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Abstract:



Ethanol measurements are performed in an ethanol/water solution utilizing an ethanol sensor based on a hetero-core structured optical fiber covered with a layer-by-layer thin film. The layer-by-layer (LbL) thin film was prepared using poly (allylamine hydrochloride) and poly styrene sulfonate. When the sensor was immersed in water, the propagating light intensity decreased with increasing ethanol concentration. This behavior suggested that the LbL film contracted due to the presence of ethanol, and the refractive index of the film increased, resulting in increasing propagating light leaks at the hetero-core of the fiber. The ethanol sensor was applied to a variety of spirits, and the propagating light intensity decreased with increasing ethanol concentration.






Keywords:


hetero-core structured optical fiber; layer-by-layer thin film; ethanol sensor












1. Introduction


Optical fibers have been used as telecommunication media because of their considerable advantages, such as their small size, lightweight construction, flexibility, immunity to electromagnetic interference, and low cost. Due to their chemical stability, optical fibers have also recently attracted attention as chemical sensing elements [1].



Optical fibers have a core surrounded by cladding that confines the propagating light to the core; thus, propagating light is not able to interact with the outer environment in intrinsic mode [2]. In order to be used as chemical sensors, the propagating light must be able to interact with the outside environment. Thus, many types of optical fibers have been developed that enable interaction between the outside environment and core, such as core-exposed fibers and tapered fiber optics, and many kinds of chemical sensors and biosensors have been based on these fiber optics [3,4,5].



Ethanol measurement is important for many fields such as clinical analysis, quality control in food and beverages, and fermentation control. Over the years, many types of ethanol sensors have been reported [6]. However, ethanol is a flammable and volatile material. Unlike many of the previously proposed sensors, fiber optic sensors do not have electrical contacts in the sensing component. Therefore, one advantage to the use of fiber optic ethanol sensors is reduced risk of fire.



Many types of fiber optic ethanol sensors have been reported. In these sensors, surface plasmon resonance (SPR) and/or localized surface plasmon resonance (LSPR) was used to measure the ethanol concentration based on the refractive index change [7,8,9].



As a novel structure in optical fiber sensors, a hetero-core structured optical fiber was developed and has been applied to chemical sensing [9,10,11,12]. The hetero-core structured optical fiber consists of short piece of single-mode optical fiber that functions as a sensing part and multi-mode optical fibers that function as the transmission line (Figure 1). The fabrication of hetero-core structured optical fiber is easy because it is fabricated using a commercially available fusion-splicer. In addition, the mechanical strength is enough because the cladding of the sensing part is not reduced.


Figure 1. Schematic diagram of the measurement system and sensor structure.
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In this primary study for the application of a hetero-core structured optical fiber to the food field, a simple fiber optic structure is reported based on Snell’s law, in which expansion or contraction of the layer-by-layer (LbL) thin film in the presence of ethanol results in a change of the refractive index of the film.




2. Materials and Methods


2.1. Materials


Poly (allylamine hydrochloride) (pAA) was purchased from Sigma-Aldrich Corp, Missouri, USA, poly (sodium p-styrenesulfonate) (pSS) was purchased from Acros Organics, New Jersey, USA, and 3-aminopropyl trimethoxysilane was purchased from Tokyo Chemical, Tokyo, Japan. The alcoholic beverages used as samples included non-alcoholic beer, beer (ethanol concentration is 5%), white wine (12%), Kirin-Syotyu (12%), Daigoro-Syotyu (25%), and gin (47%). Other chemicals were analytical grade. A step index (SI)-type single-mode (SM) optical fiber (cladding diameter of 125 µm and core diameter of 3 µm) was purchased from Newport Corp, California, USA. A graded-index (GI)-type multi-mode (MM) optical fiber (cladding diameter of 125 µm and core diameter of 50 µm) with an FC connector was purchased from MIKI Inc., Tokyo, Japan.




2.2. Sensor Fabrication and Measurement System


The fabrication of the hetero-core structured optical fiber, the measurement system, and the deposition of the layer-by-layer thin film has been described elsewhere [10,11]. In brief, the surface of the hetero-core structured fiber optic was treated with 3-aminopropyl trimethoxysilane to introduce a positive charge, and the aminated surface was alternatively immersed in a 20-mM pSS solution and a 20-mM pAA solution for 30 s. The propagating light intensity was recorded for monitoring the ethanol concentration and the deposition process.



In the measurements of the ethanol/water solution and the alcoholic beverages, a hetero-core fiber optic covered with 80 layers of pSS and pAA (pSS/pAA)80 was used. The sensor was immersed in the solution, and the propagating light intensity was measured.





