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Abstract: Recent preliminary studies have demonstrated the feasibility of using Single-Walled Carbon Nanotubes 

(SWCNTs) as sensitive coatings of optical fiber sensors for the detection of chemical traces in water at room temperature. 

A low- finesse extrinsic Fabry-Perot configuration was adopted as sensing scheme and Langmuir-Blodgett thin SWCNT 

films have been integrated to form the sensing optical cavity. This contribution reports on the improvement of the per-

formance of such SWCNTs-based chemo-optic transducers based on a proper choice of the number of carbon nanotube 

monolayers. The results here shown reveal a strong enhancement in term of sensor sensitivity of more than one order of 

magnitude, combined with a significant reduction of the response times. The achieved sub-ppm resolution, the response 

rapidity, and the complete and fast recovery of the initial output signal corresponding to the condition of uncontaminated 

water reveal the potentiality of the improved version of the sensor to be applied for water monitoring applications. 
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INTRODUCTION  

 Increasing environmental legislations, both in USA and 
EU, dictate the controls of the release and of the concentra-
tion levels of many chemicals in the environment. Thus reli-
able monitoring of these substances in air and especially in 
water is required. In 2003, the Scientific Committee on Tox-
icity, Ecotoxicity and Environment indicates toluene among 
the main pollutants that should be monitored in drinking 
water. As a matter of fact toluene can cause many risks for 
the human health. Short-time toluene inhalation (of about 
100 ppm) causes headaches, dizziness and eyes/nose irrita-
tion. Long-term exposure impairs the central nervous sys-
tem, alters the blood count and causes other chronic effects. 
Toluene in water is hazardous firstly because its volatility is 
significantly released into the atmosphere and secondly be-
cause its relatively high solubility in water may give signifi-
cant pollution problems for both surface water and ground-
water. Therefore in many fields simple and reliable meas-
urement devices able to detect such substance in water are 
demanded. Several analytical techniques can be used for this 
scope (and in general for water quality monitoring), includ-
ing gas chromatography [1], UV spectroscopy [2] and also 
other special techniques based on immunoassay kits [3]. The 
principal negative aspects of these approaches is that they 
require repeated procedures of manual sample collection of 
the polluted water, resulting very expensive and time-
consuming. In addition the integrity of the samples could be 
compromised during their collection, transport and storage.  
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To avoid these drawbacks, in the last decade, a strong effort 
has been put into the development of robust, inexpensive, on 
site and continuous analysis methods. Many research efforts 
have been devoted to optical fiber sensors due to their high 
versatility, sensitivity, robustness and capability to work in 
hard environmental condition [4]. Furthermore, these devices 
are potentially inexpensive and allow continuous, on site, 
remote measurements, without sampling procedure and, 
thus, with no sample contamination. Several fiber optic sen-
sors for the detection of pollutants dissolved in water have 
been described, especially for hydrocarbons and pesticides. 
In particular, different evanescent wave based fiber-optic 
sensors applying polymer coated silver-halide (AgX) fibers 
covered with thin hydrophobic polymer layers and coupled 
with FTIR spectrometers have been proposed during the past 
years [5-9]. They allowed qualitative and quantitative deter-
mination of a wide variety of organic analytes in the mg/l to 
the low g/l concentration range. Limits of detection of 1 
ppb and 0.1 ppm for toluene in water were achieved respec-
tively with an immunoassay-based fiber optic sensor [10] 
and with sensors employing polymeric membranes applied 
on several meters long segments of bent Polymer-Clad Silica 
(PCS) fibers [11, 12]. 

 The use of straight segments of multimode fibers with 
inverted graded refractive index (IGI) profile in the core, 
coated by thin layer of polydimethylsiloxane polymer, was 
proposed by Chomat and co-workers, allowing toluene 
resolution limit of several ppm [13].  

 In addition, recently Skokankova and co-workers investi-
gated the optical properties of xerogel layers applied on sil-
ica optical fibers and their sensitivity to toluene dissolved in 
water. By dip-coating the bare core of PCS fiber with layer  
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prepared by sol based on tetraethoxisylane, methyltriethoxi-
sylane and a mixture of methyltriethoxysilane and phenyl-
triethoxysilane, they reached resolution limits of a few ppm 
[14]. 

