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Sonication is a powerful technique to promote the dispersion of carbon nanotubes (CNTs) and enhance their solubility; this is
necessary for CNT applications, especially in the biochemical and biomedical fields. In this study, batch experiments were con-
ducted to evaluate the role of sonication energy on the dispersion of CNTs in the presence of a widely used anionic surfactant,
sodium dodecylbenzene sulfonate (SDBS). It was observed that the concentration of dispersed CNTs in the SDBS solution de-
pended on the sonication energy, but not the sonication time or output power of the sonicator alone. The amount of dispersed
CNTs was positively correlated with the concentrations of SDBS and CNTs, and the length of the CNTs. The promotion of oxy-
gen-containing functional groups on the dispersed CNTs was observed at relatively low sonication energies. The optimal energy,
i.e. the minimum energy supplied by sonication to achieve a saturated suspension of dispersed CNTs in the SDBS solution, was
CNT diameter-dependent, because of the larger vdW forces between tubes of smaller diameter. An exponential decay curve was
constructed for the optimal energy values as a function of the outer CNT diameter, to assist in determining the energy needed to

disperse CNTs.
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Carbon nanotubes (CNTs), i.e. single-walled carbon nano-
tubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs), have attracted special attention for their poten-
tial applications in catalyst supports, optical devices, quan-
tum computers, and the biomedical field, because of their
outstanding physical and chemical properties [1,2]. Howev-
er, the poor solubility of CNTs in water—aggregates form
because of the highly attractive van der Waals (vdW) forces
(e.g. 500 eV/um of tube length for SWCNTSs) between
tubes—significantly limits their applications [3,4].

In the past decade, extensive efforts have been made to
develop techniques to disperse CNTs in water. These tech-
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niques can be generally categorized into covalent function-
alization and noncovalent functionalization [5]. Covalent
functionalization involves the oxidative formation of car-
boxyl functional groups on the CNT surface, followed by
the grafting of organic moieties on the surface [5]. However,
the application of covalent functionalization techniques is
limited by the fact that they alter the inherent electrical,
mechanical, and optical properties of CNTs [6]. Noncova-
lent functionalization uses dispersants such as surfactants
and organic solvents to promote CNT dispersion, leaving
the electronic structures and properties of the CNTs unal-
tered. However, evidence has shown that CNTs dispersed
using organic solvents are generally incompatible with liv-
ing organisms [7]. CNTs dispersed using surfactants, on the
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other hand, are more compatible with living organisms, and
have therefore been applied in the fields of biochemistry
and biomedical engineering [5]. The surfactants used in-
clude cetyltrimethylammonium bromide [8], Triton X-100
[9], and sodium dodecylbenzene sulfonate (SDBS) [8,10].
Among these surfactants, SDBS, an anionic surfactant, is
outstanding, because of its negative charge and benzene
ring [10]. However, surfactant-assisted CNT dispersion
cannot occur spontaneously. Sonication is a mechanical
method that is frequently employed in combination with
surfactants to break, disperse, or de-bundle CNT aggregates
or bundles in the dispersing process [11].

Studies [7,11] have shown that, within limits, the longer
the sonication time, the better the CNT suspension and the
smaller the suspended CNT particle size; both of these
properties reach an equilibrium value with further soni-
cation. The sonication time was therefore suggested as a
parameter to identify the degree of CNT dispersion [7,11].
However, other researchers [11-14] observed that the dis-
persion degree of a given CNT suspension depended on the
sonication energy, rather than the sonication time. The son-
ication energy (E, J/mL), which is defined using the fol-
lowing equation, was therefore used to identify the degree
of CNT dispersion [13]:

