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a  b  s  t  r  a  c  t

A  methodology  based  on  optical  fiber  (OF)  sensing  was  developed  to  screen  single  walled  carbon  nano-
tubes  (SWCNT)  in  aqueous  solutions.

This method  was  validated  by the comparison  of  its analytical  performance  with  that  of an
ultraviolet–visible  (UV–Vis)  technique  by  monitoring  the  absorbance  intensities  at  500  nm,  and  no sig-
nificant  difference  (p  =  0.854)  was  observed  between  such  two  methods.

The  results  obtained  by  the  OF  sensor  were  encouraging  in what  concerns  a  new  approach  for  detec-
eywords:
xperimental design
ptical  fiber sensor
ingle-walled carbon nanotubes
DS  calibration model

tion  and  quantification  of  SWCNT  in solutions  due  to its  compact  design,  less  expensive  materials  and
equipment,  as well  as a requirement  of  low  volume  of  sample.  Additionally,  it  was  concluded  that  the
nonlinear  calibration  model  observed  for the  analytical  response  with  the  OF  probe  follows  the  general
cumulative  symmetric  double  sigmoidal  (SDS)  model  (R2 =  0.9999),  once  adapted  for  the  analytical  region
of  interest.
V–Vis  spectroscopy

. Introduction

Carbon nanotubes (CNT) are allotropes of carbon which have
risen great interest in the scientific community due to their var-
ous applications in environmental monitoring, bioengineering,
iochemistry, and life sciences.

Both the manufacturing rate and the consequent accidental
elease of CNT to aquatic ecosystems have been increased [1].
ccording to O’Driscoll et al. [2] the studies of simulated dispersion
f CNT in freshwaters, particularly their interaction with natural
rganic matter, are yet in the beginning but in the near future,
esults could provide definitive explanations of how the struc-
ure of CNT affects the aquatic biota. Furthermore, the relationship
etween the nature of the functional groups used for surface func-
ionalization of single-walled CNT (SWCNT) and their cytotoxicity
as been recently demonstrated by Klapler et al. [3], and Pan et al.
4], thus opening a new research window in the SWCNT field. Then
he monitoring of SWCNT in aqueous solutions has become an
mportant issue.

In  most applications, SWCNT should firstly be dispersed in
rganic and aqueous solutions [5,6] in order to assess the opti-
al conditions for their surface functionalization, either covalently
r non-covalently. According to Ham et al. [7] the non-ionic,
nionic and cationic surfactants are the most used for the
WCNT dispersion through their non-covalent functionalization.

∗ Corresponding author. Tel.: +351 232910100; fax: +351 232910183.
E-mail  address: celinejustino@ua.pt (C.I.L. Justino).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.11.074
© 2011 Elsevier B.V. All rights reserved.

Ultraviolet–visible (UV–Vis) absorbance spectra can provide ade-
quate information about SWCNT purity [8,9] and structure through
the evaluation of the singular electronic transitions of SWCNT
[10,11]. Besides UV–Vis spectroscopy, the current analytical tech-
nique for optical characterization of SWCNT [12,13], the Raman
spectroscopy [10,14] and the scanning tunneling spectroscopy [15]
are other standard instrumentation of interest.

Currently, optical fiber (OF) sensing is used in environment
monitoring and life sciences applications with high sensitivity
and versatility [16–24]. A wide range of OF  sensors as reflec-
tometers were used to determine the concentrations of different
analytes such as hydro-alcohols in solutions [25], or hydrocarbons
in water/gasoline mixtures [26]. The use of CNT as sensitive materi-
als in OF sensing has also been studied, for example, to the detection
of chemical pollutants [27]. However, the application of OF sensing
to monitor SWCNT in solution has never been attempted before,
and it could be an interesting approach for detection and quantifi-
cation of CNT in aqueous solutions.

Therefore, the aim of this paper was  to develop a methodol-
ogy based on OF sensing to screen SWCNT in aqueous solutions,
and compare it with a standard methodology based on UV–Vis
spectroscopy.

