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Elution behavior of shortened multiwalled
carbon nanotubes in size exclusion
chromatography

We present a rigorous investigation on elution behaviors of ultrasonically shortened mul-
tiwalled carbon nanotubes in size-exclusion chromatography. The size separation of five
carbon nanotube samples that underwent ultrasonic shortening for varying lengths of time
revealed the existence of three kinds of carbon species: large nanotubes, small nanotubes,
and amorphous carbon species. Separation of the three different carbon species was con-
firmed by SEM analyses on the fractionated eluates and also by light scattering/UV ab-
sorbance double detection. The chromatographic peak intensity ratio between the large and
small nanotubes suggested an increased amount of small carbon nanotubes upon longer
mechanical treatment time. The effect of the concentration of carbon nanotube dispersion
on elution behavior was examined, and the elution volume of the shortened nanotubes was
found to decrease upon dilution while that of the large nanotubes showed the opposite ten-
dency. Unusual elution behaviors of the multiwalled carbon nanotubes were also observed
by altering the flow rate, and these behaviors could be explained by the longer equilibration
time taken for large nanotubes to access the pores of the packing materials and a possible
morphology change of small carbon nanotubes.
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1 Introduction

Carbon nanotubes (CNTSs) are promising materials for vari-
ous industrial applications by virtue of their superior electrical
and mechanical properties [1]. Appropriately purified CNTs
can be applied to various electronic and photonic devices. Ex-
tensive work has been devoted to the development of effective
synthetic routes for single-walled carbon nanotubes (SWC-
NTs) and multiwalled carbon nanotubes (MWCNTs). In gen-
eral, as-synthesized CNTs contain amorphous carbon species
and catalyst, and they have complex three-dimensional struc-
tures and length distributions. Compared to MWCNTSs, SWC-
NTs are simpler from a structural point of view, exhibiting ei-
ther metallic or semiconducting properties depending on the
molecular structure. Their physical properties are further af-
fected by length, diameter, and the distributions of these size
parameters. Needless to say, the properties of MWCNTSs are
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even more diverse. Since the purification of CNTs is a critical
factor toward actual device applications, a variety of strategies
for the separation and characterization of CNTs have been ex-
plored. The separation of metallic and semiconducting SWC-
NTs has been demonstrated by several groups [2—4]. Length
sorting is also an important process, as longer and micron-
scale CNTs with high aspect ratios are particularly useful in
field emission displays and electron conducting films [5-7].
On the other hand, short CNTs can be utilized as electrical
conducting wires in molecular devices [8]. The length tuning
of CNTs can be done by chemical treatment using strong
acid, but this process suffers from poor reproducibility and
often results in loss of electrical conductivity by producing
defects in the pristine CNTs [8,9]. Mechanical cutting by ball
milling [10-12] or ultrasonication [13, 14] can be utilized in-
stead of or in conjunction with the chemical treatment to ob-
tain length-tuned CNTs. Over the last decade, LC separations
of CNTs based on their sizes have been demonstrated us-
ing ion-exchange chromatography (IEC) [15,16], HPLC [17],
and size-exclusion chromatography (SEC) [18,19]. Other sep-
aration techniques such as field flow fractionation [20, 21]
and capillary electrophoresis [22-24] have also been investi-
gated as size-dependent fractionation tools for CNTs. Zheng
et al. successfully carried out the chromatographic separa-
tion and length sorting of SWCNTs by wrapping them with
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single-stranded DNA in water [15,16]. They used an anion ex-
change chromatographic technique to effectively separate the
water-soluble SWCNT-DNA assemblies. Zhao et al. reported
the SEC separation of SWCNTs functionalized with octade-
cyl amine to enhance their solubility in organic solvent [19];
they achieved the separation of SWCNTSs from large globular
impurities and amorphous carbon species. So far, most of
the chromatographic methodology developed for the separa-
tion of SWCNTSs has relied on functionalization using water-
soluble molecules. Even though this provides good dispersion
in aqueous medium, surface functionalization may deterio-
rate the CNT’s mechanical or electrical properties. The size
sorting of MWCNTSs has rarely been studied, probably due to
the more complex structure of MWCNTSs, which makes chro-
matographic separation less reproducible and hard to inter-
pret. Duesberg and coworkers demonstrated SEC separation
of micellar aqueous dispersions of MWCNTs [25]. Recently,
we also have reported size separation of the shortened MWC-
NTs [14], however, the chromatographic resolution was not
satisfactory. In this study, we employed two serially connected
SEC columns to investigate the high-performance SEC sepa-
ration of MWCNTs shortened by ultrasonication for varying
lengths of time. By controlling various chromatographic con-
ditions such as detectors, concentration, and flow rate, we
were able to perform an in-depth investigation of the SEC
elution behaviors of MWCNTs.

