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Abstract. In the present paper, an attempt was rtmd@ply phothoacoustic spectroscopy
(PAS) i.e., the particular version of phototherrspéctroscopy where a quantity of energy deacti-
vated into heat is evaluated, to quantify photoayprocesses in a soil sample. As light sources
three diodes emitting at blue, green and red bahdsible light spectrum were used. The obtained
dependences of photoacoustic signal amplitude sdight modulation frequency did not follow
predictions of Rosencwaig-Gersho classic theoryesiae additional heat exchange mechanism
characteristic of powdered solid samples was likelyccur. In visible light spectrum band, two
independent transition processes, achievable toapparatus, were distinguished. The principal
parameters: the relative photoacoustic signal dog®iand characteristic times (1.28 and 0.64 ms)
of each revealed process were obtained.
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INTRODUCTION

We know relatively little about the photophysicabpesses in soil (Orlov
2008). The electromagnetic waves in the form ofisahdiation (direct or scat-
tered) are a constant source of energy, espegjedigt in equatorial zones. This
energy is not only transformed into heat via thérpmacesses (including energy
transfer and electron transfer pathways) but ib &las direct photochemical ef-
fects. The effect of radiant energy on organic g&uxes has been studied more
thoroughly than on mineral substances. Under thectsf of light, solutions of
humic acids are more or less rapidly decomposddglmmpletely bleached by
large doses of radiation (Brinkmaeh al. 2003). The molecules of humic acids
break down in the process into smaller units. Gnaimer hand, other substances,
for instance, some amino acids, are condensed timgleffect of light to give rise
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to dark products. Under natural conditions the pplysical and photochemical
reactions involve only the uppermost soil layett, twe to the transfers of matter
among various layers, the products penetrate lirgsubsoil.

In the present paper, we describe the applicatfophotoacoustic spectros-
copy (a version of photothermal spectroscopy wiaegeiantity of energy deacti-
vated into heat is evaluated) to quantify the ppbysical processes in soil. The
technique of photoacoustics has been successiulpjoyed to study the thermal
parameters of clays in Brazil (Alexande¢ al 1999, Manhaest al 2002), to
estimate quantum yield of photophysical processesiious fulvic acids (Bruc-
coleri 2000) and, in our group, soil surface evafion Zurawskaet al 2009) as
well as photoacoustic spectra of different soikgaties Zurawskaet al 2010).
At present, having recognised the limitations obtplcoustic signal generation
attributed to both water evaporation and soil petsize distribution effects, an
attempt was undertaken to detect photophysicalegss®s in completely untreated
samples (i.e., as collected). It seems that suc¢imarivo” study ought to provide
complementary data to traditional measurementsopagd on soil water solu-
tions.

When a sample is exposed to modulated light, agbdhte absorbed energy is
emitted in the form of modulated heat resultingrirthe thermal deactivation of
a sample. The part of the photoacoustic signat¢dasiced by a fraction equal to
that part of the absorbed energy which can be faeghotophysical and photo-
chemical processes in the sample. By measuringemaigsion in the presence or
absence of a non-modulated saturating light backgtothe parameters (maxi-
mum of absorption, characteristic time, endotheraniexothermic character) of
the processes can be evaluated. One of the adeamé&ghe technique adopted is
an opportunity to obtain a signal time-profile metsample studied. By selecting
different frequencies of the chopped light, one ohtain information about dif-
ferent time-resolved processes of various time temms.

MATERIALS AND METHOD

Soil samples used in this work originated from féavpot plants growing in
our laboratory. Only the upper 2 mm of soil wadisgd for the measurements.
Samples were air-dried. Chemical composition ofdamwas determined by the
Regional Chemical-Agricultural Station in GdanslaifT 1).

The photoacoustic signal measurement technique igssbdsed on a diode
(LED) as a light source which allows precise adnesit of the light modulation
frequency with a very fine step. The measuremesetgwone at three light bands
(blue, green, red) (Fig. 1).



PRELIMINARY ANALYSIS OF THE POSSIBILITY 243

Pressure fluctuations in the closed-type photodaousll (Fig. 2) were de-
tected using a microphone (Type 4146, Briel & Kja&he signal was selected
and amplified with a lock-in amplifier (5105, EG&Glhe output was connected
to a PC-class computer for further data processing.

Table 1. Physicochemical properties of investigated soil

Parameter Value Microelements (totally)
pH 7.2+0.3 Cu 24.0+3.2 mg kg
‘F’,i‘g:phoms > 125 (312.2) mg (100 ) Zn 389.8+49.5 mg Ky
potassium KO > 200 (447) mg (100 @) Mn 274.6x32.1 mg kg
mggnesmm > 200 (212.8) mg (100 g) Fe 8.1+1.0 g kg
nitrogen N 1.72+0.26%

organic matter
dry matter*

Microelements (assimilated)

Particle diameter

2.00-0.05
0.05-0.02
0.02-0.002
< 0.002

56.0+6.4%
89.5+£1.8%
Cu
Zn
95.26% Mn
2.95% Fe
1.79%
0.00%

18.6 mg kg

279.5 mg kg
188.2 mgkg

3.7g%g

all concentration values (except *) refer to dnyttera
the values outside the measuring range are givbraitkets.
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Fig. 1. Light emitting spectra of the LED used; A — blBe;- green, C — red
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Fig. 2. Scheme of the closed-type photoacoustic cell

