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Abstract:

 A sensitive volatile organic vapor sensor based on the LSPR properties of silver triangular nanoprisms is proposed in this paper. The triangular nanoprisms were fabricated by a nanosphere lithography (NSL) method. They have sharp vertices and edges, and are arranged in an ideal hexangular array. These characteristics ensure that they exhibit an excellent LSPR spectrum and a high sensitivity to the exterior environment changes. The LSPR spectra responding to ethanol vapor and four other volatile organic vapors—acetone, benzene, hexane and propanol—were measured with a UV-vis spectrometer in real time. Compared with the other four vapors, ethanol exhibits the highest sensitivity (∼0.1 nm/mg L−1) and the lowest detection limit (∼10 mg/L) in the spectral tests. The ethanol vapor test process is also fast (∼4 s) and reversible. These insights demonstrate that the triangular nanoprism based nano-sensor can be used in ethanol vapor detection applications.
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1. Introduction

In recent years, rapid, sensitive and well selective gas phase chemical sensors, especially sensors for detection of volatile organic vapors, have found significant applications in environmental monitoring, national security and food safety areas. Organic vapor sensors based on semi-conductive metal oxides (e.g., ZnO, SnO2) [1–4], surface acoustic waves (SAW) [5,6] and fiber waveguide optics [7,8] have been extensively studied in the past few decades. Each sensing technique possesses its own inherent advantages and limitations, and each sensor type has a specific role in its applicable field. Nevertheless, the gas sensing performance strongly depends on the surface-to-volume ratio (i.e., specific area) of the materials for detection of volatile organic vapors, and nano-scale sensing materials or structures are expected to exhibit better sensing performance than bulk or thin film sensors [9].

Several research reports have confirmed the validity of this statement. Rella et al. demonstrated the good response to NO2 and CO when the size of SnO2 grain was controlled below 10 nm [10]. Wan and coworkers found that the gas sensors based on ZnO nanowires fabricated with micro-electro-mechanical system (MEMS) technology exhibited high sensitivity and fast response times to ethanol gas at a working temperature of 300 °C [11]. Although nano-scale metal oxide grain significantly enhanced the sensing performance of the correlated sensor, the working temperature (150∼600 °C), required for maximum response prevents their practical applications in most areas.

Besides research on nanopowders as the assistant material to enhance the sensor response, studies of nanostructures themselves working as both receptor material and transducer are also coming to researchers’ attention. Noble metal nanostructures are one type of interesting nanostructures due to their significant potentials in optical communications [12,13], sub-wavelength lithography [14], and bio-chemical sensing applications [15,16]. Most of those applications are based on the unique optical properties of Localized Surface Plasmon Resonance (LSPR). LSPR occurs when the frequency of the incident light is resonant with the collective oscillations of the conduction electrons in the metal nanoparticles (MNPs), and externally expressed by a strong extinction (the sum of absorption and scattering) band in the visible spectrum. The location of the extinction maximum is highly dependent on the dielectric properties of the surrounding environment. As a result, the peak wavelength shifts in the extinction maximum of nanoparticles can be used to detect molecule-induced changes surrounding the nanoparticles.

Recently, several papers have been published on the use of the LSPR spectrum technique for the detection of streptavidin [17], anti-biotin [18], concanavalin [19], Alzheimer disease bio-markers [20], and other bio-recognition events [21]. There are also reports on LSPR sensing applications in the liquid phase for the detection of organophosphorous pesticides [22], hydrogen peroxide [23], ammonia [24], and other chemical detection experiments. In terms of gas phase molecule detection, besides several studies in inorganic gases sensing [25–27], experiments by Chen et al. [28,29] were carried out to explore the LSPR spectra response to a series of organic gases such as octane, pentanol, etc. by utilizing silver nanoparticles and gold nanoshells. Vaskevich and coworkers [30] found that a polymer-coated gold island showed selective gas sensing characteristics by investigating the extinction spectrum response to several vapors qualitatively, without obtaining the exact sensing sensitivity and detection limits.

In this paper, a sensitive organic vapor sensor based on silver triangular nanoprisms array was developed. Its sensing properties for ethanol relative to other four vapors (acetone, benzene, propanol and hexane) were investigated. The silver triangular nanostructures with sharp vertices and edges, proved to be more sensitive than the traditional spherical nanoparticles [31,32], and were prepared by a nanosphere lithography (NSL) fabrication method. The LSPR spectra response to five organic vapors was measured by a UV-vis spectrometer in real time. Besides, the sensing sensitivity and detection limit of five organic vapors, the linearity of spectra changes, the time response, as well as the repeatability were also discussed and analyzed in detail.



