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A review of Surface Enhanced Raman Scattering (SERS) and Surface Enhanced Resonance Raman 
Scattering (SERRS) from biomolecules adsorbed on a metal surface is given. Advantages and applica- 
tions of these new vibration spectroscopic methods particularly in characterize in-situ the chemical 
identity, structure, orientation, chemical and electrochemical reactions of biological specimens 
adsorbed at charged surfaces are discussed. The technical aspects of the instrumentation and procedure 
as also the fundamentals of the SERS theory are exposed. Different applications show that SERS- 
and SERRS spectroscopy are powerful in-situ methods to study the interfacial behaviour of bio- 
molecules. Moreover, the high enhancement factor of the Raman scattering intensity creates a new 
technique for obtaining high resolution vibrational spectra of biomolecules from rather diluted 
aqueous solutions down to 10 -s M. 
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I Introduction 

The structure and dynamics of chemisorbed biomolecules are of great importance 
in order to elucidate the behaviour of these molecules at electrically charged surfaces. 
Recently, it has been suggested that Raman spectroscopy at solid/liquid interfaces 
becomes a general tool for the study of the physicochemical phenomena that take 
place in such environments 1-8). In his early overview on Surface Enhanced Raman 
Scattering (SERS) Van Duyne 1) estimated that the expected scattering intensity from 
the adsorbed molecules is 105-106 times stronger than for nonadsorbed species at 
the same bulk concentration. Such enormous enhancement totally overcomes the 
traditional low sensitivity problem associated with Normal Solution Raman Scattering 
(NSRS). This enables researchers to characterize in-situ the chemical identity, struc- 
ture, orientation and chemical reactions of species adsorbed at surfaces applying 
SERS. 

Today a rather detailed knowledge of the conformational changes of nucleic acids 
and proteins in the solution state is available with NSRS and this knowledge is con- 
tinuously growing 9-12). On the other hand much less information exists about the 
interfacial behaviour of these biopolymers, due to the lack of suitable methods. 
However, the following important processes are typically interfacial: 
(I) control of the genetic information, 
(II) mechanisms of blood clotaing, 
(III) redox enzymatic reactions at mitochondrial membranes. 

In 1979, the SERS-spectroscopy was first applied to the study of adsorbed bio- 
polymers in the case of nucleic acids 13) This was the starting signal for the rapid 
expansion of SERS into the field of biochemistry from the hitherto existing corner 
restricted to the investigation of some organic substances, predominantly pyridine 
derivatives, and some simple inorganic adsorbates. 

Using biomolecules with chromophoric groups the Raman bands are both re- 
sonance (RRS) --  and surface enhanced (RRS + SERS = SERRS). Instead of 
the usual term SERS, the Raman effect is, in this case, called surface enhanced re- 
sonance Raman scattering (SERRS). SERRS spectroscopy was first applied to bio- 
chemistry of heme chromophores by Cotton et al. 14) Since then, SERS and SERRS 
have been extended to s3stcmatic investigations of biomolecules in the adsorbed 
state 1s-41,186-191) 

What is the advantage of SERS-spectroscopy in biological science? The high en- 
hancement factor of the Raman scattering intensity by the adsorbed biomolecules 
creates a new technique for obtaining high resolution vibrational spectra of bio- 
molecules from very diluted aqueous solutions down to 10 -8 M. This means that 
only very small amounts of material are needed, e.g. of compounds which are not 
available in large amounts, because they are difficult to prepare and hence very ex- 
pensive and valuable. Recording the NSRS spectra of many biomolecules is impossible 
because of their very low solubility in water. However, vibration spectra of biomole- 
cules with a solubility lower than 5 x 10 -4 g in 100 g H20 have been obtained by 
means of  SERS-spectroscopy 25,31,4-1). The decisive point of this new spectroscopic 
method was the distance of the Raman enhancement from the surface. The sterical 
investigations of the biopolymers DNA and poly-A adsorbed at positively charged 
silver surfaces (electrodes, colloids) have indicated that the sensitivity of the enhance- 
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ment is limited by the short-range enhancement to distances near the surfaces 26,40} 
Thus, SERS-spectroscopy is a very sensitive method used to detect moieties of an 
adsorbed biopolymer situated close to a charged surface. The purpose of this contribu- 
tion is to review the recent advances in the application of SERS- and SERRS spectro- 
scopy in biological science. 

2 Experimental Features 

After the first detection of the enhanced Raman signals from pyridine adsorbed on 
a silver metal electrode 42} it is now well established that this phenomenon is caused 
by an enhancement of the Raman cross section of adsorbates at an electrode-electro- 
lyte interface 43-- 68}, on metal colloids 69-93) and at a metal-vacuum surface 94-98) 

All investigators have outlined that "surface roughness" is a prerequisite for such 
an enhancement in the Raman scattering intensity. This roughness can be created 
by various types of processes: electrochemical 2), chemical reduction 69} mechanical 
polishing 99), vapour deposition ~oo}, lithography 94.101}, evaporation ~o2} and photo- 
chemical 1o3~. Metals, which have been successfully employed as substrates for SERS 
belong qualitatively into several groups. 

i) Noble metals, e.g., Ag, Cu and Au, at which d-bands lie well below the Fermi 
level. 

ii) Transition metals, e.g., Ni, Pd, Pt, of which d-bands overlap the Fermi level and 
thereby contribute to a strong covalent bonding of adsorbates. 

iii) Metals, such as A1, Na and K, which do not have d-bands and are free-electron- 
like. Up to now SERS experiments with biomolecules are carried out only in an electro- 
chemical cell with Ag electrodes or in a Ag colloid solution. 

For the study of adsorbed biological, significant species a typical experimental 
arrangement is shown in Fig. 1. Generally for "Electrode SERS spectroscopy" a 
conventional three-electrode configuration is used, with the potentiostat maintaining 
the potential of the working electrode relative to the reference electrode and a function 
generator as programmer for the oxidation (dissolution) - -  reduction (deposition) 

..J ZI  ".,, 

I I 1 , ,  Pho oo oooo.  

[ Poleot o.totH Wa.. for,'. ge.  oto  I I Co,'.p,-,te," 
Fig. 1. Typical Raman spectroelectrochemistry equipment system. WE, working electrode; CE, 
counter electrode; RE, reference electrode 
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Table 1. Biomolecules investigated by SERS and SERRS 

Purine 

Sugars: 
Nucleic Bases : 

Nucleosides: 
Nucleotides: 
Dinucleoside Monophosphates : 
Polynucleotides: 

Deoxyribopolynucleotides 
and Nucleic Acids: 
Amino Acids: 

Aminobenzoic Acid: 
Citric Acid : 
Porphyrin Chromophores: 

Flavin Chromophores: 
Retinal Chromophore: 

Ribose, Deoxyribose 
Adenine (A), Guanine (G), 
Cytosine (C), Thymine (C) 
Adenosine, Guanosine, Cytidine, Uridine, Thymidine 
(d)AMP, ADP, ATP, (d)GMP, (d)CMP, UMP, TMP 
ApA, ApC, ApG, ApU 
Poly A, Poly C, Poly U, Poly A • Poly U, 
Poly I .  Poly C 
Poly d(AT), Poly d(GC), Poly dG • Poly dC, 
Native and denatured DNA 
Phenylalanine, Trypthophan, Tyrosine, Histidine, 
Gtutamine, Glycine, Alanine 
p-Aminobenzoic Acid (PABA) 
Sodium Citrate 
porphyrins, bile pigments, metalloporphyrins, 
hemoproteins 
Flavoproteins, glucose oxidase 
Bacteriorhodopsin 

cycles (ORC). "Colloid SERS spectroscopy" is carried out with a conventional Raman 
cell for liquids or with capillary tubes. Most surface Raman spectra were measured 
using a computer controlled double monochromator with a cold photomultiplier, 
operated in the photon counting mode. The efficient optical system of the spectro- 
meter is combined with a powerful laser light source. 

A list of biomolecule adsorbates studied presently is given in Table 1. The number 
of materials investigated, however, grows rapidly. The activity in this field of SERS- 
spectroscopy is used for two types of Raman scatterers: laser excitation far removed 
from the electronic absorption maxima and excitation of species at wavelengths near 
to or at absorption maxima. SERS studies of species adsorbed on metal surfaces 
with absorption bands near the UV region (DNA and the derivatives, proteins with- 
out chromophoric groups) have shown that Raman signals can be enhanced by 
as much as 104-107 fold 19,25). When combined with resonance Raman scattering 
from an appropriate chromophoric adsorbate, total Raman enhancement factors 
might reach values in the 101° to 1012 range 21,917 

2.1 Electrode SERS 

The electrochemical cells used for SERS studies on polycrystatline silver electrodes 
are shown in Fig. 2. In the spectroelectrochemical cell the Ag working electrode is 
placed in such a position that the laser light can be focused onto its surface and the 
backscattered light can then be efficiently collected. The optoelectrochemical cell 
is usually a quartz glass cylinder with a diameter of  about 1.5 cm and a volume of 
2 ml 39). The polycrystalline Ag working electrode is positioned in the center of the 
cell for optimal substance diffusion and electrochemical conditions (cf. Fig. 2a). 
The cell can be used in experiments where the angle of incidence is varied by rotating 
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Potentiostet t! ~ 

Quartz 
glass 
cylinder 

CE 

a ~ ' "  b 

Counter e[ectrode 

Temperature ' ~ _ . ~ ( / / ~  ~ [ 

-"L_ I [~,'kx~////~, ~-////.,'.(~///////~ [Reference electrode 
.... ~ ~ ( A g / A g C [ )  

Working electrode 
e (Ag in perspex) 

F i g .  2a-e. Raman spectroscopic cell designs for electrode surface studies: a Ervin et al., Ret~ t6); b 
and c Otto et al., Ref. 36) 

the cell round the axis of the working electrode. In this cell design, the Raman scatter- 
ing is measured at 90 ° to the incident laser radiation. The reference electrode in the 
cell is a Ag/AgC1 electrode or a saturated calomel electrode (SCE). The third elec- 
trode of this three-electrode cell is simply a platinum wire as the counter electrode. 

Surface enhanced Raman signals from the electrode can be observed using different 
pretreatment procedures: 

a) The surface is pretreated by running the electrochemical oxidation-reduction 
cycle (ORC) in the bulk solution containing the biomolecules. 

b) The electrode roughening procedure is carried out in the electrolyte solution 
in the absence of the biomolecule and the biomolecule solution is then added to the 
cell. 

c) The silver electrode is removed from the cell after the electrochemical cycle, 
dried and the spectra are measured in air. One of the most important problems in 
the use of the SERS effect for the study of adsorbed conformations of nucleic acids, 
proteins and peptides is Conservation of their conformational state during the ORC. 
Thus, to avoid conformational changes of  the large biomolecules during the electro- 
chemical cycle procedure (b) should be prefered. 

A demonstration of the advantage of  high sensitivity in SERS spectroscopy is 
given in Fig. 3. This figure displays the SERS spectrum of the DNA base cytosine 39) 
The laser power used to excite the sample was only 10 mW at 514.5 nm from an argon 
ion laser. An important observation is that the band positions obtained in SERS 
spectra are essentially the same as in NSRS spectra. The largest frequency shift 
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eo 

850 cps ~ 

8 0  cps - -  ~ 

T 

150 550 950 1350 1750 
Romen shift (cm q) 

Fig. 3. SERS spectrum of cytosine 
(above). Conditions: laser excitation 
line 514.5 nm; laser power at the Ag 
electrode 10 mW; E~ --0.6 V, 0.1 M 
KC1 and 10 -3 M NazHPO4; pH 8; 
cytosine concentration 1 x 10 -3 M. 
(Lewinsky, Ref. 39~). 
NRS spectrum of cytosine (below). 
Conditions: laser excitation line 
514.5 nm; laser power 120 mW; 
10 -z M cytosine in H20; accumula- 
tion time 2 s/cm °~ 1 ; 6 scans 

is about 30 cm -1. Therefore, the previously assigned vibrational bands of the NSRS 
spectra can be compared with the SERS spectra. The enhancement factor of  the 
inplane ring; breathing mode of cytosine at 800 cm -1 is about 106. With a polished 
and chemically cleaned silver electrode a strong Raman signal from the vibrational 
lines of a biomolecule appears only after an electrochemical oxidation reduction 
cycle, a socalled "activation cycle". Such a cycle consists of: 

1) The oxidation of the Ag electrode Ag o --. Ag ÷ + e -  where the amount of  Ag 
oxidation is monitored by the total charge passed through the electrode. 

2) During the reduction half cycle, a roughened silver surface is reformed by Ag ÷ 
+ e -  --* Ag °. Scanning electron microscopy (SEM) of electrode surfaces after this 
oxidation-reduction procedure have revealed that the initially smooth surfaces have 
acquired bumps on the scale of  25 to 500 nm s~. These bumps can be approximated 
as speres, hemispheres and prolate spheroids 8). 

This "SERS active" surface consists of randomly distributed surface bumps with 
a surface topography in the 25 nm region (conventional SEM resolution range), 
the submicroscopic size range (2-20 nm) and even in the atomic scale roughness from 
a single atom to 2 nm. These structures produce large electromagnetic fields on the 
surface when the incident photon energy is in resonance with the localized surface 
plasmons (submicroscopic spheres and spheroids) and the single atoms or clusters 
enhance the R a ~ a n  polarizability (cf. Chapt. 3). 

Recently, two small-volume electrochemical cells for the measurements of  surface 
enhanced Raman scattering of very small amounts of  biological material were de- 
veloped 3a). The mini-SERS cell (cf. Fig. 2b) with a volume of about 0.8 ml is used 
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for a normal Raman spectrometer and the angle between the incoming laser beam 
and the electrode surface can be chosen. The minicell consists of a brass frame and 
a Teflon inner part. The silver working electrode with a diameter of 3 mm is fitted 
into a Teflon rod which can be inserted from the back of the cell. 

The cell design shown in Fig. 2c has been used for micro-SERS spectroscopy of 
chromosomes and related material 36) This microcell is for use in a Raman micro- 
spectrometer using epi-illumination. By choice of the objective used in the microscope, 
the focus of the laser beam is about 6 Ixm in diameter for a typical chromosome 
micro-SERS-spectrum. The working electrode, with a diameter of 0.5 mm, is fitted 
into a perspex rod and can be screwed into a frame for positioning the electrode 
surface to the objective of the microscope. This small microcell needs only 0.08 ml 
of sample. 

2.2 Colloid S E R S  

Metal colloids in an aqueous solution are ideal markers for cell surfaces and intra- 
cellular components for microscopic observation (light and fluorescence microscopy, 
transmission and scanning electron microscopy) and for studying molecular organiza- 
tion and cell function lo4) It also has numerous medical uses as a drug and as a test 
for various diseases 1o5). For more specific information about the interfacial behaviour 
of biomolecules adsorbed on metal colloids several studies of complex molecules 
by means of colloid SERS-25,27,41), and SERRS spectroscopy 22'1°6) have been 
published. This is an application of metal colloids which may become of great practical 
value, particularly in the vibration spectroscopy of biomolecules in the adsorbed 
state. The advantage of this colloid SERS spectroscopy is the simple experimental 
pretreatment procedure and the Raman measurements in conventional liquid cells 
or in capillaries. An additional advantage as compared with the electrode SERS 
spectroscopy is that the molecular structure is not influenced through the oxidation- 
reduction cycle during pretreatment. 

The silver colloids are prepared according to Creighton et al. 69)They are formed by 
rapidly mixing a solution of AgNO3 with icecold NaBH4. This aggregated sols exhibit 
visible absorption spectra in which the 390 nm peak is attributable to small particle 
resonant Mie scattering 70). This yellow unaggregated colloid is stable for several 
weeks. Transmission electron microscopy shows that these colloids consist of 7 
to 15 nm average diameter faceted crystals 82). The addition of a solution containing 
a biomolecule leads to a decrease in the main absorption band of the hydrosol at 
380-390 nm and to the appearance of long-wavelength bands (cf. Fig. 4). These long- 
wavelength bands originate from aggregates of silver micelles formed during the 
adsorption process. The electron microscopic analysis of the hydrosol-phenylalanine 
complex (Phe) has shown that the silver micelles form aggregates of about 150-200 nm 
in diameter 27). 

Aggregation of the colloid is a required first step to obtain SERS spectra of adsorbed 
molecules 76,79). This aggregation can be initiated by adding negatively charged ions 
(Cl-,  C104, NO~-). A SERS spectrum occurs when the negatively charged species are 
displaced from the silver surface by more strongly bound adsorbates with the rate 
determined by the nature and concentration of the displacing species 92). Weitz et al. 
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o 
r- 
Cl 

o 
m 

.Q  
< 

-- Silver colloid 
. _ _ %  .... Silver colloid in the 

presence of 1-MeGua 

300 ~6o s6o 660 760 8o0 
Wavelength (rim) 

Fig. 4. Absorption spectra of silver sol (solid line) and silver sol in presence of 1-MeGua (broken line). 
7 x 10 -6 M of l-MeGua 

have reported useful informations about the structure of colloidal aggregates, kine- 
tics of aggregation and theoretical developments 93). 

The disadvantage of the colloid system is its tendency to flocculate and precipitate 
at the bottom of the spectroscopic cell. It was recently demonstrated that this annoy- 
ance can be avoided by application of the silver colloidal hydrosols on filter paper 1or), 
chromographic paper 108) and silica gel plates 109). With this new technique, sub- 
nanogram amounts of various dyes lO7) and nonresonant biomolecules 109) were 
detected. It was found that the aggregated Ag sols (i.e. colloidal silver metal particles 
with adsorbed biomolecules) exhibited strong SER scattering of incident light in 
the blue-green region. The excitation profile investigations of  an amino acid-Ag-sol 
complex have shown that the excitation maximum of the complex coincides well 
with the maximum of the long-wavelength absorption band 27). Moreover, the shift 
of the absorption band maximum at increased concentrations of the amino acid 
(Phe) was accompanied by the same shift in the excitation maximum 27). 

The SERS spectra of 9-methylguanine (-9MeGua) in Fig. 5 demonstrate the high 
sensitivity of  the colloid SERS technique. The normal Raman spectrum (Fig. 5a) 
could only be obtained at a rather high concentration of 10 -z M and a laser power 
of 300 mW. The characteristic ring-breathing mode is located at 634 cm-  1 and two 
skeletal vibrations were observed at 1374 cm -1 and 1410 cm -1. The broad band at 
1634 cm -1 is attributed to the water H - - O - - H  bending mode and this band almost 
blurrs the typical guanine vibrations in this spectral region. 

The SERS spectra of  9-MeGua in the presence of Ag sol particles are shown in 
Fig. 5 c. The SERS is so sensitive that the concentration could be reduced to 7 × 10- 7 M, 
although the laser power is only 120 mW. The most characteristic features of this 
spectrum are located at 660 cm-1 and 1338 cm-1 and are due to the guanine ring- 
breathing mode and a skeleton vibration. In addition, one notes that the water bending 
vibration is not enhanced and the guanine vibrations now stand out clearly in this 
spectral range. 

Figure 5d demonstrates the subnanogram detection of 9-MeGua (nonresonant in 
the visible region) on silica gel plates used for thin layer chromatography. 1 lal (125 
x t 0- lz  g) of  the 9-MeGua colloid complex was applied to the silica gel plate and the 
plate spot (2 rffm in diameter) was then investigated with a typical 90 ° Raman scatter- 
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ing arrangement. Using this technique, subnanogram amounts  of various methylated 
guanine derivates were detected and identified directly with the colloid SERS spectro- 
scopy 109). To the knowledge of the authors, this was the first application of SERS in 
biochemistry for the in situ detection and identification at subnanogram levels. 
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Fig. 5a-d. NRS and SERS spectra of 9- 
methylguanine (9-MeGua); 514.5 nm exci- 
tation, monochromator slit width 5 cm -l. 
a) NRS spectrum of 9-MeGua, 10 -2 M 

in 0.5 M HCI. Laser power 300 mW; 
accumulation time 3 s/cm 1; 5 scans; 

b) SERS spectrum of silver colloid solution 
(blank spectrum). Laser power 120 mW; 
accumulation time 2 s/cm ~ ; 1 scan; 

c) SERSspectrumofsilvercolloidalaggr e- 
gate solution with 9-MeGua, 7 x 1 0  . 7  M 
at pH 5. Laser power 120 MW; accumu- 
lation time 2 s/cm- 1 ; 1 scan : 

d) SERS spectrum of solution c) applied 
on HPTLC silica gel plate (120 pg of 
9-MeGua). Laser power 120 mW; accu- 
mulation time 2 s/cm -1 ; 3 scans 

3 Characteristics of SERS 

3.1 Raman Scattering of Adsorbates 

The purpose of this section is to provide some background to the theories by introduc- 
ing theoretical expressions for Raman  scattering intensities and outlining some of 
the more important  features of the various theories: "classical" electromagnetic 
enhancement (EM enhancement) and "nonclassical" contributions (chemical effects). 

The intensity of a Raman  line corresponding to a transition between an initial state, 
i, and a final state, f, is given by 110): 

2371: 4 I _-- ~xfl (I) 

where os -- 2~tc,)~ (in cm -1) is the frequency of the scattered light, cos = mL - -  0)R; 
O)L: incident laser frequency; COR: Raman active normal  mode excited by the inelastic 
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scattering process, I L is the intensity of the incident laser light, ~ and cr are the pola- 
rizations of the Raman and incident light respectively, and 0t Qo is the Q, o th component 
of the polarizability tensor. Intensities of scattering processes are alternatively ex- 
pressed in terms of differential cross-sections dcr/dt): 

f~ d ° ' ( ~ s )  __ 2 3 ~  4- ~vcto 2 
df~ 32c4 o3~ ~ ~ri (2) 

I~,e¢ 

so that If~ becomes 

Ifi = ~ dcr -d--fi IL 

The Raman scattering tensor ~f~ is 

(3) 

<be [_e=Ixl 4o5 (~o t_eoIxl ~5 + 
(E~ - El) + h0) L + iF~ 

(4) 

where Ix is the dipole moment operator, and e~ and e~ are the scattered and laser pola- 
rization vectors, be represents an intermediate state in the Raman scattering process. 
Ei is the initial energy and Er the final energy. 

The normal Raman scattering (NRS) regime is defined by the condition ho) L 
(Ee --  Ei). Resonance Raman scattering (RRS) is defined by the condition heOL 
(Ee --  El). In RRS the value of dcr/df~ corresponding to the by resonance enhanced 

value of 0~' can be 102 to 106 times greater than in the corresponding NRS case. 
In 1977 two groups, Jeanmaire and Van Duyne 43) and Albrecht and Creighton 45) 

showed that the Raman cross section for pyridine adsorbed onto electrochemically 
roughened silver electrodes was enhanced 106 times: 

{Ir~(C%)}ad~ ~ 106{Ir~(o3~)}f,~o (5) 

There is some experimental evidence to indicate that much of the enhancement 
is associated with surface roughness (local microstructures) in the range of 1 to 100 nm. 
At resonance with these microparticle modes the local electric field at the incident 
frequency (hO)L) becomes large near and on the particle surface. Furthermore, the 
re-radiation efficiency of Raman active molecules situated near the surface also 
becomes enhanced when the inelasticaUy scattered frequency (h(o~) is also in resonance 
with these microparticle modes. The Raman scattering intensity of the adsorbed 
molecule is then given by 8) 

, (d(~eff~ 
{Iri(o',))aas = IL(~0L)" L/(C0L) • L2(~os) • f2 \ df] ]aa~" Nsur (6) 

Here, L2(C0L) • L2(c%) describes the electromagnetic surface-averaged intensity 
enhancement factors at the incident and Stokes Raman frequencies, respectively 
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(i.e. the "classical" enhancement by surface plasmon type resonance). (dc%ff/d~)~a~ 
takes into account a "chemical" effect due to electronic interaction between the chemi- 
sorbed molecule and the surface. Nsu r is the number of adsorbed molecules. 

The dominant mechanism seems to be the EM effect with enhancements approxi- 
mately estimated to be in the range of 10 4 to 10 6. The chemical mechanisms appear 
to contribute a combined factor in the range from 10 to 10 z. 

3.2 The EM Model for SERS 

The basic concept of the purely electro-magnetic model considers a Raman active 
molecule (scatterer) near a metallic particle 111-126) and is shown schematically in 
Fig. 6. The main features of these theories are seen by considering a single dielectric 
ellipsoid with a laser excitation field EL(O3L) directed along the principal axis of  the 
ellipsoid. Then the field Ein~ inside the particle is uniform and given by 14o): 

Eins(C0t,) = as EL(C0t,) (7) 
~,, + (era - -  es) Ao 

Here ~ and ~ denote the dielectric functions of the metallic sphere and its surround- 
ing, respectively. A¢ is a depolarization factor depending solely on particle shape. 

® 
I SERS : EM-MODEL 1 

%oUoids .F.Lectrode 

E_L(OJ L] 

. Es . , • E R(r,WS) 

,. ~ ~  //_r Observer 

. dip {r 'o js)  

ELM(LQL) f'~ 
Biomotecul.e (dipole) 

Fp {_r',LLIL ) 

E p : _EL ÷ .ELM E~ (U~I - Es I~ l  
f Ico) = 

ER = E~ip+ E_sc Em (0~) + 2EsIWl 

_ELM , ~ tJ. LM = f {OJL)O3EL 

Edip ~-~ IJ'mel = (~{EL + ELM} 

--.SO ~----~-" ['LSC -- f{LOs)OB-Edip 
Fig. 6. Schematic picture indicating 
the origins for the EM-enhancement 
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Sm(g0 ) = Sl(0,) ) -~- is/(m) is the expression for the complex dielectric constant. The 
maximum of the internal field Ei.s occurs at a frequency c0sp, where 

el(rasp) ~ (1 - -  1/A¢)es (8) 

The condition corresponds to the excitation of localized surface plasmons. Silver 
can satisfy this condition for visible light. 

The expression (7) for Ei,~ is identical to that of the electric field, due to an ideal 
dipole at the center of  the sphere (A~ = 1/3) 

/~(mL) = mE = grn((DL)- gs(('OL) aaEL 
~m((l)L) -4- 2~s(O,)L) (9) 

The general elastically scattered field of the sphere is calculated by the Lorenz-Mie 
theory 128) and is denoted ELM(r', m). 

Considered is a Raman scattering molecule located at coordinate r '  outside of 
a spherical particle of radius a. If  the electromagnetic wave of frequency o z is incident 
on that small sphere, the total field outside the sphere is equivalent to EL(r', mE) 
plus the field ELM(r' , fA)L). This field polarizes the molecule and induces a dipole 
moment. 

/gmol = ~mot{EL( r', (DL) -}- ELM(r', mL)) = ~motEp(r', COL) (lO) 

The electric field of this dipole #tool is Edip(r '  , ms) for the observer at r. Beside this 
direct radiation, the vibrating molecule also polarizes the metal sphere and uses it 
as an antenna to amplify its Raman radiation. 

Edi p induces a dipole/Ac in the metal particle with the radius a 

gm(f.0s) - -  gs(f.~s) 
#se(0}s) ~---gm(O)s ) "{- 2e~(ms ) aaEaip. (11) 

In the dipole approximation, the field outside the spere (Es¢) is the same as that 
generated by this dipole. The electric field at the observer r is 

ER = Eaip + Est. (12) 

The calculated enhancement of this purely physical EM effect as function of the 
distance of the molecule from the spere, reflects the long range nature of this model a a2) 
The enhancement depends strongly upon the particle shape and the dielectric constants 
Em and ~s n3, azT). For small spheres, in resonance with the localized surface plasmons, 
the local field strength averaged over the surface is about 1000 times the incident 
field strength. Detailed calculations for isolated prolate ellipsoids have been report- 
ed 12a'~E3k It seems clear that even more calculations exploring the limits of  these 
electro-magnetic effects are needed in order to compare the experimental results with 
this EM model. 
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3.3 The Chemical Effects in SERS 

The central problem in understanding the chemical contribution to the overall en- 
hancement reduces to the calculation of the polarizability of the adsorbate metal 
surface complex. The mixing of molecular states with metal states may bring about 
a large effective polarizability. The polarizability ~ depends on the normal mode 
amplitude of the molecular vibration Q. In the image field theory of SERS 129) the 
effective polarizability ~cff(Q) depends on the distance between the point molecule 
and the metal surface and on ~ and ~m- In order to obtain Raman enhancement the 
distance between molecule and metal is in the range of 1.5 to 4 _~. 

Recently, Ueba 13o-131) presented a calculation of the Raman scattering polari- 
zability of an adsorbed molecule on a metal surface, where charge transfer excitation 
participates as an intermediate state of the Raman process. A typical estimation of 
pyridine chemisorbed on Ag through the N lone pair electron shows an enhancement 
of  about 102. This seems to indicate that the charge transfer mechanism (CT) operates 
in conjunction with the EM effect. 

Another contribution from charge transfer transitions to the enhanced Raman 
scattering was treated by Persson ~33) In this theory the factor in the Raman enhance- 
ment is estimated to 30. 

A different approach was described by Otto et al. 6,134) and Burstein et al. 135) 
Their "Adatom Model" postulates an extra Raman enhancement mechanism for 
adsorbates at active sites of "atomic scale roughness". The adatom acts as an element 
of  small or atomic scale roughness causing localized breakdown in the selection rules 
for electron-hole pair excitation. The model is based on a Raman scattering mecha- 
nism by charge transfer 135) (cf. Fig. 7). An electron on the metal side is excited from 

E A -~,. 2~ 

1A I . . . .  .-.-- / 

1B 1 . . . . .  .-.~- "'" _ 

3^ 1~ ..... . /  

1~ 1~ ....... ~ ~ 

Ev 

' ~  EF 

f ree  a d s o r b e d  Ag 
pyridine (Py) pyridine 

LE 

-E~ 

lEo 
t i 

Qo Q 

le> 

10> 

a ~-Charge-fransfer fransifion ] b [ C-C-dio.grnm 1 
Fig. 7 a and b. Charge transfer Raman mechanism, 
a) Schematic energy level diagram for pyridine adsorbed on Ag, 
b) Energy-configuration coordinate diagram showing the vibronic transitions in Raman scattering 
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the incident photon. This excited electron tunnels into the electron affinity levels 
of the adsorbed molecule. Since the electron is trapped in an antibonding orbital 
(e.g. re* of adenine: A) the resulting negative ion A-  has a different equilibrium geo- 
metry compared with the neutral adsorbate A. Therefore, the charge transfer process 
induces a nuclear relaxation in the adsorbate which, after the return of the electron 
to the metal, results in a vibrational excited neutral molecule. Such a resonance 
scattering type of mechanism would then result in a short-range enhancement of 
Raman scattering. This process involves a virtual optical transition from a vibrational 
level in the ground electronic state 10) to an intermediate state, that corresponds to 
a vibrational level in the excited electronic state le), followed by a virtual optical 
transition from the intermediate state to a different vibrational level in the ground 
state 10) (cf. Fig. 7). 

The transition polarizibility arts (Raman scattering matrix element) can be expressed 
in terms of: 

i) (elp x Ail0) and (01p x A~le) the momentum matrix elements for the transition 
between 10) and le); 

ii) (VelVo) , and (V;IVe) Franck-Condon type overlap integrals over the wave- 
functions of the vibrational levels involved in the optical transition, which depends 
on Qe - Qo and on the strength of the electron vibration mode interactions involved; 

iii) Eo and Ee the energies of the vibronic levels in the ground and excited state, 
respectively, and F the Lorentzian broadening of the electronic excitation 136,137) 

Different experiments indicate the importance of surface complex formation 
in determining the nature of the chemical component of SERS 7,59,64,138). These 
investigations have shown that the atomic singularities are important elements in 
the SERS. Recent experiments 139) showed that the electrochemically roughened 
silver electrode presents a surface containing Ag + ions which are stabilized by coad- 
sorbed C1- ions. An adatom on a positively charged surface would be similar to the 
Ag ÷ ion. The formed surface complex between adsorbate and the metal substrate, 
demonstrates a charge transfer excitation resonance between the active site and the 
probe molecule leading to unusually large SERS at the interface. 

4 Applications of SERS Spectroscopy 

4.1 The Short-Range Sensitivity of SERS 

The natural geometry of biomolecules can be exploited to clarify the SERS sensitivity 
dependence on distance from the surface. This aspect of SERS spectroscopy is im- 
portant for the interpretation of the SERS spectrum of a biopolymer. The electro- 
magnetic model predicts very rapid decay of SERS with increasing distance 112,113) 
Thus, in small molecules with a dimension of approximately 0.6 nm (benzene) all 
vibrations of the molecule can be enhanced. In large biomolecules with diameters 
of about 6 nm (hemoglobin protein) only groups which are attached directly to the 
surface will yield SERS. This important aspect is illustrated by SERS studies of three 
examples: mono-, di-, and polynucleotides. 
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a) Mononucleotides 
Figure 8 compares the SERS spectra of  cytidine-3'-monophosphate (3'-CMP) as 
function o f  the applied electrode potential. The following vibration modes are ex- 
pected for the 3'-CMP/Ag-surface system: 

i) enhanced internal modes of  the components of  the 3 ' -CMP molecule (phosphate, 
ribose, and cytosine base), 

ii) interfacial vibrations of  the adsorbed molecule interacting with the silver surface, 
iii) vibrations o f  the counterions C1- interacting with the silver surface, i.e. Ag--C1 

vibrations. 
The possible interfacial orientations of  3 ' -CMP on the electrode can be explained 

by the interaction of  the electric field of  the electrode with the charge and dipole 
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Fig. 8a and b. SERS spectra of cytidine 3'-monophospbate (3'-CMP). 3'-CMP concentration 2 
x 10 -3 M, 0.15 M KC1, 2 × 10 -3 M. Tris buffer (pH 7.2), laser excitation line 514.5 nm, laser power at 
the electrode 10 mW, prior activitation of the silver electrode: 1 × 5 mCb between --0.1 V and + 0.2 V 
(Ref. 40)). 
a) Adsorption potential E~ --0.1 V vs. Ag/AgCI reference electrode. 
b) Adsorption potential E~ --0,6 V vs. Ag/AgCI reference electrode 

16 



Surface Enhanced Raman Scattering of Biomolecules 

moment of the adsorbed molecule. On the positively charged electrode (--0.1 V) 
the charge of the --OPO~3- groups determines the orientation. This suggests that 
the 3'-CMP molecule is adsorbed end-on mostly with the --OPO z- moiety directed 
toward the electrode surface. The phosphate group is coordinated directly to the silver 
surface. The cytosine base is oriented towards the solution. 

The SERS spectrum of 3'-CMP at an adsorption potential of --0.1 V vs. Ag/AgC1 
shows only a strong enhanced band at 236 cm -1 (cf. Fig. 8a). This band can be assign- 
ed to the interfacial vibration of the phosphate moiety with the positively charged 
silver surface: --OPO~-/Ag-surface. This assignment is possible by the experimental 
SERS results of the investigations of the mononucleotide components 14,39) (see also 
Chapt. 4.2). Indeed, under the same experimental conditions the cytosine base and 
cytidine (cytosine bound to ribose) give no strong SERS signals in the spectral range 
of 200-300 cm-1. Yet the 3'-CMP mononucleotide containing the base-, the sugar-, 
and the phosphate unit shows a very strong band at 236 cm -~. The Ag--CI vibration 
is hidden in this strong --OPOZ-/Ag vibration. 

These experimental results show that the relative enhancement might be a strong 
function of the distance of the various parts of a biomolecule from the electrode sur- 
face. Adsorbed ribose is expected to lie within 0.6 nm from the surface whereas the 
cytosine base is probably more than 1 nm removed from the surface when the phos- 
phate group is attached directly to the surface. Fig. 8 b shows that while the intensity 
of the band at 236 cm- 1 strongly decreases upon a shift of the potential from --0.1 V 
to --0.6 V, new bands at 798, 1028, 1218, 1304, 1510, 1584 and 1646 cm -1 appear 
in the SERS spectrum of Y-CMP. The band at 798 cm-x is the characteristic ring- 
breathing mode of the cytosine moiety (cf. Fig. 3). The other observed bands in the 
1000-1650 cm -1 region are attributed to the skeleton vibrations of the cytosine 
base and are assigned in Ref. 141 -~43). This spectrum suggests that the 3'-CMP mole- 
cule is now adsorbed end-on with the cytosine unit directed to the surface at the 
adsorption potential Es --0.6 V. The hydrophilic phosphate group is now preferentially 
oriented towards the solution at this more neutral surface. 

b) Dinucleoside monophosphates 

Figure 9 shows the SERS spectra of the dinucleoside monophosphates adenylyl- 
(3'-5')-uridine (ApU) and adenylyl-(3'-5')-cytidine (ApC) at different adsorption 
potentials in the characteristic spectral range of the ring-breathing modes. The ad- 
sorbed base modes alone on the electrode surface are at 736 cm- 1 in adenine, 798 cm - 1 
in cytosine and 795 cm- 1 in uracil. The corresponding frequencies in the dinucleoside 
monophosphates ApC and ApU are at 734 cm-1 for adenine, 792 cm-1 for cytosine 
and 796 cm -1 for uracil. 

