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Centrifugation of liquid dispersions is a typical technique being employed to separate single-walled car-
bon nanotubes (SWCNTs) from big aggregates and impurities. Shining light on the underlying mechanism
contributes to a more efficient preparation of corresponding suspensions or inks with improved proper-
ties. In this work, we model the sedimentation process by applying fundamental equations and a mathe-
matical algorithm for the centrifugation routine, which takes into account centrifugation parameters and
the geometry of nanoparticles. The model is fed with experimental data, namely, the centrifugation mass
yield, the SWCNT purity index, metal contents, and nanoparticle sizes measured for pristine, thermally-
oxidized, and chemically functionalized SWCNT samples. Particle aggregation, including SWCNT bundling,
and changes due to physicochemical pretreatments are taken into account. It is shown that the complete
experimental data set can be quantitatively well understood in terms of the particle sedimentation coef-
ficient. The proposed model thus provides a rational concept to optimize centrifugation protocols for the

separation of mixtures containing nanoparticles of different shapes.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Carbon nanotubes (CNTs) are usually synthesized as solid pow-
ders and then processed in the liquid phase. Organic solvents and
surfactant solutions are typical base fluids for the dispersion of the
hydrophobic CNTs. Selective sedimentation by centrifugation is an
effective method for conditioning CNT dispersions. Indeed, the lit-
erature widely describes how metal impurities and large carbon
aggregates, including CNT bundles, are quite easily separated from
individual CNTs at low spin velocities. However, a high yield re-
moval of small-sized nanoparticles, as well as encapsulated and at-
tached impurities, is hard to achieve. On the other hand, a definite
understanding of how selective separation proceeds is still lacking.

Centrifugation techniques have enabled great advances in CNT
science, particularly in single-walled carbon nanotubes (SWCNTs).
Centrifugation in surfactants, as well as subsequent stages of ox-
idation and centrifugation, were described years ago as a part of
protocols for the purification of SWCNTs [1-4]. Besides, it was
shown that high-speed centrifugation (ultracentrifugation) pro-
vides a high ratio of individualized SWCNTs in the dispersions
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[5,6]. Density gradient ultracentrifugation is used for sorting SWC-
NTs with different lengths or electronic characteristics: semicon-
ducting, metallic, and even samples with a selected chirality [7-
14]. Analytical ultracentrifugation has been successfully applied
to the determination of the length distribution of SWCNT sam-
ples and dimensions of the SWCNT solvation sphere, as well as
to elucidate the configuration of surfactant molecules around dis-
persed SWCNTs [15-20]. In particular, those experiments have pro-
vided abundant information concerning the application of sed-
imentation theories to SWCNTs. Besides, centrifugation theories
have been quite extensively applied and developed for size selec-
tion in graphene oxide dispersions and other 2D materials [21-24].

The present article does not focus on CNT sorting, nor on an-
alytical techniques, but on preparative centrifugation as a way
to separate nanotubes from nanoparticle impurities, which will
be modelled as spheres of distinct sizes. In previous works, X-
ray diffraction analysis demonstrated that graphite particles can
be separated from SWCNTs at relatively low spin velocities [25].
Moreover, it was shown that a pre-treatment by air oxidation leads
to improved purity levels at low spin velocities, while a reflux in
oxidant acids and a reductive treatment with hydrogen were not
effective [26]. Thus, it was suggested that certain oxygen functional
groups might contribute to the selective stabilization of SWCNTSs in
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the liquid [27]. Later, it was observed that high levels of purity can
be achieved by ultracentrifugation at spin velocities of higher than
120,000 xg, even starting from SWCNTs with a variety of chemical
functional groups [27]. The comprehensive interpretation of those
results is still lacking.

In this article, the theory of centrifugation is applied to the
selective sedimentation of SWCNTs and it is reconciled with the
effects of different oxidation and chemical functionalization pro-
cesses on SWCNTs. A logical method is developed to compute and
quantitatively understand the separation of metal catalysts, carbon
impurities and aggregates from SWCNT dispersions. First, experi-
mental methods on purification by centrifugation are summarized;
next, the theoretical approach is outlined; and lastly, the model is
applied to experimental data to get a general interpretation. The
keys given for the sedimentation of nanoparticles with different
shapes should be valuable for the design and scaling of separation
processes in fluid suspensions.