2. Materials and methods
2.1.  Dispersion of SWCNT in aqueous solutions

The single-walled carbon nanotubes (SWCNT, #704113,
Sigma–Aldrich) used in the experiments were synthesized through
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Fig. 1. Experimental set-up for optic

obalt-molybdenum catalysis (CoMoCAT, Southwest Nanotech-
ologies). For their dispersion, SWCNT have been suspended in
istilled water with sodium cholate as an anionic surfactant
SC, C24H39NaO5, Sigma–Aldrich). SWCNT samples were prepared
hrough dispersion of 4 mg  of SWCNT in 14 mL  of aqueous solu-
ion of SC (0.2%, w/v) (Technical Information Bulletin AL-265,
igma–Aldrich).

The dispersion of SWCNT results from the unbalancing between
he van der Waals forces responsible for the aggregation and
undling of synthesized SWCNT, and the mechanical energy pro-
ided by the sonication which can lead to the separation and
ispersion of SWCNT. All SWCNT samples were maintained in a
ater bath ultrasonicator (Ultrasonik 57H Ney, 400 W,  50/60 Hz)

or periods of 60 and 100 min, in order to compare the influence
f sonication time. As the dispersion of SWCNT is affected by dis-
ersant properties and concentration, characteristics of ultrasonic
ath such as the ultrasonic frequency, time and temperature of son-

cation, as well as the geometry and position of vessel in ultrasonic
aths [28], all experiments were made in round-bottom flasks, and

n each sonication step, only one flask was used at the center of the
ltrasonic bath, in order to provide the same sonication character-

stics in each sample.
Besides  the sonication, the effects of different centrifugation

rograms were also assessed. The centrifugation of SWCNT sam-
les was performed at a relative centrifugal force (RCF) of 2000
nd 10,000 × g during 5 and 10 min  at 20 ◦C (Medifriger BL-S, JP
electa, Spain) in order to remove graphite, residual catalyst, and
morphous carbon, and approximately 70% fraction of supernatant
as collected for subsequent analysis.

.1.1. Method of design of experiments
The optimization of experimental conditions for the dispersion

f SWCNT in SC was evaluated, in order to obtain a statistical
ata analysis, and understand the relationships between some
xperimental conditions related to the main steps (sonication and
entrifugation) for the preparation of SWCNT solutions. The experi-
ental conditions for the optimal preparation of such samples were

ound through the application of an experimental design to attain
he best SWCNT dispersion monitored by absorbance spectroscopy
t 500 nm,  which is the wavelength frequently selected to quantify
ifferent SWCNT dispersions [29]. The full factorial design deter-
ines which factors have significant effects on a response as well

s how the effect of one factor varies with the varying level of the
ther factors. Then, the main effects and interactions of 3 quanti-

ative variables (sonication time – A, centrifugation time – B, and
elative centrifugal force, RCF – C) on the dispersion of SWCNT were
ssessed by UV–Vis spectroscopy at 500 nm,  using a 23 factorial
esign with 2 replicates (16 experimental runs).
r (OF) sensing of SWCNT in solution.

From the experimental design, the SWCNT sample with more
statistically significance on absorbance at 500 nm will dilute to
obtain six different SWCNT concentrations in SC. Aliquots of such
sample will pipette out, and correctly dilute with fresh SC (0.2%,
w/v) to bring up concentrations of 0.25, 0.20, 0.15, 0.10, 0.05, and
0.01 mg/mL. Such dilutions will use to construct a calibration curve
with absorbance values at 500 nm against the different SWCNT
concentrations.

2.2. Optical fiber methodology for screening of SWCNT in solution

Fig. 1 shows the experimental set-up for optical fiber (OF)
screening of SWCNT in solution. It is constituted by a laser diode
(1550 nm,  Oz Optics, Canada) as optical source, a directional 50:50
optical coupler, and a photodetector with an InGaAs photodiode
(Oz Optics, Canada) for measurements of optical power variations.
The photodetector was connected to a laptop via standard RS-232
serial bus for data acquisition with homemade software.

A  small section (12 mm)  of the two  OF cords corresponding to
the reference OF and OF probe was  uncladded, and each of them was
inserted vertically into a glass tube which was perfectly adjusted to
the vial cap. The uncladded region of each OF cords function as the
sensor head and it was immersed in an index matching liquid (ML)
in order to reduce the reflection at the corresponding OF section,
and in different SWCNT solutions, respectively. Previously, a conical
insert was  placed into both vials to allow the use of smaller volume
(200 �L) of ML  and SWCNT solution.