The NSRS spectrum of ApU in aqueous solution was presented by Prescott et 
al. 192) In this NSRS spectrum the intensities at 785 cm -1 (U ring-breathing mode) 
and at 732 era- ~ (adenine ring-breathing mode) are essentially the same. On the con- 
trary, the SERS spectra show significant intensity differences at various potentials. 
At E S --0.1 V vs. Ag/AgCI, very strong scattering was produced by the adenine 
moiety, indicating a high surface population of the adenine unit of the dinucleoside 
monophosphates. This shows that the dinucleosides are adsorbed end-on mostly 
with the adenine residue and the phosphate group directed towards the surface. The 
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Fig. 9. SERS spectra of ApC and ApU in the spectral range of 600 to 900 cm-1 at a series of adsorption 
potentials. For every spectrum an activation procedure has been repeated with a new solution. Other 
experimental conditions as in Fig. 8 (Ref. ,~o~) 

other base (C in ApC, U in ApU) is repelled from the surface therefore attaining a 
more solution-sided position. 

While the intensity of  the adenine band at 734 cm-1 decreases upon a cathodic 
shift of  the potential from --0.1 to --0.75 V, the cytosine band at 792 cm -1 in ApC 
and the uracil band at 796 cm-1 in A pU  increase in intensity. When the applied 
voltage is set to E~ --0.6 V the ring-breathing mode signals of  adenine/cytosine and 
adenine/uracil are approximately equal in intensity, indicating that at this potential 
the base residues populate the surface equally. 

At E~ of  --0.75 V, near the zero charge potential, the population of  the surface is 

18 



Surface Enhanced Raman Scattering of Biomolecules 

dominated by the uracil base in the ApU dinucleoside. Thus, these potential dependent 
investigations of the dinucleoside monophosphates have shown that the base moieties 
of these dimers interact directly with the surface and their adsorptions depend on 
the electrode charge. 

The maximum distance between the adsorbed base and the solution-oriented base 
is about 1.2 n m  193,194) Thus, these experimental results confirm that only short- 
range Raman enhancement plays an important role for these dimeric biomolecu- 
les ,0) 

These results also confirm previous voltammetric findings on the adsorption be- 
haviour of mononucleotides and dinucleotide monophosphates at the mercury 
electrode surface 196-199). Taking into account the respective potentials of zero charge 
(p.z.c.) --0.6 V and about --0.8 V for the mercury and silver electrodes, the con- 
clusions on the orientation of the nucleic acid components in the adsorbed state can 
now be visualized in situ by the SERS spectroscopy. At a low charged surface, around 
the p.z.c., the presence of adsorbed compact layers for the rather concentrated solu- 
tions 2× 10 -3 M of mononucteotides and dinucleoside monophosphates deduced 
from the a.c. (alternating current) and sweep voltammetric measurements agrees 
with the highest intensities detected for the SERS bands characteristic of the nucleic 
bases moieties. Furthermore the weak Raman enhancement for the ribose phosphate 
chain vibrations supports the previously proposed structure of a condensed film where 
the stacking forces between nucleic base moieties, in parallel to each other, favour 
a perpendicular orientation of the hydrophobic ring moieties to the metallic surface. 
In a similar way SERS results obtained at high positively charged surface, correspond- 
ing to more anodic adsorption potentials permit to get specific informations on the 
diluted adsorption layer evaluated from voltammetric measurements. The compe- 
titive interaction of the phosphate group moiety associated with a more parallel flat 
adsorption of the nucleic base part to the positively charged surface through a 
electron binding can thus explain a lower surface concentration of the mononucleo- 
tides and dinucleoside monophosphates at a positively charged surface. 

c) Polynucleotides 
In view of these results obtained with a rough silver electrode, the Raman scattering 
from biomolecules absorbed on dispersed silver particles of positively charged silver 
colloids has been reported 25,30,41). From the results of the strong SERS signals of 
the adenine molecule with the colloidal silver surface 3o), attention was turned to 
a polynucleotide based solely on the adenine-monophosphate, i.e. polyriboadenylic 
acid poly-A. This biopolymer forms a double stranded helix at acid pH 144). The 
strands are arranged with the sugar-phosphate backbone on the outside and the 
adenine base facing the center. The SERS spectrum of this polynucleotide and its 
building stones (adenine, adenosine-5'-monophosphate and ribose-5'-phosphate) 
adsorbed at silver colloids are shown in Fig. 10. 

For the interpretation of the poly-A SERS bands it was necessary to assign precise 
frequencies of the SERS band of the monomeric units. Adenine and adenine 5'- 
monophosphate exhibited characteristic ring-breathing modes at 726 cm -1 and 
721 cm -1. Prominent SERS bands for the ribose-5'-phosphate were obtained at 
600cm -1, 914cm -1 and 1282cm -1. 

A comparison of these results with the SERS spectrum of poly-A has shown that 
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Fig. 10. SERS spectra of poly-A and its building stones: adenine, adenosine 5'-monophosphate and 
ribose 5-phosphate. Freshly prepared silver colloids, pH 4.5; 4 × 10 4 M adenine, 5'-AMP or ribose 
5-phosphate added; poly-A concentration 1.6 mg/ml; Laser excitation line 514 rim, laser power 
200 mW. (The drawing of poly-A in d shows the adenine base and the sugar-phosphate backbone 
outside the molecule) 

the double stranded poly-A helix structure at pH 4.5 and low ionic strength exhibited 
SERS signals only from the helical strands. The appearance of  a band at 796 cm-  1 
in the SERS spectrum of poly-A corresponding to the stretching of  the ribose-phos- 
phate backbone confirms that the ribose-phosphate group is preferentially adsorbed. 
The adenine molecule located at a distance of  about 0.5 nm from the phosphate 
group displays only weak SERS signals. 

These investigations of  the mono-,  di- and polynucleotides emphasize that the 
high sensitivity of  the SERS method is limited to the macromolecular components 
coming into direct contact with the surface. 

4.2 Native DNA 

Inside living systems there exist a number of  electrical charges carrying interfaces 
which are associated with all the biological events in life. The range of  biological 
interfaces extends from the fields of  molecular biology through to prothetic surgery. 
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The biopolymer interactions, the enzymatic activities and the surgical implant com- 
patibilites are but a few examples of biochemically relevant interfacial reactions. 
All these systems are governed by the water activity and the electrical properties in 
the interfacial regions. The complexity of the biological parameters has inspired the 
development of simple and convenient models such as the metal electrode/aqueous 
electrolyte interface for the study of important physicochemical parameters of the 
interfacial interactions of biomolecules. This model interface was applied to elucidate 
the main contours of the interfacial behaviour of nucleic acids, particularly native 
double stranded deoxyribonucleic acid (DNA), the carrier of the genetic code 145--153) 
Such studies are important for the understanding of DNA behaviour in the living cell. 
Indeed the interfacial recognition of DNA by other biopolymers, as proteins, during 
the expression and control of the genetic information is one of the more striking pro- 
blems of the molecular biology of the gene. 

By application of the voltammetric method at a mercury electrode/electrolyte solu- 
tion interface, the action of adsorption forces and the interfacial electric field on the 
helical structure of DNA has been revealed and the potentialities and essential find- 
ings have been summarized in a recent review by Niirnberg 154). 

In order to confirm and study in situ the respective conformational changes of 
DNA in the adsorbed state, the SERS spectroscopy was applied later 19). Native 
DNA exhibits some 30-40 normal solution Raman scattering bands in the spectral 
range of 200-1800 cm -1 155,156). The more intense bands are caused by vibrations 
of the base residues adenine (A), guanine (G), cytosine (C) and thymine (T). 

Weak scatterer Strong scatterer 

,6 hi'r1 

Fig. 11. Spatial arrangement of DNA adsorbed at the positively charged silver surface 
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For the interpretation of the Raman scattering of DNA close to a charged surface 
the natural geometry of this biopolymer at the positively charged surface is shown 
in Fig. 11. This biopolymer consists of a double stranded helix 193, ~94) with a weak 
Raman scatterer (sugar-phosphate-group) on the outside of the molecule and a strong 
Raman scatterer (nucleic bases A, G, C, and T) located in the center of the helix. 
The distance from the center of DNA to the phogphate group is about 1 rim. 

The SERS spectrum of native calf thymus-DNA is shown in Fig. 12. The normal 
Raman scattering spectra of DNA in solution require a hundred times more concen- 
trated solution than the SERS spectrum presented in Fig. 12. For the interpretation 
of the SERS spectrum of DNA it is necessary first to assign precise frequencies of 
the SERS bands of the nucleic bases A, G, C, and T. 

Ag/H201KG 
Nofive CT DNA 

5%.5 nm 

~. Roman shiff (cm-~l 

Fig. 12. SERS-spectrum of native CT-DNA. DNA concentration 200 ggxrnL -I, 0.15 M KC1, 
l0 3 M cacodylate pH 6.8. Laser excitation line 514 nm, laser power at electrode 100 roW. Prior 
activation of silver electrode by two triangular voltage sweeps between --0.1 and + 0.2 V at a sweep 
rate of 50 mV s-1 

4.2.1 DNA Bases 

Figure 13 shows the SERS spectrum of a solution containing adenine, guanine, 
cytosine and thymine in the presence of Ag colloids. This SERS spectrum shows that 
these building stones of DNA when adsorbed to the silver surface exhibit strong 
SERS bands. Prominent and characteristic bands are the SERS ring-breathing modes 
in the spectral range of 600 to 800 cm- ~. The most intense SERS band in this region 
is located at 732 cm- ' and is attributed to the adenine ring-breathing mode. In NSRS 
spectra of DNA the line near 680 cm-~ identifies guanine residues in the nucleic 
acid chain. The corresponding band of guanine in the SERS spectrum of the base 
mixture solution is at 657 cm -1 (cf. Fig. 13). Normal Raman spectra of all pyri- 
midines have an intense line near 780 cm -1. The corresponding bands of thymine 
and cytosine in the SERS spectra are at 797 cm -1 and are not resolved. In Fig. 13 
the SERS spectrum shows a specific strong enhancement of the vibration band corre- 
sponding to the adenine base. This result points to a specific adsorption of the adenine 
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A g  - cot[oids 

GuaninelAdeninelCytosinelThyminel : ~ I : 1 : 1 E~ 1 

j 
~' Roman shift  (cm -I)  

Fig. 13. SERS-spectrum of a solution containing adenine, guanine, cytosine and thymine. Freshly 
prepared silver colloids, pH 4.5, 4 × 10 -6 M adenine, guanine, cytosine and thymine added; laser 
excitation line 514 nm, laser power 100 mW 

Table 2. SERS-ring-breathing modes (cm -~) characteristic for DNA 
(a, b, c, d and e see Ref. i43.2oo. 2ol.23.24~ 

Solution c 
Bases Cal." Solid b acid, a lka l .  Electrode d Colloids e 

Guanine 651 651 642, 650 648 653 
Adenine 718 725 722,725 736 728 
Thymine 795 791 788, 788 782 789 
Cytosine 793 794 795, 795 798 797 

base on the charged silver surface. In Table 2 the calculated and the measured NSRS 
frequencies (cm-1) for the characteristic ring-breathing modes in the solid state and 
in solution are compared 30). SERS frequencies (cm -1) for nucleic bases adsorbed 
at the electrode and at colloidal particles are also shown. 

4.2.2 Mononucleotides 

The next D N A  building units are the nucleotides, dAMP,  dGMP,  dCMP, and dTMP 
(base + deoxyribose + phosphate group). 

Figure 14a shows an example of  the SERS spectrum of  5 ' -AMP and its building 
stones adenine (Fig. 14c) and adenosine (Fig. 14b) adsorbed at a positively charged 
silver electrode in the spectral range of  100 to 1700 cm -1. The most characteristic 
internal band systems of  the 5 ' -AMP spectrum are located at 730 and 1340 wave- 
numbers. They exhibit a significantly enhanced intensity. Moreover, one intense band 
is observed at 240 cm-1.  This band has been assigned to the interfacial vibration o f  the 
phosphate group with the positive silver surface --POa~-/Ag (cf. Fig. 14d). The 
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a 

b 

Ag/H2OtKC[ 

1700 1500 1300 1100 900 700 500 300 100 

0 N~/N~/H 

">..-< 12...'." NHz 

cl 

Fig. 14a~l. Surface Raman spectra of 
a) adenosine-5'-monophosphate (5'-AMP), 
b) adenosine and 
e) adenine under identical experimental conditions: 20 roW, E.~ of --0.1 V (1 cycle), 0.1 M KC1 and 

10 -3 M Na2HPO4, pH 8.2; 1.9 x l 0  -3 M 5'-AMP a); 2.1 x l 0  3 M adenosine b); 2,2 x l 0  -3 M 
adenine e). 

d) Schema of a possible configuration of the adsorbed 5'-AMP at a positively charged silver surface 

reason for this assignment is illustrated in Fig. 14a, where first the 5'-AMP mono- 
nucleotide with the base, the sugar, and the phosphate unit shows a very strong band 
at 240 cm-  1. Under the same experimental conditions the adenine base and adenosine 
(adenine bound to fibose) give no strong SERS signals in the spectral range of 200 to 
300 cm-1 (cf. Fig. 14b, c). From these experimental results of the DNA monomeric 
units it is now possible to assign the SERS bands in the DNA spectrum. In this spec- 
trum bands appear predominantly at 245 cm-  1 and 802 cm-  ~ which can be respectiv- 
ely assigned to a silver-phosphate group vibration (--PO~-/Ag) and to the backbone 
vibration of the polymeric deoxyribose-phosphate chain. The band's at 914 cm -1, 
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1022 cm -~, 1179 cm -~ and 1247 cm -~ are typical SERS vibrations of  the ribqse- 
phosphate skeleton. The presence of  these Raman bands in the SERS spectrum of  
D N A  indicates a preferential interaction of  the nucleic residues located on the outer 
side of  the helical structure. 

4.2.3 Double-Stranded Polynucleotides 

The results reported in the previous section refer only to the adsorption behaviour 
of  a native C T - D N A  with a high molecular weight o f  about 10 × 106 and an intact 
double stranded structure at rather anodic adsorption potentials and consequently 
a positively charged silver surface. Indeed it must also be mentioned that depending 
on the quality o f  the D N A  preparation (molecular weight distribution, presence of  
strand breaks) and generally at more cathodic adsorption potentials, SERS signals 
can be detected 39~ due to direct contact o f  nucleic bases with the silver surface. 
In Fig. 15, SERS spectra o f  synthetic D N A  partial model analogues, poly(dG-dC) 
x poly(dG-dC) and poly(dA-dT).poly(dA-dT),  containing respectively guanine- 

cytosine and adenine-thymine base pairs are compared with the SERS spectrum of  
bacterial M L - D N A  (28 ~ A-T, .72~  G-C) from Micrococcus Lysodeikticus after 
adsorption at --0.6 V vs. Ag/AgC1. The presence of  characteristic breathing mode 
vibrations for the nucleic bases residues in the 600 cm-~-800 c m-  ~ spectral region 
(cf. Tab. 2) clearly indicates an adsorption of  the nucleic bases at the electrode sur- 

t o  o o n  c o  

- t o  

g2~ 

500 1000 1500 
Raman shift (cm -~) 

Fig. 15a and b. SERS spectra of poly(dG-dC) 
• poly(dG-dC) a), of native ML-DNA b) and of 
poly(dA-dT) • poly(dA-dT) e). DNA concentration 
140 l.tg m1-1, 50 I~g m1-1, 80 ~g ml -I respectively; 
0.15 M KC1, 10- 3 M Tris pH 8; adsorption potential 
--0.6 V vs. Ag/AgC1; activation procedure repeated 
three times from E~ --0.2 V, charge current 
6 mCb; 514.5 nm excitation, laser power 15 mW 
(Lewinsky, Ref. 39)) 
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face. U n d e r  these  a d s o r p t i o n  p o t e n t i a l  c o n d i t i o n s ,  local  d e s t ab i l i z a t i o n  o f  the  ad -  

s o r b e d  D N A  s t ruc tu re ,  i nduced  by  in te r fac ia l  forces  o r ig ina t e  f r o m  c h a r g e d  si lver  
sur face  ~4s-is1,154,159). A p re requ i s i t e  for  the  d i rec t  c o n t a c t  o f  a D N A  base  res idue  

w i t h  the  surface  is the  in te r fac ia l  des t ab i l i za t ion ,  l ead ing  to the  b r e a k i n g  o f  the  W a t s o n -  

DSB SSB 
High dose 

..... I l l l l l  ! 

Low dose 
't"1" l r I t l  
IIIII l l j ~ l  I 

D..'Fill llfIllllllllllllllli ii 
NAIII! IIIIIIIIIIIIIIIIIIIIII 

a b 

Fig. 16a and b. Damages in DNA by "f-radiation. 
a) Scheme of damages in native DNA by ionizing radiations; 

SSB: single strand breaks, 

?-irradiated DNA / 

l O G y ~  

Native DNA 0Gy ( k r o d )  

I 

72s 
Raman shift (cm q) 

DSB: double strand breaks. 
b) SERS spectra of native and ?'-irradiated DNA b). 0.1 M KC1 + 2 x 10 -3 M Na2HPO4; 300 gg 

DNA/ml; pH 8.0; irradiated with ?,-rays from a 6°Co-source. Laser excitation line 514 mm laser 
power at electrode 50 roW. Prior activation of silver electrode by two voltage sweeps between 
--;0.2 und +0.2 V at a sweep rate of 50 mV s -1 (Lewinsky, Ref. 39)) 

Table 3. Tentative assignment of SERS bands of DNA from Micrococcus Lysodeikticus (ML-DNA); 
other conditions see Fig. 15 

ML-DNA d(A-T) d(G-C) r(A-C) Tentative of 
(cm i) Assignement 

600 + --  Cytosine 
682 -- + --  Guanine 
730 + -- + Adenine 
790 + + + Cytosine, Thymine 

1020 + + + Cytosine 
1090 + + + Phosphate 
1194 --  + + Cytosine 
1306 + + Cytosine 
1336 + -- + Adenine 
1468 + + + Nucleic bases 
1502 + + Cytosine 
1574 + + + Nucleic bases 
1644 + + + Cytosine, Thymine 
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Crick hydrogen bonds between two adjacent bases in an interstrand base pair. This 
causes partial opening of the double helical structure and enables the orientation of 
the unpaired bases towards the surface (cf. Fig. 16a). In Table 3 the assignment of 
the SERS bands from ML-DNA have been listed after comparison with poly(dA-dT) 
• poly(dA-dT), poly(dG-dC) • poly(dG-dC), and poly(rA-tC). 

4.3 Modif ied D N A  

4.3• 1 `/-Radiation 

It is interesting to compare the SERS results of the intact double helical structure of 
native DNA and the SERS spectra of,/-irradiated DNA. It is well known that ionizing 
radiation, e.g. y-radiation, causes damage in DNA by the action of radicals formed 
in radiation chemical reactions with the solvent water• The hitherto known kinds of 
damage are single strand breaks and at higher doses an increasing number of double 
strand breaks followed by release of oligonucleotide units 152,153) (cf• Fig. 16a)• 

The SERS spectra of the intact and y-irradiated DNA in the spectral range of the 
characteristic ring-breathing modes and the skeletal vibrations are shown in Fig. 16 b. 
The most striking features are the pronounced lines at 734 cm - :  and 1334 cm -1 in 
the ,/-irradiated DNA. These characteristic bands can be assigned to the vibrations 
of adsorbed adenine bases. It follows that the nucleic base adenine becomes accessible 
to the electrode surface• As only short-range interactions play an important role 
in the enhancement factor, this finding confirms that in the ,/-irradiated DNA some 
adenine residues from destabilized base pairs become free for direct adsorption at 
the surface• Even at a ,/-radiation dose as low as 10 Gy or 1 krad a destabilization of 
the double helical conformation of the irradiated DNA (300 gg DNA/ml) can be 
detected which confirms spectroscopically previous voltammetric findings 152,153) 

4.3.2 Chemical Methylation 

In this context it is mentioned that a similar SERS approach has also revealed the 
mechanism of alkylating substances causing mutagenic chemical damages in native 
DNA 41). Methylation occurs preferentially, though not exclusively, at the N(7) 
position of guanine labilizing the affected G-C nucleic base pairs t58-160) Several 
studies have shown that methylated DNA is unstable 161,162) The breakdown is 
due to the formation of apurinic sites followed by strand scission at these weakened 
points ~ss- 162) 

Figure 17 shows the SE~S spectra of native and methylated DNA. In the SERS 
spectrum of the native DNA (cf. Fig• 17a) the Raman bands at 736 cm -1 and 
1332 cm -~ corresponding to adenine residues are more intense than the bands in 
the SERS spectrum shown in Fig. 12. As has already been mentioned, the Raman 
intensity of the adenine vibration can vary somewhat depending on the electro- 
chemical pretreatment of the silver electrode and the available quality of the DNA 
samples. Before discussing the specific changes in DNA SERS spectra, due to the 
methylation, it is necessary to know the SERS data of the methylated guanine bases. 
The observed frequencies and relative intensities of the SERS bands of guanine 
and its derivates are given in Table 4. The methylation of guanine leads to a specific 
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change in the SERS spectrum. The strong enhanced ring modes at 1386 cm -1 and 
1467 cm-~,  characteristic for guanine, disappear in the 7-methylguanine (7-MeGua), 
the guanine ring-breathing mode at 653 cm-1 decreases and new enhanced bands 
appear at 703 cm -1 and 1354 cm -~. The band at 703 cm -~ which is not seen in the 
spectrum of  guanine can be assigned to the N(7)C(5) stretching vibration or the 
N(7)C(5)C(6) band vibration. Apparently by introducing a methylgroup at the N(7)- 
nitrogen this band becomes Raman active. 

At the adsorption potential of  --0.2 V vs. Ag/AgC1 which corresponds to a highly 
positively charged surface, the SERS spectrum of  adsorbed D N A  is characterized 
by a strong band at 236 cm -1 (cf. Fig. 17a). This specific low frequency vibration, 

E 
u 

N 
¢o  

E E  - - "7 ) 

u , U r .  ` , 

l 

" E ~  "7 

N'E E 

; ' 6 ' 0 550 9 0 1350 175( 
Raman shift (cm "1) 

Fig.  17 a-e. SERS spectra of native CT- 
DNA a), methylated CT-DNA (8 %- 
MeGua) before b) and after heating at 
70 °C e) adsorbed on Ag electrode. Con- 
centration of DNA 200 ktg mL-1, 
0.15 M NaC1, 2×10 -3 M Tris, pH 8, 
adsorption potential Es --0.2 V vs. 
Ag/AgC1 reference electrode (Ref. ~1)) 
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already mentioned in 4.2, has been attributed to the electrostatic interaction of 
negatively charged phosphate groups with the surface. It is seen that after reaction 
of  atkylating agents with DNA the 236 cm -1 band decreases (cf. Fig. 17b). This 
intensity change can be interpreted as a decrease of the adsorption of modified DNA 
through the phosphate groups. 

The effects of chemical methylation lead to further specific variations in the spectral 
range of 600 to 800 cm -1 and 1300 to 1500 cm -1. 

The SERS spectrum of methylated DNA shows new Raman bands at 656 cm-1, 
700 cm-1 and 1360 cm-1 which correspond to characteristic vibrations of 7-MeGua 
residues in adsorbed methylated DNA (cf. Table 4). Furthermore, the decrease of 
the band at 1200 cm-1 and the 1300 cm- 1 shoulder of the band centered at 1332 cm- 1 
in the SERS spectrum of native DNA upon methylation can be related to a confor- 
mational change of DNA at the location of modified nucleic base pairs 7-MeGua- 
cytosine. Thus, at a rather positively charged surface, the SERS spectra reveal sub- 
stantial changes in the adsorption behaviour of methylated DNA. 

The cleavage of 7-MeGua, accompanied by strand breaks, can be obtained by 
heating the DNA solution. Fig. 17c shows the SERS spectrum of methylated DNA 
after heating at 70 °C. Comparing this SERS spectrum with the 7-MeGua vibrations 
(cf. Table 4) it appears that most Raman bands of the heated methylated DNA can 
be assigned to vibrations of the released 7-MeGua. 

Considering a competitive adsorption at the surface, it must be assumed that the 
strong hydrophobic character of the 7-MeGua prevails over more hydrophilic pro- 
perties of the oligonucleotide units from the degraded DNA. 

4.3.3 Temperature Effects on Native DNA 

Thermal denaturation of calf-thymus DNA has also been studied by SERS-spectro- 
scopy 19,39). The examinations of the SER scattering of thermally denatured DNA 
indicates that the nucleic bases bands are sensitive to the termal transition from the 
helical double stranded structure to the disordered single stranded structure. In this 
thermally destabilized DNA the strands are open and the corresponding bases can 
easily re-orientate therfore becoming available for direct interaction with the surface. 
Generally at every adsorption potential there is a sensitive increase of the intensity 
of the Raman bands of the nucleic bases in the SERS spectra. In summary, one may 
say that SERS is useful to determine the structural changes of DNA under the action 
of physical or chemical disturbances. 

4.3.4 Pt-coordination Compounds 

Rosenberg's discovery 163) of the surprising antitumoral properties of certain platinum 
compounds has led to a number of investigations of the interaction of a series of these 
compounds with DNA 164-168). The results suggest that specific strand cross-links 
of the DNA through covalent bands of Pt compounds to the nucleic bases could 
be responsible for the antitumorat activity. 

SERS-spectroscopy has been used to clarify the specific binding modes of the power- 
ful anti-tumor agent cis-Pt(NH3)2C12 and an inactive Pt-complex [Pt-(dien)C1]C1 32) 
The presence or absence of specific SERS bands of platinum compounds yields in- 
formation concerning the stereochemistry of Pt binding to DNA. This is a further 

30 



Surface Enhanced Raman Scattering of Biomolecules 

U_ 

,~" ~ (  i cl- 

[Pt (dien)C|]Cl 

P~ 
/ \ 

H3N CI 
cis - r Pt [ NH~ )2 CI2] 

DNA Ag/H20/KCI j 

DNA-cis-P~ ( NH3)2 C l 2 r  b = 0 . 0 5  

DNA-[Pt (den) C ] Ct ~J 
I r-005 7(PI-N) 

1590 1350 t110 870 630 390 270 
1470 1230 990 750 510 

b Roman shift (cm q) 

Fig. 18a and b. Interaction of DNA with Pt-complexes 
a) Schematic diagram of inner and outer complexes of Pt-coordination compounds with CT DNA. 
b) SERS spectra of native CT DNA by [Pt-(dien)C1]C1 and cic-Pt(NH3)2C12. DNA concentration 

200 ~tg × mL -1, 0.15 M KC1, I0 3 M cacodylate pH 6.8, inserted r b values represent the number 
of platinum atoms bound per nucleotide. Laser excitation line 514 nm, laser power 200 mW, 
3 successive rapid (50 mV × sec -I) cyclic voltammetric scans from starting potentials E s -0 .2  V 
to +0.2 V versus a Ag/AgC1 reference electrode 

uti l ization o f  the to short-range forces restricted SERS (cf. Fig. 18a). Fig. 18b com- 
pares the SERS spectra of  native D N A  (top) and D N A  complexed with 
cis-Pt(NH3)2C12 (middle), [Pt-(dien)C1]C1 (bottom). The appearance in the SERS 
spectra of  a strong band at about  245 c m -  t a t t r ibuted to the surface adsorbed --PO~-- 
group vibrat ion is a clear indication o f  the adsorpt ion.  In the P t - D N A  complexat ion 
the characterist ic Pt-N stretching band at 514 cm-1 is missing in the SERS spectrum 
of  the cis-Pt(NH3)2C12 interacting with D N A .  The absence of  SERS signals, if  inter- 
actions occur outside the short range where the SERS is restricted, suggests that  this 
ant i tumoral  Pt-complex is coordinated in the interior o f  the double helical structure, 
p robab ly  between adjacent  guanines ~68). On the other  hand, the characteristic 
symmetric Pt-N stretching vibrat ion at 514 cm -x observed in the case of  the inactive 
[Pt-(dien)C1] interaction with D N A  indicates a preferential binding outside the double 
helical structure. 

The studies of  the inner and outer  complexes of  Pt -compounds  with D N A  clearly 
demonstra te  the abil i ty o f  SERS to differentiate binding modes  substances to D N A .  

4.4 M i c r o - S E R S  of  Chromosomes  

In addi t ion to D N A  and R N A  large amounts  of  associated proteins known as histones, 
as well as other proteins,  are present in the chromosomes.  The relatively low cross- 
section for Raman  scattering of  chromosomes is the reason for the lack of  normal  
Raman  investigations. Recently, the first Raman  spectra of  intact chromosomes 
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(Chinese hamster lung cells) have been obtained by means of Micro-Raman spec- 
troscopy 169). The Micro-Raman spectra of these chromosomes exhibited significant 
Raman bands which could be assigned to the DNA or to the protein contents of the 
chromosomes. 

All Raman bands measured in DNA fibres or crystals appear in this chromosome 
Micro-Raman spectrum. In addition, typical vibrations of the protein component 
were observed (phenylalanine, tyrosine, S--S group and the amide I mode). Recently, 
Micro-SERS has been applied for the first time to investigate the chromosomes ad- 
sorbed at the silver electrode 36). This Micro-SERS spectrum of Chinese hamster 
metaphase chromosomes shows a number of  intense bands. The enhancement factor 
obtained was estimated to be about 100 for the 790 cm -~ DNA backbone vibration. 
The most intense bands in this SERS spectrum are located at 730 cm-  1 and 1330 cm-  1 
and can be attributed to the adsorbed adenine base vibration of the DNA. The 
characteristic protein vibrations in the normal Raman spectrum are missing in the 
SERS spectrum. 

The peptide backbone vibration (amide I) and the ring-breathing mode of phenyl- 
alanine at 1004 cm-1 are not enhanced in this chromosome. An interpretation of this 
missing enhancement is that only the DNA has a strong interaction with the surface. 
The protein contents do not interact directly with the surface. These Micro-SERS 
investigations have shown that SERS can clarity structural changes of chromosomes 
in the adsorbed state. 

4.5 Other Substances of Biochemical Significance 

a) Anabolic Drugs 
Natural and synthetic hormones are used worldwide to improve meat production 17o). 
There are, however, possible hazards for the consumer. Therefore, in most European 
countries the use of hormonal anabotics is restricted or even prohibited by law. 
Among the banned synthetic anabolics diethylstilbestrol (DES) takes the most im- 
portant place at the moment. Analytical control is carried out in various ways. Frisch- 
korn and Smyth 171,172) have described an HPLC method with electrochemical detec- 
tion for the determination of growth promoting hormones in meat. 

Obtaining normal solution Raman spectra of some anabolic agents is impossible, 
because of its very low solubility in water. However, vibrational spectra of these 
compounds have been obtained by means of SERS in the presence of colloidal silver 
particles al) The anabolic DES shows at 8 x 10-SM bulk concentration a very 
strong Raman scattering with enhanced bands at 1174, 1468 and 1606 cm -1. 

Fig. 19 shows the SERS spectrum of DES-3,4-oxide, a potential metabolite of 
DES. A comparison with the SERS spectrum of DES shows that one has characteristic 
changes in the SERS spectrum after DES-oxidation. The characteristic DES band 
at 1606 cm -1 is shifted to 1572 cm -1 in the DES-3,4-oxide spectrum. The strong 
SERS band at 1468 cm-1 in DES is decreased in the DES-3,4-oxide SERS spectrum 
and a new characteristic SERS band appears at 534 cm-1. 

b) p-Aminobenzoic acid 
p-Aminobenzoic acid (PABA) is important in the bacterial biosynthesis of  folic 
acid 19s). The SERS spectrum of PABA adsorbed on aqueous colloidal silver particles 
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Fig. 19. SERS spectrum of 
DES-3,4-oxide adsorbed on 
Ag colloids. Ag colloids with 
5 × 10 -2 M DES-3,4-oxide, laser 
excitation line 514 nm, laser 
power 200 mW 

was reported by Suh et al. 28). A SERS spectrum obtained with a silver colloid sample 
containing a very low PABA concentrat ion is shown in Fig. 20. The observed con- 
centrat ion and temperature  behaviour o f  the SERS spectrum suggests the existence 
of  PABA in two forms on the surface. The PABA molecule is adsorbed flatly in its 
anionic form, bound through the benzene ring. In  the spectral range of  100 cm -1 
to 300 c m -  1 a typical  interfacial band between the - - C O O -  group and the Ag  sur- 
face is missing. This is an addi t ional  indicat ion that  the flat adsorpt ion is prefered. 
The enhancement factor was estimated to be 4 × 106. 

2~5- 10 -6 M 

I I I | I I I I 

100 500 900 1300 1700 
•vCcm-b 

Fig. 20. SERS spectrum of a low concentration 
(2.5 x 10 -6 M) of p-Aminobenzoic acid ad- 
sorbed on silver sol particles. (Suh et al., 
Ref. 28)) 
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c) Citric acid 
The citric acid plays an important role in the citric acid cycle (TCA or Krebs cycle) 
to separate carbons from reducing equivalents, which are concentrated as reduced 
coenzymes 195~ 

Citrate adsorbed on colloidal silver is a model system for the explanation of SERS 
on metal colloids with the electromagnetic model 70,79,86, 88). The citrate ion is chemi- 
sorbed and coordinated to surface silver atoms in the deprotonated form. Adsorbed 
citrate exhibits intense SERS bands at 1400 (vs), 1026 (s), 953 (m), and 840 cm -I.  
Maximum measured enhancement of about 2 x 105 agree with electrodynamic calcula- 
tions. The strongly enhanced band at 1400 cm -1 is assigned to vs(COO-). The 
v~(COO-) vibration at 1580 cm -* in NSRS is absent in the SERS spectrum. The 
position of the carboxylate symmetric stretching band is characteristic of both bond- 
ing strength and geometry of coordination in the individual metal complex. The 
COO- groups may coordinate with the metal atoms on the surface in one of the fol- 
lowing ways: 

z:.O...Ag / .O . . .Ag  ~..O-.-Ag 

o o 
2" 

Ag 

(a) (b) (c) 

I 

-C%. 0 " Ag 

II 

In the case of structure I the carboxylate group (symmetry Czv) is known to become 
more asymmetric as the metal-oxygen bond becomes stronger, leading to a lower 
frequency shift of vs(COO-), which correlates with the distorted configuration 
(C~ symmetry: Ia) in the adsorbed state. The 15 cm -1 downward shift to t400 cm -1 
of the v~(COO-) mode exhibits monodenate coordination (I a-c). The bidentate 
chelate mode of binding configuration (II) gives higher v~(COO-) band frequencies 
than in configuration (I) and is therefore not considered to be an alternative assign- 
ment for any o f  the citrate carboxylate-silver surface coordination configurations 
in the sodiumcitrate-Ag sol 86) 

d) Hydrogen-Deuterium exchange in Y-AMP and guanine 
The mechanism of hydrogen exchange has shown that DNA is subject to local struc- 
tural fluctuations, which result in frequent opening and closing of the structure 173,174) 
A study of the isotopic exchange thus reveals interesting aspects of the kinetics of 
structural fluctuations of the DNA. In particular the study of deuterium exchange 
by means of NSRS-spectroscopy has shown that the Raman spectrum provides a 
method for the determination of the exchange rate constant in purine nucleotides 175, 
i76). The study of hydrogen-deuterium exchange by means of SERS-spectroscopy 
was first applied to biomolecules in Ref. 18). The SERS effect for Y-AMP on Ag- 
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Fig. 21a-e. SERS spectra in the C-H and C-D vibrational range. 
a) SERS spectrum of 5'-AMP in H20 after one cycle of electrochemical activation from E.: --0.1 V 

to 0.2 V and back; 
b) The background surface spectrum taken before the activation cycle, 2 × 10 -3 M 5' AMP in 0.1 M 

KC1 + 10 -s M NazHPO4, pH 5.2; 
e) SERS spectrum of 5'-AMP in D20 medium after one cycle of electrochemical activation from 

E s --0.1 V to 0.2 V and back. 2 x 10 -3 M 5'-AMP in 0.1 M KCI + 10 -3 M Na2HPO~, pD 5.1 

electrodes in the C- -H vibrational range is illustrated in Fig. 21 by comparing the 
NSRS spectrum in H20 solution (cf. Fig. 21 b) and SERS spectrum in the adsorbed 
state after electrochemical roughening (cf. Fig. 21 a). 

