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Summary

Photolysis is an important process for determining the residence time and fate of many

agrochemicals in top soils. The investigation of this process is, therefore, part of the

test protocol required by registration authorities. However, the basic understanding

of photolytic reactions of organic chemicals on soil is still very poor. Hence, presently
used experimental tests (EPA, OECD) provide data which are difficult to interpret or

to use for environmental assessments. The goal of this work is to develop methods

for the evaluation and quantification of the factors affecting direct photolysis rate con¬

stants on porous media. In particular light intensity 1(A) in the porous medium, the

molar absorption coefficient cz-(A) of the adsorbed photodegradable compound / and the

reaction quantum yield (pi were determined.

The radiative transfer in porous media is evaluated by help of the Kubelka-Munk

model that describes light intensity attenuation with a light absorption coefficient and

a light scattering coefficient. These optical coefficients were determined for kaolinite,

montmorillonite, barium sulfate, goethite and for 19 soils in the wavelength range be¬

tween 275 and 700 nm. Light penetration in the minerals was strongly wavelength

dependent: for kaolinite light penetration ranged between 10 and 110 fim between 275

nm and 500 nm, respectively. The light penetration in soils was in the range of 20-110

}im at 275 nm and 60-200 jim at 500 nm.

For the study of direct photochemical transformation on porous media kaolinite

and goethite were chosen in order to have a bright and a highly absorbing medium,

respectively. The compounds trifluralin and 4-paranitroanisole (PNA) were used as

photodegradable probe compounds. The molar absorption coefficients of trifluralin

and PNA were determined on kaolinite. Hvperchromic shift and bathochromic shift

of the absorption maximum were observed in comparison to values measured in sol¬

vents.

The quantum yield of the photochemical reaction was derived with two different

approaches: by evaluation of the photokinetics with a model for photolysis in porous

media and with laser flash photolysis experiments. The average quantum yields for

the photolysis of PNA and trifluralin on kaolinite irradiated with a xenon lamp were

07-1.7-lO-4 and 07-2.2-lO-4, respectively. Laser flash photolysis experiments con-

v



firmed the low quantum yield of trifluralin on kaolinite which was found to be ten

times smaller than in water. On the contrary, for PNA the quantum yield determined

with laser experiments was higher than the value obtained with xenon lamp experi¬

ments. This may be explained with a wavelength dependent reaction mechanism. For

the experiments with PNA on the highly light absorbing goethite, the quantum yield

was higher than on kaolinite, <^=l-3-10-3, although the observed photolysis rate is

clearly smaller than on kaolinite due to the very limited light penetration in goethite.

Finally, for practical purposes, the use of a method based on experiments with opti¬

cal thin layers is proposed as a simple test method for the quantification of the quantum

yield of direct photochemical reactions in porous media. In contrast to currently used

tests, this method allows a good separation of the pure photodegradation kinetics from

the diffusion kinetics in the porous medium. Furthermore, with the model developed
in this work it is possible to predict different photolysis scenarios by changing relevant

factors such as quantum yield, soil layer thickness, optical properties of soil, effective

diffusion coefficient and initial concentration profile. This sheds some new light on

the factors affecting photolysis and enables an assessment of the importance of direct

photolysis on soils.
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Zusammenfassung

Die Photolyse ist ein wichtiger Prozess für die Ermittlung der Residenzzeit und des

Abbauverhaltens von Agrochemikalien an Bodenoberflächen. Die Erforschung dieses

Prozesses ist deswegen ein Teil des Vorgehens, das von den Registrierungsbehörden

verlangt wird. Das grundlegende Verständnis für photolytische Reaktionen organi¬

scher Chemikalien an Bodenoberflächen ist jedoch noch sehr dürftig. Deshalb liefern

die zurzeit eingesetzten experimentellen Testmethoden (EPA, OECD) schwer interpre¬

tierbare Resultate, die kaum für eine Umweltverträglichkeitsprüfung brauchbar sind.

Das Ziel dieser Arbeit ist die Entwicklung von Methoden für die Beurteilung und

Quantifizierung der Faktoren, die die direkte Photolyse in porösen Medien beeinflus¬

sen. Insbesondere die Lichtintensität 1(A) im porösen Medium, der molare Absorptionsko¬

effizient Cf(A) der adsorbierten photolysierbaren Chemikalie i und die Quantenausbeute

der Reaktion (p; wurden bestimmt.

Die Strahlungsübertragung in porösen Medien wurde mit Hilfe des Kubelka-Munk

Modells beschrieben, das die Lichtintensitätsabschwächung mit einem Lichtabsorpti¬

onskoeffizienten und einem Lichtstreuungskoeffizienten beschreibt. Diese optischen

Koeffizienten wurden bestimmt für Kaolinit, Montmorillonit, Bariumsulfat, Goethit

und für 19 Böden im Wellenlängenbereich zwischen 275 und 700 nm. Die Lichtein¬

dringtiefe in den Mineralien war stark wellenlängenabhängig: für Kaolinit lag sie zwi¬

schen 10 und 110 Jim bei Wellenlängen von 275 nm bis 500 nm. Die Lichteindringtiefe
in Böden war im Bereich 20-110 ftm bei 275 nm und 60-200 ^m bei 500 nm.

Für die Untersuchung des direkten photochemischen Abbaus in porösen Medien

wurden Kaolinit und Goethit als Medien ausgewählt, um einerseits ein helles und an¬

derseits ein stark absorbierendes Medium zu untersuchen. Die Substanzen Trifluralin

und 4-Paranitroanisole (PNA) wurden als photolysierbare Modellsubstanzen verwen¬

det. Bei der Messung ihrer molaren Absorptionskoeffizienten auf Kaolinit wurde im

Vergleich zu Werten in Lösungsmitteln ein hyperchromer Effekt und eine bathochro-

me Verschiebung des Absorptionsmaximums beobachtet.

Die Quantenausbeute der photochemischen Reaktion wurde mit zwei unterschied¬

lichen Ansätzen ermittelt: durch Auswertung der Photokinetik mittels eines Modells

für Photolyse in porösen Medien, und mit Laserblitzphotolyseversuchen. Die mittlere
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Quantenausbeute für die Photolyse von PNA und Trifluralin auf Kaolinit - bestrahlt

mit einer Xenon Lampe - betrug </>j=1.7-10-4 beziehungsweise <^=2.2-10~~4. Im Falle

von Trifluralin auf Kaolinit war die Quantenausbeute damit zehn mal kleiner als in

Wasser, was durch Laserblitzphotolyseversuche bestätigt wurde. Im Gegensatz da¬

zu war die Quantenausbeute aus dem Laserblitzphotolyseversuch für PNA grösser

als der Wert aus den Versuchen mit der Xenon Lampe. Dies kann mit einem wel¬

lenlängenabhängigen Reaktionsmechanismus erklärt werden. Für die Versuche mit

PNA auf dem stark lichtabsorbierenden Goethit, war die Quantenausbeute höher als

auf Kaolinit, <^=l-3-10"~3. Die beobachtete Photolyserate war allerdings kleiner als auf

Kaolinit, wegen des sehr limitierten Lichteindringen in Goethit.

Für praktische Anwendungen wird schliesslich der Einsatz einer Methode vorge¬

schlagen, die auf Versuchen mit optisch dünnen Schichten basiert, als einfache Test¬

methode für die Quantifizierung der Quantenausbeute von direkten photochemischen

Reaktionen in porösen Schichten. Im Gegensatz zu den gegenwärtig eingesetzten Tests

erlaubt diese Methode eine gute Trennung der reinen Photoabbaukinetik von der Dif-

fusionskinetik im porösen Medium. Ausserdem ist es mit dem in dieser Arbeit ent¬

wickelten Modell möglich, verschiedene Photolyse-Szenarien vorherzusagen, indem

relevante Einflussgrössen wie Quantenausbeute, Bodenschichtdicke, optische Eigen¬

schaften der Böden, effektiver Diffusionskoeffizient und anfängliches Konzentrations¬

profil variiert werden. Dieses Modell wirft ein neues Licht auf die Faktoren, die die

Photolyse beeinflussen, und erlaubt eine Abschätzung der Bedeutung von direkter

Photolyse an Bodenoberflächen.
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Introduction

Pesticides are widely used in agriculture to enhance the efficiency of food production.

Annually 5 million tons of pesticides are applied to crops worldwide (1997,[1]). The

drawback of the massive pesticide use is their impact on the environment due to the

possible toxic effects. Therefore, in the last decades the interest in the distribution

and fate of agrochemicals has permanently increased. Among the degradation pro¬

cesses, photolysis is one important process for determining the residence time and fate

of many agrochemicals in the environment. For this reason the investigation of this

process is part of the test protocol required by the registration authorities. The rele¬

vance of photolysis for the degradation of selected pesticides in aquatic systems and

to a certain extent in the gas phase has been documented and has been successfully
modelled [2, 3]. On the contrary, for the photolysis on soils there is no model for the

assessment of this process in the environment due to the lack of a proper mechanistic

understanding of the underlying phenomena and of a standardized method for the

determination of photolysis rate coefficients on soil.

Because pesticides are directly applied to the soil surface, soil plays an important

role for their fate. The processes occurring just after the pesticide application are of

greatest relevance for the transport of the compound into other environmental com¬

partments (air, water, deeper soil, biomass) [4]. A multitude of phase-transfer pro¬

cesses (volatilization, leaching, sorption) and transformation processes (chemical and

biological degradation, photolysis) are involved in the dissipation of the pesticide. In

order to understand which processes are relevant for the fate of a given pesticide in the

field, it is necessary to quantify each process separately.

The classical approach proposed by the US EPA [5] and more recently by OECD [6]

for the study of photolysis on soil consists in irradiating a soil layer doped with the

compound of interest under controlled laboratory conditions. The utilization of radio¬

labeled compounds allows an easy mass balance and often an identification of the most

1



2 Chapter 1

important photoproducts during the experiment. However, the kinetic photodegrada¬
tion data provided by this method can hardly be interpreted or implemented in an

environmental model that predicts the extent of photolysis in the field. This is due to

the fact that the observed compound disappearance usually depends on the thickness

of the used soil layer as shown by Hebert & Miller [7]. Of great importance in this

regard is the very shallow and highly non-linear light penetration in the soil which is

not taken into account in the evaluation of these classical experiments.

A first step towards a better mechanistic understanding of the disappearance of

compounds during the irradiation was made by Balmer et al. [8]. Using kaolinite as

a model for soil, they recognized that the degradation kinetics is due to a coupled
mechanism composed of photochemical reaction and diffusive transport in the solid

particle layer. In fact, due to the small light penetration depth in the porous medium,

the photoreaction occurs only in the upper few micrometers. Consequently the com¬

pound in the non-irradiated part of the layer will diffuse to the surface, where it can

be photolyzed. The photodegradation model developed by Balmer et al. implements
these two processes allowing the determination of an actual photolysis rate constant

independent of the layer thickness.

This work goes a step further and focuses on the factors affecting the photodegra¬

dation rate constant itself. To this end, several quantities have to be determined: the

light penetration into the mineral (or soil) layer used, the ability of the adsorbed com¬

pound to absorb light, and the efficiency of the photochemical process. Hence, the

goals of this study are:

1. To develop experimental methods for the determination of:

• light intensity 1(A) in the depth of the soil or mineral layer, as a function of

wavelength;

• molar absorption coefficient £i(A) of the compound i adsorbed on the me¬

dium used for the photochemical experiment;

• quantum yield (pi(A) of the photochemical reaction of the compound i ad¬

sorbed on the medium

2. To apply these methods to various soils or soil components, and to various pho¬

todegradable compounds.

3. To propose an experimental setup to measure the photolysis of compounds at the

surface of porous media.

In Chapter 2 the reader is introduced to the theory of light propagation in porous

media, which is necessary for the quantification of the light intensity profile I(z) in the
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medium. For this purpose the Kubelka-Munk model is discussed which is a simple ra¬

diative transport model for light absorbing and light scattering media. This model can

also be used to derive the molar absorption coefficient £/(A) of the adsorbed compound

to be photolyzed. Based on the understanding of the light profile in porous layers, an

equation for the photodegradation rate constant as a function of wavelength, depth,
and the optical properties of the layers is derived.

In Chapter 3 two experimental approaches for the determination of the quantum

yield are presented by using the theory discussed in Chapter 2. The first approach is

based on the classical method of extracting the compound from the layer and analyzing
its disappearance with time. With a model for coupled photolysis and diffusion pro¬

cesses the quantum yield can then be determined. The second experimental approach

is based on recording the reflectance of the layer doped with a compound during the

photochemical reaction. With this spectroscopic approach one can determine quan¬

tum yields with rather small efforts, but its application is subject to certain limiting
conditions.

In Chapter 4 the experimental procedures used in this study are described. In par¬

ticular, detailed information is provided on the use of diffuse reflectance and transmit¬

tance spectroscopy for (1) the determination of the optical properties of the minerals

and soils studied, (2) the determination of the molar absorption coefficient e,(A) of the

compounds adsorbed on minerals and (3) the determination of quantum yields.

Chapter 5 summarizes the experimental results of this work. In a first part the

optical properties of soils and soil components for the wavelength range 275-700 nm

are presented. In a second part the light absorbing properties (molar absorption coeffi¬

cient £f(A)) of adsorbed model compounds (4-nitroanisole and trifluralin) are reported.

Finally various mathematical models are applied to the experimental data in order

to determine the quantum yield of the photochemical reaction. Data from Balmer et

al. [8] (4-nitroanisole and trifluralin on kaolinite) and measured photodegradation for

4-nitroanisole adsorbed on goethite are evaluated.

In Chapter 6 some important conclusions are drawn. The presently used test proce¬

dures (EPA, OECD proposal) are reviewed and a simplified test system for photolysis

experiments on porous media is proposed. Also an assessment of the environmen¬

tal significance of photodegradation in soil is given. Finally some ideas of possible

further research are discussed, especially concerning the possibility to apply the pre¬

sented model to study indirect photochemical processes and photochemical processes

in other porous media present in the environment.





2

Radiative transfer and photolysis
in porous media

A photodegradation process can occur when a compound i has the ability to absorb

light. This ability is quantified by the molar absorption coefficient £/(A) of the com¬

pound i. Most of the absorbed light energy is usually transformed into thermal energy

or emitted again as light (fluorescence or phosphorescence). However, part of the ab¬

sorbed photons may also induce a transformation of i into different products. The

efficiency of the energy conversion is expressed by the quantum yield (pi(A) defined

as the number of molecules of i transformed per number of absorbed photons. The

kinetics of the photochemical decomposition of a compound i follows a first order rate

law1 with time t:

Q(f) =e~fcrhotof (2.1)

The photodegradation rate constant A:piloto is the critical parameter to describe the de¬

crease of the concentration Q with time. In an aqueous media this rate constant can be

calculated by multiplying the light intensity 1(A) with the molar absorption coefficient

£f(A) and the quantum yield (pi(A), and finally integrating over the wavelength range

of the light source2 [2]:

*photo = ln(10) / e,-(A) <Pi(A) 1(A) dA (2.2)
Ja

1This equation is valid only if the compound concentration is low, i.e., when the compound absorbs

only a small fraction of the incident light intensity.

2This corresponds to a near-surface photolysis rate constant.

5
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For the case of photodegradation in porous media it is possible, in principle, to use

a similar approach. However, it should be noted that in a porous medium there is

a much stronger decrease of light intensity with depth as compared to a water body.
Note that /cphoto is also a function of depth in the porous layer, because there is a strong

decrease of light intensity.

In this chapter some basic theoretical background is provided which is fundamen¬

tal for the understanding of the photochemistry in porous media. First, some informa¬

tion is given about the characteristics of the principal agent, light, and then it is shown

how7 the three photokinetic parameters 1(A), £f(A) and (pi(A) can be combined to yield
the photolysis rate constant in porous media.

2.1 Light source and light energy

In the case of a photochemical reaction, light is the essential factor. Hence, in any labo¬

ratory or field experiment, the light source has to be characterized precisely. A source

of light can be polychromatic, that is with a wide spectrum of wavelengths (e.g. the sun

or a UV-lamp), or monochromatic with virtually only one wavelength (e.g. a laser or a

filtered Hg-lamp). Moreover the light can be diffuse (coming from all directions e.g. like

on a cloudy day) or collimated (e.g. coming from a single direction, e.g. a spotlight). The

sun is a polychromatic source with a mixed diffuse-collimated character. In fact, sun

light at noon, when the intensity reaches its maximum, is approximately composed by

equal parts of diffuse and collimated light [9]. The proportions of collimated and dif¬

fuse light change with daytime and weather conditions: at sunset and sunrise, or on a

cloudy day, the light has a mostly diffuse character.

A second important factor is the intensity of the light source. The energy E of one

photon depends on its wavelength A and is given by:

£ =
X M (Z3)

where h = 6.626 • 10-34 J s is the Planck's constant and c = 2.998 • 108 m s-1 is the

light speed in vacuum. Generally, information about the power flux3 Pq(A) [W cm-2

ran"1] of a lamp is available from the producer but for photochemical calculations one

needs the photon flux Iq(A) [photons cm-2 s-1 nm-1] which is the number of photons

flowing per second and square centimeter at a given wavelength. The photon flux can

be calculated with the following equation derived from equation 2.3 [10]:

3The power flux is defined for an interval AA of the wavelength range. Therefore, the unit for Po(A)
there comprises the term nm-1.
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J0(A) [photons cm-2 s1 nm-1] = P0(A) [Wcm-2nm-1] A [nm] (he)1 (2.4)

where (he)-1 = 5.034 • 1015 [J-1 nm-1]. For practical purposes, it is better to use the

unit einstein, which corresponds to one mole of photons. By deviding eq. 2.4 by the

Avogadro's Number, Na = 6.023 • 1023 molecules mol-1, one obtains the equation:

Jo (A) [einstein cm2 s1 nm1] = P0(A) [W cm2 nm1] A [nm] (he Na)1 (2.5)

2.2 Light penetration in porous media

In this study, the Kubelka-Munk model is used to describe radiative transfer in porous

media. This theory will be used to describe the three important factors determining
the photochemical rate constant (see eq. 2.2):

• Light intensity I(A,z) in a porous layer: the wavelength dependent light intensity

in the depth of the layer is difficult to measure. However, with the Kubelka-Munk

model it is possible to calculate4 I(A,z) if the absorption coefficient k(A), the

scattering coefficient s (A) and the intensity of the light source /o(A) are known.

The coefficients k(A) and s (A) can be determined with the Kubelka-Munk model

when measuring reflectance R and transmittance T of porous layers of a defined

thickness d.

• Molar absorption coefficient £,(A) of an adsorbed compound i: with the reflectance

of a porous medium doped with a compound i, £;(A) can be determined using

the Kubelka-Munk model.

• Quantum yield <pt (A ) : by measuring the reflectance change of a doped layer during
the photochemical process, the quantum yield can be derived. To evaluate the

measured data the Kubelka-Munk model can be applied.

Hence, the Kubelka-Munk model plays an important role in this study and will there¬

fore be treated in detail in the next sections.

4This can be done under ideal conditions; a validation of the Kubelka-Munk theory for the data

measured in this work will be discussed later.
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2.2.1 The Kubelka-Munk model

The description of light intensity against depth in a non scattering medium, such as a

solvent (e.g. water), is given by the Lambert-Beer law, which describes the decrease of

the impinging light intensity k(A) with an absorption coefficient k(A) and the depth
in the medium z:

I(A,z) =I0(A)-10' -k{\) z

(2.6)

In the case of a light scattering medium (e.g. a suspension), the Lambert-Beer law can¬

not describe the radiative transfer correctly, because the process of light scattering (due

to the difference in the refractive index between particles and surrounding medium)

is not taken into account. In an absorbing and scattering medium the photons are

scattered in all directions and the use of eq. 2.6 would lead to an overestimation of

k(A), because it would also account for the "lost" scattered photons. As depicted in

Fig. 2.1a in the case of an absorbing and scattering medium a photon will on aver¬

age undergo multiple reflections on particles before it may be absorbed. As a conse¬

quence light can be transmitted through the layer (a transmission T can be measured),

absorbed by the particles5 (A), or reflected (a reflectance R can be measured, which is not

taken into account in the Lambert-Beer law). Hence, the energy balance is given by:

reflected

(b) /

r 0

sL
kl kj

's J

- d

transmitted

Figure 2.1: (a) Possible events for a photon in a porous medium: a photon can be transmitted,

reflected or absorbed due to multiple reflection on the particles; (b) Visualization of the Kubelka-

Munk model. I and / are the two light fluxes with opposite directions; k and s are the absorption
and scattering coefficient, respectively (see text for more details).

5lf the medium surrounding the particles is also light absorbing, then A is the sum of the light ab¬

sorbed by particles and medium.
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T + R + A = 1 (2.7)

Many models exist which describe this phenomena: Mie's theory, diffusion ap¬

proximation, multiflux models, multilayer models, and Monte Carlo simulation to cite

the most widely used (for a short review of these models see [11]). Some of these mod¬

els can take into account complicated sample geometry, anisotropic light scattering as

well as diffuse and collimated light fluxes (see Appendix A for an example of a 4-flux

model). The Kubelka-Munk model [12-16] is the simplest multiflux model, because

it considers only two diffuse light fluxes. It will be shown in the following that this

model is sufficiently accurate for our needs.

The idea of the Kubelka-Munk model is to consider a downward and upward prop¬

agation flux, perpendicular to the layer (see Fig. 2.1b). It assumes that the layer has

infinite lateral extension (therefore edge effects may be neglected), that the light ab¬

sorbing and scattering particles are uniformly and randomly distributed in the layer

and that particle dimensions are smaller than the layer thickness. Furthermore, the

layer is illuminated with a monochromatic diffuse light source. The Kubelka-Munk

model accounts for light absorption by an absorption coefficient k (as in the Lambert-

Beer law) and for light scattering by a scattering coefficient s. These coefficients k and

s are assumed to be isotropic6. The light scattering process is assumed to be isotropic,

which means that a scattered photon has the same probability to be scattered into for¬

ward or backward direction, contributing either to the light fluxes I or /, respectively

(see Fig. 2.1b). Despite the isotropic assumption, the Kubelka-Munk model has also

been used under non-isotropic conditions with satisfactory results [17]. The k and s

coefficients are related to the complex refractive index of the material composing the

particles and to their dimension [18,19]. In the Kubelka-Munk model the effects of tex¬

ture and refractive index are lumped in the coefficients k and s. These coefficients can

be determined from measured reflectance and/or transmittance data. For details about

the applicability conditions of the Kubelka-Munk theory, see the review of Vargas [20].

For photochemical calculations the total amount of photons available at a certain

depth z needs to be known. This quantity corresponds to the sum of the photon fluxes

I and / in the two directions (see Fig. 2.2):

Jtot(A,z) =J(A,z) + /(A,z) (2.8)

Obviously the total light intensity Itot(A,z) in a porous layer depends on the light in¬

tensity of the incoming light, the scattering and absorption coefficients, and finally on

isotropic: having the same properties in all directions.
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0^
Light intensity

d-

Figure 2.2: Light fluxes in the layer.

the considered depth, z, in the layer. Additionally I and / depend on the total layer
thickness d, because the reflected light coming from below increases both / and /. The

mathematical model consists of two equations which describe the light fluxes travel¬

ling in the direction z (!) and in the opposite direction (/) (see Fig. 2.1b):

df(A,z)
dz

d/(A,z)
dz

-(A: + s)/(A,z)+s/(A,z)

(fc + s)/(A,z)-sI(A,z)

(2.9)

(2.10)

Eqs. 2.9 and 2.10 are called Kubelka-Munk equations. They represent a special case

(limited to incoming diffuse light) of a more general four-flux model (see appendix A).

The Lambert-Beer law is a special case of the Kubelka-Munk equations when the scat¬

tering coefficient s is zero. The solution of the Kubelka-Munk equations is [16]:

l(A,z) = I0(A) [a (1 ^ ß) eAZ + b(l + ß)e~

}(A/Z) = J0(A)[fl(l+/3)eaz + b(l-ß)e

(2.11)

(2.12)
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where sx and ß are defined as:

k(k + Is) (2.13)

ß = Jk/(k + 2s)=k/cc (2.14)

The parameters a and b are two constants which depend on the boundary condi¬

tions. Note that oc, ß, a, and b are also wavelength dependent, but in the following
the notation (A) is omitted. In our case the light comes only from above and therefore

I(z = 0) = Iq at the upper limit of the layer. Furthermore, no reflection at z = d is as¬

sumed and no light coming from beneath (i.e. black background) so that J(z = d) = 0

at the end of the layer. Under these conditions the constants a and b are7:

{p j
(2.15)

(1 + ß)2 exd - (1 - ß)2 e-ftd

(l + ß)e*d
[1 + ß)2 earf - (1 - ß)2 e-ftd

(2.16)

The Kubelka-Munk model (eqs. 2.11-2.12) can describe the light intensity I(A,z) and

/ (A, z) if the incoming intensity Iq, the absorption coefficient k and the scattering coeffi¬

cient s are known. The coefficients k and s depend on the type of mineral or soil and on

other variables such as particle dimension, and have to be determined experimentally

(for the determination of k and s see chapter 2.2.4).

By inserting a and b in eqs. 2.11-2.12 and rearrangement of the variables, one ob¬

tains the following hyperbolic solution8 equivalent to the original of Kubelka [12], with

the exception that here z = 0 at the irradiated surface of the layer (whereas Kubelka

has z = d):

7lf there is also a light source from beneath with equal intensity Iq, the expressions for a and b are:

a-ad 1

b =

e-ad(ß-l)-ß-l e-ad(ß-l)-ß-l

8This solution is based on hyperbolic functions:

sinh(x)=2(e-,: - e-*) cosh(x)=j(e',: + e-*)
coth(x)=cosh(x)/ sinh(x) arcoth(x)=^ In ((x + l)/(x- 1))
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=

u smh(vs {d-z)) + v cashes (d-z))
u sinh(ü s d) + v cosh(ü s d)

v J v J
u smh(v s d) + v cosh(v s d)

v '

where u and v are defined as:

k + s

(2.19)

v = \/u2 - 1 (2.20)

The corresponding value for Itot can be calculated with eqs. 2.11-2.12 yielding:

Itot(A,z) = 2/0(A) (a eaz + b eaz) (2.21)

To visualize the shape of the light fluxes in a layer, typical curves for a thin layer

are depicted in Fig. 2.2. As is evident, both fluxes I and / decrease non-linearly with

increasing depth. In Fig. 2.2 the values for reflectance R and transmittance T of the

layer are indicated. These two boundary values are important, because they are ex¬

perimentally measurable. They are defined by R = J(z = 0)/Iq and T = I(z = d)/Io
and can be calculated using eqs. 2.11-2.12 (see also eqs. 2.38-2.39 below for equivalent

expressions):

=

(i-ß^-e-**)
=

(1 - ß2) smh(ad)
(1 + ß)2 e^d - (1 - ß)2 e-ad (1 + ß2) smh(ccd) + 2ß cosh(ocd)

{ ' '

T =
éÊ.

=
11

(223)
(1 + ß)2 eMi - (1 - ß)2 e^d (1 + ß2) sinh(arf) + 2ß cosh(ccd)

y ' ;

The reflectance R and transmittance T have opposite trends for increasing total layer
thickness d, as can be seen in Fig. 2.3. With increasing layer thickness the transmit¬

tance tends to zero, whereas the reflectance value reaches a plateau. The value of the

reflectance at this point is called infinite reflectance, Roo, which is an important quantity

in reflectance spectroscopy (see chapter 2.2.2 for more details). In this context, a new

concept can be introduced, the single scattering albedo co. The single scattering albedo, a
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'0.995

layer thickness c/[cm]

Figure 2.3: Reflectance and transmittance of a layer as function of the total layer thickness d.

With increasing d the reflectance R reaches a maximum value, the infinite reflectance Reo', the

transmittance T decreases and approaches zero. The absorption A of the layer can be calculated

with A=\ - R - T. For this example k=0.5 cm-1 and s=10 cm-1. The layer thickness at which

99.5% of the -co is reached is called information depth, do.995 (see later eq. 2.32).

term often found in the literature, is defined as the ratio of the scattering coefficient to

the sum of scattering and absorption coefficient:

CO

k + s
(2.24)

The single scattering albedo describes the probability that light will be scattered as op¬

posed to absorbed. It reaches values close to unity for high scattering samples (with

high infinite reflectance) and tends to zero for high absorbing layers (low infinite re¬

flectance). Therefore, co is an indicator for the relative optical properties of a medium

(rather absorbing or rather scattering).

Returning to the light intensity profiles predicted with the Kubelka-Munk model,

note that they may exhibit very different shapes, depending on the k and s values.

To get a better idea of the effect of these two parameters on the light profiles, some

hypothetical cases are considered for a porous layer with total thickness d=0.25 cm as

depicted in Fig. 2.4, irradiated with an intensity Iq=1. Note that all these layers have

reached the infinite reflectance (which can be read for / at z=0), with exception of layer

(d).
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• Case (a): /c=s=10 cm-1 typical situation where the light profiles decrease nearly

exponentially. The transmittance tends to zero, the infinite reflectance is 0.267.