2. Experimental Setup and Method


2.1. Substrate

K9 glass substrates (20 mm × 10 mm × 1.5 mm) were used to provide a good light transmissivity and a physical support for the triangular nanoprisms. To ensure hydrophilicity and cleanness, the substrates were prepared as follows: first, immersed in a piranha solution (30% H2O2/H2SO4 = 1/3) at 80 °C for 30 min; second, after cooled in N2 and rinsed with copious amounts of double distilled water, the substrates were sonicated in 5:1:1 H2O/NH3·H2O/30%H2O2; third, rinsed repeatedly with de-ionized water and stored in it before nanostructures fabrication process.



2.2. Transducer Fabrication

As a transducer of light signals and vapor concentration, silver triangular nanoprisms present a good extinction peak and a large surface area to facilitate quantitative adsorption of organic vapors. The NSL technique, one of the most popular means to fabricate large area periodic nanostructure arrays, was employed to create the triangular nanoprisms in the experiment due to its time and money cost effectiveness. The fabrication process primarily consists of three steps: first, a layer of ∼399 nm polystyrene (PS) nanosphere colloidal suspension (1.8%, 3400A, Thermo Scientific Inc., Canada) was spin coated (speed: 3,000 rpm) onto the substrate to form a large-area close-packed nanosphere monolayer pattern; second, a layer of ∼50 nm silver was deposited on the monolayer template in a thermal evaporator (400-I, C-Vac Inc., China); and third, the PS nanospheres were removed by dissolving them in ethanol with the aid of sonication for 20 s∼60 s. Following that, a well ordered two-dimensional triangular nanoprisms array was finally obtained on the substrate.



2.3. Detection System

The schematic diagram of the detection system is shown in Figure 1. A white light beam radiated by a halogen lamp was propagated through a multimode optical fiber to illuminate the sensing chip. On the other side of the chip, it was collected by another multimode fiber. The LSPR spectra were measured at room temperature (20 °C) by using a Scientific-grade UV-Vis Spectrometer (QE65000, Ocean Optics Inc., USA), with associated data processing software (SpectraSuite, Ocean Optics Inc.). The spectrometer was operated at a wavelength resolution of 1 nm in our experiment, and the extinction can be evaluated by:

Figure 1. Schematic presentation of experimental setup.
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(1)




where S(λ), D(λ) and R(λ) denote the sample intensity, the dark intensity, and the reference intensity at the wavelength of λ, respectively. An airproof gas cell was used in this experiment to provide a platform where the test vapor was adsorbed on the transducer and the vapor concentration was transmitted into the optical signal. The gas cell was made of a specific kind of polymer and specially designed and fabricated to enhance the light transmission.
The test vapor of a defined concentration was prepared by injecting a specific volume of saturated vapor into the gas cell, where the saturated vapor was produced by stewing a certain amount of the corresponding matter of liquid phase in a big sealed container for several hours. The injection volume in experiment was defined as:
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(2)




where Cd, Cs and Vr refer to the test vapor concentration, the saturated vapor concentration and the volume of gas cell, respectively.



3. Results and Discussion

Figure 2 shows the SEM image and the LSPR spectrum of the fabricated triangular nanoprisms. As shown in Figure 2(a), the triangular nanosprisms with sharp vertices and edges were arrayed in a hexagonal form, with a period of 399 nm. This regular pattern gives an excellent LSPR spectrum in air, with a high peak to valley (PV) value, a narrow bandwidth, and an appropriate spectrum peak wavelength, 537 nm in air, as shown in Figure 2(b). Due to these characteristics, triangular nano-sensor has great advantages in detection sensitivity for use in gas phase chemical sensing.

Figure 2. (a) SEM image of the fabricated triangular nanoprisms. (b) The test LSPR spectra in clean air and in liquid phase ethanol.
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3.1. LSPR Spectrum Response to Ethanol Vapor Concentrations

According to the test results for the sensor chip exposed to ethanol vapor of different concentrations presented in Figure 3(a), the peak wavelength of the spectrum shifts from 537 nm to 547 nm gradually when the ethanol concentration varies from 0 mg/L (in air) to 105 mg/L. Comparing Figure 2(b) with Figure 3, it is apparent that the variation of peak wavelength for ethanol in gas phase is much smaller than that in liquid phase, indicating a much smaller refractive index of ethanol in gas phase than in liquid phase. This phenomenon is an interior interpretation of the difficulty of gas molecule detection for those refractive index based sensors.

