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Stellingen

De standaard fotopyroelektrische techniek maakt het mogelijk om snel en
nauwkeurig de warmtevereffeningscoéfficient (m’s™) te bepalen van zowel
vaste stoffen, vloeistoffen als pasta’s.

Daderlat et al., Chem. Phys. Lipids 82, 115-123 (1996)
dit proefschrift

Het concept van het optothermisch venster levert een elegante en

eenvoudige methode om vloeistoffen spectroscopisch te analyseren.
dit proefschrift

Fotothermische technieken zullen in combinatie met moderne scheidings-
technieken de detectielimieten aanscherpen.

Tran C.D. et al.. Anal. Chem. Acta 299, 361-369 (1995}

Franko M. et al.. ingediend Chromatography (1997)

Indien entropie intuitief wordt gedefinieerd als maat voor de hoeveelheid
wanorde, is dit in in tegenspraak met het harde bollen systeem, aangezien de
entropie van dit model, bij voldoende hoge dichtheid, in de geordende

kristallijne fase groter is dan in de wanordelijke vloeistoffase.
B.J. Alder and T.E. Wainwright, J. Chem. Phys. 27, 1207 (1957)

M. Dijkstra, proefschrift Universiteit Utrecht (1995}

R. van Rotj, proefschrift Universiteit Utrecht (1996)

Door de lage structuurstabiliteit van het Fc fragment en de relatief hoge
structuurstabiliteit van het F(ab’), fragment zal de bindingsactiviteit van
geadsorbeerd IgG voor hCG behouden blijven onder verschillende adsorptie

omstandigheden.
J. Buijs. proefschrift Landbouwuniversiteit Wageningen (1995)

Differential Scanning Calorimetry is een “cantankerous device” dat

onderzoekers meer problemen geeft dan oplost.
V.E. Sweat, Chapter 2, Engineering properties of foods, M.A. Rao and $.8.H. Rizvi
(1994)
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Volgens Felicia Huppert hebben vrouwen een beter geheugen dan mannen.
Dat betekent dat bij verdergaande emancipatie het fenomeen “verstrooide

professor” zal verdwijnen,
Intermediair 20-2-1997

In de toekomst zal bodemverontreiniging vooral aangepakt worden door
gefundeerd niets doen.

Als het aantal dodelijke slachtoffers van malaria in de Westerse wereld een
voelbare fractie zou zin van dat in de tropen, dan zou er harder naar een
oplossing worden gezocht.

Voetbal zou een stuk aantrekkelijker worden als men met dezelfde
frequentie regelwijzigingen zou doorvoeren als bij het hockey.

Erkennen dat men zich heeft vergist, is slechts constateren dat men vandaag
meer inzicht heeft dan gister.

Kindertelevisie is volwassen geworden en volwassenentelevisie kinds, dat
betekent dat televisie in ieder geval met zijn tijd mee gaat.

Stellingen behorend bij het proefschrift “Photothermal Experiments on
Condensed Phase Samples of Agricultural Interest: Optical and Thermal
Characterization” van Jan Paul Favier, Landbouwuniversiteit Wageningen,
31 oktober 1997
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1 Introduction to Photothermal Science

History

Photothermal (PT) science is a cumulative name for a class of phenomena that involve the
generation of heat caused by the absorption of modulated or pulsed radiation. The first report
on photoacoustic (PA) effect, the oldest among PT phenomena, dates back to 1880." The
discoverer Alexander Bell and his coworker Tainter were ahead of their time when using the
photophone to transmit the ‘speech’ by modulated light over a distance of 213 meter.
Rayleigh, Réntgen, Mercadier, and Tyndall were among the scientists who were also
involved in studying the new phenomena. Due to practical limitations of hearing tubes used
as detectors in the early experiments, the PA effect remained a scientific curiosity, but some
interesting conclusions could be made. For example, Mercadier who performed PA
spectroscopic studies on various materials, came to the conclusion that “the maximum effect
was found to be produced by the red rays and by the invisible ultra-red rays”. Likewise,
Rontgen stated that “the sounds in guestion are due to the bending of the plates under unequal
heating”.

1t was only at the beginning of the 1970s that the PA effect was rediscovered mainly due to
the cvent of lasers (well defined and strong radiation sources) and the development in
electronics (microphones, diodes etc.}). The introduction of the Rosencwaig-Gersho theory™
that has described the PA effect and the concept of the ‘thermal wave’ led to numerous, new
PT detection schemes and various applications, In general one distinguishes two classes of
PT methods, i.e. those for optical characterization and thermal characterization of a sample.

The photothermal experiment
In the November 4 1880 issue of Nature one reads the following:

“4 beam of light from the sun or from a powerful artificial source, such as an electrical lamp,
Jalls upor a mirror and is reflected through a large lens, which concentrates the rays 6 a
Jocus. Just at the focus is interposed a disk pierced with holes, forty or so in number,
arranged in a circle. This disk can be rotated so that the light is interrupted from one to five
or six hundred times a second. The intermittent beam thus produced is received by a lens, or
a pair of lenses upon a common support, whose function is to retender the beam once more
parallel, or to concentrate it upon the disk of ebonite placed immediately behind, but not
quite touching them. From the disk a tube conveys the sound to the ear. We may remind our
readers here that this apparent direct conversion of light into sound takes place, as Prof. Bell
Jound, in disks of all kinds of substances hard rubber, zinc, antimony, selenium, ivory,



2 Chapier |

parchment, wood, and that he has lately found that disks of carbon and of thin glass, which
he formerly thought exceptions to this property, do also behave the same way.”

