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Abstract

An opto-chemical sensor for contact-less oxygen measurement inside sealed packages has been developed. The sensor is based on the principle of the luminescence quenching of a dye. The indirect measurement of the luminescence lifetime by means of a phase-shift technique is used for oxygen sensing. The measuring system consists of an oxygen sensitive element, which can be included inside the outer wrapper of a sealed package, and of an opto-electronic read-out module. This consists of three units: 1) a simple optic module, based on semiconductor devices (light emitting diodes and photo-diodes), filters and glass lenses; 2) an infrared thermometer to measure the temperature of the oxygen-sensitive element; 3) system electronics for data processing, temperature compensation and calibration procedures. Preliminary tests performed on this new instrument proved the suitability for contact-less oxygen measurements inside sealed packages. Therefore, it can be used for on-line non-destructive quality controls at the processing line of packaging industries and for leakage inspection of sealed packages throughout the distribution chain from the manufacturer to the distributor. Furthermore, since measurements are reversible and without consumption of oxygen, this sensor can also be profitably used in packaging technology and food research to investigate oxygen diffusion and permeation through the packaging material.
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Introduction

New packaging techniques such as modified-atmosphere packaging, active packaging, smart packaging or vacuum packaging [1] have been developed to preserve the quality of goods. The essential feature of all these techniques is the prevention of oxygen contamination inside the package. Oxygen causes oxidative processes and creates favourable conditions for the growing of aerobic spoiling organisms, such as moulds, thus affecting the quality, safety and freshness of many products.

The integrity of the packages is therefore one of the most important requirements of the modern packaging industry, and the measurement of O2 concentration serves as an indicator for the integrity and the quality of sealed packages.

Up to now package integrity has been verified by analysing samples of a production lot using invasive tests on a statistical basis [1]. These tests can be very laborious, time consuming and unreliable because the randomly occurring defect is not necessarily detected and not all the leaking packages are therefore rejected.

Quality controls of the entire production lot by non-destructive on-line methods is possible at the processing line. Visual, optical, acoustic or pressure difference tests [1] are commonly used for this purpose. However, they give information only on the original gas composition, rather than on the integrity of the final package, and they can only be used for leakage detection at the production line.

Visual oxygen indicators have become available which are suitable for direct inclusion in the packages, therefore allowing the monitoring of the integrity throughout the whole distribution chain from the manufacturer to the distributor. The presence of oxygen in a leaking package is shown by an observable change of colour of the indicator due to the oxidisation of the dye. However, visual indicators can only detect oxygen inside the package without any quantification of the concentration and this is their main limitation.

Oxygen sensors based on luminescence quenching render an alternative to existing methods [2]. Here we present an opto-chemical sensor for oxygen concentration measurements inside the package at a certain distance. It is both suitable for on-line non-destructive quality controls at the processing line and for leakage inspection of sealed packages throughout the distribution chain. Furthermore, since measurements are reversible and without consumption of oxygen, this sensor can also be profitably used in packaging technology and food research, for instance, to investigate oxygen diffusion and permeation through the packaging material.

Measurement principle

Oxygen concentration measurement can be based on the physical effect of the luminescence quenching of a dye. Luminescence is observed when a molecular or atomic system (luminophore) in an excited state relaxes in the ground state by the emission of light. A variety of processes can give rise to non-radiative relaxations of the luminophore, so determining a change of the luminescence intensity and lifetime. This phenomenon is known as luminescence quenching [2]. Oxygen behaves as a collisional (also said dynamic) quencher for a large family of indicators, such as polycyclic hydrocarbons, metal-organic complexes and heterocyclic compounds. When molecular oxygen interacts by means of collisions with any of these indicators, a change correlated to the oxygen content of either luminescence intensity and lifetime is observed [2].

The relation between intensity and lifetime towards oxygen concentration can be described by a Stern Volmer equation [2], as it follows:
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where , I, 0, I0 are the luminescence lifetimes and intensities with and without the quencher respectively, c is the quencher concentration and KSV is the Stern-Volmer constant. It can be seen that an increase of oxygen concentration causes a decrease of the luminescence intensity and a shortening of the lifetime.