E=Pxt/V, (1

where P is output power of the sonicator, W; ¢ is the soni-
cation time, in s; and V is the total volume of liquid soni-
cated by the sonicator, in mL. These results indicated that
an insufficient supply of sonication energy could lead to the
insufficient dispersion of CNTs, and dispersed CNT parti-
cles that are not small enough [12,13], while excessive son-
ication energy would not be economical. In previous studies,
the sonication energies (E) applied to disperse CNTs in sur-
factant solutions ranged from 320 to 50400 J/mL, with the
sonication time (f) ranging from 5 to 120 min (Table 1)
[11,12,15-20]. It is therefore necessary to examine the role
of the sonication energy in surfactant-assisted CNT disper-
sion, to facilitate the effective use of energy in the industrial
applications of CNTs. In particular, the influence of surfac-
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tant concentration, as well as the concentration, diameter,
length, and surface functional groups of CNTs should be
examined, because these factors can significantly affect the
CNT dispersion [12,21-23]. The optimal energy is defined
here as the minimum sonication energy needed to obtain a
saturated suspension of CNTs in the surfactant solution.
Prior to the application of the sonication energy as a param-
eter to identify the degree of CNT suspension, it should also
be determined whether the same quantity of energy supplied
by different processes (e.g. high output power with short
time, or low output power with long time) would result in
the same degree of CNT dispersion.

In this study, batch experiments were conducted to elu-
cidate the role of sonication energy, using the widely used
anionic surfactant SDBS in CNT dispersions. The influence
of the sonication time, the output power of the sonicator, the
SDBS concentration, the CNT concentration, the CNT di-
ameter/length, and the surface functional groups of the
CNTs on the degree of dispersion and the optimal energy
were examined. The results of this study will be useful in
facilitating the effective use of energy in industrial CNT
applications. The results will also be essential for environ-
mental risk assessments for CNTs and organic contaminants,
because (1) dispersed CNTs can easily move long distances
in the environment [25-28], and (2) surfactants, which are
widely used in cleaning, industrial, agricultural, and person-
al care products, and are distributed in the natural environ-
ment [29,30], have the ability not only to disperse CNTs,
but also to alter the sorption, transport, and fate of organic
contaminants in the environment [27,31].

1 Materials and methods
1.1 Materials

SDBS was purchased from Tokyo Chemical Industry Co.,
Ltd., and was used as a dispersant without further treatment.
Four SWCNT samples—purified SWCNTs (P-SWCNTs),
shortened SWCNTSs (S-SWCNTs), hydroxylated SWCNTs
(H-SWCNTs), and carboxylated SWCNTs (C-SWCNTSs)—

Table 1 Experimental data on dispersing CNTs in aqueous phase with the aid of surfactants®

Materials Length (um)  OD (nm) Surfactant C (mg/L) T (min) Power (W)  Energy (J/mL) Reference
MWCNTs 1-2 28 SDBS, CTAB, TX-100 40 90 100 540 [15]
MWCNTs - 10-20 SDS 1004000 50 20 3000 [11]
MWCNTs 0.1-10 10 SDBS; SDS 1000 120 40 8228 [16]
MWCNTs 0.5-40 10-20 GA 2500 40 130 624 [12]
SWCNTs - 0.7-1.1 SDS 10000 10 540 1620 [20]
SWCNTs - <1 SDBS; CTAB; TX-100 1000 120 165 50400 [24]
SWCNTs - <14 SDBS 5000 5 300 11250 [17]
SWCNTs - 0.9 SDBS; SDS; NaC 10000 30 10 3000 [18]
SWCNTs - 0.8-1.3 SDBS; DOC 10000 8 20-25 320400 [23]
SWCNTSs 1 0.7-1.4 SDS 200-10000 6-7 20 720-840 [19]

a) C, added dose of surfactants; OD, outer diameter of CNTs; 7, sonication time; —, data not available.
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and three MWCNT samples with various outer diameters
(ODs)—MWCNT30 with OD of 20-30 nm, MWCNTS50
with OD of 30-50 nm, and MWCNT100 with OD of
60-100 nm—were purchased from Chengdu Organic
Chemistry Ltd. SEM images of the P-SWCNTs and three
MWCNTs are shown in Figure S1. S-SWCNTSs were pro-
duced via mechanical cutting of the P-SWCNTs. H-
SWCNTs and C-SWCNTs were produced by oxidizing the
P-SWCNTs with KMnO, in an H,SO, solution. Selected
properties of these CNTs are listed in Table 2.