This situation is taken as reference and in the next cases one or both coefficients

are changed.

• Case (b): in this case both k and s were multiplied by four, i.e. k=s=40 cm-1. The

effect is that the nearly exponential decrease is more rapid than in (a), so the light

intensity profiles are very different. But the infinite reflectance value and the ß

value are exactly the same as in (a). In fact the infinite reflectance is a function of

ß and independent of a (see next section). This means that the infinite reflectance

does not provide enough information to estimate the light penetration in the layer

(only the ratio k/s can be calculated with the infinite reflectance, see next section).

• Case (c): this sample is preferentially light absorbing (a? = 0.143). The k value

(=60 cm-1) is six times higher than in (a) and was chosen to yield the same a

value (=69.28) as in case (b). Note that the profile for I is identical with that in

case (b): in fact the profile of I is a function of a (and independent of ß) for layers
which have reached infinite reflectance (see next section). Although the I profile
is the same, the / profile is very different and therefore also the infinite reflectance

value (0.072) and ß are smaller than in case (b).

• Case (d): k is ten times smaller than in case (a) and therefore this layer is prefer¬

entially light scattering (co = 0.99). In this case, the light profiles are quasi-linear

because the thickness required for infinite reflectance has not been reached (in

fact the transmittance value is relatively high, T = 0.274). The reflectance value,

R, is 0.701.

• Case (e): this layer has the same optical coefficient as in case (d), but the total

layer thickness has been increased in order to reach the infinite reflectance, which

is 0.868. The shape of the light profiles is nearly exponential and hence very

different from that in case (d). Note that the curve for / is very close to that of I.

Furthermore, the depth at which the light flux I is reduced by 50% is considerably

higher in case (e) than in case (d) (0.489 cm and 0.169 cm, respectively).

It is important to recognize that the light intensity profile within thin layers is diffi¬

cult to measure9, but can be calculated from the experimental k and s values which in

turn are determined from transmittance and/or reflectance measurements at the layer

boundaries. As illustrated in Fig. 2.2, the total photon flux Jtot(A,z) can reach values

higher than Jo (A) at the surface of the layer (z = 0). This is due to the fact that photons

9For materials such as snow and plant tissue, which have different optical properties, measurements
have been performed [21-25].
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can pass several times at a certain depth (Itot= I + Î), because of multiple scattering on

the particles.

o

È

g

I"
.o.

N

Y°° light intensity
0 0.2l 0.4 0.6 0.8 1

/ ^-^15
1 yT
1 jT

1 S

0.1
1 /

I / d= 0.25

1 / k= 10

{/ s= 10

0.2
\l a= 17.32.
/ ß = 0.577

( co= 0.5

light intensity
,0 0.2 0.4 0.6 0.8 1

N

0.1

0.2

1

/
/
/

! /
! /
!/
/

* ' /
/ ! /

(d)/

/ i /= 0.25

/ :A= 0.1

/ / s=

/ / ! a=

10

1.417.

/ / i ß = 0.070

/
.

/. i .œ= 0.99

Voo light intensity
,0 O.2I 0.4 0.6 0.8 1

a

0.1

0.2

t
^

If
f

'

"

(b)

d= 0.25

k= 40

S= 40

a= 69.28

ß= 0.577

co= 0.5

D

light intensity i °°

,0 0.2 0.4 0.6 0.8J 1

sl
^^1?

*/

1/
1/ d= 2.5
il k= 0.1

s= 10

a= 1.417

ß = 0.070

co= 0.99

0 i 0.2

light intensity

0.4 0.6 0.8 1

0.1

0.2

1
r

f

——
(c)

d= 0.25

k= 60

S= 10

a= 69.28

ß = 0.866

co= 0.143

Figure 2.4: Illustrative example of profiles for I (full line) and / (dashed line). Units for a, k and s is

cm-1; d is in cm; ß and co are dimensionless. See text for details.

2.2.2 Infinite reflectance

As indicated in Fig. 2.3, with increasing layer thickness d, the reflectance reaches the in¬

finite reflectance value lco. This property of the reflectance is used in diffuse reflectance

spectroscopy because a further increase of the sample thickness does not affect the

measurement. In this work, the infinite reflectance is used for some calculations be¬

cause it is very convenient. In fact, in the case of infinite reflectance Reo, the calculation

of the reflectance can be drastically simplified, because the term e~xd in equation 2.22

approaches zero for d —» co (for practical purposes if d > 5/a). The simplified equation
for Reo then becomes:

Re
1 + jÖ

(2.25)
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For the calculation of Rœ there are different equivalent expressions10, but the most

appropriate is

which is the solution of the Kubelka-Munk function, commonly used in diffuse re¬

flectance spectroscopy to evaluate the spectra:

where f(R<x>) is called Kubelka-Munk function, which is directly proportional to the

ratio of k and s. This equation is useful in cases where either the absorption coeffi¬

cient changes, as in the case of a light absorbing compound applied to the layer (see

section 2.3) or the scattering coefficient changes (see section 2.2.5) while the other coef¬

ficient remains constant.

In the case of infinite reflectance, light intensity as a function of depth can also

be described in a simpler way, because a and b reach limiting values for d —> oo (see

Tab. 2.1):

UA,z) = /o(A)e"az (2.28)

/co(A,z) = l0(A)^eft2 = J0(A)Ro=ea2 (2.29)
l + ß

Corresponding to equation 2.21 in the case of a thick layer the value of /tot can be

calculated:

Itot,oo(A,z) = Jo(A)(1 + Reo) eft2 =
2 k^ I

*"

(2.30)
l + ß

Equation 2.30 has only one exponential term describing the depth dependence, because

Jo (A) and ß are constant for a given wavelength. One can thus very easily calculate the

depth at which a residual light intensity r = I (A, z) / Iq (A) is left in a thick layer whose

10Other expressions for the infinite reflectance:

_

s _k + 2s-tx
_

2k
_

ix-k
_/\fY~) — ,

—

~

— _L ~

—

~

s + k+y/k(k + 2s) k + 2s + a a + k a + k
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Table 2.1: Limits of a and b for thin and thick layers.

d^O d^ co

light source a = (ß-l)/ (Aß)
at top b = (ß + l)/(4ß)

a = 0

& = 1/(1 + 0)

light sources a = 1/2

at top and bottom b = 1/2

a = 0

b = 1/(1 +iß)

ittanceiszero11:

ZrW =
zMO

(2.31)

With this equation one can quickly calculate how much light is available at a given

depth relative to Jq(A). Useful are the depths for r=0.5, 0.05 and 0.01 whose — ln(r)
values are 0.69, 3 and 4.6, respectively. For the following the value of Zq.oi is defined as

the penetration depth of the light (r=0.01).

Another important value is the layer thickness necessary to reach infinite reflec¬

tance. This value can be experimentally determined but also theoretically calculated if

the absorption and scattering coefficients k and s are known. In fact one can calculate

the layer thickness dx at which a fraction x = R/Rœ of the infinite reflectance is reached

by dividing eq. 2.22 by eq. 2.25 and solving the equation for d (see Appendix G):

dx = —In
2a

i+
2a

k + s + oc 1 — x
(2.32)

With this equation the layer thickness at which 99,5% of the infinite reflectance value

is reached (x=0.995) can be calculated. The respective layer thickness rfo.995 is in the

following called information depth, because it corresponds to the maximal depth from

which spectroscopical information about the layer can be obtained. This value cor¬

responds to a difference in the measured reflectance of 0.5% (1 - x= 0.005) which is

close to the precision of the spectrophotometer. As an example, a layer with k=0.5

and s=10 cm1 has a light penetration depth zo,oi=1.44 cm and an information depth

^0.995 = 0-71 cm (see Fig. 2.3). Note that the penetration depth is commonly substan¬

tially greater than the information depth (more about that in section 2.5).

It should be pointed out that Reo depends only upon the ratio of k and s, whereas

Joo(A,z) is a function of a, which depends on the absolute values of k and s (as an

example see Fig. 2.4a and b). The value a is important for calculating the penetration

depth of the light as well as the information depth. To calculate a, simplifications

uFor optical thin layers which exhibit a measurable transmittance, equation 2.31 is not applicable.
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are possible if the layer has either a predominant scattering character (k « s) or a

predominant absorbing character (k ;» s).

High scattering media (k <C s): for a medium that scatters light efficiently and

absorbs only a small part of the photons, the ratio k/s = f(Rœ) will tend to zero or, in

other words, Rœ tends to one. The limiting value of eq. 2.13 can therefore be calculated:

lim ce flks (2.33)

This is the case for a white medium like snow or kaolinite. As can be seen in Fig. 2.5,

the approximation is sufficiently precise if Rœ is greater than 0.5.

High absorbing media (k 3> s): on the other hand for strong absorbing media

(e.g. soils), one can calculate a taylor series for a and obtains [26] an approximation

which is good for Reo smaller than 0.25 (see Fig. 2.5):

«Roo^O ~ k + s (2.34)

s [cm-1]
1600 4000

Figure 2.5: Simplified equations for a.: (a) a. = k + s, (b) a. = Vlks. Cal¬

culations were performed for a fixed absorption coefficient fc=100 cm-1

and by changing the scattering coefficient s. The solid line corresponds
to the true value of a. For other values of k the same picture is obtained.
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2.2.3 The layer thickness

To be able to calculate the coefficients k [cm1] and s [cm1] from measured data of R

and T (via eqs. 2.22-2.23) of a porous layer, one has to know the total layer thickness d

which is difficult to measure if the layer thickness is in the }im range. A simpler method

is to measure the mass of mineral per surface area, d* [g cm2], and normalize k and

s to this entity yielding dimension of [cm2 g1] for k and s, which will therefore be

called k* and s*, respectively. For porous, solid layers this normalization to the mass-

per-surface-area of the solid matter rather than to its bulk volume-per-surface-area is

also physically more sound. Ideal scattering and absorption of light depend only on

the amount of solid that the photons encounter on their way no matter what the bulk

density of that solid is in the specific layer that is looked at12. This is also an advantage
for the calculation of the molar absorption coefficient (see section 2.3), because k* and

s* can be used without knowledge of the real total layer thickness d. The values for

the absorption and scattering coefficient k* and s* as well as the layer thickness d* can

be converted (to k, s and d respectively) at any time with the equations 2.35-2.37, if the

bulk density pbuik [g cm3] of the considered layer is known:

/cfcm1] = **[cm2g~1]Pbu]k (2.35)

s [cm1] = s^cmWb^k (2.36)

d[cm] = rf*[gcm2]/pbulk (2.37)

2.2.4 Determination of the coefficients k and s

The absorption and scattering coefficients k and s are, together with the layer thick¬

ness d, the key parameters for the calculation of the light intensity profile. The coeffi¬

cients k and s can be theoretically calculated from the complex refractive index of the

medium and the dimension, shape and spatial distribution of the particles composing
the medium. Moisture is also an important factor, because water has a higher index of

refraction than air and will therefore reduce the backscattering of light in the medium.

However, the calculation of k and s based on this information is extremely difficult and

is actually a current research topic [18,19].

Our approach here is to determine the coefficients k and s for a specific porous

12ln fact the transmittance of a cuvette filled with a kaolinite suspension of concentration c and the

transmittance of a cuvette with doubled light path filled with a kaolinite suspension of concentration

c/2, is practically the same (see Appendix D). However, there is some evidence that samples prepared
at high pressure can exhibit different optical properties [27].
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medium as phenomenological values from the reflectance R and transmittance T of

porous layers. Two approaches are here described: the first consists in determining
k and s from R and T values of a single layer; the second method is based on the

simultaneous fit of R and T data of layers with different thicknesses. The expressions

for R and T given in eqs. 2.22-2.23 can be reformulated, so that a solution for k and s is

easy to find13:

k + s + oc coï\\(txd) u + v coth(ad)

T =

ot/sinh(otd)
=

v

k + s + oc coth(arf) u sinh(asi) + v cosh(arf)

The constants u can be calculated without knowledge of k and s with the help of R and

T [12]14:

Hence, eq. 2.38 can be solved for s using a = v s [12, 28] (for v see eq. 2.20). The value

for k can then be calculated with eq. 2.19:

aicoth[(l-MR)/(pR)] 1 /1-R(k-p)\
b =

Vd
=

2vl]n{l ~R(u + v)) (Z41)

k = s(w-l) (2.42)

With these equations and the measured data of R and T for a single layer of thickness

d, the coefficients k and s can be calculated (alternatively k* and s* are calculated if

d* is used). This method has the problem that k and s values are derived from mea¬

surement on a single layer. In fact the reflectance of a thin layer is mostly determined

by the scattering of light15 (see Fig. 2.6). Hence, k cannot be determined with good

13The equations were calculated by Kubelka [12] including also the reflectance of the background of

the layer Rs, which is set to zero here (see assumptions in section 2.2.1):

_

1 - Rs(u-vcoth(ad))
u + vcom(txd) - Rs

14The values u and v can also be calculated with: u = j(l/Rœ + Rœ) and v = j(l/Rœ — Rœ)-

15Note that [12]

s = hm
—-,

hm
—j

= -(k + s) =>k =-hm—-- s

d^a öd d^a öd d^o öd
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Figure 2.6: Sensitivity of reflectance and transmittance towards optical coefficients. The solid lines are

calculated for k=\ and s=10 with eqs. 2.22-2.23. (a) Sensitivity versus k; (b) Sensitivity versus s.

precision from the reflectance and transmittance of a thin layer. On the other hand the

transmittance of thick layers cannot be measured with sufficient precision (see Fig. 2.6).

Therefore, one has to be careful in the choice of the layer thickness for the experimental
determination of these parameters.

From a statistical point of view the best results can be achieved with a simultane¬

ous fit of measured R and T values for layers of different thickness. With this second

method the uncertainty of the single layer calculation can be minimized and at the

same time it is possible to check the validity of the Kubelka-Munk model16 (see chap¬

ter 5).

In summary, the Kubelka-Munk model provides the possibility to describe the de¬

crease of light intensity in a porous layer using the absorption coefficient k and the

scattering coefficient s. These two parameters can be determined experimentally from

the measurement of the reflectance and transmittance of at least one (better more) lay¬

ers of defined thickness.

When wanting to study the photodegradation of organic compounds adsorbed on

rather highly absorbing substrates like natural soils, the experimental problems for

the determination of k and s become more difficult. Usually, transmittance of a soil

is too small to be measured and even the measurement of the reflectance at different

layer thicknesses is experimentally difficult, because the infinite reflectance is rapidly
reached. Therefore, another technique is preferable in order to determine the penetra¬

tion of light in natural soils, as described in the next section.

16lf the assumption inherent in the Kubelka-Munk model (see chap. 2.2.1) were not applicable, the

model would not be able to describe R and T values of layers of a porous medium with various thick¬

nesses using a constant pair of k and s values.
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2.2.5 Penetration of light in soil

Soils that are composed of particles of different materials strongly absorb light. If a

slurry of soil is left to dry out to make thin layers, there will be a vertical separation

of the different particles which have different sizes and densities. Furthermore, wa¬

ter soluble components such as humic acids can coat the particles differently than in

the original soil. Hence, it is difficult to determine the k and s values of a soil with

the method described in section 2.2 by measuring R and T for soil layers of different

thickness. Measuring the infinite reflectance of a soil alone provides only information

about the ratio k/s (see eq. 2.27) and no information about the penetration of light in

the layer (see section 2.2.2). Therefore, alternative methods to determine k and s are

needed.

One possible method to determine k and s of a soil is to add a compound of known

molar absorption coefficient to the soil in different concentrations and to measure the

decrease of the reflectance [26]. It is then possible to calculate the k and s coefficients

of the soil (using eq. 2.53, see next section). It is however difficult to find a compound
which has a wide absorption band so that the reduction of the reflectance can be seen

for all wavelengths of interest.

Another method to determine k and s for soils is to measure the reflectance of a soil

diluted (mixed) with a standard powder that has a very high reflectance and whose

optical properties are known17. When considering a series of such mixtures, one can

assume that the absorption and scattering coefficients (A:tot and stot) of each mixture can

be calculated with the following expressions, i.e. by adding up the weighted contribu¬

tions to ktot and Stob

ktot=fik1+f2k2 (2.43)

Stot = fisi + f2s2 (2.44)

where f\ = m\/ (m\ + m2) and f2 = m2/(m\ + m2) are the fractions of the mixed

masses of the standard (m{) and the soil (m2) respectively. The two corresponding

absorption and scattering coefficients are k\, s\ and k2, s2. Taking equation 2.27 and

introducing the expressions for ktot and stot at the place of k and s, respectively, yields:

17This method was used by Barron [29], but with the simplifying assumption that the scattering co¬

efficient is arbitrarily set equal to unity. In this case a relative but not an absolute absorption coefficient

can be calculated.
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With measurements of at least two mixtures one can solve these equations numerically
and calculate the unknown k2 and S2 values. For practical work, however, it is easier

to select a standard mineral whose absorption coefficient k\ is close to zero like barium

sulfate. In this case eq. 2.45 can be rewritten as:

f(Roo)
f2k2

ffsx + f2S2
(2.46)

or as:

f(Ro
sl + slJHl
k2 k2 m2

(2.47)

Hence, one can perform a linear regression of l//(Roo) versus the ratio m\/m2 at

every wavelength and obtain an intercept s2/k2 and a slope S\/k2 (see Fig. 2.7). One

can finally extract the values for k2 and S2 with these two expressions:

k2
si

slope(A)

s2 = intercept (A) -k2

(2.48)

(2.49)

1

f(Floo)

^^9

%^^^
| = slope (I)

intercept (k)=-^
^^ 1
m

m1/m2

Figure 2.7: Calculation of the absorption and scattering coefficients of a

soil at a fixed wavelength.
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2.3 Determination of the decadic molar absorption coef¬

ficient of adsorbed compounds

Until now the light absorbing and scattering properties of the medium composing the

porous layer have been discussed. The next point that has to be considered, in order

to understand the photolysis rate constant defined in eq. 2.2, is how much light can

be absorbed by the adsorbed molecules i. Therefore, the molar absorption coefficient

£/(A) of the adsorbed organic compound i (e.g. a pesticide) has to determined.

The light reflectance and transmittance of a porous layer will be reduced if a light

absorbing compound is applied to the layer. Thus, the observed difference in light
reflectance and transmittance can be used in order to determine the molar absorption
coefficient of the adsorbed compound.

For the determination of this molar absorption coefficient, the optical properties of

the substrate (k and s) are needed (see section 2.2). By adding different concentrations

of the compound i to the porous layer18, distributed homogeneously both vertically

and horizontally, one can determine changes in reflectance of the contaminated layer.
For this purpose, it is advantageous to choose the case of infinite reflectance, because

as seen in eq. 2.27 the Kubelka-Munk function f(Rœ) is proportional to the ratio k/s. In

general the addition of a light absorbing (and non scattering) compound to a medium

can affect both absorbing and scattering properties of the layer [30-32]. But if the sur¬

face coverage is smaller than a monolayer (so that there are no interactions between

neighboring molecules and there are no crystals of the compound on the surface), and

if the absorption of light due to the compound is not excessive, one can assume that

only the absorption coefficient k changes by adding an absorbing compound. Thus,

the applied compound i should not influence the scattering coefficient of the system.

In this case, the absorption coefficient of the system, kioi, is given by the sum of the ab¬

sorption coefficient of the medium, k, and the absorption coefficient of the compound
i adsorbed on the solid surface of the medium, &;. Equation 2.27 can, therefore, be

rewritten as:

/(Reo,-) = *f =^ (2.50)

where Rœj is the reflectance of the layer doped with the compound i. The key value

ki is proportional to the molar absorption coefficient19, £i(A) [cm3 mol1 cm1], and to

18Note that soils exhibit high absorbance and therefore are not suitable for determination of the molar

absorption coefficient £,(A) of adsorbed compounds.

19ln the Lambert-Beer law defined in eq. 2.6 the value of fc(A) is equal to the concentration of com¬

pound Ct multiplied with £,(A) so that the equation can be rewritten as: log(Io(A)/I(A)) = Ct £;(A) z.

Note that the unit [cm3 mol-1 cm-1] is used instead of [L mol-1 cm-1] which is the usually used unit.
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the adsorbed concentration Q [mol g !] of the compound i [33]:

fc/- = 21n(10)£i(A)iobu]kq [cm1] (2.51)

The factor 2 in eq. 2.51 is introduced because the average path length of diffuse light
in a scattering medium is twice as long as the path in a non-scattering medium [12].

The term ln(10) is due to the conversion of £i(A) (which is defined with the decadic

logarithm) into the natural logarithm. The parameter pbuik *s the bulk density of the

layer. Equation 2.51 can also be rearranged using equation 2.35 for the conversion of k

tor:

k* =21n(10)ef(A)Q [cm2g1] (2.52)

Hence, for the determination of £i(A) one does not need pbuik and for the calculation

of the absorption and scattering coefficients d* can be used without knowledge of the

effective total layer thickness d 20. By introducing the expression for k* in eq. 2.50 (note

that k*/s* = k/s), one obtains a simple equation for the determination of c;-(A)21:

k* 21n(10)e,-(A)
MK«v) ~ H "Ï Li (2.53)

f(Roo,i)

Ci [mol g-1]

Figure 2.8: Calculation of the molar absorption coefficient £;(A).
The filled circles are hypothetical measured data and the line cor¬

responds to the linear regression line.

20The layer thickness is of importance when treating the diffusion of the compound within the layer
(see chapter 3).

21Note that one can also calculate tt by applying the compound i onto optical thin layers, whose R is

smaller than Rœ and whose T is greater than zero, using eqs. 2.22-2.23 and 2.52, but this is mathemati¬

cally more complicated.
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To calculate £;(A) one can use a linear regression of reflectance data, f(Rœri) versus the

applied concentration Q .
Note that it is necessary to perform a regression for every

wavelength (determination of the slope) in order to obtain the full molar absorption
coefficient £f(A) of the adsorbed compound (see Fig. 2.8):

tl[A) ~
21n(10)

{ b }

It is also possible to calculate the molar absorption coefficient from only one con¬

centration but in this case there would not be a control of the linearity of the rela¬

tionship, which serves to verify the validity of this approach (equation derived from

eq. 2.53):

cm
S* f(ROQ,i) ~~ ^

n CCA

£'(A)
=

21n(10)Q
(Z55)

Transforming eq. 2.55 by substitution of k*, one obtains:

ciA)

=

s*lf(R^)-f(R^}
(2%)Cl[A)

21n(10)Q
{ }

This equation shows that at a given concentration Q the molar absorption coefficient

£f (A) is proportional to the difference f(RCoii) — f(Rœ) and to the scattering coefficient

s* of the medium. As will be seen later in chapter 5, the scattering coefficient of a white

medium does not, in general, change drastically over the wavelength range 275-700

nm. Therefore, one can assume s* to be approximately constant and one can use the

term f(Rœ)i) ~~ f(Rco) to calculate a relative molar absorption coefficient £/(A) of the

adsorbed compound. This is possible without knowledge of the absorption and scat¬

tering coefficient of the matrix, which are quite difficult to obtain. These relative spec¬

tra are useful to distinguish the shape of the spectra and the position of the absorption
bands with sufficient precision.

It is important to note that for practical purposes the determination of the absorb¬

ing and scattering coefficient (k and s), of the molar absorption coefficients £;(A) and

(see more detail in next chapter) of the quantum yield (pi, works best with layers that

possess a high reflectance (s » k). In this case one can easily determine the k and s

values and one can clearly distinguish the light absorption of the substrate from that

of the adsorbed compound i.

Having determined the molar absorption coefficient of the adsorbed compound,
the only factor still unknown for the determination of a photochemical process is the

quantum yield. This quantity is per definition strictly related to the photolysis rate

constant and, therefore, both parameters will be discussed together in the following.
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2.4 Calculation of the photolysis rate constant

This section focusses on the calculation of the photolysis rate constant. It is here ex¬

plained how the previously discussed light intensity 1(A) and the molar absorption

coefficient £/ are interconnected with the quantum yield (pi to yield the photodegrada¬
tion rate constant (similarly to eq. 2.2).

As discussed in section 2.2 the total light intensity in the layer of a scattering

medium can be greater than the impinging light intensity. In fact, due to multiple

scattering the average path of a photon is greater than the layer thickness. Therefore,

a molecule in the middle of the layer is exposed to photons coming from above and

below. To be able to calculate a photolysis rate constant the amount of photons that

has been absorbed by the compound i at a depth z has to be quantified. This can be

achieved by calculating the amount of light absorbed in a small interval dz (see Fig. 2.9)

by computing the difference of the light intensity at two depths z and z + dz [34]:

dlahs(A,z) I(A,z) ~~ I(A,z + dz) + J(A,z + dz) - J(A,z)
dz dz

(2.57)

which is equal to:

d/abs(A,z) d}(A,z) dI(A,z)
dz dz dz

(2.58)

0-r

d—

,

<

jo,,?/ ^y^
// dz

/ Am

Figure 2.9: Calculation of the absorbed light intensity.

The right part of eq. 2.58 can be substituted with eqs. 2.9-2.10. Note that differently
from eqs. 2.9-2.10 the value for ktot = k + ki has been inserted, because in this case
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there is also an adsorbed compound i with an absorption coefficient kf.

d4bs(A,z)
dz

(k + kl)[I(A,z)+J(A,z)} (2.59)

This equation describes the total amount of absorbed photons per volume and time at

a fixed wavelength and depth z. One can now extract the amount of light absorbed by
the compound i, dIabs,i(A,z)/dz, by eliminating k from equation 2.59 (k corresponds

to the part of light absorbed by the medium) and by substituting I(A,z) + }(A,z) with

the expression for Jtot(A,z) (see eq. 2.21):

dfab^(A,z) = ki 270(A) (a eft2 + b e112) [einstein cm3 s1 nm1] (2.60)

After substituting fc, with eq. 2.51, and integrating over the wavelength range of inter¬

est, one obtains an equation describing the total quantity of photons absorbed by the

compound / per time and volume at a depth z:

d4bds^(z) = fx41n(10)e/(A)pbu]kQ(f,z) h(A) (a eft2 + b ea2)dA (2.61)

If the absorbed light at each wavelength is then multiplied with the respective quan¬

tum yield (pi (A) [mol einstein1] one obtains an expression for the amount of photons

used successfully for a photochemical transformation, which corresponds to the rate

of photodegradation of i at a given depth z in the layer:

Pbuik^|^ = - jx ^•(A)41n(10)el-(A)pbulkQ(t/z)/0(A)(fl e*2 + b ea2)dA (2.62)

Note that it was necessary to multiply Q [mol g1] by the bulk density pbuik in

order to normalize the concentration to the bulk volume of the porous layer. In the

case where ki is significantly smaller than k (i.e., kj <C k), the penetration of light will

not be significantly influenced by the presence of /. This is a realistic case in systems

like a soils with typical background concentration of pollutants22. As a consequence oc,

a and b in eq. 2.62 do not depend upon the concentration Q of the adsorbed compound.

22lf the concentration of the compound i is high there will be an inner filter effect and the light intensity
profile will depend on the concentration Q and will change during the photochemical process. This case

is considered in sections 3.3-3.4.
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Therefore, one can extract Q from the integral (and eliminate pbuik)/ leading to:

dCi(t,z)
dt

-Q(f,z)41n(10) f cpl(A)£i(A)k(A)(a eKZ + b ea2)dA (2.63)

This equation contains the photolysis rate constant which, in analogy to eq. 2.2, can be

defined as:

fcphoto(-) =41n(10) l^1(A)£l(A)I0(A)(aectz + be^z)dA [s1] (2.64)

so that eq. 2.63 can be written as:

dQ(t,z)
dt

tphoto(z)Ci(t,z) (2.65)

Note that in eq. 2.64 the quantum yield is also described as wavelength dependent.

However, it is very difficult to calculate a photolysis rate constant considering such a

wavelength dependence and there is no clear evidence for a wavelength dependence
of the quantum yield (more about that in chapter 5). Furthermore, an average quantum

yield is more practical for environmental estimations. For these reasons it is assumed

in the following that (pi is wavelength independent:

V>to(z) =4<fcln(10) ^£;(A)Jo(A)(flea2 + bea2)dA [s1] (2.66)

With this equation one can calculate /cphoto at any depth z. At z=0 Aphoto is maximal:

frpr,oto(- = 0) = 4<fr ln(10) I £,(A)I0(A)(a + b)dA [s1] (2.67)
JA
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2.5 Reflectance of a nonhomogeneous porous layer

In the preceding sections the absorption-scattering properties of a layer have been dis¬

cussed with the assumption that the optical coefficients k (or A:tot) and s are isotropic.

This condition is only met if the adsorbed organic compound / is homogeneously dis¬

tributed in the layer or if its concentration is so low to absorb only a small fraction of

the impinging light (ki small compared to k, i.e. /ctot ~ k).