Figure 1 Photophone used by Bell and Tainter where light was reflected by mirror M on a large lens L which
focused the light on a rotating disk with holes R. The lens system T concentrated the beam on the
sample (not in figure)'

Modem experimental set-up for PA studies resembles Bell’s photophone; the radiation source
is either a powerful lamp (with a monochromator) or a laser, the pressure wave is detected by
a sensitive transducer and the modulated signal processed by a phase sensitive lock-in
amplifier.

Recent PT trends in agricultural and environmental sciences

Worldwide developments of new PT detection schemes have also had a substantial impact in
the field of agricultural and environmental sciences.™® In the Netherlands most significant
progress was made in highly sensitive and on-line PA concentration mecasurements of
atmospheric and biological gases.s'g'” The concept of intermodulated Stark PA spectroscopy”
proved the unique and elegant approach to suppress the unwanted interferences without the
loss in sensitivity.

Further development of PT techniques and their applications for optical as well as thermal
characterization of condensed phase samples seemed the next logical step. The generally
recognized lack of data about thermal properties and in particular their temperature
dependence is another important topic worth investigating,

To what it concems the choice of condensed phase samples, foods in general deserve
considerable attention. At the moment numerous (analysis) techniques are under development
and existing techniques optimized. Analysis and quantitative testing of product composition
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represent an important research area in the analysis of (food) compounds. Another active
rescarch area is that associated with the quality and safety of foods.

Target samples like powders, opaque liquids and gels of special interest as they are generally
difficult to study with available techniques. There are the high absorption and the scattering
resulting in low amount of radiation throughput, that constitute major problems in
transmission spectroscopy because the information about absorbance of the sample is derived
from the measurement of transmitted energy. The ¢ssential feature of PT techniques is that
the signal is proportional to the energy absorbed by the sample and therefore PT techniques
don’t have this problem.

This PhD thesis describes the applications of several new PT techniques to condensed phase
samples. Spectroscopic studies were made on flours, oils, fatty acids (margarine), aqueous
solutions of carbohydrates and water pollutants. Thermal investigations concerned mainly
concentrated sugar systems (candies) and polymer materials used for food packaging.

Two different PA techniques were used here for optical characterization are described in
following two chapters. In chapter 2 PA spectroscopy was used for investigation of powdered
and liquid samples. Initially, spectra of various flours (differing in color and grain size) and
spices were studied in the visible part of the electromagnetic spectrum, Then, a new PA cell
for infrared measurements was constructed and a spectrum of Bovine Serum Albumin was
recorded in the 10P wavelength range of the CO, laser, The same PA cell was used with an
infrared He-Ne laser (wavelength 3.39 pm) to study various compounds (alcohols, liquid and
solid carboxylic acids) as a function of the chain length.
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The concept of optothermal window, an elegant and new approach to obtain the absorption
coefficients of “difficult” to study spccimens (such as optically opaque and highly viscous
samples), is discussed in chapter 3. The feasibility of the new technique was demonstrated
and the results compared to these obtained by other established techniques such as FTIR and
GLC. In this thesis, the use of optothermal window was extended to 5-6 pm and 9-11 pm
spectral regions both rich in characteristic absorption bands of different molecules. Initially,
the content of trans fatty acids in margarine was determined. Then, the extent of adulteration
(with known adulterants} in virgin olive oil was measured. Since most biological systems
contain water, optothermal measurements were also performed on aqueous solutions (i.e.
sulfate and carbohydrates). Traditional infrared analysis of such systems is precluded due to
an intrinsically strong absorption of water in the same region,

The standard photopyroelectric method (PPE), a newly proposed technique for thermal
characterization of condensed phase samples is described in chapter 4. Its usability was
demonstrated by obtaining thermal diffusivity over a wide temperature range (including the
region of glass transitions) for a hard boiled candy and different polymer foils used for food
packaging. Finally, the PTBD zero crossing method was used as an alternative and non-
destructive technique to determine thermal diffusivity of a hard boiled candy at room
temperature.

Basic facts about of PT methods

As stated already the PT phenomena rely on the conversion of absorbed excitation energy
into heat. Although initial absorption of the energy can be selective (spectroscopy), the non-
radiative relaxation rises the temperature of the sample. The magnitude and nature of the
generated PT signal depend upon many parameters, among which sample’s absorption
coefficient, the excitation power, the efficiency of radiation to heat conversion and thermo-
physical properties of the sample.*'*"*

Common to all PT phenomena is that the strength of PT signal is directly related to the
energy absorbed by the sample. Changes in temperature, pressure and density may occur
simultaneously due to optical absorption are the basis for the PT methods. The choice of a
most suitable PT technique and detection scheme depends on the nature of the sample and the
purpose of the measurement,

In PA, the oldest among the PT techniques, periodic heating and cooling of the sample causes
a consequent heating and cooling of the surrounding gas layer. The subsequent expansion and
contraction of the gas gives rise to an acoustic wave, which is detected with a microphone.

Before considering the PT signal in more detail, it is useful to introduce the concept of
thermal diffusion length p defined as (2o ™) where « is the thermal diffusivity {m’s") and
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@ (rads'} is the modulation frequency. Due to the dissipative character of diffusion, the
amplitude of PT signal decreases with increasing distance from the heat source. At a distance
p away from the source, the amplitude of the thermal wave is attenuated to e of its initial
value and therefore heat originating in a depth layer larger than p will not contribute
substantially to the signal.