The principle of operation relies on the dependence of the opti-
cal power through the fiber (reflected at the OF probe) and the
different interfaces (fiber-air and fiber-SWCNT solution); an optical
power value was  obtained due to the exposure of the sensor head
to air, and another analytical signal is associated to its insertion into
the SWCNT solution.

The  same series of SWCNT dilutions used for absorbance inves-
tigations, as described at Section 2.1.1, was also used for OF
analysis in order to obtain a calibration curve. On the other hand,
five individual SWCNT solutions were also analyzed through OF
methodology and UV–Vis spectroscopy (through absorbance inten-
sities at 500 nm)  in order to compare the analytical performance of
both methodologies.

3.  Results and discussion

An  experimental design (23 factorial design) was used to study
the optimal experimental conditions for the preparation of SWCNT

samples in order to attain the best SWCNT dispersion monitored by
UV–Vis spectroscopy at 500 nm.  Three quantitative variables were
studied: the sonication time (factor A), the centrifugation time (fac-
tor B), and the relative centrifugal force (factor C). Statistics, and
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Fig. 2. Calibration plot of absorbance values at 500 nm for different SWCNT con-
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played in Table 1, and it showed that there is no a statistically
entrations  (inset graph: absorbance spectra of SC, and of dispersed SWCNT in SC at
00–800 nm,  after 60 min  of sonication, and 5 min  of centrifugation at 2000 × g).

actorial plots (normal probability plot, and Pareto chart) obtained
rom such experimental design were available in Appendix A
Supplementary data).

From the experimental design procedure based on a full fac-
orial design with two  replicates, it was found that the SWCNT
olution obtained from 60 min  of sonication and centrifuged 5 min
t 2000 × g was more statistical significance at 500 nm,  as veri-
ed through the statistics displayed in Table A.2, and through the
ata interpretation of Fig. A.1I (available in Appendix A, Supple-
entary data); both values correspond to the low level of each

actor.
In order to know the relation between the absorbance intensities

t 500 nm and concentration of SWCNT, such sample was  diluted
o obtain subsamples (according procedures described at Section
.1.1), and a linear regression was obtained, as shown in Fig. 2;
wo points were previously added corresponding to the absorbance
alue for x = 0 mg/mL  (solution without SWCNT; only with SC), and
o the absorbance value for x = 0.28 mg/mL  (SWCNT solution used
o prepare dilutions).

In  the inset graph of Fig. 2, it was displayed the absorbance
pectrum of SWCNT solution with more statistical signifi-
ance which was used to prepare dilutions. Such absorbance
pectrum (400–800 nm)  was recorded in a spectrophotometer
GBC/Cintra10e) in order to provide the typical spectroscopic signa-
ure of SWCNT through its interband electronic transitions as a way
o verify the presence of SWCNT in such solution. The electronic
ransitions between 400 and 600 nm are assigned to the metal-
ic SWCNT (M11 interband), and the absorbance features between
00 and 800 nm are assigned to the semiconducting SWCNT (S22

nterband) [12]. In the inset graph of Fig. 2, the absorbance spec-
rum of SC is also displayed; it is transparent in the entire range
llowing easily the observation of characteristics electronic transi-
ions of SWCNT, ensuring that all spectroscopic features observed
n the spectrum of dispersed SWCNT in SC are due to the addition
f SWCNT.

From Fig. 2 it is also verified a high correlation between the
bsorbance (y) values recorded at 500 nm,  and the concentration
f different SWCNT concentrations (x), given by the high determi-
ation coefficient (R2 = 0.998), in a determination range from 0 to
.28 mg/mL. The limit of detection (LOD), calculated as three times
he residual standard deviation [30], was 1.2 × 10−2 mg/mL. This

alibration curve was then used to provide a comparison between
he UV–Vis technique and OF sensing, after the monitoring of
WCNT in five different solutions.
Fig. 3. Calibration plot of the variation of optical power for different SWCNT con-
centrations (inset graph: optical signal obtained with the dipping of the OF  probe in
SWCNT solution).

Hence, Fig. 3 shows the relation between the variation of optical
power (y) and the concentration of SWCNT (x) which is not linear;
different research groups have also recorded such nonlinear behav-
ior of the analytical response of the OF sensors [17,19,21,22,31,32].
The inset graph of Fig. 3 displays the graphical pattern of optical
signal obtained with the dipping of the OF probe in SWCNT solution.

