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ABSTRACT   

In this work, a polymeric sensitive layer based on the acid-base equilibrium of phenol and of its derivative p-nitro-phenol 
is presented for carbon dioxide measurements. Thin films casted on glass slides were tested, using a LED source (λc at 
410 nm) and an Ocean Optics USB4000 spectrometer, in the 0% to 15.25% CO2 concentrations range, showing a 40% 
maximum transmittance variation with a 51s response time and a 0.15% resolution. Preliminary results indicate that CO2 
also induces refractive index changes in the sensitive layer. Using a fiber based interferometric setup, a CO2 dependent 
refractive index change of ~0.045 RIU was observed, in the 0%-90% CO2 concentration range. 
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1. INTRODUCTION  
The measurement of chemical parameters using optical sensors is an expanding area of research with growing 
importance, especially in environmental and industrial applications[1]. The development of new sensitive membranes, 
which changes their optical properties in presence of an analyte, in combination with optical fibre technologies allows to 
create powerful tools for in situ and real time monitoring of chemical and biological species [2, 3]. Real time 
determination of CO2 concentration is an important issue in diverse fields, such as chemical and clinical analysis [4, 5], 
food industry (eg. aquaculture) and environmental monitoring [6, 7]. Specifically in aquaculture systems, the level of 
CO2 is an important issue for fish health and development. Elevated dissolved CO2 concentration in the water will induce 
stress responses in fish causing significant physiological disturbances that can result in reduced growth and poor feed 
conversion[8].  

Several fibre optic based solutions have been proposed for carbon dioxide detection mostly relaying in either 
colorimetric or fluorescence based mechanisms. Segawa et al [9] presented a CO2 fiber sensor based on the pH indicator 
dye thymol blue, immobilized in a sol-gel matrix. The optical attenuation varied according with the CO2 concentration 
ue to absorption change of a indicator dye induced by the carbon dioxide induced acidification. Amao and Nakamura 
[10], on the other hand, demonstrated a CO2 sensor based in luminescence intensity changes of tetraphenylporphyrin 
(TPP) due to absorption changes of a co-immobilized pH indicator dye. Several other solutions based in pH indicators 
have been proposed using luminescent based schemes [7]. Nevertheless configurations using indicator dyes are prone to 
suffer from leaching and photobleaching effects. In addition, working in the visible range imposes some limitations in 
applications where remote and multipoint detection are a priority. Using direct absorption spectroscopy of the gas 
absorption lines in the mid infrared is also a reliable sensing mechanism. Nevertheless sensing at these wavelengths 
(~4,6 μm) requires the use of special chalcogenide glass optical fibers[11]. Using higher harmonics of these vibrational 
absorption lines is possible nevertheless for instance at 1.57 μm. Orghici et al [12], showed that carbon dioxide 
concentration could be measured using an evanescent field sensor based in a quartz glass multimode fibre in this 
wavelength range. However, this approach required DFB laser sources, relatively long interaction lengths and was very 
sensitive to contamination of the fiber surface. 

In this work, a polymer based sensitive layer for carbon dioxide measurement is presented. The sensing layer is based on 
the acid-base equilibrium of phenol and of its derivative p-nitro-phenol, which, in the presence of CO2, are prone to 
protonation introducing absorption and refractive index changes. The new sensitive layers were casted on glass slides 
and characterized by absorption spectroscopy in the visible range (λc at 410 nm) and its refractive index was also 
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monitored using an interferometric scheme at 1550 nm. The dual effect observed indicates the possibility of CO2 
determination using either mechanism. Therefore it can be possible to use this sensitive layer with fiber optics in visible 
range using standard colorimetric measurement setup or in highly sensitive refractometric configurations based in 
standard telecom optoelectronic components. The latter approach is quite promising in terms of multiplexing and remote 
monitoring capabilities. 