1.2 Characterization of CNTs

The specific surface area and pore volume distribution of
the CNTs were calculated from N, adsorption isotherms,
using the multi-point Brunauer-Emmett-Teller (BET)
method and the density functional theory (DFT) method,
respectively. The N, adsorption isotherms for the CNTs
were obtained at 77 K (Autosorb-1, Quantachrome). Prior to
the measurement of N, adsorption, the CNTs were out-
gassed at 105°C for at least 24 h. The morphology of the
CNT aggregates was obtained using scanning electron mi-
croscopy (SEM) (SIRION-100, Fei). The contents of the
oxygen-containing acidic functional groups on the CNTs
were determined using Boehm’s titration method [32].

1.3 Dispersion experiments

Twenty milliliter SDBS solutions with an initial concentra-
tion of 1000 or 5000 mg/L were mixed with 4.0, 8.0, or 12.0
mg of CNTs in 22 mL vials. The vials were sealed with
aluminum foil-lined Teflon screw caps, and were sonicated
at 25+5°C in a bath sonicator (KQ-600KDE, Shumei, China)
with a fixed frequency of 40 kHz. The output power of the
sonicator used in the experiments was varied to give 240,
360, 420, 480 and 600 W. The sonication time ranged from
10 to 780 min. After sonication, the mixtures were centri-
fuged at 3000xg for 70 min. The CNT suspensions (i.e. the
stably suspended CNTs in aqueous phase) were then sam-
pled to measure the concentration, and the characteristics of
dispersed CNTs. Preliminary experiments indicated that the
concentration of the stably suspended CNTs decreased with

Table 2 Selected properties of carbon nanotubes®
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increasing centrifugation time, and reached a plateau at 70
min (Figure S2). The obtained CNT suspensions remained
stable for at least 8 months (Figure S2). The concentration
of the dispersed CNTs in the suspension was determined
using UV-Vis spectrometry (UV-2450, Shimadzu) at 800
nm [26]. The absorbance at 800 nm was used to quantify the
concentration (C,, mg/L) in this study, because at 800 nm,
(1) the absorbance values of a CNT suspension are linearly
related to the CNT concentration, as shown by the calibra-
tion curves in Figure S3; (2) no absorbance from the SDBS
solution was detected; and (3) the absorbance of the CNT
suspensions remained constant, even though the hydrody-
namic diameter was smaller at longer sonication times
(Figure S4(B)). Prior to the measurements, the CNT sus-
pensions were diluted to a suitable concentration using ul-
trapure water. Our preliminary tests indicated that this dilu-
tion with ultrapure water did not affect the stabilization of
the CNT suspensions (Figure S4(A)); this agreed with ob-
servations made in a previous study [33].

1.4 Characterization of CNT suspensions

The measurement of the hydrodynamic diameter in the CNT
suspensions was performed using a Zetasizer (ZEN 3690,
Malvern). Electron microscopic images of the CNT suspen-
sions were obtained using a transmission electron micro-
scope (TEM) (F20, Fei) with a 200 kV electron beam, at
different magnifications. A droplet of the diluted CNT sus-
pensions was air-dried on a 300-mesh copper grid (T11012,
Beijing XXBR Technology Co., Ltd.) for 2 h before the
TEM observations.

2 Results and discussion

2.1 The role of sonication time, output power, and
optimal energy in the dispersion of CNTs

Figure 1(a) shows that, within limits, the longer the soni-
cation time, the more P-SWCNTSs were dispersed in the
1000 mg/L. SDBS solutions (which are identified by the
dispersed concentration, C,, mg/L), and the smaller the dis-
persed CNT particles (identified by the average hydro-

Amountgg (mmol/g)