In general, mathematical relations describing the amplitude and phase of the PT signal are
knotty and their interpretation is ncither straightforward nor simple. However, physical
insight may be gained by examining some special cases resulting in simpler equations. These
are classified according to optical opaqueness of the samples as determined by the relation of
the optical absorption length 1; = [3'1 (B is the optical absorption coefficient (m')) to the
physical thickness of the sample 1. Three cases are distinguished for each category of optical
opaqueness depending on the relative magnitude of p as compared to 1, and lﬁ.3 For example,
if p <« [, the sample is said to be thermally thick, while for p » L the sample becomes
thermally thin. A analogy applies for optical opacity and transparency.

The amplitude R and the phase ¢ of a PT signal predicted by the general Rosencwaig-
Gerscho theory in a case of thermally thick sample can be approximated by the expressions

R = Azloﬁﬁﬂ - 1)
V(Bu)? +(Bu+2)
and
0 1
¢ = tan [B],H-l] (2)

In Eq. (1) I; is the intensity of incident radiation and A is the instrumental constant that
depends on both sample and the geometry. From Eq. (1) it is obvious that PT response, non-
linear in Py, can be influenced by changing p through variation of frequency f (chapter 3).

The potential of PT method, for sensitive trace analysis {weak absorption) in gases and
liquids follows from Eq. (1} that in such a case (fp « 1) reduces to

A

A 3)
indicating a linear relationship between R and [ {and hence also the concentration of the
sample). At another extreme i.¢. §pu > 1, the PT signal saturates and R becomes independent
of the sample’s absorption, since

R = AL @)

R=
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O-ring
thermometer
sample
PPE signal
0.1 mm stainless
steel cytinder
CU support heating wire

Figure 2 PPE set-up used in chapter 4

An example of a PT method that directly measures the temperature rise in the sample is the
photapyroelectric calorimetry (PPE) the use of which is described in chapter 4 (Fig. 2). The
periedic temperature rise induced in a sample is detected by a pyroelectric sensor being in
intimate thermal contact with the sample. Depending on the configuration used, the sensor
can be irradiated either from a front or a rear side. When pyroelectric materials, exhibiting a
permancnt intecmal dipole moment are periodically heated, the induced temperature
fluctuations cause a corresponding polarization change, a variation of the surface charge and
hence the current change. The average temperature rise <AT> of the sensor is given by
L

P
< AT »= 1 IT(x, t)dx ()
Lo
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where T(x,t) is the time dependent one dimensional temperature distribution in the sensor,
and L, is the thickness of the sensor. Due to its ability to provide the temperature dependence
of the thermal parameters, the PPE method can also be used to detect phase and glass
transitions as well as other anomalous behavior of materials.>'?

Photothermal beam deflection (PTBD) makes use of a heating pump laser {Gaussian profile)
and probing of the changes in the refractive index n induced in the sample or the contacting
fluid (Fig. 3). Since the refractive index of a medium is itself temperature dependent, a
refractive index gradient is generated. The latter is probed by a second (probe) laser beam
and the deflection D is measured by a position sensitive detector. The deflection of the probe
beam is related to the amount of absorbed pump beam radiation and can be calculated from

<@

1 dn .
D=—;E£VT(r,t)xdl (6)

where T(T,t) is the radial temperature distribution and | is the distance over which pump and

probe beam overlap.lz'“ A variant of PTBD, the zero crossing method was used in chapter 4

for thermal characterization.

Figure 3 PTBD set-up: 1 Ar laser pump beam, 2 mirrors, 3 chopper, 4 diaphragm, 5 lens, 6 movable mirtors,
7 He-Ne laser probe beam, 8 sample, 9 lens, 10 quadrant diode



8 Chapter 1

References

1 Bell’s Photophone, Nature 23, 15-19 Nov, 4 (1880)

2 Rosencwaig A. and Gersho A., Theory of the Photoacoustic Effect in Solids, J. Appi.
Phys. 47, 64-69 (1976)

3 Rosencwaig A., Photoacoustics and Photoacoustic Spectroscopy, John Wiley & Sons,
New York (1980)

4 Mandelis A., Principles and Perspectives of Photothermal and Photoacoustic Phenomena,
Progress in Photothermal and Photoacoustic Science and Technology, Vol. I, Elsevier
Science Publishing Co., New York (1992)

3 Mandelis A, Non-Destructive Evaiuation, Progress in Photothermal and Photoacoustic
Science and Technology, Vol. II, FTR Prentice-Hall, New Jersey (1994)

6 Mandelis A. and Hess P, Progress in Photothermal and Photoacoustic Science and
Technology, Vol. III: Life and Earth Sciences, SPIE Optical Engincering Press,
Washington DC (1997)

7 Bicanic D. (Ed.), Photoacoustic and Photothermal Phenomena III, Springer Series in
Optical Sciences 69, Springer Verlag Heidelberg, Berlin (1992)

8 Bicanic D,, Chirtoc M., Asselt K. van, Gerkema E., Jalink H., Sauren H., Groot T., Torfs
T. and Haupt K., New Trends and Perspectives of Photoacoustic and Photothermal
Spectroscopies in Agricultural and Environmental Sciences, Acta Chemica Slovenica 40,
175-202 (1993)

9 Sauren 1.JAM., Ammonia Monitor Based on Intermodulated CO, Laser Photoacoustic
Stark Spectroscopy, PhD thesis, Wageningen Agricultural University (1992)

10 Vries H.8. M. de, Local Trace Gas Measurements by Laser Photothermal Detection:
Physics Mcets Physiology, PhD thesis, Nijmegen University (1994)

11 Bijnen F.G.C, Refined CO-Laser Photoacoustic Trace Gas Detection: Observation of
Anaerobic Processes in Insects, Soil and Fruit, PhD thesis, Nijmegen University (1995)