In the next chapter (in particular in sections 3.3-3.4) layers doped with relatively

high concentrations of the compound / and with inhomogeneous concentration pro¬

files over depth are used. Therefore, these layers have an anisotropic value of fctot23 as

depicted in Fig. 2.10. In this case the analytical solution of the Kubelka-Munk equa¬

tions (see 2.11-2.12) are no longer valid. In order to calculate the reflectance of a layer

with /ctot(~) (and/or s(z)) varying over depth, one can proceed numerically by divid¬

ing the layer into thin slices, whose k and s are approximately constant. The reflectance

value is then calculated iteratively.

0~r
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Figure 2.10: Absorption coefficient fctot in a porous layer in which the concentration

of the compound i is inhomogeneous with depth.

As an illustration, consider the first two slices, 1 and 2 (Fig. 2.10), exhibiting re¬

flectance R\ and R2 and transmittance T\ and T2, respectively. In Fig. 2.11 there is a rep¬

resentation of possible reflectance-transmittance processes which can occur to a photon
flux impinging the surface of slice 1. One can calculate the total reflectance (R1..2) and

transmittance (T1..2) of the two piled slices by adding the terms in Fig. 2.11 [13, 35]:

As stated in chapter 2.3 the scattering coefficient is not influenced by an adsorbed compound if the

coverage of the medium surface is low and if the compound does not absorb the light too strongly.
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Figure 2.11: Calculation of the reflectance and transmittance of two superposed slices.

Ri.,2 = R1 + TfR2(l + RiR2 + RfR2 + Ri +
7fR2

1 -RrR2
(2.68)

Ti

1..2
2n2r1r2(i + R1R2 + RfR2 + ...

rtr2

1-R1R2
(2.69)

If the whole layer of thickness d is divided into n slices of thickness Az one can calculate

Ri.,;- and Ti,.;- of the pile of slices from 1 to j with the equations:

R
1..7 K1..7-1 +

Tl.j-iRi
— Rj-i..iRj

(2.70)

Ti
1../

~~ Rj-i..iRj
(2.71)

where R^ and T) are the reflectance and transmittance of the single slice j calculated

with eqs. 2.22-2.23 using the slice thickness Az and the average ktot value for the layer

;", which is proportional to the concentration Ci(z) (see eq. 2.52).

For a homogeneous layer one can easily use eqs. 2.70-2.71 as l~y_i..i =i~i..y_i. Note

that for the transmission there is no difference between T\-\.\ and T\..\-\ (for details

see [13]). But for an inhomogeneous layer one has to calculate Ry_i..i iteratively in

order to get R\.M. Therefore, it is more convenient to calculate R\.M and I+H beginning

from the last slice n and successively putting on more slices up to slice 1 [36, 37]. The

equations for this calculation are:
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R
/•«

Tj Rj 11..»

r?'+i^r;r (2.72)
/ ^;+l..n

r,
;..n

Tj Tj+l-n
1 — Rj Rj | 1../7

(2.73)

These recursive equations allow to calculate the reflectance and transmittance of layers
with a vertically inhomogeneous distribution of the compound i. For homogeneous
distributions of the compound in the layer eqs. 2.72-2.73 correspond exactly to the

analytical solution of the Kubelka-Munk equation. This approach is very illustrative

because it gives a better idea of the processes involved: the slices can be seen as mineral

particles on which the photons can be absorbed or reflected.

Returning to eq. 2.70 one can see that it is composed of two terms, which are Ri.j-i
(the reflectance of the piled j — 1 slices) and T2 •_xRj/ (1 — Rj_1^Rj), which is the con¬

tribution to the reflectance signal coming from the slice ;. Hence, one can calculate

the contribution of each slice ; to the whole (infinite) reflectance Ri..w with this second

term. By searching at which slice j the ratio Ri..j/ Ri..M is equal to 99.5% one can numer¬

ically determine the information depth, which was introduced in section 2.2.2. As can be

seen in Fig. 2.12 the (relative) contribution of the slice j to R\,M decreases exponentially
and faster than the light intensity in the layer, because the photons which have reached

a certain depth in the layer have to be scattered back up to the surface.

CD

1.5

Z0.01

Conditions:

k= 0.5 cnr1;S= 10cnr1;c/=1.5 cm

^0.995= 0.709 cm

z0 01
= 1.438 cm

Figure 2.12: Comparison between (a) the relative contribution

of each sublayer to the total diffuse reflectance and (b) the light

intensity profile I(z), for a situation such as that in Fig. 2.3.
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Photodegradation experiments and

quantum yield determination

In this work the goal of the modelling of photochemical reactions in porous media is to

determine the quantum yield of the reaction, and to evaluate the factors affecting the

experimentally observed decrease of compound i. As discussed in the previous chap¬

ter, the quantum yield is strictly related to the photochemical rate constant ^photo(z)
(see eq. 2.66) which depends on depth. In a porous medium the light penetration is in

the order of a few jiva and, consequently, Aphoto wiU change drastically within a small

space interval. From an experimental point of view this depth dependence is a prob¬
lem because it is not possible to measure the actual kphoto(z) at a given depth z. Only

the disappearance kinetics of the compound i in the whole layer can be determined.

Furthermore, the photochemical reaction leads to a concentration gradient of the com¬

pound in the porous medium. As a consequence, depending on the layer thickness,

the diffusion of the compound from the dark part of the layer to the irradiated surface

will also affect the observed disappearance rate of i [8].

In the previous chapter it has been shown how7 the light intensity in the porous

layer and the molar absorption coefficient of the adsorbed compound can be deter¬

mined. In order to asses all contributions to the photolysis rate constant kv^oto, one has

to extract the reaction quantum yield from the measured data. This is the most com¬

plicated part of this work because two coupled processes are involved, reaction and

diffusion. For the determination of the quantum yield the parameters explained in the

previous chapter are needed, that is, the absorption (k) and scattering (s) coefficients

of the layer, the impinging light intensity Jo (A), and the molar absorption coefficient

£i(A) of the compound.

Two experimental approaches were used for the determination of the quantum

yield in this work. The first approach is based on the irradiation of layers of a de¬

fined thickness d. At different irradiation intervals the layers are extracted with an

33
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appropriate solvent and the remaining parent compound as well as the metabolites

are measured analytically. This kind of experiment is also the proposed setup by EPA

and OECD [5, 6] to determine the photodegradation of pesticides on soils. For these

experiments two methods for the determination of the quantum yield (method A and

B) are here proposed.

The second approach is spectroscopic and is based on a non-intrusive reflectance

measurement. The time dependent decrease of the parent compound concentration is

determined by observing the change in reflectance of a doped layer during the irradi¬

ation. Methods C and D were developed based on this spectroscopic approach. The

four methods used to evaluate of the experimental results for the determination of the

quantum yield will be discussed in the following sections.

3.1 Method A: coupled photolysis and diffusion

In section 2.4 the photodegradation rate constant at a given depth of a layer (see

eq. 2.66) has been calculated, assuming phototransformation to be the only process that

has an impact on the concentration of i. However, whenever there is a concentration

gradient of i in a porous layer, diffusion will occur. Of course, due to the inhomoge¬

neous light intensity profile, such a concentration gradient will rapidly build up in an

irradiated layer even if the starting concentration at t=0 was homogeneous through¬

out the depth. Hence, diffusion of the compound i from lower parts of the porous

layer to the surface will occur, where light intensity and consequently photodegrada¬
tion is at its maximum. The kinetics of this diffusion can be very important and even

dominating for the overall transformation rate observed in such a phototransformation

experiment, as shown by Balmer et al. [8]. For this reason, in order to fully describe the

concentration decrease in an irradiated porous layer, eq. 2.65 has to be combined with

a term describing the diffusive transport of the compound i:

07
~" ^eff T"2 kphoto{Z) Lj{t,Z) (3.1)

where kpixoto(z) is defined in eq. 2.66 and Deff [cm2 s1] is the effective diffusion coef¬

ficient of the compound i in air (assuming an air-dry porous layer)1. Experimentally,
the concentration of i cannot be determined as a function of z with a /im resolution.

Therefore, eq. 3.1 cannot be used directly for the evaluation of a phototransformation

experiment. Instead, it is necessary to integrate the concentration of i over the whole

layer studied. Experimentally this is done by extracting and analyzing the total mass

xThe porous layer is seen as a closed box and therefore Deff outside of the layer (for z > d and z < 0)
is set to zero.
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of compound i (Mi) in the whole layer as a function of time. The corresponding equa¬

tion for Mi(t) can be calculated by integration of eq. 3.1 over the layer thickness (from

z=0 to d) and multiplying with the surface area of the layer, S, and the bulk density of

the layer, pbu]k [8]:

dMi(t)
c„ fd^ d2Q(t,z

dt

/'" à C- t z

S Pbuik jo Deff *2'
J

~~ *photo(z) Q(t,z) dz (3.2)

Insertion of the expression for fcphoto(z) (e+ 2.66, which takes into account (pi and the

wavelength dependence of k, s and Iq) into eq. 3.2 yields:

dMM
=

dt

S Pbuik /
d2Q(t,

Deff C^2'Z)
~~ 4#ln(10) Q(t,z) J £l(A)I0(A)(a éz + b eftZ)dA dz

(3.3)

This equation describes the disappearance of i in the layer (for low concentrations of

the pollutant in order to avoid an inner filter effect) and can be used to evaluate its dis¬

appearance during the irradiation experiment. To perform the calculation one needs to

know the impinging light intensity Iq(A), the molar absorption coefficient £[(A) of the

compound i, and the absorption and scattering coefficients k and s, respectively. The

effective diffusion coefficient Deff can be estimated2. See Appendix B for details about

the numerical procedure. An example of the calculation of Mz-(£)/M;(f=0) with eq. 3.3

is depicted in Fig. 3.1. The results for different layer thicknesses and effective diffu¬

sion coefficients clearly show the influence of the diffusion kinetics on the degradation

curve, especially for thick layers (for more details see section 3.2).

The model described here is more detailed than the model of Balmer et al [8].

Balmer et al. also accounted for a coupling of phototransformation kinetics and dif¬

fusion kinetics but their model was based on a simplistic description of the light in¬

tensity profile in the porous medium and of the actual photolysis rate constant. The

model presented here goes one step further, because it separates the actual photolysis

rate constant A:piloto into the elements which determine it. The only parameters which

are unknown are the quantum yield <p; and the diffusion coefficient Deff, which can be

determined by fitting the experimental data. This method will be used in chapter 5

2Deff can be estimated with the diffusion coefficient of the compound in air, Dair, the medium/air

partition constant, K;ads, as well as the porosity and the tortuosity of the medium [8, 38, 39]:

Deff = Dair • tortuosity I(1 + pbulk Kfds Iporosity)
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and will be referred to in the following as method A.

Due to a statistical correlation between diffusion coefficient and quantum yield (see

Fig. 3.1), it can be difficult to determine the quantum yield from a fit of the measured

photolysis data for a single layer. In order to improve the accuracy of the fitting pa¬

rameters, it is convenient to perform a simultaneous fit of a set of experimental curves

(e.g., various thicknesses, as performed by Balmer et al. [8]). In the next section it will

be shown how this problem can also be solved with less experimental effort and better

accuracy by using optical thin layers.
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Figure 3.1: Photodegradation of a compound i with molar absorption coefficient £, = 16 • 106 cm2 mol 1

on a porous layer with fc=200 cm-1 and s=5000 cm-1. The layer is irradiated with a monochromatic

light source with intensity Iq=5-W einstein cm s .
The photochemical reaction quantum yield is

01=0.001. The calculations were performed with eq. 3.3 using different effective diffusion coefficients

Deff [cm2 s"1] *=10~8; *=10~9; 9=10"10; 0=10"n. The dashed lines are calculated for conditions of

no diffusion and of very rapid diffusion (well mixed). For the layers (a) to (c) some photodegradation
curves overlap. Note that the reflectance rapidly reaches the infinite reflectance value ~co=0.754.
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3.2 Method B: quantum yield determination for optical

thin porous layers

As described in the previous section, the overall rate of disappearance of a compound

i in an irradiated porous layer does not only depend on the phototransformation rate

constant but also on the diffusion kinetics of the compound. Therefore, in general, the

disappearance rate constant observed in an experiment cannot be equated to the actual

photodegradation rate constant. Fig. 3.1 illustrates the influence of diffusion kinetics

and layer thickness on the observed disappearance rate of the compound. The lines

in each figure indicate the two extremes between which the actual curve of disappear¬

ance must lie: the upper line represents the case where no diffusion at all takes place.
The lower line indicates the situation for a well mixed layer (i.e. very fast diffusion) in

which no concentration gradient can build up. Note that even in the case of well mixed

layers the overall disappearance rate depends on the thickness of the porous layer. For

the thicker layers the two lines corresponding to the extreme cases span a wide range.

In this case it is important to know the exact diffusion coefficient of the compound in

order to determine the quantum yield with sufficient accuracy from the experimental
data. On the contrary, in the case of optical thin layers light penetrates to a great depth

of the layer and only a small concentration gradient can build up. In this case diffusion

has only a limited effect on the observed disappearance rate (see Fig. 3.1a and b). As a

consequence, in such optical thin layers diffusion will always be fast enough to justify
the assumption of a well mixed layer. This assumption is feasible at transmittance val¬

ues of at least 0.05 at those wavelengths that are effective for the phototransformation

process (see more details in section 6.2.1).

For the case of a well mixed layer eq. 3.3 can be simplified by integrating fcphoto(z)
from z = 0 to d and dividing the result by the total layer thickness d. In this manner

one obtains the photolysis rate constant fcphoto which is valid for the whole layer. The

expression for ^Lhoto is:

^hoto = 4(pllfW) J* jf e,.(A) h(A) (a e«z + b e"") dA dz [s1] (3.4)

By inverting the integrals and solving them over the depth z = 0..d one obtains:

&*, = "^^1C-^^W" - D - He-« - l)]dA (3.5)

Note that in this equation the term /tot(A) is present, which is the total light intensity

present in the layer (obtained by integrating eq. 2.21 over z), defined as:
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MA) =
^^ [a(ead - 1) - b(e^d ~~ 1)} (3.6)

ct

Inserting eq. 3.6 in eq. 3.5 yields:

^photo = j I 2ln(10) £t(A) /tot(A)dA (3.7)

Solving eq. 3.7 for cpi provides a simple equation for the determination of the quantum

yield from the observed photolysis rate constant in an optical thin porous layer:

<Pi
= -?—;—;—F

°"

.
, ,

[mol einstein1! (3.8)Hl

/A21n(10)ci(A)/tot(A)dA
L J K J

This method for the determination of the quantum yield will be referred to in the fol¬

lowing as method B.

Note that the shapes of the "well mixed" and "no diffusion" curves in Fig. 3.1 do

not depend upon photoreaction velocity. If the quantum yield is increased by a factor

of ten and the irradiation time reduced by the same factor, exactly the same curves are

obtained. In contrast, there is a change for the curves with specific effective diffusion

coefficient. The more rapid the photolytic process, the more the curves will tend to the

case of "no diffusion". Viceversa, the slower the reaction, the more the curve will tend

to the "well mixed" curve.

From Fig. 3.1b it can be seen that the reflectance value tends to the infinite re¬

flectance Reo even if the transmittance value is higher than 0.1. In the case that Rœ

is nearly reached, some other simplifications can be made, since a tends to zero and b

to 1/(1 + ß) (see Tab. 2.1). Equation 2.66 then becomes:

r eaz

fcphota(-) ~ 4 <Pi ln(10) JA c« (A) /o(A)T—gdA (3.9)

and^photo:

/cp\,to-^^//^A)/0(A)l^dA (3.10)

Solving eq. 3.10 for cpi yields:

JcL d

é. ~
Photo f3 i-n

^'~41n(10)[/AeI-(A)/o(A)(l-e-^)/(a+Ä:)]dA
l' ;
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3.3 Method C: spectroscopic determination of the quan¬

tum yield

The second experimental approach is the spectroscopic determination of the quantum

yield by observing the change in reflectance of a doped layer during a photochemical
reaction. From the measured reflectance, the reaction quantum yield can be derived

with an approach similar to that of Gade [34, 40], which was developed for reversible

photoisomerization reactions in light scattering media. The theory of these calcula¬

tions is shortly described here, with an adaptation for our case. For details refer to the

original paper of Gade.

If a compound i is irradiated and transformed into the product p, the reflectance

and transmittance of the layer will change during irradiation, assuming that i and p

have different molar absorption coefficients £;(A) and £p(A). The system of equations

that describes these phenomena is based on eqs. 2.9-2.10 (for the description of / and

/):

dCi(t,z)
dt

dCp(t, A
dt

dI(t,A, A
dz

df(t,A, A
dz

-<fc(A) 7l-(A) Ci(t,z)[l(t,A,z) +J(t,A,z)} (3.12)

<fc(A) 7/(A) Q(t,z) [l(t,A,z) + I(t,A,z)} (3.13)

-[k + 7,-(A) Q(t,z) + 7P(A) Cp(t,z) + s] I(t,A,z) + s J(t,A,z) (3.14)

[k + 7i(A)Ci(t,z) + <yp(A)Cp(t,z)+s] J(t, A,z) -s I(t,A,z) (3.15)

where 7/(A) = 21n(10)e,-(A) and 7p(A) = 21n(10)c;,(A). In addition to eqs. 2.9-2.10

there are the rates of disappearance of / and of the production of p (see eq. 2.65). Fur¬

thermore, the following assumptions were made:

• the photoreaction is assumed to be irreversible. This is a reasonable assumption

for pesticides under environmental conditions (if they do not undergo photoiso¬

merization);

compound i is assumed to be completely immobile in the porous layer. This

means that the concentration gradient resulting from reaction rates that are higher

on the surface than deeper in the layer does not induce any diffusive transport.

A correction of this oversimplification will be made in section 3.4.



40 Chapter 3

In order to solve eqs. 3.12-3.15 for the quantum yield a number of quantities must be

known. The following quantities are assumed to be constant with time and space: k, s,

^(A), £p(A) and <pi(A). The molar absorption coefficient of i can be measured following
the method in section 2.3. The molar absorption coefficient for the product p can only
be determined when the reflectance during the experiment (Roo,iP) has reached a steady

state and by assuming that the reaction is complete (see eq. 2.56).

There also are four variables Q(f,z), Cp(t,z), I(t,A,z) and ](t,A,z) which are time

and space dependent. The only parameters that are measurable are the reflectance and

transmittance of the layer during the reaction, that is, the ratios R = J(t,z = 0)//q and

T = I(t,z = d)/I0.

The irradiation builds up a concentration profile of i and p. Consequently the value

for ktot will be a function of time and of the depth of the layer. Under these circum¬

stances equations 2.11-2.12 for the solution of the Kubelka-Munk equation are not ap¬

plicable (see section 2.5), because they assume a constant absorption coefficient, ktot,

with depth (that is, they assume a homogeneous concentration of / with the depth).

Two alternative methods are used here to evaluate the experimental results of the

spectroscopic approach. The first method, discussed in the next section, is to solve the

equations numerically. The second method is a solution based on a taylor series for

thick layers exhibiting infinite reflectance.

This second method, here called method C, is based on the work of Gade & Po-

rada [34, 40]. A layer thick enough to reach infinite reflectance is used for the experi¬

ment and the reflectance curve versus irradiation time is used to calculate the quantum

yield. If the layer is irradiated with a defined wavelength (denoted with the superscript

°) and if the molar absorption coefficient cj and et, are different, it is possible to calcu¬

late the quantum yield of the reaction with the initial slope of the graph of R"^ versus

time (dR^i /dt) (see Fig. 3.2). The quantum yield can be calculated with the equation

derived from Gade & Porada [34,40]:

<Pt
dt

37fCh0(l^R"
CO,I,

4 jo s*o {?r _ 7p [/(Ry _ f{Rto)f Rc2.
(3.16)

However, this is not possible if £\ and £% are similar, as in this case only a small change
in reflectance will be observed during the experiment. Alternatively the quantum yield

can be determined by evaluating the reflectance change with time at a wavelength

(denoted with superscript *) different from that of the irradiation. The corresponding

equation for the calculation of the quantum yield is:
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<Pt
dt

7* Cifi [2R^,.(1 - "£•) + R^,(l - R%
4/0^*0(7* ^7})[f(R^) -/(RS,)] [/(O -/(RS,)] R£ä,.-(i + R^)

(3.17)

With these relatively simple equations one can calculate the quantum yield from the

initial variation of the reflectance. However, this method has several limitations:

• limited precision because only a part of the reflectance curve is used for the cal¬

culation;

• diffusion of i and p decreases the precision of the calculation;

• if more than one product is formed during irradiation this method cannot be

used.

In order to overcome these shortcomings an alternative evaluation method for the

spectroscopic measurements has been used (method D).

*W0

ARl

irradiation time t

Figure 3.2: Visualization of the reflectance of an irradiated layer for the

°,e? =
4

and£f

<e°cases ef > e't, ef = 4
andef

< £*
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3.4 Method D: extended spectroscopic approach

The alternative method is based on a numerical simulation of the reflectance R^,,p
throughout the whole irradiation time using cpf as a fitting parameter. This evaluation

method has the following advantages:

• the information of the whole experiment is used for the determination of (pf;

• diffusion can be accounted for;

• a good agreement between fitted and experimental curve indicates the absence

of problems that occur with more than one product.

As a subroutine, method D requires a numerical simulation of the reflectance of a

porous layer containing an inhomogeneous (with time and space) concentrations of

light absorbing compounds i and p. This subroutine was introduced in section 2.5.

The idea of the extended spectroscopic method is to numerically solve the system

of eqs. 3.12-3.15. It is possible to calculate the photon fluxes I\ and J\ of the layer 1

in Fig. 2.11 numerically by summing the contributions coming from above and from

layer 2, respectively (see Fig. 2.11):

h = JoCTi + T,R,R2 + T,R2R2 + ...) = I0
^ _^ (3.18)

h = Io(T1R2 + T1R1R2 + T1R2R32 + ..:) = kT^ïï- (3.19)

These equations can be generalized for any slice j in the layer analogously to [36, 37]

(see Fig. 3.3):

I; = ^^ (3.20)
1 — RjRj+i..n

Jj = 1jRj+l..n (3.21)

L_lTy(l + R/+i
n)

hot,j =

] ]\ ,+1-n)
(3.22)

I - KjKji i..M

where Ij and Jj are defined for the bottom of the layer j. If the vertical resolution n of

the layer is high enough, the photon fluxes at every depth Az • ; can be calculated with

sufficient precision.
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Figure 3.3: Calculation of I and / of a layer with inhomogeneous concentra¬

tions of i and p.

So far eqs. 3.14-3.15 have been solved numerically. The next step is to solve eqs. 3.12-

3.13, which is not difficult if the photon fluxes / and / are known. The disappearance
of / and the production of p in a small time interval At can be calculated with the

expressions:

AQ ~cpntQ(t,z)[I(t,z)+J(t,z)}At

ACp = (pillC1(t,z)[I(t,z)+J(t,z)]At

(3.23)

(3.24)

For an improved calculation one can also implement the diffusion kinetics of i and p in

the layer (details about that in Appendix C). The numerical procedure consists of the

following steps:

1. calculation of / and / with the concentration profiles of / and p at time t=0;

2. calculation of the new concentrations Q(z) and Cp(z) after an irradiation time

At;

3. calculation of the diffusive transport for the interval At;

4. return to (1) and so on.

This method will be called method D in the following. It allows the use of the infinite

reflectance as well as of both reflectance and transmittance data for the determination
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of the quantum yield (best fit of measured data). This is another advantage of this

complicated method in comparison to method C (initial-slope method), which can only
be used with the infinite reflectance.



4

Experimental section

4.1 Optical properties of minerals

The optical coefficients k and s of kaolinite, montmorillonite, barium sulfate and goe¬

thite were measured. Kaolinite Al2Si20s(OH)4 (China Clay Supreme from English

Clays Lovering Pochin & Co. Ltd, St. Austell/Cornwall, BET surface: 12 m2 g1) and

montmorillonite K 10 (Fluka, fraction 5-20 ^m) are clay minerals commonly found in

soils. Goethite (Bayferrox 910 standard 86, Bayer, BET surface: 16 m2 g1) is an iron

oxide of a brown color and is also ubiquituous in soils. Barium sulfate (Kodak white

reflectance standard) is a well defined standard in diffuse reflectance spectroscopy and

is used here as mixing standard in the determination of the optical properties of soils.

The k and s values were obtained from the reflectance and transmittance of thin layers
of these minerals according to chapter 2.2.4.

4.1.1 Production of thin layers

For the measurement of k and s, thin layers of the minerals had to be applied to a

quartz plate (5 x 5 cm and 1.2 mm thick). The quartz plate has a teflon gasket fixed

on it with fold-back clips. An aliquot of the mineral slurry (2 rnL) was treated in an

ultrasonic bath for 2 minutes to reach an optimal suspension and then quickly applied

to the plate, which was positioned horizontally. The slurry was allowed to dry out

over night at room temperature. With this method layers of different thickness were

obtained: 0.3-20 mg cm2 for kaolinite; 0.8-20 mg cm2 for montmorillonite; 2-7 mg

cm2 for goethite; 0.6-130 mg cm2 for barium sulfate.

The layer thickness d* [g cm2] can be determined from the dry mass of the mineral

and the surface area of the layer. To calculate the thickness d, the value d* is divided

45
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by the bulk density pbuik of tne layer (see eq. 2.37). With an estimated porosity of 0.3

the bulk densities pbuik [g cm3] are: kaolinite 1.8, montmorillonite 1.7, goethite 3.0.

For barium sulfate a bulk density of 1.36 was directly measured (this corresponds to a

porosity of 0.7).

4.1.2 Measurement of reflectance and transmittance

The diffuse reflectance and transmittance of the mineral layers were measured with an

Uvikon 860 Spectrophometer equipped with a 9 cm diameter integrating sphere (see

Fig. 4.1). The integrating sphere allows the collection of the transmitted or reflected

light in all directions. Reflectance and transmittance were recorded in steps of one

nm (for the laser photolysis experiments every 2 nm) in the range 275-700 nm with

a bandwidth of 2 nm. For the calibration of the instrument two certified Spectralon

white standards (Labsphere) were used, which have a known absolute reflectance Rstd

of more than 0.97 over the range of 275-700 nm. The measured reflectance was cor¬

rected with Rstc} and the reflectance of a light trap Rtrap in order to obtain the absolute

reflectance:

r=RstdR7s:Rtrap (4.1)

In general Rtrap is a small value tending to zero, but if the mirrors of the integrating

sphere (see Fig. 4.1) are not properly adjusted, part of the light beam can reach the

sphere surface instead of the measuring port where the light trap should absorb the

light. For the transmittance the measured value has to be corrected with the transmit¬

tance of the clean quartz plate:

J = 1 meas/ * quartz (4-^-j

To verify the consistency of the measured data one can check whether the sum of R

and T is not greater than unity, which can occur if the sample exhibits fluorescence (in

case of measurement with only one monochromator; in this work fluorescence was not

observed) or if the Spectralon standard has a reduced absolute reflectance. On the other

hand if the energy balance is smaller than unity there has either been a light absorption

by the sample or a loss of energy though the edges of the sample [41]. This can occur

if the sample thickness is relatively large in comparison to the horizontal extension of

the sample, and is particularly evident if the incoming light beam does not cover the

whole sample area. In this case a part of the light is scattered perpendicularly to the

z axis (see Fig. 2.1) and will be lost through the edges of the sample and not reach the

detector. For barium sulfate and kaolinite, which absorb only a very small part of the
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light, R + T values close to unity were achieved, confirming the fact that the edge-loss

effect was negligible due to the small thickness of the samples.

In order to examine the influence of humidity, R and T of kaolinite conditioned at

26% rH (laboratory air), 97% rH (purged with nitrogen bubbling in a nanopure water

flask) and of kaolinite as a wet layer (nanopure water was sprayed on the layer with

an air-brush) were measured. Relative humidity was measured with a Hygroclip C

Sensor (Rotronic AG, Switzerland).

The optical coefficients k and s were calculated with the reflectance R and the

transmittance T of layers with different thickness d* by fitting the measured data with

eqs. 2.22-2.23 (calculation were performed with Matlab 6.5). With this overdetermined

set of measurements the validity of the Kubelka-Munk theory could be verified and

at the same time statistically more reliable results for the optical coefficients were

achieved.

monochromator light source

-Eh-O

Figure 4.1: Scheme of the used integrating sphere (IS). Diffuse reflectance was measured with the

sample on port 1 and spectralon standard on port 2; transmittance was measured with the sample
on port 3 and spectralon standards on ports 1 and 2.

4.2 Optical properties of soils

In general the transmittance of natural soils is too small to be directly measured with

sufficient precision. This is also due to the difficulty of producing thin layers of soil

exhibiting spatial homogeneity. The production of thin layers of soil with the use of

soil slurries is not possible due to the physical separation of the soil components during
the drying procedure. Hence, mixtures of a dry soil with a white standard material

of known k and s must be used (see section 2.2.5). A set of 19 soils with different

composition was studied: six Eurosoils (Environment Institute of the Joint Research

Center Ispra) and six EPA soils (EPA, Athens, USA) were used as purchased; seven
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Swiss (upper 20 cm from FAL, Zürich-Reckenholz) soils were sieved with a 0.355 mm

mesh. The properties of these soils are listed in Tab. 4.1.

