
CHAPTER 19 

SPECl'ROPHOTOMETRY 

H. E. Bumsted 

INTRODUCTION 

The electromagnetic spectrum of energy ex­
tends from the gamma rays emitted by radioactive 
elements with wavelengths of less than 0.1 na­
nometer to radio waves with a wavelength greater 
than 250 millimeters. However, this chapter will 
deal only with a very small section of this spec­
trum, namely the ultraviolet (185 to 380 nanom­
eters), the visible (380 to 800 nanometers) and 
the infrared (0.8 to 50 micrometers). A schematic 
diagram is shown in Figure 19-1. 

The terms used in spectrophotometry are 
gradually changing, and unless one is familiar with 
the old and new forms, confusion may result. The 
new and old terms are shown in Table 19-1. 

Table 19-1. 
Terms in Common Usage in Spectrophotometry 

New Old Value 

Angstrom, A 10-"meter 
Nanometer Millimicron lo-<' meter 
Micrometer Micron 1 o--<' meter 
Millimeter Millimeter 10-' meter 
Nanogram lo-<' gram 
Microgram Gamma lo-<' gram 
Milligram 10-' gram 

Visible light can be divided into the six prin­
cipal colors as shown in Table 19-2. These are 
the principal colors seen when white light is dif­
fracted into its primary colors by a prism or dif­
fraction grating. Various shades and tones of 
these colors are possible. When visible light is 
absorbed by a compound, there are resulting 
energy changes involving the valence electrons. 

The ultraviolet portion of the spectrum is that 
portion of the sun's energy which causes sunburn 
and similar skin damage. The absorption of ultra­
violet energy causes energy changes involving the 
ionization of atoms and molecules. 

Infrared radiation is the portion of the spec-

Table 19-2. 
Principal and Complementary Colors 

Transmitted 
Color 

Violet 
Blue 

Green 
Yellow 
Orange 

Red 

Wavelength 
(nm) 

380-435
435-480
500-560
580-595
595-650
650-780

Complementary 
Colors 

Yellowish Green 
Yellow 
Purple 
Blue 

Greenish Blue 
Bluish Green 

trum associated with the generation of heat. Ab­
sorption of infrared energy results in molecular 
vibrations, such as bending or stretching of the 
interatomic bonds, and molecular rotation. The 
type of vibration is dependent on the wavelength 
of the incident radiation. 

When certain types of molecules absorb ultra­
violet energy, energy in the ultraviolet or visible 
regions is emitted as the excess energy is released. 
This is called fluorescence and is a valuable tool 
for the chemist in identifying and quantitating 
such compounds. 

The absorption of energy by solutions follows 
two basic laws. The Bouguer (1729), or Lambert 
(1760), law states that when a beam of plane­
parallel monochromatic light enters an absorbing 
medium at right angles to the plane surfaces of 
the medium, the rate of decrease in intensity with 
the length of the light path through the absorbing 
medium is proportional to the intensity of the 
beam. Mathematically this can be expressed as 

where 
I= I. e-Kb 

I = Unabsorbed Intensity 
I. = Incident Intensity 
K= Constant 
b = Cell Thickness ( light path length) 

Bernard's (1852), or Beer's (1852), law 

Gamma 
rays 

Xrays 

I 

"Soft" Vacuum 
rrays 

I 
UV 

Near 
UV 

Visible Near 
IR 

IR Far 

IR 

Micro Radio 

I Waves I
0.1 1.0 10 200 

Nanometers 

400 ebo 

0 8 2.5 25 4)0
� Micrometer,.....=,-� 

0.40 250 
�Millimeters .._. 

Figure 19-1. Schematic Diagram of Electromagnetic Spectrum. Note that the wavelength
scale is not linear. 
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states that the intensity of the energy decreases 
exponentially with the increase in concentration. 
Mathematically this can be written as 

2.303 log; = K' C 

Where C is the concentration of the absorbing 
material. 