Before electrochemical activation of the silver electrode, one observes the broad 
and intense stretching mode of water (3450 cm-1). This O- -H  scattering masks the 
vibrations of the 5'-AMP molecule in the NSRS spectrum (cf. Fig. 21 b). After activa- 
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tion, the intensity of the 5'-AMP vibrations are many times greater than that of the 
water vibrations. The enhancement of water vibrations is generally very small and 
thus the SERS spectrum give very intense and well-resolved Raman lines of the 
adsorbed molecules in the spectral range of 2800-3400 cm - t  (cf. Fig. 21a). When 
D20 is the solvent for 5'-AMP the isotopic hydrogen exchange between protons of 
the 5'-AMP and the deuterons of the solvent takes place. The SERS bands of 5'- 
AMP in D20 solution are more or less sensitive to the kinetics of hydrogen-deuterium 
exchange. The spectral effect produced by this deuteration is shown in Fig. 21c. 
All O - - H  stretching vibrations of water molecules at the Ag surface are shifted from 
3505 cm - t  to 2553 cm -1. The SERS vibrations of DzO at 2553 cm -a are weak and 
the scattering does not obscure the scattering signals of  5'-AMP. This permits the 
observation of hydrogen-deuterium exchange in this spectral range (2000-2800 cm-~). 

The observation of the H - - D  exchange in the spectral range near the laser excita- 
tion frequency by means of SERS spectroscopy is illustrated in Fig. 22. This SERS 
spectrum of guanine dissolved in D20 shows a remarkable increase of intensity of  
new bands and a decrease of intensity of other bands. A detailed analysis of this 
isotopic exchange from C - - H  to C - - D  is given elsewhere 25). In the deuterated guanine 
SERS spectra are two characteristic vibrations at 1330 cm-1 (6ND2) and 1267 cm-  
(aND). 

Guanine 1 Ag Cot[oids 

m "7 

17's0 11'75 660 
Raman shift (cm "1) 

Fig. 22. SERS spectra of guanine adsorbed on Ag colloids in D20 at pD 4.1 (top) and in H20 at pH 4.5 
(bottom), Ag colloids with 1 x 10 .6 M guanine, laser excitation 514.5 nm, laser power I50 mW 

4.6 Amino Acids 

A typical protein chain is formed by the peptide repeating unit ( - - C O - - N H - -  
- -C ,  HR--)n where R is an aliphatic or aromatic substituent of  the amino acid and 
often referred to as the "amino acid side chain". Most of  the observed Raman bands 
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of  proteins come from these amino acid side chains, particularly the aromatic side 
chains 11,12,~ss,t56). For the interpretation of SER scattering of proteins it is first 
necessary to discuss the surface enhanced Raman spectra of aromatic amino acids. 
SERS spectra of aromatic amino acids adsorbed at silver electrodes were first pre- 
sented by Nabiev et al. 20). SERS spectra of phenylalanine (Phe), tryptophane (Trp), 
tyrosine (Tyr) and histidine (His) in a bulk concentration range of 0.5-1.0 mg/ml 
were obtained. This concentration is two orders of magnitude less than those required 
for obtaining the non-resonance Raman spectra of amino acids. 

Fig. 23 compares these SERS spectra of Phe, Trp, Tyr and His in an aqueous 
solution of 0.025 M KC1 and pH 7 at an electrode potential E~ --0.6 V. All amino 
acids investigated show strong enhanced Raman spectra in the spectral range from 
500 to 1700 cm -1. 

Recently the SERS spectra of on silver hydrosols adsorbed aromatic amino acids 
have also been studied 2~). The Raman spectra are enhanced from 100 to 200 times 
in the presence of silver colloids with primary sol particles 14 nm in size. The hydrosol- 
Phe interaction shows the strongest SERS spectrum. The frequency shifts between 
the NSRS- and SERS spectra are small (1-15 cm-1). The following SERS bands are 
characteristic for the aromatic amino acids: Phe, 1005, 1034 and 1049 cm-1;  Trp, 
762, 1340 and 1377 cm-  a ; Tyr, 831,988, 1169 and 1299 crn- 1 ; His, 670 and 1310 cm - 1. 

Phe  

i 
1 I I I t l 

500 900 1300 
Av(crn-q 

I 
1700 

Fig. 23. SERS spectra of aromatic amino 
acids adsorbed on Ag electrodes. Phe: phenyl- 
alanine, Trp: tryptophan, Tyr: Tyrosine, 
His: histidine (Nabiev et al., Ref. 2o~) 

4.7 Proteins 

There have been a number of recent investigations in the field of normal Raman 
spectroscopy with laser excitation of proteins in aqueous solutions u,12, J 55,156) 
Raman spectroscopy uncovers information of the peptide backbone, geometry of 
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disulfide bonds, and influences of the solution environment of side chains such as 
tyrosine (Tyr), tryptophane (Trp) and methionine. Moreover, Raman spectroscopy 
can detect the presence of the disulfide bond ( - -S - -S - - ) ,  the methionine residue, 
and the sulfhydryl group (--SH), tasks which are tedious by conventional chemical 
methods. 

A correlation between normal Raman spectra and conformational properties of 
proteins (peptide backbone arrangement such as "s-helix", "13-sheet structure", 
"[3-turn configuration", "y-turn configuration" and "random coil") is often applicable 
to Raman group frequencies of amides to ascertain the protein chain conformation. 
With this Raman technique one detects frequency shifts corresponding to the vibra- 
tional modes arising from various types of  chemical bonds. The amide I (1650 to 
1675 cm-1) reflects mainly C = O  stretching motions and is hardly affected by hydro- 
gen bonding; whereas amide I II (1230--1310 cm-1) originates from C - - N  stretching 
and N - - H  bending motions of  the peptide backbone. Other modes in the Raman 
spectrum arise from motions in the bonds of the amino acid side chains. 

How can SERS spectroscopy elucidate the protein structure? What is the basis 
for it? As was mentioned before, SERS signals of macromolecules are only detected 
from components being in direct contact with the surface. Thus, SERS signals from 
proteins give specific information about the direct interaction of the surface active 
protein sites with a charged surface. 

In order to see how these results of the short-range enhancement (cf. Chapt. 4.1) 
can be used to study the interfacial behaviour of the enzyme lysozyme, the SERS 
spectrum of this protein in the adsorbed state at a charged silver surface is shown in 
Fig. 24. The spectrum observed at --0.6 V vs. SCE exhibited very high signal-to- 
noise ratios for a solution concentration as low as 0.2 mg/ml. This concentration is 
about two hundred times smaller than in the NSRS spectroscopy 177.178) 

A number of characteristic SERS bands originate from the amino acid side chains: 
Trp, Tyr and Phe. The peptide backbone vibrations are not enhanced in this protein 
(low scattering intensity in the spectral range of 1650-1675 c m - l :  amide I). The 
presence of the strong SERS bands of Trp, Tyr and Phe and the absence of the amide 
vibrations indicate a preferential interaction of these amino acid side chains with 
the surface. The strong (S--S) vibration at 509 cm-~ in the NSRS spectrum is also 
missing in the SERS spectrum. This indicates that the disulfide bonds do not interact 
directly with the surface. 

Another demonstration of the utility of  SERS for studying somewhat larger 
proteins is shown in Fig. 25 where the SERS spectrum of bovine serum albumine 
(BSA) could be observed on silver electrodes at a concentration of 20 gg ml-~ 179~ 
The NSRS spectrum of BSA was first presented by Bellocq. et al. 18o) at a 1000 fold 
higher concentration of 20 mg m1-1 and a laser power of 100 roW. 

Bovine serum albumine is a large protein with a molecular weight of  64000, cross- 
linked by 16 disulfide bonds 18t) It has 26 phenylalanine, 17 histidine, 19 tyrosine 
and 2 tryptophane residues. The aromatic rings of these residues give rise to several 
characteristic ring frequencies in the NSRS spectrum 1so). The ring-breathing vibra- 
tion of the monosubstituted phenyl ring is seen at 1004 cm -1. Other phenyl lines 
occur at 623 and 1032 cm -1. Lines due to tyrosine appear at 820 and 852 cm -1. The 
lines of tryptophane are obscured in the BSA spectrum, because of the low proportion 
of tryptophan in the molecule. The t6 S--S bonds in the molecule give very weak 
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Fig. 24. SERS spectrum at the Ag electrode 0.1 M KC1, 280 gg ml - 1 lysozyme recorded using 514.5 nm 
excitation and 6 mW power (Kisters, Ref. 179)) 

BSA/Ag-etectrode 

Roman shift (cm -1) 
Fig. 25. SERS spectrum of bovine serum albumin (BSA) adsorbed on the Ag electrode. Conditions: 
20 ~tg m1-1 BSA, 0.15 M KC1, 2 mM Tris, exc., 514.5 nm, laser power t0 mW, Es --0.9 V (Kisters, 
Ref. 179)) 
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NSRS bands in the characteristic frequency range of  500 to 600 cm-  1 The amide I 
vibration is obscured by the water band at 1650 cm -1 and the amide III  vibration 
shows only a shoulder at 1280 cm -1 and a broad 1250 cm -1 band. 

In the SERS spectrum of BSA the strongest bands are located at 526, 846, 1000, 
1274, 1440 and 1650 cm-~. The presence of the SERS bands of Phe (1000 cm -1) and 
Tyr (846 cm-  1) indicates an interaction of these amino acid side chains with the surface. 

The frequency of the amide I vibration of the peptide group falls in the range 
1600-1700 cm -1 and this spectral range is not obscured by the water band, because 
of the low enhancement of the HOH bending mode in the SERS spectroscopy. Thus, 
the SERS band of BSA at 1650 cm -1 can be tentatively assigned to the amide I 
vibration of the adsorbed peptide bond. In the region of the amide III vibration, 
a broad SERS band appears at 1274 cm -1. The strong band at 1440 cm -1 is readily 
assigned to the deformation of the CH2 and CH3 groups. 

5 Surface Enhanced Resonance Raman Scattering (SERRS) 

In the above described SERS studies of  biological compounds, the laser excitation 
wavelength used is far from the electronic absorption band of the substance or moiety 
adsorbed at the metal surface. For example, in the case of  DNA, the maximum of 
its absorption band at 258 nm lies in the U.V. spectral region far from the predomi- 
nately used 514.5 nm laser excitation line. Under these conditions (see Chapt. 3), 
a very small percentage of the scattered photons exchange energy with the vibrational 
states of sample molecules to give Raman photons. This phenomenon, due to the 
low sensitivity of the NRS spectroscopy, can be overcome with coloured biological 
samples. Indeed, under the conditions of a coincidence or near-coincidence of the 
electronic absorption bands of the substances with the laser excitation wavelength, 
the increased probability of  photon-molecule energy exchange with vibrational states 
leads to intensity or resonance enhancement compared to the NRS spectroscopy 182). 
This resonance Raman enhancement of a factor 106 permits the Resonance Raman 
Scattering (RRS) spectroscopy to measure vibrational spectra of  biological chromo- 
phores at very low concentrations at the suitable excitation wavelength. However, 
the intrinsic fluorescence accompanying the photon absorption, expressed in a low 
signal-to-noise ratio of the Raman signal, considerably limits the application of this 
technique. Notwithstanding this practical point of view, the RRS spectroscopy was 
specifically developed to study the behaviour of the chromophores of biomolecules. 
Monitoring of different electronic states from metalloporphyrins during the biological 
activity of hemoproteins have for example helped to clarify their catalytic activities 
during the respiratory mechanism 157) Accurate structural pictures and functional 
insights for the biological chromophores make RRS spectroscopy one method of 
choice in molecular biophysics. Since the discovery that adsorption on roughened 
silver electrodes or silver colloids can increase Raman scattering, RRS spectroscopy 
has acquired new applications. The combination of both scattering enhancements 
which would reach an upper factor of about 1012 , has been considered by various 
research groups 91,183-185). In the biological area, the first applications of  the Surface 
Enhanced Resonance Raman Scattering (SERRS) spectroscopy, are provided by 
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Table 5. Resonance Raman spectroscopy of biological chromophores (SERRS studies are underlined) 

Chromophores with tetrapyroll skeletons 

Respiratory activity Other activity 

Other chromophores 

Respiratory activity Other activity 

hemoproteins bile pigments hemocyanin carotenoids 
(cytochromes, chlorophylls hemerythrin vidual pigments 
myoglobin,...) vitamine BI2 iron-sulphur proteins iron-sulfur proteins 

"blue" copper proteins transferritin 
flavoproteins flavoproteins 

Cotton et al. 14}. Already in their preliminary work, the authors explored the poten- 
tialities and goals of the SERRS technique for possible applications to bioanalytical 
problems. The first possibility is enhanced sensitivity for the RR scattering of scarce 
materials. A second possibility can be added specifically to redox-active chromo- 
phores in proteins. Indeed, this new spectroelectrochemical method permits the si- 
multaneous study of an electrochemical reaction in a biological system in conjunction 
with a specific measurement of subtile variations in the vibrational spectrum of the 
chromophores. Another striking feature of the SERRS spectroscopy is that fluores- 
cence of the adsorbate can be completely quenched by the metal surface which gene- 
rates a high-quality Raman spectrum 22~ Another common application of SERRS 
spectroscopy is the study of the adsorption behaviour and conformation of biomole- 
cules at the metal/electrolyte interface. 

Before reviewing the different biological applications of the SERRS spectroscopy, 
it is necessary to recall in Table 5 the by RR spectroscopy most investigated biological 
chromophores. A classification is proposed which would facilitate the organization 
of actual SERRS studies. The chromophores have first been divided into two main 
groups depending on whether they contain tetrapyrole skeletons or not. Among them, 
the porphyrin skeleton is encountered mostly in hemoproteins and chlorophyll 
pigments chelated with iron or magnesium respectively 195~. In order to discriminate 
their functional activities in free forms or linked to proteins, a second subdivision 
is made between chromophores which participate directly or indirectly in the respi- 
ratory mechanism. The actual studies with SERRS generally concern chromophores 
of which the structures are well characterized and RR spectra have been analyzed 
as a function of their complexation states, eventual central metal oxydation and spin 
states, adducts, biologically active sites and laser excitation wavelenghts 157,182~. 
In the first part of this chapter, the SERRS results with porphyrinic chromophores 
and their analogues will be reviewed gradually from their free forms to their complexa- 
tion states embedded in protein structures. In the second part, results obtained with 
flavin and retinal chromophore will also be briefly described. 

5.1 Porphyrin Chromophores 

5.1.1 Water-Soluble Porphyrins 

Porphyrins absorb strongly in the visible spectral regions and are therefore ideal 
candidates for study using resonance Raman methods. 
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Fig. 26. Structure of meso-tetrakis(4- 
sulfonatophenyl)porphin (TSPP) in its 
diacid form (Itabashi et al., Ref. 187)) 

Water soluble porphyrins, meso-tetrakis(4-carbonylphenyl) porphyrin [TCPP] and 
tetrasodium-mesotetrakis(4-sulfonato-phenyl) porphyrin [TSPP], Fig. 26, have been 
investigated by the SERRS technique. From SERRS spectra, at concentrations of 
10 -6 M, it can be shown that depending on pH and substituents, sulfonate or car- 
boxylate groups in TSPP and TCPP, respectively, the adsorption of the tetraphenyl 
porphyrin strongly differs. In the case of TSPP, the SERRS signal of the neutral 
form 186) reaches a maximum at 0 V vs. SCE while the maximum intensity of the acid 
form 187) is observed near --0.2 V. The strong potential dependence of the SERRS 
spectrum of the acid form of TSPP is explained by the authors by different electro- 
chemical processes at the silver electrode which can be interpreted in terms of disso- 
ciation of aggregated TSPP to monomers around --0.3 V and of partial Ag incor- 
poration in TSPP near --0.4 V, Fig. 27. This last process was first proven with the 
neutral forms 1 6) of TSPP and TCPP during the anodization step of the electrode. 
Indeed, the presence of metal-sensitive bands in SERRS spectra, also found in RR 
spectra of silver tetraphenylporphyrine in solution, support a metallation during 
the activation procedure of the electrode. These metal sensitive Raman bands de- 
crease as the potential of  the electrode becomes more negative. It suggests some de- 
metallation of the incorporated Ag atom under reducing conditions. However, the 
disappearance of the Raman bands is also due to the adsorption or reorientation of 
the adsorbates. Thus, variations in adsorption behaviour at the silver surface as a 
function of potential for neutral TSPP and TCPP, have been related to the complexing 
and specific adsorption capacities of the substituant groups sulfonate GSPP) or 
carboxylate (TCPP) with Ag + ions and the Ag metal electrode. The rapid desorption 
of TSPP at negative potentials --0.5 V vs. SCE is explained by a coulombic repulsion 
between the sulfonate groups and a negatively charged electrode. On the other hand, 
in the case of TCPP, the neutralization of the carboxylate groups by a rather strong 
complexation with Ag + during the activation procedure would limit the electrostatic 
factors in the adsorption behaviour. 

5.1.2 Bile Pigments 

The bile pigments are derived from degradation of porphyrins in liver cells of ani- 
mals. They are also of physiological importance in plants since they are related to 
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the chromophoric groups of phytochromes, phycocyanin and phycoerythrin 195)  

They essentially consist of four pyrrol molecules but they do not form a closed ring 
like the porphirin ring. The difficulty to get RR spectra of these fluorescent products 
incited Lippitsch 22~ to apply the SERRS-colloid spectroscopy to discriminate fluores- o_____S 
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Fig. 27. SERS spectra of TSPP adsorbed 
on the Ag electrode at different 
electrode potentials in 0.05 M H2SO4. 
Excitation wavelength: 488.0 nm 
(20 roW). (A) 0 V; (B) --0.1 V, (C) 
--0.2 V; (D) --0.3 V; (E) --0.4 V; 
(F) --0.5 V (versus Ag/AgCI electrode). 
(Itabashi et al., Ref. 187)) 
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Fig. 28a and b. Raman- and SERS spectra of aetiobiliverdine. 
a) Conventional Raman spectrum of a solution of aetiobiliverdine (10 -4 M) in ethanol (+ solvent 

band). 
b) Raman spectrum of aetiobiliverdine (2 x 10 -7 M)  adsorbed to a silver sol. Solvent background 

subtracted. (Lippitch, Ref. z2~) 

cence with respect to Raman scattering by surface enhancement of the latter. The 
author has thus obtained well resolved vibrational spectra at a concentration of 
2x 10 -7 M for aetiobiliverdine-IV-y, (see Fig. 28) and dimethylpyrromethone, a 
partial structure of the former product. Considering more recent works 24'1°6), 
these results are the first demonstration of a quenching effect of fluorescence from 
adsorbates at a silver colloid surface. 

5.1.3 Metalloporphyrins 

Metalloporphyrins consist of porphyrin ring structures complexed to a central atom. 
Among them, heroin structures with central iron atoms at different oxidation states 
and chlorophyll pigments containing magnesium are most abundant ~95~. The interest 
in their spectroelectrochemical studies is multiple. Thus, their adsorption and electro- 
chemical behaviour at the electrode surface can be used not only to model their 
functions in a biological matrix but also to improve the practical application of por- 
phyrin coated electrodes as catalysts or sensitizers in photoelectrochemical cells 186) 

5.1.3.1 Hemin 

SERRS spectra of adsorbed Fe(III) protoporphyrin IX chloride (FePPC1) in aqueous 
base media (pH 10.5)188,190) and its dimethylester form in acetonitrile 188) were 
recently published. Using a rather low excitation wavelength at 406.7 nm, near the 
strong electronic absorption B (or Soret) of metalloporphyrin, Sanchez and Spiro 188) 
were able to monitor the oxidation state of the Fe ions as a function of the silver 
electrode potential, see Fig. 29. From metal sensitive Raman bands, attributed to 
Fe(llI) and Fe(II) complexes, the authors found good agreement between the voltam- 
metric and the RR results. The mid-point of the transition for aqueous hemin, --0.65 V 
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vs. SCE, measured by the ratio of the SERRS band intensities at 1370 cm -x Fe(III) 
and 1360 cm -1 Fe(II) agrees with the average of the anodic and cathodic potentials 
( - -0 .72V and --0.58 V), see Fig. 30, 31. Furthermore, the irreversible character 
of the cyclic voltammetric redox process at a silver electrode, characterized by a 
potential peak separation larger than 0.06 V can also be illustrated by the non-Nern- 
stian behaviour of the ratio of the RR band intensities. This behaviour may reflect 
differential rates of adsorption and desorption of the oxidized and reduced species. 

SERS ~_ 2~o=406.7n m 

e 

i I i 

1050 1250 
I i I 

1.450 1650 
A (crn "11 

Fig. 29. 406.7 nm-excited Raman 
spectra of hemin chloride (15 mM) in 
aqueous base (bottom spectrum, a), 
and of a roughened silver electrode 
surface in contact with hemin chloride 
(0.15 mM) in aqueous base and held 
at the indicated potentials versus SCE 
(b-e). Experimental conditions laser 
power, 30 mW, spectral slitwidth 
5 cm -1, accumulation time 1 s, scan 
rate 1 cm-1/s (Sanchez and Spiro, 
Ref. 18s)) 

I 10bi, A -0.73 

0 -1.0 

-0.57 
Fig. 30. Cyclic voltammogram for a roughened silver electrode in aqueous (pH 10.5) hemin chloride 
(0.5 mM) containing 0.1 M KCI as supporting electrolyte. Scan rate 100 mV/s (Sanchez and Spiro, 
Ref. 188~) 
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Fig. 31. Fraction of the hemin adsorbed 
from aqueous base remaining as Fe(III) 
heroin versus the electrode potential, as 
estimated from the intensities of the ~,% 
SERR bands at 1370 cm 1 Fe(III) and 
1360 cm -~ Fe(II). The dotted curve is the 
expected equilibrium (Nernstian) behavior 
for a redox couple with a formal potential 
of--0.65 V versus SCE (Sanchez and Spiro, 
Ref. 188)) 

The RR enhancement mechanism is comparable in the solution and at the electrode 
surface. Therefore, the authors conclude that the silver surface does not markedly 
disturb the electronic state distribution in the adsorbed heme but only acts as an 
amplifier of the RR factors. Such observations and confirmations of an interfacial 
quenching of fluorescence have also been made by McMahon and Melendres 190) 
in the SERRS study of the properties of FePPC1 as oxygen reduction catalyst. How- 
ever, it was shown, that in the presence of oxygen no SERRS band assigned to a 
reduced heme Fe(II) can be detected at --0.6 V vs. SCE though rapid cyclic voltammo- 
grams give evidence of the reduction process. The authors 19o) thus proposed the 
following mechanism at --0.60 V to account for the electrochemical and Raman 
observations in the presence of oxygen: 

Fe(III)PPOH + e-  -~ Fe(II)PPOH 
high-spin Fe 

Fe(II)PPOH + 02 -~ O2Fe(III)PPOH- 
low-spin Fe 

This mechanism requires the rapid oxidative regeneration of Fe(III) by oxygen 
so that the Fe(II) intermediate is never observed in the SERRS spectrum. Shifts to 
higher frequency observed for the structure-sensitive bands of FePPC1 adsorbed 
at --0.6 V have been attributed to a change from high-spin-5-coordinated Fe(III) 
to low-spin-6-coordinated Fe(ItI). The sixth ligand which is consistent with this 
mechanism is the reduced oxygen O2. This mechanism would thus participate in the 
observed modest catalysis of the O2 reduction reaction in the presence of porphyrin. 

5.1.3.2 Chlorophyll Pigments 

Chlorophylls are key pigments participating in the absorption of light in photo- 
synthesis. They consist of a magnesium porphyrin derivative in which one pyrrol 
ring is partially reduced. An isocyclic ring is also present 195). Although no SERRS 
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spectrum of the chlorophyll pigment alone has been published until now, it has al- 
ready been shown by Cotton and Van Duyne 24) that a selective choice of excitation 
wavelengths can discriminate the RR spectra of the chlorophyll pigments from 
Rhodopseudomonas spheroides reaction centers. Indeed this reaction center complex 
contains, besides protein, different pigments (bacteriochlorophylls, bacteriophephy- 
tins, quinone) which are all susceptible to RR effects. Thus, the strong adsorption 
of bacteriochlorophyU (BChl) at --0.7 V vs. SCE, the 457.9 nm excitation laser line 

-0.7 V ( ~  
o 
~o O 

~ ~ ~ mcom 
N-Ng 

ov  

bi 
O 

i ~ BChl/Pyr 1:1 

Lt~ CO ('q O~ 
¢v 9 ~ ~ CD 

I . . . I , . ,  I , _ .  . I ,  , , l . . .  
1800 

Fig. 32 a~l. Resonance Raman spectra of Rps. 
sphaeroides reaction centers as a function of 
potential of the silver electrode: a) --0.7 V vs 
SCE; b) 0.0 V vs SCE; e) Blank (buffer, 
electrolyte, and LDAO); tl) BChl (10 -2 M) 
dissolved in CH2C12 with sufficient pyridine 
to form BChl pyridine; laser excitation 
wavelength 457.9 nm; laser power 20 mW; 
monochromator bandpass 5 cm -x (Cotton 
and Van Duyne, Ref. 24)) 

1600 1400 1200 1000 800 
Av (cm -1) 

and the quenching of the fluorescence by the electrode surface are independent fac- 
tors which favour not only an enhancement of the RR effects, but also the specificity 
of the observed vibrations, see Fig. 32. Bacteriophephytin (BPh) pigment which 
corresponds only to the chlorophyll porphyrinic structure without the magnesium 
atom can be in the same way specifically characterized from the reaction center 
complex by using a different excitation wavelength of 530.9 nm after adsorption at 
a more positive potential 0 V, see Fig. 33. These results obtained by a combination 
of specific excitation wavelengths with the potential dependence of the SERRS 
signals, have demonstrated the feasibility of utilizing SERRS spectroscopy to study 
individual chromophores in complex biological structures. 
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Fig. 33a~L Resonance Raman spectra of 
Rps. sphaeroides reaction centers as a func- 
tion of potential of the silver electrode: 
a) 0.0 V vs SCE; b) --0.2 V vs SCE; c) 

0.4 V vs SCE; d) BPh (10 2 M) in CH Cle ; 
laser excitation wavelength 530.9 nm; other 
scan parameters were identical to those in 
Fig. 31 (Cotton and Van Duyne, Ref. 24)) 

5.1.4 Hemoproteins 

Hemoproteins bound to the protein surface consist of iron-containing porphyrinic 
chromophores. By varying the oxidation state of the iron atom, these proteins parti- 
cipate in various biological reactions involving oxygen 157) 

5.1.4.1 Myoglobin 

Myoglobin (Mb) is a hemoprotein capable of reversible fixation of Oz in muscles 
of vertebrates and invertebrates. Cotton et al. 14) have thus compared the oxidation 
and spin-state markers of RR bands in solution and at a Ag electrode. From SERRS 
spectra of adsorbed Mb at two adsorption potentials, Es --0.6 V and --0.2 V vs. SCE, 
they conclude that the reduction of Fe(III) to Fe(II) occurs at --0.6 V followed by 
its reoxidation at --0.2 V. In the same paper they also report the first SERRS spectra 
of cytochrome c. 

5.1,4.2 Cytochrome 

Various members of the cytochrome family participate in the electron transfer to 
the oxygen in the respiratory chain by means of the alternative oxidation and reduction 
of the central ions from the hemin structure 195) 
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a) Cytochrome c 
As in the case of Mb, Cotton et al. 14) have reported SERRS spectra of highly dilute 
solutions (10 -6 M) of cytochrome c (Cytc) at two different potentials (Es --0.2 V 
and --0.6 V vs. SCE) using the 514.5 nm excitation wavelength. Findings similar 
to SERRS investigations of Mb can be outlined. The position of the spin-oxidation 
state marker bands of Cytc on the silver electrode surface indicates that the heme Fe 
is in its low spin reduced state at --0.6 V. The Fe(III) bulk Cytc solution RR spectrum 
is only observed by stepping the electrode potential to a more positive value of- -0 .2  V 
vs. SCE, see Table 6. 

Table 6. Comparison of oxidation and spin-rate marker bands of Cyt c in solution and at a Ag 
electrode ". (Ref. 14)) 

FerriCyt c b Cyt c at Ag electrode, FerroCyt c c Cyt c at Ag electrode 
(tow spiu) --0.2V (low spin) --0.6V 

1636 1638 1622 1625 
1582 1588 1584 1589 
1502 1502 1493 1498 
1376 1377 1362 1365 

Frequencies are in cm-1; u, c from Ref. 14) and Refs. cited therein. 

As discussed before in the case of nucleic acids the authors have also considered 
the incidence of the interfacial conformation of the hemoproteins on the appearance 
of the SERRS signals from the chromophores. Although under their Raman conditions 
no protein vibration can be observed, the possibility of heme loss or protein denatura- 
tion are envisaged to explain a direct interaction of the heme chromophores with the 
electrode surface in the case of the adsorbed Mb. extensive denaturation of Cytc 
at the electrode appears unlikely to the authors on the basis of the close correspond- 
ence of the surface and solution spectra. Furthermore, the sluggish electron transfer 
kinetics measured by cyclic voltammetry in the case of Cytc is also an argument in 
favour of some structural hindrance for the accessibility to the heme chromophore 
in the adsorbed state of Cytc. This electrochemical aspect of the behaviour of Cytc 
has very recently incited Cotton et al. 29~ and Tanigushi et al. 34,189) to modify the 
silver and gold electrode surface in order to accelerate the electron transfer. The 
authors show that in the presence of 4,4-bipyridine 29), bis (4-pyridyl)disulfide and 
purine 34) an enhancement of the quasi-reversible redox process is possible. The 
SERRS spectroscopy has also permitted the characterization of the surface of the 
modified silver electrode. It has been thus shown, that in presence of both pyridine 
derivates the direct adsorption of the heme chromophore is not detected 29,34.) while 
in presence of purine a coadsorption of Cytc and purine occurs 34) 

In the case of the Ag-bipyridyl modified electrode z9) the cycticvoltammetric and 
SERRS data indicate that the bipyridyl forms an Ag(I) complex on Ag electrodes 
with the appropriate redox potential to mediate electron transfer between the elec- 
trode and cytochrome c. 
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Fig. 34a and b, RR spectra of Pseudomonas 
aeruginosa cytochrome cd 1 complex, 5t4.5 nm 
excitation, a) SERRS spectrum, 3 x 10 -6 M 
in 0.1 M Na2SO4, adsorbed on Ag at --0.6 V 
vs SCE. Laser power 20roW; monochro- 
mator slit width 2 cm -1. b) Solution RR 
spectrum of reduced complex; 5.5 x 10- 4 M ; 
laser 20 mW; monoehromator slit width 
2 cm -1 (Cotton et al., Ref. 21)) 

b) Cytochrome cdi 
In the case of  cytochrome cdl (Cyt Cdl) found in many facultative, anaerobic de- 
nitrifying bacteria, the SERRS spectroscopy 21) has been used to obtain preliminary 
heme structure/environment comparisons between cyt cdl from two bacteria sources, 
Pseudomonas and Paracoccus. The difficulty encountered in preparing sufficient 
quantities of  cyt cdl, can be thus solved by the low product consuming SERRS 
method. By exciting selectively with the 514.5 nm and 460 nm lines of  an Ar + laser, 
it is possible to produce successively an enhancement of  R R  scattering of  reduced 
heme c, see Fig. 34, and heme dl, see Fig. 35, in the protein complexes (3 x 10 -6 M) 
adsorbed on Ag at --0.6 V vs. SCE. A comparison between the SERRS spectra ofcdl  
proteins from the bacteria suggests differences in the heme chromophore and peri- 
pheral substituents. 

5.2 Flavin Chromophores 

Flavin molecule by its redox properties plays an important role in energy providing 
reactions. Flavin occurs as riboflavin or as a nucleotide in flavin mononucleotide 
(FMN) and combined to adenine nucleotide in flavin adenine dinucleotide (FAD) 195). 
Very recently it was shown by Spiro et al. 106~ that free fluorescence SERRS spectra 
from flavoproteins adsorbed at silver colloids (average size of  7.5 nm) can be obtained 
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Fig. 35a and b. RR spectra of Pseudomonas 
aeruginosa cytochrome cdx complex, 
457.9 nm excitation, a) SERRS spectrum, 
3× 10 -6 M in 0.1 M NazSO4, adsorbed 
on Ag at --0,6 V vs SCE. Instrumental 
parameters the same as Fig. 31 a. b) Same 
as in Fig. 31 b (Cotton and Van Duyne, 
Ref. 24)) 

at concentrations of 10 -6 M. In the case of  the glucose oxidase, whose intrinsic 
fluorescence masks the normal RR spectra, it is possible to achieve a high quality 
flavin SERRS spectrum, see Fig. 36. A number of approximately 20 binding sites 
per particle was evaluated by varying the enzyme concentration in solution. Indeed, 
considering the fluorescence quenching effect by the silver surface, the saturation of 
the silver surface by the enzyme molecules can be easily monitored by a rapid increase 
of the background fluorescence, due to the unadsorbed enzymes. Furthermore, the 
authors have demonstrated by testing the enzyme activity, that the adsorption and 
laser excitation hardly alter the essential chemical activites of the chromophore. 

5.3 Retinal Chromophore 

Very recently first SERRS results about bacteriorhodopsin have been communicated 
by Nabiev et al. 191) Bacteriorhodopsin is a membrane protein found in bacteria 
which functions as a light driven proton pump. Using the short-range mechanism 
of SERS (Chapt. 4.1) the active site (retinal chromophore) position of the protein 
in the membrane has been estimated with high accuracy 19~). It is interesting to note, 
that adsorption of bacteriorhodopsin on silver colloids seems to fix light-induced 
cyclic transformations in the protein active sites. 
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Fig. 36. SERRS spectra of glucose oxidase 
in Ag sols (0.33 mM Ag) containing the 
indicated protein concentrations (half 
the flavin concentrations). Conditions: 
laser power 20 mW, spectral slit width 
5 cm -1, accumulation time 3 s/cm 1 
The data were collected digitally and are 
unsmoothed. The silver colloids were 
prepared by the procedure of Creighton 
et ~al. 69) and the proteins were added 
subsequently (Copeland et al., Ref. 1o6)) 

6 The Future 

The examples of SERS and SERRS measurements in the biochemical field reviewed 
in this article were selected to illustrate the sensitivity, molecular specificity of ad- 
sorption process, accuracy, ease of sample preparation, and significant manifold 
applications of Raman analysis by SERS and SERRS for biomolecules in the adsorbed 
state. 

One main advantage for biochemistry is, that Raman spectra are obtainable from 
highly dilute solutions of biomolecules, indicating that SERS and SERRS have great 
potential for detecting Raman scattering from extremely small concentrations of 
biological materials. Furthermore, the sensitivity of the SERS and SERRS spectra 
of biomolecules to its environment enables a detailed investigation of the state of the 
biomolecule at the surface. 