From the inset graph of Fig. 3, it can be observed that in the
interface OF probe-air, the optical signal remains stable, with small
variations which do not affect the analytical signal; the baseline
noise was about 1.4% of the analytical signal. When the OF probe
is inserted in the solution, a strong optical power change was
observed. After the removal of the OF probe from the solution, the
optical signal returns to its initial value after 2 s; in this period, the
OF probe detects the optical signal of the remaining drop.

On  the other hand, it was  also verified that the calibration plot
(Fig. 3) shows a high degree of similarity with the final part of cumu-
lative symmetric double sigmoidal (SDS) function which has been
recently suggested [33] as a more appropriate fitting to the analyti-
cal response of OF sensors in comparison to the classical calibration
models. For high values of the X-axis, that is the region of analyti-
cal interest in this particular case, the SDS model can be written as
[33]:

lim
x→+∞

y = lim
x→+∞

[
a + b ln

(
hecx + i

ecx + j

)]
(1)

Therefore,  through some simplifications (available in Appendix B,
Supplementary data), the following Eq. (2) could be developed for
the calibration of the OF sensor:

y = k1 − k2 ln(1 + k3e−x) (2)

Fig.  3 shows the plot of the calibration model (from Eq. (2)), found
from experimental data. The LOD for the developed OF sensor
was found to be 4.7 × 10−4 mg/mL (calculated as three times the
residual standard deviation), which is better than that for UV–Vis
methodology (1.2 × 10−2 mg/mL), suggesting a better analytical
performance of the OF methodology.

In order to obtain a comparison of the analytical performance
of the developed OF sensor with the UV–Vis spectroscopy, five dif-
ferent SWCNT solutions were analyzed with the determination of
respective concentrations. Table 1 shows the results from such five
different samples, concerning the determination of their concentra-
tions through the calibration models of OF methodology (in Fig. 3),
and UV–Vis spectroscopy (in Fig. 2), respectively.

An analysis of variance (ANOVA) was applied to the results dis-
significant difference between the SWCNT concentrations obtained
by the two methods (p = 0.854). The analytical error determined
from the residual standard deviation was about 1.33 × 10−4 mg/mL.
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Table 1
Results for five different SWCNT solutions obtained from both OF sensing and UV–Vis
technique.

Sample OF  sensing UV–Vis technique (at 500 nm)

Meana (mg/mL) SD (mg/mL) Meana (mg/mL) SD (mg/mL)

1 0.111 0.003 0.1281 0.0001
2 0.21  0.01 0.2173 0.0001
3 0.246 0.004 0.2549 0.0002
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4 0.20  0.01 0.1969 0.0000
5 0.28 0.02 0.2803 0.0000

a Mean of five measurements; SD – standard deviation.

. Conclusions

The dispersion of single-walled carbon nanotubes (SWCNT) is
undamental for their application in several research areas. In this
ork, an experimental design (23 factorial design) was applied

or the optimization of main experimental parameters, responsible
o SWCNT dispersion in surfactant aqueous solutions, and moni-
ored at 500 nm by UV–Vis spectroscopy. It was observed that the
entrifugation time was the factor which contributed more signifi-
antly to the response, in comparison with the other factors tested
sonication time, and relative centrifugal force). Among the experi-

ental runs corresponding to different SWCNT samples, it was  also
oncluded that the SWCNT sample more statistically significant
as taken after 60 min  of sonication and 5 min  of centrifugation

t 2000 × g. Such sample was diluted, and a good linear calibra-
ion was observed (R2 = 0.998) by plotting the series of SWCNT
oncentrations against the respective absorbance values at 500 nm.
he SWCNT dilutions were screened by an OF sensor, and a non-
inear calibration model was observed on the analytical response
optical power change) of SWCNT dilutions monitoring with the OF
robe. After the analysis of five individual SWCNT samples, no sig-
ificant difference between the two methodologies was observed.

t was also concluded that the nonlinear calibration follows the
eneral SDS model (R2 = 0.9999) applied to OF sensors as an ade-
uate alternative to classical calibration models. The developed OF
ensor is a compact design, and requires low volumes of samples
eing an interesting approach for the detection and quantification
f SWCNT; furthermore, it can be coupled to a separation method-
logy to improve its selectivity.
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Supplementary data associated with this article can be found, in
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