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5 Laser-Induced Fluorescence (LIF)
Spectroscopy for the In Situ Analysis of
Petroleum Product-Contaminated Soils

R.H. Schultze, M. Lemke and H.-G. Léhmannsrében

5.1 Introduction

Laser-induced fluorescence (LIF) spectroscopy is of great importance for envi-
ronmental monitoring. Besides outstanding sensitivity and good selectivity, par-
ticular advantages of the LIF technique include the capabilities for in situ analysis
and remote sensing. The major advantage of in situ LIF measurements is the lack
of sampling and clean-up procedures preceding the analysis. Such procedures are
error-prone, time consuming and expensive. The contamination of water or soil
with petroleum products (oils) represents a major environmental risk. Since most
petroleum products exhibit distinct native fluorescence it is promising to apply
LIF analysis to the detection and characterization of oils in environmental com-
partments. The LIF investigation of oil-polluted waters with LIDAR and fiber op-
tical sensing techniques is well advanced and appropriate instrumentation is com-
mercially available. The employment of fluorescence techniques for in situ
analysis of soil contaminations has received considerable attention only during the
last decade. The combination of LIF instrumentation with geotechnical drilling
equipment for real-time subsurface detection of oil pollutions, as pioneered by
Lieberman et al. (Lieberman 1990), and field demonstrations have recently been
described in detail in technology reviews and a monograph (Hart 1997, Lieberman
1998, Balshaw-Biddle 2000). Importantly, LIF-based techniques find increasing
regulatory acceptance and have been verified as field screening methods for petro-
leum products by the US Environmental Protection Agency (US-EPA). For as-
sessment and control of the environmental damage imposed in Kuwait during the
Gulf War LIF investigations play an important role in what may become the “big-
gest environmental remediation project ever attempted” (Shouse 2001,
Quinn 1995). In Germany, various aspects of LIF analysis of soils have been ad-
dressed in works of, among others, Niessner et al., Schade et al., Marowsky et al.,
Zimmermann and Lucht (Baumann 2000, Schade 1996, Marowsky 2001,
Zimmermann 1997, and references therein), as well as by our group (Léhmanns-
roben 1996, 1997, 1999, 2000).
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As for most other analytical techniques, calibration is essential for quantitative
LIF analysis. It is therefore important to consider the signal/concen-
tration-relationship. Under appropriate experimental conditions the measured LIF
signal intensities Ix(A.y,) at the emission wavelengths A, can approximately be
described by the following general equation:

IFO\'em) = const. IOO\'ex) 8*(}Vex) nF(}Vex)f(M) c (51)

Here, the term const. includes constant apparative and experimental parameters
such as detection geometry, detector sensitivity, etc., [o(Ac) is the excitation inten-
sity at the excitation wavelength A.,, €*(A.) and Np(A,) are effective extinction
coefficients and fluorescence efficiencies, respectively, and c is the concentration
of the analyte, i. e. the oil. Since petroleum products are complex multicomponent
mixtures both €*(A.) and Np(A.,) are excitation wavelength-dependent and cannot
directly be related to molecular parameters. The influence of various matrix pa-
rameters (M) on the LIF signal is symbolized by heuristic introduction of the func-
tion f{M). Without this term, Equation 5.1 is derived from the Lambert-Beer law
under the condition of small overall absorbance A(A.) over the optical interaction
length d:

Ahey) = €*(hex) c d << 1 (5.2)

For one given analyte, with the excitation conditions kept constant, Equa-
tion 5.1 can be simplified to a calibration function which expresses the linear rela-
tionship between LIF signal intensity and analyte concentration:

[F(A‘em) = m(M) c (53)