 Large interest has thus been focused on the materials 
capable of improving the fiber optic sensor performance. At 
the same time, the discovery of carbon nanotubes (CNTs) 
[15] created much excitement and stimulated extensive re-
search since their properties appeared promising for numer-
ous possible applications. CNTs are nanostructured materials 
with unique structural, electronic, optical mechanical and 
thermal properties [16]. Their application fields include cold 
cathode flat panel display (FPD) [17], nanoelectronic devices 
[18, 19], nanorelays[20], super capacitors [21], tips for scan-
ning probe microscopes [22], hydrogen storage [23, 24], 
quantum wires [25] and field effect transistors [26]. Their 
small size allows them to be used as extremely small layers 
to realize chemical sensors for volatile organic compounds 
(VOC), H2, NO2 and NH3 detection in gaseous environments 
[27, 28] and also strain sensors [29]. CNTs are also useful 
for biosensor improvement because of their capability to 
provide strong electrocatalytic activity and to minimize sen-
sor surface fouling. Indeed such materials have already been 
used for the development of biosensors able to detect glu-
cose [30-32] and organophosphorous compounds [33]. 

 CNTs can be distinguished, according to their structural 
properties, into two groups: those consisting of a single wall 
of surface-arranged carbon atoms (SWCNTs) and those char-
acterized by concentric multiwalls of surface-arranged carbon 
atoms (MWCNTs). Despite structural similarity to a single 
sheet of graphite (a semiconductor with zero band gap) 
SWCNTs behave as metallic or semiconducting material, 
depending on the way about which the graphite sheet is 
rolled to give the nanotube cylinder and appear more suitable 
than MWCNTs for sensor applications because of their 
higher gas adsorption capacity which gives higher gas sensi-
tivities [34].  

 SWCNTs have already been exploited by the authors as 
highly sensitive layers for the development of high perform-
ance VOC silica optical fiber (SOF) sensors [35-37] and 
recently preliminary results demonstrated their potentiality to 
be exploited also for the detection of chemical pollutants in 
aqueous environment at room temperature [38]. In addition, 
the possibility to tailor the performance of these SWCNTs-
based chemo-optic sensors, either in term of sensitivity and 
response rapidity, by means of a proper choice of the sensi-
tive layer features has also been recently demonstrated [39].  

 In light of these considerations, this contribution reports 
on the improvement of the sensing performance of SWCNTs-
based optoelectronic chemo-sensors for chemical trace de-
tection in water environment. The results obtained evidenced 
that an opportune decrease of the number of SWCNT mono-
layers transferred upon the fiber tip promotes a sensitivity 
enhancement of more than one order of magnitude combined 
with a reduction from 20 minutes to 15 minutes of the mean 
response time. The data here reported reveal the potentiality 
of the proposed SWCNTs-based fiber optic chemo-sensors 
to successfully compete with the already proposed fiber optic 
transducers in the wide scenario of in-situ, real time, and low 
cost sensors for the monitoring of dissolved organic matters 
in water. 