12 Amond D.P. and Patel P M., Photothermal Science and Techniques, Chapman & Hall,
London (1996)

13 Bialkowski S.E., Photothermal Spectroscopy Methods for Chemical Analysis, Chemical
Analysis: A Serics of Monographs on Analytical Chemistry and Its Applications Vol. 134,
John Wiley & Sons, New York (1996)

14 Sell J.A., Photothermal Investigation of Solids and Fluids, Academic Press, London
{(1989).



2 Photoacoustic Spectroscopy for Optical
Charcterization of Different Samples

2.1 Photoacoustic Characterization of Different Food Samples

2.2 New and Versatile Photoacoustic Cell for Studies of Powdered
Specimens Across Broad Spectral Range

2.3 Organic Compounds Measured with Infrared (3.39 um)
Photoacoustics



2 1 Photoacoustic Characterization of
. Different Food Samples

based on
Jan Paul Favier, Jos Buijs, Andras Miklos, Andris [.érincz and Dane Bicanic
Zeitschrift fiir Lebensmitteln-Untersuchung und-Forschung 199, 59-63 (1994)

Abstract

Photoacoustic spectroscopy in the 350-700 nm range proved a useful tool for discriminating
between a variety of opaque, light-scaitering samples. Spectral features originating from
powdered food specimens of different colour and grain size were observed. These results
suggest the feasibility of photoacoustics for quality control in the food-processing industry.

Photoakustische Charakterisierung von verschiedenen
Lebensmitteln

Zusammenfassung

Die photoakustische Spektroskopic im Wellenlingenbereich von 350-700 nm hat sich als
nitzliches Instrumentarium zur Unterscheidung verschiedener undurchsichtiger, Licht
streuender Proben erwiesen. Spektrale Eigenschaften pulverisierter Nahrungsmittelproben
unterschiedlicher KorngréBen und Farbe wurden beobachtet. Die Ergebnisse zeigen, dab der
Einsatz der Photoakustik in der Qualititskontrolle fir die Nahrungsmittelindustrie
vielversprechend ist.
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Introduction

In the past photoacoustic spectroscopy (PAS) was used in studies of inhomogeneous and
light-scattering powdered samples.'” Since de-cxcitation processes in these samples proceed
along non-radiative channels, thermal excitation spectra of powders correlate well with their
absorption spectra.®

Biological specimens (such as food products) are complex mixtures of cither chemically
diverse compounds or chemically related molecules, often possessing significant differences
in physical properties. As many food products are also powders, PAS might be useful for
quality control in the food-processing industry.>’* Establishing more objective selection and
characterization criteria for flours is an example of potential PAS application in practice.
Likewise, cosmetic qualities of foods have become increasingly important during recent
ycars. As a result colour (just as quality and nutritional factors) has achieved a more pre-
eminent position for the consumer.' New techniques and instrumentation for color
measurements are therefore considered as useful additions to the laboratory.

It is well-known">'"'? that the magnitude of the PA signal is directly proportional to the

fraction of energy absorbed by a sample. The absorbed energy in its tum is a function of light
intensity distribution in the sample, which, when multiple scattering plays an important role,
might differ from that predicted by Beer’s law. Light scattering, which is also wavelength-
dependent, reduces the optical penetration depth of the radiation into the sample.'’ In
photoacoustics (PA), light scattering affects the PA signal in two different ways. In the first
place there is a scattering on the cell walls that leads to correspondingly increased intensity
of light in the cell and gives rise to an acoustic signal. Moreover, light intensity distribution is
influenced by internal scattering due to reflections and scattering on the surface of grains.
When grain particles are loosely packed and relatively big, the light can reach deeper layers
(under the sample surface) at distances that exceed the effective illumination depth (or
effective optical penetration depth) of powdered samples (i.c. thickness across which the light
intensity has decreased to a practically negligible value). 1t is the effective illumination depth
that characterizes the intensity distribution in the cell. Although this parameter is important
whenever comparison of PA spectra of powdered samples of different grain size is
anticipated, surprisingly no reliable method for its determination has been proposed so far.
The main objective in undertaking the study described in this paper was to obtain PA spectra
(350-700 nm range) of different flour and other powdered food specimens and to collect more
data on parameters involved in the process of PA signal generation.

Zeitschrift fiir Lebensmittein-Untersuchung und-Forschung 199, 59-63 (1994)
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Materials and methods
light ] mono-
source chromator

? I_T
lock-in

[
ADC & PC

1. chopper

2. lenses

3. mirror

4. microphone

5. housing (steel)

6. teflon block

7. sample holder
(quartz fitting)

8. battery

9. powder

Figure 1 The set-up used for measuring photoacoustic (PA) spectra of powdered flour samples: ADC,
analogue to digital converter, PC, IBM compatible computer

The experimental set-up used to record the spectra of flours (all specimens were kindly
provided by Gabona Triszt, Budapest, Hungary) and samples of commercially available
instant coffec and spices is shown in Fig 1. It comprises a 400 W Xenon lamp (ILC
Technology) the polychromatic beam was mechanically chopped (1) before it entered Jobin-
Yvon H-20 monochromator (spectral resolution of 8 nm). The beam was focused into a
quartz cell (see detail in Fig. 1) by means of two glass lenses (2) and a plane mirror (3). The
sample holder (7) is a cup 10 mm in diameter and 2 mm deep (distance measured from the
bottom). The cell window and sample window are separated by a distance of 2 mm. The cell
design allows easy loading (quantity of sample used in each measurement was kept as
constant as possible) and enables removal of sample (9) without a need to change the position
of the cell. This greatly faciliated performance of the measurements since no problems
associated with alignment were experienced. Pressure fluctuations were measured with a
Knowles EA-1954 microphone (4) powered by a battery (8). The signal was fed into
Standford Research SRS preamplifier, the ouiput of which was connected to a Standford