It is worth to be noted that the dynamic quenching depends strongly also on temperature. In particular, the quenching efficiency increases with temperature for a constant oxygen concentration.

Intensity-based measurements require less sophisticated opto-electronics instrumentation than lifetime measurements, but they have some drawbacks and limitations. Intensity depends on the concentration of the luminophore and therefore it is seriously affected by the leaching and the photo-bleaching of the dye indicator. Moreover, luminescence intensity is dependent on light source fluctuations and on the spectral response of the photo-detector.

Luminescence lifetime measurements principle

Luminescence lifetime can be measured in the time-domain or in the frequency-domain. In the time-domain the luminophore is excited by a pulse of light and the time dependent decay of luminescence intensity is recorded. In the frequency-domain a modulated light excites the dye indicator, which emits a delayed luminescence signal also oscillating at the same frequency of the excitation. The phase-shift between the excitation and the emission is then measured and the lifetime calculated [3-5].

The phase measurement technique has already been successfully applied for oxygen sensing [3,5] and has proved suitable for the development of a new instrument for oxygen measurements in sealed packages.

If the phase angle  between the excitation and the emission is measured, it is possible to calculate the luminescence lifetime , given the modulation frequency f. In the ideal case of a mono-exponential decay-time of the luminescence intensity, it is found [6,7]:
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However, most of the times the luminescence decay curve cannot be described by means of only one exponential term. Instead, the emission can be seen as a sum of multiple exponential decays, each characterised by its own signal amplitude j and lifetime j being j an integer index. The mean phase-shift m is in this case given by the following relationship [6,7]:
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The detection of the phase angle instead of a direct lifetime measurement gives the advantage that it is easier to reduce the bandwidth of the measuring system and thereby to improve the signal-to-noise ratio. It is to be noted that for the design of such a modulation measuring system the choice of the frequency is critical, because of the non-linear nature of the tangens function.

Measurement set-up

The measuring system consists of an oxygen sensitive luminescent membrane incorporated into a sealed package and of an opto-electronic read-out module.

The requirements for oxygen concentration measurements with this sensor are: resolution at least of 0.1% of oxygen and accuracy of less than 1% in the concentration range of interest (0-21%).

The sensitive element

The oxygen-sensitive element is based on the luminescent dye Pt(II) meso tetra (pentafluoro) phenylporphyrin (PtTFPP), which is immobilised in a polystyrene membrane. It can be produced by a printing technique on a transparent carrier material or directly on the packaging material itself. The good characteristics of this dye in terms of high quantum yield, photo-stability and temperature characteristics make it suitable for oxygen concentration measurements. Three calibration curves of the PtTFPP based sensor element at different temperatures are shown in figure 1.
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Figure 1: Typical calibration curves of the PtTFPP based sensor element at three different temperatures: 40°C (circle), 25°C (triangle) and 15°C (diamond). The phase-shift was measure for at 0, 1.00, 5.04, 10.23 and 20,58 % of oxygen content with a modulation frequency of 5.0 kHz.

The opto-electronic module
The opto-electronic read-out module is based on low-cost semiconductor devices (light emitting diodes and photodiodes), on a simple optic module and an infrared radiation thermometer to measure the temperature of the sensitive element. A picture of the measurement set-up is shown in figure 2.

The optical set-up carries out the tasks of exciting the dye and collecting the luminescence signal at a distance of a few centimetres from the oxygen sensitive element. It has also to discriminate the contributions coming from the excitation source and to reduce the interference by e.g. ambient light and luminescence emissions from the other materials close to the sensitive element.
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Figure 2: Components of the measurement set-up.