METHODOLOGIES 

Operating Principle and Interrogation Scheme 

 The optoelectronic sensing configuration is essentially 
based on a low finesse and extrinsic Fabry-Perot (FP) inter-
ferometer and uses a thin sensitive SWCNT multilayer de-
posited at the distal end of a properly cut and prepared fiber. 
The key point of the proposed optoelectronic sensor is thus 
the dependence of the reflectance at the fiber/SWCNT film 
interface (RFilm) upon the optical and geometrical properties 
of the sensitive materials [40]. In particular, the adsorption 
of the target analyte molecules inside the carbon nanotube 
layer modulates its thickness and/or dielectric constant, lead-
ing to changes in the film reflectance and, thus, in the inten-
sity of the optical signal reflected at the fiber/film interface. 
Among the variety of schemes proposed for the interrogation 
of a fiber optic sensor based on the reflectometric approach 
[41], here the attention has been focused on single wave-
length continuous wave interrogation. This approach has the 
peculiarity of being simple to implement and requires just 
few widespread commercial and low-cost optoelectronic 
components while preserving excellent performance. In addi-
tion it enables the fabrication of cost-effective, reliable, robust 
and portable equipments, which are factors of crucial impor-
tance for in-situ and long-term monitoring applications and 
for the desired technology transfer to the market. The typical 
interrogation scheme enabling the single wavelength reflec-
tance monitoring at the sensitive interface is shown in Fig. 
(1). The sensitive interface is lighted by a pigtailed Super-
luminescent Light Emitting Diode (SLED) operating in one 
of the two main telecommunication wavelengths, 1310 nm. 
A source controller is used in order to keep the SLED at a 
constant temperature and feed it with an input current, which 
allows the source to emit an optical power of few mW. This 
power is split by a 2x2 in-fiber directional coupler, provid-
ing the necessary connections between light source, sensing 
interface and two photoreceivers. The first photoreceiver is 
for the measurement of the signal reflected at the sensing 
interface (Vsignal), while the second one is used to provide a 
valid power source intensity monitoring (Vsource) enabling the 
compensation of the sensor response. The intensity compen-
sation is obtained by considering the ratio between the volt-
age signals at the two photo-receivers. Synchronous detec-
tion is also typically implemented to enhance the system 
performance, by amplitude modulating the light source at 
500 Hz and retrieving the photodetector voltages by using a 
dual channel lock-in amplifier.  

SWCNT Deposition Technique 

 The realization of homogeneous thin films of SWCNTs 
with a controllable thickness is an important basis for the 
future development of their scientific understanding and 
technological applications. Proper manipulation techniques 
are required for applying thin-films of carbon nanotubes on 
substrates that do not allow direct grow methods. Although 
various proposals exist for their incorporation into devices 
[42], here the Langmuir–Blodgett (LB) technique has been 
chosen as way to transfer nanometer-scale thin layers of 
SWCNTs onto the distal end of standard optical fibers.  

 The LB is a well-known method for depositing defect-
free, molecularly ordered ultra-thin organic films with a pre-
cise control over the architecture of the films at the molecu-
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lar level [43]. An additional advantage of this technique is 
that the monolayers can be deposited on almost any kind of 
solid substrate. However, these advantages have to be traded 
with the low speed of the deposition procedure (the films are 
deposited monolayer by monolayer) and the limited number 
of materials suitable for LB deposition.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1). Schematic illustration of the typical interrogation scheme 

adopted for the single wavelength reflectance monitoring of an 
optical cavity realized upon the fiber tip. 

 The SWCNT deposition procedure started by spreading a 
solution (0.2 mg/ml) of single-walled carbon nanotube pris-
tine material (purchased from Carbon Nanotechnologies Inc., 
Houston, USA) in chloroform onto a sub-phase constituted 
by deionized water (18 M ) with 10

-4
M of CdCl2 [36, 37]. 

The sub-phase pH and temperature were 6.0 and 23
°
C, re-

spectively. The monolayer has been compressed with a bar-
rier rate of 15 mm/min up to a surface pressure of 45 mN/m. 
The single layer has been deposited onto the distal end of the 
SOF with a dipping rate of 3 mm/min and the transfer ratio 
of the monolayer from the sub-phase to the substrate surface 
was in the range of 0.5–0.7. A standard single mode fiber 
was used, with a core and cladding diameter of approxi-
mately 9 and 125 μm, respectively. The fiber probes were 
prepared by stripping the optical fiber protective coating (1–
2 cm length) from the fiber end. Then, they have been 
washed in chloroform and dried with gaseous nitrogen to be 
ready for the SWCNT deposition.  