The slope of the calibration function m(M) is a direct measure of the detection
sensitivity and thus an important analytical benchmark. Comparison of Equations
5.1 and 5.3 shows that m(M) depends both on matrix parameters and on analyte
properties, namely on the product [€*(Aey) X Ne(Aey)]. As to matrix parameters, we
have previously shown that for different Diesel fuel-spiked soils with varying op-
tical properties it is important to take into account the soils’ diffuse reflectances
(R) in the spectral range of oil emission (Lohmannsroben 1999). The current re-
port will focus on photophysical properties of the oils, i. e. on the expected direct
proportionality between m(M) and [€*(Aey) X Ne(Aex)]. It is our aim to derive an
understanding of the LIF calibration behavior by connecting oil properties with
LIF measurements of oil-spiked soils as laboratory reference (LR) materials. This
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work is thus part of our attempt to employ laser-based techniques for qualitative
and quantitative in situ analysis of oil-contaminated soils. Based on the knowledge
of the photophysical properties of oils as analytes and of the optical properties of
soils as matrices, it is our strategy to use LR and certified reference (CR) materials
to make way from the investigation of spiked and real-world samples in the labo-
ratory towards on site field applications.

5.2 Experimental Techniques

5.2.1 The LIF demonstrator unit

In the course of a research project, a mobile LIF spectrometer was developed
(Fig. 5.1). As a first step, a demonstrator unit was set up at the University of Er-
langen-Niirnberg. The unit used a N,-Laser (MSG 500, LTB Berlin, pulse energy
ca. 400 pJ at 337 nm, pulse duration ca. 500 ps) as excitation light source. For de-
tection, a photomultiplier (Hamamatsu R 2496) in combination with a monochro-
mator (Acton Research, Spectra-Pro 275) was employed. A cut-off filter (GG 368,
Schott) was placed in front of the monochromator. Data acquisition was per-
formed by a 14 bit AD/DA-conversion card (Decision Computer Inc.). The card
was later replaced by a Keithley DAS 1601 Data Aquisition Board. LIF measure-
ments from soil surfaces were performed using a simple sensor head with bifur-
cated fiber bundles (quartz fibers with ca. 100 um diameter for excitation and de-
tection) connected to a plain circular metal plate. This resulted in an anti-parallel
orientation of excitation and emission optical paths (180° geometry). Towards the
soil surfaces, the fiber was protected by a 3 mm quartz glass window. At the soil
remediation plant additional subsurface measurements were performed in soil
heaps using a metal lancet equipped with bifurcated quartz fiber bundles and a
sapphire window.
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Fig. 5.1. Schematic representation of the LIF spectrometers. Left: LIF demonstrator unit (L:
N,-laser, BS: beam splitter, FO: fiber optics, S: sample, M: monochromator, PMT: pho-
tomultiplier, PD: photodiode, SC: signal converter, S&H: sample and hold amplifier, A/D:
analog/digital converter), right: mobile LIF spectrometer OPTIMOS.

5.2.2 The mobile LIF spectrometer OPTIMOS

Based on the experiences with the demonstrator unit, a mobile LIF system was de-
signed and manufactured at Optimare GmbH. This device, called OPTIMOS (oil
pollution transportable independent monitoring system), includes a diode la-
ser-pumped Nd:Y AG-laser (B.M.Industries, pulse energies ca. 5 mJ at 355 nm and
700 pJ at 266 nm, pulse duration ca. 10 ns) as excitation source (Fig. 5.1). The
OPTIMOS can additionally be equipped with a custom designed dye laser. An in-
tensified CCD camera (Andor, ICCD DH501-18, 1024x128 pixels, minimum gate
width less than 5 ns) in combination with a spectrograph (LOT-Oriel, MS125,
F/3.7) was used as detection system. For the measurements of the real-world soil
samples in the laboratory, the OPTIMOS was operated at an excitation wavelength
of 355 nm with a cut-off filter GG 385 (Schott) to reduce backscattered excitation
light. For the experiments at the gravel pit, a flash lamp-pumped Nd:YAG laser
(Minilite 2, Continuum) with 266 nm excitation (cut-off filter GG 368) was cho-
sen. To demonstrate the capability of real-time subsurface measurements, the
OPTIMOS was also combined with a truck-based cone penetrometer and direct-
push measurements were performed at the pit site using a specifically designed
penetrometer tip.
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5.2.3 Investigated petroleum products and soil samples

As petroleum products, 10 different oils, provided by the Wilhelmshavener Raf-
fineriegesellschaft, were investigated. The samples included various petroleum
products (distillates and reformates) as well as crude oils of different provenience
(see Table 5.1). For absorption measurements (Perkin Elmer, Lambda 2, slit
widths 2 nm) of the oils diluted with cyclohexane, the concentrations were ca. 1,
5, 100 g / L for the crude oils, distillates and reformates, respectively. Emission
properties of dilute and neat oils were investigated with the LIF systems (180° ge-
ometry) and a conventional fluorescence spectrometer (Perkin Elmer, LS50 with
1P28 photomultiplier, slit widths 2.5 nm, 90° geometry).