3. Results and Discussion


Figure 1 shows the schematic diagram of the measurement system and sensor structure. The nearly white light propagating in the core of the MM fiber leaked to the cladding of the SM fiber after passing through the spliced junction because the core diameter of the SM fiber was smaller than that of the MM fiber. Because the refractive index of the sensor surround was larger than that of the cladding, leakage of the cladding light into the surround increased based on Snell’s law. The propagating light intensity decreased with the increasing refractive index of the SM fiber’s cladding material.



Figure 2 shows the correlation between the propagating light power at 600 nm and deposited layer number. According to measurements taken during the deposition cycle, the propagating light power decreased with increasing LbL film thickness. Deposition of LbL thin film caused an increase of the refractive index in the vicinity of the sensing component. In the sensing cladding, many propagating light modes were generated. This behavior indicates that leakage of the propagating light within the sensor increased according to Snell’s law, resulting in a decrease of the propagating light intensity.


Figure 2. Propagating light intensity of the 60-layers deposited sensor in air (-●-), water (-□-) and ethanol (-×-).
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Figure 3a shows the propagating light spectra for the 60 layers-deposited fiber in air, water, and ethanol. The propagating light intensity of the sensor decreased over the wide wavelength range considered with the highest propagation light intensity occurring in air (refractive index of 1.00), followed by that in water (refractive index of 1.33) and ethanol (refractive index of 1.36). Figure 3b shows a correlation between the ethanol concentration and the sensor output for measurements performed in various ethanol/water solutions. The propagating intensity decreased monotonically with increasing ethanol concentration.


Figure 3. (a) Propagating light spectra of the 60-layers deposited sensor in air (-●-), water (-□-) and ethanol (-△-), and (b) the correlation between ethanol concentration and propagation loss at 600 nm.
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In addition, the degree of the decreasing propagating light intensity of the LbL film-deposited fiber was larger than that of the bare fiber. This difference was attributed not only to the refractive index of the solution but also to the contraction of the LbL film in the presence of ethanol [13]. The schematic is presented in Figure 4.


Figure 4. Schematic diagram of the response mechanism of the LbL film to ethanol. (Black solid arrows indicate the propagating light in the cladding. Red solid arrows indicate the reflected light. The dotted red arrows indicate the refracted light.).
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When the sensor was immersed in water, water (refractive index of 1.333) permeated the LbL film, and any air (refractive index of 1.00) within the LbL film was pushed outside of the film. Likewise, when ethanol (refractive index of 1.36) was added to the water, the refractive index of the LbL film increased. In addition, the LbL film contracted in the presence of ethanol further increased the refractive index, resulting in increased propagating light leakage and decreased propagating light intensity.



Figure 5 shows the response curve of the sensor. The transmitted power at 600 nm was recorded when the sensor was immersed in (solid arrow) and/or pull up from (dotted arrow) the various concentrations of ethanol solution. The sensor responded as soon as it was dipped into the solution. The sensor output increased with increasing ethanol concentration. When the sensor was removed from solutions with 5.54–49.84% ethanol concentration, the sensor output was initially slow to respond. On the other hand, the sensor output showed a rapid response when the sensor was removed from concentrations of 80.57% and 99.5% ethanol. The vapor pressure of ethanol is larger than that of water at the same temperature. Therefore, ethanol evaporates faster than water. A first quick response would be attributed to the evaporation of ethanol from the LbL film, and the following slow response would be attributed to the evaporation of water.


Figure 5. Response curve of the fiber optic ethanol sensor. The vertical scale indicates the sensor output (the length is equivalent to 200 mV), and the horizontal line indicates time (the length is equivalent to 10 s). Solid arrows indicate the dipping the sensor into the solution, and dotted arrows indicate the raising the sensor from the solutions.



[image: Foods 07 00117 g005]