The soils were mixed with barium sulfate in different proportions to yield a total

of 1 g of mass. After gentle mixing of the components in an agate mortar, the mixture

was placed in a special sample holder (see Fig. 4.2), allowing the preparation of a pellet

by pressing the mixture when the sample holder was positioned horizontally. In order

to obtain a microstructure on the surface and avoid glossy effects, a piece of paper was

positioned under the pressing plate. This sample preparation has the advantage a sur¬

face is obtained which can be directly placed in the measuring port of the integrating

sphere (for reflectance measurements) when the sample holder is positioned vertically.

The calculation of k and s of the soil was performed with the equations in sec¬

tion 2.2.5 using the known k and s values of barium sulfate.

Table 4.1: Composition of the different soils studied [42]: organic carbon content, sand (63 ^m-2

mm), silt (2-63^m) and clay (<2^m). The color of the soil was determined with transformation

of the reflectance spectra to XYZ tristimulus values and subsequently into the Munsell Color

notation (hue, value, chroma). The bulk density pbuik was measured with the sample holder.

soil orgC Sand Silt Clay Fe203 Munsell color Pbuik

[%] [%] [%] [%] [%] hue value chroma [g cm"3]

EPA 5 2.28 33.6 35.4 31.0 1.64Y 4.14 1.59 1.13

EPA 8 0.15 82.4 10.7 6.8 2.06Y 5.25 2.15 1.48

EPA 9 0.11 7.1 75.6 17.4 1.67Y 5.78 3.42 1.25

EPA 17 0.89 18.1 46.2 35.7 0.59Y 5.73 3.72 1.32

EPA 19 1.77 3.1 71.8 25.1 0.43Y 5.62 3.33 1.1

EPA 21 1.88 50.2 42.7 7.1 2.52Y 4.93 1.84 1.27

Eurosoil 1 1.30 3.3 21.9 75.0 10.8 9.92YR 4.71 3.44 1.2

Eurosoil 2 3.70 13.4 64.1 22.6 1.7 0.72Y 6.11 2.72 1.2

Eurosoil 3 3.45 46.4 36.8 17.0 4.1 n.d. n.d. n.d. 1.15

Eurosoil 4 1.55 4.1 75.7 20.3 2.7 0.06Y 5.35 3.8 1.28

Eurosoil 5 9.25 81.6 12.6 6.0 0.1 1.47Y 5.42 3.27 1.27

Eurosoil 6 0.25 1.7 82.4 16.0 2.8 0.06Y 5.86 4.87 1.32

FAL1 1.81 43.9 33.0 20.0 1.00Y 5.17 2.89 1.11

FAL 7 1.40 49.3 27.1 21.2 0.63Y 5.11 2.95 1.13

FAL 9 2.68 49.3 26.9 19.2 1.28Y 4.74 2.32 1.24

FAL 10 3.42 46.0 29.3 18.8 1.01Y 4.56 2.14 1.15

FAL 12 0.96 61.9 30.5 5.9 2.35Y 4.99 2.02 1.17

FAL 13 1.04 40.6 47.4 10.2 2.19Y 5.42 2.38 1.04

FAL 18 2.08 42.1 29.1 25.1 0.73Y 4.7 2.41 1.37



EXPERIMENTAL SECTION 49

ft
a

ffi

Figure 4.2: Sample holder for the preparation of pellets of soil/barium sulfate mixtures, a) the mixture

is placed into the horizontally positioned sample holder and covered with a piece of paper (1) in order

to obtain a microstructure on the surface, then closed with a stainless steel plate (2); b) the piston (3)

is then turned to compress the mixture; c) after removing paper and plate, the sample holder is placed

vertically in front of the integrating sphere for the measurement; d) side view of the sample holder.

4.2.1 Effect of moisture on the optical coefficients

To investigate the effect of moisture on the optical coefficients k and s of the soil, the

reflectance of moistened samples was recorded. A soil was prepared with the sample
holder (thickness 2-3 mm) and nanopure water was sprayed with a Crescendo Model

175-1F airbrush (Badger Air-Brush Co., USA.) until the color did not change any more.

The sample was then placed in a chamber conditioned at high humidity to allow the

moisture to penetrate well into the sample. Additional water was sprayed onto the

sample in regular intervals to compensate for the water penetrated into the depth. This

technique allows the sample to be moistened without perturbation of the soil surface,

because the sprayed water droplets are very small. After about 4 hours of treatment

the spectral reflectance of the wet soil was measured and the gravimetric water content

was determined.

4.2.2 Color of soil samples

The measured spectral reflectance of the soil samples, R(A), was transformed into the

Munsell color notation (hue, value and chroma) as described in [43]. The CIE color-

matching functions x(A), y(A) and z(A), weighted with the CIE standard illuminant C,

were used to calculate the tristimulus values X, Y and Z with the following equations:

X = k R(A)Ic(A)x(A)dA (4.3)

Y = k R(A)Ic(A)y(A)dA (4.4)
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Z = k / R(A) Ic(A) z(A) dA (4.5)

jA JC (A) y(A) dA

where k is a normalization constant. The values for x(A), y(A), z(A) and Iç(A) (every

5 nm) were found in [44]. The X, Y and Z values were then converted into the Mun¬

sell color notation with a Munsell Conversion Version 6.22 software (free download at

www.munsell.com).

4.3 Determination of the molar absorption coefficient of

adsorbed compounds

The molar absorption coefficients of the adsorbed parent compounds were determined

on rather thick layers (d*=9 mg cm2) of kaolinite. The thicknesses of the layers were

greater than the information depth rfo.995 (see eq. 2.32 for definition) and therefore they
exhibited an infinite reflectance so that the method described in section 2.3 (eq. 2.54)

could be used. The layers were produced on glass plates according to section 4.1. The

reflectance of the doped kaolinite layers were measured with the equipment described

in section 4.1.

Stock solutions of 4-nitroanisole (PNA, Riedel-de Haën) and trifluralin (Riedel-de

Haën) with concentrations of 4 and 1 mg L1, respectively, were prepared in octane

(Fluka). An aliquot of 500 ]iL of different dilutions of the stock solutions was applied

drop by drop and homogeneously to the surface of the mineral layer with a Hamilton

syringe. Final concentrations were between 2.9 and 92 \ivao\ g1 for PNA and between

1.3 and 5.3 uvao\ g1 for trifluralin
.
The homogeneity of the horizontal distribution of

the compound was controlled by measuring the reflectance of different patches of the

layer. The vertical homogeneity was checked by detaching the layer with an adhesive

(Araldit, Ciba-Geigy) and measuring the reflectance of the other side of the layer. This

value agreed well with the reflectance of the upper side. Furthermore, for PNA the

molar absorption coefficient £/(A) did not change between layers conditioned at 32

and 81% relative humidity.

To quantify the influence of the media on the shift of the absorption bands, the

spectra of trifluralin on different media were measured. As in this case the shift of the

spectral maximum (relative molar absorption coefficient C/(A)) was of interest, there
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was no need of absolute molar absorption coefficient £/(A) values. Hence, a simplified

determination method was applied that does not require the knowledge of the absolute

optical coefficients but only of their ratio k/s (which may be derived from the infinite

reflectance Reo). Trifluralin was applied by dropping octane solutions directly onto the

mineral powder, which was then vigorously mixed with a razor blade and pressed
in a sample holder (see section 4.2). The media used for this experiment were silica

(Sipernat 160, Degussa, Germany), aluminum oxide (Condea Puralox SB a-230) and

barium sulfate. The relative molar absorption coefficient £;(A) was calculated with the

method described in section 2.3.

The molar absorption coefficient of the dissolved compound was measured with

a Uvikon 860 Spectrophotometer and 1 cm quartz cells in nanopure water and in

methanol (Fluka) for PNA and trifluralin, respectively.

For the laser experiments (see next section) the molar absorption coefficient £/(A)
of the photoproducts needs to be known. These were determined by applying the com¬

pounds, PNA or trifluralin, onto kaolinite and irradiating them with a UV-Lamp (2

FT Actinic Blue, Philips) or with a laser. The spectral change over time was measured

with a spectrophotometer equipped with an integrating sphere. After the reaction was

complete (no further change of reflectance) the final spectrum of the product was cal¬

culated with eq. 2.56, assuming the scattering coefficient of the medium to be constant.

4.4 Determination of the quantum yield

The quantum yield of the degradation of PNA and trifluralin on kaolinite was deter¬

mined with laser flash photolysis and spectroscopic measurement (method C and D,

see sections 3.3 and 3.4) as well as by modelling photodegradation data from Balmer

et al. [8] (method A and B, see sections 3.1 and 3.2). For PNA the quantum yield was

also determined on goethite with standard photodegradation experiments (method A,

see section 3.1), since the spectroscopic approach was not applicable due to the high

absorption coefficient of goethite.

4.4.1 Experiments with laser flash photolysis

As light source a Nd:YAG Laser (Brilliant B, Quantel, Les Ulis Cedex, France) with fre¬

quency multiplying crystals (3x: 355 nm and 4x: 266 nm) was used. Alternatively, the

355 nm laser light was used to pump an Optical Parametric Oscillator (OPO, Opotek,
Carlsbad CA, USA) to produce wavelengths between 410 and 690 nm. The energy of

the laser light (7.8-60 mj/pulse) was measured using a Gentec Duo Energy meter and a

ED200 or a ED500 joulemeter head (both Gentec, Sainte-Foy, Canada). The pulse rate of
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the laser was set between 1 and 10 Hz depending on the experiment. The experimental

setup can be seen in Fig. 4.3. The light beam coming from the laser is enlarged with a

lens and passes through a frame in order to cover a defined rectangular irradiated area

of 1.4 cm x 2.2 cm on the layer.

The spectral reflectance of the irradiated layer (proportional to the irradiation en¬

ergy) was recorded separately as a function of the irradiation time with the spectropho¬

tometer in the range 275-500 nm (see section 4.1).

(a)

sample frame

(b)

Figure 4.3: (a) Experimental setup for the laser experiments, (b) Picture of a kaolinite plate doped with

PNA and irradiated in two parts. The irradiated parts become visible because the photoproduct absorbs

light in the visible range.

4.4.2 Photodegradation experiments of PNA on goethite

An experiment with PNA on Goethite (d*=4A mg cm2) was performed. The experi¬

mental procedure was similar to that of Balmer et al. [8]. Eight pyrex glass plates with

air-dry goethite layers were spiked with 500 }iL of a PNA solution in hexane to reach

a concentration of 1.7 fimol g1. The layers were then covered with a pyrex glass and

exposed to a xenon lamp (see Fig. 4.4) for different time intervals. After irradiation

PNA was extracted from the goethite with methanol and measured with a HPLC Sys¬

tem (Hewlett-Packard 1090 Series II/L) equipped with a diode array detector and a

column LiChrosphere 100 RP-18 (5 jan, 125 mm x 4 mm + 10 mm precolumn) from

Merck. The eluent was 35% water and 65% methanol (1 mL min1) and the detec¬

tion wavelength was 307 nm. A dark control experiment was carried out with a layer

covered with a red film.
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Figure 4.4: Spectra of the xenon and the UV lamp used in this study compared with

the sunlight intensity from [38].
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Results arid Discussion

5.1 Optical properties of minerals

Diffuse reflectance and transmittance measurements of barium sulfate, kaolinite, mont¬

morillonite and goethite layers of different thickness were performed. With a non¬

linear fit of measured R and T at every wavelength (see eqs. 2.22-2.23 and section 2.2.4

for details) it was possible to determine the spectral absorption and scattering coeffi¬

cients k and s between 275 and 700 nm. An example of the fitting results is depicted
in Fig 5.1. The whole data set is given in Appendix E and H. For the determination of

k and s, measurements of R and T for one layer would have been sufficient for every

mineral. However, the measurements that were performed for additional layer thick¬

nesses (up to 14 different thicknesses) help to confirm the applicability of the Kubelka-

Munk theory to the used mineral layers. The model was able to describe the R and

T for a wide range of total layer thicknesses with only two fitting coefficients, despite
the fact that the used light source was collimated instead of diffuse as required by the

Kubelka-Munk model. This can be explained by the fact that incoming collimated light
is effectively scattered as soon as it hits the mineral surface [15, 45, 46] so that no sig¬

nificant deviation from the Kubelka-Munk model even for very thin layers of the used

minerals was found. For media which have a high infinite reflectance such as barium

sulfate and kaolinite (the latter only at longer wavelengths) a light balance close to one

was achieved, confirming that all the light entering the system was collected (i.e., no

edge losses, see section 4.1.2).

Barium sulfate is a very high scattering and low absorbing material, which re¬

sults in a very high absolute reflectance of greater than 0.95 in the measured range

of wavelengths. For details of the measured spectra see appendix E. If the units of

the coefficients are transformed in cm1 with the measured bulk density of the layers

55
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(1.36 g cm3 corresponding to a porosity of 0.7) using eqs. 2.35-2.36, the results can

be compared with values reported by Patterson et al. [47], determined with another

technique (see Fig. 5.2). Our data is consistent with this literature data, which presents

a similar pattern though with slightly lower values for k and higher values for s. Also

the more recently published scattering coefficients from Torrent and Barron1 [43] agree

well with our data. This confirms the validity of our approach for the determination of

the optical coefficients.

Kaolinite has a high scattering coefficient in comparison with the absorption coef¬

ficient and therefore has a white color, although below 400 nm, the values for k increase

barium sulfate

/c=0.18 cm2g-1
s =747.8 cm2 g"1

40
t

80 120

d*[mg cm2]

kaolinite

/c=13.5 cm2g-1
s = 2061.4 cm2 g"1

5
,

10 15
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20

montmorillonite

k=47.3 cm2g-1
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>—• • • •
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Figure 5.1: Reflectance and transmittance measurements (dots and squares, respectively) for barium

sulfate, kaolinite, montmorillonite and goethite at different total layer thicknesses at a wavelength of

500 nm. The model line is calculated with a single pair of k and s values for each material (see data in

Appendix H).

xIn [43] the equation on page 315 should correctly read s (A) = 14236 A °-409, where the wavelength
is in nm and in the range 380-750 nm (personal communication from Torrent J., 21 July 2003).
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Figure 5.2: Comparison of the absorption and scattering coefficients for barium sulfate. The data de¬

termined in this study (line) is in accordance with literature data from [47] (circles). The scattering
coefficient values from [43] (dashed line) are also in the same magnitude.

rapidly reducing the infinite reflectance. The absorption and scattering coefficients ob¬

tained in this study are in good agreement with values from Jepson [48] determined

for six wavelengths between 425 and 625 nm with reflectance measurements only (see

Fig. 5.3a). Smaller values for k (maximal difference -13%) and higher s values (maximal

difference +11%) were found. In fact the composition of the kaolinite studied by Jep¬

son is very similar to that of our kaolinite, particularly with respect to Fe2C»3 content

(0.61% and 0.58% [49] respectively) which influences the absorption coefficient [48].

The influence of moisture on k and s was also studied for kaolinite. There was no

significant change in the reflectance spectra of kaolinite when relative humidity in the

air changed from 26% to 97% (data not shown). However, with wet layers, a drastic

change in the spectra was observed which is due to the filling of pores with water.

Water has a refraction index of 1.33 which is closer to that of kaolinite, 1.56 [50] as

compared to air. Therefore, the light is reflected less on wet kaolinite particles. Indeed,

the scattering coefficient decreases substantially, whereas the absorption coefficient is

practically not affected by the water film on the particles2 (see Fig. 5.3a). As a conse¬

quence of the smaller scattering coefficient, light penetrates deeper into wet kaolinite

layers and reflectance decreases drastically. A similar evident change of the scattering

coefficient in combination with a slight reduction of the absorption coefficient was ob¬

served by Large et al. [51] when adding oil to the interlayers of a staple of clear slides

of photographic film.

Montmorillonite, as compared to kaolinite, has a higher absorption coefficient

which results in a grey color (see Fig. 5.3b). Note that an increase of the absorption

2Note that, if measurements are made in the infrared region, the absorption coefficient will be

strongly influenced in the regions of absorption of water, i.e. A=1420 nm and A=1850 nm.
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coefficient is accompanied by a reduction of the scattering coefficient (this effect was

also observed by Davidson et al. [52] for yellow and orange pigments). This effect is

even more evident for goethite.

Goethite has a yellowish brown color due to its high absorption of light below

550 nm. The direct determination of the absorption and scattering coefficient from

thin goethite layers was difficult due to the high absorption, especially at short wave¬

lengths, where the transmission was close to the detection limit. Hence, the optical
coefficients were also determined with the mixture method (see section 2.2.5). The

results are similar for long wavelengths but for short wavelengths the (more reliable)
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Figure 5.3: Absorption coefficient k and scattering coefficient s for (a) kaolinite, (b) montmorillonite

and (c) goethite determined with reflectance and transmittance of thin layers, (d) coefficients k and s

for goethite determined with a an alternative method (mixing with barium sulfate). For kaolinite the

optical parameters of wet kaolinite (fcwet and swet, dashed lines) and for comparison literature values

[48] for k (squares) and s values (filled circles) are given. The differences between the results in (c) and

(d) are discussed in the text.
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mixture method yields higher absorption coefficients (see Fig. 5.3c and d). For further

calculations this second set of k and s values was used.

The light profile in the mineral layers can be calculated with the optical coefficients

k and s using eqs. 2.11-2.12. The penetration depth of the light zn.oi can also be calcu¬

lated with eq. 2.31 (for a layer that is thick enough to have zero transmittance). Fig. 5.4

shows the depth at which the light is reduced to 1% and 50%, respectively zn.oi and

zo.5 (calculated with eq. 2.31). Note that the penetration of the light is strongly depen¬

dent on wavelength. In the same figure the information depth do.995 is also indicated,

which corresponds to the maximal depth from which some information with diffuse

reflectance spectroscopy can be obtained. This value was calculated with eq. 2.32 and

is an important criterion to establish whether infinite reflectance is reached.

0.04 i—i 1 1 1 1 1 1 1 1 i—i 1 1 1 1 1 1 1 1

300 400 500 600 700 300 400 500 600 700

wavelength [nm] wavelength [nm]

wavelength [nm] wavelength [nm]

Figure 5.4: Light penetration depth Zo.oi, depth at which the light intensity is reduced to 50% (Z0.5), and

information depth do.995 for kaolinite, montmorillonite, barium sulfate and goethite in dependence of

the wavelength.
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5.2 Optical properties of soils

5.2.1 Absorption and scattering coefficient of dry soils

The determination of the absorption and scattering coefficients of soils (see Tab. 4.1)

was achieved by mixing the soil with barium sulfate (see section 4.2). The reflectance

spectra were transformed in l//(Roo) in order to use eq. 2.47 to determine the k and s

values for the soils. For barium sulfate the optical coefficients given in section 5.1 were

used. A typical example of the mixture spectra and of its transformation is depicted
in Fig. 5.5 (all other measured spectra can be found in Appendix E). The linear corre¬

lations found in Fig. 5.5b indicate that there is an ideal mixing behavior. The optical

coefficients k and s of the soil were determined with eqs. 2.48-2.49.

wavelength [nm] m1 / m2

Figure 5.5: (a) Reflectance of different mixtures of Eurosoil 2 with barium sulfate. The percentages

indicate the weight percentage of barium sulfate, (b) The transformation of the reflectance data lead to a

linear correlation between l/f(Rœ) and the mass ratio of barium sulfate (m\) and of soil (m.2) indicating
an ideal mixing behavior.

The k and s values obtained for the 19 different soils are summarized in Fig. 5.6. A

general trend to higher absorption coefficients at lower wavelengths is observed and

an opposite trend for the scattering coefficient. But there is a wide variability of the

coefficients between different soils. Surprisingly no correlation was found between

the absorption coefficient and the content of light absorbing components like organic

carbon or Fe20s (the latter only for the Eurosoils). It was also not possible to find a cor¬

relation between soil color values (see chapter 4) and the light absorption coefficient.

Apparently other factors dominate the absorbing-scattering properties of the soil in

the studied range of wavelengths. In fact Aguer et al. [53] have observed that the re¬

duction of the photolysis rate in presence of soil or sediment did not depend on solid

composition but on particle size distribution.
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For the soils studied the following empirical relationship can be established be¬

tween the absorption coefficient ksoi] and the particle size fractions:

fcsoil = Pclay(%C%) + psilt(%sHt) + psand(%Sand) (5.1)

with the following, wavelength dependent scaling factors:

pc]sy
= 200.71 e~om70 A

p8ilt = 90.06 ^°-0066 A
psand = 2.3

With this empirical equation the absorption coefficient for a soil can be estimated based

on its texture. The performance of eq. 5.1 is also shown exemplarily for five different

wavelengths in Fig. 5.8.

The observed scaling factor for the sand fraction is quite small and does not show

a particular wavelength dependence indicating that this size fraction contributes little

to the overall light absorption. For the clay and silt fraction the scaling factor follows

an exponential decrease with increasing wavelength (in nm). Furthermore, it is found

that the smallest particles (clay) contribute most to the observed absorption. This is, at

least in part, due to the fact that a photon will hit surfaces more often (and thus has a

higher probability of being absorbed) when passing through a layer of small particles
than when passing through a layer of larger particles.

For the scattering coefficient no similar empirical relationship could be found. A

likely reason is that other factors such as particle shape and spatial distribution are

important for the determination of the scattering coefficient. This is supported by our

finding that the reflectance of kaolinite pressed into the sample holder was significantly

smaller than that of kaolinite layers produced by drying of a slurry. The kaolinite

particles are known to be flat and therefore can orient themselves horizontally in the

drying procedure leading to a high scattering coefficient and thus to higher reflectance.

A similar effect can probably occur in soils. Therefore, the only method to determine

the scattering coefficient of a generic soil is to measure its reflectance, estimate the

absorption coefficient with eq. 5.1 and finally use equation 2.27 to calculate s.

5.2.2 Light penetration in dry soils

The light penetration depth in the soils (calculated with eq. 2.31) is depicted in Fig. 5.9.

Generally light penetration is higher for longer wavelengths, but the variability be¬

tween the soils is substantial. The high penetration depth of EPA 8 as compared to

Eurosoil 5 is remarkable since both have a high sand fraction. The difference is proba-
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Figure 5.6: Absorption and scattering coefficients of the soils.
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Figure 5.7: Scaling factor for clay, silt and sand fraction calculated with a multiple

regression analysis of the k values versus the clay, silt and sand content. The dashed

lines correspond to the regression curves for pc\ay and pslit.
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bly caused by the higher organic carbon content of Eurosoil 5. This apparent influence

of the organic carbon content on light penetration is only observable if the particle size

distribution of the soils are similar. The importance of the organic carbon content and

other light absorbing components like Fe2Û3 for the determination of the absorption
coefficient is not always evident. For simple systems like kaolinite containing different

Fe2Ü3 concentrations, Jepson [48] found a correlation between the Fe2C>3 concentra¬

tion and the absorption coefficient. For soils with an organic matter content lower than

2% and with goethite or hematite as the dominant iron oxide, Barrön and Torrent [29]

found a correlation between the redness indices of the soil and the hematite content.

But in the case of generic soils the influence of other factors is dominating. For exam¬

ple, Eurosoil 5, which has a seven times higher organic carbon content than Eurosoil

1, still has a smaller absorption coefficient. Possible causes for this discrepancy are the

different particle size distribution and the different Fe2Û3 content of the two soils (Eu¬

rosoil 1 contains 100 times more Fe2Ü3 than Eurosoil 5). But due to the fact that the

Fe2Ü3 content of the Eurosoils is directly proportional to its clay content, this effect is

taken into account in eq. 5.1.

In general, a trend to higher penetration depths for soils containing larger parti¬

cles (i.e. more sand) was observed. This dependence was clearly shown by Baumgart-

ner [54] and by Bliss and Smith [55] for quartz sand and sand samples of different

particle size distribution (wavelength range: 400-800 nm). Kortüm [15] also comes to

a similar conclusion observing increased reflectance of glass powder and other mate¬

rials when the grain size decreased (wavelength range: 250-350 nm). An increasing

reflectance is equivalent to a decreasing ratio of k/s and thus also to a decrease in the

penetration depth. Benvenuti [56] measured the transmittance of different soils and

observed a strong dependence of the transmittance on soil type: T decreased with de¬

creasing particle size and with an increase in darker components.

5.2.3 Effect of moisture on light penetration

It is generally observed that the addition of water to soils results in a darker color.

For wet kaolinite layers this effect was also observed as can be seen in Fig. 5.10a: the

reflectance decreases over the whole wavelength range measured. Due to the darker

color observed one could conclude that the absorption coefficient of kaolinite increases

with the addition of water. However, as can be seen in Fig. 5.3a, the absorption coef¬

ficient is very similar to that for air dry kaolinite. The difference is due to the signifi¬

cant decrease of the scattering coefficient, reduced by a factor of 7.5 to 5.5 depending

on the wavelength (275 nm to 700 nm). As a result light will penetrate deeper into

the kaolinite layer (Fig. 5.10b). Therefore, the k/s ratios for wet and air dry kaolin¬

ite correlate linearly as depicted in Fig. 5.11a. This phenomenon can theoretically be
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Figure 5.10: (a) Comparison between the infinite reflectance for dry and wet kaolinite. (b) Due to the

smaller scattering coefficient of the wet kaolinite, the Zq.oi value increases.
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Figure 5.11: Correlation between the ratio k/s in air dry and wet conditions in the range 275-700 nm for

(a) kaolinite and (b) Eurosoil 6 and FAL 6 soil.

explained with the change of the refractive index at the solid /water interface as com¬

pared to the solid/air interface.

A reduction of the reflectance of wet soils is observed (see Fig. 5.12) in accordance

with data found in the literature [54, 57, 58]. Based on the results obtained with wet

kaolinite one could expect this effect to result from a decreasing scattering coefficient

(due to the water between the kaolinite particles) causing an increase of the transmit¬

tance. However, transmittance data for soil from [55, 59] shows a more complex be¬

havior: the addition of water has two different effects on the transmittance of soils. For

very sandy soils water increases the light transmittance similar to kaolinite. However,

the transmittance of wet soils containing mostly clay minerals decreased as compared

to the same soil in air-dry state. A possible reason is that the water applied causes a

reorientation of the soil particles at the surface leading to a change of optical properties
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of the soil. Another reason could be a physical change of the soil particles upon contact

with water.

As noted in section 4.2, it was not possible to measure the transmittance of the

soils with the experimental setup used. Hence, only the ratio k/s was determined with

infinite reflectance measurements. Our experimental approach was to apply water

onto the soil by spraying gently with an air-brush (see section 4.2). With this technique
the physical structure of the surface did not change macroscopically. We therefore

expected to find a similar effect as for kaolinite, i.e. a reduced scattering coefficient.

However, the correlation between the k/s values of a dry and wet soil exhibited a

rather complex picture (see Fig. 5.11b). The general trend was an increased k/s value

for the wet situation, but with a nonlinear behavior. This cannot be interpreted with a

reduction of the scattering coefficient s alone, as done above for kaolinite. The higher
the absorption coefficient of the dry soil (k/s 3> 1) the smaller the influence of the water

addition to the k/s of the wet soil. It is possible that the presence of water causes a

strongly wavelength dependent change of the scattering coefficient or that the applied

water also has an impact on the absorption coefficient of the soil. For this reason it is

difficult to establish a rule for the prediction of the optical properties of wet soils based

on the k and s values of dry soils.

300 400 500 600

wavelength [nm]

700 300 400 500 600

wavelength [nm]

700

Figure 5.12: Reflectance of Eurosoil 6 and FAL 9 soil, in air dry and wet conditions. The water content

is given by percentage of weight.

Schober and Löhmannsröben [26] have determined some absorption and scatter¬

ing coefficients for a dark brown Ah horizon with a method different to ours. The

optical properties which they measured for a wet soil (19.1% w/w water content) can

be compared to our results for dry soil (the optical properties for wet soils were not

determined in the present work; only the ratio k/s were measured). The penetration

depths value Zq.os reported are 43 fim at 337 nm, 69 urn at 355 nm) and 220 ^m at 532

nm for a total carbon content of 3.5%. These values are higher than typical values for

our air-dry soils. This difference is likely to be caused by the high moisture content in
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the soil. In fact the scattering coefficient for the soil tested in [26] (s= 34,22 and 19 cm""1

for 337,355 and 532 nm, respectively) are clearly smaller than our values measured for

dry soil layers.

5.3 Molar absorption coefficient of adsorbed compounds

The total absorption coefficients, ktot, of kaolinite layers doped with various concentra¬

tions of organic compounds were determined using diffuse reflectance spectroscopy.

The layer thickness for these experiments (9 mg cm""2) was chosen so that infinite re¬

flectance was obtained in the range of 275-550 nm (see rfo.995 curve in Fig 5.4). With

ktot and the optical coefficient of kaolinite, the molar absorption coefficient £/(A) can be

calculated using eqs. 2.50-2.53.

