are
removed by gas phase oxidation [6]. Fullerenes can
also be removed with toluene because they are soluble
in the solvent [4]. Then the carbon nantubes are treated
by acids such as HCl [6], HNO; [7], and H,SO4~HNO;
mixtures [8] to remove catalytic metals and residual
amorphous carbon. The carbon nanotubes are recov-
ered by centrifugation or filtration after acid treat-
ments. From the viewpoint of production engineering
filtration is superior to centrifugation because the for-
mer can be easily scaled up.

Filtration is also used to prepare thin carbon
nanotube networks, which are used to prepare
electric circuits [9] and gas sensors [10,11] by trans-
ferring to the surface of plastics, such as polydi-
methylsiloxane. Thin carbon nanotube films
“buckypapers’” are also prepared by filtration to use
them as gas filters [12], electromechanical actuators
[13] and electrodes of Li-ion batteries [14] and fuel
cells [15]. The carbon nanotube networks are usually
formed by vacuum filtration and the filtration char-
acteristics are not studied in detail [12]. However, the
speed and energy efficiency is required in the recov-
ery and processing of carbon nanotubes related
manufactures.

In this study filtration characteristics of carbon
nanotubes were investigated with microfiltration
membranes. The dependence the internal structure of
buckypapers on the different filtration conditions was
also examined.
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2. Experimental
2.1. Materials

Multiwall carbon nanotube (MWCNT) suspensions
(Meijo Nanocarbon, Nagoya) were mainly used in this
study. The nanotubes were suspended in the aqueous
detergent solution supplied by the manufacturer.

2.2. Membrane filtration

A filtration cell (Amicon model 8010, 4.1 cm?, Milli-
pore, Bedford, MA) was used without its stirrer for
dead-end filtration experiments. The filtration was per-
formed at a transmembrane pressure of 10 kPa and at
25 4+ 2 °C. Cellulose acetate microfiltration membranes
with a nominal pore size of 0.20 pm (C020, Advantec,
Tokyo), 0.45 pm (C045, Advantec), and 0.80 pum
(C080, Advantec) were mainly used in this study. The
leakage of nanotubes in permeate was monitored with
the absorbance at 660 nm of the initial 10 cm® permeate.
The absorbance measured with a spectrophotometer
(UV-1600, Shimadzu, Kyoto) at 660 nm was propor-
tional to the concentration at least less than 0.01
kg m™. The proportionality coefficient was 36 m> kg ™.

2.3. Scanning electron microscopy (SEM)

The membrane was immersed in liquid nitrogen
and then fractured. It was mounted vertically on a
sample holder. The surface of the sample was coated
with gold using a sputter coater (JFC-1100E, JEOL,
Akishima, Japan). A scanning electron microscope
(JSM-5800, JEOL) with an accelerating voltage of
15 kV was used to examine the membrane cross-
sections and surfaces.

3. Results and discussion
3.1. Effect of membrane pore size

Fig. 1 shows the permeation behavior in filtration of
carbon nanotube suspensions with microfiltration
membranes with different pore sizes (0.20-0.80 pum).
The diameter of the MWCNT was estimated at around
50 nm from the SEM. The microfiltration membrane
retained the carbon nanotubes except during the initial
stage of filtrations. The permeate from the outlet of the
filtration module was black just after the start of the fil-
tration. However, the turbidity became lower as the fil-
tration proceeded. A thin black cake layer formed on
the filtration membrane. The reverse side of the mem-
branes was white. The filter papers for supporting the
microfiltration membranes were also white after
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Fig. 1. Permeation behavior of carbon nanotube suspension at
1.00 kg m™? in filtration of different microfiltration mem-
branes. v and t denote the permeation volume per unit filtra-
tion area and the filtration time, respectively.

filtration suggesting that the paper did not contain
black carbon nanotubes.