The sensor was then immersed in alcoholic beverages, and the propagating light intensity was measured. The sensor was subsequently immersed in water, ethanol, and the alcoholic beverage sample. Figure 6 shows the propagating light intensity of the sensor when the sensor is immersed in alcoholic beverages such as non-alcoholic beer (ethanol concentration is 0.00%), beer (5%), white wine (12%), Kirin-Syotyu (12%), Daigoro-Syotyu (25%), and gin (47%). The sensor was tested in this order of the beverages. In distilled alcoholic beverages such as Syotyu and gin, the propagating light intensity decreased with increasing ethanol concentration. Likewise, in non-alcoholic beer and beer, the propagating light intensity was smaller in non-alcoholic beer than in beer, showing decreasing propagating light intensity with increasing ethanol concentration. In beers, dissolved carbon dioxide presents weak acidity. In polyelectrolyte multilayer films, pH change in the solution caused expansion and contraction of the film [14]. Therefore, change in the refractive index of the LbL film might occur by the expansion and/or contraction of the LbL film due to the presence of dissolved carbon dioxide. Thus, measurement of ethanol concentration in beverages might require pretreatment to avoid the presence of interfering substances. In Figure 6, the propagating light intensity in water and ethanol decreased in proceeding measurements. In distilled alcoholic beverages, fragrance components are included, and it is assumed that the refractive index of the film might be attribute to adsorbing these components.


Figure 6. The propagating light intensity within various beverages. The sensor was subsequently immersed in water, ethanol, and the sample. KS–12%: Kirin Shotyu (12% ethanol); DS–25%: Daigoro-Shotyu (25% ethanol); Gin–47%: Gin (47% ethanol); NonAlc–0%: non-alcohol beer (0% ethanol); Beer–5%: beer (5% ethanol); Wine–12%: White wine (12% ethanol).
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4. Conclusions


A hetero-core structured optical fiber covered with LbL film was applied to measure ethanol concentration. The propagating light intensity responded to the ethanol concentration in the ethanol/water solution. The mechanism of the response was based on swelling or shrinking of the LbL film, resulting in a refractive index change of the LbL film. The sensor responded to a wide range of ethanol concentrations in water. In applications to real samples, however, pH changes interfered with the sensor output. In addition, it was assumed that the film responded to flavor compounds, and it is necessary to protect the film from interference substances that are adsorbed to the film and change the refractive index of the film.







Author Contributions


A.S. designed the experiments; K.W. developed and fabricated hetero-core structured optical fiber. Y.K. and A.S. performed the experiment and analyzed the data; A.S. wrote the paper.




Funding


This research received no external funding.




Acknowledgments


This research was supported by Gakunai Kenkyuhi of SOKA University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Leung, A.; Shankar, P.M.; Mutharasan, R. A review of fiber-optic biosensors. Sens. Actuators B Chem. 2007, 125, 688–703. [Google Scholar] [CrossRef]

	2. 
Jerónimo, P.C.A.; Araújo, A.N.; Montenegro, M.C.B.S.M. Optical sensors and biosensors based on sol-gel films. Talanta 2007, 72, 13–27. [Google Scholar] [CrossRef] [PubMed]

	3. 
Corres, J.M.; Arregui, F.J.; Matías, I.R. Sensitivity optimization of tapered optical fiber humidity sensors by means of tuning the thickness of nanostructured sensitive coatings. Sens. Actuators B Chem. 2007, 122, 442–449. [Google Scholar] [CrossRef]

	4. 
Wang, Q.; Zhao, W.-M. A comprehensive review of lossy mode resonance-based fiber optic sensors. Opt. Lasers Eng. 2018, 100, 47–60. [Google Scholar] [CrossRef]

	5. 
Klantsataya, E.; Jia, P.; Ebendorff-Heidepriem, H.; Monro, T.M.; François, A. Plasmonic Fiber Optic Refractometric Sensors: From Conventional Architectures to Recent Design Trends. Sensors 2017, 17, 12. [Google Scholar] [CrossRef] [PubMed]

	6. 
Azevedo, A.M.; Prazeres, D.M.F.; Cabral, J.M.S.; Fonseca, L.P. Ethanol biosensors based on alcohol oxidase. Biosens. Bioelectron. 2005, 21, 235–247. [Google Scholar] [CrossRef] [PubMed]

	7. 
Semwal, V.; Shrivastav, A.M.; Verma, R.; Gupta, B.D. Surface plasmon resonance based fiber optic ethanol sensor using layers of silver/silicon/hydrogel entrapped with ADH/NAD. Sens. Actuators B Chem. 2016, 230, 485–492. [Google Scholar] [CrossRef]

	8. 
Lin, Y.-C. A fiber optic alcohol sensor based on surface plasmon resonance. Microw. Opt. Technol. Lett. 2014, 56, 766–769. [Google Scholar]

	9. 
Mitsushio, M.; Masunaga, T.; Yoshidome, T.; Higo, M. Alcohol selectivity and measurement of ethanol concentrations in liquors using Teflon® AF2400-coated gold-deposited surface plasmon resonance-based glass rod sensor. Prog. Org. Coat. 2016, 91, 33–38. [Google Scholar] [CrossRef]