2. Experimental methods

Unless otherwise specified, experimental data were extracted
from previous publications [25-27]. Pristine SWCNT materials were
either home-made [25,26] or purchased from Carbon Solutions Inc.
(Riverside, CA, USA, AP-SWNT grade) [27]. In both cases, the syn-
thesis was performed by the electric arc reactor. Pristine SWCNT
powders contain abundant impurities, basically metal catalyst par-
ticles (nickel and yttrium), graphitic particles, and amorphous car-
bon. The average SWCNT diameter is approximately 1.5 nm, and
nanotube lengths follow a log-normal distribution, whose median
value is around 315 nm [6,28].

Pristine SWCNTs were sometimes modified by thermal treat-
ment in air or hydrogen at different temperatures, acid reflux in
HCI, HNO3 or H,SOy4, or chemical functionalization reactions using
different precursors in the diazonium salts route [26,27].

In a typical experiment, pristine or modified SWCNTs were dis-
persed in a surfactant solution using an ultrasonic probe. The re-
sulting dispersion was processed in one of the following centrifu-
gation machines:

» Hermle Z383 (Hermle Labortechnik GmbH, Wehingen, Ger-
many), using centrifugation vials of ~ 50mL, which remain
leaned by 27.3° during the whole process [25,26]. It was op-
erated in the speed range of 3000 to 13,000 rpm, for a time
interval of 30 min.

» Beckman Coulter L-100XP ultracentrifuge (Beckman Coulter Life
Sciences, Indianapolis, IN, USA), with a SW55Ti 3671 rotor and
5mL Beckman centrifugation tubes, which remain nearly per-
pendicular (90°) [27]. The rotational velocity was 31,400 r.p.m.
(120,000 xg) for 60 min.

It can be observed that both centrifugation machines have dif-
ferent rotor geometries. This fact will be taken into account for the
mathematical modelling (Fig. 1). In all the cases, the supernatant
dispersion is analyzed, while the sediment is discarded.

Two control parameters were utilized for monitoring the cen-
trifugation process: the total mass yield (Y.) and the SWCNT purity
index (PI). Both parameters were determined by optical absorption
spectroscopy in the visible-near infrared region.

The Y. value is calculated as the ratio of the absorbance (optical
thickness) at 850 nm of the dispersion before (Ay) and after (A¢) the
centrifugation process. It is considered to be equal to the following
relationship of nanoparticle concentrations:

y.— (A . ISWCNT]; + [Gi] + [M]¢ )
‘ Ao A=850 nm [SWCNT]O + [Ci]O + [M]O

where [SWCNT] is the mass concentration of SWCNTs, C; refers to
carbonaceous impurities, and M stands for metal catalyst nanopar-
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Fig. 1. Schematic diagrams showing parameters of the considered rotor geometries:
a) Lateral section of a leaning vial in the Hermle Z383 machine, with position co-
ordinates; b) Lateral section of a perpendicular vial in the Beckman Coulter SW55Ti
rotor in motion.

ticles (Ni and Y). The denominator [SWCNT]g + [C;]o + [M]g is given
by the initial solid weight, which is always known. The initial mass
of the metal impurities ([M]g) was calculated by thermogravimet-
ric analysis (TGA) in oxidative atmospheres [25, 27]. The initial rel-
ative quantity of Ni and Y remains close to the original synthetic
ratio (4/1 in atoms, i.e. 72,5% Ni and 27.5% Y referred to the total
metal mass) [25,27].

