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S
ingle wall carbon nanotubes
(SWCNTs) are one of the most prom-
ising materials for the post silicon

electronic applications because of their

excellent electronic properties based on

their chemical stability and mechanical

strength.1�3 It is well-known that elec-

tronic properties of SWCNTs differ with

their structural characteristics, such as, di-

ameter, chirality, length, and so on.4�9

Especially the length of SWCNTs is impor-

tant for applying to electronic devices

with SWCNT interconnection networks

of percolation.10,11 Controlled length

with higher degree of homogeneity will

produce the better and even perfor-

mance of devices such as transparent

conductive films and thin film transis-

tors, because the electronic transport

properties of such devices depend on

the sum of contact resistances in each

carrier pathways. Beside this, it has been

reported that the length of SWCNTs can

also critically affect their dispersing and

optical (spectroscopic)

properties.7�9,12,13 Thus, sorting of

SWCNTs by length is of great impor-

tance for both the fundamental under-

standing of their properties as well as for

their applications.

As far as authors know, some techniques

for sorting of SWCNTs by length, such as,

size exclusion chromatography (SEC),14�16

centrifugation techniques,17,18

electrophoresis,19,20 and flow field-flow

fractionation,21,22 have been reported to

date. The former two techniques possess

much more excellent fractionation preci-

sion than the latter ones, although the ap-

plicable length range was limited to a quite

shorter range, typically less than 0.6 �m. In

the case of the latter two techniques, in

spite of their potential for wider length

range than SEC, they suffered from the

problem of aggregation of SWCNTs.19,22

Moreover, all these previous methods gen-

erally suffered from low throughput in their

batch process. Therefore, developing an ef-

ficient method of sorting SWCNTs by length

is still in demand for their applications.

RESULTS AND DISCUSSION
Considering the necessity of a tech-

nique having higher potential with greater

throughput, here we propose a novel and

scalable system that involves multistep

cross-flow filtration through membrane fil-

ters of different pore sizes, as shown in Fig-

ure 1a,b. Briefly, in this system, at first the

source suspension of SWCNTs was sepa-

rated to retentate and permeate by the

cross-flow filtration (Figure 1b). The perme-

ate so obtained was reused as a source sus-

pension for the next filtration step after

changing the membrane filters of different

pore sizes. By repeating similar procedures,

the SWCNT suspension was separated into
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ABSTRACT A novel system for fractionating single wall carbon nanotubes (SWCNTs) by length via a three-

step cross-flow filtration has been developed in which three membrane filters of different pore sizes, 1.0, 0.45,

and 0.2 �m, were used. SWCNTs dispersed in water with the help of sodium carboxymethylcellulose (CMC)

detergents were successfully sorted into four samples, and the atomic force microscopy (AFM) observation of

those samples confirmed that their length distribution peaks are within the expected ranges from pore sizes of

used filters. However, the result of the similar filtration process using a different detergent, sodium

dodecylbenzenesulfonate (SDBS), showed no pronounced correlation between the length distribution of SWCNTs

and the pore size. The observed difference in the sorting phenomena caused by the detergent type suggests that

the permeation property depends on the complex structure resulting from the dispersed SWCNTs and detergent

molecules.

KEYWORDS: length fractionation · carbon nanotube · cross-flow filtration · sodium
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four samples, that is, three retentates and one perme-

ate of the last step, as shown in Figure 1b. Three differ-

ent filter membranes of pore sizes, 1.0, 0.45, and 0.2 �m,

were adopted in these three steps of filtration proce-

dures. To understand the effect of dispersant on the

length sorting phenomena, two detergents, CMC and

SDBS were examined. Figure 1c shows the photo-

graphic images of the resulting fractionated samples

A�D, separated from the CMC suspension. A�C are the

retentates of filtrations with membranes of 1.0, 0.45,

and 0.2 �m pore size, respectively, and D is the perme-

ate of the last step. On the basis of the differences in

colors of A�D (Figure 1c), qualitatively it can be imag-

ined that A and B contain greater amounts of SWCNTs

than that of C and D. For the qualitative and quantita-

tive analyses, especially to estimate the filtration effi-

ciency, optical absorption spectra of those samples

were measured in the wavelength range of 400�1350

nm, as plotted in Figure 1d. Rather weak profiles of C

and D, because of their lower concentrations, are mag-

nified 2.5 and 7 times. For comparison, the absorption

spectrum of the source suspension is also shown as a

control with the reduced intensity to 1/4. From the

mean diameter of the used SWCNT sample, observed

absorption peaks were attributed to the second inter-

band transition of semiconducting SWCNTs (S2) and the

first interband transition of metallic SWCNTs (M1) of

electronic transitions,23 as denoted in Figure 1d. It

clearly shows that the shapes of absorption spectra of

A�C are approximately consistent with the control. In

the case of D, peak positions of S2 and M1 seem to be

similar to others, although the spectrum feature is less

resolved due to the reduced contents of SWCNTs. This

qualitative comparison suggests that the effect of this

fractionation process on the diameter distribution and

the metal/semiconductor ratio is negligible.