Another advantage of the SERS spectroscopy is to obtain vibrational spectroscopic 
informations in electrolyte solution under conditions close to the real biological 
situation. The continuous development of laser sources with new excitation wave- 
length lines renders it possible to expand the study of adsorbed biomolecules on dif- 
ferent metal surfaces which can also be chemically or electrically modified to adjust 
specific adsorption properties. Such a crucial event in medical applications as the 
behaviour of  implants in contact with blood can be thus envisaged by the study of 
the adsorption of blood proteins and its physiological consequences. The possibility 
to monitor the interfacial electric field of the electrode surface can also be used to 
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unders tand and hence mimic the catalytic propert ies  of  energetic relevant enzymes. 
The accessibility to SERS enhancement factors also offers a new approach either 
to probe a stericat configurat ion o f  Raman  active products  in complexat ion with 
nucleic acids and proteins,  or  to detect their t ranspor t  through organized biochemical  
structures. Membrane  systems adsorbed on the electrode and included metallic 
colloids in phosphol ipid  vesicles would thus offer a new method for the direct study 
of  membrane  transport .  In  more complex biological systems the up to now microscopic 
marking  with metallic colloids would offer biochemical  information on the immediate-  
ly surrounding biological  medium. 
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Sampling and Sample Preparation of Environmental Material 

1 Introduction 

The area of environmental monitoring is a very broad and rapidly growing 
field, and no attempt will be made to cover the expanse of the technology in any 
detail in a single chapter. This chapter will not cover the analytical technology used to 
quantify specific substances but it will concentrate on summarizing the major 
concepts and techniques for collecting environmental samples and preparing them 
for analysis. Although this approach may appear to divide the problem, it i s  
extremely important for a successful program to'have ~ood communication between 
the toxicologist who must assess the toxicity of substances, the field researcher 
taking the samples and the analytical chemist who must determine the concen- 
tration of the substance in the samples and the environment. The factors which 
affect the collection and determination of trace quantities can be quite complex, 
and each specialist involved in method development, sampling or analytical 
measurements must have a basic understanding of the total effort. 

The value of any environmental survey is dependent on the quality of its sampling 
program. Analytical methods can be highly sensitive but the results of an analysis 
are only as good as the sampling and sample preservation methods used. Sampling 
is done for a specific purpose and the protocol followed should minimize changes in 
the sample and contamination which would interfere with the analytical procedures 
to be used. 

Monitoring can be broken down into at least four types depending on the 
puspose of the study. Reconnaissance monitoring attempts to observe changes 
with time by periodic sampling; surveillance monitoring involves periodic sampling 
to ensure compliance with regulation; spot checking attempts to pinpoint a 
specific parameter in cases such as spills; and, objective monitoring provides data for 
the development of models and simulation. In the overall picture, environmental 
monitoring "can be considered as a means of determining whether existing controls 
are adequate and will continue to protect man and his environment." 1) 

The purpose of the monitoring project must be thoroughly understood, and 
careful planning is essential to ensure that the proper samples are taken and their 
integrity maintained. Analysis at the time of collection is seldom possible so the 
samples must be transported and stored so that they will reflect the original 
components and concentrations. Adsorption of desired components on the walls of  the 
container or leaching of contaminants from the container can affect the integrity of a 
sample. Loss of desired components may occur from breakdown due to effects of 
heat, light, moisture, oxygen, or biological activity. 

Each year new and improved analytical instruments and methods are introduced 
resulting in improved specificity and sensitivity of analyses. It has been observed 
that, "The number of these compounds detected in a sample of water is related to the 
sensitivity of the measurement technique: as the detection level decreases an order 
of magnitude, the number of compounds detected increases accordingly. Based on the 
number of compounds detected by current methods, one would expect to find every 
known compound at a concentration of 10-12 g/L or higher in a sample of treated 
drinking water." 2) 

As detection limits are pushed lower, it is easy to see that if stringent controls 
are not maintained over the various aspects of sampling, it is possible for "blank" 
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contamination to be higher than the analyte in the actual sample. At other times a 
number of extraneous "peaks" will be observed which in many cases will have to be 
identified and quantitated. Environmental regulations may then require" periodic 
determinations of these "impurities" - -  a waste of time, effort, and money. Much 
of  this can be avoided if care is taken to insure that the proper equipment and 
procedures are used for sampling. 

Air 

Because of the physical nature o fair, some special sampling problems are encountered. 
Except in situations where "whole-air" samples can be taken and returned to the 
lab for analysis, the most critical part of the analysis is the on-site sampling step using 
the proper technique and equipment and making careful measurements for flowrates 
and volumes. Sampling techniques vary greatly with the chemical and physical pro- 
perties of the components of interest. In most situations the system must be defined and 
the collection and analytical methods selected and tested before the samples are taken. 
Unlike the liquid and solid sample matrice, the collection of gaseous samples is more 
closely related and dependent upon the technique which will be used for analysis, 
since it often requires concentration and separation of components from the gaseous 
matrix at the time of sampling. 

The development of specific and highly sensitive gas chromatographic detectors, 
liquid chromatosraphic systems, ion chromatography and other new analytical 
instrumentation has enabled a greater flexibility in the collection parameters and 
choice of collection systems. Gas chromatography is the most widely used analytical 
technique for organic compounds because of its selectivity and sensitivity. Gas 
chromatographic procedures are abailable or can be developed for a wide range of 
compounds by the proper selection of columns and detectors. The range can be 
broadened by using chemical derivatives and gas chromatographic/mass spectrometric 
techniques. Liquid chromatography, infrared spectrometry, and other analytical 
techniques can be used when appropriate. For inorganic compounds element speci- 
fic techniques such as atomic absorption spectroscopy and inductively coupled plasma 
optical emission spectroscopy are the two most utilized instrumental techniques. 
Polarography, neutron activation and other analytical techniques are used when 
appropriate. 

Several reviews on personal monitoring 3-5) and ambient air monitoring 6-s) 
are available in the literature along with a number of books containing sampling 
and analytical methodology 9-14). NIOSH has published a compilation of over 
500 monitoring methods for 737 analytes in seven volumes (with a eighth volume in 
preparation), and they are presently availyble from National Technical Information 
Service (NTIS), Springfield, VA 15-21) 

2 Gases and Vapors in Air 

For our purpose in the discussion of sampling, a substance is considered to be a gas 
if this is its normal physical state at atmospheric pressure and room temperature. 
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A substance, which is normally a liquid or a solid under these conditions, may 
volatilize or sublime into the atmosphere because of its vapor pressure. In this 
volatilized state it is considered to be a vapor. Liquids and solids may exist in the 
atmosphere as both a vapor and as a particulate (mist or dust), and sampling 
methods must be used which can collect both phases, without bias, or selectively 
separate the two phases for independent determination. 

There are three basic approaches to sampling gases and vapors. The first approach 
is to take a "whole-air" sample, which is to confine some segment of the atmosphere 
in a container and return it "unchanged" to the laboratory for analysis. The second 
approach is to concentrate by separation of the substances from air using techniques 
such as absorption, adsorption, condensation or chemical reaction. The concentrated 
sample is then returned to the laboratory where it is analyzed directly or recovered 
in a form which can be analyzed. The third approach is to measure the specific 
component on-site using direct reading and portable instrumentation or by observing 
a color change resulting from a controlled chemical reaction. 

2.1 Whole-Air Samples 

Whole-air samples are sometimes referred to as "grab samples" or "instantaneous 
samples"; however, various techniques for taking a whole-air sample over an 
extended period of time by using a low-flow pump or critical orifice leak device 
have been used. Whole-air samples are taken by pulling air into an evacuated glass 
bulb, can, tube, syringe, etc., or by pumping the gas into a container or plastic bag. 
This technique is valuable for samples where sample integrity can be maintained and 
where analytical sensitivity is adequate to preclude preconcentration. The collection 
devices are resealed after sampling and returned to the lab for analysis. Sensitive 
analytical techniques such as gas chromatography, infrared and mass spectrometry 
can be used for qualitative and quantitative analysis of the sample directly. 
Various concentration techniques can also be used in the lab to increase sen- 
sitivity 22,23) 

2.2.1 Sampling Bulbs and Containers 

Various types of rigid samplers are shown in Fig. 1. Glass evacuated samplers 
(Fig. 1 a) are heavy-walled containers, usually of 250 to 1000 milliliter capacity. 
Some special design samplers have also been investigated 22). Other containers such 
as metal cans 24 and small metal cylinders have been used. Glass sampling bulbs 
containing greased stopcocks or stopcocks made of TEFLON t resin may also be 
used if they are capable of holding a vacuum (Fig. 1 b). 

For preparing sealed glass evacuated samplers, air is removed using a heavy duty 
vacuum pump (1 to 15 mm of Hg) and the neck is heated with a torch and 
drawn ouL A small scratch is made at the end of the neck so that it can be 
broken at the sampling site. After sampling, the neck is resealed using a wax 
filled cap and the pressure of the sample is taken as the barometric pressure reading 
at the site. An adaption of this technique has been described by Berg et al. zz) where 
samplers were prepared by drawing out and evacuating 100 mL Pyrex test tubes. 
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Fig. 1 a--d. Rigid Whole-Air Samplers. a Evacuated Bulb; b Flow-Through Sample Bulb; e Displace- 
ment Sample Bottle; and d Evacuated Metal Cylinder 

Evacuated samplers which are sealed with a valve or stopcock must be checked 
for leaks by evacuating to an absolute pressure o f  25 mm Hg, or less. The valves are 
closed and the vacuum checked after one hour or more. Prior to sampling, the 
containers should be prepared in an uncontaminated atmosphere, and the evacuated 
pressure obtained should be measured with a mercury manometer. The volume of  
collected sample at barometric pressure is calculated as follows: 

V~ = V b x [(P1 - -  P2)/PI] (l) 

where: 
V~ = volume of  sample at barometric pressure, 
Vb = volume of  bulb 
P: = barometric pressure at time of  sampling 
P2 = pressure in evacuated bulb. 

The evacuated sampling container has been widely used for sampling gases such 
as carbon dioxide, oxygen, methane, carbon monoxide, hydrogen and nitrogen. 
Many organic gases and vapors have also been sampled from workplace atmospheres 
and process vents and stacks. Otson et al. 25) used evacuated glass bulbs to 
determine dichloromethane in a work room using paint removers, and Berg et al. 22) 
used a special design butb for trace 'quantities of  a variety of  solvents. Evacuated 
sampling containers are not generally suited for sampling hydrogen sulfide, oxides 
of  nitrogen, sulfur dioxide, or other reactive gases or vapors. 
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A variation of the evacuated bulb can be used for sampling some reactive gases 
and vapors. An absorption or reaction liquid is placed in the bulb before it evacuated 
and sealed. When the sampler is opened, the sampled substance is absorbed in the liquid 
or reacted to a form that may be determined by chemical analysis. This technique 
is more closely related to impinger and absorber techniques which- will be discussed 
in the next section. 

Displacement is also an effective and simple means for collecting a whole-air 
sample. The most widely used device is a glass bulb with two stopcocks, (Fig. 1 b). 
These are also available with a septum-sealed opening which makes it convenient 
for removing samples with a gas syringe for injection into a gas chromatograph. 
Samples are taken by attaching a pump to one end and drawing the sample 
through the bulb. The volume of sample pulled through the bulb should be at least 
ten times the volume of the bulb. Figure 1 c shows another type of gas displacement 
sampling apparatus. Air in the bottle is pulled out using a one-way bulb, 
syringe or pump. Simple, small glass bottles have also been used for sampling. 
VAN Houten and Lee 26~ use 4-oz French square bottles sealed with a cap containing 
a rubber septum and lined with three layers of Saran I film. A number of solvents 
were held for 30 days and good recovery obtained. Harsch 24j designed a container 
made from a stainless steel beaker and used it for sampling halocarbons and hydro- 
carbons in ambient and workplace atmospheres and in power plant stacks. 

Syringes can also be used to take and transport samples to the laboratory. 
Glass syringes are simple to use and have similar retention characteristics as glass 
sampling bulbs. The plungers should fit tightly but should not be greased if 
organic compounds are to be collected. Lang and Freedman zT~ tested a variety of 
syringes for the collection of fixed gases and methane in mine atmospheres. They 
recommended 10-ml disposable plastic syringes with a butyl rubber plunger on the 
basis of efficiency and cost. 

2.1.2 Plastic Bags 

Whole-air samples can be taken conveniently for many gases and vapors using 
flexible plastic bags 28-41~. Plastic bags are light, nonbreakable and are easily filled 
from a completely collapsed state with a one-way bulb, syringe or small pump. 
Samples can also be taken by placing an empty bag inside a sealed rigid 
container and slowly evacuating the air from the container 39~. A self-filling bag has 
also been described by Curies and Hendricks 32j 

The sampling bags are commercially available in a variety of sizes and material; 
such as Saran, SCOTCHPACK, MYLAR, TEFLON, TEDLAR, KEL-F, poly- 
ethylene and polyester. Some of the materials are aluminized or laminated with 
aluminium to reduce permeability. Plastic bags must be cleaned by filling with clean 
air flushing several times before use. The bag should also be checked for leaks by 
filling and observing after 24 hours or by partially filling and alternately placing 
sections of the bag under water to observe bubbles. 

The types of chemicals which can be collected using plastic bags varies with 
the bag material, concentration, temperature and storage duration. Some iiavesti- 

Trademark of the Dow Chemical Company 
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gators recommend preconditioning the bags with the gas or vapor to be collected, 
and filling the bag several times at the sampling site before the final sample is 
taken. A number of references give storage data for various plastic bags for a number 
of gases and vapors. A detailed method for the determination of C1 through Cs 
hydrocarbons has been standardized by ASTM 4°). Nelson 36) and Schuette 35) 
summarize information sources on storage properties. Polasek and Bullin 3~) have 
discussed storage properties for various bags when sampling low concentrations; 
however, some of their findings have been disputed 3s) 

Because of the various parameters affecting storage, it is a good practice to 
investigate the storage characteristics of the sampling bags for the components being 
collected. This can be done by filling the bags with air and injecting known 
amounts of the component. The bag can then be sampled and the component 
determined over a period of time (Fig. 2). To determine if any very rapid adsorption 
or reaction occurs, the contents of the storage test bag (once the curves have 
leveled out) can be squeezed into an identical empty bag. The curves should continue 
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Fig. 2. Effect of Storage Time On Retention of Organic Vapors In A Sampling Bag Made Of 
SARAN Film. Am. Ind. Hyg. Assoc. J. 39 325 (1978) 

without a major drop in concentration if the bags are suitable for that compound. 
Sample bags should also be checked for memory affects from previous samples 
by flushing the bag, filling with air and analyzing after a storage period. 

2.2 Sampling with Concentration 

Whole-air samples, in general, collect a segment of the atmosphere and return it to 
the lab "unchanged" for analysis. When "sampling with concentration" techniques 
are used, the desired substances are separated from air by absorption in a liquid 
reaction to form a nonvolatile product, adsorption on solid sorbents or condensation. 
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Two things are accomplished using these techniques: 
1) the sensitivity for the detection and determination o f  the desired compound 

is increased and, 
2) a time-weighted-average concentration over the sampling period is obtained. 

The sampling duration is chosen with the sampling purpose and the limitations of  the 
sampling technique in mind. Sampling periods may vary from 5-30 minutes for 
determining excursion concentrations or f rom 1 to 24 hours for integrated samples. 

Since the separation and concentration of  substances from air depends on the 
physical and chemical properties of  the substance and the collection medium, 
it is essential that the procedures are planned and tested prior to sampling. 
Collection efficiency, recovery, affect of  humidity, affect of  other substances 
collected and storage o f  the sample are just some of  the important parameters 
which need to be investigated. Table 1 gives an outline to an approach for 

Table 1. Progressive Development and Validation steps 

Suggested Procedure (Little Or No Experimental Work) 
1. Chemical, physical, and toxicological properties listed. 
2. Concentration range and required sensitivity estimated. 
3. Collection system(s) extrapolated from similar compounds. 
4. Analytical procedure suggested. 
5. Possible interferences indicated, 

Tentative Procedure (Limited Experimental Work) 
t. Analytical 15rocedure tested. 
2. Collection efficiency determined. 
3. ~ Recovery determined. 
4. Preliminary breakthrough and bias study. 
5. Preliminary field samples. 
6. Effect of interferences, coadsorption and temperature (if indicated). 

Validated Method (e.g. Systematic Study For Solid Sorbents) 
1. Determination of breakthrough volume at concentrations of 2 times exposure guideline and 

relative humidity of 85 ~. 
2. Five samples at each concentration, 0.1, 0.5, 1 and 2 times exposure guideline for relative 

humidities less than 50 ~ and greater than 85 ~. 
3. Six samples at the exposure guideline concentration (three collected at each humidity) and 

stored for at least 14 days. 
4. Statistical e,daluation of data. 
5. Field validation by comparison to accepted method or by field spiking. 
6. Collaborative studies with other laboratories. 

developing an air sampling method for an untested gas or vapor. I f  some of  the 
information is already available, several o f  the first steps may not be necessary. I f  
a fully validated method from the literature is used, some testing in the laboratory 
is still necessary to confirm that the method is applicable for the intended use and 
that the analytical procedures and equipment can be used effectively. 

Since all the sampling with concentration techniques require some type of  
pumping device to move the air into the sampling device, the selection and 
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calibration of the sampling pump should be done with care. Various types and 
sizes of  pumps are available from manufactures, and some discussions of pumps 
and pumping devices can be found in the literature 9-12). Since the accuracy of the 
final result can be no better than the accuracy in knowing the sample volume, 
factors such as the affect of temperature, longterm stability and short-term 
variability of the flow rate should be known. When pumping through a liquid 
adsorbent, a protective trap should be used to protect the pump and rotometers. 
A liquid film can foul the pump and rotameters. Activated charcoal can be used for 
organic solvents and corrosive vapors, and silica gel is useful for water vapors. 
Frequent calibration under actual or simulated sampling conditions is strongly 
recommended. 

2.2.1 Liquid Impingers and Bubblers 

Impingers and bubblers containing a liquid have been used extensively for 
the collection of many gases and vapors. More recently, the use of impingers and 
bubblers has been replaced by solid sorbents for the collection of many substances; 
however, for many compounds (particularly reactive compounds, strong acids and 
strong bases) impingers and bubblers are still an effective and sometimes the only 
means for their collection. Several types of impingers and bubblers are shown 
in Fig. 3. Impingers, which were originally designed for particulate sampling, can be 

-7 
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Fig. 3a-e. Liquid Bubblers And Impingers. a Simple Bubbler; b Bubbler With Frit; e Midget 
Impinger; and d Nonspill Impinger 

used for vapors under certain conditions 42,43). Bubblers have been designed to more 
efficiently scrub the gas or vapor from the air as it passes through the liquid. 
Midget impingers 42) and nonspill impingers and bubblers ~,45) can be used for 
personal samples as well as for area samples. Sampling trains 46 similar to the one 
described in U.S. Environmental Protection Agency Method # 5 can be used in 
combination with filters, various solutions and sometimes solid adsorbents for 
sampling particulates, vapors and gases in industrial stacks and vents. 
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The major factors which are involved in the collection of gases and vapors using 
impingers and bubblers are 47). 
a. Solubility of the contaminant in the collecting liquid. 
b. Rate of diffusion of contaminant into the liquid. 
c. Vapor pressure of contaminant at the sampling temperature. 
d. Chemical reactivity of the contaminant with the reagent (including hydrogen 

bonding as in collecting acetone in chloroform). 
e. Contact area (size of air bubble) and time of contact (flow rate) of the 

contaminated air through the liquid reagent. 
f. Volatility of the collecting liquid. 
g. Analytical techniques to be applied after the sample has been collected. 

The simple bubbler and midget impinger can be used for a number of compounds 
as tong as collecting efficiency is at least 90 ~ under the condition of sampling. 
The impinger, which does not insure intimate mixing of the gas at it passes 
through the liquid column is suitable for gases and vapors which are strongly 
retained by some mechanism. Some of the mechanisms necessary for good collection 
efficiency are high solubility, low volatility, neutralization reactions, formation of 
precipitates and other chemical reactions. Although a chemical reaction is usually 
more efficient, gases and vapors which do not react can be collected in liquids if they 
are significantly soluble in the medium. Methanol and acetone can be collected 
in water for example. Methyl ethyl ketone, although water soluble, is more difficult 
to collect in water 48~ 

Collection efficiency can be estimated for nonreactive compounds 48,49), but it 
is highly recommended that actual measurement be carried out in the laboratory 
and/or possibly during field sampling. Two or three impingers can be connected 
in series for determining collection efficiency or for routine sampling to increase 
efficiency. The amount found in the first impinger is compared to the total amount 
found to determine a unit efficiency. If the amount found in the last impinger is 
greater than 10 ~ of the total, the results may be questionable. If the efficiency is not 
acceptable, sampling may be carried out at a lower flow rate or at reduced temperature 
by immersing the absorber in an ice bath. The ice bath increases the collection 
efficiency and reduces loss of the collection solvent by volatilization. 

Fritted bubblers are generally more efficient and are recommended when impinger 
efficiency drops below 90 ~.  The frits break the air into a froth of small bubblers with 
a much higher contact area. The frits, usually glass, are available in fine, medium 
and coarse porosity. Plastic diffusers are also available to adapt impingers into a more 
efficient bubbler. If the gas is appreciably reactive or soluble, a coarse frit is 
usually suitable and a medium frit is recommended if gases and vapors are more 
difficult to collect. The flow rate must be adjusted to maintain discrete bubbles to 
obtain full efficiency. Fine frits create a much higher back pressure and generally" do 
not offer much advantage over a medium frit since the bubbles tend to coalesce near 
the surface of the frit to increase their size and decrease the bubble population 49). 

Although more efficient than impingers, bubblers have some disadvantages which 
must be considered. Much higher back pressures are produced by the frit, and since 
the back pressure may vary from bubbler to bubbler, careful flow calibration is 
necessary for each sampling train 5o~. Bubblers are also more difficult to rinse out 
and are not recommended for the collection of substances which form precipitates 
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with the reagent, e.g., H2S with CdC12. If the air being sampled contains particulates 
which may clog the frit, a nonabsorbing pre-filter must be used 47). A strongly 
alkaline solution should be poured into the bubblers just prior to sampling and 
removed promptly after collection since the solution may attack the glass frit and 
change the flow calibration. 

Besides using glass frits, other modifications have been made to impingers to 
increase efficiency by increasing contact area. Impingers can be packed with glass 
wool or glass beads. Linch et al. 51) found that 3-mm glass beads packed to the 25-ml 
mark in a midget impinger will extend the surface area, act as baffles to increase con- 
tact time and promote mixing. A smaller volume of liquid is needed for packed 
impingers and some highly viscous liquids can be used more efficiently. 

Many methods using impingers and bubbers are available in the literature. 
Neutralization reactions using caustic for acid vapors; HF, HC1, HNO3, etc., and 
acidic solution for collection of basic gases; amines, ammonia, etc., are usually 
simple and very efficient. Organic acids can be collected, but they are difficult to  
analyze directly and several methods have been reported using derivatization after 
collection. Williams and Mazur s2) reported a method for acetic acid which is 
collected in impingers containing sodium carbonate, esterified and the headspace 
analyzed by GC. Maleic, fumaric and succinic acids were collected in impingers by 
Wathne 53), methylated using boron trifluoride and analyzed by GG. Traces of 
phenols in auto exhaust and tobacco smoke have been collected in 0.12 ~ NaOH 
solution and determined by reversed-phase high-performance liquid chromatography 
after derivatization with p-nitrobenzenediazonium tetrafluoroborate. 

Some compounds have low enough volatility and are soluble enough to be collected 
by absorption in a solvent. Vinyl acetate has been collected in toluene s4) and isooctane 
can be used for the collection of aromatics such as ethyl benzene, styrene 55) and 
pesticides. Ethylene glycol has also been used to collect pesticides. A colorimetric 
method was developed by Palassis 56) for tetramethyl and ethylene thiourea. 
Samples were collected in impingers containing water and derivatized with penta- 
cyanoamineferrate to form a colored coordination complex. 

Many compounds rely on a chemical reaction with the impinger solution to 
form a precipitate, complex or chemical derivative 57), e.g., hydrogen sulfide, carbon 
dioxide 61), formaldehyde, organo-lead 58'59) and mercury compounds 6°), nickel 
carbonyl 61), nitrogen dioxide 62), ozone 63~, phosphine64), and sulfur dioxide 65). 
Ruch 57) has published a book with abstracts impinger and bubbler methods for over 
160 compounds. Several methods using 2,4-dinitrophenylhydrazine (NDPH) in 
impingers have been developed for aldehydes 66'67). An interesting method was 
developed by Romano and Renner 6s) where ethylene oxide is converted to 
ethylene glycol in an impinger containi_ng dilute sulfuric acid. 

The most difficult type compounds to determine in air is one which is highly 
unstable and whose products cannot be related byck to the original concentration. 

• It is necessary in this case to form a derivative on contact during the collection 
step by placing the derivatizing reagent in the impinger. Developing methods for 
reactive compounds, which often must be determined at very low levels, can be 
a difficult and time consuming task. A classic example of the many stages of 
development for reactive isocyanates has been given in a recent review 5). A variety 
of impinger/derivative methods are given in the literature for reactive compounds 
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such as chloroacethyl chloride 69), bis (chloromethyl)ether 7°'71), o-phenylenedi- 
amine 72), ethylenimine 73) and alkyl-2-cyanoacrylate 74) 

2.2.2 Solid Sorbents-Solvent Desorption 

Solid sorbents are being used extensively to sample contaminants in air. A small 
tube containing a solid sorbent is convenient to use, can concentrate trace 
contaminants and can be worn by a worker to determine breathing zone concen- 
trations. Because solid sorbents are so convenient to use and transport, methods 
using solid sorbents are generally perferred over whole air and impinger methods 
for many compounds. There are two basic techniques for collection of substances 
in air using solid sorbents. The most widely used technique utilizes a small pump 
to draw the air sample through a bed of solid sorbent. The second technique, 
which is discussed in Section 2.2.4, utilizes diffusion of compounds into a chamber 
containing a solid sorbent. The compounds are recovered from the sorbents by 
desorption with a suitable solvent or by thermal desorption. 

Solid sorbent tube/pump sampling followed by solvent desorption of collected 
compounds from solid sorbents is the most commonly used technique. The procedure 
is relatively simple; once the compound is desorbed, the extract can be analyzed by 
gas chromatography or other standard analytical techniques. Parts-per-million 
concentrations in air are usually determined, although parts-per-billion sensitivity 
can be obtained for some compounds by using large sample volumes and high- 
sensitivity detectors. Charcoal is the most widely used sorbent while silica gel, 
alumina, porous polymers and various gas chromatographic packings are used for 
specialized applications. 

In selecting a sorbent for high collection efficiency, the recovery of the compound 
must also be considered. Often a mutual compromise may be necessary to obtain 

Table 2. General Sorption-Desorption Systems for Organic Compounds 

Sorbent Desorption Solvent Types of Compounds 

Activated Carbon Carbon disulfide, 
Methylene chloride, 
Ether 

(1% Methanol or 
5 ~ Isopropanol 
sometimes added) 

Methanol, Ethanol 
Ether, Water 

Silica gel 

Activated Alumina 

Porous Polymers 

Chemically Bonded And 
Other GC Packings 

Water, Ether 
Methanol 
Ether, Hexane, 
Carbon Disulfide, 
Alcohols 
Ether, Hexane, 
Methanol 

Misc. volatile organics: Methyl chloride, 
vinyl chloride and other chlorinated 
aliphatics, aliphatic and aromatic 
solvents, acetates, ketones, alcohols etc. 

Polar compounds: alcohols, phenols, 
chlorophenols, chlorobenzenes, aliphatic 
and aromatic amines, etc. 
Polar compounds: alcohols, glycols, 
ketones, aldehydes, etc. 
Wide range of compounds: phenols, 
acidic and basic organics, multi-func- 
tional organics, pesticides, etc. 
Specialized: High boiling compounds 
pesticides, herbicides, polynuclear aro- 
matics, etc. 
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an acceptable system. Table 2 lists some of the most used sorbents for the various 
types of compounds collected, although overlap allows some flexibility when 
sampling mixtures. Prior treatment and activation of the sorbent will affect efficiencies. 
For example, not all types of charcoal are the same and not all batches of the same 
type of charcoal necessarily have the same collection and recovery properties. Some 
sorbents, such as charcoal, have wide applicability while some sorbents are 
designed for a specific type of problem. 

Collection tubes containing the most frequently used sorbents are commercially 
available in several sizes from suppliers. The tube generally contains a front 
section where the major amount of the contaminant is collected and a back 
section (1/4 to 1/2 the size of the front section) which is used to determine if 
excessive breakthrough has occurred. Tubes containing 150 mg and 600 mg of 
sorbent are commonly used for personal sampling; however, for long-term sampling 
of  high concentrations and/or highly volatile compounds, tubes containing one gram 
or more may be necessary. Although many sorbents can be purchased from 
a supplier already packed and sealed in tubes, it may be necessary to prepare 
collection systems in the lab for special situations. The sorbents must be free from 
contaminants and properly activated. Coconut-shell charcoal should be heated to 
600 °C for one hour before packing 75). Silica gel and alumina can be activated in an 
oven overnight at 350 to 400 °C in a dry nitrogen atmosphere. Porous polymers can 
be cleaned before packing using Soxhlet extraction 76--78), The cleaned sorbent 
must be stored in sealed containers away from any possible contamination, and 
a clean environment must be maintained while packing the tubes. Lab packed tubes 
and commercial tubes should be analyzed before taking samples to confirm that no 
interferences are present. Sorbents can be packed in straight tubes 79) u-tubes 9) or 
in other containers such as a midget impinger. Sorbents have also been used with 
plastic air sampling bags. One to ten grams of sorbent is placed in a bag and 
a "whole-air" sample is taken. The bag is then shaken to adsorb the contaminants 
on the sorbent. 

Without getting too deeply in adsorption theory, two types of sorption processes 
may be considered when discussing collection of substances from air. Volumetric 
breakthrough usually occurs when sampling low concentrations on porous polymers, 
and therefore, it will be discussed in more detail in the next section under thermal 
desorption. The phenomenon which usually controls breakthrough of most organic 
compounds when using activated carbon is capacitive breakthrough. The compounds 
are strongly held by carbon and saturation (capacitive breakthrough) occurs before 
volumetric breakthrough for most compounds. This type of capacitive break- 
through is also observed for other sorbents and depends on the sorbent and 
volatility of the compound 80, 81) 

Figure 4 illustrates the distribution curve of a compound through the sorbent 
bed and the capacitive breakthrough curve of the compound in the effluent. 
At the start of collection the compound is distributed through a section of  the 
sorbent as shown by curve 1. After continued collection this section becomes 
"saturated", that is an equilibrium is established with incoming concentration Ci 
where the vapor sorption and desorption rates are equal. This is shown by 
curve 2. The sorption front has moved through the front section of the collection tube 
(L 2/3) and is being collected on the backup section. If collection continues, the 
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equilibrium zone lenghtens and the compound begins to break through the 
collection tube at time TR, as shown by curve 3. The breakthrough curve 4 is 
generated by monitoring concentrations of the compound in the effluent, and when 
all the sorbent is "saturated" the effluent concentration approaches the input 
concentration Ci. 
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Fig. 4. Concentration Distri- 
bution In A Solid Sorbent 
Collection Tube. Am. Ind. 
Hyg. Assoc. J. 39 350 (1978) 

Breakthrough is defined as the detection of the compound in the effluent as 
a percentage of Ci. As a practical guide in air sampling, this is often set at 5 ~ 82). 
The breakthrough volume, which is more indicative of the collection efficiency, 
is the product of the sampling rate and the sampling time. A more detailed dis- 
cussion of the collection mechanism can be found in the literature for sorbents such 
as charcoal 83-86}, silica gel s7~ and gas chromatographic packings s8) A general 
guideline can be proposed for actual field samples. If less than 10~ of the total 
amount collected is found on the 1/3 backup section, significant toss of the 
compound has probably not occurred, and if greater than 25 ~o is detected, loss 
has probably occurred and results should be reported as "minimum amount present". 
More specific values can be obtained for this general statement by a detailed study of 
the breakthrough profiles for each specific sorbent and sorbate. 

Figure 4 deals with the collection of one compound. When two or more compounds 
are collected, the compound most strongly held may displace the other compounds 
down the length of sorbent bed. This effect is very pronounced for silica gel since 
atmospheric w~tter vapor, which is strongly adsorbed on silica gel, will displace com- 
pounds (especially nonpolar compounds) and promote premature breakthrough. 
Other factors must also be considered when using solid sorbent sampling. Various 
physical and environmental factors which affect collection and recovery are 
discussed in the literature s2,89-93~. Deteriorative effects on collection efficiency will 
be detected, after the fact, by high concentrations on the backup section. However, 
if the factors are recognized before or during sampling, a greater safety factor can be 
applied to the sample volume which will reduce the number of invalid samples 
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and the need to resample. Factors which influence collection efficiency are 
discussed below. 
1. Size of  Collection Tube. In general, if the size (amount of sorbent) is doubled, 

then breakthrough volume (capacity) is doubled. Breakthrough volume is the 
volume of sample which can be pulled through the tube before the component 
of interest starts to elute. 

2. Flow Rate. The effect of flow rate varies with the sorbent. If the flow rate is 
too high, a nonequilibrium condition occurs due to poor vapor contact, and 
poor collection efficiency will result. In most cases, once the equilibrium flow 
rate is reached, no increase in breakthrough volume is observed with reduction 
in flow rate. In some sorbents, such as silica gel, a high flow rate will cause a heating 
effect due to adsorbent water. This heating effect may decrease breakthrough 
volume. 

3. Concentration. Breakthrough occurs sooner for higher concentrations. For char- 
coal, the empirical Freundlich isotherm appears to apply 86,94) This equation 
takes the form: 

log  T B -= log a + b log C (2) 

A straight line results if the log of the breakthrough time T B is plotted against 
the log of the concentration, C. The line will have slope b and intercept of 

log a. 
4. Humidity. In general, an increase in humidity will result in a decrease in 

breakthrough volume. The magnitude of this effect depends on the properties 
of the sorbent and sorbate. Although only a small amount of water is 
collected on charcoal, the high ratio of water molecules to the compound of 
interest affects the sorption-desorption equilibrium and can decrease breakthrough 
volume as much as 50 ~.  This has greater affect with low concentrations of 

sorbate. 
5. Temperature. An increase in temperature will result in a decrease in breakthrough 

volume. There is little specific information available for the various sorbents. 
A general guideline has been suggested for charcoal that for every 10 °C rise 
in temperature, the breakthrough volume will be reduced by 1-10 ~: 

5. Coadsorption. When two or more compounds are collected, the compound 
most strongly held will displace the other compounds, in order, down the length 
of sorbent bed. For a polar sorbent, compounds with the largest dielectric 
constant and dipole moment are most strongly held. For nonpolar sorbants, 
preferences are usually for the compounds of a larger molecular volume, and in 
general, the highest boiling point. 

7. Migration. A false indication of breakthrough may be caused by migration of the 
compounds collected on the front section to the backup section over an extended 
storage period. This can be reduced by refrigerating samples as soon as possible, 
or eliminated by using two tubes in series and separating them immediately after 

sampling. 
Once the sample has been collected and returned to the laboratory, the 

collected compounds must be recovered from the sorbent for determination. Percent 
recovery is the percent of chemical recovered of the amount collected under actual 
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sampling conditions. The major contributing factor is the desorption efficiency which 
is the partition at equilibrium of a chemical between a specific kind and volume 
of solvent and a specific batch and amount of solid sorbent. Recovery may also be 
influenced by other factors such as humidity, temperature and compound stability 
to oxidation. 

Recovery = Desorption Efficiency + other factors. (3) 

Factors which cause changes in recovery are insidious, and unless these are 
understood and can be related to the chemical and physical properties of the 
compounds collected, errors can go undetected. The desorption efficiency is 
the most significant of the factors in defining the sorption-desorption system. 
Although desorption efficiency cannot always be isolated, it can be determined 
experimentally and is one of the first indicators of a potential problem in a suggested 
method. 
1. Desorption Efficiency. The desorption efficiency is the most significant of the 

factors in defining the sorption-solvent desorption system. Once the desorption 
efficiency is determined, the effects of other factors can be examined by 
laboratory experimentation and field confirmation. 

2. Temperature. The temperature effect on desorption efficiency can be significant 
due to a shift in the equilibrium. It is a common practice to cool the solvent 
before desorbing samples to reduce the heating effects. However, the equilibrium 
constant will change with temperature and the final desorption temperature before 
analysis of the solution may be critical. 

3. Humidity. High humidity during collection may produce low recoveries for some 
compounds such as those which are easily hydrolyzed. If a large amount of 
water is collected, it may prevent good contact with a nonpolar desorption solvent, 
or change the equilibrium. However, high humidity may also improve desorption 
for some chemicals. 

