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INTRODUCTION

In the past decade significant advance has been achieved in many research

areas related to the detection of organic pollutants. With development of sen-

sitive and selective analytical instruments and techniques, the analyst and

industrial hygienist have at their disposition tools that permit them to detect

and characterize minute quantities of many organic contaminants. Among the

various research areas, the problem of detection-and characterization of organic

materials on surfaces has been recently a topic of considerable interest. This

is due to the increasing awareness that skin and surface contamination by organ-

ic pollutants is a serious problem in many industries. The need for practical

and sensitive instruments and techniques to characterize and quantify organic

materials on surfaces has never been more critical. One purpose of this paper

is to briefly present the basic principles of luminescence spectroscopy used to

detect trace organic substances on surfaces. This paper also presents some

examples of application related to surface luminescence detection. These appli-

cations include the analysis of a synthetic fuel sample spotted on filter paper,

the study of the adsorption process of a tumorigenic fossil-fuel material into

mouse skin, the quantification of various coal liquids by sensitized fluores-

cence measurements, and the detection of potentially hazardous polyaromatic

hydrocarbons by a sensitive surface detection technique, room temperature

phosphorescence (RTP).
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PRINCIPLE: THE LUMINESCING CONTAMINANT

Surface contamination by organic materials can be monitored by various

spectroscopic techniques such as photoacoustic, multi-reflection infrared, and

luminescence (fluorescence and/or phosphorescence) spectroscopies. Among these

techniques, luminescence spectrometry which generally uses ultraviolet (UV)

radiation for excitation is the most sensitive method of detection. The basic

principles of methodology and instrumentation for luminescence spectroscopy have

been summarized in a recent publication.1

The sensitivity of luminescence spectroscopy is excellent for many organic

materials that contain polycyclic aromatic hydroearbon (PAH) compounds. Many

of the PAH compounds are present in various chemicals and coal tar materials,

as well as in many oils and greases used in industry. These PAH compounds are

also produced by incomplete combustion of organic substances in many industrial

and energy-related activities. Since most PAH compounds absorb UV radiation and

many of them are strongly luminescent, luminescence spectrometry can provide a

sensitive method for detecting surface contamination from many of these materials.

The most common luminescence method for direct detection of contaminants on

surfaces (inanimate objects or skin) uses fluorescence spectrometry Fluores-

cence spectroscopy is a technique based on the detection of light emitted by the

contaminant undergoing a radiative transition between two different electronic

states. Figure 1 illustrates the basic fluorescence and absorption processes.

In this figure, S 0-^»S n represent the electronic energy levels of an organic

molecule. The ground state, So, is the state of lowest energy. The states of

higher energy are called excited stntes, e.g., St Sn. Figure 1 shows each

state with its own set of vibrational levels. Upon irradiation the organic
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molecule is excited from its ground state to some vibrational level of one of

the excited singlet states. The contaminant molecule subsequently relaxes to

the lowest excited singlet level SL, releasing the excess energy to the

surrounding medium as thermal energy. This radiation^ess deactivation occurs

very rapidly (10"1L-10"13 seconds).

Fluorescence is detected when the molecule returns to the ground state So by

emitting a photon. However, there are many other photophysical processes that

compete with fluorescence, including internal conversion and intersystem

crossing to another type of state known as triplet states with subsequent

radiationless and/or radiative decay (phosphorescence) to So. The sensitivity

of the fluorescence method is determined by the spectroscopic properties of the

organic molecule, e.g., the ability of the fluorescence process to compete

against other transitions. A method based upon the detection of the triplet

state emission has led to another very powerful analytical tool known as room

temperature phosphoresce.-e (RTP).2

Measurement of the fluorescence (or phosphorescence) intensity permits iden-

tification and quantification of many organic materials at ultra-trace levels.

The compounds may be characterized by their emission and/or excitation spectra.

The emission spectrum is obtained by recording the fluorescence intensity as a

function of the emission wavelength, whereas the excitation spectrum is recorded

by varying the wavelength of the excitation radiation at a fixed observation

wavelength. A third type of measurement, synchronous excitation spectroscopy,

involves scanning both excitation and emission wavelengths simultaneously while

keeping a constant wavelength interval between them. This novel approach for

monitoring organic pollutants has also been recently reviewed vn the literature.3
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Figure 2 shows the fluorescence excitation and emission spectra of two poly-

nuclear aromatic isomers, e.g., phenanthrene and anthracene. These two isomers

are compounds of great environmental interest since they are on the Priority

Pollutants List established by the US Environmental Protection Agency (EPA),1*

They have been detected in a variety of coal-derived materials5'6 and

atmospheric samples.7 Despite their isomeric similarity, Figure 2 shows that

phenanthrene and anthracene can be easily differentiated by fluorescence

FOUNDATIONS FOR QUANTITATIVE DETERMINATION

The foundations of quantitative luminescence spectrometry for optically

homogenous samples such as dilute liquid solutions are based upon the

Lambert-Beer law of absorption. The Lambert-Beer Law, however, cannot be

applied to surface luminescence. The conditions assumed for the Lambert-Beer

law are not valid for surface detection where the sample support is neither

optically homogenous nor transparent.