	10. 
Seki, A.; Yoshikawa, K.; Watanabe, K. Localized Surface Plasmon Resonance Sensor Based on Hetero-core Structured Fiber Optic. Procedia Eng. 2014, 87, 196–199. [Google Scholar] [CrossRef]

	11. 
Iwashita, N.; Tomisawa, J.; Seki, A.; Watanabe, K. Humidity sensor based on hetero-core structured fiber optic covered with layer-by-layer thin film. Key Eng. Mater. 2014, 605, 167–172. [Google Scholar] [CrossRef]

	12. 
Hosoki, A.; Nishiyama, M.; Igawa, H.; Seki, A.; Choi, Y.; Watanabe, K. A surface plasmon resonance hydrogen sensor using Au/Ta2O5/Pd multi-layers on hetero-core optical fiber structures. Sens. Actuators B Chem. 2013, 185, 53–58. [Google Scholar] [CrossRef]

	13. 
Poptoshev, E.; Schoeler, B.; Caruso, F. Influence of solvent quality on the growth of polyelectrolyte multilayer. Langmuir 2004, 20, 829–834. [Google Scholar] [CrossRef] [PubMed]

	14. 
Itano, K.; Choi, J.; Rubner, M.F. Mechanism of the pH-induced discontinuous swelling/deswelling transition of poly(allylamine hydrochloride)-containing polyelectrolyte multilayer films. Macromolecules 2005, 38, 3450–3460. [Google Scholar] [CrossRef]





















© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  foods-07-00117


  
    		
      foods-07-00117
    


  




  





media/file8.jpg
H20 5.54% 10.52% 20.64%
Wah ek Vahle
tot

(I [ 14

35.25% 49.84% 80.57% 99.5%

YU

200mv T =
10s






media/file11.png
Fropagating light power at 600nm

2000

1500

1000

500

[l

Water [ Ethanol | Sample‘—

]

KS-12%

DS-25% Gin-47% NonAl c-0%

Bevelages





media/file6.jpg
e ® 5 8 5 ik

ethanol v \A
7 veter
15,9 —
G] a0 ®a¢€ o pae O},‘\
LA PRI PN

’
’ \
\ SwollenLbLfilm _~

\  ShrunkLbLfim 7
(low refractive index) (high refractive index)





media/file1.png
Light
source

Photodiode
and

A/D convertor

Personal
computer

~
N
_- Layer-by-layer film \‘
»
Multi-modefiber Single-mode fiber Multi-modefiber
(length: 2 cm) J
4






media/file10.jpg
Propagating light power at 600nm

2000

1500

1000

500

FoL 0O

Water [ Ethanol

W Sample

Ks-12%

Bevelages

DS-25%  Gin-47% NonAl c-0% Beer-5% Wine-12%






media/file7.png
-—__>A

— -
— —
— -

O ® e S A

- @. © ethan/olv .' “
@. @‘@ water 6‘ o O
.®'o@ —> o¥V° pAQ g
®© (')g < 5 Ppre?

s 1) '@‘ @ @®

[}
W > , |
+—* cladding g J
\
' SwollenLbLfim X, SDmBlGEbflm %
(low refractive index) - (high refractive index)

4
A S
A A Iy / 2%
$ A





media/file9.png
5.54% 10.52% 20.64%

L/—UT__/_U—

35.25% 49 .84% 80.57% 99.5%
A A
T i T i T A
i )

—

-->

200mvV T
10s





media/file5.png
log (Qutput)

36

34 L

32 |

450 500 550 600 650 700 750 800
Wavelength/nm

Loss/dB

_0. 5 T T T T
. (b)
_‘I |
]
&
_I . 5 - 8 .
-2+ . .
-2.5 | »
—3 1 1 1 I
0 20 40 60 80

EtOH/ (w/w%)





media/file3.png
Light power [a.u.]

3000

2500 |

2000

1500

1000

500

] _
A,
. O @
- O &
. D »
w B e i
Y [zl
e a |
26 40 60 80 100

Layer number





media/file4.jpg
log (Qutput)

3

2

2

B!

4

Loss/dB.

1507500 5% 500 80 700 70
Wavelength/m

0

%

[
ELOH/ (w/w%)

o






media/file0.jpg
Light Photodiode || personal
Souree A/Dconvertor | | Computer

Layer-bylayer fim

% N A

. Y Y
Multi-modefiber Single-mode fiber Multi-modefiber
llength:2.em)





media/file2.jpg
40 60 80 100 120

20

3000

i
8
3
&

g 8

N

1000 |

['n-e] Jamod JysiT

500 |

Layer number