Figure 3. (a) LSPR spectra response to different ethanol vapor concentrations. (b) Response sensitivity of LSPR spectrum calibrated with eight different ethanol vapor concentrations.
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In order to better resolve the overall relationship between the resonant wavelength and the ethanol vapor concentration, we performed more experiments on different vapor concentrations. The extinction spectra peak wavelength shift (0 mg/L as the base point) as a function of ethanol vapor concentration isplotted in Figure 3(b). As the concentration increases from 0 mg/L to 105 mg/L, in increment of 15 mg/L, the peak shift amount increases gradually, suggesting a linear relationship. Hence, we define “vapor sensor sensitivity” m to directly evaluate the sensing performance of metal nanostructures based volatile organic vapor sensors:
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(3)




where Δλp and ΔCd denote the peak wavelength shift in a certain vapor concentration relative to that in air and the corresponding concentration change. For the ethanol vapor test, the sensitivity is approximately 0.1 nm/mg L−1, as shown in Figure 3(b), indicating a 1 mg/L increment in ethanol vapor concentration will induce a 0.1 nm red shift in spectrum.
The detection limit, determined by the sensor sensitivity as well as the operational resolution of the applied detector, is approximately 10 mg/L for ethanol test in our experiment based on the results in Figure 3(b). It will be improved if a spectrometer with greater wavelength resolution is used.



3.2. Response Time and Repeatability

The reversibility, stability, and response time of the LSPR spectra were examined by repetitive intermittent exposure of the silver triangular nano-transducers to ethanol vapor. The saturated ethanol vapor, approximately 105 mg/L in room temperature, was switched on for 15 s and then switched off for 120 s by closing or opening the riser of the gas cell during the three test cycles. A response of the LSPR spectra was then observed upon the repetitive variation of the environment in the gas cell between clean air and saturated ethanol vapor-containing air.

Figure 4 shows the dynamic peak wavelength shift changes as time increases in the three test cycles. After the 105 mg/L ethanol vapor was injected into the gas cell, a considerable peak wavelength response (10 nm) can be observed. This is quantitatively consistent with the experiment results in Section 3.1. As indicated in Figure 4, the peak wavelength response was rapid, stable, and reproducible. It should be noted that the recovery time (∼66 s for the first cycle) lasts much longer than the response time (∼4 s for the first cycle). This can be attributed to the difference of mixing time for ethanol molecule: when switched on, the concentration in the tiny closed gas cell grows from 0 mg/L to saturated in a short time; when switched off, the saturated ethanol vapor diffused into the exterior environment with a concentration in gas cell growing from saturated to approximately 0 mg/L in a much longer time.

Figure 4. Time responds to saturated ethanol vapor of the nanosensor.
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It also should be noted that the peak wavelengths after the second test cycle and the third test cycle are a little bigger than that before and after the first test cycle. This is because the concentration of ethanol vapor in the gas cell cannot return to 0 mg/L (clean air) after two test cycles. The reversibility will be further improved when the test gas cell is created of vacuum after each test cycle.



3.3. Selectivity

The LSPR spectrum response of silver triangular nanoprisms to other four analyte volatile organic vapors (i.e., acetone, benzene, propanol and hexane) was tested. The sensor chip applied in this section was the one that applied in ethanol vapor test in Sections 3.1 and 3.2 for comparison. Figure 5 describes the LSPR spectra measured in situ during the sensor’s exposure to the four analyte vapors of various concentrations. The peak wavelengths vary as the concentration increases for the four test vapors, indicating different increments in refractive index in the gas cell. As indicated in Figure 5(a), the saturated acetone vapor induces a red shift of the LSPR spectrum of approximately 17 nm, much larger than that for propanol, 3 nm as shown in Figure 5(d). Also, both the maximum red shift for benzene vapor and hexane vapor is 10 nm, the same with ethanol vapor shown in Figure 3(a).