2. EXPERIMENTAL RESULTS 
2.1 Sensing layer chemistry 

The sensing chemistry is based on the acid-basic equilibrium of phenol and of its derivative p-nitro-phenol. They are 
kept in their deprotonated form in the sensing membrane. In the presence of carbon dioxide, hydrogen carbonate is 
formed that partially protonates the phenols. The hydroxyl group is involved in protolitic reactions that modify the 
charge distribution in the molecule. As result of the interaction with carbon dioxide, a change in absorption and in their 
refractive index is expected due to the delocalized electrons in the aromatic ring of these compounds. A quaternary 
ammonium compound, didodecyl-dimethyl-ammonium hydroxide (DDMA) was used to deprotonate the phenols, 
preparing them for being protonated by the analyte.  

The sensing layers were prepared of a 5% (m/m) polyurethane hydrogel (D4) dissolved in ethanol solution. Then 10 μl of 
0.1 M ethanolic p-nitrophenol and 20 μl of 0.1 M ethanolic DDMA solution were added to 1 ml of polymer solution. In 
order to study the response of the new sensitive material to CO2, some glass slides were coated by a casting method. 
After 60 minutes of gelation, the layers were ready for sensing applications. The coated films, which presented a faint 
yellow color, were very homogeneous, and were characterized by absorption spectroscopy in the visible range and also 
by refractometry 

2.2 Absorption measurements 

For characterization of the sensing layers, the setup showed in figure 1 was used. The previously coated samples were 
placed in a test chamber and illuminated by a Violet LED (λc at 410 nm) through a 4 mm-diameter multimode fiber 
bundle. The transmitted signal was collected through identical fiber bundle and carried for detection. An Ocean Optics 
USB4000 spectrometer, connected to a PC, was used for the absorption measurements. Using this setup the sensing films 
were tested in the concentrations range from 0% to 100% CO2. This was achieved by using a flow control system fed 
with CO2 and Nitrogen inlets. At this stage, measurements were made in saturated moisture environment, to avoid cross 
sensitivity with humidity level. The membrane thickness was approximately 9μm. Figure 2 shows the LED transmitted 
spectrum after crossing the test camber with different CO2 concentrations, in the range 0% to 100%.  

 

 

Figure 1. Setup for absorption measurements Figure 2. Transmitted spectrum for different CO2 levels 

In figure 3 the response of the sensor to dynamic changes in CO2 concentration can be observed. From this data a 
calibration curve for the lower range of CO2 levels, ~15%, could be obtained that is showed in figure 4. The results show 
a clear increase of transmittance with the increment of the CO2 concentration showing that indeed the presence of the gas 
in the membrane is causing changes in the electronic distribution of the sensitive membranes through protonation 
induced by the presence of carbonic acid. Observing the calibration curve in figure 4 it can be seen that the sensor is 
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more sensitive in the lower concentration range and that a saturation effect occurs at higher concentrations. The 
transmittance variation for the range between 0% and 15.25% was approximately 40%. In this range, the highest 
sensitivity was observed between 0% and 5.41%, where a transmittance variation of ~25% was noticeable. A full range 
response was also evaluated. From 0% to 100%, the transmittance increased ~ 70%, confirming the saturation of the 
membrane. From the dynamic behaviour displayed in figure 3, a response time of ~ 51s could be estimated. Also from 
this data, a resolution of ±0.15% was calculated considering a minimum detectable signal of two times the standard 
deviation.  In the figure 3 is also noticeable the reversibility of the response from 15.25% to 0% and from 100% to 0%.  
The repeatability of the response was also observed by performing the same experiment three times, the results obtained 
agreed within the measured standard deviation. 

  

Figure 3. Sensor response to dynamic changes in CO2 
concentration. 

Figure 4. Calibration curve obtained for the 0% to 15 % CO2 
concentration range. 