4. Coadsorption. Collection of other compounds can also affect recovery. The 
chemistry of all the compounds collected must be considered and the relative 
effects tested in the laboratory or in field spiking experiments. 
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5. Desorption Time. One-half to one hour with good agitation is usually sufficient 
desorption time for most systems. Once optimum desorption has taken place, 
the system is generally stable; however, some exceptions have been observed 82) 
Some compounds react or are readsorbed after an optimum desorption time as 
shown in Fig. 5. The active surface of the sorbent may act as a catalyst. 
Methanol has been shown to react with carbon disulfide in the presence of charcoal 
to form polysulfides, mercaptans and polyether-thioether compounds sz). Decant- 
ing the solvent from the sorbent usually corrects this problem. 

6. Storage. The period of time and the temperature at which the samples are 
stored prior to analysis may have a significant effect on recovery. 

7. Concentration. When the desorption system is in equilibrium, the desorption 
efficiency should not vary with concentration. This is true for most compounds 
and a + 5 ~ or less variation is observed over the concentration range of interest. 
However, some factors with affect recovery will have a greater percentage effect 
on lower concentrations. As a result, the recovery of some compounds decreases 
at lower concentrations (Fig. 5). The effects of concentration and desorption 
time should be identified early in the method development. 
For the recovery of compounds from solid sorbents, the desorption efficiency 

is the most significant of the factors defining the sorption-solvent desorption system. 
The most common technique in determining desorption efficiency is to inject the 
compound or a solution of the compound directly into the solid sorbent 89,95-97) 
The mixture is allowed to stand overnight and then desorbed and analyzed. 
Gases and highly volatile compounds are usually introduced as a mixture in air or 
nitrogen from a plastic bag or cylinder. The percent recovery can be determined in the 
same manner as the desorption efficiency except a known flow of air is pulled through 
the sorbent at the same time to determine the effect of the atmosphere. The closer the 
test atmosphere is to the actual air to be sampled the more accurate the recovery 
factor will be. 

For many systems the desorption efficiency can be written in terms of an 
equilibrium constant; it is dependent on the ratio of solvent to sorbent for 
the distribution of the compound between the two phases. An equation has been 
derived by Dommer and Melcher 98} which relates the desorption efficiency to the 
volume of solvent and the amount of sorbent. The equation assumes the system is 
in equilibrium and can be approached from either direction. That is, the same 
desorption efficiency should be obtained when the compound is initially in the 
solvent or the solid phase. This has been shown to apply to most organic 
compounds in the concentration range of interest in industrial hygiene analyses. 
Desorption efficiency using the phase equilibrium method is similar to direct injection 
into the sorbent, only the test compund is prepared in the desorption solvent. 

The phase equilibrium equations below can also be used to optimize the solid/liquid 
ratio when developing an analytical procedure. 

W s 1 = K + 1 (4) 

Where: 
D = desorption efficiency (as a decimal fraction) 
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Ws = weight of solid phase 
W1 = eight of liquid phase 
K = constant for specific compound and sorbent. 

Once K is determined, the desorption efficiency can be calculated for any solid 
and liquid ratio. Posner 99) further developed this concept and derived several other 
equations for calculating the desorption efficiency for any solid and liquid ratio and 
for determining the ratio necessary to obtain a desired desorption efficiency. 
Equation (5) is a modification of Eq. (5) and can be used to calculate the expected 
desorption efficiency when the volume is changed. 

D n n 
(5) 

Where: 
new volume 

n = the ratio of solvent volumes n = 
initial volume 

D1 = initial desorption efficiency 
D,  = desorption efficiency using new volume 
Equation 6 can be used to select a volume to produce 
efficiency. 

a desired desorption 

t Z n , =  - 1  1 - Z  (6) 

Where n~ is the number of multiples of the original volume of desorbent needed 
to reach the desired desorption efficiency Z. 

It should be noted that the partition ratio at equlibrium predicts the optimum 
desorption effiency attainable, and other experiments may be necessary to detect 
nonequlibrium situations. Desorption efficiency should not be taken as the recovery 
since other factors may have a significant effect. After a solvent/sorbent system is 
selected and tested using the phase equilibrium technique, direct injections of the 
test compound are made into collection tubes with and without air being pulled 
through. If  the desorption efficiencies as determined by direct injection are 
considerably lower than phase equilibrium values, interaction or reaction on the sor- 
bent surface is indicated. I f  the total recovery from the simulated air collection 
is lower than the direct injection efficiency (even through no breakthrough has 
occurred) hydrolysis, oxidation, or another reaction may be indicated. 

A number of studies on desorption efficiency and recovery have been reported 
in the literature. Krajewski 97) compared three methods of determining desorption 
efficiencies to dynamically prepared standards and found the phase equilibrium data 
somewhat higher in most cases. Evans and Horstman ,00) also showed that the 
recovery of styrene from dynamically sampled tubes was 18 ~ lower than the direct 
spike method. They later showed that this was not due to a storage problem since 
they found no significant change in the recovery of styrene after six days ,01) 
Other researchers s9,,02,103) have reported the effects of co-adsorbed compounds on 
the desorption efficiency. Posner and Okenfuss 92) studied the effects of the 
presence of other compounds on the desorption efficiency and reported no effect 
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with nonpotar compound mixtures or when one polar compound was in the 
presence of non-polar compounds; however, a major effect was observed with mixtures 
of polar compounds. Pozzoli et al. 104) further expanded the concept of the phase 
equilibrium method by proposing a double elution technique to estimate the 
desorption efficiency directly on samples collected in the field by performing two 
successive elutions with the same volume of CS2. The double elution technique was 
recommended to circumvent environmental conditions that may affect desorption 
efficiency during sampling and any effect of coadsorbed compounds. 

Since charcoal is such a good sorbent and is readily available, the solution to 
some sampling problems is to find a way to increase the recovery of the desired 
compound from charcoal. One way is by increasing the Solvent/sorbent ratio as 
discussed in the phase equilibrium section. Two other approaches are the use of 
mixed solvents and the two-phase solvent system. In general, polar compounds 
usually show low recoveries from charcoal. By adding several percent of a polar 
solvent to the carbon disulfide desorbent solvent, recovery is often improved by 10 
to 20~.  Methanol is the most frequently added polar solvent, and it is usually 
effective as long as it does not interfere with the gas chromatography. If the 
methanol/carbon disulfide system is used, the samples should be run within four hours 
since methanol reacts with carbon disulfide in the presence of charcoal 82). In some 
cases ethanol, butanol, isopropanol, or acetone has been added to carbon disulfide 
to increase desorption efficiency. One or two percent acetone in carbon disulfide has 
been used to increase the recovery of acrylonitrile from charcoal; however, much 
larger amounts can be used if needed for other compounds since acetone is 
completely miscible with carbon disulfide. Posner 93) suggested using methylene 
chloride with 5 ~  methanol to improve desorption efficiency and eliminate 
variability for polar compound mixtures, and Johansen and Wendelboe 105) 
suggested dimethylformamide which can be backflushed before it elutes from the 
GC column. 

The mixed solvent technique has limited use for complex mixtures since it is 
more difficult to chromatograph, precludes determination of the polar solvent added, 
and may cause additional interference to other compounds present. A two-phase 
system has been developed by Langvardt and Melcher lo6) which is capable of 
measuring both polar and nonpolar organic solvents present simultaneously in work 
environments. The charcoal collection tubes are desorbed with a 50/50 mixture of 
carbon disulfide and water. After desorption, the water and carbon sulfide layers 
are analyzed separately. The high recoveries of the polar compounds are attributed 
to their partitioning into the aqueous phase after desorption from cha(coai by carbon 
disulfide. Not only does the partitioning eliminate interferences of some polar and 
nonpolar combinations, but the partition coefficients give additional qualitative 
information. 

Silica gel is the second most widely used adsorbent. Many compounds which 
cannot be recovered from charcoal, such as highly polar compounds lo7-1o9), 
phenols, amines 8v, 1 lo, i11) high boiling compounds and multifunctional compounds, 
often can be collected and recovered using silica gel. Polar and polarizable compounds 
are more strongly adsorbed on silica gel than nonpolar compounds because of its 
polar characteristics. The general order of strength of adsorption is water, alcohols, 
aldehydes, ketones, esters, aromatic compounds, olefins and paraffins. The biggest 
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problem with silica gel is the adsorption of water which may cause desorption and 
loss of the collected compounds through frontal elution. The heating effect due to 
the heat of adsorption may cause polymerization or reaction of some compounds 
unless an inhibitor is added 112). 

In spite of some of the disadvantages of silica gel, it is a very useful sorbent. 
Most of the early work with silica gel use a single U-tube or a train of two or more 
U-tubes. The U-tubes held at least 10 g of silica gel and sometimes one arm of the 
tube held a desiccant to reduce humidity effects 1~3). The commercial tubes now 
available contain 150 mg to 1.5 g of silica gel sealed in glass tubes. Silica gel has been 
used for a wide range of organic solvents 1~4), halogenated hydrocarbons 115), and 
nitrogen dioxide 115). Often chemicals collected on silica gel require analysis by 
HPLC 116,117) or derivatization prior to analysis. 

Alternative sorbents for the collection of polar organic compounds which are 
sensitive to hydrolysis are porous polymers such as the Chromosorb porous polymer 
column packings, Porapak porous polymer column packings, Tenax-GC column 
packing, and Amberlite XAD sorbent products. XAD-2 resin has been used for 
a number of compounds 118-121) and, for example, has been shown valuable for the 
collection of reactive organo-thiophosphates 122). Hydrolysis is observed for these 
compounds in atmospheres with high humidity, but once collection has occurred, 
the resin tends to stabilize the compounds and reproducible recoveries are obtained 
even after seven days of storage. Langhorst and Nestrick 123) developed a method 
for the collection of the chlorobenzene series on XAD-2 resin followed by 
analysis using a photoionization detector. In addition, XAD-7 has been used to 
sample epichlorohydrin and ethylene chlorohydrin 124) and XAD-4 has been used 
to collect 5,5,5-tributyl phosphorotrithioate and dibutyl disulfide 125). 

Chromosorb 101 was used by Mann et al. 126) for determining 1,2-dibromo-3- 
chloropropane in air, Barnes et al. 127) collected 36 odor forming compounds on 
Chromosorb 103 and Tenax GC, Glaser and Woodfin 128) used Chromosorb 106 
to collect 2-nitropropane, and Thomas et al. 129) collected chlordane with Chromo- 
sorb 102. The Porapak porous polymer packings are similar to Chromosorb porous 
polymer packings, and acetic anhydride was determined by Quazi and Vincent 13o) 
in the presence of acetic acid by collecting on Porapak N sorbent. Although 
Tenax GC is widely used in thermal desorption, it has also been used in a number of 
solvent desorption methods 131,132) and in combination with polyurethane foam for 
pesticides and semivolatile organic compounds 134). 

Alumina 134) has been used to collect alkanolamines and Giam et al. devised 
a method for collection and separation by selective elution of polychlorinated 
biphenyls and phthalates using Ftorisil 136) Polyurethane foam has been used alone 
or in combination with filters or other sorbents for the collection of pesticides and 
other high boiling compounds 133,136,137). A chemically bonded packing was also 
shown by Melcher et al. 138) to be excellent sorbents for pesticides and high boiling 
compounds. The recovery of these compounds is very poor from sorbent such as 
charcoal, alumina and silica gel. Gold et al. 139) found 13X molecular sieves to be a good 
sorbent for acrolein as well as for other aldehydes and alcohols. Suzuki and Imai 14o) 
also use molecular sieves to collect acrolein and subsequently determined it by 
fluorimetry with o-aminobiphenyl. Another technique is to coat a solid sorbent 
with acid sT) or base 141,142) to collect basic and acidic compounds. 
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2.2.3 Solid Sorbent-Thermal Desorption 

In the thermal desorption technique, samples are collected by pulling air through 
a tube containing a thermally stable sorbent bed. Instead of removing the 
sorbent and extracting with a solvent for analysis, the tube is heated and the 
absorbent compounds are purged directly into a gas chromatograph. Thermal 
desorption eliminates use of solvents and other handling operations, is more sensitive 
than solvent desorption techniques, and the collection tubes are reusable~ The main 
advantage of this technique is the high sensitivity obtained since the total sample 
collected in 1-3 liters of air can be injected at one time. Sensitivity is in the low 
parts-per-billion range for most compounds. Another important advantage, especially 
for complex mixtures, is the absence of the solvent peak which is a major inter- 
ference when low levels are being determined. One disadvantage of thermal 
desorption is the "one-shot" nature of the analysis. Multiple samples must be 
taken in order to run duplicate analyses and/or to examine by more than one 
technique. An unpredicted interference or instrumental miscue results in a lost sample. 
However, with the advancement of computer data handling and storage, this becomes 
less of a problem. 

A number of factors must be considered when selecting a sorbent for use with 
thermal desorption: 

1) suitable collection properties, 
2) thermal stability with repeated use, 
3) low background contaminants during desorption, 
4) minimal decomposition or reaction during collection, storage or analysis. 

A wide variety of sorbents have been evaluated which include: activated charcoal 
and synthetic carbons; porous polymers such as Tenax, Chromosorb series, Porapak 
series and XAD series; liquid phase coated GC packings and bonded GC packings. 
Although a wide variety of sorbents have been reported in the literature, the 
four listed below can be used to cover almost the entire range of compounds. 

Tenax GC sorbent has a known upper temperature limit of 350 °C. It is a commonly 
used adsobent because of its high upper temperature limit and low background 
on desorption. Tenax is a lJorous polymer of 2,6-diphenyl phenol and has a packed 
density of approximately 0.22 g/mL (60/80 mesh). Chromosorb 106 is a cross- 
linked polystyrene porous polymer. It has a published upper temperature limit of 
250 °C and a packed density of approximately 0.39 g/mL (60/80 mesh). Porapak N 
sorbent is a styrene/divinyl benzene porous polymer in with vinyl pyrollidone is 
added to increase its polarity. The published upper temperature limit of Porapak N 
is 190 °C. Porapak N has a packed density of approximately 0.42 g/mL (60/80 mesh). 
Carbosieve B sorbent is a synthetic carbon molecular sieve and is one of 
the most retentive solid adsorbents available. It has an upper temperature limit 
of at least 400 °C and a packed density of approximately 0.22 g/mL (60/80 mesh). 

Tenax is generally useful for compounds of the same or less volatility than 
benzene. Chromosorb 106 is useful for compounds of medium volatility and 
Porapak N is capable of collecting alcohols and other highly polar compounds 
of medium volatility. Carbosieve B is best suited for very volatile compounds. 
Although these sorbents are suitable for mixtures of compounds, mixtures with a wide 
range of volatility may require two or three sorbents connected in series. Tenax is 
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used first to remove the compounds of low volatility and Chromosorb 106 (or 
Porapak N) and Carbosieve B follow to adsorb the more volatile compounds. It is 
important to thermally desorb with the purge gas flowing in the opposite direction 
of the sampled air. Another sorbent which has been found useful for high boiling 
compounds such as pesticides is coated GC packings such as 20 ~ DC-200 silicone 
oil coated on Chrmosorb W HP support (100/120). Table 3 lists some conditions for 
thermal desorption analysis. The exact selection of the analytical column and 
conditions will depend on the compounds to be analyzed. 

Table 3. GC Conditions for Thermal Desorption Analysis 

Increase in Boiling Point of Collected Compound 

Sampling tube 4-in. Carbosieve B 4-in. Porapak N 4-in. Tenax-GC 
adsorbent, 100/120 porous polymer porous polymer, 

80/100 60/80 

Sampling Tube 
Desorption 
Column 

Column 
Temperature 

Injection Port 
Temperature 
Carrier Gas 
Flow (ml N2/ 
rain.) 

5 min at 270 °C 5 min. at 200 °C 5 rain. at 260 °C 

2-in. 20 ~ DC-200 
silicone oil on C.W, 
H.P. support 
100/120 
5 min. at 230 °C 

2ftx0.125in. s.s., 4ftx0.125in. 8ftx0.25in. s.s., 6ftx0.25in. glass, 
Carbosieve Bad- s.s., Porapak N 10~o OV-17 sili- 10~ ov-I7 silicone 
sorbent, 100/120 porous polymer, cone oil in Gas oil on Gas Chrom 

80/100 Chro~ Q Q support, 100/120 
support, 60/80 

5 min. at 80 °c 5 min. at 60 °c 5 min. at 60 °C 5 min. at 90 °C 
program 20 °C/ program 15 °C/ program 15 °C/ program 15 °C/ 
min. to 290 °C min to 200 °C min. to 280 °C rain. to 260 °C 
and hold and hold and hold and hold 
80 °C 120 °C 220 °C 200 °C 

20 20 30 20 

It is important to thoroughly condition each sampling slug before it is used by 
heating and purging with nitrogen. When determining trace quantities, the 
background pattern becomes quite important. Decomposition and oxidation pro- 
ducts of the sorbent can interfere with the analysis and extra care is needed in 
conditioning and in choosing desorption temperature and rate. Tubes are usually 
conditioned by heating in a flow of N2 for 12-24 hours 143-147) 

Recommendations for obtaining the lowest background include a pretreatment 
of the sorbent, usually Soxhlet extraction with a solvent, before packing the 
sampling tubes 76,78) The apparatus used for desorption of the sampling tube and 
interface to the gas chromatograph can be relatively simple or highly complex. 
The basic components of  a simple system were described by Russell 145~. The 
collection tube, usually 4--6 inches long and 0.25 inches in diameter, is connected 
directly to the gas chromatographic column or through a heated valve. The tube is 
heated with a heating tape or clamp oven, and the desorbed compounds are 
purged into a cold gas chromatographic column. After desorption, the column is 
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temperature-programmed to obtain the chromatogram. Other thermal desorption 
systems can be integrated with an on-site chromatograph where the sample is 
collected, thermally desorbed and analyzed in a 5- to 50-minute periodic cycle 23,148) 

A majority of the investigators use special design, "homemade" desorption 
systems 76,144,145,149-152) but a number of commercial systems are now available. 
The systems designed for workplace atmospheres 76'1.*-147,152-157), which are 
usually monitoring for ppm levels, are relatively simple compared to the ambient 
air monitoring systems which are used for low levels of compounds in a complex 
mixture. These systems often utilize multiple desorption transfer, cryogenic focus- 
ing 158-163) packed 150,164-166) or capillary gas chromatographic columns 165,166) 
and mass spectrometry detection 167-170) 

The parameters which are often used in evaluating the collection properties of 
sorbents are the retention volume (peak maxima) and the breakthrough volume 
(first detectable loss). There are three techniques which can be used for determining 
the retention volume or breakthrough volume: 
1. Temperature Extrapolation. The sorbent to be tested is packed into a collection 

tube and connected inside a gas chromatograph similar to a GC column. 
A compound is injected onto the colunm and the GC retention volume is taken 
as the product of the flow rate and elution time. Retention volumes are 
determined at several temperatures and the log of the retention volume is 
plotted vs. the reciprocal of the temperature (1/°K). This plot is then extrapolated 
to determine the retention volume at ambient temperatures. 

2. Disappearances of Vapor During Purging. Collection tubes are loaded with 
a measured quantity of a compound and then purged with known volumes of air. 
The tubes are then desorbed and the amount lost is determined by comparison 
to unpurged tubes. 

3. Measurement of Breakthrough. The breakthrough of compounds under sampling 
conditions are monitored by analyzing the effluent from the tube directly 
using a GC detector or by attaching a backup tube which is changed periodically 
and analyzed. 

The breakthrough volumes determined by all of these methods are generally 
in agreement. Evaluation of various sorbents for a wide number of compounds 
using one or more of the above methods are given in the literature s0,143,14.9.150, 
153,158). Techniques 2 and 3, which are often used in evaluating solvent desorption 
methods, may be more precise when a method is being validated under simulated 
or actual sampling conditions, but require more time and are tedious especially 
when a number of sorbents are being tested for a range of compounds. The 
temperature extrapolation technique offers the most rapid means of comparing 
sorbents, enables one to work with hazardous compounds in a safer laboratory 
experiment, and potentially allows the evolution of a general correlation between 
the collection efficiency of a sorbent for a compound and the compound's 
boiling point or molar volume. 

Collection efficiency is defined in the conventional manner as the inlet concen- 
tration minus the outlet concentration divided by the inlet concentration. For most 
sorbent sampling tubes, with enough effectiveness to be of interest, the initial 
collection efficiency is almost always greater than 90 ~o. In the course of continued 
sampling, the capacity of the collection tube will be exceeded and breakthrough will 
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occur. This may happen in two ways. For atmospheres containing high concentrations 
of organic vapors, the pores of the resin will become filled and capacitive (weight) 
breakthrough will occur due to sorbent "saturation" (see Fig. 4). For low organic 
concentration, the compound will progress through the collection tube by virtue 
of its equilibrium between the sorbent phase and the mobile air stream, as in a gas 
chromatographic experiment. This phenomenon, volumetric breakthrough, is related 
to GC retention volume (Vr). There appears to be a concentration (weight loading) 
for each compound on a specified sorbent at which the breakthrough changes from 
volumetric to capacitive 8o). Below this loading, the breakthrough volume is inde- 
pendent of the concentration and can be related to the retention volume of 
a single injected peak or in terms of the frontal elution of a continuous assault 
concentration. The sorbents used in thermal desorption are usually of lesser adsorptive 
strength than carbon and are used to collect much smaller amounts of chemicals. 
As a result, the temperature extrapolation is a useful tool for evaluating sorbents. 
The use of the temperature extrapolation technique has been described by a number 
of investigators 17a): The parameter usually calculated from the experiment is the 
specific volumetric capacity (Vg) in ml/g, which is calculated from the retention 
time, flow rate and resin quantity. 

F x T  r 
v .  - (7) 

g 

Where: 
T r = retention time in seconds to peak maxima 
F = carrier gas flow rate in ml/sec. 
g = resin weight in grams. 

After obtaining the retention volume at several temperatures, the log of retention 
volume is plotted vs. I/°K and the curve extrapolated to 20 °C or calculated by 
least squares linear regression. The breakthrough volume, the point at which the 
compound is first detected, is dependent on the sensitivity of detection and the 
efficiency of the "column" (peak width), but the retention volume is independent of 
these factors. Taking into account the unknown effects of coadsorbed compounds 
under true atmospheric conditions, the maximum safe sampling volume (MSSV) 
can be estimated as being one-half the V,. 

Thermal desorption methods for workplace atmospheres generally are developed 
for a single compound or small groups of similar compounds. Russell 145) reported 
the use of four sorbents to cover a wide range of compounds. Dietrich et al. 144) 
studied Tenax and Porapak N sorbents for various compounds and devised a 
splitter system where only a portion of the sample was injected into the GC and the 
rest was saved for a duplicate run. Campbell and Moore 147) developed a method for 
acrylonitrile, acrolein, acetonitrile, and acetone using Porapak N. Tenax was used 
by Bowen 154) for a series of aromatic amines which were sampled from air or water, 
and Tenax was also used by Podolak et al. 15z) for phenol which was thermally 
desorbed into an infrared cell for identification and quantitation. Activated charcoal 
has been used by Myeres et al. 15s) for the determination of vinyl chloride and for a 
wide range of volatile compounds by Parks et al. 153). Pellizzari 156) studied various 
polymer beads, carbons and liquids phase coated packings for the collection of groups 
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of  polar compounds. The high sensitivity of  thermal desorption and specificity of  mass 
spectrometry was used by Shadoffet al. 76) for the determination of bis(chtoromethyl)- 
ether collected on Chromosorb 101. Ambient atmospheric analysis becomes more 
complex than workplace analysis since a large number of compounds at.very trace 
levels are present 150,15l, 159,160,165,172-176). When monitoring a workplace, the 

compounds likely to be present are usually known. When analyzing ambient atmos- 
pheres the compounds must be identified, and the combination of thermal desorption, 
capillary GC and mass spectrometry is a very powerful technique for this purpose. 

2.2.4 Chemical Dosimeters (Passive Monitors) 

Although the portable pump/sorbent tube systems are being used extensively for 
monitoring industrial workplace atmospheres, chemical dosimeters (passive monitors, 
diffusional dosimeters, etc.) have more recently become available, and a major effort 
is underway to evaluate them for applications in the workplace. They are more 
convenient to use since they require no pump or tubing, and can be worn in the 
breathing zone with little interference to the worker. Dosimeters measure time- 
averaged concentrations by collection of the vapor present in the air according to 
physical principles of mass transport across a defined diffusion layer 177) or permeation 
through a membrane 178) as the rate limiting steps. A number of designs for the 
diffusional dosimeter and the permeation dosimeter have been reported in the 
literature and various types are commercially available; Because of the various 
designs, the following discussions will be general in nature and some comments 
may or may not apply to a specific dosimeter. The manufactures' instructions should 
be followed to obtain the best results. 

The solid sorbent diffusional dosimeter usually consists of  a small badge-like 
container which can be attached to a worker or placed in an area for sampling. It is 
basically composed of a diffusion space or a group of spaces with a defined length to 
cross sectional area ratio. A porous wind screen may be used to define the opening 
and the solid sorbent, usually bound in a pad, is placed at the opposite end of the 
space. 

In the diffusional dosimeter, the steady-state mass transport of  the vapors follows 
Fick's first Law of Diffusion from the defined aperature(s) on the front of  the 
dosimeter, through the length of the diffusion space, to the collecting medium. A 
choice of flow rates, range, and sensitivity can be obtained by selecting design 
parameters. The relationship between the vapor concentration and the weight of 
material collected by the monitor is given by a simplified version of Fick's Law of 

Diffusion: 

DACt (9) 
M - -  - -  

L 
Where: 
M = total mass of contaminant collected (ng) 
D = molecular diffusion coefficient (cm2/sec) 
A = diffusion path area (cm 2) 
L = diffusion path length (cra) 
C = environmental contaminant concentration (mg/m 3 = ng/cm 3) 
t = sampling time (sec) 
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The assumption in this simplified equation is that an effective collection medium 
is used and the concentration of the analyte at the sorbent surface is zero. For solid 
sorbent samplers, this is not always true for the more volatile compounds and 
becomes a problem for the weakly retained species, when peak exposures are 
followed by no or low exposure or when samples are stored for a long period of time 
before analysis. A more exact Eq. substitutes the quantity (C--Co) for C in Eq. (9). 
Where Co is the concentration at the surface of the adsorbing layer. 

Since no pump is used to pull air into the sampler, the sampling rate is dependent 
on the diffusion coefficient for each compound collected. The sampling rate for a 
specific compound is expressed in the equation: 

DA M 
SR = --L-- = "~-'~'--;" (10) 

Where SR is the sampling rate for a specific compound (cma/min). 
The solid sorbents are desorbed with a suitable solvent in a similar manner as 

discussed for tube/pump sampling. The desorption efficiency (DE) must also be 
determined for each compound. Once the mass of the contaminant (M) is determined, 
its time-weighted-average concentration (C) in air can be calculated: 

C(mg/ma) = M(ng) 
SR(cm3/min) x t (min) x DE" (11) 

An integrated concentration can also be expressed as a dosage in ppm-hrs 
accumulated over a given period of time. For example, an eight-honr time-weighted- 
average of 10 ppm is the same as an eight-hour dose of 80 ppm-hr. 

A number of factors should be understood and considered before a dosimeter can 
be used effectively. 

I. Sampling Rate. The equation relating sampling rate, SR, was discussed earlier. 
The sampling rate for each compound can be obtained from the manufacturer or 
by exposing the dosimeter to known concentrations in the laboratory. Sampling 
rates may also be estimated from diffusion coefficients, if the sampling rate of 
one substance is known, using the Eq. (12): 

SR 2 = D 2 SR1 
D1 (12) 

2. Orientation of Dosimeter. Orientation of the dosimeter face with respect to 
the air velocity direction is not controllable in the field. The degree this 
factor may effect sampling is dependent on the diffusion path length/face 
are (L/A). Dosimeters are designed to minimize this effect. 

3. Face Velocity. If the air movement at the face of the dosimeter is very low, a 
stagnant air layer will form because of the depletion of the contaminant in the 
immediate area. A minimum amount of air movement (greater than 5 ft/min) 
is necessary to maintain ambient concentrations of the contaminant at the 
face of the dosimeter. When placed on a worker, this minimum requirement is 
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usally met; however, if the dosimeter is used as an area monitor, its placement 
should be considered so that stagnant areas are avoided. 

4. Reciprocity. The dose, ppm-hr, should be dependent only on the product 
of  the concentration times the exposure time. The same mass of contaminant 
should be collected at a concentration of 80 ppm for one hour as collected with a 
concentration of 10 ppm for eight hours. 

5. Sorbent Capacity or Saturation Point. After a certain amount of substance has 
been adsorbed by the dosimeter the ability of the sorbent to remove vapors from 
the diffusion space is reduced and the sampling rate begins to decrease. The 
saturation point for many chemicals can be obtained from the manufacture or 
determined experimentally in the lab. To determine the saturation point in the 
lab, the dosimeter is exposed to various doses and the response or sampling rate is 
plotted against the dose. The point at which an unacceptable deviation in 
linearity occurs is taken as the saturation point, Fig. 6. Some dosimeters are 
designed with a backup pad which is placed behind the primary pad to measure 
the overload and extend capacity'. 

Sampling 
rate 
(co/rain) 

Initial saturation effect 
Dosimeter 
analysis 
(Mg adsorbed) 

)nitial saturation effect 

a Dose ( PPM- hours} b Dose (PPM-haurs) 

Fig. 6a and b. Saturation Effect In Solid Sorbent Chemical Dosimeters. a Effect On Sampling 
Rate; and b Effect On Total Amount Collected 

6. Competitive Coadsorption. The saturation point is dependent on the sum of all 
components adsorbed. The combined weights of  the multiple compounds collect- 
ed should not exceed the capacity for the single contaminant with the lowest 
saturation point. 

7. Retention by Sorbent. Some volatile compounds may not be held strongly 
by the sorbent. As a result, the exposure profile may have a considerable effect 
on the result. When exposed to a constant concentration, this effect is small; 
however, when exposed to a high concentration in the early part of  the 
sampling period, the results may be low. 

8. Temperature. Temperature is expected to have a minimal effect. A one percent 
increase in apparent concentration for each I0 °F above 77 °F and a one 
percent decrease for each 10 °F below 77 °F. 

9. Humidity. Atmospheric water vapor can significantly reduce the adsorptive 
capacity of solid sorbents and dosimeters should be tested at the maximum 
relative humidity expected in field use if this information is not available from 
the manufacturer. 
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10. Storage. Samples should be run as soon as possible after collection. Storage of 
several weeks may be possible if the exposed dosimeters are refrigerated. The 
effect of storage should be determined for each contaminant. 

A number of reviews on dosimeter monitoring devices !79-183) have been published. 
A recent review by Rose and Perkins 182) discusses the theory of operation, 
statistical considerations, and various sources of error in detail, and gives a 
historical development of the chemical dosimeters and their application to monitoring 
workplace atmosphere. Fowler 18a) gives a good discussion of the theory, environ- 
mental factors, face velocity, and response time. Activated charcoal is the 
sorbent of choice for dosimeters for a wide range of organic compounds, and several 
manufacturers supply activated charcoal devices based on diffusion. A number 
of studies have compared one or more of these badges to charcoal tube~s or to each 
other 178,1s~-19°). In one study, Coutant 191) evaluated dosimeters for 24 hour 
ambient air monitoring at low levels. Although most examples for the charcoal 
dosimeter use gas chromatographic analysis, Baker x92) developed an infrared method 
for identification and quantitation of many organic compounds. Some specialized 
dosimeters have been developed for organic compounds, such as acrylonitrile 187), 
aniline 193), formaldehyde ~94), phosgene 19s), and benzene 196). Several researchers 
have combined the advantages of the dosimeter and thermal desorption technique. 
Benson and Boyce 186. t8v) designed and evaluated a badge for diffusional sampling 
of acrylonitrile followed by thermal desorption/gas chromatographic analysis. 
The badge contains a stainless steel gauge element packed with Porapak N sorbent, 
which is removed for analysis. A tube-shaped dosimeter containing a silicone 
membrane and a defined diffusion path was developed and evaluated by Brown, 
et al. 197), for benzene, acrylonitrile and styrene. 

The permeation dosimeter operates based on the fact that the rate at which a 
given gas permeates a given membrane is a fixed value, and that the total mass of the gas 
that is transported through the membrane becomes a function of the concentration of 
that gas in the ambient atmosphere and the time of exposure. The collecting 
mechanism for transported gases can be an adsorption medium, such as activated 
charcoal or silica gel, or it can be an absorption system involving a solution that 
captures and stabilizes the permeated species. The quantity of analyte collected (M) 
over the time period (t) is given by Eq. (13): 

M = kCt (13) 

Where k is the calibration constant which is characteristic of each membrane 
and analyte, and is determined by exposing the membrane device to an atmosphere 
containing a known concentration of the analyte 178). For sampling organic 
compounds, activated charcoal is used to fill the space behind the membrane. After 
sampling, the charcoal is removed and analyzed. The dosimeter can be filled and 
reused many times before the membrane needs to be changed. Dosimeters based 
on permeation membranes have been developed for a variety of inorganic chemicals, 
such as hydrogen fluoride by Ryan and West 198), hydrogen cyanide by Hardy and 
West 199), hydrogen sulfide by Hardy, et at. 200), and chlorine by Hardy, et al. 201) 

A number of other dosimeters have also been designed for the collection of 
specific inorganic chemicals. These usually contain a reactant chemical, either 
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impregnated into a solid support or in solution. The first quantitative device reported 
in the literature [Palmes and Gunnison 177)] was  for the determination of sulfur 
dioxide (SO2). Since then, dosimeters of three different designs - -  impregnated 
charcoal 202), permeation 203~, and liquid contained in a sealed pouch containing a 
diffusion barrier 204) _ have all been successful for the determination of SO2. 
Woebkenberg 205) studied three passive monitors for nitrogen dioxide. 

2.3 Detector Tubes 

There are many situations where rapid results are needed at the time of sampling. 
Although portable instruments can be set up on-site, in many cases this is not 
feasible or practical. Detector tubes are rapid, convenient, and are universally used 
for the detection and estimation of many gases and vapors in air. There are a number 
of  manufacturers who produce various types of  detector tubes, and there are tubes 
available for over two-hundred gases and vapors. 

Detector tubes consist of a glass tube containing an inert granular material impreg- 
nated with chemicals which react with the gas or vapor of interest producing a color 
change. The color change can be related to concentration by one of three procedures. 
The most widely used procedure is to compare the length of stain to a calibration 
chart or to read the concentration directly from a scale printed on the tube. A second 
procedure, which is sometimes used, is to measure the amount of air required to 
produce a detectable color change. The third procedure, which is more difficult, is to 
compare the shade or intensity of the color change to a set of standards. 

The complex interrelationships between the factors affecting the kinetics of 
indicator tube reactions have been studied and presented elsewhere 206). Saltzman 206) 
has developed an equation relating the length of stain to the sample volume and 
concentration of the gas in air. 

L/H = In (CV) + In (K/H) (14) 

Where: L = the length of stain in centimeters 
C = the gas concentration in parts per million 
V = the air sample volume in cubic centimeters 
K = a constant for a given type of indicator tube and test gas 
H = a mass transfer proportionality factor having the dimensions of 

centimeters, and known as the height of a mass transfer unit. 
A linear plot of L versus the logarithm of (CV) for a constant flowrate should 

yield a straight line with a slope of H. 
Different manufacturers may use different chemical reactions for the same 

gas or vapor and it is important to follow the manufacturers instructions very 
carefully. The instruction sheets supplied by the manufacturer give the principal 
chemical reaction and the procedure for obtaining quantitative information. The 
instruction sheet also gives other important information such as storage conditions, 
shelf life, chemical interferences and corrections for temperature, humidity and 
atmospheric pressure. It is important to point out that detector tubes, in general, are 
not highly specific for one gas or vapor. A careful interpretation of the results must 
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include a knowledge of the area sampled and an understanding of the limitations of  
the detector tube used 207~. Detector tubes are widely used for short-term "grab" 
samples of  one to ten minute duration; however, long-term tubes for one to eight 
hour sampling have been designed for some chemicals. A number of  studies for the 
calibration and evaluation of short-term detector tubes have been published 20a-212~. 
Other studies have examined the effects of  flow rate 213,2~4), temperature 215,216), 
humidity 215'216~, and pressure 214'215~. Various publications 2°s-212"217-22°~ and 
reviews 12,206,221,222) have shown wide application of short-term detector tubes. 