 In the previous work, in which the authors presented pre-
liminary results demonstrating the feasibility of SWCNTs to 
be applied for water quality monitoring applications, a sensi-
tive overlay constituted of 12 SWCNT monolayers was used 
(approximately 24 nm) [38]. Here, in light of the results of 
recent studies on the possibility of tailoring the sensing per-
formance of carbon nanotubes-based chemo-optic sensors 
[39], a reduction of the number of carbon nanotube mono-
layers transferred on the end-face of the optical fiber was 
performed. In this case a sensitive coating made of only two 
monolayers (approximately 4 nm) has been considered. This 
choice has been accomplished with the aim of minimizing 
the sensor response time. The toluene sensing performance 
of the two sensors, coated by 2 (sample A) and 12 (sample 
B) SWCNT monolayers, have been here compared. 

EXPERIMENTAL RESULTS 

 The experimental set-up exploited for the investigation of 
the sensing features of SWCNT transducers in aqueous envi-
ronment is shown in Fig. (2). The sensors have been settled 
in a proper Pyrex beaker containing pure water, inside which 
different volumes of toluene have been each time injected to 
simulate the condition of contaminated water at different 
concentrations. The polluted water has been continuously 
stirred to ensure the maximum dispersion of the analyte. The 
desorption aptitudes of the SWCNTs-based sensors have 
also been investigated by restoring, after each toluene injec-
tion, the initial condition of uncontaminated environment: to 
achieve this aim pure water was poured in the test beaker, 
while the contaminated water was simultaneously spilled 
out. 

 Before performing the toluene detection measurements in 
water, the stability of the fabricated SWCNT sensitive layers 
in an aqueous environment has been investigated. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Schematic view of the experimental set-up exploited for 
toluene detection measurements in water. 

 To achieve this aim, the carbon nanotubes-based SOF 
sensors have been inserted in the beaker containing pure 
water and left for several days inside it. In Fig. (3a and 3b) 
are reported the relative reflectance changes occurred for the 
two optoelectronic probes as a consequence of their insertion 
in water.  

 In both cases, as the optical probes were inserted in wa-
ter, a strong and fast reflectance variation occurred as a con-
sequence of the change in the external medium refractive 
index. In particular, as the external refractive index changes 
from air (n~1) to water (n~1.33), the reflectance at the film-
external medium interface decreases leading to a significant 
diminution of the detected reflected signal. 

 This effect is followed by a slow variation of the reflec-
tance itself (see the insets) until the equilibrium value is 
reached, which can be attributed to the interaction between 
sensitive layers and water molecules. This evidence suggests 
the occurring of a reorganization of the carbon nanotubes 
upon the sensor surface, leading to a modification of the 
overlay morphology. At the equilibrium, the ratio between 
the reflectance of sample B and that of sample A is approxi-
mately 5.6 (in air it was 1.8). As matter of fact, sample A 
exhibited a relative reflectance diminution of approximately 
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82%, almost doubled with respect to the one observed for 
sample B (approximately 44%). 

 In any case it is evident that once reached the equilib-
rium, the reflectance signals are stable for both the sensors, 
demonstrating that no degradation of the SWCNT sensitive 
layers occurs. In fact a degradation of the fiber overlay 
would result in a modification of its optical or geometrical 
properties, thus leading to significant changes in the sensor 
output. 

 Successively, sample A and B have been tested for tolu-
ene detection in aqueous environment at room temperature. 
The toluene concentration has been chosen to be in the range 
0-80 ppm ( l/l): different volumes of toluene were added to 
pure water in four subsequent injection to obtain concentra-
tion levels of 20, 40, 60 and 80 ppm, respectively. The re-
sults obtained are shown in Fig. (4), where the normalized 
reflectance changes of both the samples versus time are re-
ported. It is noteworthy that in the two cases, in correspon-
dence of each toluene injection the interaction between the 
analyte molecules and the sensitive overlay results in the 
adsorption of such molecules within the SWCNT overlay.  

 In addition, as expected, the intensity of the sensor output 
changes increased with the toluene concentration. However 
it is clearly visible that the intensity of the reflectance varia-
tions observed for sample A are significantly greater than 
those of sample B. Complete and fast recoveries of the 

steady-state value of uncontaminated water were provided by 
the two carbon nanotubes-based SOF sensors, evidencing 
their excellent desorption capability and reusability. Also 
slight drifts in the sensor baseline can be noticed, which 
could be attributed to thermal changes since the test beaker is 
not perfectly thermo-stated. In particular, the temperature 
within the test beaker during experiments was approximately 
24°C and the thermal drift was of approximately 3 °C. 