. . 2
Notation Purity (%) Length (um) OD (nm) ID (nm) Agur (M7/g) “COOH ol
P-SWCNTs 90+ 5-30 1-2 0.8-1.6 385 0.057 -
H-SWCNTs 90+ 5-30 1-2 0.8-1.6 385 0.103 0.313
C-SWCNTs 90+ 5-30 1-2 0.8-1.6 374 0.509 0.199
S-SWCNTs 90+ 1-3 1-2 0.8-1.6 351 0.063 0.007
MWCNT30 95+ 10-30 20-30 5-10 136 - 0.012
MWCNT50 95+ 10-20 30-50 5-12 111 0.007 0.004
MWCNT100 95+ 10-20 60-100 5-15 80 0.009 -

a) Data of purity, length, inner diameter (ID) and outer diameter (OD) of CNTs were provided by supplier; Aqr, specific surface area; Amountgg,

amounts of functional group; —, undetected.
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Figure 1 Stably dispersed concentration (C,, mg/L) and average hydrodynamic diameter (Ayp, nm) of P-SWCNTSs in SDBS solution, at sonicator output
powers of 240, 360, 480, and 600 W, versus sonication time (#, min) (a) and sonication energy (E, J/mL) (b). The concentration of added P-SWCNTs and

SDBS in water were 400 and 1000 mg/L, respectively.

dynamic diameter, Ayp, nm) were. Both C, and Ayp reached
a plateau value under the application of additional soni-
cation after these limits, similar to results from previous
studies [7,11]. For a given sonication time, a higher output
power caused more P-SWCNTs to be dispersed, and result-
ed in smaller Ayp values (Figure 1(a)). The four concentra-
tion curves plotted as a function of sonication energy at
sonicator powers of 240, 360, 480, and 600 W overlapped
well with each other, forming a “characteristic curve” (Fig-
ure 1(b)); this was also true for the Ayp curves. C, increased
with increasing sonication energy, and reached a plateau
value of approximately 110 mg/L, while Ayp decreased to a
plateau value of approximately 130 nm at an optimal energy
of 2250 + 250 J/mL (Figure 1(b)). The same phenomenon
was also observed for the other six CNT samples, although
the optimal energy values varied for the different CNT
types (Figure SS5). This result indicated that the dispersed
concentration depended on the supplied sonication energy,
but not the sonication time or the output power of sonicator
alone. The fact that the sonication energy determined the
dispersion of CNTs can probably be attributed to the me-
chanical energy provided by the sonicator overcoming the
attractive vdW forces between the CNT aggregates, leading
to their disentanglement and dispersion [11,34]. Another
possible mechanism is the generation of cavitation bubbles
in the sonication process [35-37]. When they collapse, these
cavitation bubbles can form hotspots with temperatures and
pressures in excess of 5000 K and 500 atm, respectively.
These hotspots then attack the CNTs’ surface or bundle end
to break down the large CNT aggregates and separate the
small CNT aggregates with the aid of dispersants [35-37].
More cavitation bubbles can be generated if a higher soni-
cation energy is supplied [38].

2.2 Influence of the SDBS and CNT concentration on
the dispersion of CNT

Figure 2(a) shows that the addition of more SDBS resulted
in the dispersion of more P-SWCNTSs, as indicated by the