The application of a two-phase amplifier allowee timeasurement of the
characteristic time of the photoacoustic signaatios. It is widely used in fluo-
rescence decay time studies (Lakowicz 1983). Adngrtb Lakowicz (1983), by
using a fluorometer with a single modulation fregge (), it is possible to de-
termine the characteristic decay timg Assuming a one exponent decay from the
equation:

@ = arctg (27€1) 1)

Although in our measurements the photothermal signatudied instead of
the fluorescence one, the same mathematical apgpraan be applied
(Szurkowskiet al 2001).

For a thermally thick sample (our case), the tirhesignal creation results
from two contributions (Limaet al 1987). The first one corresponds to the non-
radiative relaxation from excited states, wheréessecond one is the contribu-
tion from the thermal diffusion in the optical-alpstion depth. This latter time
delay is a function of the optical-absorption cmééht and the sample thermal-
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diffusion time. In the case of our samples, strgrafisorbing, this component is
relatively small. Additionally, we compare the chan in the photoacoustic sig-
nals with and without the non-modulated saturaliigist background and the time
lag, if any, between the signals may be mainlyikatted to the difference in the
non-radiative relaxation times in soil samples.

RESULTS AND DISCUSSION

The amplitude of the photoacoustic signal versuslutation frequencyex-
cited by modulated LED diodes, at
°<3§go three light bands (blue, green, red)
10 * with and without additional non-
modulated background light is
A shown in Figure 3. The signal plots
S did not exhibit strictly pure f or
0.1 2N f 1° dependences as predicted by
10 e the model of Rosencwaig and Ger-
e ' sho (1976) for thermally thick,
opaque or transparent samples. The
AN obtained results suggest that an
o\, additional mechanism plays an
Y important role in the generation of
\ the photoacoustic signal. For pow-
T der samples (as is the case in the
present work), non-radiative relaxa-
~o tion time is also affected by a con-
tribution from heat exchange be-
Cc : | tween the powder particles and the
0.1 b transducing gas in the PA cell. This
0\0\3 heat exchange time depends not
\0 only on the shape of the particles
but also on their size distribution.
Additionally, non-modulated back-
Frequency (Hz) ground light, unless directional
Fig. 3. Amplitude of the photoacoustic signal (PAs)influence on photoacoustic signal
versus modulation frequency for a soil sampleamplitude, changes the shape of the
Measured signal data for LED excited modulatedelation between amplitude and
light alone (open pircl_es) and_ Wit_h switch_ed strongnodulation frequency. The effect
non-modulated white light (solid circles). Lightrizh was exhibited in blue and green

excitations; A — blue, B — green, C —red . . . L
g visible light excitation bands.
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The situation, in our measurements is little simila that found in well
known differential thermal analysis (DTA) ( Inczedyal 1998), a technique in
which the temperature difference between a substand a reference material is
measured as a function of temperature whilst thstance and reference material
are subjected to the same controlled programmededwwe. The record is the
differential thermal or DTA curve; the temperatuliéerence should be plotted
on the ordinate with endothermic reactions downwamd temperature or time
on the abscissa increasing from left to right. blét peak systems, showing
shoulders or more than one maximum or minimum, lwarconsidered to result
from superposition of single peaks.

The difference between PAS with and without add&ionon-modulated
background light versus modulation frequency, fibtree LEDs used, is shown
in Figure 4. These are well known correlations ptical and thermal transitions
(for example — Endicott and Uddin 2001). OpposteDITA plots, PAS is de-
pendent not only on the energy provided (in ouedastead of temperature the
energy borne by light of particular wavelength awpg but also on modulation
frequency related to the characteristic time of phecess involved. Analyses of
such a relation lead to conclude that in the stuliigat band we are concerned with
at least two phenomena characteristic for one exwatic and another endothermic
reactions.

0.5

” /“f

0.1

0.0 O/ yy N0 g
-0.1 /-Q t j

np TN A

Amplitude difference (mV)

Frequency (Hz)

Fig. 4. Difference between photoacoustic signal amplitwdéh and without additional non-
modulated background light versus modulation fregye Light band excitationsy — blue,e —
greenA —red

More information on characteristic times of the timmed processes can be
gained from Figure 5, where the signal phase diffees are presented. Similarly
to Figure 4, at least two individual processes loardistinguished, observed for
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blue and green LED excitations. In opposite, far k&D data neither amplitude
(Fig. 4) nor phase (Fig. 5) variations were obsgrve
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Fig. 5. Difference between photoacoustic signal phase aith without additional non-modulated
background light versus modulation frequency. Ligamnd excitationsy — blue,e — greenA — red

Table 2. Parameters of the photo-processes measured lyguoostic spectroscopy at a few light
bands

Amplitude difference Phase difference
LED Frequency Amplitude Time 1 Frequency Amplitude Timel Time 2
(H2) (mV) (s) (H2) (deg) (s) (ms)
6.5 3 0.15 1.28
blue 6.5 0.4 0.15
20 4 0.05 0.56
green 28 -0.21 0.04 30.2 7 0.034 0.64

Time 1 — time generation of PAS, Time 2 — influen€additional light to time generation of PAS.