Table 5.1 Photophysical and calibration data of the petroleum products

Absorption Fluorescence Calibration
Quartz Sand Ay, Soil

Oil  |[ex® U< In® n@ |m©  LOD |m® LOD
@ (dil.)  (neat) ® @

Lg'cm' om' ppm ppm
Df1 |0.039 3.2 050 1.0 |14 600 |04 >2,000
Df2 10.012 24 0.58 065 |nd® nd. nd. nd.
Fo 0.076 3.8 074 091 |16 50 4 530
Gas 1 [0.005 53 067 067 |nd® nd nd. nd.
Gas2 [0.013 3.5 0,70 0.78 |7.8 110  |0.6 >2,000
Ger |35 108 |0.71  0.07 |36 =23 6 340
Ier 3.2 105 |052 006 |62 =13 12 190
Ler |1.8 118 058 0.15 |nd® nd nd. nd.
Acr |15 8.3 1.0* 054 |220 =4 23 100
NScr |0.9 9.0 079 027 |110 =8 34 60

*Df, Diesel fuel; Fo, fuel 0il; Gas, gasoline;  Ger, German crude;  Icr, Iranian crude;
Lecr, Libyan crude; Acr, Algerian crude; NScr, North Sea crude, b effective extinction coef-
ficients measured for dilute oils in cyclohexane at Ao, = 337 nm, ¢ Urbach decay width ob-
tained from a linear fit of logarithmic dilute oil absorbances versus the photon energy (cf.
Equation 5.3) in 10* em™, ¢ fluorescence efficiencies were measured with Ae =337 nm
(180° geometry) and are given relative to the oils (marked by an asterisk) showing the
highest intensities, ¢ slopes of the calibration functions (cf. Equation 5.2, in 10° rel.
units/ppm, for crude oils on quartz sand determined in low concentration ranges) as meas-
ured with the OPTIMOS unit (A, = 355 nm), f detection limits were calculated from the ra-
tios of the threefold standard deviations of blanks (uncontaminated soils, 10 replicate meas-
urements) and m, © n.d.: not determined.

The emission spectra obtained under 180°-geometry were superimposed by a
strong scattering signal from reflections on the cuvettes surfaces which was elimi-
nated by subtraction of a cyclohexane reference spectrum. Emission measure-
ments were not quantum-corrected. Standard 1 cm X1 cm cuvettes (Helma) were
used for the absorption and emission experiments. For the investigation of oil-
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spiked LR soils, two different materials were used, namely a commercially avail-
able quartz sand (Lugato Chemie Hamburg) and a soil taken from an Aj-horizon.
The Ap-soil, a pseudogley podsol, was provided and characterized by the Institute
of Geology and Mineralogy of the University Erlangen-Niirnberg. For laboratory
investigations, 20 g of soil with oil contents of 250 — 5,000 ppm, as determined
gravimetrically, were used. The samples were mixed by stirring with a spatula for
5 min without addition of any solvent.

In addition to the LR materials, real-world contaminated soil and waste samples
were investigated. These samples were obtained from Umweltschutz Nord (Gan-
derkesee) and the University of Applied Sciences in Wilhelmshaven. The soil
samples, which were taken at five different locations, were subsequently dried and
ground in the laboratory. The waste samples were also taken from various loca-
tions and consisted of completely different materials, e. g., natural soils, slurry,
rubble, industrial deposits etc. Umweltschutz Nord analyzed the soils and wastes
for their total petroleum hydrocarbon (TPH) contents with IR-spectroscopy as ref-
erence analysis according to the German DIN 38409-H18 (corresponding to US-
EPA method 418.1). TPH contents of the real-world samples ranged from
<100 ppm up to ca. 20,000 ppm.