higher C. of the P-SWCNTs dispersed in the 5000 mg/L
SDBS solution compared with that of the same CNTs in the
1000 mg/L SDBS solution. However, the particle size for
the P-SWCNTs dispersed in the 1000 mg/L. SDBS solution
was not significantly different from that measured in the
5000 mg/L. SDBS solution, as indicated by the App values
of the dispersed P-SWCNTs (Figure 2(a)). The concentra-
tion of dispersed P-SWCNTs in the 1000 and 5000 mg/L
SDBS solutions increased with increasing sonication energy,
and leveled off at approximately 110 and 160 mg/L, respec-
tively (Figure 2(a)). The Ayp of the P-SWCNTs dispersed in
the SDBS solutions with concentrations of 1000 and 5000
mg/L decreased with sonication energy, until it reached a
plateau value of approximately 130 nm (Figure 2(a)). The
addition of more P-SWCNTs also resulted in a higher con-
centration of P-SWCNTs dispersed in the SDBS solution,
but did not alter the dispersed P-SWCNT particle sizes
(Figure 3(a)). At P-SWCNT concentrations of 200, 400, and
600 mg/L, the concentration of dispersed P-SWCNTs in the
SDBS solutions leveled off at approximately 64.0, 110, and
197 mg/L, respectively (Figure 3(a)). This positive rela-
tionship between the amount of dispersed SWCNTs in the
surfactant solutions and the amount of surfactants and
SWCNTs added was also reported in a previous study [7].
The diameter curves for the dispersed P-SWCNTs over-
lapped with each other, regardless of the amount of SDBS
(Figure 2(a)) or P-SWCNTs (Figure 3(a)) added, indicating
that the degree of dispersion of the P-SWCNTSs was inde-
pendent of the amount of surfactant or CNTs added. This
was consistent with the observations made by Clark et al.
[39] and Wang et al. [40], which showed that the particle
size was not sensitive to surfactant concentration, especially
at high surfactant and SWCNT concentrations.

Although the amount of SDBS and P-SWCNTs added
could alter the concentration of dispersed P-SWCNTs (Fig-
ures 2(a) and 3(a)), the optimal energy to obtain a saturated
concentration (Cs, mg/L) of P-SWCNTs remained constant
at approximately 2250 + 250 J/mL. Moreover, the curves
showing the percentage relative suspension ratios (RSR) for
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Figure 2 Stably dispersed concentration (C,, mg/L) (a), average hydrodynamic diameter (Ayp, nm) (a), and percentage relative suspension ratios (RSR, %)
(b) for P-SWCNTs added at a concentration of 400 mg/L to an SDBS solution with an output sonication power of 600 W, versus the sonication energy (E,

J/mL). The concentration of SDBS in water was 1000 or 5000 mg/L.
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Figure 3 Stably dispersed concentration (C,, mg/L) (a), average hydrodynamic diameter (Ayp, nm) (a), and percentage relative suspension ratios (RSR, %)
(b) for P-SWCNTs in a 1000 mg/L SDBS solution with an output sonication power of 600 W, versus the sonication energy (E, J/mL). The concentration of

P-SWCNTs in water was 200, 400 or 600 mg/L.

the P-SWCNTs overlapped, regardless of the amount of
SDBS (Figure 2(b)) or P-SWCNTs added (Figure 3(b)),
indicating that the RSR value was independent of the
amount of surfactant or CNTs added. The RSR value at a
given sonication energy was obtained by dividing the C.
value by the C; value for the characteristic curves in Figures
2(a) and 3(a).

2.3 Influence of surface functional groups, length, and
outer diameter of CNTs on the dispersion

The surface functionalization of CNTs with oxygen-con-
taining groups (such as carboxyl functional groups) using
oxidation treatment has been suggested as a potential
method to promote the dispersion of CNTs in water [5].
However, the results presented in Figure 4 indicated that the
promotion of the functional groups in the dispersion was
insignificant if the supplied sonication energy was high
enough. Although the amounts of oxygen-containing func-
tional groups attached to the SWCNT surface increased in
the order of P-SWCNTs < H-SWCNTs < C-SWCNTs (Ta-