The results for 4-nitroanisole (PNA) and trifluralin are summarized in Figs. 5.13

and 5.14. For PNA concentrations below 25 }imo\ g""1 kaolinite there is a linear rela¬

tionship between f(Roo) and the applied concentration. This corresponds to a surface

coverage of about 23 %, calculated for a specific surface of 12 m2 g""1 and an estimated

molecular surface area of 2-10""19 m2 molecule""1 for PNA. At higher concentrations the

curve is no longer linear and cannot be used for the calculation of the molar absorp¬

tion coefficient. The limiting factor for the linearity is probably the surface coverage,

which must be low in order to prevent the molecules to interact with each other. For

trifluralin a linear relationship was found for concentrations up to about 6 ^mol g""1
kaolinite (which corresponds to a maximal surface coverage of 23 %) was found.

The molar absorption coefficient of the adsorbed compound has a similar shape

compared with values in solvent, but a hyperchromic effect3 and a bathochromic shift

were observed. Concerning the hyperchromic effect of adsorbed compounds neither

a theoretical explanation nor comparable data in the literature could be found. Prin¬

cipally, this effect can either be due to a change of the light absorption properties of

the compound in the adsorbed state, or to an experimental artifact. In fact the used

light beam is collimated whereas in the Kubelka-Munk model the light is assumed to

be diffuse. Furthermore, the light scattering is assumed to be isotropic.

A bathochromic shift is caused by different intermolecular interactions (ion-dipole,

dipole-dipole, dipole-induced dipole, hydrogen bonding) between the molecule and

different media. PNA is a known "molecular probe" used as a solvatochromic indi¬

cator for the study of solvent-solute interactions [60]. Depending on the solvent the

maximum of the absorption band of PNA varies between 293 nm for cyclohexane and

^bathochromic shift: shift to longer wavelengths, also called red shift; hypsochromic shift: shift to

shorter wavelength, also called blue shift; hyperchromic effect: increase in the intensity of a spectral band;

hypochromic effect: decrease in the intensity of a spectral band.
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Figure 5.13: (a) Molar absorption coefficient for PNA on kaolinite compared with

the value measured in water. Inserts (b) and (c) reveal a linear relationship be¬

tween f(Rœ) and PNA concentration on kaolinite up to 25 ^mol g~x kaolinite.
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Figure 5.14: (a) Molar absorption coefficient for trifluralin on kaolinite compared
with the value measured in methanol, (b) Linear relationship between f(Rœ) and

trifluralin concentration.
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316 nm for water. A similar effect is observed on porous media. The absorption maxi¬

mum of PNA adsorbed on kaolinite is at 320 nm, similar to that in water with a AAmax

of only 4 nm.

The solvatochromic effect on trifluralin is more significant, reaching a AAmax of 45

nm between methanol and kaolinite. Spectra recorded on ^'-alumina and barium sul¬

fate are close to that in methanol with a bathochromic shift of AAmax= 15 nm, whereas

on kaolinite and silica the bathochromic shift is higher, AAmax=45 nm (see Fig. 5.15).

o
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on SiC>2

on kaolinite
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on 8-AI203
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Figure 5.15: Relative spectra of trifluralin in methanol and

adsorbed on different solid media.

5.4 Quantum yield

To calculate the quantum yield, (pi, of the photochemical transformation four different

evaluation methods (see chap. 3) were compared. The first two methods are based on

measurements of the photodegradation kinetics of the compound and involve its ex¬

traction it from the mineral layer (invasive method, each measuring point requires a

layer). The second two methods are based on a spectroscopic approach for the determi¬

nation of the disappearance of the parent compound (non invasive analysis: only one

layer is needed for the complete kinetics). The differences between the four methods

can be summarized as follows:

Method A: the measured decrease of the total compound concentration in a layer
of defined total thickness d (see chapter 3.1) is simulated using the quantum yield and

the effective diffusion coefficient of the compound in the layer as fitting parameters.

This simulation takes both the photodegradation process and the diffusion of the com¬

pound within the layer into account. The method has been applied to experimental
data from Balmer et al. [8] using parameters determined in this work (absorption and
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scattering coefficient of the compound, molar absorption coefficient of the adsorbed

compound). This method has the advantage that it does not require the knowledge
of the molar absorption coefficient of the product, because the disappearance of the

parent compound is measured analytically with HPLC (similarly to standard meth¬

ods used nowadays for the assessment of photodegradation of pesticides on soils).

Disadvantages are the difficult numerical calculation and the fact that only an aver¬

age quantum yield for the applied wavelengths is obtained if the used light source is

polychromatic as in our case (Balmer et al. used a xenon lamp, see lamp spectrum in

Fig. 4.4).

Method B; this method is based on similar experiments as method A but the de¬

termination of the quantum yield can be performed with a simplified analysis of the

data using layers that are optically so thin that the whole layer is assumed to be well

mixed (see chapter 3.2). The advantage of this method is that there is no need for the

knowledge of the exact diffusion coefficient. On the other hand it can be used only for

thin layers which are irradiated throughout the major part of their depth.

Method C: a spectroscopic approach similar to that of Gade [34, 40] was applied.
The change in reflectance of a layer doped with a light absorbing compound was de¬

termined during a laser irradiation (see chapter 3.3 for the theory). The quantum yield

was calculated from the initial slope of the reflectance versus time curve. This is a fast

method for the calculation of the quantum yield if the molar absorption coefficient of

both parent compound and product are known. Furthermore, the quantum yield can

be determined for a specific wavelength. A limitation of this method lies in the fact

that it assumes only one product to be formed and that it is difficult to verify whether

this prerequisite is fulfilled.

Method D: this method uses the same experimental data as used in method C. How¬

ever, by applying a numerical model the reflectance during the whole reaction time

can be evaluated. Additionally diffusion can be included in the calculations (see chap¬

ter 3.4). The validity of method C can be evaluated with this method.

These four approaches will be used in the following to determine the quantum

yield of PNA and trifluralin adsorbed on kaolinite and of PNA adsorbed on goethite.

5.4.1 Photodegradation of PNA on kaolinite

A fit of existing experimental data for the photolysis of PNA on kaolinite layers of vari¬

ous thickness from Balmer et al. [8] were performed with our photodegradation model

(method A). The fitting curves describe the measured values well (Fig. 5.16). The fitted

values are the quantum yield, <^=1.7-10~"4, and the diffusion coefficient, Deff=5.6-10~~10
cm2 s_1. Similar values for the quantum yield (from 1.4-10-4 to 1.8-10""4, see Table 5.1)
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were obtained by using method B, confirming the validity of the the quantum yield

determination with a simple method from layers that are thin enough to be well ir¬

radiated (the three thinnest layers in Fig. 5.16 were used for the calculation). This is

illustrated in Fig. 5.16, where curves for photodegradation without diffusion and with

very rapid diffusion (well mixed) are shown. These two curves represent the lim¬

iting cases for the fitting curve. For thin layers the "well mixed" curve is identical

to the actual fit (see d=0.01 mm) and similar to the curve without diffusion. By in¬

creasing the layer thickness the difference between these two limiting curves becomes

more evident and the actual fit is positioned between them, because the light can only

(a) C/=0.01 mm
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Figure 5.16: Fitting of the photodegradation of PNA on kaolinite measured by Balmer et al. [8] (circles).

The solid line corresponds to the fitted model with a quantum yield <pt=1.7A- 1CT4 and a Deff=5.56 -1CT10

cm2 s_1. The dashed lines are calculated for the same quantum yield but for no diffusion and very rapid
diffusion ("well mixed") respectively. These two curves cover the space in which the photodegradation
curve can lie. The R and T values for pure kaolinite at a wavelength at 320 nm are displayed.
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penetrate into the layer to some extent and the diffusion kinetics of the compound

becomes important. This means that the photodegradation kinetics of a thin layer can

be treated as a "well mixed" layer and the diffusion kinetics has a negligible impact on

the photodegradation curve (as observed in Figs. 5.16a-c).

Table 5.1: Quantum yields for the degradation of PNA and trifluralin on air-dry kaolinite deter¬

mined with different methods.

A. PNA

Method of evaluation experimental condition

1.7-10 4 irradiation: Xenon Lamp
diffusion: Deff=5.6 -ÎO"10 cm2 s"1

1.4 -10-4 irradiation: Xenon Lamp; d*=2.03 mg cm-2

1.6 -10-4 irradiation: Xenon Lamp; d*=4.06 mg cm-2

1.8 -10-4 irradiation: Xenon Lamp; d*=8.28 mg cm-2

6.8 -10-4 irradiation: laser 355 nm

evaluation: Roo(A=400nm)

9.0 -10-4 irradiation: laser 355 nm

evaluation: Roo(A=400nm)
diffusion: Deff=5.6 -10"

2.9 -10"4 irradiation: Hg Lamp 366 nm [61]

method A

method B

method C

method D

-10 2 —1

Literature (in water)

B. TRIFLURALIN

Method of evaluation experimental condition

method A

method B

method C

method D

Literature (in water)

2.2 -10"

2.3

1.9

1.6

1.0

0.7

0.9

1.6

10"

10"

10"

10"

10"

10"

10"

2.0 -10

1.4 -10

irradiation: Xenon Lamp
diffusion: Deff=8.9 -ÎO"10 cm2 s"1

irradiation: Xenon Lamp; d*=4.06 mg cm-2

irradiation: Xenon Lamp; d*=8.28 mg cm-2

irradiation and evaluation: laser 420 nm

irradiation and evaluation: laser 440 nm

irradiation and evaluation: laser 450 nm

irradiation and evaluation: laser 460 nm

irradiation: laser 440 nm

evaluation: 440 nm and 500 nm

diffusion: Deff=8.9 -ÎO"10 cm2 s"1

irradiation: Hg Lamp 366 nm [10]
irradiation: polychromatic 310-410 nm [62]
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Method C: rather thick layers (d*=9 mg cm"2) of kaolinite doped with 23 fimol g""1
PNA were irradiated with a pulsed laser at 355 nm. To test the effect of different pulse

frequencies of the laser, experiments were performed at frequencies of 1, 2 and 10 Hz

and at different pulse irradiation energies (59.5, 38.6 and 7.8 mj, respectively) in order

to have similar irradiation times. No significant difference in the results was observed

(see Fig 5.17a) confirming that the frequency of the laser pulses does not affect the

kinetics. The change of the spectrum during irradiation is depicted in Fig 5.18. At

2.5-10""4 einstein cm""2 a steady state value for the reflectance is reached (see Fig. 5.17a)

indicating that the photochemical reaction within the information depth of the light

at 355 nm (rfo.995=3 mg cm""2) is complete. Assuming that only one product is formed

in the photodegradation of PNA, the molar absorption coefficient £p of the product

can be calculated with the reflectance at the end of the experiment. With the initial

slope method proposed by Gade [34,40] a quantum yield of 6.8-10""4 is obtained using

an observation wavelength of 400 nm and eq. 3.17. A calculation with the reflectance

values at 355 nm is not possible due to the constancy of the signal.

The two isosbestic points4 observed at 305 and 355 nm (dashed lines in Fig. 5.18)

confirm that there is either only one product formed or several products with sim¬

ilar spectra. By simulating the reflectance versus irradiation time curve (method D)

the validity of this assumption could be confirmed, as depicted in Fig. 5.17. The sim¬

ulation is in good agreement with the measured data and gives a quantum yield of

9.0-10""4 which is in the same order of magnitude as that calculated with the initial

slope method. In method D the diffusion of PNA in the layer with an effective diffu¬

sion coefficient of 5.6-10""10 cm2 s""1 has been taken into account. The effective diffusion

coefficient was determined by fitting the data of Balmer et al. [8] (see method A).

On the other hand the irradiation of the PNA doped kaolinite layer with a UV

lamp gave a different spectral change as compared to laser irradiation (see Fig. 5.19).

For the UV lamp experiment there is no clear isosbestic point. Instead, the crossing

point of the transmittance spectra moves to longer wavelength during the irradiation.

This indicates that various photoreaction products with different spectra were formed

in the experiment with the polychromatic irradiating UV lamp. Hence, to some extent

the photoreaction pathway depended on the wavelength of irradiation in the case of

PNA on kaolinite.

All quantum yield values as well as the corresponding experimental and calcula¬

tion conditions are summarized in Tab. 5.1. The values determined with method A

and B are significantly smaller than the values determined with the laser experiment.

This could be due to a wavelength dependence of the quantum yield due to different

reaction pathways controlled by the wavelength. It is possible that the monochro-

Hsosbestic point: a wavelength at which the total absorbance of a sample does not change during a

chemical reaction or a physical change of the sample.
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Figure 5.17: Laser experiment results for PNA on kaolinite. (a) Reflectance decrease at 500 nm during the

irradiation with a laser at 355 nm: different laser pulse frequencies yield the same reflectance decrease,

(b) Fit of the reflectance at 400 nm (irradiation at 355 nm, 2 Hz) with method D.
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Ü

"cö
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Figure 5.18: Laser flash photolysis of PNA on kaolinite at an irradiation wave¬

length of 355 nm and 10 Hz frequency. The arrows indicate the direction of de¬

crease/increase of the reflectance during the irradiation. The dashed curve corre¬

sponds to the reflectance of pure kaolinite.
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Figure 5.19: (a) Spectral change of the transmittance of a thin layer of kaolinite doped with PNA and

irradiated with a UV lamp. The dashed curve corresponds to the transmittance spectrum of pure kaoli¬

nite. (b) The transmittance value at 320 nm and 400 nm reach a limit after 400 minutes of exposure. The

dashed line are only a visual help and not a model.

matic irradiation with a laser will induce one reaction pathway while the polychro¬
matic xenon lamp used by Balmer et al. will promote several pathways with different

quantum yields. As a result the averaged quantum yield can be smaller than that at a

fixed wavelength.

The quantum yield determined with the data from Balmer et al. (method A and B)

is 40% smaller than the literature value (2.9 -10""4) reported by Dulin and Mill [61] for

an irradiation wavelength of 313 nm in water.

5.4.2 Photodegradation of trifluralin on kaolinite

The data from Balmer et al. [8] was fitted with methodA yielding the degradation curves

shown in Fig. 5.20. The fit results in a quantum yield of c/>;=2.2-10-4 and an effective

diffusion coefficient of 8.9-10-10 cm2 s_1. Using method B the quantum yield was also

calculated from the data of the two thinnest kaolinite layers for which the assumption

of a well-mixed layer is fulfilled. The results (see Tab. 5.1) are identical with those

calculated with method A, confirming again (as for PNA, see section 5.4.1) the fact that

this approach is feasible.

Method C: similarly to the experiments with PNA, rather thick layers (d*=9 mg

cm""2) of kaolinite doped with 4.4 ^mol g""1 of trifluralin were irradiated with a pulsed
laser using various single wavelengths (420,440,450,460 nm) in separate experiments.

A typical result for the change in the reflectance spectrum is given in Fig. 5.21b (other

data is in appendix E). For trifluralin it was therefore possible to test the wavelength

dependence of the quantum yield. The values calculated for these different wave-
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lengths are given in Tab. 5.1. As is evident, there is no clear wavelength dependence

of the quantum yield. With method D the spectral reflectance change during the irra¬

diation time was simulated, yielding a similar quantum yield as with method C. The

fitting curve describes the measured data well (Fig. 5.22). As in the experiments with

PNA, a different spectral change for the irradiation of trifluralin with an UV lamp and

a laser (440 nm) were found, indicating different reaction pathways (see Fig. 5.21). In

the laser experiment an isosbestic point at 353 nm was observed whereas the spectral
reflectance during the UV-lamp experiment did not show a clear isosbestic point.
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Figure 5.20: Fitting of the photodegradation of trifluralin on kaolinite measured by Balmer et al. [8] (cir¬

cles). The solid line corresponds to the fitted model with a quantum yield <pt=2.2- 10~4 and an effective

diffusion coefficient Deff=8.9 • 10~10 cm2 s_1. The dashed lines are calculated for the same quantum

yield but for no diffusion and very rapid diffusion ("well mixed") respectively. These two curves cir¬

cumscribe the space in which the photodegradation curve can lie. The R and T values for pure kaolinite

at 430 nm are displayed.
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Figure 5.21: (a) Spectral change of the infinite reflectance of a layer of kaolinite doped with trifluralin

and irradiated with a UV lamp. The dashed line corresponds to the spectral reflectance of pure kaolinite.

(b) Similar experiment conducted with a laser irradiation at 440 nm; the dashed line corresponds to the

spectral reflectance of pure kaolinite.
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Figure 5.22: Simultaneous fit (method D) at 440 nm and 500 nm for the re¬

flectance of a kaolinite layer doped with trifluralin and irradiated with a laser

at 440 nm (pulse frequency: 10 Hz).
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The quantum yield values determined with method A and B are very similar to the

values determined for fixed wavelengths with method C and D. All these values for

trifluralin adsorbed on kaolinite are about one order of magnitude smaller than quan¬

tum yields reported in the literature for the photodegradation in water (see Tab. 5.1).

Margulies et al. [63] proposed that the adsorption of trifluralin on a clay mineral (in

their case montmorillonite) is due to the interaction of one NO2 group with the clay

surface. They suggested that this adsorption causes a steric hindrance of the cycliza-
tion step of the photochemical reaction. In fact, as reported in the literature [64-66], the

photodegradation of trifluralin in water and in the vapor-phase has an initial reaction

step yielding a ring formation (see Fig. 5.23).

light

Figure 5.23: Proposed vapor-phase photolysis pathway of trifluralin [66]. Ma¬

jor products: R= H and R= C3H7.

5.4.3 Photodegradation of PNA on goethite

The photodegradation of PNA on goethite is much slower than on kaolinite for sim¬

ilar layer thicknesses (Fig. 5.24). Due to the high light absorbance (and consequently
low reflectance) of goethite, particularly below 500 nm, it was not possible to see an

absorbance signal of PNA adsorbed on goethite. Therefore, any spectroscopic deter¬

mination of PNA on goethite was not possible, and only method A was applicable for

the determination of the quantum yield. Since the molar absorption coefficient £;(A)
of PNA on goethite was not measurable, it was assumed to be similar to that on kaoli¬

nite for the calculation of the quantum yield. This assumption is reasonable because

the adsorption of organic compounds on both minerals should be similar at ambient

relative humidities [67, 68]. Furthermore, the maximal positive solvatochromic shift

of PNA is 27 nm (from cyclohexane [69] to kaolinite) and for this reason the spectrum

shift between kaolinite and goethite is probably very low. The decrease of the PNA

concentration was modelled with eq. 3.3. The spectrum of the xenon lamp used is

shown in Fig. 4.4 (it is the same as used by Balmer et al. [8] for their experiments). The

used absorption and scattering coefficients of goethite are given in Fig. 5.3d.
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Due to the fact that this experiment was performed only for one layer thickness

and that the light penetrates only into a small part of the layer (1.3% of the total layer

thickness), it was not possible to achieve a unique fit of the data. In Fig. 5.24 two fits are

depicted which can explain the experimental values. The best fit, shown in Fig. 5.24a,

gives a quantum yield of <£>;=3.3-10-3. But in this case the effective diffusion coeffi¬

cient is very small (Deff=1.3-10""12 cm2 s""1) compared to the value found for kaolinite

and does not seem realistic. Under this condition the photodegradation is clearly a

diffusion limited process and the measured photodegradation curve lies between the

"no diffusion" and the "well mixed" curve. As seen in Fig. 5.25 one can increase the

quantum yield without great change in the sum of squared residuals of the fit: the only

effect is an increase of the initial slope of the degradation curve, but no change in the

shape of the curve at later time point.

0 20 40 60 80 100

irradiation time [h]

0 20 40 60 80 100

irradiation time [h]

Figure 5.24: Photolysis of PNA on goethite layer of thickness d* = 4.4 mg cm
2 with a xenon lamp: (a)

fitting with ^=3.3-10^ and Deff=1.3-10"lz cmz s"1; (b) fitting result with ^=9.6-10"4 and Deff=6 -10

cm2 s_1. The reflectance and transmittance at 320 nm are R=0.04 and T=0. The penetration depth Zo

is 0.06 mg cm~2 at 320 nm.

l-ii

01

The second possible fit found has a quantum yield of ^=9.6-10
4 and an effective

diffusion coefficient Deff > 6 -10""11 cm2 s .
For this second fit the Deff is a mini¬

mal value: by increasing the Deii value no change of the fitting curve is observed (see

Fig. 5.25). In fact in this case the photodegradation kinetics of PNA is not controlled

by the diffusion kinetics but rather limited by the low photodegradation rate constant.

This can also be seen in Fig. 5.24b: the calculated curve for Deff = 6 -10""11 cm2 s""1

overlaps with the curve called "well mixed".

It is therefore very difficult to determine the quantum yield of a reaction on highly

absorbing media with one single experiment. Despite the non unique fitting of the

measured data, the fitted quantum yield has a value in the range 9.6-10""4 to 3.3-10""3,
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which is higher than values determined in water and on kaolinite. Therefore, the ob¬

served slow photodegradation of PNA on goethite is mostly due to the small penetra¬

tion depth of light rather than to differences in quantum yield.

0.001 0.002 0.003 0.004

quantum yield

Figure 5.25: Contour plot of the sum of the squared residuals of the fitting procedure
as a function of quantum yield (pi and effective diffusion coefficient Deff. The two circle

correspond to the position of two minima.
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Conclusions and Outlook

In this chapter some conclusions are drawn concerning the study of photochemical

processes on porous media with the support of the model developed and the results

presented in this work. In a first part the classical method for the determination of the

photodegradation rate on soil is critically discussed. Subsequently, alternative proce¬

dures to study photolysis on porous media which can provide a better understanding

of the photochemical process are proposed. Finally, some ideas for possible further

research are discussed.

6.1 Review of the classical test for photolysis on soil

One goal of the photolysis test on soil is to determine the rate of phototransformation

on soil surfaces under controlled conditions in order to use this information for an

environmental assessment of a given chemical. With the actual (EPA) and the recently

proposed (OECD) standard procedures [5, 6] this goal cannot be achieved, because

many factors that have a crucial impact on the outcome of the experiments are not

sufficiently controlled. In the following some critical points of these test systems are

discussed. Note that the two guidelines are basically the same with the only difference

that the OECD guideline is more detailed. Therefore, the comments here are valid for

both test systems.

6.1.1 Spectrum and intensity of the light

The standard procedures contain detailed information about the light source, whose

spectrum and intensity should be comparable to that of natural sun light. However,

there is neither information about light penetration into soil nor how this process is

83
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affected by soil properties. As discussed in chapter 2, the light intensity profile in soil

depends on the absorption and scattering coefficients of the soil (k and s, both wave¬

length dependent) and can vary largely as a function of particle size distribution and

composition of the soil (see Fig. 5.9). Therefore, results of a specific phototransforma¬
tion experiment are only comparable to others or to natural conditions if the optical

properties (k and s values) of the used soil are known. Up to now, k and s values for

soils in the range of 290-500 nm are not available in the literature. To our knowledge,
this work is the first that describes an experimental procedure for the determination of

the k and s values for a set of standard soils. The reported values can be used to calcu¬

late the light penetration into soils and thus help to better control the factors affecting

the photolysis in soils, e.g. the soil layer thickness.

6.1.2 Thickness of the soil layer and diffusion kinetics

The light penetration depth (defined in this work as Zq.oi) in soils is in the order of 60-

200 jim at 500 nm and 20-110 jim at 275 nm (see Fig. 5.91). Hence, most of the thin soil

layer (about 2 mm are proposed in the OECD test) that is used as test system remains

in the dark. Obviously, only the small fraction of the chemical present in the irradiated

part of the soil can undergo direct phototransformation2. Most of the chemical applied

to the soil must first diffuse from the deeper, dark parts of the soil to the upper photic

zone before it can be degraded3. This has two important consequences:

• if diffusive transport of the compound from the dark to the irradiated part of the

soil is fast compared to the photolytic transformation, the dark part of the soil acts

as an instantaneous reservoir. As a consequence the observed transformation

rate for the compound in the complete soil layer is directly proportional to the

thickness of the soil layer [8] (see Fig. 5.16 and 5.20: "well mixed" curve). Hence,

the layer thickness must be considered when photokinetic data is transferred to

natural soils or compared between various experiments.

• If the diffusion kinetics responsible for the transport of the compound from the

dark parts of the soil into the irradiated part, cannot supply the compound faster

than it is transformed, the experimentally determined rate of phototransforma¬
tion is a combination of both kinetic processes: diffusion and phototransforma-

xThe Zo.oi values can be calculated by multiplying Zo.05 by 1.5 because the -ln(r) values in eq. 2.31 are

3 and 4.6, respectively.

indirect photolysis is also determined by the penetration depth of light but the diffusion of the active

species can extend the photoactive zone [7].

3ln this regard the mode of application of the pesticide is important because it determines how deep
in the soil the pesticide will be. The more compound is close to the surface, the faster the overall photo¬
chemical transformation will be.
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tion. In many cases the overall kinetics can even be dominated by the diffusion

process. The type of transformation curve resulting from a diffusion controlled

process under the given boundary conditions does not deviate significantly from

a first order kinetics as it is expected for phototransformation. Hence, the form

of the degradation curve does not allow to decide whether the observed process

was diffusion controlled or not [8].

The experimental results of the classical experiments (EPA, OECD) are often evaluated

with a first order kinetics model that cannot distinguish between photolysis and diffu¬

sion processes. In fact, diffusion kinetics strongly depends on parameters that are not

(or not sufficiently) standardized in the experimental procedure: specific surface area

of the soil, type of minerals, organic carbon content and, particularly, humidity influ¬

ence the diffusion of the compound. Therefore, it is usually not possible to estimate

the extent of the diffusion effect, and a comparison between results on different soils

becomes impossible. Furthermore, due to the diffusion process, the observed photol¬

ysis kinetics also depends on the thickness of the soil layer [7, 8], because the whole

layer is extracted during the analytical determination of the compound. Neverthe¬

less, the guidelines do not suggest any method for the production of soil layers with

a reproducible thickness in order to have similar experimental conditions in different

laboratories.

6.1.3 Water content of the soil layer

Soil water content exhibits the following effects which have a direct or indirect impact

on the observed experimental results:

• Light penetration is very different in soils at field capacity4 as compared to air-dry
conditions. As discussed in section 5.2 the influence of water on light penetration
in soils is difficult to predict.

• At field-capacity a pesticide will mostly be absorbed inside the organic matter

(and therefore less susceptible to irradiation). At air-dry conditions it will partly

or mostly be adsorbed to the mineral surfaces [70] where it is more exposed to

light.

• The diffusion kinetics (which can strongly influence the observed degradation

rate, see above) of a chemical in soil is inversely proportional to its sorbed fraction

and therefore depends strongly on humidity. Diffusion also depends on whether

the pore space is filled with water or air.

4field (moisture) capacity: the percentage of moisture remaining in a soil horizon 2-3 days after being
saturated and after free drainage has ceased.



86 Chapter 6

The influence of humidity is not considered in the standard tests and soil humidity

is not controlled sufficiently. The OECD guideline suggests that soils should be kept
moist at 75% of the field capacity or, alternatively, air-dried during the experiments.

However, these moisture regimes can lead to completely different results due to the

humidity effect on light penetration and on compound sorption (and diffusion) as dis¬

cussed above. Furthermore, there is no specific advice on how to obtain the desired

75% of field capacity. To keep the desired humidity of the soil constant it is suggested

to adjust soil moisture each time when samples are removed for analysis. But with

this experimental setup it is obviously not possible to maintain soil humidity constant.

Most importantly, remoistening of the soil can lead to an instantaneous loss of major

amounts of the chemical because molecules that are adsorbed on the mineral surface

in the air-dry soil are quantitatively displaced by water when the soil layer is wetted.

Balmer et al. [8] have observed complete loss of compound in experiments with kaoli¬

nite layers, and similar effects have been observed in the field [66, 71]. Furthermore,

no suggestions are supplied in the guidelines about how7 to handle air-dry soil lay¬

ers, which can also be used for tests. However, adsorption of all organic compounds

to air-dry minerals depends exponentially on relative humidity [67]. Hence, the rela¬

tive humidity to which these air-dry soil layers are exposed is of great importance for

the diffusivity of the compound and its relative sorption to mineral surfaces and soil

organic matter.

Within the wide limits given by the guidelines, the possible experimental condi¬

tions can vary so much that measured degradation rates for a given chemical might

vary largely. Results are thus difficult to be compared to results from other laborato¬

ries. Furthermore, these standard tests do not allow7 a calculation of the quantum yield
of the photochemical reaction, which is required if phototransformation kinetics are to

be assessed under various natural conditions and which is therefore also part of any

photochemical study conducted in water. Hence, a more sophisticated test procedure

for the determination of the actual photodegradation rates (and of quantum yields) is

needed in order to perform a risk assessment of pesticides in the environment.