5.3 Results and Discussion

5.3.1 Photophysical properties of the petroleum products

Absorption spectra of some of the oils diluted in cyclohexane are shown in Fig-
ure 5.2, and extinction coefficients at one laser excitation wavelength
(Aex =337 nm) are given in Table 5.1.

As is characteristic for such complex multi-component mixtures, the petroleum
products show a structureless absorption behavior with a strong increase from low
absorbances in the NIR to strong absorbances in the UV spectral region. Only in
the spectra of the gasolines, absorption bands at 360 nm and 380 nm can be ob-
served (inset in the left part of Figure 5.2). Considering the oil classes, it is obvi-
ous that the colored crude oils exhibit the strongest absorbances. At 337 and
420 nm (data not given), the effective extinction coefficients €*(A.) of the oils
vary by about 2 and 3.5 orders of magnitude, respectively. The absolute values of
€*(Aey) can be regarded as typical for the oils and are consistent with earlier ana-
Iytical determinations (Lohmannsrében 1996, 1997).

Extended long-wavelength absorption tails are often described in terms of the
so-called Urbach phenomenology. Originally, this concept was developed for the
analysis of alkali halide absorption, and later successfully extended to evaluate ab-
sorption behavior of such diverse materials as liquid water, glasses, organic dyes,
amorphous semiconductors and even solvated electrons.
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Fig. 5.2. Absorption spectra (left) and Urbach representation (right) of selected dilute oils.
Left: Figure of the extinction coefficient plotted against the wavelength. The absorbance 4
refers to oil concentrations of 0.1 g-L™"-cm™ and 1 cm cuvettes.

It is based on the idea that a thermally or structurally disordered system with a
distribution of absorption sites can produce an absorption profile which depends
exponentially on the photon energy £ (the Urbach rule):

A(E) o< exp(E/U) 5.4

Here, the so-called Urbach decay width U is an energy term consisting of ther-
mal and structural elements. We have interpreted the absorption spectra of humic
substances, which are important constituents of dissolved organic materials and
ubiquitous in natural waters and soils, with the simple Urbach Ansatz (Illen-
seer 1999). Mullins et al. were first to discuss the absorption spectra of different
crude oils and asphaltenes in the framework of the Urbach theory (Mullins,
Zhu 1992). The dependence of log 4 vs. E for some of our oils is shown in the
right part of Figure 5.2. Despite some residual spectral features overlaid, the ex-
pected linearity is found, and it can be concluded that the long-wavelength absorp-
tion tails are consistent with the Urbach rule. The other oils exhibited similar be-
havior. The Urbach decay widths calculated from these spectra are in the range
U=2,400-12,800 cm'l, which is in complete agreement with the results reported
by Mullins et al. for different crude oils (Mullins et al. 1992). It is notable that
these values of U are much larger than the thermal energy at room temperature
(k7= 207 cm™). This is indicative of components with high structural disorder. It
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is reasonable that such constituents are predominantly present in the crude oils
which are expected to contain biogenic macromolecules and polymers. Further in-
vestigations are necessary to elucidate the potential of the parameter U to charac-

terize and understand petroleum product properties.
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L — gasoline 2
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Fig. 5.3. Emission spectra of three dilute oils. The measurements were performed in 1 cm

cuvettes with the conventional

Aex =337 nm, absorbance ca. 0.1). The arrow marks residual stray light.

fluorescence spectrometer (Perkin Elmer LS50,
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The fluorescence spectra of dilute and neat oils were recorded with an excita-
tion wavelength of A, = 337 nm. Typical spectra of dilute oils are shown in Fig-
ure 5.3. The distillates and the crude oils show broad structureless emission spec-
tra with maxima at A, = 355 nm (distillates), resp. Aep, = 370-380 nm (crude oils).
Only for the reformates more structurized emission spectra with maxima at
Aem = 360, 380 and 410 nm were observed. In Figure 5.4, the fluorescence spectra
of dilute and neat Algerian crude oil and fuel oil are compared as representative
examples. For all neat oils a red spectral shift of the emission with respect to the
dilute oils was observed. In comparison to the dilute oils, the fluorescence signal
intensities /r(A.,,) were lower for the neat crude oils, but larger for the distillates
and reformates. In order to obtain relative fluorescence efficiencies Mp(A) of the
dilute oils, samples were prepared with approximately the same absorbance at the

excitation wavelength (4 = 0.1 at 337 nm).