ble 2), the curves for the dispersed concentration and the
App of three SWCNTSs as a function of sonication energy
overlapped at relatively high sonication energies (higher
than 1500 J/mL) (Figure 4). The plateau values of the satu-
rated concentration (Cs, 110 mg/L) and Ayp (130 nm) for
the three SWCNTs were reached at an optimal energy of
approximately 2250 + 250 J/mL (Figure 4). However, a
significant promotion of surface oxidation was observed in
the dispersion at relatively low sonication energies (Figure
4). Surface-oxidized SWCNTs could be dispersed more
easily than un-oxidized SWCNTs in the SDBS solutions;
they showed higher concentrations and smaller particle siz-
es (Figure 4). For example, at a supplied sonication energy
of 500 J/mL, the dispersed concentration of the three
SWCNT types followed the order of C-SWCNTs > H-
SWCNTs > P-SWCNTs (Figure 4), which corresponded to
the amounts of attached functional groups (Table 2). This
promotion effect on the CNT dispersions can be attributed
to the defects on the CNT sidewalls or at the ends of side-
walls, which are generated by surface oxidation [21]; the
presence of these defects means that the functionalized
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SWCNTs can be cut more easily using sonication [34]. The
stronger steric repulsion between tubes that is generated by
the increased amounts of functional groups was also sug-
gested to be responsible for this promotion effect [21].
However, the former interpretation [34] may be unreasona-
ble, because the plateau Ayp values (~130 nm) of the three
SWCNTs were almost the same (Figure 4). If the function-
alized SWCNTs are more easily cut by sonication [34], the
plateau Ayp value for the SWCNTs with more functional
groups should be smaller. More evidence was provided by
the fact that the shorter, cut SWCNTSs showed lower dis-
persed concentrations (Figure 5(a)), but this phenomenon
was not observed for the functionalized H-SWCNTSs and
C-SWCNTs in Figure 4. The latter interpretation [21] could
also be incorrect, because the dispersed SWCNTs existed in
the SDBS solutions as small aggregates, not as individual
tubes (Figure 6(c)). This phenomenon, i.e. the fact that the
small SWCNT aggregates were not dispersed into individual
tubes by sonication, could have occurred because the low
levels of supplied sonication energy were unable to overcome
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Figure 4 Stably dispersed concentration (C., mg/L) and average hydrody-
namic diameter (Agp, nm) for P-SWCNTs, H-SWCNTs, and C-SWCNTs in
SDBS solutions, versus sonication energy (E, J/mL). The added concentra-
tions of CNTs and SDBS in water were 400 and 1000 mg/L, respectively.
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the aggregation [13]. Based on the second interpretation
[21], we suggest that the promotion of surface oxidation in
the SWCNT dispersions could be attributed to the stronger
steric repulsion generated by the functional groups, espe-
cially between the small aggregates. Thus, the small aggre-
gates were more easily separated from big aggregates at low
sonication energies, as indicated by the smaller Ayp of the
dispersed H-SWCNTs and C-SWCNTSs compared with that
of P-SWCNTs at very low sonication energy (~0 J/mL)
(Figure 4).

The length is also thought to be one of crucial factors in
the dispersion of CNTs, because longer tubes are more
flexible, and are therefore more prone to entangle [14]. The
longer P-SWCNTs (Table 2) showed larger Agp values than
the S-SWCNTs (which were produced using the mechanical
cutting of P-SWCNTs), especially at relatively low soni-
cation energies (Figure 5(a)). However, if the supplied son-
ication energy was high enough, the Ayp values of both
SWCNT types decreased to the same plateau value of 130
nm (Figure 5(a)). The amounts of dispersed S-SWCNTs,
with a plateau value of approximately 19.0 mg/L, were
much lower than that of the P-SWCNTSs, which showed a
plateau value of approximately 110 mg/L (Figure 5(a)).
This difference could have been due to the fact that the
S-SWCNT aggregates were smaller, stronger attractive
vdW forces, and a higher degree of bundling than the
P-SWCNT aggregates. The higher degree of bundling of the
S-SWCNTs was confirmed by the smaller pore size (Figure
S6) and volume (0.427 mL/g, less than that of P-SWCNTs,
0.591 mL/g). In addition to the higher degree of bundling
and the stronger attractive vdW forces, the smaller pore size
and volume for the S-SWCNTs implied less adsorption of
SDBS molecules on S-SWCNTs, and thus less dispersion.
In addition, the very similar optimal energies (approximately
2250 + 250 J/mL, Figure 5(a) and (b)) and the overlapping of
the RSR versus sonication energy curves for both SWCNTs
(Figure 5(b)), indicated that these properties were inde-
pendent of the length of the tubes.
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Figure 5 Stably dispersed concentration (C., mg/L) (a), average hydrodynamic diameter (Anyp, nm) (a) and percentage relative suspension ratios (RSR, %)
(b) for P-SWCNTs and S-SWCNTSs in SDBS solutions, versus sonication energy (E, J/mL). The added concentrations of CNTs and SDBS in water were 400

and 1000 mg/L, respectively.
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Figure 6 SEM images of un-dispersed P-SWCNTs (a) and MWCNT30 (b), as well as TEM images of stably dispersed P-SWCNTs (¢) and MWCNT30 (d).
The stably dispersed P-SWCNTs and MWCNT30 were prepared in 1000 mg/L SDBS solution with the sonication time of 11 h at the output power of 600 W