The luminescent dye is excited by means of two green-bluish LEDs (Nichia NSPE-590S, peak wavelength of 518 nm) modulated at a frequency of 5.0 kHz. A bi-convex lens (focal length 25 mm, diameter 25 mm) is set in front to each LED to focus the light onto the oxygen-sensitive layer. This allows to have a smaller spot light on the package surface, thus reducing luminescent contributions eventually excited in the packaging material. Two band-pass glass filters BG 39 (thickness 2 mm, Schott, Mainz, Germany) are set in front at the LEDs to discriminate their emission at the longer wavelengths which can interfere with the luminescence signal. The phase-shifted luminescence from the sensitive element is collected by a system of lenses (collection optics) and filtered through a long-pass glass filter RG 630 (thickness 2 mm, Schott, Mainz, Germany) before being detected by a photo-diode (Hamamatsu S5106).

The constructed collection optics was compared with two commercially available objectives: one macro-objective (25 mm diameter, f/2.8, magnitude 1:1) and one 50 mm objective f/1.7 used as a macro. According to the experimental tests, the optical system based on glass lenses proved to be the best to collect the luminescence signal from a distance in the range of 5-10 cm. This collection optics allows to achieve a satisfactory rejection of the interference by light scattering, ambient light and luminescence contributions from other materials than the sensitive element. The typical ratio of the interference contributions to the luminescence signal for an oxygen concentration of 21% and a room temperature of 23°C ranges from 0.70% up to 3.0%, as the distance increases from 0 to 10 cm.

The processing electronics

A block diagram of the opto-electronic processing module is shown in figure 3. The photo-current generated by the collected signal in the detector (PD) is converted via an optimised transimpedance amplifier (TR-AMP) into a voltage signal. Further amplification and low-pass filtering is needed (AMP+LP) to eliminate DC components and high frequency noise. An analogue interface module (A/D+D/A) feeds the digitally generated excitation signal to the modulator circuit (MOD) and converts the resulting measurement signal into a digital stream. For the vector measurement of this signal, i.e. the magnitude and the phase, special digital signal processing hardware has been developed to cover the needs of resolution and precision of the fluorescence lifetime measurement (field-programmable-gate-array, FPGA).
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Figure 3: Functional block diagram of the electronic system.

Phase errors caused by the change of parameters of the electronic components have been eliminated by means of a second light source (REF LED). This reference LED (Hewlett Packard HSM-C670, peak wavelength 650 nm) is alternatively switched on to determine the phase-shift of the detector electronics. This value is subtracted from that obtained during the excitation of the sensor membrane to calculate the sensor specific phase-shift. In order to eliminate a phase drift due to temperature effects, this procedure is periodically repeated.

The result of the measurement is then delivered to a host computer via a serial link. A complete system, including a user interface, data storage and visualisation on a computer system has been implemented, where temperature compensation and calibration procedures are performed via software algorithms.

Temperature compensation

The optical set-up comprises also a radiation thermometer to monitor the temperature of, or close to, the oxygen-sensitive element to compensate the read-out value for temperature changes.

First tests have been performed to determine a mathematical model for the temperature compensation in the range between 10 and 40°C at 0, 0.1, 1.0, 5.0, 10.0 and 21% of oxygen content. Figure 1 shows three calibration curves of the sensitive element at the temperatures of 40°C, 25°C and 15°C.

Conclusion

Preliminary tests performed on the new opto-chemical sensor for contact-less oxygen measurements, which is based on measurements of the luminescence lifetime, proved that it is suitable for quality control of sealed packages.

Due to the high sensitivity of PtTFPP dye, the resolution in a contact-less oxygen concentration measurements improved when compared to different dyes. Moreover, the optical set-up developed for the read-out module of this sensor collects efficiently the luminescent signal from the oxygen sensitive element and achieves a good rejection of the interference caused by scattered and ambient light and luminescence emitted by other materials than the sensitive element.

These features make the sensor particularly attractive for applications in which oxygen contents in the range from 0 to 21% are to be measured with high resolution and good accuracy. Besides, the measurements are performed without consumption of oxygen, thus allowing investigations on the behaviour of the packaging material under different conditions. Hence, applications in the fields of the packaging technology and food research are also possible.
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