100 100

\ —— fuel oil, dilute
\\ ———~ fuel oil, neat

—— Algerian crude, dilute
———- Algerian crude, neat

I / rel. units
Wi
S
I / rel. units

1 L
500 600
A/nm

|
400

Fig. 5.4. Comparison of dilute and neat oil fluorescence spectra for Algerian crude (left)
and fuel oil (right).

For the 180° excitation geometry employed we also assume same excitation
conditions among all the neat oils, where the high absorbances garantee complete
absorption of the excitation light within a very small volume. Therefore, relative
fluorescence efficiencies were simply determined by integration of the emission
spectra of dilute and neat oils. For the dilute oils under consideration the Ng(A)
values differ not more than by a factor of 2, and no systematic variation among the
oil classes is evident. This is in agreement with our earlier investigations, in which
absolute values of Ng(A.,) ranging from 0.35 for a Diesel fuel to 0.52 for Brent
crude oil were determined (diluted in cyclohexane, under N,, A, 337 nm) (LSh-
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mannsroben et al. 1997). In contrast, the fluorescence efficiencies of the neat
crude oils are approximately one order of magnitude lower than those of the neat
reformates and distillates. These results indicate the clear difference between fluo-
rescence properties of dilute and neat oils, i. e a distinct concentration dependence
of fluorescence spectral properties and efficiencies. Such a behavior can be caused
by fluorescence quenching processes between different oil components, as shown,
e.g., for benzene and naphthalene (Lieberman 1998), or in time-resolved fluores-
cence measurements of crude oils in different concentrations (Wang 1994). Also,
reabsorption of fluorescence photons by the long-tailing absorption bands, the so-
called inner filter effect, has to be considered. While it is plausible to consider neat
oil characteristics as “native” oil properties, it is also clear that particularly reab-
sorption will be much lower in dilute oils. It is therefore instructive to normalize
neat oil- with respect to dilute oil- fluorescence efficiencies and to relate this ratio
with the oils’ effective extinction coefficients. Figure 5.5 shows an approximately
logarithmic correlation between [ng(neat)/mg(dilute)] and €*, which suggests that
the reduced fluorescence capabilities of crude oils are mainly due to the inner fil-
ter effect.

o
n

1 ¢ (neat) / g (dilute)

e
—

Fig. 5.5. Semi-logarithmic repre-
sentation of the ratio of the rela-
tive fluorescence efficiencies of 0.05
neat and dilute oils vs. effective
extinction coefficients at

337 nm. 0 1 ) 3 4
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5.3.2 LIF spectroscopic investigations of oil-spiked samples

LIF calibration measurements were performed with oil-spiked quartz sand and Ay
soil as LR materials. For practical purposes it is convenient to employ the back-
scattered excitation light, detected in the second diffraction order (710 nm), for
normalization of the LIF signals. This can be used to correct for different experi-
mental settings, as e. g. detection sensitivities (Fig. 5.6), or for strongly varying
soil properties (see below). If not mentioned otherwise all LIF measurements of
LR and real-world soil presented below were corrected in such a way. LIF spectra
measured for various concentrations of Algerian crude oil on quartz sand, and the
concentration dependence of the integrated LIF signals together with the calibra-
tion function /g vs. ¢, are shown in Figure 5.6 (middle and right part).

100 100 100

50 <50

—0—
L]
I / rel. units

Ig / rel. units
(9,1
(=)
T
1

L 1 "] i
i |
v . . " T
oln® ! X M 0 N !
0 2500 5000 400 500 600 700 0 2500 5000
¢/ ppm A/nm ¢/ ppm

Fig. 5.6. LIF intensities (left) and spectra (middle) of Algerian crude oil in a concentration
range of 250-5,000 ppm on quartz sand as measured with the OPTIMOS (A, = 355 nm). In
the left, results obtained with two different gains of the ICCD-camera are displayed. The
spectra in the middle were normalized to the intensity of residual laser stray light (arrow,
detected in second diffraction order at 710 nm). Right: Calibration function obtained with
the normalized fluorescence intensities.