(i.e. sonication energy of 2500 J/mL).

The MWCNTs (i.e. MWCNT30, MWCNT50 and
MWCNT100) could be dispersed more easily than the
SWCNTs in the SDBS solutions, with higher dispersed
concentrations and lower optimal energy values (Figure 7).
Most MWCNTs were dispersed by sonication to produce
individual tubes, while the SWCNTSs generally stayed as
small aggregates (Figure 6(c) and (d)). This difference
could be attributed to the stronger attractive vdW forces of
the SWCNTs compared with those of the MWCNTSs; this
was supported by the fact that the aggregates of un-
dispersed SWCNTs were larger than the aggregates of un-
dispersed MWCNTs, as shown in the SEM images in Figure
6(a) and (b). The optimal energy values for dispersed
MWCNT30, MWCNTS50, and MWCNT100 were approxi-
mately 1600 + 150, 600 + 150 and 250 + 75 J/mL, respec-
tively, much lower than those of the SWCNTSs (2250 + 250
J/mL). A relationship was observed between the optimal
energy values and the outer diameters (ODs, listed in Table
2) of the four CNTs (Figure 7(c)). This relationship was
described by an exponential decay curve with the following
equation:

Optimal energy = (2570 + 363) x exp(-OD/(46.2 = 16.7))
— (210 £388) R*=0.973. 2)

This relationship indicated that CNTs with a larger outer
diameter had weaker attractive vdW forces, and were thus
dispersed more easily [14]. Moreover, the data for the sup-
plied sonication energy above the exponential decay curve
(Figure 7(c)) implied that excessive sonication energy was
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supplied to the CNT dispersion. For example, 50400 J/mL,
a value approximately 20 times higher than the optimal en-
ergy for the SWCNTs (2250 + 250 J/mL), was supplied for
SWCNTSs in a previous study [24]. Meanwhile, the data for
the supplied sonication energy below the curve (Figure 7(c))
implied that in this case, the CNTs had not received enough
energy to achieve a saturated suspension. In addition, the
high levels of dispersion of MWCNTs observed even at
very low sonication energies (Figure 7) suggested that they
could move further and for longer in the environment than
expected, and could therefore pose greater environment
risks than SWCNTs [25,26].

3 Conclusions

The results obtained in this study showed that the amount of
CNTs dispersed in SDBS solutions depended on the soni-
cation energy, but not the sonication time or output power
of the sonicator alone. The addition of more SDBS or CNTs
resulted in the dispersion of more CNTs, while shorter or
smaller tubes led to less CNT dispersion. The promotion of
the surface oxygen-containing functional groups on the
CNTs in the CNT dispersion was observed at relatively low
sonication energies, while this promotion disappeared if the
amount of supplied energy was high enough. The RSR
curves for the CNT in SDBS solutions, which were plotted
as a function of sonication energy, overlapped to give one
curve, regardless of the amounts of SDBS or CNTs added,
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or the length of the CNTs. The optimal energy was CNT
diameter-dependent, which could be attributed to the de-
crease in the attractive vdW forces between the CNTs pro-
duced by increases in the OD. However, the optimal energy
was independent of the amount of surfactant or CNTs added,
the length of the CNTs, and the surface functional groups of
the CNTs. The exponential decay curve for the optimal en-
ergy values as a function of the outer CNT diameter could
be employed to assess the use of supplied sonication energy
for CNT dispersions. These results are important for the
effective use of energy in industrial CNT applications.
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