2 Material and methods
2.1 Sample preparation

A pure MWCNT sample was received as a kind gift from
Korea University. This was synthesized by chemical vapor
deposition (CVD) in acetylene gas using Fe-Mo/Al, O; as the
catalyst [26, 27]. As characterized in our previous study, the
average diameter of the MWCNTs was 10-30 nm, and
the sample contained less than 5% mixed impurities of cata-
lyst and amorphous carbon species [14]. More details of the
MWCNTSs used in this study can be found in our previous re-
ports [14,26,27]. In this study, MWCNT samples underwent
length tuning by chemical and ultrasonic treatment using five
different sets of conditions schematically illustrated in Fig. 1.

Ultrasonic
treatment

Disperse Acid
MWNT treatment
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To enhance their compatibility with polar solvents, MWC-
NTs were first treated with a solution of concentrated H,SO,
(98%)/HNO; (70%) (3:1 v/v) at ambient temperature for 4 h.
After rinsing with deionized (DI) water to remove residual
acids, the CNTs were freeze-dried overnight. MWCNT sam-
ples were then dissolved in DMF to a 1 mg/mL concentration,
and ultrasonic etching was carried out for 3, 4, 5, 6, and 9 h
using a high power ultrasonic system (330 W, Hielscher Ul-
trasonics). Two-second ultrasonic pulses were applied to the
samples in 5-s intervals. The resulting MWCNT samples were
denoted using the convention AnSm, where n and m describe
the acid treatment and sonication time, respectively. In this
study, we investigated only the effect of ultrasonic cutting on
MWCNTSs for different sonication times under a fixed acid
treatment time of 4 h. High-power ultrasonication has been
confirmed as a useful method for shortening MWCNTs with
a narrow length distribution.

2.2 Chromatographic analysis

The pretreated MWCNT samples remained well dispersed in
DMF for several days without sedimentation or flocculation.
Nonetheless, the samples were again dispersed using a bath
sonicator for 1 h, and centrifuged at 13 000 rpm using an
ultracentrifuge system (Gyrogen Gyrospin A-32010) prior to
SEC separation. After centrifugation for 30 min, an upper
phase comprising a gray dispersion was formed, which was
easily distinguishable from the bottom sediment. Since the
sedimented CNTs were too large for chromatographic separa-
tion, the upper phase was used in most of our investigations.
Some MWCNT samples were diluted prior to separation in
order to explore the concentration effect.

The SEC system used in this study consisted of a
dual head gradient pump (Acme-9000 series, Young Lin),
6-port Rheodyne injector, and a UV-Vis absorbance detec-
tor operated at 300 nm (the maximum absorbing wavelength
of our MWCNTs). Two large pore-size SEC columns (PL-
gel Mixed-A, Polymer Laboratory) were serially connected for
the separation of the large MWCNTSs with an inline filter
(pore size 10 pm, sweep volume 20 pL) placed between the
injection loop and the columns to prevent clogging of the
aggregated CNTs or other particulates at the column inlet.