To use the tubes, the sealed ends are broken and a given volume of air is pulled 
through the tube by a mechanical pump. Two recommended types of  pumps are 
commercially available; 

1) bellows-type pumps with limiting orifices and, 
2) precision piston pumps with limiting orifices. 
The pumps generally have a capacity of 100 ml for a full pump stroke. The sample 

volume taken can be controlled by the number of pump strokes taken for each 
tube. Pumps must be properly maintained and procedures for leak testing and 
for measuring the volume and flow rate can be obtained from the manufacturers. 
The volume of the pump should be accurate to _+ 5 ~ of the value stated. Detector 
tubes made by one manufacturer should not be used with a pump made by a 
different manufacturer since the pumps have different flow characteristics and 
could cause different lengths of stain. Each lot of detector tubes is calibrated by the 
manufacturer using his specific pump design. 

Some accessories are available to extend the use of detector tubes for special 
situations. For remote sampling of dangerous or inaccessible areas, the detector tube 
can be connected to the pump with a long rubber tube. The detector tube is then 
placed in the area to be sampled and the pump operated remotely. A sample should 
never be drawn through rubber tubing before entering the detector tube. When 
sampling hot vent or flu gases, a cooling tube can be used in front of  the detector tube. 
A four foot length of metal tube is usually capable of cooling the gas sufficiently so 
that the indicator in the detector tube will not be destroyed 206). The dead volume 
should be negligible with respect to the sample volume and caution should be used 
since loss of  some compounds could occur due to condensation or ad~rpt ion  on the 
tube walls. Another accessory, the hot wire pyrolzyer, is available to thermally 
convert some compounds into more detectable species. This can also be done 
chemically for some compounds by using specially designed reactor tubes containing 
a reactive chemical which converts the unreactive compound into a detectable 
substance. 

Although the detector tube was designed initially for short-term sampling some 
researchers attempted to use ~hem for longer periods with limited success 223,224). 
In the attempt to use the tubes for longer periods the flow rate was reduced so that a 
comparable volume of air was sampled. This low flow appeared to affect the 
detector tube reagent systems and cause secondary reactions 225). Because of the 
special requirements necessary for tong-term sampling 226) detector tubes have been 
specifically designed for that purpose for a limited number of compounds. 

Long-term detector tubes are used in a similar manner to short-term tubes except a 
sample is pulled through the detector tube at a slow, constant flow rate by an 
electrical pump. The pump should have a stable low flow rate of 2-50 ml/min for 
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periods up to 8 hours. The recommended flow rate and other precautions are given by 
the manufacturers. 

Long-term detector tubes would have an advantage over other methods such as 
charcoal tubes since they could be used to give quantitative information immediately 
after sampling and would not require further shipping, storage or analysis. Studies 
are still underway to more thoroughly test and evaluate the accuracy of long-term 
detector tubes 2z7) 

3 Particulates in Air 

The three main types of  particulates of concern in air are dust, mist and fume. 
Airbone dust can be composed of hard, rock-like materials; small solid particles 
from plants or animals; or carbonacious material and ash from combustion sources. 
Mist is formed when materials, which are normally liquids at room temperature, 
are made airborne by splashing or spraying or by condensation of  vapors in air. 
Fumes are formed from materials which are solid at room temperature and are 
airborne through condensation of vapor as, for example, found above molten 
metal and in welding operations. 

Sampling of particulates may be directed at determining the size, size distribution, 
total mass and/or specific chemical identification. The sampling train usually consists 
of a probe or inlet, a particulate collector and pump. The pump may be calibrated 
for flow or a flow measuring device may be included in the train. The particulate 
collector may consist of one or a combination of devices such as a filter impinger, 
cyclone or impactor. 

3.1 Filters 

Filters are the most common means ofcollecting particulates. Filters are available in 
many different sizes and porosity and are made of materials such as cellulose fibers, 
glass fibers, ceramic fibers and polymeric fibers and membranes. 

Cellulose fiber filters are inexpensive and have high tensile strength, however, 
they are hygroscopic in nature and careful drying and weighing is necessary to 
minimize weighing errors. Glass fiber filters are relatively friable, and some are 
available with binders to increase their mechanical strength. Filters with binders 
should not be used if the binders interfere with analysis. Polystyrene fiber filters 
have low flow resistance while polymeric membrane filters have much higher flow 
resistance than cellulose fiber filters. Membrane filters are made by the precipitation 
of resins, such as polyvinyl chloride, acrylonitrile and cellulose esters, under con- 
ditions to produce a uniform and narrow range of pore sizes. A recent review 
discusses a wide range of applications for membrane filters and future trends 228) 

Filters are available in disposable plastic holders which can be used "open-faced" 
or "closed-face" zz9), or can be used with a variety of filter holders. Filter holders 
should hold the filters without leaking around the edge or without tearing the 
filter. A back-up support screen is necessary with membrane, glass fiber and 
polystyrene fiber filters to prevent rupture during use. It is important to insure that 

90 



Sampling and Sample Preparation of Environmental Material 

connections and joints to and within the filter assembly are tight to prevent air 
leakage. Each filter assembly should be checked for leaks by applying a vacuum 
leak test 230) 

Filters are used in various ways to quantitate particulates. The concentration of 
of particulates in air can be determined by direct weighing and by chemical 
analysis (mass concentration) or by counting particulates by microscopic examina- 
tion or other counting techniques (number concentration). 

When determining mass concentration, total particulates can be determined 231) or 
some pre-separation of larger particle sizes can be accomplished prior to filter 
collection. For "respirable" dust sampling 232--234) a device such as a cyclone or 
elutriator is used to remove larger particles 235), and filters are used to collect the 
fine particles 236). Some separation of chemical fractions has also been obtained by 
selective dissolution of the particulate using a series of solvents of increasing 
polarity 237) 

Many types of particulates are sampled and determined gravimetrically as a 
nuisance particulate TLV (10 mg/m a) 2as). The adsorption of moisture on the 
filters is a general concern 239) and methods have been tried to eliminate or 
quantify adsorbed water weight gain by control filters, matched filters 2~) and 
controlling the humidity 241,142). A recent report indicates moisture can affect all 
types of filters to some degree 243) 

There are many examples in the literature for the collection of particulates with 
filters followed by chemical analysis using gas chromatography 2##-246), liquid 
chromatography 247, 2,48) thin layer chromatography 249), x-ray 250,251) nuclear mag- 
netic resonance 252), atomic absorption 253), neutron activation analysis 254,255) and 
colorimetric 256) methods. In some cases, when particulates and vapor may be 
present at the same time filters are followed by a solid adsorbent 257) 

Membrane filters are often used for collection of particulates for examination under 
the microscope. When the membrane is immersed in a liquid which has the same 
refractive index, it becomes transparent and the particles may be counted under the 
microscope. This method is widely used for the determination of asbestos 
fibers 258-259) 

The sampling train design recommended by EPA Method 4~5 has become a 
standard for measuring particulates in power generating facilities, incinerators and 
industrial vents 46). The filter element is held in a heated housing to prevent 
condensation of volatile substances and followed by a series of impingers. Since 
particulates can vary greatly in size, care must be taken when sampling a dynamic 
gas stream to eliminate bias due to particulate size (mass). Isokinetic techniques 
are used to minimize this effect by matching the velocity of the gas pulled into the tip 
of the sampling probe to the linear velocity in the pipe. The flow of the particles in the 
pipe or vent may also be nonuniform and traverse sampling points may be 
necessary to obtain a representative sample. 

The high volume air sampler has been used extensively over the past twenty years 
for measuring ambient concentrations of total suspended particulate. The original 
instrument used a pleated filter made from cellulose fibers which had to be tare and 
post weighed inside an oven. The unit was improved by an adapter for flat 
sheets, filters and a shelter. Recently a new blower motor has been suggested 260). 
Air is drawn into the covered housing and through the glass fiber filter by means of a 
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high volume flow rate blower at 1.1 to 1.7 cubic meters per minute. The filters are 
carefully removed and weighed for the gravimetric determination of  particulate 261, 
262) or analyzed for specific compounds 263-265) 

3.2 Impingers 

Although impingers are still being used for the collection of mineral dust, most 
methods for particulates have been replaced by dry filter techniques. Impinger me- 
thods are generally used only when dry filtration methods are not feasible. Impingers 
were used extensively for collecting Samples for the determination of "respirable" 
particles using microscopic counting techniques on the particles which settled to the 
bottom of a counting cell. The exposure guideline for mineral dust was largely based 
on this type of data collected by the U.S. Public Health Service between 1925 
and 1940 42). Impingers have also been used to collect particulates which are 
determined by chemical analysis (see Sect. 2.2.1). When air is drawn through the 
glass jet of the impinger, a high impingement velocity causes particles to impact 
on the bottom plate and become suspended in the collection liquid. Several types of 
impingers have been used. Greenburg-Smith impingers are the largest and sample 
at a flow rate of one cubic foot/minute into 100 ml of liquid. The Wilson 
impinger samples at a rate of 5 liters/minute into 10 mL of liquid, and the 
commonly used midget impinger originally designed by the Bureau of Mines, 
samples at a rate of 2.8 liters/minute into 10 mL of liquid. A micro impinger has also 
been suggested 5o~. 

The distance from the tip of the impinger to the flask bottom is critical and is 
standardized for the midget impinger at 5 mm _+ 0.5 m m  266), The selection of the 
collection liquid may also be critical, and coal dust was found to collect better in 
isopropyl alcohol than in water or ethyl alcohol 267). Efficiency can be increased by 
using a reagent which will react with and dissolve the particulate. Good efficiency is 
observed for mists such as sulfuric acid mists 268). Impingers are generally efficient for 
particulates greater than one micron in size but for smaller particle size filters are 
recommended. 

3.3 Cyclones and Elutriators 

Collection of"respirable" dust is usually accomplished using a two-stage sampler 232) 
The first stage, which is often a cyclone or an elutriator, removes the high mass 
"nonrespirable" particles and the second stage, a high efficiency filter collects all 
the particles which penetrate the first stage. 

Several types of miniature cyclones, 10 mm to 50 mm are, available. The shape of the 
cyclone is either cylindrical or an inverted cone with the air entering tangent to the 
side. Dust entering the cyclone swirls at a high rate of speed and the particles of 
higher mass are thrown to the side due to centrifugal force and collect at the base. 
Cyclones can be operated in any orientation so long as they are not turned upside 

down. 
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The particle range collected by the cyclone depends on the size of the cyclone and the 
flow rate which controls the velocity inside the cyclone. Various studies have been 
made to determine the collection characteristics 269-271), and a flowrate of 1.7 L/min 
has been recommended for the 10 mm cyclone 272). Various types of cyclones have 
similar size-efficiency performance curves; however, each design must be calibrated 
since a slight variation will cause a change in efficiency. Cyclones tend to be smaller 
than elutriators for the same efficiency because particles rotate several times under a 
high centrifugal force. 

Elutriators can be horizontal or vertical. The horizontal elutriator is usually 
composed of several thin rectangular ducts connected in parallel 273). Particles 
passing through the element will fall under gravity. Depending on the flowrate, 
higher mass particles fall to the floor of the element and are captured. In a 
vertical elutriator air is pulled upward through an inverted cone and particles 
are separated depending on their terminal velocity 274, 275) 

Pumps used to pull air through cyclones and elutriators should be steady 
and free from pulsed flow 276) A pulsed flow tends to collect a higher mass of 
"respirable" dust. Pulsation dampers are available which reduce the pulsation to an 
acceptable level. 

3.4 Impactors 

Impingement on a flat plate held close to a jet of air containing particulates has 
been used for many years and the theory is discussed in the literature 277,278). The 
single plate was improved with the development of the cascade impactor. The 
cascade impactor has a number of stages. Each stage collects a different particle size 
range which is controlled by the impingement jet above each stage. 

Some investigators have used adhesive coated impaction surfaces 279-282) to 
reduce problems of loss of particles due to bounce and blow-off 2s3-285). 

Some new developments in impactor design include a parallel stage impactor 286), 
a micro-orifice impactor for sub-micron aerosol size classification 2s7) and an eight 
stage, low pressure impactor 281,282) 

Water and Solids 

Chromatography coupled with a variety of detectors is the most common technique 
for the determination of trace level organics in environmental samples. Gas 
chromatography is used more frequently than liquid chromatography undoubtedly 
due to the ease of coupling gas chromatography and mass spectrometry for identi- 
fication purposes. For many of these analytical schemes, a means of isolating/con- 
centrating the organic compounds from the sample matrix into a suitable solvent 
is necessary. A brief synopsis of some of the various techniques to achieve this 
purpose is given on the following pages. 

Trace levels of inorganic elements (metals) are most frequently determined using 
atomic absorption spectroscopy, flame, graphite furnace or hydride generation. 
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Recently, inductively coupled plasma emission spectroscopy, a multielement/simul- 
taneous analysis system, has made significant contributions to environmental 
surveys. 

4 Preparation of Water Samples for Analyses 288- 291) 

4.1 Liquid-Liquid Extraction (LLE) 

The batch LLE is perhaps the simplest and most widely used technique for the 
extraction of organic contaminants from water. The technique, which consists 
of mixing the water sample with an immiscible organic solvent, is quick and 
fairly well characterized. The principle used is that the organic contaminants 
will be more soluble in the organic solvent than in the water and will preferentially 
partition into the solvent. An important parameter for LLE procedures is the 
choice of solvent. It must a) be immiscible with water, b) not contain species that 
would interfere with the analysis, c) extract the organics of interest from the 
sample, and d) be compatible with the proposed analytical procedure. 

The LLE can actually be accomplished in a variety of ways. The most common 
procedure is by mixing the sample and solvent in a separatory funnel. The phases are 
allowed to separate and the organic layer removed. Usually several extractions of the 
water, each time with fresh solvent, are required for good recoveries. The various 
solvent extracts are combined, concentrated, and analyzed. Other means of mixing, 
such as rolling, sonication, and stirring can also be utilized. 

,~.... Screw cap 

CoLlecting conta;ner 

Piston 

Holder-spacer 

Mixer-reservoir 

Fig. 7. Mixxor Extraction Device 
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The main advantage of the technique lies in its simplicity and minimum 
equipment required. The extraction can even be done in the sample bottle if there is 
enough headspace for adequate mixing after adding the solvent. 

One of the more recent devices introduced specifically for rapid liquid-liquid 
extractions is the MIXXOR ® device 292,293) (Fig. 7). These devices come in various 
sizes to handle sample volumes up to 20 mL. The mixing is accomplished by 
forcing the liquid from one chamber to another through a small orifice. A ground 
glass plunger with a small diameter longitudinal pasage is pushed into a matched 
close fitting vial containing the sample and extraction solvent. The sample/solvent 
mixture is forced through the passage in the plunger and sprayed into a closed glass 
chamber attached to the plunger. As the plunger is withrawn from the vial, the 
the mixture is sucked back into the vial. Several "pumps" of this unique device 
are sufficient for extraction. 

The advantage of this system is that small volumes of a water sample can be 
rapidly extracted with very small volumes of solvent. In the smallest MIXXOR 
(2 mL) it is relatively simple to extract 2 mL of water with 100 gL of hexane and 
recover approximately 75 % of the hexane for analysis. 

The main disadvantage of this device is the ease with which emulsions are 
generated. 

4.2 Continuous Liquid-Liquid Extraction (CLLE) 

Continuous extractors offer some advantages for difficult to extract species and for 
samples that readily form emulsions. A basic common design distills the solvent to a 
chamber which release it as fine droplets through a frit either down or up (depending 
on solvent density) through a water ~ample 294). The solvent then cycles back to the 
distillation pot where the extracted organics are concentrated. Because the sample is 
continuously extracted with fresh distilled solvent, an overnight extraction will 
concentrate even marginally soluble species. Occasionally even this gentle mixing 
with some samples can result in the formation of an emulsion. In these cases a 
flow-under or flow-over extractor is required 29s). Mixing of the phases does not take 
place in these extractors. The organic phase floats over or flows under the 
aqueous phase. The partitioning of contaminants into the organic phase takes place 
at the organic-water interface. A slow turning mixer provides sufficient agitation of 
the sample so that quantitative extraction can occur. Generally even the most 
emulsion prone samples yield to this extraction device. 

4.3 Sorbent Column Extraction 

A column filled with sorbent material, through which an aqueous sample is passed, 
provides another means of isolating certain organic compounds from water 296-298) 
The adsorbent materials used are varied; activated carbon, XAD resins, Tenax-GC, 
bonded organic phases on silica and polyurethane foam to name a few 299-3o3) 

An advantage of this type of extractor is that sampling and extraction can be 
done in the field simultaneously. This means that very large volumes of water can 
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be sampled for high sensitivity since only the sorbent column has to be transported 
back to the laboratory for extraction and analysis. 

The organics are commonly removed by solvent elution or, in some cases, thermal 
desorption 304). Difficulty with recovery of organics are possible especially when 
using activated carbon adsorbent 305) 

While the aforementioned resins are suitable for accumulation of non-polar 
organics, the concentration of low molecular weight polar and ionic species 
requires use of ion exchange resins 306,307) Since the resins are based on a 
hydrocarbon polymer, some amount of hydrophobic adsorption will also occur. 

Unfortunately, particulates in the usual environmental water samples tend to 
restrict and eventually block the flow of sample through the resin columns. Use is 
most common with groundwater and drinking water where particulates are not 
usually a problem and high concentration factors are required. 

4.4 Lyophi l iza t ion (Freeze-Drying)  308) 

For the isolation of non-volatile water soluble compounds or biological materials 
from water, freeze drying is an effective technique. In this technique the water 
sample is frozen in a vial and the resulting ice sublimed away under vacuum. 
Organics are then solubilized m an organic solvent to separate them from the 
precipitated inorganic salts. 

Although very effective for heat sensitive biological materials and other non- 
volatile organics, the process is very time consuming. 

4.5 Gas Sparging 

Both purge/trap (PAT) 3°9-3m and closed loop stripping (CLS) 312- 318) are varia- 
tions of this procedure. The basic principle of these techniques is that volatile 
organics are sparged from an aqueous sample using an inert gas and collected 
on an adsorbent trap. The organics are then either solvent extracted or thermally 
desorbed from the adsorbent for analysis. 

Nearly all thermal desorption traps used contain some portion or are entirely 
Tenax-GC. Care should be exercised when heating this material. While the 
manufacturer claims stability up to 350 °C, at least one laboratory has found some 
breakdown occurring above 250 °C with benzene as the major breakdown 
product 316). PaT analyses are generally done using 10 mL or less of sample. In 
general, a flow of 30 to 40 mL/min for 10 to 15 minutes provides the optimum 
compromise between purging efficiency for "heavier" organics and' adsorbent trap 
breakthrough time for the "light" organics. In this technique the entire contents of the 
the adsorbent trap are thermally desorbed onto the front of a gas chromatographic 
column. Analysis proceeds by temperature programming the column to elute and 
separate the components. The apparatus for this procedure is available from a 
variety of commercial suppliers including automated versions that handle a number 
of samples without operator intervention. This technique is used extensively for the 
determination of halogenated volatile organics in water. 
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For the CLS procedure a few changes are made. A much larger volume of sample 
is used, typically one liter or more. A stainless steel bellows pump is used to 
recirculate approximately 50 mL of gas through the sample and adsorbent trap 
(hence, "closed loop"). The trap consists of from one to five mg of carbon supported 
between two stainless steel screens. After sparging (three to eight hours typically) 
the carbon trap is desorbed by passing 10 ~tL of carbon disulfide through the trap 
and into a specially designed reservoir from which an aliquot can be withdrawn 
for analysis. Since the system is a closed loop, it can be sparged for much longer times 
without concern for breakthrough. This greatly extends the volatility range for which 
the procedure is useful. Excellent recoveries can be obtained for compounds 
thought to be relatively non-volatile, i.e. PCBs 317). The CLS system yields perhaps 
the highest concentration factor (x  100,000) with the least sample manipulation 
of any current technique. The major problem that will be encountered with any 
sparging technique is sample foaming. For some cases a slower purge flow or a foam 
trap will alleviate the situation. For severly foaming samples a situation analogous to 
the flow-over-extractor will have to be created. This is done by placing a stir bar into a 
suitable purge vessel with the sample and adjusting the speed such that a deep 
stable vortex is formed. The purge gas is then introduced from the top of the 
vessel through a piece of 1/16" stainless steel tubing that extends down into the 
vortex without touching the water. The remainder of the purging and analysis is 
carried out as before. The organics will migrate from the surface of the water into the 
purge gas and no foam will be generated. Depending on the PaT system being used 
slight modifications to the equipment may be necessary. 

4.6 Static Headspace 

This technique is performed by analyzing the closed atmosphere above a sample 
318-320). Frequently the sample is heated in a thermostated bath to force more 
of the volatiles into the headspace to increase sensitivity. The procedure is simple, 
straightforward, rapid, and requires a minimum of equipment. Repeated equilibra- 
tions/analyses with fresh headspace gas using the same sample can provide limited 
identity information. The procedure is, however, limited to quite volatile water 
insoluble organics. As either water solubility increases or volatility decreases, the 
headspace concentration and, necessarily, the sensitivity decreases dramatically. 
For most environmental analytical applications, this procedure is used only if for 
some reason the PaT procedure cannot be employed. 

4.7 Distillation Concentration/Extraction 

Many of the organics that are normally extracted from aqueous samples using 
LLE techniques can be extracted and concentrated more easily using steam distil- 
lation techniques. In some respects it can be thought of as a heated gas sparging 
technique. One apparatus particularly well-suited for the isolation of water insoluble 
neutral organics from aqueous samples is the steam distillation extractor (SDE) 321) 
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This extractor continuously cycles the sample steam distillate through an immiscible 
lighter-than-water solvent such as hexane. Routinely, large volumes of sample 
(4000 mL) can be distilled/extracted in a 5 mL volume of solvent. Emulsions and 
interferences that are commonly observed in an extraction are reduced or eliminated 
entirely. Normally, species that can be steam distilled can also be gas-chromato- 
graphed. This results in a "cleaner" extract and reduces the build-up of residue in 
the injector of the gas chromatograph. A prediction of whether or not a particular 
compound will steam strip from water can be made on the basis of its "relative 
volatility to water" 322) 

The small volumes of solvent normally used in steam distillation techniques 
facilitates solvent concentration and minimizes interferences due to solvent impurities 
and/or preservatives. Temperature stability of each analyte to be steam distilled 
must be demonstrated in the matrix. Extreme care must be exercised to be certain 
the species is neither formed nor destroyed during the several hour distillation/extrac- 
tion. 

A more general purpose steam distillation/extraction apparatus is the steam 
codistillation extractor (SCDE) 323-325). This unit allows simultaneous condensation 
of a steam distillate and an immiscible extraction solvent. The steam condensate 
mixes with solvent condensate on the condenser walls. The phases are then 
separated and each returns to their respective distillation pots (steam condensate to 
sample chamber and solvent to solvent chamber). Fresh solvent continuously contacts 
the steam condensate so marginally distilled/extracted species are concentrated in the 
solvent chamber. The SCDE also has an advantage in that either heavier- or 
lighter-than-water solvents can be used. The same precautions noted for using the 
SDE also apply to the SCDE. 

4.8 Azeotropic Distillation/Concentration 

Distillation has been used extensively for the concentration of various water soluble 
organics. When combined with a headspace technique or a specially designed 
refluxing still, detection limits down to the part-perbillion (ppb) level can be 
obtained using gas chromatography 326-328). AS a rule, a water soluble organic 
can be concentrated by this procedure if it forms an azeotrope with water which has a 
boiling point of less than 99 °C. Compounds that do not azeotrope with water, 
such as methanol and acetone, can still be concentrated provided their boiling point 
is substantially less than 100 °C. 

The advantages of distillation techniques over direct injection of aqueous solutions 
includes concentration and elimination of dissolved solids. Injection of samples con- 
taining dissolved solids can rapidly plug the gas chromatographic injection port 
with salts and have deleterious effects on both the column and subsequent samp- 
pies. 

As with all distillation techniques, boiling a sample to achieve concentration 
can be a problem with reactive materials. Sufficient experiments should be done to 
insure that compounds of interest are neither formed nor destroyed during the 
process. 
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4.9 Dissolved Metals 

For the determination of dissolved metals the sample needs to be filtered through 
a 0.45 g cellulose membrane filter as soon after collection as possible. An initial 
portion of the sample is used to rinse the filter apparatus and then discarded. 
After the sample has been filtered the filtrate must be acidified with high quality 
nitric acid to a pH of <2. Normally 3 mL/liter is sufficient to preserve the 
integrity of the sample. The metals of interest can be determined using the 
appropriate and/or available instrumentation. 

4.10 Suspended Metals 

For the determination of suspended metals a representative volume of unpreserved 
sample must be filtered through a 0.45 g cellulose membrane filter. The filter 
containing the insoluble material is transferred to a beaker and cautiously digested 
with concentrated nitric acid until complete. The solution is evaporated to near 
dryness and either dilute hydrochloric acid or nitric acid is added depending on the 
instrumental technique used and/or the metals"determined. The solution should be 
filtered and diluted to a specified volume. 

4.11 Total Metals 

For the determination of total metals the sample is acidified with nitric acid to a 
pH of <2  at the time of collection. The sample is not filtered. A representative well 
mixed sample is transferred to a beaker and cautiously digested with nitric acid until 
complete. The solution is evaporated to near dryness and either dilute hydrochloric 
acid or nitric acid is added depending on the instrumental technique used and/or 
the metals determined. The solution should be filtered and diluted to a specified 
volume. 

For the determination of total arsenic and selenium utilizing hydride atomic 
absorption techniques it is important to carefully digest the sample with sulfuric 
and nitric acids, maintaining oxidizing conditions at all times. 

The cold vapor technique for determining mercury is the most widely accepted 
method for achieving sub ppm concentrations. The sample is mildly digested with 
sulfuric and nitric acid in the presence of potassium permanganate and potassium 
persulfate in order to convert all forms of mercury to the ionic form. 

5 Preparation of Solid Samples for Analysis (Soil, Sediment, etc.) 

5.1 Soxhlet Extraction 

The most common means for exhaustive extraction of solid material is via a soxhlet 
extraction apparatus. These devices, are analogous to the continuous extractors 
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for water. The finely divided sample is held in a chamber and solvent (either 
heavier or lighter then water) is distilled up into it. When full, the solvent siphons 
(cycles) back into the distillation pot. The number of cycles required are dependent 
on the desired analyte and the particular matrix but at least twenty cycles are 
usually required for quantitative extraction. 

5.2 Steam Distillation 

The same apparatus (SDE and SCDE) as described for the extraction of water 
can be used for solids. The sample is placed in the apparatus with reagent water, 
typically up to 5% solid sample in the water 327). The rest of the extraction 
proceeds exactly as with water extraction. The same safeguards should be observed 
as regards analyte stability, etc. 

5.3 Analysis for Volatiles 

Neither soxhlet extraction nor steam distillation is designed to isolate volatiles from 
solids for subsequent determination. Slurrying the solids in water and then applying 
the PaT procedure has been reported 310) A vacuum extractor with cryogenic 
concentration has been applied to both fish and sediment samples for determination 
of volatile priority pollutants 329) PaT, LLE, and static headspace techniques have all 
been applied to the determination of volatiles in sludges from municipal waste 
treatment plants 33o). 

6 Treatment of Water and Solid Sample Extracts 

6.1 Sample Extract Cleanup 

Often sample extract fractionation or "cleanup" is necessary to separate the analyte 
of interest from co-extracted interferences prior to extracts analysisi Usually these 
fractionations are accomplished using fluorosil, silica, or alumina although media as 
exotic as carbon on polyurethane foam and gel permeation chromatography have 
been reported 33~) One of the most elaborate and extensive fractionation schemes 
is that reported for isolation of various chlorinated dioxins 332). 

6.2 Sample Extract Concentration 

In order to achieve the desired sensitivity most environmental analytical techniques 
employ some form of solvent extract concentration. 
1. Rotary Evaporation. Extract concentration by means of rotary evaporation 

involves a vacuum distillation from a rotating flask. Although it is relatively 
rapid, it is possible to contaminate the sample with impurities from the vacuum 
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source if an efficient trap is not used. For this reason, a water aspirator is 
usually the "cleanest" vacuum source available for this procedure. The speed of 
evaporation is difficult to control and frequently "bumping" can cause significant 
losses as well as contamination of the apparatus. Usually this concentration 
technique is used for relatively non-volatile anatytes. 

2. Kuderna-Danish (K-D) Evaporative Distillation. The majority of extract concen- 
trations done in environmental analyses are accomplished via K-D distillations-: 
The technique introduces no impurities, is relatively rapid, and can easily 
concentrate extracts to a final volume of 1 mL with commercially available 
equipment. Solvent exchanges (i.e., from methylene chloride to hexane) can also be 
accomplished during the concentration process. This is particularly necessary if a 
halogen sensitive detector will be used for the analysis. 

3. Evaporation Under Flowing Gas Stream (Blow-down). For solvent volumes 
of less than 20 mL, evaporation under a flowing stream of a pure inert gas 
such as nitrogen is a relatively fast and easy means of achieving concentration. 
One important parameter to watch is the purity of the gas. Special filters are 
usually necessary to avoid introducing contamination from the blow-down gas 
during the concentration 333) 

One factor that must always be checked before using any of these concentration 
techniques is the recovery of the analyte of interest from the solvent being used. 
In general, the K-D techniques will give the highest recovery, especially when 
small volumes (less than 10 mL) are being concentrated. 

7 Sampling Water and Solids 

Since everything that comes in contact with an environmental sample (including 
light and air) has the potential to alter the sample, careful attention must be given to 
every aspect of sample handling. Due to the intimacy and time of contact, the 
materials of construction of the sample container and cap should be closely 
examined. 

Collection bottles must be appropriate for the sample and species to be determined. 
For collection of water for determination of organic and inorganic impurities, 
properly cleaned glass bottles are usually the best choice. The bottle cap liners are also 
important. Cardboad, plastic, and foil liners should be avoided if at all possible. A 
liner of Teflon resin has been found to be the best choice 334). 

The cleaning of sampling containers and equipment is extremely important 
when determining trace level components in environmental samples. To minimize 
sample cross contamination in sampling equipment and to eliminate interferences 
due to glassware obtained directly from the manufacturer, the sample containers and 
other associated equipment should be washed with soap and hot water and rinsed 
thoroughly to remove all organic and inorganic residues. Prior to sampling all 
sample containers, caps, and cap liners must be inspected and flawed items 
discarded. Each item is then cleaned with a 2 % solution of  RBS-35 (a surfactant 
available from Pierce Chemical Company, Rockford, IL) or equivalent. An ultra- 
sonic bath should be used to insure complete cleaning. Each item is then rinsed with 
distilled water, methanol, acetone, and finally reagent grade methylene chloride. 
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The sample containers are then air dried in an organic and dust free environment. 
After drying, containers should be sealed with the clean caps and liners and stored in a 
clean area to prevent re-contamination before they are used. For trace metal analysis 
the sample bottle should be thoroughly washed with detergent and tap water; 
rinsed with 1 : 1 nitric acid, tap water, 1 : 1 hydrochloric acid, tap water and finally 
deionized water zgo). 

7.1 Surface Water Sampling 

For our purposes surface water consists of any body of water exposed to the 
atmosphere. Examples are lakes, streams, sewers, rivers, ponds, etc. 

7.1.1 Sampling for Water Miscible and Semi-Volatile, (b.p. 150 °C) Organics 

Since water quality varies from point to point in most water systems, sampling 
sites appropriate for the study must be selected 33s-339). No specific guidelines can be 
given as to the exact locations for sampling; however, some factors influencing the 
selection of sampling sites are: 
1. Objectives of the stdy - -  each site must contribute some data toward the 

objective of the study. 
2. Accessibility - -  a sampling site should be accessible without extraordinary 

effort or danger. 
3. Representative sample --  one of the most difficult sampling problems can 

be obtaining a representative sample. To be representative the sample taken 
must reflect the overall composition of the entire body. If the effects of a certain 
source are of interest, the sample must be taken at a point where total mixing 
with the carrier stream has occurred. In situations such as this, heterogeneous 
samples can invalidate an entire study. 

4. Available facilities --  sources of power for electrically driven apparatus, ice for 
cooling the samples, and a means to promptly transport the samples to the 
laboratory must be considered. 

The actual procedure used to collect the sample can be either the "grab" 
or the "composite" technique. The grab sample is a discrete sample collected 
over a period of time not to exceed 15 minutes. It can be collected manually or by 
using some other suitable device. 

For collection of a manual grab sample the clean sample bottle should remain 
closed until the bottle is under water and at the desired depth. This is necessary to 
avoid contamination of the sample with any "film" of organic contamination 
that may be floating on the surface. If not specified in the protocol of the 
study, 1/2 depth of the water is a reasonable sample collection point. When the 
desired depth is reached, the sample bottle is opened, allowed to fill, closed, and 
retrieved. If  the analytical scheme to be followed involves analyses of aliquots of the 
sample, prerinsing of the bottle with sample may be necessary to passivate any 
adsorptive sites in the glassware 299). 

Another type of grab sample is the depth integrated sample. Many of the organic 
compounds found in the environment are only slightly soluble in water and are often 
found adsorbed on the particulates in water. Since particulates will be more 
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concentrated toward the bottom of the stream, a representative sample of a following 
stream requires that water be collected throughout the vertical profile of the 
stream. One way of approximating this ideal is to lower a weighted open bottle to the 
bottom of the stream and raise it to the surface at an overall uniform rate such that the 
bottle will be just filled on reaching the surface 342) 

When the sampling is completed, the bottle should be sealed with a cap lined 
with Teflon and transported to the laboratory for analysis as soon as possible. 

The composite sample is formed by mixing discrete samples at periodic time 
internals or as a continuous proportion of the flow. Composite sampling can be 
accomplished by manual or automatic techniques. Manual compositing can be done in 
a variety of ways. 
1. Taking a constant volume sample with a constant time interval between samples. 
2. Taking a constant volume sample with the time interval between the samples 

being proportional to the flow. 
3. Taking sample volumes that are proportional to the total stream flow volume 

since the last sample at constant time intervals. 
4. Taking sample volumes proportional to the total stream flow rate at the time of 

sampling at constant time intervals. 
Automatic compositing is typically done in two ways: 

1. Continuous pumping rate. 
2. Sample pumping rate proportional to the stream flow. 

Before any samples are collected using an automatic sampler, a blank sample 
should be generated on-site by pulling reagent water through the system in the same 
manner as samples will be collected. This blank should be taken to the laboratory 
with the samples and processed as a sample. When using automatic samplers every 
effort should be made to insure that the sample contacts only inert, non-contaminating 
materials such as glass and Teflon. Recent studies have shown the importance of 
using only tubing made of Teflon in continuous samplers for water collection 334~ 
Various plastics are available for many samplers but can significantly affect the 
sample through both adsorption and contamination. To achieve flexibility some 
manufacturers add large amounts (up to 40%) of plasticisers to the tubing. The 
absorption characteristics of various plastic tubings is not surprising when you con- 
sider that XAD-2, a resin used widely for isolation of organics from water, is a 
plastic (polystyrene). A blank sample provides one indication of how successful you 
have been in avoiding contamination in the sampling/transport process. Since the 
composite covers a length of time and varying concentrations, no prerinsing to 
passivate the active sites in the system is possible. This can be partially overcome by 
using a large reservoir container and higher pumping rates so that the volume 
collected approaches the capacity of the container. By using a high volume/inner 
surface area ratio container, the effect on results of adsorption on the sample 
container walls is minimized. Provision should also be made to keep the sample 
refrigerated/preserved during the time i t  is in the sampler storage reservoir as welt as 
during transport to the laboratory. Again the samples should be shipped in glass 
bottles with caps lined with Teflon. Generally, the best all-purpose preservation 
scheme for the sample is to refrigerate at 4 °C and store in the dark. The sooner the 
sample can be analyzed, the more reliable the results. There is no universal 
preservation procedure to maintain sample integrity. Techniques used to preserve 
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one parameter can change or interfere in the determination of another. The answer 
to this problem is to split the sample at the time of collection and preserve each 
aliquot as required for a specific analysis 341) A list of a wide variety of preservation 
techniques and the parameters that they preserve has been published 349). In some 
cases, the addition of 2 mL of concentrated sulfuric acid per liter of sample combined 
with storage at 4 °C preserved stability for up to 4 weeks. A correlation was 
found between organic loss and microbiological activity suggesting that biological 
activity governs sample stability 34z). Microbial activity was also found responsible 
for degradation of various hydrocarbons in water 343). For trace metal analysis the 
most appropriate preservation technique is to acidify the sample with 3 mL 
of concentrated nitric acid per liter and store at 4 °C. 