The purity index (PI), which is expected to improve upon cen-
trifugation, is calculated from the area of the spectral S,, band
of SWCNTs [25-27]. The PI is the ratio between the background-
subtracted peak area (S;;p) and the total area under the peak
(Sa2;). It is assumed to be related with the mass concentration of
SWCNTs according to the relationship:

[SWCNT]
[SWCNT] + [C]

where the coefficient 0.32 is considered as a good approximation
for the PI of a pure SWCNT sample [29,30]. The PI was first rec-

S
Pl=22P ~ 032«
Sat

(2)
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ommended as a SWCNT purity control parameter using a linear
background for the calculation of Sy, , [31]. Later, it has been dis-
cussed that the model might be too simple, since the background
is not really linear and PI values might not be reliable [30,32].
However, the original recommendation is here maintained for rea-
sons of simplicity, and it will be demonstrated that calculations are
in good agreement with experimental data under this assumption.

3. Theoretical approach
3.1. Coefficient of sedimentation

The most relevant parameters of centrifugation can be deduced
from fundamental concepts in the context of non-equilibrium ther-
modynamics [33,34]. In the following, the k-subscript is used to
indicate different components existing in the system (individual
SWCNTs, SWCNT bundles, carbonaceous impurities, and metal cat-
alyst particles). The sedimentation coefficient of the k-component
(sk) arises as the particle velocity (v,) normalized by the centrifu-
gal acceleration:

Vi
T wir (3)
Where w is the angular velocity and r the distance to the rota-
tion axis. Applying the Svedberg equation [35,36] and the Stokes
law (Section S1, Supporting Information), Eq. (3) can be trans-
formed into:

My (1 - puy)
= 7}_}( (4)

Where M, is the particle mass, p the density of the liquid mix-
ture, vy, the nanoparticle specific volume, and f; the friction co-
efficient, which is related to the equivalent hydrodynamic radius
through the Stokes equation:

fie = 67 NRyx (5)

where 7 is the viscosity of the liquid medium and Ry stands for
the hydrodynamic radius of k-particles. For a spherical particle, Ry
is its radius. Explicit expressions have been worked out for other
geometries, such as rod-like particles [37,38] or discs [21]. Here,
SWCNTs are modelled as rigid cylinders [15,18], and the f coeffi-
cient is estimated as the orientation-averaged translational friction
coefficient.

Precise estimations for the Ry of SWCNTs have been calculated
by means of the boundary element method [37] or the path in-
tegral method [38]. Both methods consider different geometries
(rectangular cylinder, rectangular open cylinder, sphero-cylinder)
and provide coincident results for a large enough aspect ratio (rp),
which is defined as the ratio between nanotube length (L) and di-
ameter (the relative deviation is less than 1% for rp > 10). In this
study, results have been computed from the formula given in [37]:

Sk

Sk

L
= 2(Inrp + Tt (rp))
where the shape function I'y (rp) corresponds to the one provided
for the rectangular cylinder in Table 2 of [37]. Differences in geom-

etry and method are irrelevant in the limit of very large r, values.
Indeed, the Ry value tends to:

L
T 2lInry

(6)

Ry

limrp »ooRH (7)

Certainly, SWCNTs exhibit an extreme rp value (greater than
150). Still, we double-checked that our assumptions regarding ge-
ometry and method do not affect our results. In fact, the out-
come does not significantly change when considering the sphero-
cylinder case or applying the explicit functional form of Ry ob-
tained from the path integral method.
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3.2. Number fraction of nanoparticles in the supernatant dispersion

The remaining fraction of nanoparticles (X) with a given size
and shape can be calculated as a function of s, and the centrifu-
gation parameters (speed and time). The fraction X (s;, w, t) also
depends on the rotor geometry (Section S2, Supporting Informa-
tion). In this article, two different rotor geometries are consid-
ered (Fig. 1), standing for both centrifugation machines already de-
scribed in Section 2. In the most general case, only numerical solu-
tions are possible for X (s, w, t). When the system exhibits cylin-
drical symmetry (sector-shaped vial perpendicular to the rotation
axis), the conservation of mass turns into the well-known Lamm
equation [39], which allows for analytical solutions under certain
limiting conditions (Section S2, Supporting Information) [40,41].