Centrifuge &

Figure 1. Experimental procedure for

Take upper—phase MWCNT sample preparation.
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For direct analysis of the size of the eluting MWCNTSs, a
multiangle light scattering (MALLS, Wyatt, mini-DAWN) de-
tector was connected before the UV detector (see Supporting
Information Fig. S1 in the supporting data S1 for the in-
strumentation employed in this study). The injection loop
size was 100 pL, and the flow rate of DMF was typically 0.8
mL/min but was lowered down to 0.1 mL/min to examine
the flow rate dependence. In order to indicate the estimated
size of MWCNTSs at each elution time, the calibration curve
was obtained using five polystyrene (PS) standards with var-
ious molar masses. They were separately injected under the
same chromatographic condition for MWCNT analysis and
their radius of gyrations (R,) was cited from the previous lit-
eratures [28]. To observe the eluted MWCNTs directly, the
eluates were collected on an alumina filter frit (pore size 0.02
pwm, Anodisc13, Whatman) through which the DMF solvent
was removed by aspiration. Upon removal of the majority
of the DMF, the fractionated MWCNTSs on the alumina frit
were dried in a vacuum oven at 80°C overnight, and SEM (HI-
TACHI, S-4700) analysis was carried out. In situ elemental
analysis of MWCNTSs and amorphous carbon species was per-
formed using energy dispersive X-ray (EDX, HORIBA 7200-
H) spectroscopy in conjunction with SEM.

3 Results and discussion

In order to characterize the chromatographically fractionated
MWCNTSs and amorphous carbon species, SEC eluates were
collected during the elution of the three representative peaks
shown in Fig. 2. For fractionation, the original dispersion of
the uncentrifuged A4S9 was used, and drops of eluate from
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Figure 2. SEC separation and fractionation of uncentrifuged-
A4S9 samples at three different elution times. SEM images of
each fraction on porous alumina filter are also shown. Fraction 1
mostly contained long MWCNTSs while Fraction 2 contained small
fragmented CNTs. Far less material was captured on the alumina
filter from Fraction 3. The magnification of the three SEM images
is the same; the scale bar in the SEM image corresponding to
Fraction 1 is 200 nm.
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the three fractions were directly transferred onto three sepa-
rate porous alumina filters under aspiration for ~1 min; the
liquid eluent was drained, leaving the carbonaceous species
on top of the filters. The dried fractions were characterized by
SEM. As shown in Fig. 2, Fraction 1 collected at t = 9-11 min
consisted mostly of large MWCNTSs. The elution time of
10 min corresponds to the total exclusion limit of the columns
within which any molecules larger than the maximum pore
size of the SEC packing material are eluted through the inter-
stitial spaces without accessing the pores. Therefore, the peak
observed for 9-11 min elution was expected to correspond to
MWCNTS too large to be separated by the SEC columns used
in this study. SEM images of Fraction 2, however, revealed
the presence of short MWCNTs. The length distributions
were obtained from SEM images of Fractions 1 and 2, (see
Supporting Information Fig. S2) and the number-averaged
lengths were calculated to be 128 and 75 nm, respectively.

The SEM image of Fraction 3 (Fig. 2) revealed a non-
tubular, presumably amorphous, carbon species. EDX ele-
mental analyses were performed on the MWCNTSs and amor-
phous carbon species in conjunction with the SEM imaging
to confirm their chemical identities. Although not shown
here, long MWCNTSs were occasionally found in Fractions
2 and 3, which could be attributed to slow mass transfer of
the large CNTs. Unable to quickly follow the size-exclusion
equilibrium, some of the MWCNTSs might either get trapped
within the pores and then randomly elute during the chro-
matographic run, or even pass through the interstitial spaces
without accessing the pores of the packing material. In addi-
tion to the slow mass transfer rates, a strong attractive force
existing between the CNTs and packing material may explain
the poor size separation efficiency. It is well known that chro-
matographic elution of an adsorptive species often causes
peak tailing or poor mass recovery.