Figure 5. LSPR spectra responding to various vapors. (a) Acetone; (b) Benzene; (c) Hexane; (d) Propanol.
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In order to better resolve the selective characteristics of the nano-sensor, we further made a comparison of the peak wavelength response to the concentration of the five test vapors, as shown in Figure 6. All the five test vapors, ethanol, acetone, benzene, propanol and hexane, showed a good relative linear response, with the slope of ethanol being the greatest. This reveals selectivity for ethanol of the LSPR sensor, and indicates the physical interaction between nanostructures and vapor molecules. On the one hand, as is well known that the LSPR spectrum responds only to the ambient refractive index change, it is more sensitive with compounds of a higher refractive index than that of a lower refractive index. On the other hand, changes in refractive index induced by compounds in gas phase are relatively smaller than that in liquid phase. This indicates that vapors with poor volatility (i.e., low saturated vapor pressure), which are easy to liquefy on the surface of metal nanostructures, will exhibit a good LSPR sensitivity.

Figure 6. Calibration sensitivity curves of peak wavelength response to concentrations of five test vapors.
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As described in Table 1, both the refractive index and saturated pressure contribute to the sensor response. Ethanol, with a relatively higher liquid refractive index and a lower saturated vapor pressure, exhibits a higher sensitivity than four other vapors. The detection limit of the ethanol is approximately 10 mg/L, much lower than that of the other four test vapors. Thus, the fabricated nano-transducer has potential applications in detection of ethanol in environmental monitoring and food safety.

Table 1. Comparison of the physical characteristics and LSPR selectivity of the five test vapors.


	Volatile organic vapors
	ethanol
	propanol
	benzene
	acetone
	hexane





	Refractive index (in liquid phase)
	1.37
	1.36
	1.49
	1.36
	1.34



	Saturated vapor pressure (mmHg)
	40
	10
	75
	185
	121



	sensitivity (nm/mg L−1)
	0.1
	0.095
	0.031
	0.028
	0.018



	Detection limit (mg/L)
	10
	10.5
	32.3
	35.7
	55.5











4. Conclusions

The volatile organic vapor sensing properties of an LSPR-based triangular nanoprisms sensor were studied in this paper. The high surface area and the regular pattern of triangular nanostructures fabricated by NSL provide an effective method for vapor adsorption and a feasible way for high sensitive vapor detection. A red shift extinction spectrum can be observed as the concentration of the test vapors increases. The sensitivity, defined as the peak wavelength shift per vapor concentration change in ambient conditions, is approximately 0.1 nm/mg L−1 for ethanol This result, much higher than that for other four test vapors (propanol, benzene, acetone, and hexane) indicates a good selectivity for ethanol vapor by the sensor chip. The detection limit, determined by the sensitivity of the sensor and the wavelength resolution of the applied spectrometer, is approximately 10 mg/L for ethanol in our experiments. Besides, the triangular nanoprisms based ethanol vapor sensor has a relatively fast response time (∼4 s) and a good sensing stability and reversibility. This study indicates the great potential in practical applications in detection of ethanol vapors for the LSPR sensor.






Acknowledgments

This work was supported by the Natural Science Foundation of China (60736037), Natural Science Foundation of Beijing (4102016), and Scientific Research Foundation of CUIT (KYTZ201102).



References


	1. 
Barsan, N; Koziej, D; Weimar, U. Metal oxide-based gas sensor research: How to? Sens. Actuat. B: Chem 2007, 121, 18–35. [Google Scholar]

	2. 
Vladimir, A. Metal oxide hydrogen, oxygen, and carbon monoxide sensors for hydrogen setups and cells. Int. J. Hyd. Energy 2007, 32, 1145–1158. [Google Scholar]

	3. 
Liu, Y; Dong, J; Hesketh, PJ; Liu, M. Synthesis and gas sensing properties of ZnO single crystal flakes. J. Mate. Chem 2005, 15, 2316–2320. [Google Scholar]

	4. 
Nguyen, VH; Nguyen, APD; Tran, T; Mai, AT; Nguyen, DC. Gas-sensing properties of tin oxide doped with metal oxides and carbon nanotubes: a competitive sensor for ethanol and liquid petroleum gas. Sens. Actuat. B: Chem 2010, 144, 450–456. [Google Scholar]

	5. 
Andrzej, B; Mikolaj, A; Genady, Z; Vladimir, A. Sensing properties of two-component Langmuir-Blodgett layer and its porous derivative in SAW sensor for vapor of methanol and ethanol. Thin Solid Films 2010, 518, 3402–3406. [Google Scholar]

	6. 
Cristian, V; Constantin, G. Surface acoustic wave sensors with carbon nanotubes and SiO2/Si nanoparticles based nanocomposites for VOC detection. Sens. Actuat. B: Chem 2010, 147, 43–47. [Google Scholar]

	7. 
Matthew, JA; David, RW. Optical-fiber arrays for vapor sensing. Sens. Actuat. B: Chem 2009, 142, 464–469. [Google Scholar]

	8. 
Sun, Y; Fan, X. Analysis of ring resonators for chemical vapor sensor development. Opt. Express 2008, 16, 10254–10268. [Google Scholar]

	9. 
Hooker, SA. Nanotechnology Advantages Applied to Gas Sensor Development. Proceedings of the Nanoparticles 2002 Conference, New York, NY, USA, October 2002; pp. 1–7.