More examples of the calibration functions obtained are shown in Figure 5.7.
From these results the following qualitative observations can be made: (i) Most of
the calibration measurements yielded the expected linear relationship between the
integrated LIF signal intensities /r and oil concentrations ¢ (cf. Equation 5.1).
With quartz sand as matrix for the crude oils a nonlinear behavior at higher con-
centrations was observed. This is due to changes of the quartz sand optic proper-
ties (coloration) with high oil dosages. In these cases, the slopes of the calibration
functions were determined in low concentrations ranges (¢ < 2,000 ppm). (ii) For
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the Ay soil as matrix, the calibration functions are significantly flatter than for
quartz sand. This indicates the direct influence of the lower reflectance R of the
darker soil. It is notable that the non-spiked Aj soil produced a significant back-
ground signal, which presumably stems from fluorescence of soil organic matter.
The analytical parameters obtained, namely the slopes of the calibration function
m (sensitivities) and the detection limits (LOD), are also included in Table 5.1. It
can be seen that for the different oil types the sensitivities differ strongly, varying,
e. g., on quartz sand from 1.4 to 220 rel. units/ppm for Diesel fuel 1 and North Sea
crude oil, respectively. With two exceptions (see below), the detection limits de-
termined range from LOD = 4 — 23 ppm for the crude oils on quartz sand to ca.
500 - 600 ppm for Diesel fuel 1 on quartz sand and fuel oil on the Ay, soil.

100 40
W Algerian crude 4 O North Sea crude
O North Sea crude W Iranian crude
@ fuel oil ® German crude

O Diesel fuel 1 @ fuel oil
O Diesel fuel 1

[
o

I / rel. units
Iy / rel. units

—0

T | |
0 2500 5000 0 2500 5000

¢/ ppm ¢/ ppm

Fig. 5.7. Calibration functions of selected oils on quartz sand (left) and the A, soil (right) as
measured with the OPTIMOS (A, = 355 nm). Also shown in the left part is an example of
the non-linear response (North Sea crude oil) and the extrapolated line from the linear ini-
tial part at low concentrations.

These findings are in accordance with earlier results from the investigation of
LR materials (Lohmannsroben 1999) and from subsurface field screening meas-
urements (Liebermann 1998). Because of their low absorbances with respect to a
dark matrix, Diesel fuel 1 and gasoline 2 on the Ay soil represent examples for
which the sensitivities are so low (m < 0.6 rel. units/ppm) that only lower bounda-
ries of the LOD values can given. Generally, for the LIF analysis of reformates
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and distillates the usage of the frequency-quadrupled emission of Nd:YAG lasers
(Aex = 266 nm) yields much better results.

The highly varying calibration behavior of the oils under investigation can be
traced back to their absorption and emission properties, viz. to the product of ef-
fective extinction coefficients €* and relative fluorescence efficiencies Mg (cf.
Equation 5.1). Since we have determined My with an excitation at A., = 337 nm,
also €*(337 nm) is employed in the following. For neat and dilute oils, plots of the
products (€* x ) vs. m determined on quartz sand are shown in Figure 5.8 (left
and right parts). Obviously, introduction of the dilute oil properties does not yield
a picture consistent with Equation 5.1. On the contrary, if the neat oil properties
are employed the data suggest the expected direct proportionality between
(e* xmg) and m (left part of Figure 5.8). The situation is completely analogous for
the sensitivities determined on the Aj soil. The results presented in Figure 5.8
therefore provide a convincing illustration that the neat oil properties are the ana-
lyte parameters relevant for the calibration behavior of the oils.
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Fig. 5.8. Correlation of photophysical and calibration properties. Plots of the products of
effective extinction coefficients and relative fluorescence efficiencies (both determined
with the LIF demonstrator unit at A.,,=337 nm) for neat (left) and dilute (right) oils vs. the
slopes of the quartz sand calibration functions measured with the OPTIMOS (A=355 nm).
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5.3.3 LIF spectroscopic investigations of real-world soils