 Further studies are currently under investigation to verify 
if also other causes could be responsible of the drift in the 
signal baseline. In order to compensate the effects of tem-
perature variations on the sensors response a proper Fiber 
Bragg Grating, either included inside the test chamber or 
even integrated in the sensing optical fiber itself, can be used 
as temperature sensor [44].  

 Furthermore, the noise effect on the sensor performance 
has been estimated by considering the sensor output (I) in the 
steady state levels corresponding to the absence of toluene 
within the test beaker. Taking into account the maximum 
scattering in the sensor level of the sample A over a time 
interval of about 10 minutes, standard deviations N of ap-
proximately 3.3 10

-4
 from the mean value of the sensor out-

put I0 (I0=0.2741) have been appreciated. By these results a 
minimum detectable change of the sensor output I/I0min (and 
thus a R/R0min) of 1.2·10

-3
 has been estimated for this sam-

ple. Similar calculation can be made for sample B, leading to 
a R/R0min of approximately 6·10

-4
 [38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Relative reflectance changes ( R/R0) occurred to the two optoelectronic probes coated respectively by (a) 2 and 12 (b) monolayers 
of SWCNTs as a consequence of their insertion in water. 
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Fig. (4). Time responses of (a) sample A and (b) sample B on ex- 

posure to four different toluene concentrations, at room tempera- 
ture. 

Sensitivity Analysis  

 In this section, the results obtained from the comparison 
between the sensitivities against toluene in water for sample 
A and B are reported (the sensitivity is calculated as 

R/RO/C, where C is the analyte concentration). In particu-
lar, in Fig. (5) the sensor characteristic curves reporting the 
normalized reflectance changes versus the toluene concentra-
tions are plotted for both the optoelectronic transducers.  

 

 

 

 

 

 

 

 

 

 

 
 
Fig. (5). Comparison between the calibration curves of sample A 
and B in water environment, at room temperature. 

 As it appears, high linearity has been obtained in both 
cases for all the toluene concentration range and a much 
higher sensitivity has been reached for the improved sensor 
coated by 2 monolayers of carbon nanotubes (approx. -
4.5·10

-3
 ppm

-1
) than for the 12 SWCNT monolayers-based 

one (approx. -1.2·10
-4

 ppm
-1

). In addition, taking into ac-
count the minimum detectable changes of the sensor output 
and the aforesaid sensitivities, resolutions of approx. 300 ppb 
and 5 ppm have been estimated for sample A and B, respec-
tively. These results clearly evidence the strong enhancement 
of more than one order of magnitude obtained in term of 
sensitivity by the use of sample A with respect to the coun-
terpart sample B. 

 It is also interesting to make a comparison between the 
sensor performance against toluene in aqueous and gaseous 
environment. To achieve this aim, the room temperature 
toluene sensitivities of sample A and B in the two environ-
ments have been summarized in Table 1 (the sensitivity val-
ues in case of air chemical detection measurements are re-
ported in previous works [37-39]). 

 The values reported in Table 1 show that very different 
responses can be obtained depending on the environment in 
which the adsorption measurements are carried out. 
 

Table 1. Toluene Sensitivities of Sample A and B in Air and 

Water Environment 

SENSITIVITY (ppm
–1

) 

ENVIRONMENT 
Sample A Sample B 

AIR 2 .10 –4 –1.5 .10 –4 

WATER –4.5.10 –3 –1.2 .10 –4 

 

 Such differences can be attributed to the dependence of 
the reflectance on the surrounding refractive index combined 
to different adsorption characteristics occurring in the two 
environments. This explains also the key role played by the 
thickness of the adsorbent material. As matter of fact, a tolu-
ene sensitivity which is positive and more than one order of 
magnitude lower than the one obtained in water has been 
obtained for sample A in case of toluene vapor detection in 
air (2.0·10

-4
 ppm

-1
). On the contrary, the performance of 

Sample B in the two different environments resulted quite 
similar, with the sensitivity in air slightly higher (-1.5·10

-4
 

ppm
-1

) than the one observed for the toluene trace detection 
in water. This evidences once more that in order to signifi-
cantly improve the performance of the SWCNTs-based opto-
chemical sensor for a specific environmental monitoring 
application, a proper choice of the sensing layer features is 
strictly required. 