	10. 
Rella, R; Siciliano, P; Capone, S; Epifani, M; Vasanelli, L; Liceiulli, A. Air quality monitoring by means of sol-gel integrated tin oxide thin films. Sens. Actuat. B: Chem 1999, 58, 283–288. [Google Scholar]

	11. 
Wan, Q; Li, QH; Chen, YJ; Wang, TH; He, XL; Li, JP; Lin, CL. Fabrication and ethanol sensing characteristics of ZnO nanowire gas sensors. Appl. Phys. Lett 2004, 84, 3654–3656. [Google Scholar]

	12. 
Ekmel, O. Plasmonics: Merging photonics and electronics at nanoscale dimensions. Science 2006, 311, 189–193. [Google Scholar]

	13. 
Harry, AA. The promise of plasmonics. Sci. Amer 2007, 296, 56–63. [Google Scholar]

	14. 
Sundaramurthy, A; Schuck, PJ; Conley, NR; Fromm, DP; Kino, GS; Moerner, WE. Toward nanometer-scale optical photolithography: Utilizing the near-field of bowtie optical nanoantennas. Nano Lett 2006, 6, 355–360. [Google Scholar]

	15. 
Zhu, SL; Li, F; Du, CL; Fu, YQ. A localized surface plasmon resonance nanosensor based on rhombic Ag nanoparticle array. Sens. Actuat. B: Chem 2008, 134, 193–198. [Google Scholar]

	16. 
Willets, KA; van Duyne, RP. Localized surface plasmon spectroscopy and sensing. Ann. Rev. Chem 2007, 58, 267–297. [Google Scholar]

	17. 
Haes, AJ; van Duyne, RP. A nanoscale optical biosensor: Sensitivity and selectivity of an approach based on the localized surface plasmon resonance spectroscopy of triangular silver nanoparticles. J. Am. Chem. Soc 2002, 124, 10596–10604. [Google Scholar]

	18. 
Riboh, JC; Haes, AJ; McFarland, AD; Yonzon, CR; van Duyne, RP. A nanoscale optical biosensor: Real time immunoassay in physiological buffer enabled by improved nanoparticle adhesion. J. Phys. Chem. B 2003, 107, 1772–1780. [Google Scholar]

	19. 
Yonzon, CR; Jioung, E; Zou, S; Schatz, GC; Mrksich, M; Van Duyne, RP. A comparative analysis of localized and propagating surface plasmon resonance sensors: The binding of Concanavalin A to a Monosaccharide functionalized self-assembled monolayer. J. Am. Chem. Soc 2004, 126, 12669–12676. [Google Scholar]

	20. 
Haes, AJ; Chang, L; Klein, WL; van Duyne, RP. Detection of a biomarker for Alzheimer’s disease from synthetic and clinical samples using a nanoscale optical biosensor. J. Am. Chem. Soc 2005, 127, 2264–2271. [Google Scholar]

	21. 
Dahlin, A; Zach, M; Rindzevicius, T; Kall, M; Sutherland, DS; Hook, F. Localized surface plasmon resonance sensing of lipid-membrane-mediated biorecognition events. J. Am. Chem. Soc 2005, 127, 5043–5048. [Google Scholar]

	22. 
Lin, TJ; Huang, KT; Liu, CY. Determination of organophosphorous pesticides by a novel biosensor based on localized surface plasmon resonance. Biosens. Bioelectron 2006, 22, 513–518. [Google Scholar]

	23. 
Endo, T; Yanagida, Y; Hatsuzawa, T. Quantitative determination of hydrogen peroxide using polymer coated Ag nanoparticles. Measurement 2008, 41, 1045–1053. [Google Scholar]

	24. 
Dubas, ST; Pimpan, V. Green synthesis of silver nanoparticles for ammonia sensing. Talanta 2008, 76, 29–33. [Google Scholar]