On the basis of well-known quantitative correlation

between the absorption intensity and the content of

SWCNTs in their suspension,23,24 the relative concentra-

tions of SWCNTs (Csample) against the control can be de-

rived from the observed absorption profiles of A�D by

the following equation:

where I is absorption intensity, and the upper bar indi-

cates the average of the component as a function of

wavelength � through the whole measured range of

400�1350 nm. The fractionation efficiency (Psample) in

each step is defined as the ratio of the content of

Figure 2. Typical topographic AFM images (left) and length distribution profiles (right) of SWCNTs in samples A�D. The
length distribution of the source suspension dispersed by CMC is also plotted as a control.

Figure 1. Photo image of the cross-flow filtration system (a),
a schematic depiction of the three-step fractionation pro-
cesses (b), sorted samples A�D (c), and their optical absorp-
tion spectra with that of the source suspension as a control
(d).

Csample ) [Isample(λ)

Icontrol(λ)] (1)
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SWCNTs in the fractionated suspension to that in the

control and it can be expressed as follows:

where V is the volume of suspension. From eq 2, the
fractionation efficiency with one standard deviation in
each step was calculated and the values obtained are as
follows: A, 29 � 0.5%; B, 33 � 0.3%; C, 10 � 0.2%; and
D, 2.9 � 0.5%. It should be noted that the total amounts

of SWCNTs fractionated by these processes was about
75% from the summation of all P values. In other words,
25% of SWCNTs in the source suspension were lost in
these processes, probably due to aggregation on filter
membranes and inside of the TYGON tubes.

Figure 2 shows typical AFM topographic images of
separated samples A�D. From the analysis of these im-
ages, in general, the height values of individual SWCNTs
were found to be less than 3 nm, indicating that
SWCNTs were dispersed into debundled or a few
bundled ones. Length distribution profiles of A�D and
the source suspension (control) from AFM measure-
ments have been plotted in Figure 2. Note that these
distribution data have been expressed as the percent-
age of measured counts in each sample, and that hori-
zontal axis is scaled as log 10. It was found that length
distribution peaks in profiles of four separated samples
agree with the expected ranges from pore sizes of used
filters. In B�D, more than 41% of SWCNTs are in the ex-
pected range supporting the greater potentiality of
the fractionation process. The observed trend of sharp-
ening in length distribution is reasonable, because the
time taken for the fractionation of each succeeding frac-
tions A�D is consequently longer following the frac-
tionation proceeding.

To investigate the impact of the detergent type,
the similar experimental procedures of fractionation
were carried out for a SWCNT suspension prepared in
SDBS solution that has been frequently used for dis-
persing them until now. Surprisingly, the completely
different results were obtained compared to CMC. The
total source suspension was permeated through all fil-
ters without remaining retentate, while the consider-
able amount of aggregates of SWCNTs were observed
on filter membranes. As a final result, only 7% of
SWCNTs were collected as a permeate sample labeled
E. A typical AFM image and the length distribution pro-
files of E are presented in Figure 3. The profiles in Fig-
ure 3 clearly indicate that the length distribution of E
is approximately the same as that of the control shown
in Figure 2 by contrast. It means most of SWCNTs were
longer than the pore size of the last filter (0.2 �m), al-
though the proportion of SWCNTs longer than 1 �m
were typically decreased. This relatively sharp distribu-
tion of E compared to that of the control suggests that
longer SWCNTs might be trapped on used filters prior
to shorter ones, resulting in aggregation. The main
cause of this failure of the length sorting with SDBS sus-
pension can be better explained on the basis of the
analogy of SDBS to a similar type of detergent, sodium
dodecanesurfonate (SDS). Similarly to SDS,25,26 SWCNTs
should be covered with the monolayer of SDBS mol-
ecules called SDBS micelles that possess enough aspect
ratio to pass through even smaller pores than their
size. In addition, the reason behind the considerable ag-
gregation of SWCNTs on the filter membrane is prob-
ably due to the removal of detergent molecules from

Figure 3. Typical topographic AFM image (left) and the
length distribution profile (right) of SWCNTs in sample E.

Figure 4. Possible mechanism of the difference between SWCNT
suspensions dispersed by detergents CMC (a) and SDBS (b) in fil-
tration. The filtration result can be changed by the flexibility of
the complex structure of detergent molecules and SWCNTs.

Psample ) Csample ·
Vsample

Vcontrol
× 100 (2)
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the SWCNTs’ surface by the turbulence in the filtration
system. A similar phenomena of aggregation was ob-
served by Abatemarco et al.27 in their work on cross-
flow filtration of MWCNTs/SDS suspension, even
though their result shows low or negative correlation
between the average lengths of MWCNTs and pore
sizes of filter membranes.