In order to evaluate the potential of LIF spectroscopy in practice, two sets of real-
world soils were investigated. First, the treated (dried and ground) soil samples
were analyzed with the LIF demonstrator unit (A, = 337 nm). Secondly, the un-
treated waste materials were investigated with the mobile LIF spectrometer
OPTIMOS. All samples exhibited highly varying matrix properties, as was already
evident from visual perception. In most cases the LIF spectra obtained from the
real-world samples were broad and structureless with emission maxima around
450 nm. Figure 5.9 shows comparisons of the results obtained by in situ LIF and
ex situ IR analyses in double-logarithmic representations.

100F 100
501 50
g g
@ 10: ) 10 @
. } &
5 § """"" { """" 1s
1 fll PR | TR | Lol s fll PR | PR | PR | s
10 100 1000 10000 10 100 1000 10000

¢ pu/ ppm cpu/ ppm

Fig. 5.9. Double-logarithmic representation of the LIF signal intensities vs. the results of
the reference analysis for the dried and ground soil (left, uncorrected with respect to back-
scattered laser light) and untreated waste (right) samples. The approximate overall experi-
mental uncertainties are illustrated by the dashed lines below which quantitative considera-
tions are not possible. For the logarithms of the /¢ and ¢ values, the solid lines have slope
unity.

For the treated soils (left part) with TPH contents higher than 500 ppm a good
correlation between /r and TPH content is observed. The superimposed straight
line with slope unity illustrates the concentration dependence of the LIF signal as
expected from Equation 5.1. The data points scatter regularly around this line,
which suggests that no systematic deviations occurred. The overall experimental
uncertainties, mainly related to variations of background signals and reproducibil-
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ity problems, preclude a quantitative interpretation of LIF signals below the limits
shown as dashed lines in Figure 5.9. This is in accordance with an estimated
detection limit of ca. 100ppm for our LIF analysis of soils
(Léhmannsroben 2000). The analogous plot of I vs. TPH content for the waste
materials (right part of Figure 5.9) clearly depicts enhanced deviations of the data
points from the line with slope unity. However, the clear correlation between LIF
signal intensity and degree of contamination is evident. It is emphasized that the
waste materials were of very heterogenous nature, and would thus be difficult to
characterize by any analytical technique. For us it was an important benchmark
test that even under these difficult conditions for samples with TPH contents over
ca. 1,000 ppm a reliable in situ LIF analysis is feasible. We have previously
shown that for different Diesel fuel-spiked LR soils with varying optical
properties the LIF calibration behavior was improved by normalization with
averaged values of the soils’ diffuse reflectances (R) in the spectral range of oil
emission (Lohmannsroben 1999). This simple approach did not work for the real-
world soils, i. e. did not improve the correlations shown in Figure 5.9. This is
probably due to the fact that averaged R values do not sufficiently describe the
optical properties of these samples. Further investigations are under way to
improve our understanding how optical properties of untreated real-world soils
can be introduced into LIF calibration procedures.

5.3.4 Field investigations

We have performed field experiments at two different sites in southern Germany.
All LIF data obtained were only interpreted qualitatively, i. e. no calibration was
attempted. First, measurements were performed at a soil remediation plant in Roth
(near Niirnberg) employing the LIF demonstrator unit. Soil remediation plants
have a continuous demand for analytical investigations in order to control and op-
timize the remediation procedure. At the plant site various soil batches were ex-
amined, either by employing the fiber optical sensor head to investigate soils in
buckets or by inserting the lancet into soil heaps. As an example, LIF spectra ob-
tained from two soil charges in buckets, with measurements at three different sur-
face positions each, are displayed in the left part of Figure 5.10. The upper traces
show the LIF signals obtained directly from a contaminated soil at delivery,
whereas the lower traces were from material after remediation. The rather slight
variations of /r at the three measurement positions indicate reasonable sample ho-
mogeneities. Subsequent laboratory analysis performed revealed that the TPH
content of the soil at delivery was 2,100 ppm, whereas in the remediated material
it was below 400 ppm.
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Fig. 5.10. LIF spectra obtained in field investigations at a soil remediation plant (left, LIF
demonstrator unit, A,=337 nm) and a gravel pit (right, OPTIMOS, A,=266 nm).