Table 1 shows the leakage of carbon nanotubes in
filtration with different membranes. The leakage aver-
aged from 0 to 10 cm® of permeate volume was less
than 1.5% in the filtration at 10 kPa and 1 kg m . The
cake layer formed on the membrane retained the nano-
tubes after small amounts of them passed. The leakage
increased as the increase of membrane pore size. The
membrane resistances (R,) of the membranes were
measured with the dispersion medium by using the
following equation,

Ry =— (1)

where AP, 11, and | are transmembrane pressure, visc-
osity of permeate, and permeation flux, respectively.
The value of the permeate viscosity assumed to nearly
equal to that of water at 25°C of 0.89 mPa s [16]. The
membrane resistances of C020, C045, and C080 mem-
branes were 3.49, 1.60, and 0.46 nm ™}, respectively.

Table 1

Leakage of carbon nanotubes in filtration with microfiltration
membranes  with  different nominal pore sizes.
C = 1.00 kg m % AP = 10 kPa

Membrane Nomnal pore size [um] Leakage [%]
C020 0.20 0.26
C045 0.45 0.41
C080 0.80 1.30
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Fig. 2.1/] vs. v plot for filtration of carbon nanotube suspen-
sions for Fig. 1. ] and v denote permeation flux and permeate
volume per unit filtration area, respectively.

However, the permeation flux behaviors were similar
after the very initial period. Thus in the following sec-
tions we used C020 membrane with a nominal pore
size of 0.20 um because its leakage was the lowest
among the membranes.

Fig. 2 shows a plot of the reciprocal of permeation
flux (1/]) vs. permeation volume per unit filtration area
(v) in the filtrations shown in Fig. 1. It is known that the
permeation resistance increases linearly to the perme-
ate volume in cake filtration [17]. In filtration of dilute
suspensions the permeation flux follows Eq. (2) in cake
filtration.

1 p(Rm +aCv)

7T AP @

where o, C, and v are specific resistance of cake, particle
concentration, and permeate volume per unit filtration
area. The slope of the graph in Fig. 2 corresponds to <.
The specific resistances calculated from the slopes were
49.9,48.7, and 45.4 Tm kg~ for C020, C045, and C080
membranes, respectively. The similar specific resis-
tance suggests that the filter cake formed on the mem-
branes had similar internal structures since the specific
resistance highly depends on the porosity (e) of the fil-
ter cake [17].

In this study the lowest leakage of carbon nanotubes
in microfiltration was attained with the membrane with
a nominal pore size of 0.20 pm although its membrane
resistance was the highest. The permeation behavior
with the membrane in cake filtration is similar to those
with the membranes of larger pores. The result in this
section suggests that the microfiltration membranes

0.025

0.020

0.015

E —O— 1.00 kg/m®
” 0.010 —/x— 0.50 kg/m®
—0.25 kg/m®
0.005
0.000 L L
0 200 400 600 800 1,000

t[s]

Fig. 3. Permeation behavior of carbon nanotube suspension
in filtration at 10 kPa with C020 membranes.

with a nominal pore size of 0.20 pm is one of the best
candidates for carbon nanotubes recovery by filtration.

3.2. Effect of carbon nanotube concentration

Fig. 3 shows the permeation behavior of the carbon
nanotube suspension at different concentrations. The
lower the concentration the faster the permeation pro-
ceeded. The leaked nanotube concentration in 10 cm?
of permeate was 0.0026, 0.0017, and 0.0016 kg m > at
the concentration in feed of 1.00, 050, and
0.25 kg m >, respectively. The lower leaked concentra-
tion at lower feed concentration suggests that the
amount for the carbon nanotubes necessary to clog the
membranes before cake filtration decreased. However
the amount was less proportional to the feed concen-
tration. Thus the leakage was higher at lower feed con-
centrations (Table 2).

Fig. 4 shows the plot of 1/] vs. v in the filtrations
shown in Fig. 3. The specific resistances calculated
from the slopes were 49.9, 43.2, and 37.6 Tm kg™ ' at
1.00, 0.50, and 0.25 kg m >, respectively. The lower spe-
cific resistance at 0.25 kg m ™~ suggests that the higher
porosity of the filter cake at the concentration although

Table 2

Leakage of carbon nanotubes in filtration of suspensions at
different concentrations. Membrane pore size = 0.20 pm;
AP =10 kPa

Concentration [kg m3 Leakage [%]

1.00 0.26
0.50 0.34
0.25 0.66
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Fig. 4.1/] vs. v plot for filtration of carbon nanotube suspen-
sions for Fig. 3.

the porosity is nearly proportional to the cubic root of
specific resistance at high porosities [17].