3.3. Influence of particle size distribution and SWCNT bundling

As above mentioned, the s coefficient of individual nanoparti-
cles with a given shape and size can be calculated by Eq. (4). Sub-
sequently, the X (s, w, t) fraction of such definite particles can be
calculated, as explained in Section 3.2. Now, the size distribution
of those particles is taken into account. For the case of SWCNTs, a
log-normal distribution (f},) of cylinder lengths and a fixed diame-
ter D are assumed (Fig. 2.a and Supporting Information Section S3)
[28]. Therefore, the fraction of SWCNTs in the supernatant, if all
the SWCNTs were individualized, would be:

Xswent (o, 1) :/o X(sswent» @, t) fin (i, or, L) dL (8)

As D is assumed to be constant, an explicit dependence on D
is omitted. Moreover, SWCNTs tend to aggregate, forming bundles
with a number n of nanotubes. The bundle size can be represented
by a surrounding cylinder with radius Ry, [42]. The s coefficient is
calculated by Eq. (4), where the bundle mass (M;,) is the sum of in-
dividual SWCNT masses. Typically, SWCNTs form a triangular pack-
ing network with N hexagonal layers, and a full layer contains 6N
nanotubes. The Ry, value is approximated by the radius of the en-
veloping cylinder (Fig. 2.b) [43]. The probability Py(n) of finding a
bundle with n SWCNTs decreases exponentially with n [42]:

e~ né

YmeemmE

Where & is a fitting parameter modelling the bundle size (the
larger &, the less number of nanotubes). The denominator ensures
that the probability is normalized (the sum of the probabilities of
all the possible values of the number of nanotubes must be 1). For
a given value of &, the average number of nanotubes per bundle
is:

R (n) = (9)

00 —n &
EPP - LAk A— (10)
Zm:] e-m §

i 1 — e ¢

The mass fraction of SWCNTs remaining in the supernatant is
thus:
Xswent (@, £)
Yl Joo X(sswent, @, t) My(n, L) By(n, pp,0p,L) dL
ZT!OO:l fao I\'/Ib(n7 L) Pb (nv Mln o, L) dL
Py(n, py, o1, L) being the probability density for a bundle com-
prising n nanotubes whose maximum length is L. The concentra-

tion (mass/volume) of SWCNTs under centrifugation can thus be
written as:

[SWCNT](w, 1)

(11)

= NSWCNT,O Z/{; X(SSWCNTs w, t)Mb (Tl, L)Pb (Tl, ML, OL, L)dL
n=1

(12)
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Fig. 2. The effect of size distribution and SWCNT bundling on sedimentation: a) Distribution of the s coefficient for arc-discharge SWCNT samples, assuming log-normal
length distributions of individual SWCNTs [6,28]; b) Ratio between the bundle radius and the individual SWCNT radius (R, | R;) as a function of the n number of SWCNTs
in the bundle; c) Average sedimentation coefficient (s) as a function of n; and d) Fraction of SWCNTs in the supernatant (Xswcnr) for different centrifugation conditions, as a

function of n.

where Ngwenro is the initial number of SWCNTs per volume unit.
Further details are given in the Supporting Information (Section
S4).

3.4. Selective sedimentation of impurities

Analogous expressions of (11) and (12) are worked out for other
nanoparticles (carbonaceous impurities and metal particles). Their
explicit forms are detailed in the Supporting Information (Section
S5).

The size distribution of metal nanoparticles can be determined
from transmission electron microscopy (TEM) images, where they
are identified by their high contrast. The measured radii were
fitted to a log-normal distribution, characterized by parameters
um=1167 £+ 0.186 and o);=0.640 + 0.134 (confidence intervals
were estimated for a confidence level of 0.99). On the contrary,
the size of carbonaceous impurities is elusive, and the associated
log-normal parameters are considered as unknown variables.

The complete experimental data set is computed by a fitting
procedure utilizing the algorithm of Levenberg-Marquardt [44].
The algorithm minimizes the modulus of a 9-component vector
whose components are of the form:

fe(w, t)[i] - fin(w, H)[i]
fm(o, 0)[1] )

gli] =

Table 1
The 9 magnitudes f[i] used to define the vector g consid-
ered for the fitting procedure (Eq. (13)) with data from Ref.