Combination of these two laws forms the 
basic law of spectrophotometry. It takes the form 
of: 

logL,=abc 
I 

where --a- is the absorptivity, a constant de­
pendent upon the wavelength of the radiation and 
the nature of the absorbing material, whose con­
centration --<:- is expressed in grams per liter. 
The product of the ab~orptivity and t!'e molecular 
weight of the absorbmg substance JS called the 
"molar absorptivity" ( •) . 

Absorbance A is the product of the absorptiv­
ity, the optical pathlength and the concentration; 
i.e., 

A=a be 
The absorbance of a I -cm layer of a solution 

containing 1 percent by weight of the absorbing 
1% 

solute is represented by the term A cm . The term 

"transmittance % " is the percent of the incident 
light passing through the absorbing solution and 
is related to the concentration exponentially. 
Thus, when the transmittance is plotted against 
concentration on semi-logarithmic graph paper a 
straight line should result if the system follows 
Beer's law. 

Absorbance is directly related to concentration 
and can be plotted against concentration on linear 
coordinate graph paper. When such a plot gives 
a straight line the system follows Beer's law. 

Most dilute systems will follow Beer's law 
over a limited range of concentration. Beer's law 
requires monochromatic radiation. However, most 
spectrophotometers and all filter photometers em­
ploy a finite group of light frequencies. The wider 
the band of the radiation, the greater will be the 
deviations from Beer's law. Temperature changes, 
ionization of the solute, stray light and changes in 
the pH of the solute, may cause deviations from 
Beer's law. 

While it is desirable to have the analytical sys­
tem follow Beer's law, it is not essential if a good 
reproducible calibration curve can be prepared. 

VISIBLE LIGHT SPECTROPHOTOMETRY 
Introduction 

Analytical methods utilizing the visible sec­
tion of the electromagnetic spectrum are of great 
importance. Most methods for the determina­
tion of metals in trace concentrations involve the 
production of a colored complex with some or­
ganic reagent. To be of value for analytical pur­
poses the color-producing reaction should have 
the following characteristics: 

I. Reagent and the color complex should be 
stable. 

2. The reaction should be stoichiometric. 
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3. The color development should be rapid 
and color should resist fading. 

4. The reaction should be specific for the 
element to be determined. 

5. The reaction should show no more than 
minor variation with pH, temperature 
and other factors. 

6. The color complex should be soluble in a 
solvent which is transparent in the area of 
spectral absorbance of the complex. 

7. The color complex should have a sharp 
absorbance band. 

Methods of color development generally fall into 
the following categories: 

1. redox methods 
2. complex formation 
3. diazo and coupling reactions 
4. condensations and addition 
5. salt formation 
6. chromophoric changes in valence 
7. substitution. 
Color procedures used may be classed as 

either single or mixed color. In the single color 
procedure, the color producing reagent is either 
colorless or the excess reagent is removed from 
the solution by suitable extractions. An example 
of this is the color complex formed with hexa­
valent chromium by s-diphenylcarbazide. Here 
the reagents are colorless but react with he~­
valent chromium to produce a red complex. OXI­
dation of manganese to permanganate is another 
example of a single color method. The absorb­
ance spectrum of the permanganate ion is shown 
in Figure 19-2. This ion shows a strong absorb­
ance at 525 nanometers. 

The determination of lead with dithizone ( di­
phenylthiocarbazone) is an example of the mixed 
color technique. Dithizone dissolved in chloro­
form has a bright green color with a maximum 
absorbance at 625 nanometers as shown in Fig­
ure 19-3. In this figure Curve 1 is the absorbance 
spectrum of the dithizone solution which has been 
used to extract the reagent blank. It shows a 7.ero 
absorbance or 100 percent transmittance at 610 
nanometers and an absorbance at 515 nanom­
eters which is due to traces of lead in the re­
agents. Curve 2 is the spectrum of the dithizone 
after extracting a solution containing 10 micro­
grams of lead. The increase in absorbance at 515 
nanometers is evident. Figure 19-4 illustrates the 
change in absorbance as the lead dithizonate in­
creases from 0.0 to 3.0 micrograms per ml of 
chloroform. The absorbance is set at 0.0 with the 
reagent blank. This will correct for any lead in 
the reagents. Then the absorbance is measured 
for the three standard solutions. It is evident that 
the standards follow Beer's law. 