2.3 Refractometric measurements 

The refractometric changes in the sensitive layer where measured in the setup showed in figure 5. The coated glass 
substrates were placed in a test chamber and attached to the end face of an optical fiber inserted into a ceramic ferrule. 
To avoid undesirable reflections the interface between the fiber and the sample was filled with index matching oil. In this 
situation two low-finesse Fabry-Perot cavities were formed by the different material interfaces. The first cavity was 
produced by the reflections in the fiber/substrate and substrate/film interfaces. It had a thickness of approximately 1 mm 
and a refractive index of 1.489 at 1550 nm. The second cavity was formed by the reflections in the substrate/film and 
film/external medium interfaces. For the refractometric measurements a layer with increased thickness was necessary, in 
other to allow the observation of at least a period of the interferometric pattern. In the present case, a layer with a 
thickness of ~30μm was produced. This setup resulted in the observation of two-overlapped interferometric patterns at 
the fiber output (Figure 6). The larger substrate cavity resulted in a pattern with a very short wavelength modulation 
period (0.80 nm) while the thinner film cavity displayed a much larger periodic modulation (~30 nm). 

  

Figure 5. Interferometric setup for evaluating the sensing film 
refractive index taking advantage of the Fabry-Perot cavities 
formed by the substrate and the sensitive layer 

Figure 6. Typical interferometric output spectrum of the dual 
cavity setup 
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The interferometric output was monitored using a scanning laser unit from Fibersensing (FS-4200, 1520-1590 nm, 1 pm 
max. resolution) with modified software. The software separates the signal of the sensing film (longer period) using an 
envelope detector. Because the membrane refractive index variations result in changes in the wavelength of this 
interferometric pattern, the software was designed to monitor the peaks and valleys related to the sensing signal.  Figure 
7 shows the behavior of the envelop channeled spectrum when the film was submitted to different CO2 concentrations. It 
is visible a wavelength shift of the interferometric pattern of about 35nm, which was observed when changing the CO2 
concentration from 10% to 30%. A small change is also noticeable between 0% to 10%. The sensing film was tested in 
the concentration range from 0% to 90% CO2. At this point, and to avoid any cross-sensitivity with humidity, both gases 
were thoroughly bubbled trough water to become saturated with humidity. The Figure 8 shows the calibration curve 
obtained for the 0-90% concentration range.  

  

Figure 7. Interferometric spectra related to three different CO2 
concentrations. 

Figure 8. Response curve for a CO2 concentration range 
between 0-90% 

A nonlinear response was observed that could be fitted with a second order polynomial curve. A high sensitivity range 
could be established between 10-60%, in which it is noticeable a wavelength shift of 51 nm. Above 70% the membrane 
response becomes saturated.  From this data, assuming that the membrane thickness remains unchanged and using a two 
wave interferometer approximation, it is possible to estimate roughly a refractive index variation of 0.045 RIU for the 0-
90% CO2 range. Response time and reversibility were also studied. The best response time observed was approximately 
3 min. Also it was observed that refractive index change was not fully reversible, probably due to much larger recovery 
times. In this configuration, the response time and the stability of the response were not optimal due to the increased 
thickness of the layer (~30 um) that increased the diffusion time of the gas in the hydrogel matrix. At this stage further 
studies are underway, to understand the role of the immobilization matrix in the observed refractive index changes. 
Nevertheless, the results indicate the possibility of CO2 detection by refractometric measurements. 

3. CONCLUSIONS 
In this work, a polymer based sensitive layer for carbon dioxide measurement was presented. The sensing layer was 
based on the acid-base equilibrium of phenol and of its derivative p-nitro-phenol which, in the presence of CO2, are 
prone to protonation introducing absorption and refractive index changes. The new sensitive layers were casted on glass 
slides and characterized using a LED source (λc at 410 nm) and an Ocean Optics USB4000 spectrometer. The layers 
were tested in the full concentrations range. The results show the increase of transmittance with the increment of the CO2 
level. The membrane presents a non-linear response. The transmittance variation for the range between 0% and 15.25% 
was approximately 40%. The dynamic behaviour was also analysed in this range. The determined response time was 51s 
and a resolution of 0.15% was estimated. Some preliminary results indicate also that in the presence of the analyte the 
film refractive index is changed.  The sensitive membranes were tested in an interferometric setup. A CO2 dependent 
refractive index change of ~0.045 RIU was observed, in the 0%-90% CO2 concentration range.  These results show the 
viability of a carbon dioxide optical measurement using the phenol-based membrane with the application of colorimetric 
or refractometric based configurations. 
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