Zeitschrift fiir Lebensmitteln-Untersuchung und-Forschung 199, 59-63 (1994)
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Research SR510 lock-in amplifier. The output signal of the lock-in was interfaced to a IBM-
compatible computer. The scan speed of the step motor was 1 nm/s; 40 data points were
taken each second. The arithmetic averages of these 40 points were used to construct the
spectra displayed in Figs. 4-8. The chopping frequency used in all the measurements was 70
Hz because the signal to noise ratio was found optimal at that value. The thermal diffusion
lengths {p) of carbon black powder, air and flours at this frequency are 640, 313 and 20 pm,
respectively. For carbon black the thermal diffusion length is much larger than the dimension
of the grains whereas for flours it is of the same order of magnitude.

< 600 R 3.
3 =
= N
£, 400 o
‘B £ ]
=3
4]
= ¥
200 1
2
L T T T e o
400 500 600 700 400 500 600 700
wavelength (nm) wavelength (nm)
Figure 2 Photoacoustic spectrum of carbon Figure 3 Power spectrum of radiation incident
black onto the PA cell (used for normalization

of the PA signal)

In photoacoustics it is customary to normalize the PA spectra in order to eliminate
wavelength dependence of the source. In previous studies,”™"™'"'? the PA spectra of
powders were normalized to the PA spectrum of carbon black taken as a reference sample.
The basic idea behind such an approach is the assumption that carbon black absorbs equally
strongly throughout the entire spectral range. However our own measurements indicate (Figs.
2 and 3) that the PA signal of carbon black and the power spectrum of the lamp show the
same trend for wavelengths shorter than 500 nm. Above this wavelength the PA signal of
carbon black decreases (Fig. 2) whereas the power of the xenon lamp (showing several peaks
between 400 and 500 nm) remains nearly constant (Fig. 3). Below 350 nm the mcasurcments
are no longer accurate because of a substantially reduced signal to noise ratio due to lens
absorption. The PA spectra (Figs. 5, 7 and 8) were normalized by ratioing their magnitudes
(recorded at 5 nm increments) directly to the power spectrum of xenon lamp. The
reproducibility of the set-up before each measurement was tested consistently by measuring
the PA signal from carbon black at two preselected (maxima at 400 and 467 nm)
wavelengths.

Zeitschrift fiur Lebensmittein-Untersuchung und-Forschung 199, 59-63 (1994)
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Results

Barium sulphate (a white powder) was investigated first. For such a sample the effective gas
volume is very close to that used in actual measurements. The spectrum (normalized to a
power spectrum of the xenon source) is wavelength independent in the spectral range 350-
700 nm (Fig. 4A), in contrast to that normalized to the PA spectrum (Fig. 4B} of carbon black
{conventional normalization). Since wavelength dependence in Figs. 4 resembles that
expected for the white sample, the normalization procedure suggested here seems justified.

' |B
g 800 A S 800
E E
= >
= 600 g 600
€ 400 E 400
- N
= 200-Wwwm £ 200,
0 ———————— 0 ——— ,
400 500 600 700 400 500 600 700
wavelength (nm) wavelength (nm)

Figure dA Spectra of BaSO, powder normalized Figure 4B Spectra of BaSO, powder normalized

to the method proposed here ratioed to carbon black

Powder spectra of flours

The flour specimens investigated all differed in colour and grain size. There were a few white
flours such as fine and normal bread, pastry and rice flours. The soya flour, corn grits and
corn flour are yellow, whereas whole wheat flour, wheat flour and rye flour contained some
brown coloured grains. Finally, dried pea flour has a greenish colour.

Figure 5A shows PA spectra of white bread flours; all had absorption bands around 370, 385
and 410 nm. Above 410 nm the PA signal decreases rapidly and drops to a nearly zero at 700
nm. The grain size affects the magnitude of the signal; as an example normal bread flour can
be discriminated from fine bread flour (Fig. 5A). The signal from fine bread flour is lower
than that obtained with normal bread flour because the grain diameter (d) is smaller than the
thermal diffusion length (d<p); therefore less heat is deposited into grains. Figure 5B shows
the PA spectra of yellow coloured specimens. Again, absorption bands common to all
specimens were observed near 370, 385 and 410 nm. In general, the overall spectral features
of yellow flours appeared broader than for white flours. The effect of different grain size on
amplitude of the PA signal can also be seen when inspecting spectra of corn grits and com
flour. If the grain size is (much) larger than the thermal diffusion length, i.e. d»p (such as for
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comn grits), the signal decrcases because fewer grains are irradiated. In addition the
surface/volume ratio decreased with increasing grain size. Figure 5C shows the PA spectra of
three differently coloured (vellow, green and brown) flours. The dried pea flour is the only
sort that has a maximum signal at 410 nm. Soya flour exhibits a broader spectrum whereas
rve flour resembles that of the bread flour and alse produced the highest signal of all the
samples.

3000
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.\ --.. fine bread flour =
g 2000, g 3000,
= < 2000
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Figure S Photoacoustic spectra of flours. (A) Bread flour and fine bread flour. (B) Cotn flour and corn grits,
(C) Rye flowr, soya flour and dried pea flour: a.u., PA signal divided by the power of the xenon
lamp (Fig. 3)

In order to quantitatively compare different flours, the magnitude S of the PA signals at 385,
410 and 475 nm were normalized to the signals obtained with normal bread flour at the same
wavelengths, yielding the dimensionless ratios (5') shown in the first three columns of Table
i. Careful inspection of all the spectra suggests that most differences are observed near 475
nm.
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Table1 Results of the measurements on powdered flour samples. The magnitude of the signals (5') and their
relative magnitudes at three different wavelengths (385, 410,475 nm) are given.