[25].

Al Type of function  Centrifugation conditions
fll v =3500 rpm, t=30min
fl2] Y ®=6000 rpm, t=30min
3] Y w=13,000 rpm, t=30min
fl4 Pl w=0,t=0

fI5] Pl ®=3500 rpm, t=30min
f16] PI w=6000 rpm, t=30min
fl71 P ®=13,000 rpm, t=30min
fisl  [M] w=0,t=0

9] [M] w=13,000 rpm, t=30min

Where f. and fy, are, respectively, the estimated and measured
values of the magnitudes described in Table 1. The objective of the
fitting procedure is to minimize the value of:

9
> glif (14)
i=1

The fitting procedure considered 6 fitting parameters that are
listed in Table 2.
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Table 2

The six fitting parameters that were considered in the mini-
mization algorithm (Equation 13) for the centrifugation of the
SWCNT sample from Ref. [25].

Parameter Estimated value  Units

Metal impurities

M 1.025° Log (nm)
Carbonaceous impurities

LR 0.698 Log (nm)
OR 0.8911921 Log (nm)
[Cilo 72.62219 Mass %
Carbon nanotubes

[SWCNT]o 8.838177 Mass %
& 0.06536317 -

@ The estimated value of py was obtained from the mea-
sured Y and PI values from Table 3. It is worthwhile to note
that this value is within the confidence interval py =1.167 +
0.186 obtained, in a completely independent way, from mere
observations of transmission electron microscopy (TEM) im-
ages.

Table 3
Experimental data upon centrifugation of a SWCNT
dispersion in leaned vials at different spin velocities

for 30 min [25].
Sample dispersion Y [%] PI [M]o [%]?
Initial 100 0.034 1387
3,500 rpm 79.3 0.044 -
6,000 rpm 61.5 0.058 -
13,000 rpm 25.5 0.071  9.75

2 The initial quantity of metal impurities ([M]o)
is calculated from the TGA residue [25], transform-
ing the metal oxide mass into the initial metal mass
through a correction factor of 0.75 [27].

4. Results and discussion

For the leaning rotor geometry (Fig. 1.a), the integration of Eq.
(11) indicates that nearly all individualized SWCNTs remain in the
liquid dispersion under the considered centrifugation conditions. In
fact, the s value of an individualized SWCNT is very low (~ 1012
s=10 Sv) [16], and the position r of a SWCNT is nearly unchanged
after centrifugation at 13,000 r.p.m. (1,360 rad-s~—1) for 30-60 min
(Equation S10, Supporting Information). For the ultracentrifuga-
tion in perpendicular vials (Figure 1.b), and assuming that SWCNT
lengths follow the experimental log-normal distribution [28], the
fraction of suspended SWCNTs is (Eq. S9): Xswent (@ = 120,000
xg, t=1h)=0.867. Therefore, the fraction of settled individualized
SWCNTs, being significant (~ 13%), is still minority. However, the
rate of SWCNT sedimentation increases with bundling. Accordingly,
Fig. 2 shows the s coefficient and the mass fraction in the super-
natant dispersion (Xswcnt) as a function of the bundle size (n).

4.1. The leaning rotor for low spin rates

First, the fitting procedure (Section 3.4) is applied to an experi-
mental data set that was obtained upon centrifugation of a pristine
SWCNT sample (Table 3). The outcome of the fitting procedure is
summarized in Fig. 3 and Table 2. The estimated values approach
to the experimental ones with relative deviations of < 5%. Logi-
cally, the concentration of the three nanoparticles (SWCNTs, car-
bonaceous impurities, metal catalysts) decreases upon centrifuga-
tion at increasing spin rates. The decrease in the SWCNT concen-
tration is the slowest one, thus increasing the PI of the supernatant
dispersion. The obtained & parameter (Table 2) indicates that the
average number of SWCNTs in a bundle was of 16.3 in the ini-
tial dispersion, and decreased with centrifugation. For instance, it
decreased to 12.6 after 30 min at 13,000 rpm. Some more details
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are given in the Supporting Information (Section S6). Despite the
presence of the SDS surfactant and the utilization of ultrasounds
to prepare the dispersion, many SWCNTs remained aggregated in
relatively large bundles, decreasing its stability against sedimen-
tation. Regarding carbonaceous impurities, the calculated median
and average radius are 2 and 3 nm, respectively. The very small
size of many carbonaceous impurities increases their stability in
the colloid suspension and hinders their separation from SWCNTs
in a single centrifugation process.