As a general rule, the complementary color is 
used to measure any colored complex. For ex­
ample, if the solution to be measured is red, 
green light should be used. 

When any colored reaction is used, it is ad­
visable to determine the absorbance spectrum of 
the reaction product with the spectrophotometer 
to be used for the analysis. From this spectrum 
the proper wavelength to be used for the pro-
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Figure 19-3. Absorption Spectra of Dithizone and Lead Dithizonate in Chloroform. 

cedure will be evident and any instrumental vari­
ation or shifts in the wavelength scale of the 
particular instrument will be corrected. 

In some instances, it is possible to utilize the 
bleaching effect of ,ome ion on a colored organo­
metallic complex to measure the concentration of 
the ion of interest. An example of this is the 
bleaching effect of fluoride ion on thorium or zir­
conium alizarin lakes. In this case, the loss of 
color of the lake is directly proportional to the 
amount of fluoride present. 

While many color-producing reactions are 
available, some ions of interest do not form col­
ored complexes that are suitable for analytical 
procedures. Frequently it is possible to produce 
a suspension of a finely divided uniformly sized 
precipitate. When a beam of light is passed 
through such a suspension, energy is lost due to 
light scattering. Under proper conditions this loss 
is proportional to the amount of precipitate. This 
analytical technique is called nephelometry. Such 
procedures require very rigid control of all condi­
tions such as temperature, pH and concentrations 
of reagents to produce uniform size precipitates or 
reproducible results cannot be obtained. Proce­
dures for the determination of chloride, as silver 
chloride, and sulfate, as barium sulfate, are exam­
ples of the application of this technique. 

lmtnunentation 

The first techniques of spectrophotometry in­
volved the direct comparisons of colors produced 
in unknown solutions with those of standards pre­
pared under similar conditions. Observations 
were made with the naked eye using a common 
light source. Such techniques can still be used to 
obtain a rough estimate of the concentration. 
From this beginning, Nessler tubes developed. 
The color reaction is carried out in both a series 
of standards and unknowns. The solutions are 
placed in a series of long Oat-bottom tubes and 
diluted so that the column of solution is either 10 
or 20 centimeters in depth. After mixing, the 
color of the unknowns is matched against the 
standards. The unknown solutions can be brack­
eted between two standards and a rough approxi­
mation of the concentration can be made. 

The Duboscq colorimeter developed from this 
technique. Light illumination from a common 
light source is passed up through the bottom of a 
pair of matched cups, through the solution and 
through a matched set of glass plungers. A prism 
system brings the light beams to a common axis. 
Light from each cup illuminates one-half of the 
viewed field. The intensities of the two halves of 
the viewed field are matched visually by raising 
or lowering the plunger in one cup. The depth is 
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Figure 19-4. Absorption Spectra of Lead Dithizonate. 

measured on a scale. From previously prepared 
calibration curves it is possible to estimate the 
concentration. The ability of the eye to match 
intensities varies with wavelength and -intensity. 
The eye is best at about 500 nanometers and 
under the best conditions can be accurate to 
within I or 2 percent. 

CONDENSING 
LENS 

0 -f-l--- ---- -­-u--· ------
FILTER 

SAMPLE 
CELL 

Another version of this technique is the wedge 
comparator. The light beam is split into two seg­
ments. One passes through the standard solution 
and one through the unknown. A neutral wedge 
of glass is moved into the exit beam of the stand­
ard solution to attenuate the light intensity until it 
matches the unknown. 