Theoretical expressions relating absorbance and concentration for an

optically inhomogenous and highly scattering medium were derived by Kubelka and

Munk.8 The theoretical model is based upon the following differential equations

that describe the light propagation inside an absorbing and scattering medium:

d1
— = - (S+K)i + Sj
dj

Si
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where

i = intensity of l ight propagating inside the sample in the transmitted

direction

j = intensity of l ight propagating inside the sample in the back-scattered

direction

S = scatter coefficient per unit thickness

K = absorption coefficient per unit thickness

x = distance from the non-illuminated side.

The basic assumptions in the Kubelka-Munk model are that the sample is an

ideal diffuser, planar, homogeneous, and illuminated on one side only with dif-

fuse monochromatic light that strikes perpendicularly to the surface being

monitored.

Various researchers have solved the Kubelka-Munk equations to obtain the

luminescence intensity expressions for surface luminescence.9*10 The deriva-

tions show that low levels of contamination can be quantified by luminescence

measurements. Research in this area has shown:

(i) quantification is possible because a unique relationship exists

between the luminescence intensity and the concentration of

analyte;

(ii) at low contaminant levels, the luminescence intensity varies

linearly with the amount of contaminant; and

(iii) above a certain critical contaminant level which depends upon the

absorptivity of the compound, the relationship deviates from

1inearity.
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Until now, the problem of surface contamination has been mainly addressed in

a qualitative manner (visual inspection). The previous discussions indicate

that organic contaminants on surfaces can be detected quantitatively, especially

at trace levels. In fact, contamination at trace levels is of major importance,

because at low levels the contaminants are difficult to detect by visual

examination.

SOtfE "Pl>LTr.1\T!n"'S OF SURFACE DETECTION

Surface detection by luminescence spectroscopy has many useful applications.

Organic contaminants can be detected and identified directly on a surface or on

the contaminated skin of a person- Figure 3 shows a typical example illustrating

the dependance of the fluorescence intensity on the concentration of a coal

liquid spotted on filter paper. The measurement was carried out using the

luminoscope, a fiberoptics-based instrument developed for studying surface and

skin contamination of workers in synfuel plants.11 Measurements of surface

contamination by oils and tars from a variety of processes have been performed

with the lightpipe luminoscope. The instrument, capable of detecting trace

amounts of various coal ;;.r; at Vrs ^g/an2 level, is most suitable for checking

the efficacy of cleaning procedures for contaminated skin.

One application of surface fluorescenca measurement of great interest to

chemists and biologists as well as to industrial hygienists is the adsorption

rate of toxic contaminants into the skin. The luminoscope was used to monitor

the fluorescence from variou? coal liquids spotted on animal skin. The measure-

ments allowed the study of the temporal behavior of the fluorescence intensity

of a coal liquid spotted on the skin of a hairless mouse.12 The intensities of
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the fluorescence can be used to indicate the solvation and adsorption processes

of the coal liquid into the skin of the animal. Samples of the coal liquid at

various concentrations (0.1%, 1%, 10%, and 50%) in ethanol were spotted on a

mouse and the fluorescence intensity of the various sample spots were monitored

for 50 hours. Except for the 50% concentration sample spot, the fluorescent

intensities of all the spots exhibited a gradual decrease with respect to time.

This temporal decrease provided an indication of the adsorption rate of the con-

taminant into the animal skin. The slight increase in fluorescence of the con-

centrated spot (50% coal liquid) during the first 3 hours indicated that the

initial concentration of the spot was too high, causing quenching of the

fluorescence. Because of gradual absorption of the coal liquid into the animal

skin, less and less material was left on the skin surface. As a result, the

quenching process decreased and a slight increase in the fluorescence signal was

observed for the 50% coal liquid spot.

Another application of surface luminescence spectroscopy is based on the

spot test technique. This is a simple and rapid technique employed to screen

large numbers of samples for the presence of a specific compound or group of

compounds of interest. The samples are generally spotted on a filter paper

impregnated with a sensitizer that serves to enhance the fluorescence signal

intensity of the compounds beng analyzed. The spot test method based on sen-

sitized fluorescence has been described by Smith and Levins who used visual

examination to estimate the PAH content of various environmental samples.13

In the sensitized fluorescence technique, a compound, known as the

sensitizer, is used to absorb the excitation energy efficiently. When the ana-

lyte compound is present, an electronic interaction can occur between the

excited states of the sensitizer and the analyte compounds. This interaction
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results in resonant energy transfer from the sensitizer to the analyte molecule