6.2 Alternative experimental procedure for quantification
of direct photolysis on porous media

From the discussion in the previous section, it has become clear that there is a need for

a new test system for the quantification of photodegradation of pesticides adsorbed on

soils. In the following some amendments are suggested to perform photochemical ex¬

periments under more controlled conditions, allowing the determination of the actual

photolysis rate constant and of the reaction quantum yield.
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There are basically two kinds of approaches to study the direct photolysis of chem¬

icals on soils. The first (see section 6.2.1) is to perform experiments with a medium of

known optical properties and of relatively simple composition (with no organic mat¬

ter). This medium can be a clay mineral, silica gel or another medium. It should

act as a reference for the photochemical studies and should allow the determination

of photodegradation rates, which can be compared to those of different compounds.

Therefore the photolysis experiments with this standard medium should be easy to

perform and to evaluate, and have a high degree of reproducibility. From the methods

presented in this study, the work with optical thin layers (method B) is suitable for this

goal (see below).

The second approach (see section 6.2.3) consists in the determination of the pho¬

todegradation rates under conditions that are closer to natural systems, e.g. soil. This

method, used presently by many companies following the EPA guidelines, provides
the possibility to identify the metabolites of the photochemical process under natural

conditions. However, as pointed out in section 6.1, the determination of reproducible

photodegradation rates is very difficult with this method. Therefore, a method is pro¬

posed here to estimate the photodegradation rates in soils with a photolysis and diffu¬

sion model (eq. 3.3).

6.2.1 A simple test with optical thin media

As seen in the previous section the diffusion kinetics can influence the observed degra¬
dation rate if the used soil layers are too thick. For a suitable photolysis-test system it

would obviously be convenient to have an experimental system where diffusion does

not affect the observed photodegradation rate constant. As discussed in chapter 5,

the photolysis of a compound on a strongly light absorbing medium (e.g., PNA on

goethite) can be independent of the effective diffusion coefficient Deff in some special

cases. However, it is generally better to choose a high scattering and low absorbing

medium because optical thin layers that have a better irradiation into the depth of the

layer are easily produced. Consequently the effect of diffusion on the measured data

is drastically limited for any combination of photolysis and diffusion process. Fur¬

thermore, the use of a high scattering medium (with high reflectance and therefore a

white color) simplifies the determination of the optical coefficients k and s, and ad¬

ditionally makes it possible to determine the molar absorption coefficient £i(A) of the

adsorbed pesticide using diffuse reflectance spectroscopy. With these optical thin lay¬

ers the evaluation procedure is also simpler (see method B in section 3.2) compared to

other methods evaluated in this work (method A, C and D, see below). Thus, the quan¬

tum yield can easily be calculated with the observed photodegradation rate constant

for an optical thin layer.
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The crucial point in this method is the determination of the critical layer thickness

below which diffusion kinetics is not a problem anymore. The layer should be thin

enough to exhibit the properties of a well mixed reactor and, on the other hand, con¬

tain a sufficient amount of material to allow the adsorption of a quantifiable pesticide
concentration. The latter can be calculated with the specific surface area of the medium

and a surface coverage smaller than a monolayer (as required in section 5.3).

The critical thickness required for a quasi "well mixed" layer depends (1) on the

light penetration and (2) on the relation between diffusion kinetics and photolysis ki¬

netics. In case of optical thin layers the observed photodegradation curve depends

only slightly on point (2) because the degradation curves for the two extreme diffusion

conditions ("well mixed" and "no diffusion") are very close to each other. Results for

the photodegradation of PNA and trifluralin on kaolinite (see Fig. 5.16 and 5.20) have

shown that method B is applicable for layers which have a transmittance higher than

about 0.05.

(a) 7= 0.05 (b) 7= 0.01

10 20

irradiation time [h]

30 10 20

irradiation time [h]

30

Figure 6.1: Photodegradation of a hypothetical compound (similar conditions as in Fig. 3.1) for (a) a

layer with T=0.05, d= 15 jim and (b) a layer with T=0.01, d= 26 jim. The upper curve represents the case

of no diffusion in the layer while the lower curve corresponds to a very rapid diffusion ("well mixed").

In Fig. 6.1 the photodegradation curves of the hypothetical compound (already
used in chapter 3) are shown for two layers with transmittance 0.05 and 0.01, and

for conditions of no diffusion or rapid diffusion (calculation performed with eq. 3.3).

Depending on the effective diffusion coefficient of the compound and on the photore¬
action kinetics, the experimental curve will tend more towards the upper or the lower

curve. In the case of transmittance 7=0.05 the two curves are very similar up to a pho¬

todegradation of 70% of the total compound mass in the layer (see arrows in Fig. 6.1a).

For the case of 7=0.01 the agreement between the two curves is only good up to a

photodegradation of 50% (see arrows in 6.1b). However, if the photochemical reaction
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is relatively slow (as in the case of PNA and trifluralin on kaolinite), the compound

will be effectively transported to the more irradiated surface zone and the experimen¬

tal curve will approach the "well mixed" curve over the whole course of the experi¬

ment. Nevertheless, the two proposed transmittance values are good criteria to decide

whether an experiment has meets the conditions for optical thin layer. Especially when

planning new experiments with other media and compounds, one has to be able to es¬

timate convenient layer thickness in order to meet the condition for the use of method

B. This critical layer thickness is depicted in Fig. 6.2 for layers of transmittance 0.05

and 0.01 as a function of the absorption coefficient k and scattering coefficient s. With

the help of this graphic one can estimate which layer thickness is needed for an exper¬

iment that can be simply evaluated with method B if the optical coefficients k and s are

known.

The method given here allows a better understanding of the kinetics of the pho¬

todegradation process than the currently used test procedures (EPA and OECD). This

method can also be very useful for basic photochemical investigations on porous me¬

dia.

(a) dfor 7"=0.05 (b) dfor 7"=0.01

Figure 6.2: Contour plot of the critical layer thickness (in fira) in dependence of the k and s values

required for reaching (a) a transmittance of 0.05 and (b) a transmittance of 0.01.

6.2.2 Other methods for the study of photolysis on surfaces

The above proposed procedure for optical thin layers (method B) is derived from a

more complex approach, method A (see section 3.1), which consists in the simulation

of the photodegradation curve with a coupled photolysis-diffusion model, refined in

this work on the basis of the model of Balmer et al. [8]. In this work the degradation
of PNA and trifluralin irradiated with a xenon lamp has been simulated, but the same
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method is applicable also for monochromatic irradiation. This model allows the de¬

termination of the quantum yield and of the effective diffusion coefficient of the com¬

pound, provided that sufficient experimental data is available for experiments with

layers of different thickness. It also permits to assess the relative importance of the dif¬

fusion process for thick layers in comparison with thin layers, as depicted in Figs. 3.1,

5.16 and 5.20. This method is a very useful tool but it also needs some computation ef¬

fort which cannot be realized with a simple spreadsheet program. This is because the

diffusion process needs an implicit numerical algorithm to achieve calculation stability.

The other two methods used in this work, method C and D (see sections 3.3 and

3.4), are based on a spectroscopic approach and are very interesting for well known

photochemical processes (molar absorption coefficient £;(A) of parent compound and

photoproducts are known). Methods C and D allow to determine the quantum yield

at different wavelengths with simple experiments for media which have to be high

scattering in the range 290-500 nm. Furthermore, these methods provide insight into

the wavelength dependence of the photolytic behavior, since the spectral change of

the reflectance gives information about the products formed. In the present work the

photoreactions observed were different when the sample was irradiated with a poly¬
chromatic light (UV-lamp) as opposed to a monochromatic light (laser). The deter¬

mination of the quantum yield from the measured data is laborious, particularly for

method C (simulation of the reflectance curve during the experiment) which requires

time consuming calculation.

6.2.3 Estimation of direct photodegradation on soil with a mathemat¬

ical model

In this work the photodegradation of organic compounds adsorbed on model media

such as kaolinite or goethite was studied. These kinds of experiments are suitable

for laboratory investigations but for environmental estimations it would be more rele¬

vant to use soil as a matrix, although, as already stressed in section 6.1, photochemical

experiments conducted with soil are very difficult to interpret. Therefore, it may be

more convenient to estimate the possible extent of direct photodegradation with the

photolysis-diffusion model presented in section 3.1 (eq. 3.3). This predictive approach

allows a better understanding of the parameters which can influence the photodegra¬
dation of pesticides in soils. Important parameters which can influence the process

are:

• light intensity I(A,z) in the depth of the soil: it can be calculated with the optical

properties of soils determined in this work. The light penetration in dry soils

depends on the soil type and is generally smaller than 200 Jim (see Fig. 5.9).
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• molar absorption coefficient e,: it is very difficult to measure the molar absorption

coefficient of compounds adsorbed in soils due to the high light absorption back¬

ground of the soil itself. Depending on the medium used, hyperchromic effects

as well as shifts of the maximum absorption band can occur (see section 5.3). As

a first approximation values measured in water or on bright clay minerals (one

of the major components of soils) can be used.

• quantum yield (pf. the quantum yield is difficult to estimate, because it depends

greatly on the medium in which the experiment is performed.

• effective diffusion coefficient Deii: this factor is affected both by the compound prop¬

erties and by the sorbing medium. Depending on the kinetics of the photolysis,
diffusion can dominate the observed compound disappearance. Hence, it is im¬

portant to look at the two limiting cases ("no diffusion" and "well mixed" cases)

to asses the influence of the diffusion process.

• initial concentration profile of the compound in the soil: this point is very important

and at the same time not sufficiently studied to date. In experiments conducted

in this work and by Balmer et al. [8] the compound was initially homogeneously
distributed in the depth of the layer. However, in the field the pesticide may be

heterogeneously distributed in the depth after its application. This can greatly
affect the photolysis due to the small penetration depth of the light: the deeper
in the soil the compound is, the less photodegradation will occur.

The first two parameters, light intensity and the molar absorption coefficient, are those

with the smallest uncertainty. The other three parameters are more difficult to esti¬

mate, because they may vary widely. Therefore it is necessary to simulate the pho¬

tolysis of compounds under different conditions. In Fig. 6.3 a simulation of the direct

photodegradation of trifluralin on a soil of 2 mm thickness (as in the current standard

experiments) is presented in order to show the influence of each parameter. For the

calculation the following data was used: the optical parameters for Eurosoil 2 (see

section 5.2), an estimated quantum yield ^=0.0001 (similar to that of trifluralin on

kaolinite), and the molar absorption coefficient £i(A) of trifluralin on kaolinite. The

irradiation source was a xenon lamp (Fig. 4.4). Three different effective diffusion coef¬

ficients were chosen: "no diffusion", very fast diffusion ("well mixed") and diffusion

with Deff=8.9 -10""10 cm2 s""1 as for trifluralin in kaolinite. The simulation was per¬

formed for three possible initial concentration profiles.

The effect of the initial distribution on the pesticide photolysis is very evident, be¬

cause of the limited light penetration, Zq.oi, in soil. The closer the pesticide is to the

surface, the faster is its phototransformation (see Fig. 6.3b). The diffusion kinetics also

has an important influence on the degradation curve for all three initial concentration
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profiles. Hence, for a fixed quantum yield one obtains very different results depend¬

ing on the Deff and concentration profile. This kind of simulation may help to under¬

stand whether photolysis is a relevant degradation process in the environment under

the condition that some parameters are known. For example, if the quantum yield
for trifluralin on soil is 0.0001 and if trifluralin is diffused very slowly, then the pho¬

todegradation would not be relevant in cases (a) and (c), whereas in case (b) a loss of

40% would be reached in 30 days (see curve "no diffusion" in Fig. 6.3).
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Figure 6.3: Simulated photodegradation of trifluralin on Eurosoil 2 for a layer of thickness d=2 mm for

different diffusion conditions and different initial concentration profiles in the soil: (a) homogeneous in

depth, (b) exponential decrease of concentration with depth, and (c) pulse shaped concentration profile
below Zooi- The total mass of the compound is the same in the three cases. The dashed curves corre¬

spond to the "no diffusion" and "well mixed" curves. Used data: Deff=8.9 -10~10 cm2 s~x, ^=0.0001,

£,(A) of trifluralin on kaolinite.
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6.3 Outlook

The goal of this dissertation was to add to the presently scarce knowledge on pho¬

todegradation of pesticides (and other organic compounds) on porous media. Partic¬

ularly, direct photolysis was studied with experiments conducted on well character¬

ized media like clay minerals or iron oxides in order to identify the factors affecting
this process. For the photodegradation of compounds in real soils some other factors

have to be considered in addition to those studied in this work. If organic pollutants

are adsorbed in soil organic matter instead of adsorbed on mineral surfaces as was

studied here, light intensity will be decreased further before it reaches the pollutant.

Also, the quantum yield may be different for organic compounds that are absorbed

in soil organic matter. Indirect photolysis is another process that may be relevant in

natural soils (e.g. for thioether pesticides [72]). This process is more complicated than

direct photodegradation, because it is controlled by the formation of active species,

e.g. radicals, which then react with the pesticide. The radical formation depends on

the medium composition and is proportional to the light intensity present in the soil.

For this reason, indirect photolysis can, in principle, be modelled similarly to direct

photolysis (see Appendix F) and the experimental recommendations presented in this

work can be applied to it. However, the diffusive transport of the reactive species has

to be considered as an additional process. In this case, the reaction would probably
be limited to pollutants adsorbed on surfaces because soil organic matter would ef¬

fectively deactivate reactive species before they can reach pollutants that are adsorbed

inside the soil organic matter.

Photochemical transformation can also occur to pollutants sorbed to snow or aero¬

sols. In a snow layer, the relevant processes should principally be the same as in a soil

layer. Hence, the same experimental and theoretical approaches should apply to snow

packs. The major difference will arise from the higher light penetration which will ren¬

der photodegradation more effective than in soil. Photodegradation on aerosols will

strongly differ for molecules adsorbed on the surface of aerosols where a maximum

of light and photoreactive species is available as compared to molecules sorbed inside

of aerosols where these factors are decreased. This complex situation cannot readily
be treated with the methods outlined in this work. However, some of the informa¬

tion gained here, such as the molar absorption coefficient of compounds adsorbed on

mineral surfaces or the photolysis quantum yield, should also apply to compounds
adsorbed on mineral aerosols.
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Appendix A

4-Flux model

The reflectance and transmittance data for kaolinite was also modelled with the 4-flux

model described in detail in [73, 74]. This model is more complex than the Kubelka-

Munk model because it considers two types of light fluxes, one collimated (subscript c)

and one diffuse (subscript a)- Note that here z = d at the surface of the layer and z = 0

at the bottom of the layer; furthermore the coefficients k and s do not correspond to

those used in the Kubelka-Munk model. The equations for the 4-flux model are:

Ü = (k + s)Ic (A.l)

§ = -(k + s) h (A.2)

Ü = -£sJc-(l-Os/c + #+(l-£>]Jd-£(l-£>Jd (A.3)

^ = (i-Qsic + tsjc + dk+Cl-Mh-clk+Cl-Mh (A.4)

where £ is the forward scattering ratio and c the average crossing parameter. The solu¬

tion for R and T under collimated irradiation is [74]:

D
_

e_T -^MA3 + e1[s/MA3cosh(^A[d) + (A3A^-A2As)shàx(^Md)}
Ax-(k + s)2 v/A7cosh(v/A7i) + A4 sinh(v/ÄTrf)

(A.5)

T = e~T
(

1 +
V^^tcosMv^M) - eT] + (A2A4 ~~ A3A5) smh(yŒ^d) ',

C G l
[A1^(k + s)2][v^cosh(vrA^d)+Aismh(^A^d)}

' l "j
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where

t = (k + s)d (A.7)

w = s/(k + s) (A.8)

AA = £2k(k + 2(1 -£)s (A.9)

A2 = s[ekÇ + e(l-Ç) + Ç(k + s)] (A.10)

A3 = s(l-0(fc + s)(e-l) (A.ll)

A4 = c(fr+(l-£)s) (A.12)

A5 = e(l-£> (A.13)

For the values of e and £ the procedure described in [75] (eqs. 27-28) was used. Due to

the lack of data for e and £ for optical thicknesses r bigger than 8, this model was ap¬

plied only to optical thin layers. Reflectance and transmittance were fitted with eq. A.5

and A.6. The best fit was achieved for an asymmetry parameter g=0A. However,

this 4-flux model could not describe the measured data better than the Kubelka-Munk

model. Therefore, the simpler Kubelka-Munk model was preferred.



Appendix B

Numerical procedures for method A

B.l Photolysis and diffusion in one numerical step

For the numerical solution of eq. 3.1 a discretization of z and t was made (see Fig. B.l).

For the diffusion term the Crank-Nicholson implicit scheme [76] was used:

/— /-old i c /—old /— i /—old i f i /—old

ci+i
~

c?+i + c;-i
~~

Lj-\
_ 7 , -,

c/+i + c?+i + cm + S-i
,

—

~-'cphotolz) J ' ••"

2At

- + ^(9+1 - 2Cfd + 9Mi + ci 11
- 2Ci + cm) (b-1)

where Aphotol-2) is a function of z, <^-, d, k(A), s (A), Iq(A), £i(A) and can be calculated

with eq. 2.66. Note that z = Az • (j — 1). In this case the concentration of compound i

and product p are small (no inner filter effect), so that the light intensity profile can be

considered as constant during time. Equation B.l can be transformed in:

(c/+1 + cM )(i + <D}-<p) + 2(pq = (cf& + qi* ) (i - cd;- + <p) - 2fcfd (b.2)

where q) = DeffAt/Az2 and cPy = ^pi10t0(z)A^/2. Eq. B.2 is applicable for ; = 2..n — 1.

At the boundaries the diffusion is set to zero. Therefore for j = 1 and j = n one has

other equations [77]. For example, for j = 1 one obtains:

C2 ~~ Cfd + C2- Cfd
_

C2 + Cfld + C2 + Cfld
— ~~"'cphoto(z) ~{

1"
2Af

+ ^f (Cfld - Cf*3 + C2 - d ) (B.3)
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to *i t2

j

At

Az" /-«old

,<*.1

/-«old

p 1 i

[c,
/-«old

i P 1 i

Figure B.l: Idea of the numerical solution.

which can be converted into:

C2(l + #! -q>) + f>Cx = C°2ld(l -CD2 + f) - (pC\
-old

(B.4)

The corresponding equation for j = n is:

CH_i (1 + On - <p) + <pCn = C*\ (1 - C0M + f) ~~

q)C°
-old

(B.5)

All these equations can be summarized in matrix notation with A C = B Cold, where:

/

1 | Ct?2

l + CDl-f

2(p 1 \ CD2

1 I ö)„_i - (p 2f

1 I (Dn

1 \ (Dn-!
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B

/ -f 1 -coi t q>

1 - CD2 \ (p —2f 1 — û>2 M

l-CDn ! I

and

-2?

l-CD„-[

\-CDn i

-f

( C1 ) / cf \

c2

Cold =

/-old
L-2

Cfl-i pold
Si 1

V c« / \ c°id ;

The solution of the equation is: C = A ] B Co1d, where A x
is the inverse of A.

Depending on the chosen discretization resolution this method may not be stable.

One has to choose appropriate values for the resolution of time and space discretization

in order to overcome this inconvenience. An alternative method is to separate the

calculation for photolysis and diffusion and to perform a calculation for both processes

for each time step.

B.2 Photolysis and diffusion in two numerical steps

To improve the stability of the numerical procedure an alternative approach was used

in which the numerical calculation for photolysis and diffusion are separated. For the

first step, the photolysis process, the equation is:

/- /-old

At

Ci

"^photo(z) Cj
old

G,ld(l kphoto(z)At)

(B.6)

(B.7)

Therefore, one can write: C = (1 — B2) Cold, where C and Cold are defined as in sec¬

tion B.l and B2 is defined as:
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/ 2ö?i \

2cD2

B2

2CD„ !

2CD„ )

The second step, the diffusion process, can be described with the Crank-Nicholson im¬

plicit scheme [76]:

q — cold n
-—1— - —^(qjd - 2cfd + cfdx + q, !

- 2Cy- + q_! ; (B.8)
Af 2Az2

q(ç> +1) -

f (q, i + cM)
=

cfd(i
-

ç>) + f (c^ + qft) (b.9)
•P/r- , /- \

-_

/-old/-, _\ , 'P/r-old , /-old

with cp = DeiiAt/Az2. The boundary conditions are (diffusion set to zero at z=0 and

z=d corresponding to ;=1 and j=n, respectively):

((p + l)Ci -q>C2

(<p + l)Cn - (pC„-i

(1 - f)Cfd + (fCfd

(1 - <p)C*d + fC^

(B.10)

(B.ll)

All these equations can be summarized in matrix notation with A2 C = B3 Cold, where:

A2

/ f 1 1 -<p

-(p/2 f | 1 -<p/2

B3 =

/ 1 - cp q> 1

f/2 I-9? f/2

I
-f/2 f | 1 -«p/2 f/2 1 - <p f/2

The solution of the equation is: C = A2""1 B3 Cold, where A2""1 is the inverse of A2. For

the calculation of the new concentration vector C after a time step At, it is necessary to

perform two calculation steps.
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Numerical procedure for method D

At

constants: If s £, <3> p J0 Deff

variables: C,ftz; C/f.zj

Calculation of

IxJt,z): total light intensity (eq. 3.22)

R(t): reflectance (eq. 2.72)

Reaction of /to p (eqs. 3.23-3.24)

-4 new C, (t,z) and Cp(t,z)

Diffusion of /and p (appendix B.2)

-4 new Ct (t,z) and Cp(t,z)

no

Figure C.l: Procedure for the determination of the time depen¬
dent reflectance R during the irradiation of the layer.
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Kaolinite suspension

300 400 500 600

wavelength [nm]

300 400 500 600

wavelength [nm]

cuvette suspension

thickness concentration

0.88 mm 40g/L
0.45 mm 80g/L

0.45 mm 40g/L
0.88 mm 20g/L
0.45 mm 20g/L
0.88 mm 10g/L

700

cuvette

thickness

0.45 mm

0.88 mm

0.45 mm

0.88 mm

0.45 mm

0.88 mm

700

suspension

concentration

20g/L
10g/L

40g/L
20g/L

80g/L
40g/L

Figure D.l: Effect of suspension concentration and glass cuvette thickness

on reflectance and transmittance. Note that the transmittances are similar if

the suspension concentration is doubled and the cuvette thickness is halved.

Kaolinite suspensions were stabilized with 25 mg L_1 sodium hexametaphos-

phate and ultrasonicated.
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Diffuse reflectance spectra

Diffuse reflectance spectra measured for different purposes:

• Figures E.1-E.4: determination of the optical coefficients k and s (see section 5.1).

Reflectance of layers of different thickness of kaolinite, montmorillonite, barium

sulfate and goethite.

• Figure E.5: determination of the molar absorption coefficient £i(A) (see section

5.3). Reflectance of kaolinite layers doped with different concentrations of PNA

or trifluralin.

• Figures E.6-E.8: determination of the optical properties of soils k and s (see sec¬

tion 5.2). Reflectance spectra of mixtures of barium sulfate with soils.

• Figure E.9: determination of the reaction quantum yield (see section 5.4). Re¬

flectance spectra of kaolinite layers doped with trifluralin during the laser irradi¬

ation.

300 400 500 600

wavelength [nm]

700 300

0.57

1.72

2.62

.3.20

400 500 600

wavelength [nm]

'.35

10.6
19.0

^-68.2

x93.7

Figure E.l: Reflectance and transmittance of dry barium sulfate layers. The numbers next to the curves

correspond to the layer thickness in [mg cm-2].
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300 400 500 600

wavelength [nm]

700 300 400 500 600

wavelength [nm]

700

Figure E.2: Reflectance and transmittance of dry kaolinite layers. The numbers next to the curves corre¬

spond to the layer thickness in [mg cm-2].

(b)
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1 22,

CO

Fn 0.4
^______

—:

E 2 11—-

£ 03 .

CO

0.2
430^

'-
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17 60

300 400 500 600
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Figure E.3: Reflectance and transmittance of dry montmorillonite layers. The numbers next to the curves

correspond to the layer thickness in [mg cm-2].
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300 400 500 600

wavelength [nm]

700 300 400 500 600

wavelength [nm]

700

Figure E.4: Reflectance and transmittance of dry goethite layers. The numbers next to the curves corre¬

spond to the layer thickness in [mg cm-2].

300 400 500 600

wavelength [nm]

700 300 400 500 600

wavelength [nm]

700

Figure E.5: Determination of the molar absorption coefficient for PNA and trifluralin on kaolinite (layer
thickness d*=9 mg cm-2), (a) PNA on kaolinite with concentrations: (1) 0, (2) 2.9, (3) 5.8, (4) 11.5, (5)

17.3, and (6) 23.1 f/mol g-1. (b) Trifluralin on kaolinite with concentrations: (1) 0, (2) 1.3, (3) 2.6, (4) 5.3

^molg-1.
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Figure E.6: Diffuse reflectance spectra of mixtures of FAL soils with barium sulfate. The soil properties
are summarized in Table 4.1. The percentage numbers indicate the weight percentage of barium sulfate.
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Figure E.7: Diffuse reflectance spectra of mixtures of FAL soils and Eurosoils with barium sulfate. The

soil properties are summarized in Table 4.1. The percentage numbers indicate the weight percentage of

barium sulfate.
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Figure E.8: Diffuse reflectance spectra of mixtures of EPA soils with barium sulfate. The soil properties
are summarized in Table 4.1. The percentage numbers indicate the weight percentage of barium sulfate.
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Indirect photolysis

The indirect (or photosensitized) photolysis is also an important photochemical pro¬

cess in porous media. Although it is more complicated to interpret the experimental
data in case of indirect photolysis, this process can be modelled in a similar manner as

direct photolysis. In the following a simplified indirect photolysis process is examined

in order to show its similarity to the case of direct photolysis.

The initial step of indirect photolysis is the production of the reactive species, e.g.

radicals. This production depends on the total light intensity kot(A,z) in the layer.
The photodegradation constant fcphoto(z) in eq- 3.1 has to be calculated differently be¬

cause the process is now proportional to the concentration of the reactive species and

no longer proportional to the absorbed light by the compound / (if there is no direct

photolysis):

dQ(t,z) , ^/ ^ / x ^

32Q(£,z)

3/
J
= -Kind Ci(t,z) Cmd(t,z) + Drff ay

;
(El)

where /cin(j is the rate constant for the photocatalytic reaction between the compound

i and the radical rad. The production of radicals at the surface is proportional to the

absorbed light from the medium. The consumption of radicals is due to their deactiva¬

tion (reaction with the surrounding medium) and to the reaction with the compound
i. Therefore, the differential equation describing the time dependency for the radical

concentration Crac] is:

KT1 — "~^ind Q(t,z) Crad(t,z) ~~~ /Cdeact Cmä(t,z) + ...

- + /a *(A) (Prp(A) Itot(A,z)dA + DciirJ2Cr^'z) (F.2)
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where /cjeact is the coefficient for the deactivation of the radical, k(A) is the absorption

coefficient of the medium, (pRp(A) is the quantum yield for the production of the rad¬

ical, and Deffraii is the effective diffusion coefficient for the radical in the layer. Note

that the total light intensity kot(A,z) is assumed as constant in time. Assuming that

the consumption of radicals due to their reaction with i has a small influence on the

total concentration of the radicals, and as a first approximation, that diffusion kinetics

is not relevant (optical thin layers), one can calculate the concentration of radicals rad

by solving eq. F.2:

Cmd(t,z) = K- >- / k(A) (pRP(A) Itot(A,z)dA (F.3)
Meact Jh

Note that the concentration of radicals reaches a steady state concentration (the first

term in eq. F.3 tend to unity) so that the disappearance of i can be described by inserting

Crad(t,z) in equation F.l (neglecting the diffusion term):

dCi(t,z) kkid
j^k(A) (pRP(A) MA,z)dA Q(t,z) (FA)

vt ^deact Jh

Therefore, one can here define an equation similar to that for kphoto(z) (eq. 2.64) but for

indirect photolysis:

fcph°to ind(z) = kind kdLct J /c(A) QrpW hot(A,z)dA (F.5)

For optical thin layers one can also define an indirect photolysis rate constant fcphoto ind

which is observed for the whole layer (similar to eq. 3.7):

fcphoto ind
= knd *d"ict d^ ^ k(A) (pRP(A) Itot(A)dA (F.6)

Therefore, indirect photolysis may also be modelled with the approach given in

chapter 3.2. Hence, for optical thin layers the kinetics may be of first order. However,

it is not possible to separate the parameters k-m^r k^eAct and <pRp(A) which are lumped
in eq. F.6. Nevertheless, due to the similarity of the model for direct and indirect pho¬

tolysis processes, the advice given in chapter 6 is also valid in the case of indirect pho¬

tolysis. The major difference in the processes is that in case of indirect photolysis the

photoactive zone is extended into the depth by the radicals which diffuse into the dark

part of the layer.
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Calculation of the information depth

With eq. 2.38 it is possible to calculate the infinite reflectance Rœ, because for increasing

layer thickness d the term coth(ad) approaches unity. Therefore the ratio x = R/Rœ

can be described with following equation:

(G.1)
u + v coth(pcd)

Solving eq. G.l it is possible to calculate the layer thickness dx required for reaching
the fraction x of the infinite reflectance. For this calculation, u and v were substituted

with the expressions u = (k + s)/s and u = oc/s:

dx = imoih(<l±^lzll±l) (G.2)

By using the definition of arcoth one obtains:

dx = 1 m (i +^— -i-)
(G.3)

2a V k + s + oc 1-xJ

The information depth is defined for x=0.995.
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Optical coefficients of minerals

Table H.l: Absorption coefficient k [cm2 g_1] and scattering coefficient s [cm2 g_1] of kaolinite (dry
and wet), montmorillonite, barium sulfate and goethite as a function of the wavelength A [nm] (layer=
determined with goethite layers; mixt.=determined with the mixture technique, see section 2.2.5).

kaolinite kaolinite wet montmorillonite barium sulfate goethite layer goethite mixt.