In a second campaign measurements with the OPTIMOS spectrometer were
performed at a gravel pit near Bamberg. It was suspected that in this pit slurries
from paper recycling processes had been discharged and buried. For LIF meas-
urements of subsurface profiles soil cores were brought up with a core barrel sam-
pler and scanned along the rod with the fiber optical sensor head (Fig.5.11).
Shown in the right part of Figure 5.10 are LIF signals from two positions of such a
core, namely from the surface (lower trace) and from ca. 50 cm depth (upper

trace).

These results suggest an uncontaminated surface soil layer and the presence of
fluorescent contamination underneath. We were thus able to predict a depth range
of suspected high contamination. Based on these investigations the cores were
sampled and high levels of contamination (up to TPH contents of 30,000 ppm)
were later verified by laboratory analysis.
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Fig. 5.11. Photograph of the core barrel sampler and the LIF sensor head used for scanning
the soil core.

These examples demonstrate that in situ LIF analysis is a powerful method for
on site screening investigations of contaminated soils. In soil remediation plants
LIF measurements have promising potential for entrance and quality control. In
combination with drilling techniques, in situ LIF is without competition for
chemical analysis of organic pollutants in real-time subsurface characterization of
contaminated sites, landfills etc. Undoubtedly, modern MWD (“measuring while
drilling”) concepts will increasingly make use of laser-based techniques.

5.4 Conclusions

Based on the photophysical characterization of the oils, the investigations of oil-
spiked LR materials provided information on the LIF calibration behavior. It was
found that absorption and emission properties of the neat oils were the parameters
relevant for detection sensitivity. The direct proportionality between the product
(e* x ng) and the slopes m of the calibration functions, as expected from funda-
mental considerations and as suggested by the results presented, e. g., in the left
part of Figure 5.8, could have great practical advantages. Therefore the analysis of
real-world contaminated soils is facilitated by solution-phase measurements of oils
with appropriate photophysical properties. As an ultimate aim it can be envisaged
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that the analytical parameters for in situ LIF analysis of various oils can thus be
predicted and the number of necessary calibrations would be significantly re-
duced. With two exceptions, the oil detection limits determined ranged from 4—
23 ppm for the crude oils on quartz sand to 500 — 600 ppm for Diesel fuel 1 on
quartz sand and fuel oil on the A; soil. Higher values were mainly due to excita-
tion of reformates or distillates in spectral regions of too low absorbance. We feel
confident that with optimized excitation conditions, detection limits of ca.
100 ppm can be achieved for most oils on many soils. Of special interest are con-
centrations with regulatory relevance, as, e. g. contained in the so-called Dutch
List for soil contaminants (Rosenkranz 1995). Herein, two values are given for
petroleum products in soils: a reference concentration (R value) of 1,000 ppm,
above which additional investigations of the soils are recommended, and an inter-
vention concentration (I value) of 5,000 ppm, above which soil remediation is
proposed. Evidently, the sensitivity achieved in the in situ LIF analysis of LR ma-
terials is fully sufficient to monitor these regulatory concentrations. For the real-
world soil and waste samples, only qualitative LIF signal intensities /r were re-
corded, i. e. no calibration attempt was made here. The clear correlation between
Iz from in situ LIF measurements and the results of the ex situ reference analysis
seems rewarding. Soil extraction and the quantification of petroleum products
with the reference IR analysis is tedious and difficult. Round robin tests have
shown that TPH contents reported by different laboratories have to be interpreted
with caution (Fischer 1994, Heininger 1998). It is unclear to what extent the sig-
nificant scatter of the data points in Figure 5.9 may be related to experimental un-
certainties of the reference analysis. With in situ LIF investigation, disadvantages
of sample pretreatment procedures can be avoided, and real-time, rapid and reli-
able soil analysis with high spatial resolution, even in subsurface measurements,
can be performed. It is therefore expected that LIF measurements will acquire in-
creasing importance for laboratory and on site soil analysis.
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