and the fluorescence emission of the analyte molecule will be observed. The

efficacy of energy transfer depends upon the electronic properties of the sen-

sitizer and the analyte compound. The relative concentration of the sensitizer

must be higher (103-106-fold) than that of the analyte compound for efficient

absorption of excitation radiation and transfer of energy. Naphthalene has been

used as the sensitizer in previous work.13 Our research has found that anthra-

cene is also a suitable sensitizer for the detection of PAH compounds in various

coal-related materials. The increase in emission by sensitized fluorescence

through use of anthracene as a sensitizer is illustrated in Table I. The

results of this investigation will be described in greater detail elsewhere.14

Finally, one important application of quantitative surface luminescence is

the detection of organic materials by the RTP technique.2 The RTP technique is

based upon the detection of the phosphorescence emission of organic compounds

adsorbed onto solid surfaces such as filter paper, silicagel, sodium acetate,

etc. Unlike conventional phosphorimetry, RTP does not require low-temperature

refrigerant and cryogenic equipment. In general, three microliters of sample

solution are spotted on filter paper. The sample is then dried under an

infrared heating lamp for about five minutes. Upon drying, the sample is trans-

ferred to a spectrophotometer for phosphorescence analysis. The entire experi-

mental procedure generally takes less than ten minutes.

A particular process that is an invaluable aid to RTP analysis involves use

of an external heavy-atom effect. In the process the presence of heavy-atom

salts such as lead acetate and thallium acetate on the sample support serves

to increase the RTP emission of weakly phosphorescent compounds.2 The external
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heavy-atom effect has been used to improve both the sensitivity and the specifi-

city of RTP analysis of organic pollutants in various coal liquids5'6 and in

atmospheric samples.7 The versatility of the sampling procedure using filter

paper is one of the main attributes of the RTP technique. The method can be

used to detect not only organic pollutants adsorbed onto the paper but also con-

taminants transferred onto paper from other surfaces by leaching and swiping

techniques. Use of leaching and swiping techniques as an alternate method for

quantifying surface contamination is presently under investigation. The sen-

sitivity of the RTP technique is excellent fc^ many organic pollutants.

Table II shows that the limits of optical detection by the RTP technique is in

the !.i'~ogram range for several polyaromatic organic pollutants investigated.

CONCLUSIONS

The applications discussed in this paper underscore the usefulness and ver-

satility of molecular luminescence spectroscopy as an efficient surface detec-

tion technique. The technique can be used not only as a qualitative charac-

terization method, but also as a quantitative analytical tool to detect trace

contaminants on surfaces. Recent advances in instrumentation and methodology

have expanded the applicability of surface luminescence into many new problem

areas.

One of the most important attributes of surface luminescence spectroscopy is

the ability to conduct the analyses directly on the surface areas of interest

without requiring desorption, removal, and/or extraction of the materials being

analyzed from the surface. Consequently, a better accuracy and a greater sen-

sitivity can be achieved with this in-situ measurement approach, provided proper
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care has been taken to avoid spectral interferences. With the renewed interest

in reliable techniques for detecting surface contamination and sensitive

methods for monitoring organic pollutants, surface luminescence spectroscopy

should receive increasing applications.
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FIGURE CAPTIONS

Figure 1: Schematic diagram of the absorption and fluorescence processes in
an organic molecule.

Figure 2: Excitation and emission spectra of two polyaromatic isomers,
phenanthrene, and anthracene.

Figure 3. Dependence of the fluorescence intensity with the amount of con-
taminant of an oil material spotted on a filter paper surface.
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Table I . Detection of Sensitized Fluorescence by the Luminoscope.1

Net Fluorescence Signal (photons-sec"1)1*
Sample2

Without Sensitizer With Sensitizer3

SRC-II Fuel Oil Blend 1,600 4,000

H-Coal Liquid 2,700 4,500

Centrifuged Shale Oil 0 700

ZnCl 2 D i s t i l l a t e 19,300 25,000

Signode Oil 900 3,200
u n = 365 nm; Emission = 462 nm

2A11 So.Tiples are 100-fold di luted in ethanol
3Sensit izer: dirthracene
'•All samples (3 tu) are spotted on f i l t e r paper.
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Table II. Limits of Optical Detection (LOD) for Several Polyamnatic oliutants
by the Room Temperature Phosphorescence Technique.

Compounds

Benzo[a]pyrene

Benzo[e]pyrene

Pyrene

Quinoline

nm)

395

335

343

305

W2)

(nm)

695

543

595

505

(pg)

150

1.6

6

650

I1'*ex = excitation wavelength
| 2|x e m = emission wavelength
(3>L0D values are determined using a signal-to-noise ratio = 3

pg = picogram

All the compounds were spotted on filter paper; thallium acetate was used as the
heavy-atom perturber.
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