No. flour brand (color) S'as 8410 8 S'aas. S0 S'ygs
) ) o) 845 S'4rs S0
1 bread flour (w) 1.00 1.00 1.00 1.00 1.00 1.00
2 fine bread flour (w) 0.85 0.77 0 1.20 1.08 1.10
3 pastry flour (w) 0.59 0.61 053 1.11 1.15 0.97
4 wheat flour (b) 0.61 0.58 0.59 1.03 098 1.05
3 rye flowr (b) 2.13 202 246 0.87 0.82 1.05
6 whole wheat flour (b) 1.59 1.40 1.59 1.00 0.88 1.14
7 corn flour (v) 1.54 1.39 1.90 0.81 0.73 1.11
8 corn gnts (v) 1.19 0.99 1.30 092 0.76 1.20
9 soya flour (y) 1.22 1.22 1.58 0.77 0.77 1.00
10 dried peas flour {(g) 1.18 1.29 1.50 0.79 0.86 091
11 rice flour (w) 0.52 0.43 0.44 1.18 0.98 1.2%

w, white; b, brown, y, vellow; g, greenish

From Table 1 there is a direct relationship between the magnitude of the PA signal and the
colour of the flour: compare, for example, corn powders (7 and 8) to wheat (4) and rice (11)
flours. Compared to coloured flours, white flours vielded only a small signal. The spectrum
shape alse provides some information about the colour of samples. For example vellow-
coloured flours (corn and soya) can be discriminated from other coloured specimens
{columns 4 and 5). The ratio S'35/S's75, (column 4 in Table 1) decreases according to the
colour of the sample. The reproducibility of the measurements was satisfactory (error was
typically within 5%).

The light distribution in powders

Both internal reflections within the grains as well as the wavelength dependent reflectance
(R) at the surface of flour grains affected'* the magnitude of the PA signal significantly (as
shown in Table 2).

Table 2 The wavelength-dependent reflectance (R) for a typical flour specimen™

wavelength R{-)
(nm)
400 0.75
500 0.87
600 0.94
700 0.97

Next, the role that the effective illumination depth of the radiation plays in the generation of
PA signal in various flour specimens was explored in more detail. This was done by
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comparing the PA signals measured with the cell loaded with a specific flour to those
obtained from a thin layer (=0.5 mm) of the very same flour specimen placed on top of a
relatively thick backing layer of carbon black. Pure carbon black produced typically a
maximum PA signal of 500 uV at 467 nm (Fig. 2) whereas the signal originating from pure
flours at the same wavelength varied from 10 to 20 uV (Fig. 6).

In a two layer sample (flour on top of a carbon black) an increase in the PA signal is expected
for larger effective illumination depths. Even a minor fraction of transmitted light is
sufficient to produce a PA signal with a magnitude that might be comparable to that of the
flour. The contribution of carbon black to the signal may be estimated by comparing the non-
normalized signals from pure flour to signals obtained from the very same flour on top of 4
the carbon black. Two spectra are depicted in Fig. 6. For soya flour (Fig. 6A), the differences
were not very obvious at shorter wavelengths and the contribution of carbon black (trace a)
became significant above 500 nm, For larger grains, carbon black strongly prevailed (trace a
in Fig, 6B) over that of wheat-meal (trace b in Fig. 6B). The largest PA signal due to the
contribution of carbon black (approx. 50 pV at 467 nm) was about 10% smaller than that
obtained when the cell was loaded with pure carbon black. For small grains (Fig. 6.A) the
amplitude decrease was substantially lower (about 2%). Scattering also reduces the optical
penetration depth and at shorter wavelengths scattering is larger than at longer wavelengths
as seen in Fig. 6.
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Figure 6A Photoacoustic  spectra of carbon Figure 6B Photoacoustic spectra of carbon
black covered by a thin layer of soya black covered by a thin layer of flour
flour {a} and of sovya flour (b) wheat (a) and of the flour wheat (b)

The above measurements suggest that due to a short effective illumination depth the PA
signal is generated in the uppermost layer (0.5 mm) of powdered sample (the effective
illumination depth increases for larger grains as concluded by careful inspection of traces a
and b (Fig. 6)). This implies that with the present cell design radiation does not reach the cell
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walls, which has two important consequences. First, the contribution of the cell walls is
minimal and secondly, only small quantities of flour are needed to produce satisfactory
spectra.

Photoacoustic spectra of spices and coffee

—_ - — — black pepper ~
3 N 530000] .- —— CoffeePaloma
& 20000, N, hot pepper S h " . ... Nescafe (CAP)
= ; \- - - - pizza spices = ,
& . ' 520000, ;
% 10000, ) = '
7 10000
0 T T T T T T 1 0 T T T T T T 1
400 500 600 700 400 500 600 700
wavelength (nm) wavelength (nm)
Figure 7 Photoacoustic spectra of three Figure 8 Photoacoustic spectra of two different
different spices instant coffees

In order to demonstrate the practibility of the PA method, spectra of a few more food
products were measured. Figure 7 features spectra of hot pepper, black pepper and pizza
spices whereas Fig. 8 shows PA spectra of two instant coffee brands: Paloma, Compack
Budapest and Nescafe (CAP) Collombie (100% arabica beans). On visual inspection, the
samples appear very much alike, but their PA spectra are quite different. We conclude that
the PA technique appears capable of producing reproducible spectra of powdered food
samples (discrimination of different flours based on origin, colour and grain size is possible),
demonstrating its usefulness for quality control purposes.