Although the specific resistance depended on the
concentration the filtration time to a certain permeation
volume (e.g., v = 0.022 m) was almost proportional to
the concentration because the dependence of the speci-
fic resistance was low. The proportionality will be help-
ful for the estimation of filtration time in purification of
carbon nanotube by filtration after suspending the
nanotubes in different volume of washing solution.

3.3. Effect of transmembrane pressure

Fig. 5 shows the permeation behavior of the carbon
nanotube suspension at different transmembrane
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Fig. 5. Permeation behavior of carbon nanotube suspension at
1.00 kg m™

Table 3
Leakage of carbon nanotubes in filtration of suspensions at
different transmembrane pressures. Membrane pore

size = 0.20 pm; C = 1.00 kg m>.

Pressure [kPa] Leakage [%]

10 0.26
20 0.25
39 0.26
98 0.28

pressures. The permeation proceeded faster at higher
transmembrane pressures. The leakage of carbon nano-
tubes were similar (0.25-0.28%) (Table 3).

Fig. 6 shows the plot of 1/] vs. v in the filtrations
shown in Fig. 5. The specific resistances calculated
from the slopes are shown in Fig. 7. The specific resis-
tance slightly increased with increasing transmem-
brane pressure. The relationship is often shown by
the following equation

o =0 - (AP)", (3)

where o4 and 7 are the specific resistance at 1 Pa and
the compressibility index of the filter cake, respec-
tively. The value of the carbon nanotube used in this
study was 0.12. The compressibility index was much
lower than the value for the filter cake of rod-shaped
microorganisms (0.5-1.0) [18].

The effect of transmembrane pressure on the perfor-
mance of microfiltration (Figs. 5 and 6, and Table 3)
suggests that the recovery of carbon nanotubes and
preparation of buckypaper by vacuum (suction)
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Fig. 6. 1/] vs. v plot for filtration of carbon nanotube suspen-
sions for Fig. 5.
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Fig. 7. Dependence of the specific resistance («x) on the trans-
membrane pressure (AP) of filter cake of carbon nanotube.

filtration are faster when the higher transmembrane
pressure is applied.

3.4. Structure of buckypapers

Fig. 8 shows the appearance of the filter cake (buck-
ypaper) formed on the filtration membrane at 10 kPa.
The buckypaper easily separated from the microfiltra-
tion membrane. Figs. 9 and 10 show the internal

Fig. 8. Buckypaper prepared by filtration at a pressure of
10 kPa.

Fig. 9. SEM photographs of cross-sections of buckypaper pre-
pared by filtration at a pressure of 10 kPa.

structure of the buckypaper formed on the filtration
membrane. The carbon nanotubes were entangled in
the buckypaper although they were homogeneously
suspended in the feed suspension. The internal struc-
ture of the buckypaper was similar under the applied
pressure in the preparation of 10-98 kPa. The low com-
pressibility index (Fig. 7) supports the similarity. The
data also suggests that buckypapers having similar
structures can be prepared the faster at a higher trans-
membrane pressure under about 1 atm (= 101 kPa)
where the vacuum filtration is usually applied.

4. Conclusions

MWCNT of a diameter of around 50 nm was recov-
ered a 0.2 pum-pore microfiltration membrane. The

Fig. 10. SEM photographs of cross-sections of buckypaper
prepared by filtration at a pressure of 98 kPa.
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specific resistance of the filter cake was 7 x 10" m/kg
at 98 kPa and the compressibility index was 0.12. The
buckypapers prepared under 10-98 kPa had similar
internal structures of entangled nanotubes.

Acknowledgement

This study was partially supported by Grants-in-
Aid for Scientific Research from Japan Society from the
Promotion of Science (21560807).

Symbols

C Particle concentration, kg m~>

] Permeation flux, m s~

n Compressibility index, —

R, Membrane resistance, m !

t Time, s

v Permeate volume per unit filtration area, m
o Specific resistance of cake, m kg™!
0 Specific resistance at 1 Pa, m kg
€ Porosity of cake, —

AP Transmembrane pressure, Pa

1 Viscosity of permeate, Pa s
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