	25. 
Hu, JL; Wang, L; Cai, WP; Li, Y; Zeng, HB; Zhao, LQ; Liu, PS. Smart and reversible surface plasmon resonance responses to various atmospheres for silver nanoparticles loaded in mesoporous SiO2. J. Phys. Chem. C 2009, 113, 19039–19045. [Google Scholar]

	26. 
Bingham, JM; Anker, JN; Kreno, LE; Van Duyne, RP. Gas sensing with high-resolution localized surface Plasmon resonance spectroscopy. J. Am. Chem. Soc 2010, 132, 17358–17359. [Google Scholar]

	27. 
Kreno, LE; Hupp, JT; van Duyne, RP. Metal-organic framework thin film for enhanced localized surface Plasmon resonance gas sensing. Anal. Chem 2010, 82, 8042–8046. [Google Scholar]

	28. 
Cheng, CS; Chen, YQ; Lu, CJ. Organic vapour sensing using localized surface plasmon resonance spectrum of metallic nanoparticles self assemble monolayer. Talanta 2007, 73, 358–365. [Google Scholar]

	29. 
Chen, YQ; Lu, CJ. Surface modification on silver nanoparticles for enhancing vapor selectivity of localized surface plasmon resonance sensors. Sens. Actuat. B: Chem 2009, 135, 492–498. [Google Scholar]

	30. 
Karakouz, T; Vaskevich, A; Rubinstein, I. Polymer-coated gold island films as localized plasmon transducers for gas sensing. J. Phys. Chem. B 2008, 112, 14530–14538. [Google Scholar]

	31. 
Ma, WY; Yao, J; Yang, H; Liu, JY; Li, F; Hilton, JP; Lin, Q. Effects of vertex truncation of polyhedral nanostructures on localized surface plasmon resonance. Opt. Express 2009, 17, 14967–14976. [Google Scholar]

	32. 
Ma, WY; Yang, H; Hilton, JP; Lin, Q; Liu, JY; Huang, LX; Yao, J. A numerical investigation of the effect of vertex geometry on localized surface plasmon resonance of nanostructures. Opt. Express 2010, 18, 843–853. [Google Scholar]





















© 2011 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 license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
108 indr T j ) 120 in air j i "
—— acetone 200 mg/L f—— benzene 108 mg/L
g o acetone 300 mgL. 1 oo | benzene 162mg1 ]
_ acetone 600 mg/l benzene 320 mg/L OmgL  320mgn|
g g
g 60 OmglL  600mgl{ B go
3] §
kg s
$ 5
g 40 5 6.0
£ 3
€ <
& 20 & 40
00 . . . 20 . A .
400 450 500 550 600 650 700 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
(a (b)
120 T T T T 110 — . - - T . T
n air in air
hexane 348 mg/L. 1 propanol 10 mg/L
hexane 455 mgiL 100 £ propanol 20 mgiL o Mot 328 mgll
_ 100~ hexane 572 mgiL _ propanol 32.8 mg/L
g € g9
> =
3 3
§ 80 o
2 g 8o
S ]
< c
s S
g 60 g 70
il
60
40
50 bas@AV L L L L L
450 500 550 600 650 460 480 500 520 540 560 580 600

Wavelength (nm)

(c)

Wavelength (nm)

(d)





nav.xhtml


  sensors-11-08643


  
    		
      sensors-11-08643
    


  




  





media/file5.png
206

—&— ethanol
—&—aceton

—%*— benzene
—>— propanol
—=—hexane

w w [9)]
S S (3]
S o] N

Peak wavelength {(nm)

(3]
-y
o

536
0 100

200 300 400

Concentration (mg/L)

500

600





media/file3.png
450

400

350

300

50

2

200

150

100

50

Time (sec)





media/file0.png
PC-Data Processing

ensing chip





media/file1.png
010 in air |
- - - -in ethanol liquid

57nm ™.,

Extinction efficiency (%)

s " " " s
480 520 560 600 640 680
Wavelength (nm)

(b)






media/file2.png
Extinction efficiency (o)

R e e L A B a— —

in air 10
——30mg/L%37 nm 547 nm
——90mg/L
0.08 -——105mg/L 8
omglL  105mglL
i =
E 6
0.06 e 6N
6 4 Fit: 4
¥ Y=0.1X+0.3
8
o
0.04 2 g
0 ]
0.02 L L L " L s L " s
480 520 560 600 0 20 40 60 80 100 120
Wavelength (nm) Concentration (mg/L)

(a) (b)





media/file6.png