It was shown that light intensity distribution near the surface increases due to the scattering
and that a large fraction of incident light is reflected and leaves the sample. For this reason
no energy can reach the bottom of the sample; in addition only small quantities of sample are
required. The use of quartz optics will further improve the sensitivity of the PA method. This
might eventually also allow the use of PA method for determination of basic amino acids,
present in almost all biological samples.
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New and Versatile Photoacoustic Cell
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¢ Across Broad Spectral Range

based on
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Abstract

Photoacoustic spectroscopy (PAS) is insensitive to scattering since the gencrated
photoacoustic signal (PA} is proportional only to the fraction of energy absorbed by the
sample. It is therefore suitable for the analysis of powdered samples. A new PA-cell for
application within a broad speciral range was developed and its design optimized in terms of
both, performance and the user aspects.

Provzetek

Fotoakustitna spektroskopija (PAS) ni obcutljiva na sipanje, ker je nastali fotokustiéni (PA)
signal sorazmeren le z delom energije, ki jo absorbira vzorec. Zato je metoda primema za
analizo praSkastih vzorcev. Avtorji so razvili novo PA-celico, uporabno v Sirokem
spektralnem obmod&ju, ter jo optimirali tako s stalis®a udinkovitosti kot praktiénosti pri
uporabi.
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Introduction

Photoacoustic spectroscopy is one of techniques for studying the absorption features of gases,
liquids and solids in the wide spectral range.! The method proved uniquely suitable for
strongly scattering and opaque samples (e.g. powdered and porous specimens) ofien
intractable for other spectroscopics. The traditional methods for spectral analysis of
inhomogeneous and light scattering samples provide satisfactory results only under certain
limited conditions.”* The majority of spectroscopic data for powders reported so far in the
scientific literature were collected in the UV, visible and the near infrared region.

As many food products are powders, the PAS could potentially be useful for quality control
in the food industry;, one example is the processing of milk (to control directly the presence
of protein peak in diary products or to determine the concentration of protein and moisture
content in skimmed milk®”). Other PA work on powdered samples includes applications in
studies of high exposure dosimetry®, adsorption’ as well as the structural investigations of
biological'® and soil science specimens.’ In the work described here, a new and versatile cell
is being proposed and its feasibility demonstrated (in the 10 microns region} with protein as a
specimen under investigation.

The heart of each PA based instrument is the cell, actually a chamber that accommodates
both, the sample and the microphone. The incident periodically chopped radiation of a
suitable wavelength is coupled into the cell, where upon interaction with the absorbing
sample, heat is generated and eventually an acoustical signal produced. In order to increase
the sensitivity of the apparatus, it is important to minimize the cffect of various noise
sources, This implies the suppression of unwanted, non-sample contributions to the PA
signal, finding of the optimal position for the microphone and finally the optimalization of
the cell size, shape and degree of the acoustic tightness. Some of these are discussed below in
more detail.

The non-sample contributions to the PA signal

There are several sources of the non-sample PA signals; for example scattered radiation
(directly and indirectly) and the absorption of radiation by the cell windows all are sensed by
the microphone. Indirectly scattered radiation reaches the cell wall by means of diffusc light
reflections in the sample and produces a PA signal. In order to climinate this effect it is
recommended to use transparent material in the cell construction. Metals having favourably
large thermal diffusivitics are frequently being used as cell construction materials,
Nevertheless, relatively large background signals have been measured (for example in case of
stainless steel) in the near infrared;’ in addition cells fabricated from metals are not easy to
clean. Finally, it is also advantageous to use the windows exhibiting high transmission in the
wavelength region of interest.
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The position of the microphone

To avoid scattered radiation from reaching the microphone membrane, it is necessary to
separate the microphone from the sample volume. This is usually done by connecting the
microphone and the cell via a small circular opening. Ensuring a proper degree of acoustic
matching between the microphone and sampling volume offers an opportunity to improve the
signal to noise ratio considerably.

The size, shape and the acoustic tightness of the cell

Numerous experiments have established that the magnitude of the PA signal is inversely
proportional to the cell volume, However, the cell dimensions may not be decreased
unlimitedly, as the cell must always be larger than the thermal diffusion length of the gas in
the cell. Whenever designing a PA cell, one should consider the aspects such as loading and
replacement of the sample as well as, the ease of cleaning and the maintenance. Scaling of
the cell should be done in a quick, simple, religble and reproducible manner, The cell must
be acoustically insulated from the ambient in order to reduce the effect of external noise.
However, the sealing must not be too tight, so that an equilibrium between the external and
the internal pressure can exist avoiding thereby a pressure buildup at the microphone.

Experimental
| CO, laser
beam splitter frequency|
analyser

chopper

PA-cell

Figure 1 Set-up used for PA measurements of powder samples

The experimental sctup used for the measurements of powder spectra is shown in Fig. 1. It
consists of a home made cw CO,-laser in conjunction with the PA cell (Fig. 2), the chopper
and the electronics needed for processing of the microphone signal (Fig. 1). The ZnS¢ beam
splitter inserted into the radiation path served simultaneously to reduce the power of the laser
beam and to couple a fraction of laser radiation into the spectrum analyzer (Optical
Engineering) for identification of laser emission. The radiation was mechanically chopped
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(PTI 49000 Optical Chopper) and focussed into the cell by means of an off-axis parabolic
reflector (6) (Melles Griot 02 POA 015). The output of the microphone was fed into the
Princeton Applied Research lock-in amplifier (model 128A) for synchronous detection at the
modulation frequency. The cell mounted on a revolving drum (4) was affixed to the magnetic
foot (1) so that cell position could be maintained unchanged during the measurements.