PHOTOCELL 

GALVANOMETER 

Figure 19-5. Schematic Diagram of Filter Photometer. 
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The next instrumental development was the 
single-beam photometer. The basic design of this 
type of instrument is shown in Figure 19-5. The 
light from the source passes through a filter, 
through the solution, and strikes a photocell. With 
the solvent in the light path and the proper filter 
in position the light intensity is adjusted to give a 
reading of 100 on the scale. Next the standards 
are inserted and the scale readings are recorded. 
Then the unknown solutions are inserted and read. 
The intensity of the light source can be adjusted 
either by a rheostat in series with the light source 
or a diaphragm in the light path. 

To eliminate errors due to variations in the 
light source with time, the double-beam photom-

eter was developed. In this instrument the fil­
tered light is separated into two beams. One beam 
is reflected to a reference photocell. The remain­
ing beam passes through the solution to be meas­
ured and strikes a second photocell. The net out­
put of the two photocells, connected in opposition, 
is balanced by a variable resistor to give a zero 
reading on a galvanometer for the blank solution. 
The standards and unknowns are inserted into the 
beam and the deflections of the galvanometer are 
read; from the calibration curve the concentrations 
of the unknown can be determined. Filters avail­
able for these instruments were generally wide 
band-pass filters and lacked the narrow spectral 
band width required by Beer's Law. 

PRISM OR 
GRATING 

VARIABLE SLIT 
...._-COLLIMATING 

MIRROR 
MIRROR 
SAMPLE CELL 
PHOTOMULTIPLIER 

Beckman Instruments. Inc., Bulletin 134-D. Fullerton. California. 

Figure 1~. Schematic Diagram of Prism or Grating Spectrophotometer. 

The next development was the prism or grating 
single-beam spectrophotometer. The basic instru­
mental design is shown in Figure 19-6. In this 
instrument light from the source is refracted by 
a prism or diffracted by a grating into its spec­
trum. A series of adjustable exit slits limits the 
wavelengths striking the sample. This spectro­
photometer has a narrow band-pass which im­
proves the conformity to Beer's Law. The position 
of the grating or the prism is set to the proper 
wavelength and the blank is inserted in the beam. 
After balancing the instrument with the shutter 
closed, the shutter is opened and the meter set 
to 100 percent transmittance or O absorbance by 
adjustment of the slit width and the sensitivity 
control. The standards are inserted in the beam 
and the absorbance determined for each concen­
tration. The absorbance of the unknowns can be 
measured and the concentration determined from 
the calibration curve. 

228 

The light-measuring devices used in this type 
of instrument are either photocells or photo-multi­
plier tubes. Generally two photocells are available 
to cover the entire spectral range. These instru­
ments are much more expensive than photometers 
but give greater accuracy and reproducibility as 
well as monochromatic character of the light used 
in the analysis. 

A more recent development has been the ratio­
recording spectrophotometer. In this instrument 
the light beam from the source is refracted by a 
prism and strikes a rotating segmented disc. One 
half of the disc is open allowing the beam to pass 
through a reference cell and eventually strike a 
detector. The other half of the disc is a mirror 
that reflects the light through the sample cell to 
the detector. The detector system produces a read­
ing which is the ratio of the two beams. Such in­
struments eliminate all variations due to voltage 
or electronic fluctuations. Any of tht. newer in-



struments can be coupled to a recorder to give a 
permanent record of the results. 
Applications 

Visible spectrophotometry has many uses in 
the analyses needed in environmental control 
work. Several examples are discussed. 

I. Biological Analysis. 
Frequently, the measurement of some ion in a 

biological specimen is the best indicator of an 
exposure. The analysis of blood or urine for lead 
is an excellent means of evaluation of the worker's 
exposure. The blood or urine is ashed, the ash 
dissolved and extracted with a chloroform solution 
of dithizone at pH of 9.5. The lead reacts with 
the dithizone to form lead dithizonate. The lead 
dithizonate in the dithizone-<:hloroform solution 
is determined at 51 0 nanometers. By proper con­
trol of pH and use of complexing agents it is pos­
sible to eliminate interferences from other metallic 
ions. 