4.2. The effect of thermal oxidation

In the literature, thermal treatments under an air atmosphere
have been applied as different stages of SWCNT purification pro-
cesses [30,45-49]. Here, the treatment of pristine SWCNT powders
at 350°C for different times is considered [26].

At temperatures above 300°C, oxygen rapidly reacts with car-
bon materials to give surface functional groups, which eventu-
ally evolve as CO and CO, gases, causing a loss of carbon mass
[46,50,51]. Because of the carbon mass loss, encapsulated metal
nanoparticles can be released and some impurities are detached
from SWCNTs. Besides, metal catalysts are oxidized, at least in part
or superficially, to give metal oxides, NiO and Y,0s in this partic-
ular SWCNT sample. The total mass change (burn off) during the
thermal treatment can be determined by direct weighing, while
the mass of oxygen that remains on the treated carbon powder
can be calculated from TGA and MS analysis (Section S7, Support-
ing Information).

In terms of SWCNT purification, direct effects of air oxida-
tion mainly concern small amorphous carbon nanoparticles. Amor-
phous carbon is more reactive than graphite particles and SWC-
NTs, since oxygen more easily adsorbs on defect surface sites. Also,
small nanoparticles exhibit the largest external surface and are
preferentially oxidized. For modelling purposes, it is considered
that both the gained oxygen and lost carbon are proportional to
the particle surface, while it is assumed that the particle density
does not change during the thermal treatment. Besides, an anal-
ogous model is applied to SWCNT bundles (Section 7, Supporting
Information). The loss of mass of a bundle, assumed proportional
to its surface, is modelled by the burning of external nanotubes.

Starting from a log-normal size distribution of spherical carbon
impurities, the resulting distribution after the thermal treatment is
not exactly log-normal (Fig. 4.a). Spherical nanoparticles with ra-
dius smaller than a threshold value (Ry,) are simply burnt off, and
the remaining ones experience a decrease in their radius. The ox-
idative process drastically reduces the weight of small nanoparti-
cles, thus increasing the proportion of big impurities. Since big im-
purities are highly sensitive to sedimentation, the centrifugation of
thermally treated samples leads to very high purities (PI values) of
SWCNTs (Fig. 4.b).

Fig. 4.b includes experimental burnt-off mass and PI values (be-
fore and after centrifugation) of various SWCNT samples that were
treated at 350°C for different times between 0.5 and 4h. Burn-off
data can be fitted to a function type A[1-exp(-Bst)], while the PI
data set is fitted to a second order polynomial. The PI after cen-
trifugation was calculated from the PI before centrifugation and
the burn-off mass, and the theoretical values were compared with
the experimental ones. To calculate the PI values after centrifuga-
tion we first computed the initial concentration of nanotubes and
carbonaceous impurities from the PI values and metal concentra-
tions before centrifugation (values at t=0). Then, burn-off mea-
sures are used to estimate the resulting distributions of nanotubes
and impurities (details can be found in Section 7, Supporting Infor-
mation). Subsequently, we computed the resulting concentrations
after centrifugation using Eq. (12) for nanotubes and the analogous
one for impurities; this result yields the estimated PI values af-
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Fig. 3. Outcome of the fitting procedure on the centrifugation of pristine SWCNTs in the leaned rotor (data from Table 3): a) Experimental (circles and squares) and modelled
centrifugation yields (Y) and purity indexes (PI) at different spin velocities; b) Modelled concentrations of SWCNTs, carbonaceous impurities, and metal nanoparticles for

different spin velocities (initial total concentration is 1 mgmL~").