Data obtained in these differential measuremergscatlected in Table 2.
Modulation frequencies from the first columns cepend to resonance frequen-
cies of the observed processes, for which maxiragbtions of both amplitude
and phases of PAS signal were found. In additiata ghlaced in the third col-
umns. giving the time required to signal generat@monstrate a good agree-
ment despite the kind of the measured parameteplifade or phase). The phase
measurement performed for blue LED suggests thermte of two independent
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photophysical processes in the spectra range efmission. However, comparisons
of the parameters characteristic of the secondepsowith the parameters of the
process taking place under green light LED illurtiovaleads to the conclusion that
rather the same process is observed for blue a@hgase light exposures. The
most interesting data appears to be in the colwimere variations of the genera-
tion time are given under the radiation supplenéméh non-modulated back-

ground white light. The observed changes within rdrege of 0.56-1.28 ms are
attributed to an additional time required for tlatjgular process being realised.

So far, we are not capable of pointing to the paldir mechanisms responsi-
ble for the observed PAS signal variability in stadied soil samples. There are
known several photophysical reactions taking plaeceéhe light energy region
from 25000 crit (400 nm) to 17000 ch(600 nm). The visible region has been
widely used for the identification of Fe oxides dngalroxides in soil (Manhaex
al. 2002). The Fe(ll), taking part in Fenton reactian produced from photo-
reduction of Fe(lll) (436 nm) (Zepp 1992).

The studied soil sample is of a very particulaustnre and compaosition,
soil humus accounting for as much as 56% of theptaury mass (Tab. 1). As
known, humus sorptive capacity is 15-36 times highan that of the mineral
part of soil. That leads to the formation of diffatiated complexes within a soil
structure. One of them are the metal-soil orgaratten complexes (Protét al
2008). Spectrum bands where the additional backgtdight effect on PAS is
evidenced ought to be related to a metal-to-ligahdrge-transfer (MLTC)
mechanism, and resemble the spectra of analogowselentron-ligand-
reduction products. Chemical compounds containetkrtiisers absorb in the
visible light band. The collected soil sample waghlhon manure and contained
1.72+0.26% of assimilable nitrogen. Moreover, Misilight possesses enough
strong radiative energy to induce photochemicattieas in compounds of NO
type (Johnston and Graham 1974). As a result, @&ribation of such photo-
chemical reactions during light-soil interactiorenmot be excluded. leading to
the observed PAS variability to a certain extent.

CONCLUSIONS

1. The obtained relations of PAS amplitude versust ligiodulation fre-
quency did not follow the classic dependences o$eRoweig-Gersho theory
since an additional heat exchange mechanism, deasdic of solid samples in a
powdered form, is active.

2. Photoacoustic spectroscopy allowed one to reveal plhotophysical
processes characteristic of one exothermic andhgeendothermic reactions tak-
ing place in the studied soil samples. PAS techaigrovided the principal pa-
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rameters characterising light-soil interaction pireenon such as: the process
threshold light energy, its relative intensity, amghin characteristic processes
time scales. Since PAS methodology is not an éfi@¢ool for dynamics studies
of very fast and slow processes, other transitiootgchemical processes could
likely escape detection. At the current stage dfRAS studies, it is not possible
to unequivocally link the discovered photochemigadcesses with the responsi-
ble source mechanism.
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WSTEPNA ANALIZA MO ZLIWOSCI ZASTOSOWANIA SPEKTROSKOPII
FOTOAKUSTYCZNEJ W FOTOFIZYCE GLEBY
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Streszczenie. W niniejszej pracy pgdj proly zastosowania spektroskopii foto-
akustycznej (PAS), t.j. szczegllnej wersji spelkopsi fototermalnej, w ktorej oceniacsilosé
energii dezaktywowanej do postaci ciepta, dladiowej oceny procesow fotofizycznych zachgdz
cych w prébce glebowej. Jakoddio swiatta zastosowano trzy diody emiog w pasmach niebie-
skim, zielonym i czerwonym widméwiatta widzialnego. Uzyskane zatesci amplitudy sygnatu
fotoakustycznego od egtotliwosci modulacjiswiatta nie byty zgodne z przewidywaniami klasycz-
nej teorii Rosencwaiga-Gersho, co mogt@ Bpowodowane wygpieniem dodatkowego mechani-
Zzmu wymiany ciepta, charakterystycznego dla sprosazkych probek glebowych. W graie wid-
ma $wiatta widzialnego wyréniono dwa niezalme procesy przé&giowe, wykrywalne dla naszej
aparatury. Otrzymano podstawowe parametry: gdrgl amplituct sygnatu foto-akustycznego oraz
czasy charakterystyczne (1,28 oraz 0,64 ms) dlddgo z tych wykrytych procesow.

Stowa kluczowe: spektroskopia fotoakustyczna, faydi, gleba