Figure 3 shows the SEC chromatograms of the five
MWCNT samples after centrifugation at 13 000 rpm for
10 min to remove the large CNTs. The chromatograms are
shown in the order of increasing sonication time, i.e. 3-9 h
from A4S3 to A4S9. Along with the chromatograms, a calibra-
tion curve (R, versus tg) obtained from PS narrow standards
is also shown in Fig. 3 to indicate the estimated size of the
MWCNTs at each elution time. In proper solvent, the radius
of PS and its average molar mass satisfy the following rela-
tionship [28]:

R, (nm) ~ 0.0118 x M’® (PS in tetrahydrofuran at 25° C)
1)

The calibration curve in Fig. 3 was obtained based on
Eq. (1) using the molar mass of five PS species. According
to this curve, the R, of the PS eluted at 17 min (the elution
time of the second peak of A4S3) was calculated to be 47 nm,
which roughly coincides with the mean size of the shortened
MWCNTs (75 nm) observed in the SEM image shown in
Fig. 2. In each chromatogram of Fig. 3, the first eluting peak s
observed at 9-11 min. These peaks correspond to the MWC-
NTs that were too large to be separated by the SEC columns.
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Figure 3. SEC chromatograms of the five different MWCNT sam-
ples after removal of aggregated CNTs by centrifugation. UV de-
tection clearly indicated a consistent decrease in first peak area
for large MWCNTs (~10 min) at longer sonication times and
an increase in shortened MWCNT peaks (17-17.5 min). Peaks at
~24 min are due to amorphous carbon species. SEC calibration
curve of PS standards in DMF is also plotted to demonstrate elu-
tion time of macromolecules in the SEC columns.
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Zhao et al. used the same type of SEC column for SWCNT
separation. The earliest elution peak of SWCNTs they ob-
served was at the same elution volume as ours [19]. However,
in contrast to the chromatogram in Fig. 2 (before centrifu-
gation), the first peak in the A4S9 chromatogram at ~9 min
completely disappeared. From Fig. 3, it is obvious that longer
sonication times of the MWCNTSs resulted in lower amounts
of long CNTs, showing the effective shortening. Following
the peak at 9-11 min, the second characteristic peak appeared
at about 17-17.5 min for each sample, corresponding to the
shortened MWCNTSs. It is readily apparent that the peak in-
tensity ratios of the second peak increased with increasing
sonication time as compared to the first peak. The changes in
peak intensities arises from the increased ratio of shortened
MWCNTSs to long ones with longer sonication times due to
the effective ultrasonic cutting of CNTs. The reproducibility
of the elution behavior was confirmed by independent SEC
runs of each sample on different days and by injecting them
in random sequences. A closer look at Fig. 3 reveals that in
addition to the relative peak intensities, the retention time
of the second peak also changed with increasing sonication
time, becoming a little longer. For instance, the retention
time of shortened CNTs for A4S3 was 16 min while that for
A4S9 was 17 min. This indicates that longer sonication treat-
ment further shortens the lengths of the MWCNTSs. After
elution of the two characteristic MWCNT peaks at ~10 and
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Figure 4. UV-LS double detection of A4S4 during SEC separation.
The two detector responses are overlaid, and the intensities of the
two signals are normalized to the earliest eluting peaks.

17 min, small peaks appeared at around 22 min followed by
large overlapping peaks eluting at ~24 min. The small peaks
ataround 22 min are shortened MWCNTSs. A significant light
scattering (LS) signal in Fig. 4 confirms that these peaks are
not small-sized amorphous carbons. The peaks at 24 min ap-
pear to be fragmented amorphous carbon species rather than
MWCNTSs, especially considering that the elution time of 24
min corresponds to the molecular weight of PS of <1000,
which is very small in terms of hydrodynamic size. Overall,
the chromatograms in Fig. 3 demonstrated improved resolu-
tion of SEC separation compared to previous investigations,
presumably due to the use of two SEC columns and the in-
line filter as well as the removal of extremely large CNTs by
ultracentrifugation [14].