2.5

(a)

Density of probability (x 10-9)

30

r, [nm]

ter centrifugation. Purple squares in Fig. 4.b stand for the individu-
ally calculated values (i.e., values obtained taking as input data the
measured values of PI and burn-off), and the purple dotted line
was calculated from the respective trend functions (respectively,
red and blue continuous lines). It was assumed that metal impu-
rities totally transform into metal oxides. As-calculated PI values
very well agree with experimental results (red dots in Fig. 4.b) for
oxidation times of t < 3h. At longer times, experimental PI values
are much lower than expected by the model, indicating that pro-
longed thermal treatments may induce agglomeration of the sur-
viving SWCNTs.

The & parameter describing the SWCNT bundle size becomes
higher than that previously found for the non-oxidized sample
(Table 3). The new & value is associated with bundles in the range

0.3 100

(b) :

Burn off [mass %]

2
t[h]
Fig. 4. Modelling results of thermal treatments in air: a) Calculated change in the size distribution (from the initial radius R to the final R’) of spherical carbonaceous
particles upon treatment at 350°C for 2h; b) Evolution of the purity index (PI) of SWCNT samples treated at 350°C for different times, before and after centrifugation at
13,000 rpm. The right axis (blue triangles and blue line) indicates the burnt-off material during the thermal treatment. Red diamonds and the red line are experimental PI

data before centrifugation and the associated second order fitting line. Red circles are experimental PI data after centrifugation at 13,000 rpm. Purple squares and the purple
dotted line are the PI values and trend line calculated with the model.

of 10-14 SWCNTs. The decrease in the bundle size after the oxida-
tive treatment can be associated to the burning of SWCNTs and
to the presence of hydrophilic oxygenated groups on the surface
of SWCNTs, which facilitate the dispersion of SWCNTs into small
bundles, increasing their stability [25].

The theory of sedimentation clearly suggests and supports that
the elimination of small carbonaceous nanoparticles during ther-
mal oxidative treatments is a key contribution to achieve the high-
est Pl values after subsequent centrifugation of SWCNT suspen-
sions. Besides, both the generation of small size debris and the
aggregation of SWCNTs has to be avoided. Apparently, this effect
is not efficiently achieved by other oxidative treatments in the lig-
uid phase (reflux in HNO3) and other gasification treatments (H,
at 700°C) [26].
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Fig. 5. Calculated average number of nanotubes in a bundle (ny,, bars) and experimental purity indexes after centrifugation (PI, black dots) for a series of pristine, treated and
functionalized SWCNTs. Solid bars indicate refer to ultracentrifugation experiments while the weaved bar indicates the control experiment at a lower speed in the leaned
rotor. Sample nomenclature: AP = pristine SWCNTs; AP/A=AP thermally treated in air; AP/HCl=AP/A treated in HCl reflux; AP/SN=AP/A treated in H,SO4/HNO; reflux;
AP/N = AP treated in HNO; reflux; AP/NH2 = AP functionalized with -C¢H4CH,NH, groups; and AP/F= AP functionalized with -CgH4(CF,);CF;5 groups [27].

4.3. Ultracentrifugation in the rotor geometry with perpendicular
vials

The behavior of SWCNTs upon ultracentrifugation at 31,400 rpm
in a perpendicular rotor geometry was studied on pristine SWCNTs
and after different pretreatments of oxidation and chemical func-
tionalization [27]. In all the cases, the PI value substantially im-
proved after centrifugation; the ratio Pl(w,t)/Ply was in the range
of 1.7 to 3.0. Multiple mechanisms might contribute to the col-
loidal stability of SWCNTs and the differential sedimentation of im-
purities. Here, we will try to conceptualize quantitatively the main
acting factors, which appear to be mostly related to nanoparticle
aggregation, in particular to the SWCNT bundle size.