On the other hand, in the case of CMC, the success-
ful sorting of SWCNTs by length must be due to the
lower aspect ratio of their micelles. The origin of such
a lower aspect ratio of CMC micelles is expected to be
a long polymer chain (degree of polymerization � 400)
with the high molecular weight (�90 kDa) of CMC.
From this ability, it can wrap SWCNTs and leave them
embedded in the matrix of the CMC polymer, which
hopefully decreases the aspect ratio of their micelles,
enabling them to be sorted by size. In other words, the
permeation property of the dispersants, consisting of
SWCNTs and detergent molecules, depends on their re-
sulting complex structure, as illustrated in Figure 4. In
addition, such a complex structure can also cause the
difference in the aggregation property of SWCNTs ob-

served in the present study. Thus, it can be concluded
that CMC is a suitable detergent for this fractionation
system rather than the detergents that are generally
used, such as SDBS and SDS.

In conclusion, a novel length fractionation system
of SWCNTs with the multistep cross-flow filtration tech-
nique using three membrane filters of different pore
sizes, 1.0, 0.45, and 0.2 �m, has been developed that
successfully separated a suspension of SWCNTs dis-
persed in the CMC solution into four resulting samples:
three different retentates and one permeate from the
last step. The analysis of their optical absorption spec-
tra showed that 75% of the starting SWCNTs were frac-
tionated, leaving 25% probably on the filters and inner
walls of the tubing as aggregates. AFM observations
confirmed that the length distribution peaks in profiles
of four separated samples are within the expected
ranges from pore sizes of used filters. Additionally, it
was found that both the permeation and reaggrega-
tion properties of dispersed SWCNTs in the filtration
process greatly depend on their complex structure with
detergent molecules.

EXPERIMENTAL SECTION
SWCNTs used in this study were synthesized by an enhanced

direct-injection pyrolytic synthesis (eDIPS) method.28 The purity
of SWCNTs was �94 atom %, with a small amount of Fe nanopar-
ticles remaining as impurities. As observed from a resonance Ra-
man spectra of 514.5 nm laser excitation, the diameters of
SWCNTs ranged from 1.38 to 1.68 nm,24 and the G/D ratio was
�173. The typical Raman spectrum, as well as electron micros-
copy pictures of used SWCNTs, is shown in Supporting Informa-
tion. A total of 4 mg of SWCNTs was dispersed in 200 mL of aque-
ous solutions of 1% CMC (MP Biomedicals low viscosity) or SDBS
(Wako, purity � 98.5%) with the help of bath sonication, and
these suspensions were loaded in the cross-flow filtration sys-
tem as source suspensions. The typical cross-flow filtration sys-
tem used in the present study is a handmade apparatus con-
verted from the commercially available filtration system,
VIVAFLOW 50 (Sartorius Stedim Biotech), with an effective filtra-
tion area of 50 cm2, which was directly connected to a peristal-
tic pump by Tygon tubing, as shown in Figure 1a. We have
adopted a hydrophilic polytetrafluoroethylene (PTFE) mem-
brane (Millipore Omnipore) as filters in this system.

The filtration in each step was continued with the constant
flow rate of 1 mL/s until the source suspension stopped decreas-
ing. We have estimated that the reason for stopping the filtra-
tion is not the pressure induced by clogging of SWCNTs on the
filter membrane, but the osmotic pressure induced by the in-
creasing concentration of dispersants. It should be noted that
this system is not a fully open system, but a semiclosed system
like an ordinary dialysis system. Therefore the osmotic pressure
is one of the most important factors to consider in the mecha-
nism of filtration. To support this explanation, we have also car-
ried out the following additional experiment. The retentate was
diluted with a considerable amount of 1% aq CMC and again fil-
tered with a new membrane. The resulting permeate was a col-
orless clear solution, and the volume was almost the same as the
added amount of aq. CMC solution. Of course the volume of
the reobtained retentate was almost the same as that of the ini-
tial one. In the case of using SDBS as a detergent or CMC suspen-
sion without SWCNTs, source suspensions permeated through all
filters completely.

Separated samples A�D were characterized by optical ab-
sorption spectroscopy (Hitachi, U-4100) and atomic force micros-

copy (AFM) observations (SII NanoTechnology Inc., SPA400). To
investigate the filtration efficiency, relative amounts of SWCNTs
in these samples were calculated from the average of photo ab-
sorption in the whole measured range, which has been dis-
cussed in the Results and Discussion.

Specimens for AFM measurements were prepared by follow-
ing procedures. Silicon (Si) substrates were chemically function-
alized by using aminopropyltrimethoxysilane (APTES). SWCNT
suspensions were dropped on the functionalized Si substrates
and washed with water to remove detergent. This procedure was
repeated until the frequency of SWCNTs in the AFM image be-
came suitable for the investigation of their length distribution.
Lengths of more than 300 SWCNTs were measured in each
samples for the statistical operation.

Supporting Information Available: SEM and TEM images (Fig-
ure S1) and the typical resonance Raman spectrum (Figure S2)
of used SWCNTs in the present work. This material is available
free of charge via the Internet at http://pubs.acs.org.
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