SEM images of the fractionated MWCNTs in Fig. 2 al-
lowed a direct visualization of individual CNTs with different
lengths, but these may not be representative of the eluting
species as some of nanotubes were able to pass though the alu-
mina filter. To obtain size information for the eluting peaks in
more inclusive way, mass-sensitive LS detection was used in
conjunction with a concentration-sensitive UV-Vis detector.
LS signal intensity is proportional to the differential index
of refraction (dn/dc) in a given eluent as well as the abso-
lute molecular weight of the macromolecule. We confirmed
that the refractive index (RI) detector, another concentration-
sensitive detector, produced very similar chromatograms to
those produced by UV detection for our MWCNT samples
(see Supporting Information Fig. S3). Thus, the use of UV as
a concentration detector for LS analysis was deemed reason-
able. Nonetheless, only a relative comparison of LS and con-
centration detection was made for the representative peaks
since quantitative size analysis was impossible due to strong
light absorption and complex architectures (i.e. tube diam-
eter, number of layers, etc.) of the MWCNTs hampering
Rayleigh LS.

In Fig. 4, LS and UV chromatograms obtained from A4S4
were plotted with the intensities of both signals normalized

www.jss-journal.com
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Figure 5. Concentration effect on SEC elution of A4S9 MWCNT
sample: from the top, uncentrifuged A4S9 stock solution, ten-fold
diluted sample, and 100-fold diluted sample, respectively.

to the earliest eluting peaks. At first glance, very strong LS
signals from CNT species despite low concentrations (<0.1
mg/mL) indicated that they extensively scattered the incident
light, presumably due to their large size. It is reasonable
that the early eluting peak at ~10 min contained smaller
MWCNTSs than those in the second peak at ~17 min, since
the second peak produced lower LS signals than UV signals
compared to the first eluting peak. Interestingly, amorphous
carbon species did not produce any LS signal, clearly demon-
strating that they were very small in size. To simplify the in-
terpretation of the double detection signals, the dn/dc of the
eluting species were assumed to be the same, which might
not be a sound assumption. We obtained LS/UV double de-
tection chromatograms for full sets of MWCNTs, which are
shown in Supporting Information Fig. S4. The comparison
of the relative intensity ratio of the shortened and large MWC-
NTs with respect to the ultrasonication time was, however,
not straightforward due to the complexity of MWCNT struc-
tures as discussed above.

To investigate the effect of sample concentration on elu-
tion, the original A4S9 sample in DMF with an initial con-
centration of ~1 mg/mL was diluted ten- and 100-fold using
the eluent. The resulting SEC chromatograms are compared
in Fig. 5. In order to compare dilution effects on the elution
of CNTs of different lengths, the uncentrifuged A4S9 sample
was used. Since the detected peak intensities were decreased
by dilution, the intensity scales of the chromatograms were
enlarged. As shown in Fig. 5, the dilution definitely caused a
peak shift of shortened MWCNTSs from 17.5 min (before dilu-
tion) to 14.9 and 14 min (as indicated by dotted lines in Fig. 5)
upon ten- and 100-fold dilution, respectively. The extent of
the peak shift was diminished for the more highly diluted
sample, and thus the elution time showed an asymptotic be-
havior. The relative peak intensity of the exclusion limit was
decreased by dilution and shifted somewhat to a higher elu-
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tion time. Consequently, the exclusion limit peak completely
disappeared, leaving behind a relatively small shoulder-like
peak at ~12.5 min for the 100-fold diluted sample. To show
the dilution effect in a different way, fractionation of the sepa-
rated peaks of an ultracentrifuged A4S9 sample and the frac-
tionated aliquots were reinjected. The experimental details
are shown in the supporting data S5, from which we reached
the same conclusion as that made for the elution behavior of
the diluted samples (see Supporting Information Fig. S5 for
detail). As discussed above, the peak shift caused by dilution
can be regarded as a unique phenomenon for SEC elution of
MWCNTSs. The invariant elution time of the amorphous car-
bon species before and after fractionation is also consistent
with the absence of the dilution effect in Fig. 5.