A k s k s k s k s k s k s

275 986.07 3376.6 728.30 446.0 2878.40 512.2 0.9414 819.7 26094.3 2632.2 72829.5 6194.8

276 947.72 3356.9 707.38 449.0 2822.84 513.6 0.9247 816.1 26092.0 2641.0 72850.7 6121.1

277 915.37 3357.6 692.65 451.8 2761.95 526.4 0.8708 815.3 26102.5 2664.4 72209.6 5968.6

278 884.79 3348.3 678.74 451.4 2718.62 527.4 0.9416 814.9 26142.6 2680.6 72784.1 5949.9

279 856.51 3348.7 661.39 452.8 2655.04 541.5 0.9375 814.3 26194.8 2674.9 72315.5 5882.3

280 821.97 3334.8 646.16 450.6 2626.24 549.0 0.9718 816.4 26234.9 2708.7 73019.1 6804.3

281 794.95 3349.5 624.93 455.8 2551.96 553.9 0.8154 813.7 26277.5 2736.7 72986.4 6620.6

282 762.71 3341.6 601.01 455.2 2488.57 560.4 1.0039 815.6 26285.2 2734.0 73038.4 6724.2

283 731.21 3326.3 586.12 457.0 2426.52 568.4 0.9236 812.9 26307.2 2756.0 74558.2 7010.0

284 704.07 3321.5 561.99 458.8 2372.59 570.3 1.0383 808.9 26336.4 2768.1 73767.1 6879.7

285 676.11 3322.1 550.66 461.3 2296.95 583.4 1.0504 804.8 26318.4 2776.1 72962.8 6672.3

286 649.27 3320.5 533.24 462.3 2242.28 594.1 1.0602 807.6 26360.9 2789.2 73635.7 6815.0

287 624.44 3316.8 520.34 463.5 2174.43 600.0 1.0148 804.8 26390.3 2801.0 73605.4 6712.4

288 600.96 3320.0 506.00 465.1 2116.02 612.1 1.1111 802.8 26403.0 2838.1 73652.3 6814.0

289 580.17 3304.3 488.63 469.5 2065.38 618.6 1.1613 803.9 26424.8 2814.9 74269.1 6834.6

290 558.91 3299.9 471.41 468.1 1999.47 629.5 1.0180 800.6 26422.4 2836.3 74490.7 6923.6

291 540.44 3317.7 456.37 472.2 1945.02 635.7 0.9250 796.5 26476.7 2825.3 73292.9 6774.4

292 515.76 3294.2 441.96 474.3 1879.56 648.6 1.0990 799.4 26526.2 2835.2 74636.6 6919.1

293 497.51 3299.1 428.75 476.3 1818.98 654.6 1.0940 795.4 26570.0 2816.9 73783.9 6803.3

294 477.83 3298.2 415.71 476.9 1768.59 668.3 1.2552 796.9 26566.7 2836.5 74285.0 6831.6

295 458.94 3294.3 402.01 477.9 1708.84 679.6 1.2571 799.9 26572.8 2838.7 75028.3 6888.2

296 443.48 3290.6 390.81 479.1 1651.96 684.8 1.1708 798.5 26574.3 2869.3 75264.2 6847.6

297 424.37 3294.0 383.81 482.3 1595.68 694.7 1.1706 796.4 26604.7 2865.5 75043.4 6776.4

298 405.40 3295.8 370.63 482.7 1543.86 701.7 1.1715 794.4 26683.4 2866.8 75070.7 6739.1

299 390.35 3279.5 360.59 482.8 1498.86 709.3 1.1905 792.6 26694.7 2868.7 74410.1 6615.5

300 378.23 3267.3 347.78 484.4 1452.41 719.8 1.1101 797.1 26722.6 2864.8 75669.8 6761.6

301 362.89 3269.0 337.47 486.2 1399.08 726.4 1.1510 789.8 26750.7 2850.5 74604.2 6622.0

302 348.98 3273.3 330.91 487.1 1350.88 735.4 1.1530 792.5 26737.4 2879.0 75279.5 6720.2

303 340.66 3261.5 322.01 488.7 1309.40 744.0 1.1493 793.2 26773.5 2866.3 75746.4 6822.1

304 328.15 3255.6 312.23 488.3 1254.35 752.5 1.0621 791.7 26782.4 2847.9 75591.5 6728.0

305 314.98 3246.4 302.89 487.7 1210.72 760.2 1.0823 789.4 26796.9 2849.0 75303.4 6584.2

306 302.97 3244.2 295.74 488.5 1169.50 768.1 1.0959 791.0 26812.5 2866.4 74991.1 6531.1
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kaolinite kaolini te wet montmorillonite barium sulfate goethite layer goethitt? mixt.

A k s k s k s k s k s k s

307 294.30 3242.9 286.22 490.0 1134.48 772.6 1.1086 789.6 26772.2 2854.3 74909.0 6590.7

308 284.21 3233.1 277.47 491.0 1096.98 778.7 1.1387 788.8 26747.8 2881.2 74779.6 6534.4

309 274.09 3232.8 270.09 491.3 1061.19 785.5 1.1039 789.9 26780.7 2874.3 75568.3 6752.3

310 265.12 3221.6 265.81 491.8 1024.18 791.0 1.0581 786.8 26758.3 2859.7 74689.2 6585.7

311 256.40 3219.0 256.56 494.1 993.03 798.8 1.1328 788.3 26799.0 2856.2 74914.7 6572.2

312 247.67 3218.6 250.92 493.0 955.02 803.3 1.0526 787.0 26768.2 2864.3 74913.8 6716.1

313 242.64 3212.8 247.60 492.9 921.80 809.7 0.9996 783.8 26781.9 2852.0 74278.8 6591.6

314 235.25 3202.1 241.50 491.5 887.05 814.2 1.0775 782.1 26777.3 2849.1 74830.2 6666.7

315 228.95 3193.0 234.81 495.4 859.47 819.3 1.1226 782.9 26766.1 2853.7 73116.1 6395.0

316 225.44 3179.3 230.55 492.7 828.68 824.9 1.0197 784.2 26782.0 2847.2 74311.7 6552.9

317 218.22 3174.4 225.49 491.8 800.72 831.2 0.9879 781.9 26790.4 2829.8 74064.7 6508.1

318 210.51 3175.4 219.20 492.0 775.96 832.5 0.9749 780.8 26778.4 2831.4 72817.1 6280.1

319 205.31 3167.5 215.07 492.5 753.68 837.5 1.0365 782.5 26779.8 2832.2 73933.3 6421.3

320 199.44 3161.7 206.04 493.1 730.10 842.0 0.9561 780.9 26816.6 2810.6 73852.8 6405.8

321 194.06 3160.7 204.33 491.7 709.80 845.1 1.0474 782.1 26815.5 2819.2 73720.7 6349.0

322 189.50 3140.6 200.17 492.1 686.50 850.9 1.0163 784.1 26774.9 2804.1 73553.7 6299.5

323 185.51 3139.4 194.92 491.6 661.36 851.5 0.8996 782.0 26781.1 2804.5 73250.3 6204.4

324 180.18 3135.1 192.01 490.7 641.58 855.2 0.9018 780.5 26761.3 2807.1 72743.1 5941.8

325 174.47 3139.2 188.54 493.1 620.21 861.3 0.8712 780.3 26780.3 2786.7 73310.6 6079.3

326 170.61 3135.3 187.38 493.2 601.80 863.4 0.9538 781.8 26768.3 2779.6 73417.8 6044.2

327 167.07 3123.0 183.88 491.4 585.73 866.7 0.8712 782.3 26740.3 2779.0 73378.0 6045.7

328 165.85 3112.6 179.37 490.4 566.14 867.6 0.9557 779.1 26771.6 2766.4 73377.5 6003.0

329 161.11 3111.8 176.65 490.6 551.75 872.4 0.8433 779.8 26755.2 2782.0 73362.7 5965.1

330 156.75 3104.3 174.17 489.4 537.91 875.5 0.8333 781.0 26770.8 2773.2 73798.7 5926.7

331 154.08 3101.0 169.44 490.9 522.19 878.9 0.8394 783.4 26783.1 2779.2 73920.7 5960.4

332 151.69 3085.6 166.04 489.5 505.11 880.5 0.8133 780.2 26780.7 2763.5 73612.0 5849.8

333 148.62 3078.8 163.56 489.0 491.13 882.7 0.7911 782.1 26794.1 2756.4 73318.3 5782.6

334 145.85 3079.1 161.91 487.9 476.03 882.9 0.7421 777.3 26775.1 2778.1 72699.7 5678.8

335 144.85 3063.3 159.39 487.3 463.74 885.1 0.7787 780.8 26762.6 2759.6 73668.7 5733.5

336 141.78 3054.4 157.15 488.2 449.57 883.8 0.7551 776.8 26782.7 2757.0 73423.5 5706.8

337 139.13 3047.2 156.13 486.5 436.88 887.9 0.7490 778.0 26760.4 2787.3 73178.6 5621.0

338 137.15 3046.8 151.34 486.5 425.29 887.9 0.7008 777.5 26775.5 2772.0 73929.1 5709.9

339 130.75 3053.4 148.90 486.9 418.16 894.4 0.7164 782.0 26753.1 2764.4 73854.6 5724.2

340 131.29 3030.8 148.55 484.1 408.27 894.5 0.6328 778.5 26688.3 2787.6 73362.8 5537.4

341 128.56 3023.9 149.12 483.5 395.35 897.1 0.7236 778.8 26699.4 2784.9 74206.7 5734.9

342 125.58 3018.7 147.86 483.2 385.98 899.5 0.7408 779.6 26706.6 2791.7 74790.4 5828.5

343 122.14 3009.9 142.15 481.7 376.32 895.7 0.5928 781.1 26706.6 2791.9 73650.6 5608.7

344 119.33 3001.1 136.04 483.0 365.93 900.3 0.6631 779.1 26697.8 2796.1 73617.4 5606.9

345 116.05 3005.4 137.52 480.7 355.34 896.9 0.6234 774.1 26731.8 2797.6 73847.6 5717.6

346 115.48 3000.2 136.41 481.4 346.23 899.5 0.6320 776.3 26745.1 2798.3 73327.3 5577.1

347 113.46 2990.6 134.28 480.2 339.05 901.7 0.6266 775.9 26725.8 2815.9 74423.8 5733.0

348 111.31 2980.8 131.86 479.5 330.36 898.5 0.6613 775.2 26736.7 2822.7 73896.6 5725.0

349 109.56 2981.2 129.20 479.7 324.66 904.1 0.6528 777.5 26771.3 2822.4 74086.6 5683.1

350 108.03 2963.3 126.29 477.7 317.45 904.1 0.5678 776.1 26740.0 2845.1 73823.3 5713.9

351 106.24 2959.2 123.75 475.8 308.61 900.6 0.5910 775.8 26732.0 2839.6 73816.8 5670.4

352 105.23 2952.5 122.80 476.7 304.06 900.1 0.5217 774.3 26733.5 2850.0 73444.8 5614.5

353 103.71 2941.3 121.63 475.9 296.93 904.2 0.5812 776.2 26758.1 2876.2 74040.6 5697.7

354 102.08 2939.3 120.79 474.3 290.81 902.3 0.5483 773.5 26773.4 2885.9 73740.2 5747.9

355 100.03 2929.4 119.97 473.8 282.30 904.8 0.5951 774.8 26770.0 2903.7 74524.3 5882.2

356 97.98 2924.3 117.16 474.7 276.99 903.5 0.5441 775.6 26775.0 2917.8 75064.0 5935.5

357 97.05 2919.4 116.87 474.1 272.97 902.4 0.5211 774.2 26791.8 2937.8 74403.2 5834.8

358 95.20 2909.5 113.77 471.6 266.80 901.1 0.5221 774.5 26809.4 2945.4 74640.6 5924.2

359 94.24 2901.6 114.44 471.6 264.00 902.7 0.4641 772.9 26822.2 2962.6 74514.5 5958.5
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kaol inite kaolin iite wet montmorillonite barium sulfate goethite layer goethit« mixt.

A k s k s k s k s k s k s

360 92.30 2903.1 112.29 471.6 258.57 902.8 0.4616 776.4 26820.2 2979.2 75209.0 5978.5

361 91.11 2898.2 110.51 469.1 256.28 902.3 0.5498 772.5 26829.0 2997.8 74197.8 5901.7

362 89.73 2881.9 107.23 467.9 249.66 901.0 0.4614 774.8 26838.6 3012.8 75270.4 6041.5

363 88.77 2869.0 107.12 468.7 247.30 902.2 0.5191 772.9 26875.4 3031.0 74922.5 6046.7

364 87.64 2863.7 106.41 466.1 242.48 896.9 0.4775 770.2 26871.6 3056.1 74285.6 5964.1

365 86.88 2853.9 104.93 465.3 239.31 900.5 0.4934 774.7 26900.6 3071.4 75066.8 6101.1

366 85.71 2849.3 104.13 465.0 234.45 899.9 0.5087 773.2 26892.8 3096.6 75255.4 6205.2

367 84.42 2843.2 101.54 464.8 230.93 896.5 0.5092 772.1 26913.3 3116.7 74771.5 6134.6

368 82.70 2836.3 100.19 465.0 228.37 896.7 0.4082 772.3 26981.6 3144.4 75219.1 6205.4

369 80.63 2839.3 99.67 463.3 223.04 897.3 0.4647 772.5 26971.8 3177.6 74670.4 6185.6

370 80.35 2821.2 96.61 462.2 218.36 894.9 0.4176 771.4 26898.0 3169.3 75236.3 6163.1

371 79.53 2808.3 96.30 460.7 214.10 897.7 0.4398 770.4 26906.8 3197.3 75050.2 6252.8

372 77.13 2802.3 95.56 460.1 209.44 895.4 0.4471 770.6 26912.2 3216.2 74647.7 6181.1

373 76.39 2798.0 93.37 460.5 203.91 896.8 0.4605 769.1 26910.7 3236.8 74631.2 6191.6

374 74.28 2787.7 92.39 458.9 199.73 894.8 0.3775 768.5 26910.7 3258.3 74752.1 6301.1

375 72.17 2786.1 92.38 458.5 195.84 894.5 0.3889 769.9 26923.8 3292.1 74693.1 6409.4

376 70.54 2785.6 89.77 458.6 191.02 894.1 0.4504 768.7 26913.9 3299.7 74130.2 6232.4

377 69.83 2772.2 89.44 457.1 186.47 892.7 0.4219 767.2 26919.5 3319.7 73322.7 6261.1

378 68.86 2767.7 85.94 456.6 182.99 892.8 0.4049 769.2 26904.1 3343.6 74041.9 6403.7

379 67.54 2761.1 84.64 455.3 179.37 892.2 0.4325 766.7 26911.0 3352.1 73459.4 6373.3

380 66.01 2755.7 84.27 454.3 176.30 891.6 0.3742 767.9 26860.0 3391.7 73007.2 6432.6

381 64.71 2744.8 81.83 454.1 172.75 891.7 0.3781 769.3 26836.1 3399.9 72780.1 6374.1

382 62.87 2739.6 80.90 452.3 168.48 891.7 0.3549 767.9 26765.8 3424.3 71976.3 6391.5

383 61.29 2739.2 80.55 452.1 164.72 894.4 0.4178 770.4 26742.8 3437.8 71888.4 6434.7

384 59.93 2728.7 78.91 451.3 160.99 891.8 0.3900 765.9 26682.2 3458.5 71323.7 6440.8

385 58.12 2727.8 78.14 450.8 157.46 892.9 0.3718 768.7 26638.5 3483.4 70911.3 6455.2

386 57.02 2717.5 75.83 449.0 153.83 891.3 0.3362 765.4 26608.8 3506.2 69719.3 6414.4

387 56.64 2715.7 75.61 449.3 150.18 891.2 0.3601 766.2 26544.7 3530.2 69711.2 6484.8

388 55.48 2707.4 74.62 448.3 147.50 890.1 0.3153 765.4 26505.5 3540.1 69819.7 6563.5

389 54.91 2704.3 73.34 448.7 145.02 889.3 0.3241 765.2 26454.2 3559.7 69036.6 6581.7

390 54.14 2698.3 72.57 447.0 141.91 889.8 0.3430 766.1 26387.9 3576.8 68576.2 6539.4

391 53.22 2690.7 72.77 446.8 140.01 889.7 0.3307 767.3 26337.6 3594.0 67690.4 6470.2

392 52.20 2682.2 71.39 446.2 137.44 889.8 0.3105 765.8 26286.0 3612.6 67263.7 6509.5

393 51.28 2673.9 71.55 444.9 134.64 889.5 0.3107 767.1 26205.0 3632.9 66810.7 6529.1

394 50.68 2666.5 69.00 444.2 131.95 888.1 0.3383 766.2 26129.8 3646.0 65922.0 6481.8

395 50.42 2665.2 69.44 443.5 130.73 889.1 0.3319 766.6 26062.2 3672.1 65321.7 6473.6

396 50.23 2656.0 69.74 442.7 128.44 887.7 0.3244 767.3 25988.2 3690.3 65062.4 6532.6

397 49.62 2649.7 69.18 442.0 126.69 889.0 0.3164 768.0 25895.7 3705.2 64558.5 6505.1

398 48.65 2642.1 68.79 441.3 124.87 888.3 0.2864 768.4 25831.3 3721.8 64171.3 6498.0

399 48.03 2637.8 67.80 440.7 123.18 888.3 0.3133 768.3 25746.1 3734.2 63367.0 6497.3

400 43.19 2634.8 66.60 440.5 121.10 885.3 0.2830 767.9 25679.7 3748.9 63240.8 6547.8

401 42.16 2625.7 67.25 438.9 120.45 885.8 0.3045 767.0 25580.6 3766.6 62439.7 6563.1

402 41.62 2618.9 67.31 438.0 118.74 886.0 0.2937 768.3 25504.3 3781.3 62107.5 6578.6

403 41.19 2609.7 66.03 437.1 117.53 885.6 0.2968 768.4 25391.0 3803.6 61821.1 6671.8

404 40.43 2605.0 65.18 436.2 115.90 885.1 0.3119 768.8 25285.7 3824.5 60967.8 6572.4

405 40.16 2599.4 64.17 435.9 114.32 883.2 0.2925 767.5 25190.7 3848.5 60296.8 6544.8

406 39.52 2592.5 64.29 434.4 113.28 882.4 0.3166 766.7 25101.9 3858.2 59626.9 6518.8

407 38.79 2586.2 63.58 433.6 111.79 883.1 0.3036 768.0 25001.9 3880.2 59498.5 6597.4

408 38.66 2580.9 62.80 433.2 111.02 881.1 0.2845 767.5 24915.4 3902.0 58913.0 6592.0

409 37.96 2572.3 63.05 432.4 109.81 880.2 0.2847 766.0 24826.3 3918.2 58567.9 6646.2

410 36.97 2571.6 62.71 431.4 108.50 879.7 0.2889 766.6 24719.6 3938.2 57809.1 6595.5

411 37.00 2562.7 62.72 430.7 107.09 880.2 0.2938 767.2 24629.1 3957.4 57427.8 6621.1

412 36.04 2556.4 61.66 430.3 105.59 877.5 0.3238 765.9 24517.4 3981.1 56889.7 6654.8
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413 35.95 2546.2 61.69 428.6 104.28 877.2 0.2893 766.1 24405.7 4005.7 56309.6 6627.9

414 35.87 2541.1 61.45 427.9 102.93 876.4 0.3051 766.6 24277.2 4032.9 55803.8 6673.4

415 34.68 2534.0 61.05 427.4 101.66 875.5 0.2899 766.0 24145.1 4061.4 55123.5 6693.1

416 34.63 2528.3 60.91 426.1 100.34 874.6 0.2773 766.2 24011.6 4087.9 54751.7 6757.1

417 34.27 2522.4 59.31 425.3 98.86 873.6 0.2700 765.6 23893.3 4115.5 54079.2 6740.7

418 33.78 2518.9 59.59 424.8 97.74 873.5 0.2924 765.7 23753.4 4145.5 53577.2 6779.0

419 33.39 2508.6 58.67 423.5 96.37 872.9 0.3051 765.8 23609.4 4177.8 52827.5 6755.8

420 32.55 2501.8 58.73 422.2 95.12 871.0 0.2771 765.1 23458.9 4213.4 52033.1 6745.0

421 32.61 2496.9 57.44 421.7 94.07 870.4 0.3112 764.4 23304.5 4250.4 51441.3 6773.1

422 32.29 2488.6 57.78 421.0 92.69 870.8 0.2832 764.5 23140.5 4290.9 50923.1 6827.3

423 31.85 2482.7 57.90 419.7 91.64 868.9 0.3006 764.8 22960.4 4330.7 50266.3 6885.9

424 31.05 2474.6 57.02 418.9 90.22 867.8 0.2912 764.8 22769.8 4378.9 49576.3 6969.8

425 30.55 2469.8 57.51 417.5 89.10 867.2 0.2623 763.8 22566.0 4423.1 48760.8 6998.4

426 30.29 2466.3 57.08 417.5 88.12 865.6 0.2748 763.0 22349.0 4474.2 47834.5 6974.6

427 29.91 2460.4 56.50 415.9 86.83 865.5 0.2867 762.6 22136.4 4520.9 46872.8 6990.2

428 29.78 2451.6 56.02 415.9 86.30 864.9 0.2775 763.6 21916.8 4572.5 46441.5 7108.0

429 29.19 2448.0 57.31 414.1 85.45 863.0 0.2614 762.3 21704.5 4621.0 45501.4 7119.8

430 28.55 2439.9 54.76 413.2 84.90 862.3 0.2758 762.9 21461.9 4680.8 44567.9 7115.1

431 28.26 2433.7 54.46 412.2 83.72 860.3 0.2805 761.5 21198.0 4743.6 43707.2 7189.2

432 28.14 2428.1 54.17 411.3 83.11 858.2 0.2731 760.7 20920.7 4803.0 42662.3 7183.3

433 27.88 2420.2 53.88 410.3 82.26 859.7 0.2800 762.3 20619.8 4869.8 41806.2 7291.9

434 27.35 2414.6 53.61 409.4 81.61 857.4 0.2818 760.9 20290.7 4942.2 40562.8 7248.4

435 27.01 2409.5 53.33 408.7 80.88 856.5 0.2833 760.4 19979.6 4998.7 39803.1 7350.2

436 26.73 2401.4 53.07 407.6 80.18 854.7 0.2691 759.7 19666.3 5059.0 38786.8 7377.7

437 26.50 2397.1 52.81 407.3 79.35 854.1 0.2933 760.3 19372.9 5116.1 37761.2 7376.5

438 26.72 2387.9 52.55 406.0 79.09 853.8 0.2647 761.0 19083.7 5173.4 36915.0 7409.5

439 25.74 2382.7 52.30 404.3 78.53 851.9 0.2804 759.6 18801.0 5223.0 36094.1 7464.9

440 25.49 2376.0 52.06 403.7 77.57 851.1 0.2638 759.4 18519.1 5277.5 35376.6 7524.7

441 25.54 2371.4 51.82 403.6 76.87 851.2 0.2832 759.1 18236.8 5322.7 34453.5 7479.1

442 25.41 2364.7 51.58 402.5 76.01 850.0 0.2613 759.5 17963.4 5363.8 33802.8 7570.0

443 24.84 2359.4 51.35 401.5 74.95 848.3 0.2713 758.4 17689.6 5403.2 32972.2 7524.9

444 24.40 2349.8 51.13 400.4 73.91 847.0 0.2700 757.6 17417.0 5444.6 32361.1 7604.4

445 23.95 2349.0 50.91 399.8 73.28 847.4 0.2741 758.3 17167.0 5475.9 31595.9 7556.7

446 23.58 2345.6 50.69 398.8 72.48 846.3 0.2746 758.1 16939.7 5502.7 31054.9 7567.5

447 23.38 2337.2 50.48 398.2 71.61 844.5 0.2593 758.0 16752.4 5520.5 30574.0 7568.7

448 23.04 2331.3 50.27 397.1 70.41 844.1 0.2397 756.8 16579.4 5534.4 30065.6 7535.2

449 22.74 2324.5 50.07 396.0 69.95 843.9 0.2546 758.0 16421.5 5539.5 29804.5 7649.2

450 22.69 2319.5 49.87 395.0 69.07 843.0 0.2610 758.0 16267.3 5544.6 29437.0 7556.5

451 22.46 2313.4 49.67 394.3 68.89 842.1 0.2580 757.4 16134.4 5550.2 29118.4 7608.6

452 21.84 2306.5 49.47 393.8 68.22 840.9 0.2400 757.3 16022.7 5544.4 28898.0 7581.1

453 21.64 2302.0 49.28 392.0 67.67 840.5 0.2486 757.4 15906.5 5544.0 28591.3 7551.9

454 21.39 2298.1 49.10 391.2 67.16 838.4 0.2145 756.5 15803.1 5539.6 28341.6 7510.3

455 21.00 2289.4 48.91 390.2 66.58 838.0 0.2681 756.3 15705.9 5530.2 28077.6 7532.1

456 20.81 2283.8 48.73 389.9 65.85 835.6 0.2211 755.3 15616.6 5526.0 27777.8 7460.9

457 20.45 2281.1 48.55 388.9 65.23 834.7 0.2448 755.3 15546.0 5511.7 27613.0 7462.4

458 20.01 2276.8 48.37 388.1 65.58 835.0 0.2482 755.8 15478.0 5506.5 27517.9 7469.3

459 20.20 2268.7 48.20 387.1 64.90 834.4 0.2375 756.5 15406.1 5502.6 27439.4 7472.1

460 19.77 2262.5 48.03 386.1 64.60 832.6 0.2393 755.1 15333.3 5498.8 27293.9 7471.9

461 19.83 2256.7 47.86 385.3 63.86 831.2 0.2219 755.1 15254.3 5502.5 26955.7 7380.0

462 19.74 2252.0 47.69 384.2 63.73 830.4 0.2205 754.9 15187.5 5495.2 26969.9 7438.2

463 19.54 2244.8 47.52 383.3 62.96 829.6 0.2138 754.3 15114.8 5498.1 26724.6 7443.4

464 19.46 2239.7 47.36 382.3 63.03 829.0 0.2371 754.1 15044.2 5499.4 26531.5 7439.6

465 19.28 2232.2 47.20 381.3 62.13 827.3 0.2251 754.5 14964.2 5499.3 26261.5 7375.7
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466 19.08 2227.7 47.04 380.0 62.24 825.9 0.2133 754.5 14881.8 5504.2 26252.8 7441.5

467 19.00 2225.6 46.88 380.0 61.31 824.6 0.2273 752.8 14806.0 5498.9 25830.4 7336.6

468 18.80 2220.7 46.72 379.2 61.06 824.8 0.2165 753.1 14733.7 5500.6 25942.3 7438.3

469 18.89 2210.8 46.57 377.9 60.52 824.2 0.2113 753.3 14650.2 5511.1 25533.8 7358.0

470 18.41 2203.7 46.41 377.3 60.31 823.6 0.2539 752.8 14567.4 5515.9 25444.4 7382.5

471 18.30 2203.5 46.26 375.9 60.02 822.3 0.2295 753.2 14496.6 5525.0 25171.6 7310.0

472 18.30 2194.6 46.11 374.7 59.39 823.3 0.2217 754.6 14412.5 5523.7 25006.3 7340.1

473 18.08 2188.5 45.96 374.6 58.76 821.2 0.2199 752.3 14329.8 5536.8 24769.0 7334.2

474 18.03 2185.3 45.81 373.5 58.15 819.8 0.2061 751.2 14235.8 5537.8 24745.4 7412.8

475 17.72 2177.0 45.66 372.7 58.18 819.8 0.2264 753.4 14134.8 5544.2 24464.8 7307.0

476 17.45 2176.9 45.51 372.2 57.36 820.1 0.2409 753.1 14041.6 5560.5 24225.5 7309.2

477 17.30 2171.3 45.37 372.3 57.50 816.6 0.2077 751.9 13975.8 5573.6 24005.0 7338.3

478 17.27 2165.9 45.22 370.2 56.86 817.3 0.1996 752.3 13931.1 5584.9 23818.9 7328.3

479 16.65 2164.5 45.08 369.9 56.25 814.4 0.2424 751.1 13801.0 5627.6 23815.0 7504.1

480 16.64 2156.4 44.93 369.1 55.98 814.2 0.2371 750.4 13541.8 5583.5 23284.3 7357.8