A
7\
AT

7

Figure 2 Explaoded view of the PA-cell, see the text for explanation

The exploded view of the cell is shown in Figure 2. The revolving drum (4) and detection
unit (7-15) are the two major parts of the PA cell. The drum is an aluminum circulair
platform that camries three identical and symmetrically distributed sample holders. Each
holder consists of a cup (13) that accomodates the sample (the cup is actually a ZnSe flat
(25.4 mm diameter, thick 3 mm) provided with the central spherical cavity (13 mm diameter
and 2 mm deep)) resting in the retaining teflon ring (14) supported by a metal plate (15). The
plate is bolted to the platform by means of three screws.

The detection unit includes the metal adapter (7) fitting closely (by two “O” rings) into the
microphone assembly (9) that on its turn is glued to the aluminum housing (8). The adapter
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(7) is terminated by a ZnSe flat (12) window (12 mm diameter and 2 mm thick). Detection
unit as a whole is screwed against the fixed auxiliary plate (15). When put together, the
detection unit and one¢ single sample holder form the PA cell. The detection unit actually
serves as a cover for the above described sample holder leaving a layer of air 300 pm thick in
between. The acoustic wave is negligibly damped across 300 pm length while the heating of
the microphone is prohibited.

The radiation of appropriate wavelength is collected by the Rhodium electroformed
paraboloidal reflector (6) with the clear apperture of 50 mm, deflected and focused (distance
from reflector mechanical axis to the focal point is 66 mm) into the sample holder (13).

The microphone assembly is equipped with the two miniature electret microphones for
sensing of pressure fluctuations. Onc of them, the “signal” microphone (11} is mounted in a
distant channel (2 mm diameter, height 4 mm) 13 mm from the vertical symmetry axis of the
cell. Another transducer (10), the “reference” microphone, was used in a differential
armrangement (for suppression of acoustical and electrical neise). Such a configuration
allowed the automatic subtraction of the background signal. The metal housing (8) shields the
microphones from the possible sources of electrical noise.

Such cell design allowed an casy (un}loading of the sample and the replacement of the cup
(13-14) and of the entrance window (12} whenever needed the cell suitable for studies at
other wavelengths as well. The three sample holders on the drum permit to complete more
measurements within a given time interval, since the cleaning of the cup (removed from the
supporting plate) can take place simultaneously with the investigation of the new specimen.

With the position of the detection unit unchanged all the time, the drum can be manually
revolve around the vertical rod. The spring load (2) helps to lock the drum in any of three
distinct positions. The lock is achieved by three stainless steel balls (3) fixed in the drum that
fit into semispherical cavities drilled in the body (5).

As to the measurements themselves, the acoustic characteristics of a differential PA cell was
determined first using the Briel&Kjar dual channel signal analyzer 2032. The major
objective of this study was to obtain information about the intrinsic sensitivity and the
frequency response of both microphones. This is important since proper functioning of a
differential arrangement is ensured only if the sensitivity figures and the responce curves for
both microphones are comparable. The results indicate the presence of response peaks near
3136 Hz and the second harmonic of this frequency. However, the sensitivities of both
microphones differed substantially (the ratio of microphone signal magnitude to that recorded
by the reference microphone was three). Presumably, this is due to the fact that the
microphones used were not of the same origin.
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Figure 3 The frequency dependence of the amplitude of the PA signal of BSA

As the next step, few preliminary experiments served only to illustrate the versatility of this
new PA cell design were performed. Figure 3 shows 1/f the frequency dependence of the PA-
signal amplitude obtained from BSA (bovine serum albumin) with the CO,-laser tuned to a
9P(10) transition at 3.473 pm. The system performed well and in a reproducible manner up to
the frequencies as high as 1500 Hz. With the laser blocked the noise never exceeded 2 pV.
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Figure 4 Measured PA spectrum of BSA at different CO,, laser lines

Figure 4 shows the PA specttum of BSA ratioed to the incident laser power (in the 10P
branch of the CQ,-laser). This latter was determinded by an independent measurement using
the power meter (Photon Control model 35502) placed in front of the PA cell. The true power
reaching the cell is, however, not known because the potentially present reflection and
absorption losses (paraboloid mirror and of the entrance window), were not considered here.
With the laser blocked the noise in this experiment was 1 uV (chopping frequency of 233 Hz
and t, of 300 ms).
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In conclusion, the usefulness of the new PA cell for spectrocopic studies of powders in the
middle infrared was demonstrated. The use of microphone preamplifiers could not only
further improve the sensitivity of a system but also assist in matching the sensitivities of both
microphones. In addition to the above discussed factors (that influence the power), an attempt
must also be made to determine experimentally the amount of radiation reflected directly
from the surface of the sample, so that the actual lgvel of radiation input power used in
generating the PA signal could be calculated.

An improved PA device could eventually become a low cost, multiwavelength, and sensitive
instrument suitable for non-destructive analysis of powdered samples over a wide wavelength
range. Work on this matter is currently in progress.
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Abstract

A variety of carboxylic acids, alcohols and alkancs were studied using photoacoustic
spectroscopy (PAS) with an excitation wavelength of 3.39 um. The analytical potential of
this method was estimated with different organic compounds dissolved in chloroform. A
detection limit of 0.25%, with a signal to noise ratio of 6, was achieved.