Dynamic Characteristics  

 In this last paragraph the dynamical characteristics of the 
two tested SWCNTs-based sensors in water environment at 
room temperature have also been investigated. In particular, 
the response (recovery) time has been calculated as the time 
needed to pass from 10% to 90% (90%-10%) of the total 
signal shift occurring on toluene adsorption (desorption). 
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The results shown in Fig. (6) indicate that the two tested 
probes are characterized by almost similar recovery times (4 
minutes for both) and quite different response times (15 and 
20 minutes respectively for sample A and B). This means 
that a reduction of five minutes in the rapidity of the re-
sponse has been obtained by the use of the improved sensor. 
However this aspect should be better investigated and is cur-
rently under study. In particular, an automated chamber for 
the liquid handling is being used in order to assess the influ-
ence of the experimental setup exploited for the adsorption 
measurements on the time characteristics of the two sensors. 
This will be useful also for a deeper understanding of the 
interaction dynamics between sensitive layer and analyte 
molecules. 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Comparison between the mean response and recovery 

times in aqueous environment of sample A and B. 

CONCLUSION 

 In conclusion in this work, the sensing capabilities of 
SWCNTs-based SOF sensors for the detection of chemical 
traces in water environment, at room temperature, have been 
improved by a proper choice of the sensitive overlay fea-
tures. The proposed opto-chemical sensors have been ar-
ranged in a Fabry-Perot type reflectometric configuration 
and the Langmuir-Blodgett technique has been used to fabri-
cate the two samples characterized by a different number of 
carbon nanotube monolayers. Before the analyte detection 
measurements, the stability of both the sensors in aqueous 
environment has been proved, demonstrating that no degra-
dations of the SWCNT layer occurred. The experimental 
measurements have been carried out by exposing the two 
fabricated samples to different concentrations of toluene (in 
the range 0-80 ppm) in water and at room temperature. The 
analyte concentration within the test ambient has been con-
tinuously monitored through the changes occurring on expo-
sure in the relative reflectance at the optical fiber-sensitive 
film interface. The results reported here demonstrate the 
strong sensitivity enhancement of the improved version of 
the chemo-optic sensor of more than one order of magnitude 
maintaining the linear operation. The new obtained resolu-
tion of 300 ppb, the response rapidity as well as the fast and 
complete recovery of the steady state value of uncontami-
nated water evidence the strong potentiality of the SWCNTs-
based opto-chemical probes to be successfully applied to 
water quality monitoring applications. Finally, strong differ-
ences have been found in the sensor responses in case of air 
or water chemical monitoring, proving that in order to sig-

nificantly improve the performance of the proposed optoe-
lectronic sensors for a specific environmental monitoring 
application, a proper choice of the sensing layer features is 
strictly required. However, further experimental tests are 
currently in progress to investigate the selectivity of the pro-
posed sensing device, which is expected to be quite weak. 
The low sensor ability to discriminate among different ana-
lytes is still one of the major concerns in chemical sensing. 
Two approaches are typically followed to solve this issue: 
the first one relies on the sensitive layer functionalization in 
order to achieve a higher affinity of the material towards 
specific chemical species [45]; the second one is based on 
the use of a hybrid system composed of multiple transducers 
coated by different sensitive materials in the form of an ar-
ray. Here, sensors with a poor selective response, when con-
sidered collectively, provide unique patterns typical for each 
analyte. The generated response patterns are interpreted by 
pattern-recognition algorithm for the selective detection [46]. 
This approach has already been investigated and exploited 
by the authors for the VOC detection in air [36], and is cur-
rently under investigation. 
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