7.1.2 Sampling for Volatile (Purgeable) Organics 

In sampling for volatile organics such as trihalomethanes, a number of parameters 
are different when compared to the procedures for semi-volatiles. 

In most cases these compounds are determined either by a purge/trap (PAT) 
procedure 3°9-3m, a direct aqueous injection gas chromatographic procedure 
(DAIGC) 344' 34s, or by a specialized version of liquid-liquid extraction (LLE) 346) 
In any case the amount of sample that is necessary is much smaller, on the order of 
40 to 125 mL depending on how the analysis will be done. For the PaT 
procedure, a 40-mL glass vial with a septum screw cap lined with Teflon is used. A 
125-mL hypo vial with septum crimp cap lined with Teflon is ideal for the LLE 
procedure. Either volume is more than adequate for the DAIGC procedure. 

Cleaning of the sample containers is also different in that no organic solvents are 
used. The septa and vials are cleaned in hot detergent water and rinsed repeatedly 
with hot distilled water. They are then dried in a clean oven at 100 °C for one hour. 
The screw caps with septa are then placed on the vials while still warm. The 
empty vials are then sealed in clean wide-mouth jars over a layer of activated carbon 
and transported to the sampling site. The crimp top vials are handled in an analogous 
manner but the tops are not crimped down. 

Due to the volatility of purgeable organics only grab samples should be collected. 
Attempts to generate composite samples will result in losses of some materials. 
Samples should be taken upstream of any aeration and not in a turbulent area of the 
sample stream. The conventional glass grab sampling apparatus is adequate for 
sample collection if the sample cannot be collected directly into the vial. Im- 
mediately after a large grab sample is obtained it should be poured with minimum 
agitation into the vial until it is overflowing. The septum cap is then applied such 
that no air bubbles are present. The filled vials are then returned to the wide-mouth 
jars with the layer of adsorbent (activated carbon) on the bottom to decrease 
chances of any cross-contamination 347~ The samples should be refrigerated at 4 °C, 
and transported to the laboratory for immediate analysis. For preservation, various 
scavengers (i.e., citric acid, sodium thiosulfate) can be added to destroy any residual 
free chlorine and prevent changes in the sample 348). 

7.1.3 Documentation of Sampling Conditions 

At the time of sampling all conditions concerning how, where, and when the 
samples were taken should be recorded. Of particular importance to determine the 
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total pollution "load" is the flow rate where applicable. The means of measurement 
can range from a graduated container and stopwatch to accoustic flow meters. 
An excellent compilation of flow measurement techniques was recently pub- 
lished 349). 

7.2 Groundwater Sampling 

Groundwater, water found in an underground aquifer, presents some difficult 
sampling problems. The soil subsurface is an extremely complex and relatively 
inaccessible environment. Large differences can be noted in physical, chemical and 
biological characteristics within small vertical and horizontal distances. The only 
practical way in which this underground environment can be sampled is by means of a 
monitoring well, an expensive answer 350). 

Since aquifers are used extensively as a source of drinking water, analyses are 
usually aimed at very low levels of organic contamination. Extreme care must be 
taken not be contaminate the aquifer through the act of installing a monitoring 
well. Since a monitoring well samples only a very small part of an aquifer 
horizontally and, in many cases, vertically, a thorough knowledge of the hydro- 
geological makeup of the area should be gained before selection of sampling points. 

Material and method of well construction are both critical. Double cased 
monitoring wells using casing made of Teflon should be used whenever possible, and 
the intake part of the well should be made depth discrete 351-35v~. Other requirements 
of monitoring wells have been described in a recent comprehensive study 35s~. 

After installation of a well it should be pumped or bailed continuously with 
periodic backflushing until the water is free of any turbidity. Before any sample 
collection, the well should be again flushed to remove the stagnant water in the well 
casing. A common procedure is to pump or bail the well until a minimum of 4 to 
10 bore volumes have been removed. 

Collection of water from a monitoring well can be done in a variety of ways. 
The method chosen will depend on circumstances and the organics that are to be 
determined. 

The bailer is the simplest and oldest means of collecting water from a well. It is 
basically a container that is lowered into the well using a cable or chain and then 
pulled out with the sample. The advantage of this well sampling procedure are: 
1. No electrical power or heavy equipment is needed. 
2. The system is portable and can easily be cleaned after each use. 
3. Bailers can be constructed of inert materials such as glass or Teflon. 
4. Minimal disturbance of the water during sampling reduces losses of volatile 

organics. 
One precaution that must be taken when using bailers is to use a metal cable 

or chain rather than a rope. Ropes are virtually impossible to clean and will 
contaminate the samples. This is especially true of plastic ropes. 

Although bailers can be used in most situations for all classes of organic 
materials, they do have one major disadvantage. When a large volume of water 
has to be removed (i.e., flushing a well), use of a bailer can be very time-consuming 
and physically exhausting. 
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In certain circumstances, a suction lift sampler can be used. The samplers are 
portable, can be operated by hand or battery, and have pumping rates in excess of 
5 gallon/minute. The major disadvantages are that they tend to degas the sample 
causing losses of  volatiles and are limited to relatively shallow wells, less than 
25 feet deep. 

For very deep wells portable submersible pumps may be the only choice. Powered 
by line electricity or a portable generator, these pumps can bring up water from 
several hundred feet deep. When choosing a pump of this type attention must be 
paid to possible contamination from materials of construction, connection lines, 
etc. They do churn up the water substantially so losses of  volatiles will occur. 

Pressure lift samplers are a fairly non-contaminating means of obtaining samples 
from a well. Gas pressure, preferably nitrogen, is applied to the well in such a 
manner as to force the water up. If  oxidation is not a concern, a small air 
compressor can be used to pressurize the system. In other cases a cylinder of  
compressed nitrogen will have to be transported to the site. All tubing used for 
connectors and to apply pressure to the well must be clean and made of non- 
contaminating material such as Teflon. It should also be structurally strong since the 
depth to which this procedure can be used is governed by how much pressure can 
safely be applied to the well. The major disadvantage of this system for organics 
sampling is that gas stripping of volatile organics can occur. 

A number of variations on these basic designs have been developed as well as some 
fairly sophisticated devices designed solely for well water sampling. Many are describ- 
ed in detail in a recent publication 35s). Once the samples have been obtained from the 
well it should be put into an appropriate sample container cleaned using the 
previously mentioned procedures, preserved and shipped to the laboratory. 

7.3 Unsaturated Zone Water Sampling 

The soil area above the water table is known as the unsaturated zone. In the 
study of migration of pollutants through the soil to the groundwater, it is 
desirable to sample the water in the unsaturated zone. Typically this is done with a 
type of suction lysimeter but recently a hollow fiber membrane approach was 
attempted. However, the cellulose acetate fibers were found to be unsuitable due to 
degradation and inability to withstand repeated, prolonged exposures to the vacuum 
required for sampling 3595. A later study indicated hollow fibers could be used in 
place of lysimeters 36o). At present, the most reliable procedure for determining 
volatile organics in soil water is a suction lysimeter connected in series with a 
purging apparatus and an adsorbent trap 3615. Water is sucked from the soil into the 
purging chamber by applying vacuum to the lysimeter through the purging chamber 
and the adsorbent trap. The vacuum is turned off, appropriate valves switched and 
the volatiles remaining in the water are sparged with nitrogen onto the trap. 
The trap is then removed from the system and returned to the laboratory for 

analysis. 
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7.4 Sampl ing o f  Soil 362- 364) 

7.4.1 Surface Soil 

For sampling purposes we shall describe surface soil as the loose surface layer of 
earth consisting primarily of humus, clay, sand and small size gravel, but excluding 
vegetation. When choosing a sampling site the past history of the area should be 
considered. Generally soil that has been recently disturbed by plowing or digging is 
to be avoided. Once a site has been found that meets the study objectives, 
a grid pattern should be established. Ten equal size subsamples will be taken 
randomly over the sampling area and combined to form a composite sample. Due 
to the natural heterogeneity of soil, a composite sample is more representative of 
a locale than a single grab sample 36s). Ten subsamples represent a compromise for 
obtaining a representative sample in an efficient manner. Although each subsample 
is taken randomly within the gird area, they should be taken from locations at 
least 1.5 meters and not greater than 15 meters apart. With subsamples taken within 
the required distances, each sampling area is greater than 9.3 sq. meters and less 
than 930 sq. meters. 

To collect a soil subsample, carefully scrape aside all vegetation and debris. 
Collect the soil with a clean stainless steel utensil, making sure not to exceed 3 cm 
in excavated depth. The subsamples should be placed in a clean glass wide-mouth 
bottle with a cap lined with Teflon. The bottle should be of sufficient size such 
that when all 10 subsamples are collected it is approximately 1/2 full. The extra 
volume is needed so that the soil can be homogenized before any subsamples are 
withdrawn for analysis. After collection the samples are stored in the dark at 4 °C to 
retard compositional changes due to biological activity. 

7.4.2 Depth Sampling of Soil 

When a study of the vertical migration of organics in soil is needed, samples 
will have to be obtained from various known depths. Sampling techniques to 
accomplish this include manual excavation of a pit or trench, various types of hand 
or motor driven core sampling devices, or sampling thieves. In a study of this type, 
the sampling technique should provide an accurate measurement of the depth of the 
sample below the original surface. It should also minimize any contamination of the 
sample with soil from either above or below the layer sampled. 

Manual excavation is suitable for nearly all soil types. All digging tools should be 
clean and free of oil, grease or any other contaminants. When digging the pit 
or trench, all soil removed must be piled on one side so that the original surface 
is preserved for sampling purposes. When the excavation is large enough to sample 
the desired stratum, a 3-cm thick section should be scraped away before taking the 
sample. Samples may be taken with a clean stainless steel utensil and placed in a clean 
glass jar with a lid lined with Teflon. The samples are then refrigerated at 4 °C 
while protected from light and transported to the laboratory. 

Core sampling, in its simplest form, can be practiced by driving an open 
pipe into the ground. After pulling the pipe from the ground the soil core is 
pushed out and the appropriate layer taken for analysis. Commercial core samplers 
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operate on the same basic principle but have features to make them easier to use. 
Specially designed ends allow them to penetrate the soil more easily, and removable 
liners allow easier removal of the soil core while minimizing chances of cross- 
contamination between samples. 

When using a core sampler the depth to which the sampler penetrates should 
be compared with the core sample length. Soils which exhibit a compression of 
greater then 25 % should be sampled by another technique or a differently designed 
core sampler. 

Cross-contamination will occur along the periphery of the soil core as the 
sampler moves down through the soil strata. When the core is removed for 
analysis, the outside centimeter should be scraped away and the sample taken from 
the center of the core. If the sample of the core is to be stored or transported, it must 
be placed in a clean glass jar with a lid lined with Teflon and kept at 4 °C 
and away from light. If the entire core is to be stored or transported, it should be 
kept sealed in the liner or sampler and in a vertical position. 

7.5 Sampling of Sediments 

Sediments are those solid materials deposited by water action and found beneath 
the surface of stagnant or moving water 366) 

Sediments may consist of sand, salt, gravel, organic materials, trash, and living 
organisms as well as various proportions of water. 

Grab samples of this material are usually taken either by hand (shallow water) 
or by using a small dredge (deep or inaccessible water). A dredge consits of two 
spring loaded steel jaws. It is lowered by hand using a rope, chain, or cable to the 
sediment and then the jaws are triggered to close and trap a sample of the 
sediment. The device must be clean and free of debris from previous samples before 
use. 

The contents of the dredge should be placed in a clean holding container 
from which an appropriate sized sample can be taken. The sample should be 
placed in a clean glass wide-mouth bottle and sealed with a cap lined with 
Teflon. Organics in the sediment can be altered by drying and oxidation so the 
material must not be dried out or exposed to the atmosphere unnecessarily. Store 
the samples out of the light at 4 °C for transport to the laboratory. 

7.6 Sampling of Sludge 

Sludge is here defined as that solid or semi-solid biologically active material used 
in wastewater treatment plants to break down organic matter. The material to be 
sampled may be obtained from relatively stationary points within the plant, from 
a pumpable slurry return line, or from the dewatered filter cake. 

Sludge samples may contain relatively large quantities of biologically active 
organisms and should be considered biologically hazardous. Handling procedures 
should be designed to prevent exposure of persons handling these materials. 
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Samples should be placed in clean wide-mouth glass jars  and sealed with a lid 
lined with Teflon. Slurry samples must be deactivated to reduce biological activity 
while maintaining the integrity of  the sample. This can be accomplished by dropwise 
addi t ion of  reagent grade concentrated hydrochloric  acid with stirring of  the sample 
to a p H  of  1-2. Depending on the source and composi t ion  of  the sludge, foaming and 
gas evolution can take place when acidifying. Wai t  until all reaction has ceased 
before sealing the container.  While  this is adequate  if  only semi-volatile organics 
are to  be determined,  losses of  volatiles will occur. I f  volatile organics are to be 
determined,  the only preservat ion that  can be used is storing the sample at 4 °C. 
I f  possible the sample should be analyzed within 8 hours. 

F o r  the determinat ion of  semi-volatiles the steam disti l lation procedures should 
be considered as well as the flow over/under  cont inuous extractors since sludges tend 
to emulsify easily during liquid-liquid extractions. When PaT analyses are to be 
performed,  the samples usually can be di luted with reagent water  to  minimize the 
foaming problems that  can be experienced. Headspace  analysis o f  the neat  sara'pie 
is also an alternative. Previous work  indicated the most  reproducible  results were 
obta ined using an adapta t ion  o f  Henderson 's  LLE technique 330,346). Sludges were 
di luted with reagent water and extracted with cyclohexane. Determinat ions were 
made by gas chromatography  with an electron capture detector.  
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Liquid alkali metals are of interest for several technical applications due to their physical and nuclear 
properties. Problems of safe handling and protection against atmospheric gases and water are caused 
by their chemical reactivity. Several chemical reactions occur even in purified liquid alkali metals. 
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Alkali oxides are thermodynamically stable up to very high temperatures, and even hydrides have 
saline character and considerable stability. Lithium nitride is a compound which can be isolated from 
the solution in the metal in crystalline form. Dissolved oxides have the ability to react with transi- 
tion metal oxides to form complex oxides, or with hydrogen to form hydroxides of the beavier 
alkali metals. Lithium cyanamide is formed by means of the reaction between nitrogen and carbon 
dissolved in the molten metal. The reaction product in liquid sodium is sodium cyanide. 

Carbon dispersed in liquid alkali metals is hydrided by the reaction with dissolved hydrogen or 
hydrides to evolve methane. Some reactions of non-metals dissolved in the molten metals are important 
for the compatibility of materials with the alkali metals. Transition metals are almost insoluble in 
molten alkali metals. Their solubilities can be considerably raised by dissolved non-metals, Several 
metals of the fourth and fifth group form one or more intermetallic compounds with alkali metals. 
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Chemical Reactions in Alkali Metals 

1 The Role of Alkali Metals in Technology 

The alkali metals belong to the elements which are widely distributed in the earth 
crust. Some of them are in the group of the most abundant elements. Their chemical 
properties, however, cause severe problems in the technical processes of their isola- 
tion from the ores. They were discovered by means of electrochemical methods in the 
early nineteenth century. 

Potassium was the first alkali metal isolated in its elemental state. Sir Humphrey 
Davy electrolyzed caustic potash in 1807 applying a powerful battery. He gained 
metallic globules of  a reactive metal collected at the cathode. It was the first time that 
a metallic element was isolated by means of electrolysis. Davy discovered sodium in 
the same year. He used caustic soda for the electrolysis. Before Davy's discoveries, 
these alkalis were not thought to be elements. 

Lithium was discovered by Arfvedson (1817) in Berzelius'laboratory in Stockholm. 
He discovered an unknown constituent element in the mineral petalite and called it 
lithium. The first isolation of this new element was again the work of Davy (and 
Brandes) in 1820. They succeeded to get small amounts of the metal by means of their 
electrolytic method. Bunsen and Matthiessen were able to obtain larger quantities 
of  the metal. They electrolyzed lithium chloride in 1855. 

Cesium was discovered in 1860 by Bunsen and Kirchhoff by means of their spectro- 
scope at Heidelberg. They observed characteristic blue lines, when analysing the 
mineral waters of Bad Dtirkheim in Germany. They could isolate 50 grams of the 
compound cesium chloroplatinate from 40 tons of the mineral water. The first electro- 
lytical isolation of the metal was performed in 1882 by Setterberg. He used the cyanide 
as electrolyte. Bunsen and Kirchhoff also discovered rubidium. They observed the 
characteristic dark red lines in their spectroscope when analysing the mineral lepidolite. 
The electrolytic technique, which was so successful in the isolation of the alkali metals 
in the laboratories, was the basis for the technical production of the metals. 

Due to their physical and chemical properties, alkali metals were not regarded as 
being attractive metals in the classical sense of application of metals. Therefore, these 
metals were mainly used as intermediates for chemical processes. Sodium, for instance, 
was largely produced for the synthesis of tetra ethyl lead on the basis of the reaction of 
ethyl chloride with the sodium lead intermetallic compound NaPb. 

Modern technology, however, has an increasing demand for liquid alkali metals 
which make use of  such attractive properties. Alkali metals have low melting points 
and large ranges of the liquid state. They conduct electricity and heat very well. This 
fact, as well as the stability of the liquid state at low pressures, makes them ideal heat 
transfer media in the temperature range from 400 to 700 °C. They also possess nuclear 
properties, which favour their application as coolants or blanket fluids in nuclear 
power generating plants. Their extreme position in the electrochemical series of  metals 
favours them for the application in galvanic power sources. 

The properties of  alkali metals, which are of concern for their application as liquid 
metals are listed in Table I. 

The nuclear properties of the light alkali metals are of importance as far as the metals 
are applied in nuclear fields. The most important facts are compared in Table II. 

The application of lithium has been widened by the development of  nuclear fusion 
as an energy generating process. The fusion reaction -- the technical realization of 
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Chemical Reactions in Alkali Metals 

Table H. Selected Nuclear Properties of Alkali Metals 

Target Energy of Reaction and Half life Cross 
element neutrons product of product section 

Li-6 14.5 MeV (n, p)He-6 802 ms 8.3 mb 
Na-23 thermal (n, 7) Na-24 m 20.1 ms 400 mb 

(n, 7) Na-24 g 15.02 h 530 mb 
fast (n, p) Ne-23 37.6 s 1.5 mb 

(n, ~) F-20 11.0 s 765 I.tb 
(n, 2n) Na-22 2.6 a 2.2 ~tb 

K-39 thermal (n, 7) K-40 1.28.109 a 1.96 b 
(n, ~)C1-36 3.01 • 105 a 4.3 mb 

K-40 (n, 7) K-41 stable 30 b 
(n, p) Ar-40 stable 4.4 b 
(n, ~)C1-37 stable 390 mb 

K-39 fast (n, p) Ar-39 269 a 20 mb 
(n, ~)CI-36 3 • 105 a 13 mb 

K-40 (n, ~)CI-37 stable 31 mb 
(n, 2n) K-39 stable 1.6 mb 

it is now under development  - -  is based upon the deuterium --  tri t ium nuclear fusion, 
and the only supply of  fusion energy plants with tri t ium is the nuclear reaction of  
l i thium isotopes with neutrons:  

n + 6Li ~ T + 4He + 4.8 MeV (1) 

n + 7Li ~ T + 4He + n ( - -2 .8  MeV) (2) 

Since the element l i thium is essential for the fusion reaction, some concepts for reactor  
blankets are based on the appl icat ion of  liquid metals, l i thium or the eutectic alloy 
LilTPb83, as blanket  fluids or also as reactor  coolants.  

The high ionization potential  and the very low density of  the metals are promising 
to make use o f  them in high-temperature batteries 2~. Electrochemical cells using 
l i thium as anode,  a solid ceramic electrolyte and l i thium polysulphide as cathode 
may  reach a theoretical energy density o f  3000 Wh - kg-1.  Problems are caused by 
the bad compat ibi l i ty  o f  l i thium with ceramic materials.  

Liquid sodium has attractive propert ies  for its appl icat ion as a working fluid in a 
fast neutron reactor  with the abili ty to breed plu tonium fuel by the reaction of  23Sura. 
nium with the fast neutrons. Sodium does not  act as a neutron modera tor ,  its liquid 
state at a tmospheric  pressure reaches from 97.8 °C to 892 °C, its heat transfer proper-  
ties are excellent and its nuclear reactions do not  cause a long lasting activation. 
Sodium is the medium which is able to transfer the energy generated in the high 
density reactor  core better than any other heat transfer fluid 3) 

The heat transfer capacity o f  sodium is also successfully demonstra ted in a sun energy 
conversion plant,  where it is applied to store the energy and to transfer it  from the 
radia t ion receiver to the steam generator.  The energy storage in the hot  sodium tank 
helps to operate  the plant  even after sunset. 
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Another modern application of liquid sodium is its utilization in sodium sulphur 
batteries 4). These batteries are based on a molten sodium anode, a 13-alumina ceramic 
electrolyte and a molten alkali polysulphide cathode. The working temperature of  
such batteries is limited by the melting point of  NaeS3 and the boiling point of sulphur 
at a temperature between 300 and 440 °C with an optimal working range of 300 to 
350 °C. Sodium sulphur cells may be combined to form chains in order to receive 
high voltage and power. Batteries formed by such chains of  cells are intended for storing 
electrical energy or to driving vehicles. 

Other high-temperature applications of alkali metals are in the field of heat or 
energy transfer. Heat pipe make use of the latent heat of evaporation and conden- 
sation of the alkali metals. The advantage of these devices to transfer energy is the 
low temperature gradient between the heat source and the sink. The application of 
different alkali metals allows the use of heat pipe in the temperature range of 400 to 
nearly 1500 °C 5). 

The thermal energy of the evaporated alkali metals may also be transferred into 
electrical energy by the utilization of the magneto hydrodynamic effect. The alkali 
metal vapor, containing droplets of  the metals, transfers the electrical charges of  the 
metal. The motion of the charged particles thus causes the generation of an electro- 
magnetic field 6). 

The application of alkali metals at high temperatures can utilize chemical proper- 
ties, or may be influenced by chemical reactions. The solutions of  non-metallic ele- 
ments in the alkali metals change physical properties of  the pure metals. Dissolved 
elements are able to cause or to influence the corrosion phenomena. Some compounds 
are only formed or made stable in the presence of excess liquid alkali metal. Due to 
such an influence of chemical reactions on the behavior or metals, the new applica- 
tions have initiated many studies in alkali metal chemistry. Interest has been concen- 
trated on the elements lithium and sodium. The heavier alkali metals have found 
further interest in more recent work. 

This work has been mainly performed in the nuclear centres of several countries 
such as the USA, USSR, United Kingdom, France, Japan, the Federal Republic of 
Germany and in the Department of Chemistry of the University of Nottingham, UK. 
The results of alkali metal chemistry work of the past 25 years are the basis of  this 
survey. It gives a state of knowledge report on the advance of chemical research work, 
closely related to the transformation of energy. 

2 Alkali Metals-Oxygen Systems 

The high affinity of alkali metals to form oxides, together with the influence of dissolved 
oxides on the compatibility of metals with metallic or ceramic materials, is the reason 
for an extensive study on the formation of oxides, their solubility and their chemical 
potential in solution, which governs their reactions with metals and solid oxides. 
Interest was concentrated on the sodium-oxygen system. More recently, data on the 
oxides of  lithium and potassium have been established. The oxides of rubidium and 
cesium are less stable and soluble to a much higher degree in their molten metals. The 
existing data on Rb20 and Cs20 need critical examination. 
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2.1 Alkali Oxides and their Solubility in the Molten Metals 

Alkali oxides, Me20, are stable when in contact with the alkali metals, and form crys- 
tals of the fluorite type. In the presence of air or oxygen, peroxides of the Me202 or 
MeO2 type are formed. The peroxides of the heavier alkali metals are stable even at 
higher temperatures and they are formed by the combustion of the metals in air. The 
peroxides, however, are unstable when in contact with alkali metals. The physical 
properties of the stable alkali oxides are listed in Table III. The solid oxide in equilib- 
rium with the solution of oxygen in the liquid metal is Me20. The suboxides of rubid- 
ium or cesium may also be transformed into RbzO resp. C%O at higher temperatures. 

Table HI. Properties of alkali oxides 

Oxide Molec. Structure Lattice Density Melting Point 
Weight Constant 

(nm) (g" cm -3) (°C) 

Li20 29.88 cub., CaF a 0.462 2.013 > 1700 
Na20 61.98 cub., CaF 2 0.555 2.27 1275 (subl.) 
t(20 94.20 cub., CaF 2 0.644 2.32 350 
Rb20 186.94 cub., CaF2 0.674 3.72 400 
CszO 281.81 rh., CdCI z 0.675 4.25 490 (N 2 atmosph.) 

The solubility of lithium oxide Li20 in liquid lithium was recently determined by 
fast neutron activation analysis after sampling oxide-saturated lithium samples in 
the temperature range from 195 to 734 °C 7L The results can be expressed by the satura- 
tion Eq. (1). 

Li20, , 2896 
log Cs twppm) = 6.992 - -  (1) 

T (K) 

The enthalpy of solution of the oxide in liquid lithium calculated from the slope of 
the solubility curve is AHsot = 55.6 kJ • mo1-1. The results of this most recent study 
differ from earlier studies, which may is influenced by the fact that the solid oxide 
precipitates as a very fine and stable dispersion, making filtering techniques difficult. 

Two publications summarize the numerous data on the solubility of sodium oxide 
in sodium 8, 9). The latter, which refers to more recently generated data, gives a satura- 
tion Eq. (2). 

N~20 2444.5 
log c~ (wppm) = 6.2571 T (K) (2) 

The heat of solution corresponding to Eq. (2) is AH~ol = 46.8 kJ • mol -1  Equation (2) 
is the result of the data selection from twelve data sets, including data obtained by the 
improved distillation technique to determine oxygen in sodium. The agreement of 
Eq. (2) with the older one 8) and even with the results of measurements with electro- 
chemical oxygen meters 10) and with the vanadium wire equilibration method 11) is 
satisfying. 

Only one saturation curve of oxygen in potassium has been published so far 12) 
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However, these data have been generated at a time, when accurate methods to estimate 
oxygen in alkali metals have not been available. In a very recent study, oxygen satura- 
tion concentrations in the temperature range 70 to 200 °C have been measured in 
purified potassium applying the distillation method 13). The results best fit Eq. (3). 

K 2 0  ~ log c~ {wppm) = 4.086 -- - - -  767.3 

T (K) 
(3) 

The heat of solution AHsol = 14.7 kJ • mo1-1 deduced from this equation is much 
lower than for lithium and sodium oxide solutions. 

Compared to the light alkali metals, rubidium and cesium can dissolve large 
amounts of their oxides, as can be seen from the phase diagrams in Fig. 1. These 
diagrams indicate that at low temperatures suboxides such as Rb30 14) or CsTO, 
Cs40, and Cs30 is) are also existent in dilute solutions in the metals. At temperatures 
above the 50 °C limit for rubidium and 160 °C for cesium the Me20 type oxide should 
be the only stable one. In the region of stability of Me20, the saturation concentration 
of rubidium oxide in molten rubidium can be expressed by 

R b 2 0  . o / .  
og c~ [at-/o) = 1.5753 ........... 

93.15 

T (K) 
(4) 

700 

600 

"~ 500 
13_ 

E 

400. 

30O 

/ 700 

600 

"E 
• ~ 500 

4O0 

30O F ~  ~ 

CsTO Cs~O Cs30 Cs20 

• 1'0 2'0 3'0 10 20 
Oxygen (at.-°/o) Oxygen (at.-°/.) 

Fig. 1. Cesium-oxygen and rubidium-oxygen phase diagrammes, taken from Ref. 14, ~5) 

Rb30  Rb20 
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In the cesmm-oxygen system, the saturat ion concentrat ion-temperature  relationship 

can be expressed by 

log c c~2° (at-'~o) = 1.6188 . . . .  114.8 (5) 
W (K) 

The free enthalpy of  format ion AFar depends on the temperature o f  the react ion 
according to Eq. (6). The constants  of  the solubili ty Eq. (1)-(5) and o f  the Eq. (6) for 

A F T =  - - P  + Q - T  (6) 

the alkali  oxides and their solutions in the metals are listed in Table IV. It  is obvious 
that  the l i thium oxide is the most  stable one, which can be seen from the high value of  P. 
The enthalpy o f  solution is high in the L i - - O  and N a - - O  systems and very low 
in the R b - - O  and Cs O systems, while the value o f  AH~o~ of  the K - - O  system is 
between the two groups. 

Table IV. Thermochemistry and solution of alkali oxides in alkali metals 

System Saturation curve Saturation curve AHso ~ AF T 
(wppm) (at-'~) (kJ • mol- 1 

A B A B P Q 

Li20/Li 6.992 2896 -- -- 55.6 -606115 139.8 
Na20/Na 6 .2571  2444.5 -- -- 46.8 --405763 128.9 
K20/K 4.086 767.3 -- - 14.7 --360391 137.4 
Rb20/Rb -- -- 1.5753 93.15 0.9 --334631 148.8 
CszO/Cs -- 1.6188 114.8 2.2 --321865 167.1 

Analyt ical  methods applied to estimate oxygen in alkali metals are the fast neutron 
act ivat ion 7) for l i thium oxide in lithium, vacuum disti l lation o f  excess alkali metal  
and analysis o f  the residue by atomic absorpt ion  spectrometry 16) to estimate oxygen 
in sodium, as well as in the heavier alkali  metals. Equil ibrat ion o f  oxygen between 
getters such as vanadium, liquid alkali metals 11) and solid electrolyte oxygen meters, 
can be applied in several alkali  metals. They measure oxygen activities directly in 
alkali metal  circuits or closed containers. 

2.2 Reactions of Alkali Oxides Dissolved in the Liquid Metals 

Alkal i  oxides dissolved in molten alkali metals are able to react with solid metals in 
several ways. The simple exchange of  oxygen between the liquid and solid metals 
sometimes oxidizes the solid metal  under format ion o f  a stable surface oxide, which 
has a protect ive character  and reduces the reaction rate. The kinetics of  this type of  
react ion follow a parabol ic  rate law. Diffusion o f  oxygen or  metal  ions through the 
slowly growing oxide layer is the rate determining step. An example of  this type o f  

133 



Hans Ulrich Borgstedt 

reaction is the oxidation of zirconium in liquid sodium at temperatures above 500 °C 17) 
The oxygen exchange between alkali metals and solid alloys can also cause the phenom- 
ena and kinetics of  internal oxidation. Such corrosion effects have been observed 
when vanadium alloys containing titanium have been exposed to liquid sodium is) 
The internal oxidation layers contain precipitated oxide (Ti, V)O. Some oxygen, 
however, is also dissolved in the matrix on interstitial positions, and such layers 
preceed the internal oxidation zones is) 

The oxygen exchange is also able to result in a deoxidation of the solid metal. 
Vanadium containing 1400 wppm oxygen loses a large portion of the interstitial 
element, as is shown in Fig. 2, due to the reaction with liquid lithium ~9). The leaching 
of oxygen causes the formation of cavities at grain boundaries. The cavities are formed 
at the positions of  the oxide precipitated in the alloy before exposure to the alkali 
metal. The effect is suppressed by alloying the vanadium with small amounts of 
titanium, which tbrms more stable oxides at the grain boundaries. 

2000 

g 
0_ 
0., 

1000 

x 
O 

0 
0 100 200 6oo 

~ o ~  

3bo ~6o soo 
Time (h) 

Fig. 2. Leaching of oxygen out of 
vanadium by lithium at 700 °C as a 
function of the exposure time 19) 

The typical behaviour of metals in oxygen containing alkali metals is influenced 
by the alkali oxides, which are able to form very stable complex oxides with the react- 
ing metals. The best known reaction of this type is the formation of sodium chromite 
Na2Cr204 by the oxidation of chromium metal in liquid sodium containing oxygen. 
The hexagonal compound was identified by X-ray diffraction 20). The standard free 
enthalpy of formation of the Na2Cr204 from its constituent oxides has been measured 
directly by applying electrochemical oxygen meters: 

A H ° 9 s  = - -  101.4 ___ 1.0 kJ " tool - t  2t) 

The oxygen meter measurements allow for the definition of a threshold value of the 
oxygen activity. The complex oxide is (only) stable and can be formed at activities 
above this threshold value. The threshold for the formation of sodium chromite 
is at relatively low oxygen concentrations in sodium, for instance about 5 wppm at 
550 °C 22). The results of such measurements 23) have been used to establish a diagram 
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of the stability of the compound in sodium as a function of temperature and oxygen 
concentration or chemical activity, as is shown in Fig. 3. 

The sodium-oxygen-iron system influences the compatibility of iron based materials 
with liquid sodium. There is some evidence that oxygen contents in sodium raise 
the solubility of iron, although the formation of complex oxides could not be observed 
under the conditions of the solubility tests 24~. However, the formation of a dark 
brown oxide Na4FeO3 was observed zs) after reactions of iron in sodium containing 
more than 0.1 wt-'~o oxygen at 600 °C. 

800 - 

700 
o 

6oo 
O 
II1 

~- 500 

400 

300 
0 

Na20÷Cr 

NaCrO2 

f 
J 

f l  

10 20 30 40 
Oxygen concentration (wppm) 

Fig. 3. Range of stability of sodium chromite in respect to temperature and oxygen concentration in 
sodium 23) 

The free enthalpy of formation of this sodium iron double oxide was estimated to 
be AH = - 9 . 2  kJ • mol-1 at 600 °V. This low value indicates that the compound 
can only be formed in an oxygen solution in sodium, the chemical activity of which 
is close to unity. The standard free enthalpy of combination of the constituent oxides 
was measured by solution calorimetry: 

AH°98 = -- 104.9 + 2.3 kJ • mol- ' 261 

Similar products can be formed by reactions of liquid sodium with solid oxides, and 
some of these reactions are of technical importance. The failure of fuel element 
canning tubes causes the contact of uranium dioxide fuel with liquid sodium at high 
temperatures. The stoichiometric UO2 does not react with sodium at temperatures of 
400 and 600 °C due to its very high thermodynamic stability. Non-stoichiometric 
compounds, however, which may contain some UO3 or U3Os, are able to react. In 
this case, the sodium uranate-V, Na3UO4, is formed, a face-centered cubic cell with 
a = 0.474 n m  2 7 )  The same product is formed at temperatures above 550 °C by the 
reaction 

2 NazO 4- UO 2 ~ Na 3 UO# 4- Na (7) 
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It seems that the species MO"-  is relatively stable when in contact with liquid alkali 
metals. The latter reaction is of importance for the fast breeder reactor chemistry, 
since sodium normally contains enough oxide to promote this reaction. The reaction (7) 
occurs even at low oxygen concentrations in the region from 0.1 to 10 wppm depending 
on the reaction temperature 28) This can be observed by means of the electrochemical 
oxygen meters. 

The same type of reactions occur inside the fuel elements of  nuclear reactors, where 
the two alkali metals rubidium and cesium are present as fission products. For instance, 
in the cesium-uranium-oxygen system two compounds, namely CszUO4 or CsaU40~E, 
are existent. In contact with liquid cesium, only Cs2UO4 is stable. In case of absence 
of cesium metal in the reaction mixture, the other uranate can also be formed 29). 

The relatively high oxygen potentials in the heavy alkali metals, rubidium and cesium, 
cause the formation of several complex oxides, in which the relationships of alkali 
to heavy metal oxides are larger than in sodium chromite. In solutions with relatively 
high amounts of dissolved oxide even ortho-oxometallate can be formed. Different 
chromates or ferrates are formed in liquid rubidium containing different high oxygen 
levels, as is shown in Fig. 4 30) These compounds dissolved in the liquid alkali metal 
cause the same oxygen potentials as have been observed during the forming reactions 
measured by means of electrochemical oxygen meters. 