The starting hypothesis remains that, even after the differential
functionalization treatments, all the SWCNT samples can be mod-
elled by three parameters (i1, oy, &). The concentration of SWC-
NTs before and after the centrifugation treatment can be approxi-
mately determined:

[SWCNT]; Pl (1 —[M]p)
[SWCNT], — Pl (1 - [M]y)

Where the metal concentration ([M]) is given as a mass ra-
tio. Therefore, the model algorithm provides a fitting value for &,
which is associated to the average number of nanotubes in a bun-
dle (np).

Fig. 5 shows the calculated ny, value for the series of SWCNT
samples. By means of alternative calculations, it was confirmed
that contributions such as the mass of functional groups and pos-
sible inaccuracies in metal determinations have only a minor in-
fluence. It is noteworthy that the n, number is in the range of
1-2 nanotubes for most of the samples that were processed by
high speed centrifugation. In particular, it is around 1-2 for pristine

(15)

(AP), air-oxidized (AP/A), and air-oxidized/acid treated (AP/HCI,
AP/SN) SWCNT samples. The direct nitric acid treatment (AP/N)
induces a certain degree of aggregation, while n;,, reaches 4-5 for
the covalently functionalized samples (AP/NH2, AP/F). Certainly, se-
vere nitric acid treatments and covalent functionalization can in-
duce aggregation through specific interactions between functional
groups [45,52]. Besides, functionalization treatments may change
the absorbance spectrum, which is the basis of the PI calculation
[27].

With the aim of getting a direct comparison with previous
Sections 3.1 and 3.2, we performed an additional centrifugation ex-
periment in the leaned rotor (13,000 rpm, 30 min) using a disper-
sion of 1 mg/mL AP-SWCNT in 5 mg/mL SDBS. The PI and Y. values
resulted to be 0.243 and 23.6%. Accordingly, it can be calculated a
n, value in the range of 3.0-8.3, most typically around 6.1 (Fig. 5).
For an identical SWCNT sample, the n;, value resulting from high
speed centrifugation is lower than the calculated after low speed
centrifugation. This result indicates an improved degree of SWCNT
individualization with ultracentrifugation, as it was previously sug-
gested by Cathcart and Coleman [5]. The individualization cannot
be only explained by the sedimentation of aggregates, and its ori-
gin remains unclear.

Conclusions

The separation of various nanoparticle types (here, tubes and
spheres) by centrifugation mainly depends on differences in their
sedimentation coefficient. The degree of aggregation, including
SWCNT bundling, and breakage, substantially change the s coeffi-
cient and the sedimentation rate. The centrifugation experiments
can be well modelled by a mathematical algorithm based on the
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rotor geometry, nanoparticle geometry, and fundamental equations
of sedimentation. The model qualitatively supports the following
conclusions:

(a) The sedimentation coefficient (s) of individual nanotubes is
substantially lower than that of solid spheres. This fact al-
lows a selective sedimentation, even under a certain degree
of nanotube bundling.

Oxidative thermal treatments in air improve the separation

of nanotubes through the selective elimination of the small-

est spherical carbon particles, which have small s values and
are otherwise difficult to separate.

(c) Ultracentrifugation allows an improved separation of indi-
vidual SWCNTs. However, the mechanism that facilitates the
unzipping of SWCNT bundles into individual nanotubes at
high centrifugation speeds is still unclear.

(d) Chemical functionalization causes only minor changes in the
s coefficient through small variations in the specific vol-
ume and the dragging factor (f). Indirectly, the presence of
hydrophilic groups might facilitate the dispersion of SWC-
NTs in aqueous media, decreasing the s coefficient. How-
ever, physicochemical treatments might also induce aggre-
gation or break the structures into even smaller particles.
These combined facts well explain the behavior of SWCNT
suspensions after different pretreatments, in good quantita-
tive agreement with classical centrifugation theories. More-
over, these findings are of general character and can be eas-
ily transferred to centrifugation processes involving nanopar-
ticles of different types and shapes, thus contributing a more
efficient preparation of corresponding suspensions or inks
with improved properties.
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