What then would be the origin of the abnormal elution
behavior of MWCNTSs upon dilution? The complex elution
behavior of the MWCNTSs can be considered from two dif-
ferent viewpoints: (1) dynamics and (2) equilibrium behavior
during SEC separation. The elution behavior of the large, in-
tact MWCNTSs should be considered from a dynamics point
of view. Certainly, extremely large CNTs cannot be separated
by SEC due to their total exclusion from the packing mate-
rial. Moderately sized MWCNTs are likely to be challenging
to separate by SEC since they have larger hydrodynamic vol-
umes than the polymer chains with similar contour lengths
due to their rod-like structure, making the diffusivity slower.
During chromatographic separation, large molecules are sub-
ject to a quasi-equilibrium state in the size-exclusion process
as they move through the column and may have insufficient
time for pore access under high flow rates [29]. This assump-
tion is supported by the elution behavior at different flow
rates, as shown in Fig. 6. In this figure, the chromatograms
were drawn with respect to the retention volume (V) instead
of the retention time (tz) to better compare the eluted peak
positions at different flow rates.

Ly
3| |
L I
— !
8N T 0.8mi/mi
1A \ ofine .8mi/min
< f i S S Ilr\\x,__ S .
- Sy N 0.4ml/min
Ay N\ 0.2ml/min

V_(mL)

Figure 6. Flow rate effect on SEC elution of MWCNTs (sample
A4S4). For better comparison, each chromatogram was plotted
versus retention volume (Vg; tg - flow rate).
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If the access of large MWCNTSs to the pores was ham-
pered due to slow diffusion, we anticipate that lowering the
flow rate would both diminish the experimental artifacts and
improve the chromatographic resolution. As shown in Fig. 6,
the most noteworthy difference caused by lower flow rates
was the decreased intensity of the peak at the exclusion limit,
which completely disappeared when the flow rate was lower
than 0.2 mL/min; further lowering of flow rate did not affect
the chromatogram. At the same time, low flow rates corre-
sponded to an increase in the intensity of a broad peak eluting
at 10-13 mL. Experimental results suggested that the equi-
librium elution volumes of large CNTs were expected around
10-13 mL, indicating a broad size distribution of the MWC-
NTs. The other peaks resulting from the shortened MWCNTSs
(Vg ~ 14.5 mlL) and the amorphous carbon species (Vz ~
19 mlL) did not noticeably change at different flow rates, al-
though the separation resolution of two peaks at 19.5 and
20.5 mL clearly improved at lower flow rates; this is likely
due to the fact that CNTs had sufficient time to access pores
within the column packing material under these conditions.
Thus, the elution behaviors of large and shortened CNTs
exhibited different responses. Upon dilution, the probabil-
ity of MWCNT aggregation decreases. The chromatograms
of diluted samples in Fig. 5 support this explanation. On the
other hand, shortened MWCNTSs appear to have been affected
by a totally different mechanism. As shown in Fig. 5, short
MWCNTSs exhibited delayed elution behavior upon dilution,
which is opposite to that of large CNTs. Although not clearly
understood at present, it is possible that the short MWC-
NTs had different molecular anisotropy at different concen-
trations. At relatively high concentrations, short MWCNTs
took on a twisted shape, leading decreased length efficiency.
When diluted, their length efficiency improved (i.e. stretch-
ing of CNT) and actually increased their hydrodynamic vol-
ume [30]. More rigorous investigations are necessary from
experimental as well as theoretical standpoints to elucidate
the concentration-dependent chromatographic behavior of
short MWCNTSs more precisely.

4 Concluding remarks

The SEC elution behaviors of the shortened MWCNTSs were
rigorously examined. By using two mixed bed columns,
high-resolution separation of large CNTs, shortened CNTs,
and amorphous carbon species was achieved. Centrifuga-
tion of MWCNT samples enabled better visualization of
size-separated peaks by removing long CNTs that were too
large to be separated by SEC. While the elution behavior of
amorphous carbon species was insensitive to variations in
chromatographic conditions such as sample concentration
and flow rate, that of the MWCNTSs exhibited a strong de-
pendence on the conditions, particularly the elution time.
It was noteworthy that the elution time (or volume) of the
large MWCNTSs was increased both by diluting the injected
sample and by decreasing the flow rate, while the short-
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ened MWCNTs exhibited a decreased elution time after
dilution.
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