Oxygen dissolved in liquid alkali metals also reacts with other non-metals, which 
may be present in the solutions. Hydroxides are formeA with dissolved hydrogen. 
Carbonate is one of the reaction products formed in solutions containing oxygen 
and carbon. 
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Fig. 4. Formation of  different rubidium-oxo- 
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Lithium hydroxide cannot coexist with lithium metal as is shown in a thermochemi- 
cal study 31). Only oxide and hydride are stable in presence of the metal at any tem- 
perature and partial pressure of oxygen and hydrogen. In the sodium-oxygen-hydrogen 
system, hydroxide is stable at temperatures above 500 °C at high partial pressure of 
oxygen, as well as of hy, drogen, as is shown in Fig. 5 32). Experimental studies have 
confirmed the thermochemicai predictions. The reaction of sodium with sodium 
hydroxide leads to a fourphase equilibrium above 412 °C 33) while only oxide and 
hydride are existent at lower temperatures. 

cooling 
Na(1) + NaOH(1) , ' Na20(s) + Nail(s) (81 

heating 

log Po2(P in bar) . . . . .  

0 -60 -50 -40 -30 -20 

-1/, 

-16 
18 16 1/, t2 10 8 6 4 2 0 -2 -4 -6 

-----" Iog px2/PH2o 

Fig. 5. Thermochemical data for the phases existent in the Na--O-H system at 800 K (527 °C) 92) 

The dissociation of sodium hydroxide in liquid sodium can be observed when the 
oxygen und hydrogen chemical activities are measured by means of electrochemical 
probes. The hydroxide seems to be metastable at a low temperature, since a satura- 
tion concentration of this compound has been measured in liquid sodium. 

The results of thermochemical studies of the potassium-oxygen-hydrogen system 
indicate that alkali hydroxides become more stable with increasing atomic weight 
of the alkali atom. Most recent calculations of the stability ranges of condensed phases 
in this system have shown that the potassium hydroxide can exist in contact with the 
liquid metal from its melting point to its boiling temperature, if the partial pressures 
of oxygen and hydrogen are high enough a4). The range of its stability grows with 
increasing temperature as shown in Fig. 6, which demonstrates the differences be- 
tween the systems N a - O - - H  and K- -O- -H .  If this tendency were to continue, the 
rubidium and cesium hydroxides should also be stable in contact with the liquid 
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metals. The relatively high chemical stability of potassium hydroxide may have in- 
fluenced the early studies of the solubility of oxygen in metal. The early measurements 
have resulted in values of the saturation concentrations one order" of magnitude 
higher than the values gained most recently. 

It isals6 reported that oxygen contents in sodium influence the solubility of  carbon 
in the molten metal. Measurements in the sodium-sodium carbonate system have 
resulted in an equation valid in the temperature range from 150 to 400 °C 35). 

log c~ ~zc°3 (wppm) = 2.2496 -- - -  
364.9 

T (K) 
(9) 

-200 [ . ~  , /  ," 

I 

14(314 

-750 -700 -650 -660 -550 Kz'O -500 
U, oz(kJ) 

Fig. 6. The ~ystem potassium-oxygen-hydrogen as a function of the chemical potentials of oxygen 
and hydrogen and of the temperature 34~ 

The slope of this solubility relationship over the reciprocal temperature indicates 
a very low value of the free enthalpy of dissolution (AHsot = 7.0 kJ • tool-l) ,  which 
is not comparable to the solution of other non-metallic compounds in alkali metals. 
Indeed, thermochemical analyses of  the N a - - O - - C  system show an analogical 
behaviour to the N a - - O - - H  system 36~ Sodium carbonate is chemically stable when 
in contact with liquid metal at high temperatures and high potentials of oxygen, as 
well as of carbon, (in the system) as can be seen from Fig. 7. The metastable carbonate 
decomposes at lower temperatures to form sodium oxides and carbon dissolved in 
liquid sodium. Information on the reactions of carbonates of other alkali metals 
with the molten metals is not available. 
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Fig. 7. Stability ranges of sodium carbonate in contact with sodium metal at 1000 and 1100 K 36) 

3 Alkali Metals-Carbon Systems 

The carbon potentials in liquid alkali metals are important in material compatibility 
problems. Carbon as a minor component of  several materials of  technical importance 
strongly influences the strength and ductility of  the materials. The alkali metals have 
the ability to wet the surfaces of  metals or alloys. In this state they tend to exchange 
carbon until they reach the chemical equilibrium. The carbon exchange between 
sodium and austenitic chromium nickel steels is extensively studied. As is shown in 
Fig. 8, in which the chemical activities of  carbon in sodium and in the Crl  8-Ni9 steel 
are compared as functions of  temperature 37), sodium containing 0.1 wppm carbon 
decarburizes an austenitic steel with a carbon content of  0.05 w - ~  carbon at a tem- 
perature of  650 °C and carburizes the same steel at 550 °C. 
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Such carbon exchange can be observed between alkali metals and ferritic or aus- 
tenitic steels as well as alloys based on vanadium, niobium, or other refractory alloys. 
Carbon dissolved in alkali metals also has the ability to react with other dissolved 
nonmetallic elements. In some cases, rather surprising reaction products have been 
observed. 

3.1 Alkali-Carbon Compounds 

The light alkali metals form compounds of the acetylide type Me2C2. The product of 
the reaction of carbon with lithium metal is lithium acetylide LizCz, which evolves 
acetylene gas by hydrolysis 38). Lithium acetylide crystallizes at room temperature 
in the primitive monoclinic structure with a --- 0.78 nm, b = 0.88 nm, c = 1.09 nm 
and 13 = 76.8 +_ 0.1 °, 19 molecules of Li2C2 belonging to one unit cell 39) The 
acetylide is stable up to 800 °C in contact with the liquid metal and with graphite. 
The free energy of formation of Li2C2 as measured by means of electrochemical 
methods at 600 °C has a value of AG873 = - 8 9  kJ • tool-1, thus indicating the 
stability of this compound. 

The structure of the white crystalline compounds NazC2 and K2Cz, which can be 
obtained by thermal decomposition of the MeHC2 compounds in vacuo, has been 
determined by X-ray powder diffraction. The acetylides have a similar tetragonal 
structure as the peroxide K2Oz 40) Sodium acetylide is less stable than the lithium 
compound, the free enthalpy of formation has been reported as AG298 = --21.0 kJ 
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• mol-  1. However, the solvation energy of the sodium acetylide in the molten metal 
is high enough to stabilize it even at an elevated temperature in dilute solutions. 
Potassium acetylide should still be less stable. A value of the free enthalpy of forma- 
tion has not yet been published. The heavy alkali metals, rubidium and cesium, do 
not seem to form stable acetylides. 

Acetylides of lithium and sodium evolve acetylene gas when the solutions are treat- 
ed with cold water. The absorption of acetylene by liquid lithium results in the forma- 
tion of acetylide and hydride: 

4 Li + C2H 2 ~ LizC 2 + 2 LiH (lO) 

Graphite reacts with alkali metals forming lamellar graphite compounds CxMe, in 
which alkali metals are taken up into the graphite lattice. The structure of these com- 
pounds has been studied by Rfidorff and Schulze 41). The reactions of the heavier 
alkali metals with powdered graphite at temperatures above 400 °C cause a penetra- 
tion by alkali metals between the graphite layers, thus expanding the graphite lattice. 
Considerable amounts of alkali metals can be taken up into the structure of these 
compounds. The existence of stoichiometric compounds with carbon/alkali atomic 
ratios of 8, 16, 24, 36, 48, and 60 has been shown for the metals potassium, rubidium, 
and cesium. 

Sodium is also able to form such compounds with the approximate formula C64Na 42). 
The compounds with the highest alkali content (i.e. CsMe) decompose under vacuum 
at elevated temperatures to yield alkali metal vapour and compounds with a higher 
carbon/alkali metal ratio according to Eq. (11). 

3 C8K ~ C24K + 2 K (11) 

Graphite compounds of rubidium and cesium seem to be more stable and to be 
formed easily. This is of technical importance since the absorption of the fission ele- 
ments rubidium and cesium by graphite immersed in liquid sodium will be applied 
to remove them from the sodium coolant of a fast neutron reactor 43). The formation 
of a lithium compound of this type has never been observed. 

3.2 Solutions of Alkali-Carbon Compounds in the Molten Metals 

Solubilities of carbon in alkali metals can be expressed by the same type of equations 
as formula.ted for the Me--O systems, in spite of the fact that the compounds are less 
stable. The solubility of lithium acetylide in lithium determined first by" Fedorov and 
Su 38) by means of a X-ray diffraction method has been recently revised 44). In this 
study, the acetylene evolution method has been applied. The saturation Eq. (12) is 
based on this most recent study. 

2645.5 
log Cs~Li ) (wppm) = 5.9894 T (K) (12) 

The level of saturation concentrations represented by Eq. (12) is much lower than 
expected from older work. A comparison of the two saturation lines is shown in Fig. 9. 
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The discrepancies might be caused by analytical problems as well as by problems of 
proper handling of the alkali metal. 

The results of the most recent measurements of the solubility of carbon in sodium 
show a better agreement. Some earlier studies have also contributed widely scattered 
results. The values of saturation concentrations determined by Ainsley et al. ~ 
and by Longson and Thorley 47~ can be expressed by Eq. (13). 

log cC(Na) (wppm) = 7.646 -- - -  
5970 

T (K) 
(13) 

These data consist with measurements of carbon concentrations and chemical 
activities with different types of diffusion or electrochemical carbon meters and with 
the data on the carbon exchange between sodium and stainless steel. 

Saturation concentration values of carbon in heavy alkali metals are not yet avail- 
able. The solubility of carbon in liquid cesium was estimated at two temperatures. 
The reported data do not seem to be sufficient for the establishment of a saturation 
curve. Carbon compounds like carbonates or cyanides in contact with liquid alkali 
metals tend to decompose. 

Analytical methods to determine carbon in the light alkali metals have to be highly 
sensitive, as there are only very low concentrations present in the molten metals. 
Therefore, monitoring of the chemical activities of carbon seems to be more favourabte 
than the classical analysis of combustion and determination of the carbon dioxid 
evolved. This method is based on an analytical vacuum distillation of the dissolving 
alkali metal samples collected in alumina crucibles. The sensitivity of the method is 
not sufficient to estimate the carbon contents in unsaturated solutions of carbon in 
lithium or sodium. The hydrolysis and evolution of acetylene has also been applied 
for the estimation of the lithium acetylide contents. This method may be disturbed 
by side reactions, which occur in the presence of higher amounts of  nitrogen. 

Equilibration methods based on the exchange of carbon between alkali metals and 
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several solid alloys are established to estimate carbon activities in alkali metals. The 
solid alloys are inserted into the molten metals as foils. These foils -- stainless steel, 
iron-nickel, or iron-manganese alloys - are exposed to liquid alkali metals at tempera- 
tures above 650 °C for 200 to 500 hours and then analysed by means of the combustion 
analysis. Conclusions can be drawn in respect to the carbon activity in the alkali 
metal in chemical equilibrium with the foil material based on the known relationship 
of concentration and chemical activity of carbon in the solid alloys. 

The carbon monitors applied for the determination of carbon activities in lithium 
or sodium apply diffusion cells. Carbon dissolved in alkali metals contacting the probes 
diffuses through the probe wall, a thin tube wall of pure iron. The diffusing carbon 
in consumed by chemical reactions in the probe: 

C + F e O ~ F e  + C O  (14) 

The carbon monoxide gas is carried by the carrier gas passing the probe to a gas 
analyzing unit, which continuously measures the carbon content of  the gas. The carbon 
monoxide is converted by catalytical hydriding to form methane, which is then deter- 
mined by means of a flame ionization detector. This principle is applied in the Harwell 
carbon meter as~. At 550 °C the sensitivity of  such a probe allows the detection of a 
chemical activity of  carbon in sodium in the level of  a c = 10 -3 .  This activity corre- 
sponds to a concentration of about 10 -2 wppm carbon in sodium. 

Carbon activities in alkali metals are also estimated by electrochemical meters. 
These are based on the activity differences between two carbon bearing electrodes 
separated by a carbon ions conducting electrolyte. The electrolyte is a molten salt 
mixture, consisting of the eutectic of lithium and sodium carbonate, melting at 
approximately 500 °C. The molten salt mixture has to be kept free from any impurities 
or humidity. The mixture, acting as liquid electrolyte is kept in an iron cup. The iron 
wall is in contact with both the liquid electrolyte and the liquid metal. Thus, it ex- 
changes carbon with both up to the equilibrium. Iron, with the same carbon potential 
as the liquid metal, acts as one electrode. The reference electrode of graphite or any 
other material with a well defined and stable carbon activity is immersed in the molten 
electrolyte. The Nernst equation defines the potential of the electrochemical chain: 

o 

E - R - T  . I n -  
n • F a~ ef (15) 

In this equation, R is the gas constant, T the temperature in (K), F the Faraday 
constant and n the number of  electrons involved. The logarithmic term relates the 
chemical activities of the two electrodes. The electrochemical cells are not yet developed 
to a technical state, which allows their application aganalytical instruments in reactors 
or plants. They are, however, already successfully applied in laboratories 49). 

3.3 Reactions of Carbon in Alkali Metals with Non-Metals 

Carbon dissolved in alkali metals reacts with other non-metals present in the solutions. 
The solution o f  lithium acetylide in the molten metal reacts with nitrogen to form 
dilithium cyanamide, Li2NCN 50), at elevated temperatures. The cyanamide is a 
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stable compound in contact with lithium metal, it can be isolated by vacuum distilla- 
tion of the excess metal. The reaction is expressed by the equation 

Li2C 2 + 4 Li3N --* 2 Li2NCN + 10 Li (16) 

The product of the reaction of carbon dissolved in liquid sodium with nitrogen is 
sodium cyanide. The difference between the reaction products in the two alkali metals 
might be due to the different solubility of nitrogen and the different chemical stability 
of  the nitrides formed in solution 50). 

Carbon and carbon compounds react with hydrogen to form methane when dissolv- 
ed in liquid sodium 51~. The reaction occurs at temperatures between 300 and 500 °C. 
The dissolved sodium acetylide has the highest reactivity of the carbon compounds 
and is able to form methane at the lower limit of  the temperature range. Carbonate 
and cyanide require higher temperatures to react with hydrogen introduced into the 
mixture as a gas. It is also shown that reactions of natural coal and hydrogen also 
form the compound with the highest hydrogen content possible, which is methane 52) 
Thus, the hydriding of natural coal takes place at unusually low temperatures in 
liquid sodium, which acts as a solvent for the reacting elements as well as a catalyst. 
The reaction with hydrogen is applicable to decarburize the alkali metals. 

3.4 Reactions of Carbon in Alkali Metals with Metallic Elements 

Reactions of carbon in alkali metals with carbide forming metallic elements are the 
driving processes of the carburization of stainless steels. The direction of the carbon 
exchange between the molten metals and the solid metallic materials depends on the 
carbon potential in the liquid metals and on the free energy of formation of the metal 
carbides and the chemical activity of the metallic element in the solid phase. 

Chromium carbide is among the compounds detected as precipitating the low 
temperature regions of liquid metal circuits, and the system N a - - C r - - C  is one of 
the most intensively studied systems 53~. There is some evidence that the most stable 
chromium carbide Cr23C6 is formed at temperatures between 550 and 700 °C even 
in stainless steels, where the chemical activity of  chromium is well below unity. This 
reaction is the chemical process causing the carburization of austenitic CrNi steels. 
Cr2aC6 precipitates in the surface zones of the material. 

Vanadium also forms a very stable carbide VC, and carburization of this metal 
is part of the corrosion reactions of vanadium based alloys contacted with liquid 
lithium as well as sodium. Vanadium alloys with contents ot ~ titanium have an even 
higher affinity to form solid carbides by absorbing of carbon from liquid metals. In 
systems in which vanadium titanium alloys and stainless steels are in contact with 
the same lithium or sodium, carbon migrates from the steel to the refractory metal 
alloy, thus passing the alkali metal serving as a transport medium 54,5s) The free 
energies of formation of the alkali acetylides are compared with the values of several 

metal carbides in Table V. 
Austenitic steels containing titanium or niobium as stabilizing elements tend to 

absorb carbon from sodium s6), and they withstand decarburization by liquid lithium, 
thus suppressing a carbon transfer, which might be caused by the presence of vanadium 

based alloys. 
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Table V. Free energies of formation of some carbides 57) 

Compound Free energy of formation (cat - mol- 1) 

1/2 LizC 2 --7800 + 7.1 • T (K) 
1/2 NazC2 --5290 + 6.28 • T (K) 
1/6 Cr23C 6 - 16450 + 1.38 • T (K) 

V2C --35200 + 1.1.T(K) 
TiC 43700 + 2.25 • T (K) 
NbzC 46000 + 1.0. T (K) 

Chemical Reactions in Alkali Metals 

4 Alkali Metals-Nitrogen Systems 

Nitrogen is, similar to carbon, a minor alloying element in several technical ma- 
terials. In austenitic stainless steels additions o f  nitrogen serve to strengthen the ma- 
terial or to improve the stability of  the austenitic phase. Nitrogen contents are also 
applied to improve the mechanical strength of  refractory alloys. On the other hand, 
the ductility of  the materials is also influenced by nitrogen contents. Very high nitrogen 
concentrations cause brittleness of  the materials, thus nitriding reactions by the 
exchange of  the element between liquid alkali metals and solid alloys cause the forma- 
tion of  a more or less brittle surface zone. The embrittling is part of  the material corro- 
sion by alkali metals. 

Nitrogen contents in molten lithium give rise to enhanced corrosion of  iron based 
alloys due to the formation of  complex nitrides stabilized by high chemical activities 
o f  nitrogen. Such souble nitrides are more or less soluble in the alkali metal and do not 
form protecting layers. 

4.1 Alkali Metals-Nitrogen Compounds 

The only compound formed by alkali metals and nitrogen being stable in contact 
with the liquid metal is lithium nitride, Li3N. This compound is formed by an exo- 
thermal reaction of  elemental nitrogen with lithium metal 58) The nitride can be 
considered to have a typical ionic structure, N 3- being coordinated by 8 Li + ions in 
a regular way. Li3N has a hexagonal structure with a = 0.365 nm, c = 0.387 nm, 
Z = 1 and the space group P6/mmm 59) 

The very stable lithium nitride melts in a nitrogen atmosphere at 813 + 1 °C and 
has a considerably high solubility in the liquid metal as indicated by the Li Li3N 
phase diagram in Fig. t0 60). 

The solubility equation according to Ref. 58) is established by chemical analyses 
based on a micro Kjeldahl method: Its agreement with results of  electrical resistivity 
measurements of  saturated solutions in lithium 61) is excellent. 

2098.5 
log c~Li) (wppm) = 7.597 T (K) (17) 

The standard free enthalpy of  formation to the compound as estimated from 
dissolution and thermal decomposition studies 58) is 

AG ° (cal) = --39100 + 32.2. T (K) (18) 
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The formation of Li3N has also been observed as the product of the reaction of 
ammonia with the metal 6~}. 

6Li  + N H  3 ~ L i 3 N  + 3 L i H  (19) 

Dissolution of lithium containing dissolved Li3N in water, on the other hand, evolves 
ammonia as the product of the hydrolysis. 

The nitride does not occur in the sodium nitrogen system, and the miscibility of the 
two elements is very poor. In the very dilute solutions of nitrogen in liquid sodium, 
the non-metal seems to be present in the elemental form. The solution behavior of  
N2-molecules is Similar to that of argon atoms. 

The nitride Na3 N as a metastable compound is formed only under the influence of 
an electrical discharge. The formation of nitrides of the other alkali metals potassium, 
rubidium, or cesium has never been reported. 

4.2 Reactions of  Nitrogen in Alkali Metals 

As already pointed out in Section 3.3 the N 3+ ion, which is dissolved in liquid lithium, 
has a considerable reactivity to form compounds with non-metallic elements. Such 
reactions occur with dissolved carbon as welt as in lithium as in sodium. 

The nitrogen exchange between lithium and several transition metals gives rise to 
the formation of binary or ternary nitrides, which show analogies with the ternary 
oxides formed in N a - - O - - M e  systems 62). In the lithium-nitrogen-stainless steel 
system, nitrogen is picked-up by the stainless steel due to the getter reaction of the 
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chromium present in the steel. The free enthalpies of formation of chromium nitrides 
are comparable with the potentials of lithium nitride in dilute solution in the metal as 
can be seen in Fig. 11. X-ray patterns of the reaction product formed on the steel 
surfaces indicate that a ternary nitride, probably of the formula LigCrNs should be 
the compound formed in this reaction. Table VI gives a survey on corrosion products, 
which are observed on several metals or alloys exposed to liquid lithium containing 
lithium nitride. 

Even in cases in which we do not observe ternary nitrides among the corrosion 
products, such somponents are existent in solutions with high nitrogen potentials. 
Ternary nitrides, which can be formed under those conditions are LisTiN 3 63) and 
LiTNbN 4 64) 
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Fig. 11. Comparison of the free enthalpies of formation of chromium nitride and Li3N in dilute 
solutions in Li 

Table VI. Corrosion products formed in liquid lithium 62) 

Metal or a l loy  Corrosion product Metal or a l l o y  Corrosion product 

iron Li3FeN2 vanadium VaN; VN; LiTVN4 
chromium LigCrN 5 titanium Ti2N 
nickel dissolution niobium Nb2N 
stainless steel LiaCrN 5 zirconium LiTZrN2 ; ZrN 

A chromium nitride, CrN, was found on stainless steel surfaces as the reaction 
product, when stainless steel was contacted with sodium containing high amounts of 
nitrogen at 700 °C. Chemical analysis revealed the composition of the precipitated 
phase as Cr2N. X-ray diffraction showed, however, that two phases, chromium 
nitride CrN and chromium metal were present. Probably, CrzN may have been formed 
as the first product of the nitriding. It seems to be metastable and to decompose during 
the cooling of the sodium containing tubes 66) 
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5 Alkali Metals-Hydrogen Systems 

Solutions of hydrogen and its isotopes deuterium and tritium are important for 
technical application of alkali metals. The lithium-tritium system is of concern in 
fusion technology, since tritium serves as the nuclear fuel. Hydrogen chemistry is 
related to safety problems in fast breeder reactors applying sodium as a coolant. 
Increasing hydrogen concentration in the sodium of the secondary circuit indicates 
leakages in the steam generators. The early detection of water leakages by means of 
highly sensitive hydrogen analyses helps to improve the safety and reliability of 
reactors of this type. 

Hydrogen present in alkali metals is reactive. It may cause harmful corrosion reac- 
tions with several structural materials. Brittleness is caused by penetration with hydro- 
gen, and decarburization caused by the formation of methane weakens the materials. 
Several other non-metals react with hydrogen dissolved in alkali metals. Such solu- 
tions may even be applied as process fluids for hydriding reactions. 

5.1 Alkali Hydrides 

Direct reactions of liquid alkali metals with gaseous hydrogen at temperatures above 
300 °C cause the formation of hydrides according to Eq. (18). Alkali hydrides are 
solid compounds crystallizing in the NaCI-type lattice, in which the hydride ions, H - ,  
take the places of the chloride ions. The apparent ion radius of H - is about 0.15 nm. 
The standard heat of formation decreases with growing atomic weight of the alkali ion 
in the considered hydrides. The most stable compounds of the light alkali metals 
have considerably high melting points of 688 °C (LiH) and 800 °C (Nail). At high 
temperatures the hydrides tend to decompose. 

Me + 1/2 H2 ~ MeH (18) 

The alkali hydrides are also formed by reactions of alkali metals with small amounts 
of water or by decomposition of hydroxides in the presence of excess alkali metals. 
Solutions of hydrides in molten metals develop a partial pressure of hydrogen, which 
can be applied to estimate the hydride concentrations 66) 

5.2 Solubility of Alkali Hydrides in Molten Alkali Metals 

The solid hydrides as well as gaseous hydrogen dissolve in liquid alkali metals. Their 
solubilities can be expressed by the Eq. 

B 
log cp = A -- ~ (19) 

The constants A and B of the Eq. (19) (for c[ l in wppm) are listed in Table VII. The 
solubility of the hydrides of the heavier alkali metals has not yet been studied suffi- 
ciently to elaborate solubility equations. 
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Table VII. Solubility of hydrides in alkali metals 

Chemical Reactions in Alkali Metals 

Solute Solvent A B Temp. range (K) Ref. 

H Li 4.7054 --2322.9 523-775 6v) 
D Li 5.8057 --2888.9 549-724 67) 
D Li 5.6605 -- 2841.4 68) 
H Na 6.93 -- 3600 eg) 
H Na 6.52 -- 3180 70) 
H Na - K 6.69 -. 2900  603-977 71) 
H K 5.807 --2930 71) 

Tri t ium shows a similar solution behaviour  as deuterium. The constants of  solubility 
in the sodium-hydrogen system seem to need further improvement.  

The decomposi t ion o f  alkali hydrides at  higher temperatures evolves a hydrogen 
par t ia l  pressure even on dilute solutions in alkali metals, which obey Sieverts'  law: 

nn = K~. (Prl2)U2 (20) 

In Sieverts'  law, n H is the hydrogen mole fraction in the solution, pH 2 the part ial  pressure 
of  hydrogen on this solution and K s the Sieverts'  constant.  The value of  this constant  
is dependent  on the temperature as expressed in Eq. (21). 

D 
In K,  In . . ~  . 1 / 2  - -  - -  (21) = (nH~/DH2) = C 

T 

By means of  this equation one can estimate hydrogen concentrat ions in the liquid 
metals,  if  Sieverts'  constants are known and the part ia l  pressure are measured. 

6 Miscibility of Alkali Metals with Metallic Elements 
in the Liquid State 

According to Mot t ' s  rule 72) the miscibility o f  metals in the liquid state depends on 
the ratios of  a tomic sizes, on the vapour  pressures and on the electronegativity o f  the 
solutes and solvents. The propert ies last mentioned are close together in the alkali  
metal  group. Differences in the atomic radii,  however, cause incomplete miscibility 
o f  light and heavy alkali metals. 

Part icularly l i thium shows a tendency to incomplete miscibility with its homologues 
elements in the liquid state. For  instance, the Li Na  system has a miscibility gap 
below 303 °C. The miscibility is even more limited in the solid state. Li thium does 
not  form solid or liquid alloys with the heavier alkali metals potassium, rubidium, 
and cesium. The compound Na2K exists as a solid phase below 6.6 °C in the N a - - K  
system. This intermetallic compound crystallizes in the MgZn2 type o f  structure with 
a = 0.75 nm and c = 1.23 nm. The eutectic alloy contains 66 a t -% resp. 76.7 w t - ~  K. 
The melting point  o f  the eutectic is at  - -  12.5 °C (260.7 K). This low melting point  
is technically important .  The alloy is liquid at room temperature  and has a very large 
range of  liquid state. Figure 12 shows the N a - - K  phase diagram. 
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Sodium is miscible with rubidium and cesium in the liquid state. Eutectics contain- 
ing 75.5 at-'~o Rb resp. 75 a t - ~  Cs occur. A Na2Cs compound is indicated by magnetic 
measurements in the solid state. Potassium is miscible with rubidium as well as with 
cesium in both the liquid and the solid state. 

Ternary mixtures of sodium, potassium and cesium form a eutectic with a very 
low melting temperature. The ternary eutectic contains 13.3 wt-~o Na, 46.5 wt-~o K, 
and 40 wt-~/o Cs. Its melting point is at 79 °C (194 K). 
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Fig. 12. The simplified Na--K 
phase diagram 74) 

The metals of the group 1B are more or less miscible with the alkali metals. Silver 
and gold are miscible in wide ranges of concentrations and intermetallic compounds 
occur. The elements cesium and gold, for instance, are miscible in the liquid state. 
The mixtures show the typical behaviour of  liquid metal solutions. Equi-atomic 
mixtures, however, behave more like molten salts. The electrical conductivity of the 
melt of the composition CsAu measured at 600 °C has a pronounced minimum v2), 
and an analogue minimum of the absolute thermoelectric power occurs at the same 
composition. The changes of properties in mixtures containing the metals in stoichio- 
metric relationships indicate a gradual metal-non-metal transition induced by con- 
centration changes in the Cs--Au system. The electric transport properties are deter- 
mined by ionic conduction due to the formation of an ionic bond in the cesium melt. 

The solubility of  alkaline earth metals in molten alkali metals is limited. The elements 
of the third group of the periodic table of elements are still less soluble in alkali metals, 
only the aluminium-lithium system is an exception. This system contains two inter- 
metallic phases, LiA1 and the peritectic phase Li9A14, and solid alloys of both metals 
are of technical importance. The metals of the fourth group have a better solubility 
in alkali metals. They tend to form intermetatlics. Some of the liquid alloys have found 
technical interest. 

The importance of the lithium-lead system is based on its usefulness as a blanket 
fluid of fusion reactors, which need lithium as breeding material for tritium. The 
eutectic with 0.68 wt-~, (17 a t -~ )  lithium has a melting point of Fp = 235 °C (508 K), 
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which is low enough to apply this alloy in the liquid state. Several higher melting inter- 
metallics as Li4Pb, LiTPb2, Li3Pb, LisPb2, and LiPb exist. Solid intermetallics may be 
applied as solid blanket alloys. Figure 13 shows the Li--Pb phase diagram. 

The sodium lead system is important, since NaPb compounds are applied to 
chemical processes. The intermetallic compound NaPb is fabricated in large amounts 
as an intermediate for the production of tetra ethyl lead. The Na--Pb phase diagram 
indicates the formation of several compounds, as shown in Fig. 14. The solubility of 
lead in liquid sodium is considerably high, the saturated solution contains ~ 3 at- ~ Pb 
at 250 °C. The sodium-tin system shows a similar solution and compound formation 
behaviour. 

The elements of the fifth group of the periodic table of elements are able to form 
compounds with alkali metals, which have properties of alloys as well as of salts. 
Bismuth and antimony form compounds with alkali metals of the cubic Li3Bi and the 
KBiz-type , which is also cubic. The compounds have high melting points, among 
these LiaBi has the highest, Fp = 1145 °C 75,76) All the compounds within these 
systems are very reactive and tend to ignite in contact with air. This tendency is strongest 
among those compounds which have the highest alkali contents. 

Transition metals are nearly insoluble in alkali metals compared to the metals of 
the groups just described. The concentrations of saturated solutions at 500 °C are 
on the level of a few wppm. Among these metals, nickel has a relatively high solubility 
in liquid metals, whereas molybdenum has an extremely low miscibility in the liquid 
state. 

The solubility of some transition metals in alkali metals is influenced by the interfer- 
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ing action o f  non-metals, which may be present as contaminants in either the solid 
or liquid metal. In the iron-sodium system, for instance, it is obvious that iron satura- 
tion is governed by a saturation equation valid for solutions in very pure sodium 
(Eq. 22) 24). 

4116 
log c~V~, (wppm) = 4.720 - - -  (22) 

T (K) 

The free enthalpy of  solution, AH~o~ = 78.7 kJ • mo1-1, is relatively high. The satura- 
tion curve takes the form of  Eq. (23) when oxygen is involved in the solutions. Equa- 
tion (23) is valid for solutions of  iron in sodiu m containing ~ 5 wppm of  oxygen. 
Raising oxygen content causes an increase of  the constant term of  Eq. (23) while the 
slope remains the same for different oxygen concentrations. 

Fe,O log c,Na (wppm) = 1.804 . . . . . . . . .  
842 

T (K) 
(23) 

The free enthalpy of  solution is much lower in this case (AHso~ = 16.1 kJ • mol-1).  
The range o f  oxygen concentrations, in which such behaviour has been observed, is 
2 to 25 wppm. The formation of  complex sodium iron oxides has not been detected 
in such solutions (see Fig. 15). 

The solubility of  some transition elements in liquid lithium is found to be influenced 
by the nitrogen content o f  the alkali metal. Solubilities of  elements can only be measur- 
ed in very pure lithium. Nitrogen contents of  > 50 wppm increase the saturation 
concentrations. The presence o f  nitrogen, however, does  not evidently change the 
values o f  the free enthalpy of  solution. 

Solubilities o f  transition metals in heavy alkali metals are of  the same order as in 
sodium. Very few data exist on the liquid metals potassium, rubidium, and cesium. 
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The solutions in these alkali metals are also influenced by non-metallic elements 
present as contaminants. Oxygen causes the formation of complex oxides as well as 
in sodium. These compounds are in chemical equilibrium with the dissolved species 
of the transition elements. 

10 

t(oC) 

900 700 500 300 

0.1 "E 

0.01 

0,OOl 
t.0 1.5 

IO00/T(K "1) _ : 
2.0 

Fig. 15. The solubility of iron in liquid 
sodium ~*); regions of Fe equilibria with 
the solutions (left side) and region of 
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7 Conclusions 

The modern applications of  liquid alkali metals in nuclear and energy conversion 
techniques have forced an intensive research work to gain information on chemical 
reactions in and with molten alkali metals, which may interact with the mode of their 
application. Their ability to dissolve metals as well as non-metals has to be considered 
when alkali metals are applied as heat transfer media. The heat transfer may, therefore, 
be accompanied by a material transfer. Thus, all chemical properties have to be taken 
into consideration for the designing or large energy conversion facilities. 

The role of  dissolved non-metals in the compatibility between liquid alkali metals 
and solid materials based on transition metals can be understood as a complicated 
system of local heterogeneous chemical equilibria. The chemical potentials of  the 
non-metals such as oxygen, nitrogen, carbon, or hydrogen, are influenced by the 
formation of compounds. These compounds can be dissolved or precipitated. Several 
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ternary compounds are of higher chemical stability than well known oxides, nitrides, 
carbides, or hydrides in systems, in which alkali metals, non-metals and transition 
elements can react. Thus, the complex compounds act as sinks for the non-metals 
due to the reduction of their chemical potentials. The fact that the solid materials have 
the ability to form compounds with the same non-metallic elements causes complica- 
tions of the system of heterogeneous chemical equilibria. 

Some reaction products formed by non-metals in alkali metals are less common 
or difficult to be prepared. The reactions in alkali metals might be considered as a 
new way to form such compounds, which are not easily produced in conventional 
chemical processes. Reactions of elemental nitrogen with carbon, for instance, and 
the formation of dilithium cyanamide, are examples of such chemical processes. The 
formation of methane by a reaction of hydrogen with coal in sodium or potassium is 
of concern for compatibility problems as well as for opening a new way to prepare 
methane from the elements at a moderate temperature. 

Alkali metals are principally similar in their ability to form compounds with non- 
metals and to dissolve these compounds. There are, however, some differences be- 
tween light alkali metals, lithium and sodium, and their heavier homologues, potassium, 
rubidium, and cesium. The extreme position of lithium is due to its very high affinity 
to form salts and to its similarity to the alkaline earth metals. Lithium oxide and 
hydride are the alkali compounds of highest stability. Lithium nitride is the only 
stable compound of this class, and probably, lithium acetylide is also the only stable 
alkali carbon compound, which occurs in contact with excess alkali metal. 

Potassium has a transition position. The solubility of oxide in this metal is higher 
than in lithium and sodium, much lower, however, than in rubidium and cesium. The 
free enthalpy of solution shows the same tendency, its value is between the light and 
the heavy alkali metals. 

Reactions of considerable extent occur even in very dilute solutions of non-metals 
in alkali metals. Small concentrations of dissolved non-metals also influence physical 
properties of the molten metals. Very exact analyses are necessary to define the chemi- 
cal potentials of non-metals in alkali metals. Oxygen can be removed from sodium, 
for instance, to such a degree, that only 0.1 to 0.01 wppm remain in solution. Electro- 
chemical cells have the ability to estimate such extremely low concentrations. Carbon 
in liquid alkali metals, which are in contact with austenitic stainless steels, is in the 
same range of concentrations. Thus, only activity meters, based on gasanalytical 
devices or electrochemical cells, are able to measure such low carbon concentrations. 
There is still need for the development of analytical procedures to estimate nitrogen 
in alkali metals with the same sensitivity and accuracy. 

Sodium is the alkali metal, the chemical properties of which are best established in 
the molten state. Lithium chemistry has been improved during the last decade due to 
the interest of the fusion reactor technology. Nevertheless, several chemical properties 
are still unknown. Potassium and the heavy alkali metals still require research work 
concerning the solutions of their compounds with non-metals, as well as on the solu- 
bility of metallic elements. The solubility of transition elements may range at the same 
level as in sodium. The degree of solubility of the elements of the fourth and fifth groups 
and the formation of intermetallic compounds with them are not well known. Further 
research may detect some new aspects, which may help to improve the application 
of liquid alkali metals in modem technology and chemistry. 
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