481 16.27 2152.9 44.79 368.0 55.42 813.9 0.2165 750.8 13426.8 5595.5 22819.2 7266.8

482 15.88 2151.9 44.65 366.6 54.99 812.9 0.2383 751.0 13312.9 5608.4 22844.6 7315.3

483 15.71 2142.6 44.50 366.1 54.41 812.0 0.2001 751.3 13200.6 5623.2 22640.1 7401.7

484 15.72 2135.6 44.36 365.1 53.99 810.4 0.2229 750.0 13085.7 5630.0 22352.9 7397.8

485 15.32 2132.0 44.22 363.2 53.23 810.6 0.2255 750.7 12936.2 5658.9 21999.9 7406.7

486 15.49 2124.2 44.08 363.1 53.18 808.6 0.2308 749.7 12811.2 5671.9 21638.3 7365.2

487 15.37 2122.5 43.94 362.5 52.41 808.6 0.2091 750.3 12683.6 5699.2 21549.9 7447.6

488 15.35 2115.3 43.80 361.7 51.39 807.4 0.2042 749.3 12573.0 5713.6 21203.2 7407.3

489 15.02 2114.8 43.66 361.8 51.81 807.1 0.2236 750.6 12448.5 5739.9 21046.7 7477.1

490 15.08 2109.0 43.52 361.1 51.29 805.2 0.2032 749.8 12319.6 5758.9 20573.6 7387.5

491 15.02 2101.8 43.38 359.9 51.13 804.4 0.2056 749.7 12179.8 5785.3 20368.5 7441.3

492 14.85 2096.8 43.24 359.4 50.31 804.9 0.2259 748.8 12031.8 5807.7 20009.1 7462.5

493 14.55 2091.9 43.10 357.6 50.27 802.3 0.1926 748.8 11866.5 5839.4 19592.2 7392.3

494 14.33 2088.2 42.96 357.2 49.82 802.3 0.1856 749.2 11709.4 5860.1 19316.0 7443.7

495 14.31 2084.1 42.82 356.4 49.40 801.1 0.1889 748.8 11539.3 5896.9 18975.5 7484.6

496 13.94 2079.1 42.68 355.9 48.84 800.2 0.1863 748.8 11365.5 5927.6 18589.4 7496.1

497 14.05 2075.5 42.54 355.4 48.64 800.9 0.1964 750.2 11196.9 5959.2 18237.6 7521.6

498 13.99 2071.4 42.40 354.5 48.17 798.3 0.1976 747.3 11022.1 5991.3 17867.2 7539.9

499 13.83 2064.4 42.26 354.0 47.70 796.6 0.1904 746.2 10845.6 6026.0 17388.4 7497.8

500 13.54 2061.4 42.12 353.3 47.26 796.1 0.1794 747.8 10663.9 6063.1 17074.5 7514.7

501 13.17 2055.2 41.98 352.7 47.18 797.0 0.1935 748.5 10473.4 6106.1 16681.8 7538.7

502 13.37 2050.3 41.84 352.1 46.55 795.7 0.1774 747.3 10286.8 6138.8 16335.4 7558.6

503 13.47 2045.8 41.70 351.8 46.01 794.8 0.2068 746.6 10078.7 6181.5 15804.2 7504.5

504 13.61 2040.0 41.55 351.8 45.84 793.1 0.1929 746.4 9869.2 6221.0 15410.5 7541.1

505 13.14 2034.9 41.41 350.8 45.46 792.0 0.1778 745.9 9660.3 6264.1 15015.1 7559.8

506 12.82 2031.9 41.27 350.2 45.16 791.8 0.1999 746.1 9460.3 6300.1 14570.6 7540.1

507 13.06 2025.3 41.13 349.7 45.01 791.5 0.1844 746.6 9261.7 6341.0 14287.3 7605.5

508 12.93 2019.9 40.99 349.2 44.45 790.5 0.1831 746.5 9069.1 6382.5 13872.1 7612.8

509 12.78 2017.1 40.85 348.6 44.08 789.6 0.1671 746.3 8875.6 6417.3 13457.4 7585.7

510 12.76 2011.6 40.71 348.3 44.04 788.6 0.1889 745.5 8671.3 6459.5 13141.4 7640.6

511 12.50 2008.6 40.57 347.7 43.53 787.0 0.1815 744.1 8463.2 6504.4 12639.4 7574.8

512 12.52 2001.7 40.42 347.0 43.08 786.7 0.1961 744.5 8251.7 6544.2 12277.8 7587.1

513 12.48 1996.8 40.28 346.5 42.75 785.8 0.1776 744.8 8037.3 6590.5 11874.7 7577.1

514 12.30 1992.0 40.14 346.1 42.47 784.2 0.1600 744.3 7818.0 6630.7 11504.9 7642.3

515 12.00 1988.1 40.00 344.8 42.26 782.6 0.1857 743.7 7595.7 6675.2 11111.1 7636.2

516 12.14 1982.1 39.86 344.3 41.81 782.8 0.1791 744.0 7383.7 6717.0 10668.6 7610.1

517 11.74 1977.9 39.71 343.8 41.61 781.4 0.1776 744.0 7171.2 6759.9 10325.6 7619.6

518 11.54 1974.5 39.57 343.0 41.27 780.9 0.1713 743.6 6971.7 6798.7 9927.5 7548.8
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519 11.31 1971.2 39.43 342.4 40.75 780.0 0.1817 743.0 6768.9 6840.9 9623.8 7588.5

520 11.40 1966.5 39.28 341.9 40.74 779.8 0.1808 743.7 6564.7 6876.7 9258.1 7577.4

521 11.62 1959.8 39.14 341.3 40.46 778.6 0.1722 743.0 6364.3 6912.9 8892.4 7547.9

522 11.44 1955.8 39.00 340.5 40.23 778.6 0.1883 743.8 6154.8 6953.7 8552.9 7600.1

523 11.48 1950.7 38.85 339.8 39.88 777.5 0.1769 742.8 5945.2 6995.4 8228.8 7645.2

524 11.29 1945.8 38.71 339.4 39.78 776.2 0.1756 742.9 5731.3 7033.9 7842.0 7543.6

525 11.19 1942.0 38.57 338.9 39.24 775.8 0.1814 742.1 5517.8 7070.7 7486.0 7548.4

526 10.92 1938.1 38.42 337.9 38.95 775.3 0.1938 742.5 5315.5 7108.3 7111.6 7459.2

527 10.95 1932.0 38.28 337.3 38.87 773.4 0.1663 742.3 5117.6 7141.9 6810.6 7425.5

528 10.91 1928.2 38.14 336.4 38.63 773.8 0.1804 742.5 4930.3 7177.2 6538.9 7496.7

529 10.56 1923.5 37.99 335.6 38.17 772.5 0.1674 741.6 4751.1 7208.1 6195.5 7369.7

530 10.64 1920.2 37.85 335.1 37.96 771.0 0.1774 741.4 4573.5 7240.7 5955.9 7430.9

531 10.39 1917.1 37.70 334.7 37.83 771.5 0.1655 741.9 4392.7 7274.5 5674.3 7386.1

532 10.52 1910.9 37.56 333.7 37.58 769.6 0.1776 740.7 4205.5 7305.8 5382.2 7346.1

533 10.65 1905.7 37.42 333.4 37.33 768.8 0.1641 740.9 4030.1 7338.2 5112.0 7312.4

534 10.57 1901.5 37.27 332.2 37.05 767.8 0.1608 740.6 3850.9 7366.1 4849.9 7319.5

535 10.46 1896.6 37.13 331.8 36.93 766.2 0.1849 739.6 3671.7 7397.0 4595.3 7307.5

536 10.27 1891.8 36.99 331.2 36.77 766.2 0.1704 739.8 3502.3 7420.6 4362.3 7273.3

537 10.08 1887.9 36.85 330.7 36.25 765.1 0.1663 738.9 3351.7 7441.0 4161.3 7338.8

538 10.02 1883.5 36.70 330.0 36.14 765.7 0.1615 739.9 3210.3 7465.2 3903.8 7181.5

539 10.08 1882.8 36.56 330.0 35.96 764.8 0.1657 739.6 3074.9 7484.0 3744.1 7201.2

540 9.96 1878.3 36.42 328.9 35.88 764.0 0.1724 740.0 2940.4 7502.7 3532.3 7141.3

541 9.79 1871.7 35.45 327.5 35.55 762.6 0.1606 739.5 2810.5 7520.1 3349.7 7080.1

542 9.74 1866.3 35.04 326.5 35.47 761.7 0.1682 739.1 2682.5 7537.8 3142.1 7003.0

543 9.97 1861.2 34.76 326.3 35.12 761.9 0.1550 739.4 2553.7 7551.5 2968.9 6945.6

544 9.68 1858.4 34.99 325.7 34.79 760.8 0.1655 739.7 2430.0 7562.7 2835.6 6995.2

545 9.75 1853.0 35.26 325.5 34.79 759.7 0.1780 738.8 2316.3 7575.3 2686.8 7020.6

546 9.66 1850.2 34.53 324.7 34.70 757.7 0.1669 737.8 2212.1 7581.2 2490.6 6770.1

547 9.24 1845.5 34.56 323.9 34.55 758.3 0.1516 738.8 2106.8 7591.2 2363.6 6729.8

548 9.30 1842.1 34.65 323.5 34.07 756.8 0.1576 737.9 2015.1 7597.9 2257.3 6786.4

549 9.38 1836.5 35.00 322.5 33.94 755.6 0.1592 737.3 1932.1 7601.3 2163.0 6801.8

550 9.28 1832.2 34.01 321.6 33.69 754.7 0.1547 736.8 1852.5 7607.0 2038.4 6766.9

551 9.59 1827.1 35.20 321.2 33.73 753.8 0.1899 736.1 1774.7 7605.8 1915.0 6534.9

552 9.21 1823.2 33.90 320.5 33.43 753.5 0.1877 736.0 1694.6 7608.5 1844.3 6660.7

553 9.29 1817.4 33.84 319.6 33.24 753.4 0.1853 736.0 1620.5 7605.2 1758.9 6659.6

554 8.98 1814.4 33.15 318.7 33.29 750.8 0.1843 735.3 1551.3 7605.1 1651.5 6523.4

555 9.06 1808.1 33.83 318.4 33.23 751.7 0.1964 736.7 1484.8 7605.6 1555.2 6376.2

556 9.06 1805.9 33.64 317.8 32.61 751.3 0.1677 736.8 1423.9 7601.3 1499.3 6517.2

557 9.14 1801.4 33.21 317.2 32.64 750.0 0.1872 735.0 1366.0 7601.7 1426.2 6378.3

558 8.91 1797.5 33.52 316.6 32.23 748.7 0.1700 734.4 1313.3 7599.1 1355.8 6303.3

559 9.21 1792.4 33.34 316.2 32.13 747.2 0.1800 733.0 1270.1 7577.7 1300.3 6285.3

560 8.68 1786.9 33.10 315.7 31.87 747.4 0.1665 733.7 1229.7 7571.0 1240.0 6171.5

561 8.78 1785.8 33.14 315.0 31.85 747.3 0.1714 734.0 1190.9 7571.0 1193.8 6223.0

562 8.97 1780.3 32.70 314.1 31.47 746.4 0.1925 734.2 1153.3 7568.8 1146.0 6136.9

563 8.89 1775.6 32.61 313.5 31.47 745.4 0.1904 734.0 1115.8 7552.6 1108.3 6268.7

564 8.69 1773.8 32.87 312.7 31.45 745.0 0.1725 735.1 1081.9 7544.1 1057.7 6103.6

565 8.41 1766.1 32.72 312.1 31.09 743.5 0.1745 731.8 1042.2 7540.4 1009.1 5990.5

566 8.62 1763.6 32.34 311.9 30.97 742.7 0.1706 733.2 1009.9 7527.0 968.9 6011.8

567 8.17 1759.6 32.79 310.7 30.86 742.9 0.1798 733.5 987.8 7519.6 956.7 6068.7

568 8.50 1757.1 31.75 310.1 30.46 739.9 0.1756 731.7 972.7 7503.7 920.8 5980.6

569 8.20 1755.4 33.18 309.8 30.34 740.3 0.1683 733.2 936.9 7517.0 890.4 5860.8

570 8.27 1750.0 32.49 308.9 30.29 739.5 0.1727 732.1 905.4 7456.0 868.5 5875.4

571 8.27 1744.6 31.98 307.9 30.17 739.1 0.1672 731.9 888.6 7443.0 847.4 5887.5
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kao inite kaolin ite wet montmorillonite barium sulfate goethite layer goethit« mixt.

k s k s k s k s k s k s

18 1740.0 31.74 307.5 29.98 738.3 0.1704 731.3 872.7 7429.3 8212 5789.

06 1737 0 31 82 306 7 29 77 737 5 0.1745 730 9 855.3 7412 9 812 0 5883.

02 1732 7 31 91 306 4 29 60 737 0 0.1755 731 3 837.7 7398 6 785 6 5752.

14 1729 o 31 66 305 6 29 46 735 9 0.1656 730 8 822.4 7381 8 774 1 5751.

87 1725 4 31 72 304 7 29 38 735 2 0.1717 730 4 810.3 7364 9 750 3 5633.

94 1721 5 31 82 304 2 29 11 734 8 0.1646 730 5 798.6 7350 5 748 7 5779.

96 1718 3 31 70 303 9 29 03 734 3 0.1724 730 4 790.0 7334 1 739 6 5793.

79 1715 2 31 52 303 3 28 85 733 7 0.1642 730 6 782.2 7320 4 728 0 5730.

90 1711 5 31 71 302 5 28 75 732 5 0.1631 730 O 775.3 7304 4 714 7 5656.

82 1707 2 31 55 301 9 28 54 732 0 0.1727 729 7 766.5 7288 3 705 2 5585.

70 1703 0 31 33 301 5 28 34 731 4 0.1689 729 5 760.4 7271 6 700 3 5583.

60 1699 6 31 30 300 9 28 17 730 7 0.1639 729 3 754.1 7256 o 689 5 5578.

63 1694 9 31 23 300 0 28 08 729 9 0.1745 729 3 748.6 7236 8 686 5 5600.

53 1691 O 30 83 299 5 27 79 729 6 0.1711 729 0 744.1 7218 3 678 8 5481.

58 1687 5 31 08 299 0 27 74 728 O 0.1673 729 0 739.9 7205 4 675 3 5490.

52 1684 2 31 27 298 5 27 59 727 8 0.1652 728 8 737.3 7182 8 679 3 5524.

54 1680 0 31 05 298 1 27 49 727 2 0.1690 728 3 735.8 7167 8 668 0 5435.

49 1675 9 30 96 297 2 27 25 726 6 0.1734 728 3 733.0 7154 3 673 6 5515.

51 1672 3 30 97 296 6 27 18 725 7 0.1602 727 9 731.4 7136 5 672 8 5553.

50 1669 6 31 13 296 0 27 02 724 8 0.1647 727 6 730.6 7119 0 668 1 5476.

41 1665 4 30 93 295 5 26 84 724 2 0.1645 727 7 730.0 7101 5 667 9 5497.

29 1661 9 30 81 294 7 26 76 723 5 0.1701 727 3 729.5 7083 1 667 6 5440.

34 1656 8 30 86 294 2 26 61 723 1 0.1712 726 9 729.3 7064 0 668 3 5443.

30 1653 8 30 67 293 5 26 39 722 4 0.1622 727 1 727.9 7046 1 670 4 5433.

23 1650 6 30 39 293 0 26 28 721 7 0.1666 726 6 727.2 7024 5 671 4 5424.

16 1646 2 30 20 292 5 26 15 721 0 0.1597 726 3 727.8 7006 7 670 3 5418.

16 1643 1 30 26 291 8 26 00 720 4 0.1731 726 2 730.3 6991 1 674 4 5402.

30 1639 7 30 47 291 4 25 92 719 8 0.1598 726 J 730.7 6972 5 675 8 5424.

11 1635 7 30 05 290 6 25 76 719 3 0.1760 726 3 734.7 6959 4 675 7 5406.

02 1632 9 30 35 290 1 25 69 718 4 0.1697 725 8 731.6 6942 4 681 0 5385.

96 1629 2 30 84 289 5 25 54 717 7 0.1721 725 6 728.3 6922 8 683 7 5397.

96 1626 7 30 71 289 1 25 46 717 0 0.1707 725 7 724.6 6909 3 688 5 5403.

96 1623 9 30 29 288 9 25 24 717 2 0.1685 725 9 720.5 6888 8 687 3 5386.

88 1621 4 30 28 287 9 25 08 716 8 0.1720 726 3 719.4 6877 2 687 1 5306.

74 1618 5 30 31 287 4 24 86 716 2 0.1661 726 2 718.5 6861 1 693 8 5361.

82 1614 5 29 69 286 6 24 80 715 9 0.1677 726 2 720.1 6839 6 693 7 5324.

82 1611 0 29 66 286 2 24 73 715 1 0.1590 725 7 722.8 6824 7 696 9 5316.

76 1607 8 29 32 285 5 24 51 714 2 0.1603 725 2 726.8 6806 3 699 3 5312.

74 1604 4 29 45 284 9 24 38 713 5 0.1625 724 8 731.6 6791 2 697 6 5274.

73 1599 6 29 10 284 4 24 25 712 7 0.1599 724 3 737.0 6771 1 702 0 5266.

76 1594 O 28 53 283 9 24 15 711 7 0.1537 723 O 740.6 6749 3 709 0 5336.

77 1590 8 28 56 283 6 24 04 710 6 0.1611 723 0 748.6 6729 4 710 5 5296.

77 1586 5 28 49 282 8 23 93 709 7 0.1608 722 4 757.0 6711 8 715 1 5284.

67 1582 5 28 68 282 2 23 79 708 9 0.1611 722 0 762.0 6694 2 712 9 5240.

85 1578 2 28 61 281 7 23 65 707 8 0.1540 721 4 766.7 6678 0 717 0 5259.

79 1575 2 28 81 281 2 23 59 707 5 0.1567 721 6 767.2 6664 2 718 8 5203.

73 1572 5 28 79 280 7 23 53 707 0 0.1603 721 8 769.0 6647 o 722 2 5226.

76 1569 1 28 93 280 1 23 33 706 4 0.1603 721 4 770.4 6639 8 723 4 5212.

76 1565 7 28 84 279 6 23 25 705 8 0.1547 721 5 770.0 6620 7 731 5 5270.

77 1561 8 29 14 278 9 23 11 705 3 0.1552 721 5 772.2 6606 4 731 8 5245.

77 1558 4 29 07 278 3 22 97 704 9 0.1610 721 4 770.3 6588 5 735 3 5229.

81 1554 7 29 15 278 0 22 86 703 8 0.1524 720 9 772.5 6577 8 734 9 5196.

82 1551 7 29 14 277 5 22 78 703 5 0.1578 720 5 771.9 6557 7 736 0 5187.
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kao'unite kaoliniite wet montmorillonite barium sulfate goethite layer goethite mixt.

A k s k s k s k s k s k s

625 6.69 1548.0 28.88 276.8 22.61 702.7 0.1539 720.9 772.0 6541.1 739.0 5186.0

626 6.75 1545.1 28.97 276.3 22.51 702.6 0.1612 720.9 772.3 6527.1 739.1 5162.5

627 6.62 1542.3 29.15 275.6 22.38 702.0 0.1526 720.4 774.1 6514.9 733.0 5066.8

628 6.66 1538.0 28.67 275.0 22.31 701.3 0.1570 720.5 775.3 6496.9 743.1 5177.3

629 6.66 1535.1 28.58 274.5 22.14 700.9 0.1610 720.0 773.3 6481.8 746.8 5193.6

630 6.60 1532.0 28.74 274.2 22.06 699.9 0.1610 719.9 773.2 6467.4 746.9 5177.3

631 6.63 1528.1 28.32 273.4 22.03 699.3 0.1585 719.6 773.9 6457.1 743.1 5098.1

632 6.58 1524.5 28.03 272.7 21.88 699.0 0.1636 719.6 773.5 6439.5 746.7 5123.9

633 6.59 1521.1 28.32 272.5 21.80 697.8 0.1487 719.1 773.4 6423.0 747.3 5131.7

634 6.49 1518.5 28.80 271.9 21.73 697.2 0.1507 719.3 772.8 6411.1 748.8 5126.3

635 6.53 1515.0 28.54 271.4 21.44 697.0 0.1619 719.0 771.4 6393.6 742.5 5053.2

636 6.51 1510.6 28.72 270.8 21.49 695.9 0.1530 718.8 769.3 6380.8 747.0 5058.6

637 6.58 1508.7 28.67 270.4 21.36 695.6 0.1566 718.2 769.2 6366.1 747.5 5076.0

638 6.56 1505.8 29.01 269.8 21.28 695.0 0.1670 718.2 770.2 6349.5 743.8 5040.3

639 6.58 1501.6 28.94 269.3 21.16 694.0 0.1580 717.5 769.1 6336.7 745.7 5030.1

640 6.50 1498.4 28.17 268.8 20.99 694.1 0.1560 717.9 767.7 6320.9 748.8 5078.1

641 6.46 1495.3 28.37 268.3 20.84 693.2 0.1484 717.5 767.3 6310.2 742.6 5001.9

642 6.40 1491.8 28.41 267.6 20.83 692.5 0.1517 717.3 765.6 6295.6 746.1 5063.5

643 6.50 1487.9 28.33 267.0 20.69 692.0 0.1633 717.0 762.8 6278.7 738.7 4966.7

644 6.41 1485.4 28.31 266.7 20.64 6912 0.1522 717.1 760.9 6264.2 741.5 4991.5

645 6.46 1482.5 28.31 266.3 20.55 690.9 0.1443 716.7 759.8 6248.5 738.1 4962.7

646 6.44 1478.1 28.15 265.7 20.33 690.2 0.1491 716.4 758.4 6232.7 741.0 4965.1

647 6.49 1475.9 28.05 265.1 20.32 689.5 0.1632 716.4 756.6 6220.5 739.0 4965.7

648 6.36 1472.8 28.33 264.8 20.25 689.1 0.1586 716.5 756.2 6209.5 740.7 5029.7

649 6.38 1469.6 28.13 264.1 20.11 688.8 0.1538 716.1 754.0 6197.6 736.2 4964.4

650 6.35 1466.9 28.23 263.9 20.01 688.0 0.1557 715.6 752.2 6183.5 736.6 4973.6

651 6.37 1463.2 27.77 263.2 19.99 687.3 0.1628 715.7 748.9 6169.4 721.9 4822.1

652 6.38 1459.7 27.88 262.7 19.89 686.2 0.1564 715.0 745.9 6153.9 724.4 4872.3

653 6.36 1456.5 28.16 262.1 19.66 686.3 0.1581 715.0 743.6 6141.4 719.0 4807.8

654 6.41 1452.7 27.67 261.4 19.65 685.5 0.1465 715.0 741.6 6129.8 722.1 4870.4

655 6.35 1450.3 27.56 260.9 19.65 684.6 0.1426 714.8 737.0 6115.0 709.8 4747.2

656 6.31 1447.0 27.82 260.4 19.44 684.8 0.1465 714.8 733.6 6102.4 720.9 4912.6

657 6.34 1443.5 27.63 260.0 19.32 683.6 0.1525 714.0 730.0 6088.8 712.5 4a36.1

658 6.31 1441.6 27.76 259.6 19.19 683.4 0.1463 714.0 727.6 6075.2 707.8 4792.8

659 6.35 1438.0 27.67 259.1 19.18 682.6 0.1532 713.6 724.6 6067.0 707.2 4806.5

660 6.23 1435.5 27.46 258.6 19.04 681.8 0.1582 713.3 722.4 6054.9 701.9 4826.9

661 6.43 1432.6 27.86 258.3 18.95 681.3 0.1610 712.9 719.1 6040.3 698.8 4785.8

662 6.32 1429.2 28.07 257.7 18.87 681.4 0.1552 713.8 715.3 6027.0 695.3 4788.0

663 6.25 1425.5 28.20 257.1 18.87 680.2 0.1621 713.1 711.0 6012.9 687.9 4722.4

664 6.30 1422.0 28.09 256.6 18.69 680.2 0.1411 713.1 707.7 5999.0 682.9 4685.0

665 6.29 1419.5 28.14 256.2 18.57 679.3 0.1556 712.6 703.7 5988.0 681.9 4741.5

666 6.36 1416.2 27.89 255.6 18.51 678.6 0.1429 712.5 699.1 5975.3 681.8 4794.5

667 6.34 1412.8 27.64 255.2 18.47 678.3 0.1565 712.4 695.1 5962.5 677.7 4758.1

668 6.28 1410.3 27.90 254.6 18.36 677.6 0.1460 712.0 690.8 5949.9 675.9 4764.3

669 6.28 1407.8 27.68 254.1 18.34 676.8 0.1527 712.1 687.5 5938.3 666.0 4708.0

670 6.31 1404.2 27.86 253.7 18.29 676.6 0.1415 712.1 686.7 5925.5 661.8 4713.6

671 6.29 1401.5 27.52 253.2 18.19 676.1 0.1515 711.6 680.3 5915.5 659.5 4710.4

672 6.18 1397.9 27.54 252.7 18.00 675.8 0.1626 711.5 674.4 5903.9 649.3 4642.8

673 6.17 1395.5 27.61 252.2 17.95 674.9 0.1513 711.2 670.6 58916 649.4 4657.8

674 6.16 1391.8 27.48 251.8 17.82 674.0 0.1527 710.5 666.0 5879.1 643.6 4669.7

675 6.12 1389.3 27.64 251.0 17.73 673.5 0.1480 710.5 662.0 5865.2 639.0 4649.6

676 6.14 1386.5 27.38 250.7 17.72 673.2 0.1522 710.4 657.1 5850.8 627.2 4517.7

677 6.08 1384.0 27.40 250.4 17.56 672.4 0.1501 710.0 651.9 5842.3 626.7 4627.2
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kaolinite kaolinite wet montmorillonite barium sulfate goethite layer goethite mixt.

A k s k s k s k s k s k s

678 6.05 1380.8 27.53 249.9 17.53 672.5 0.1448 710.4 646.0 5831.8 6214 4615.2

679 6.29 1377.2 27.46 249.4 17.43 671.4 0.1500 709.9 642.0 5820.0 623.5 4672.5

680 6.17 1374.6 27.35 249.0 17.38 671.1 0.1584 709.7 638.4 5810.8 606.4 4504.2

681 6.12 1371.8 27.20 248.3 17.31 670.4 0.1475 709.6 633.7 5798.2 605.6 4546.0

682 6.03 1368.6 27.07 247.9 17.20 670.1 0.1517 709.2 629.9 5785.2 602.7 4562.9

6R3 6.07 1365.8 26.89 247.2 17.16 669.1 0.1566 708.8 622.9 5771.4 592.8 4528.1

684 6.09 1363.0 27.03 246.9 17.00 668.9 0.1513 709.1 616.8 5763.1 586.3 4515.3

685 6.14 1360.2 26.98 246.5 16.97 668.8 0.1517 709.1 612.3 5751.5 571.6 4393.7

686 6.02 1357.5 26.79 245.9 16.81 667.5 0.1587 708.0 607.3 5738.1 574.7 4496.7

687 6.08 1354.4 27.48 245.8 16.80 666.7 0.1399 707.9 601.6 5729.5 568.0 4442.0

688 6.08 1351.9 27.18 245.2 16.72 666.8 0.1542 708.0 596.2 5717.4 558.8 4414.4

689 5.97 1348.5 27.02 244.7 16.60 666.4 0.1515 707.9 591.5 5705.8 552.3 4352.4

690 5.98 1346.9 27.10 244.3 16.60 665.4 0.1527 707.4 588.9 5695.9 548.9 4409.2

691 5.93 1343.1 26.67 243.7 16.50 665.4 0.1465 707.5 580.6 5682.8 546.6 4412.2

692 6.07 1340.3 26.57 243.3 16.43 664.5 0.1516 707.1 574.3 5671.0 529.9 4288.7

693 6.04 1337.8 26.61 242.9 16.31 663.7 0.1604 706.5 568.1 5659.8 531.4 4380.6

694 6.03 1334.7 27.09 242.5 16.26 663.0 0.1524 706.5 560.6 5649.6 524.3 4296.8

695 6.07 1332.1 27.31 242.1 16.17 662.8 0.1492 706.3 556.9 5635.6 514.1 4300.1

696 5.96 1329.9 26.97 241.7 16.09 663.0 0.1549 706.7 552.1 5629.4 510.8 4351.8

697 6.00 1327.0 26.82 241.3 16.11 662.1 0.1446 706.7 548.5 5617.1 505.7 4339.2

698 5.90 1324.6 26.87 240.7 15.95 661.7 0.1476 705.7 545.1 5607.1 496.8 4278.4

699 6.03 13210 26.47 240.4 15.98 660.7 0.1575 705.7 538.1 5595.3 495.1 4314.3

700 5.97 1318.5 27.11 240.0 15.92 661.1 0.1585 705.7 532.8 5584.2 492.4 4300.8
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