The determination of manganese in urine is a 
useful measure of the exposure of workers to 
manganese. The urine is ashed and the manganese 
is oxidized to permanganate ion. The color of per­
manganate can be measured at 525 nanometers. 

The determination of mercury in urine has 
taken on increased importance with the recent 
emphasis on mercury pollution. The urine is ashed 
under a reflux condenser, extracted with dithizone 
in carbon tetrachloride. The dithizone mercury 
solution is further extracted with 9N ammonium 
hydroxide twice to remove the unreacted dithizone 
leaving the single color of the mercury dithizon­
ate. This is measured at a wavelength of 475 
nanometers. 

Many other ions of interest in environmental 
control work may be determined by spectrophoto­
metric procedures. 

2. Air Sample and Sample Analysis. 
Lead can be determined in air samples by 

dithizone after ashing and solution of the sample. 
Under proper conditions the reaction is specific. 

Several methods are available for the deter­
mination of iron. Under proper conditions, iron 
as ferric chloride in 28 percent hydrochloric acid 
can be measured directly at 460 nanometers. This 
method is not specific, for other colored metals in 
solution may affect the results. Specific reagents 
such as dipyridyl and ortho-phenanthroline are 
available for the determination of iron in trace 
quantities. 

As mentioned earlier, manganese can be oxi­
dized to permanganate ion whose concentration 
can be measured at 525 nanometers. While the 
reaction is specific for manganese, the presence 
of easily oxidized materials can reduce the per­
manganate ion and seriously affect the results. 

Arsenic can be vaporized as arsine and ab­
sorbed in a solution of silver diethyldithiocar­
bamate in chloroform solution. The color pro­
duced is measured at 560 nanometers and the 
arsenic content determined from a calibration 
curve. 

Chromium, in the hexavalent state. can be 
complexed with s-diphenylcarbazide and read at 
540 nanometers. The reaction under the proper 
conditions is specific. 

Aldehyde• after absorption in sodium bisulfite 
solution can be determined using Schiff's reagent. 
The reaction is not specific for any one aldehyde 
in the presence of other aldehydes. The measure­
ment is made at 560 nanometers. 

Sulfates as barium sulfate, or chloride as silver 
chloride may be measured by nephelometric tech­
niques under carefully controlled conditions. All 
reagents, except the precipitating agent, are added 
and the solution diluted to volume. The absorb· 
ance is measured at 500 nanometers. The pre· 
cipitating agent is then added and the precipitate 
allowed to form for a specific time period. The 
absorbance is again measured at the same wave­
length. The difference in absorbance is a measure 
of the sulfate or chloride ion. 

ULTRA VIOLET SPECTROPHOTOMETRY 

Many compounds containing specific types of 
chemical bonds will absorb ultraviolet light strong­
ly at very specific wavelengths. The ultraviolet 
spectrum from 210 to 380 nanometers is of most 
interest since the ultraviolet spectrophotometers in 
use are not capable of operation below 210 nan­
ometers. Some compounds of environmental in· 
terest, such as ketones, aldehydes, esters and 
organic acids absorb below this point. 

However, many other compounds of great in­
terest do absorb ultraviolet light above 210 nan­
ometers. In general, all aromatic compounds such 
as benzene, toluene, and xylene have strong ab­
sorbing bands. The absorbance spectra of benzene 
and toluene vapors are shown in Figure 19-7. The 
spectra of these two compounds show many rela­
tively intense absorption bands with good resolu­
tion. While these two compounds are homologs, 
their spectra are quite different. Figure 19-8 gives 
the spectra of different concentrations of benzene 
dissolved in cyclohexane. While the resolution is 
not as good as that observed in the vapor state, it is 
still sufficient to identify the compound. Even at 
a concentration as low as 0.20 milligram per 
milliliter appreciable absorption occurs at 254.6 
nanometers. Phenolic type compounds also exhibit 
strong absorbance bands in the ultraviolet region. 

Some inorganic materials show strong absorb­
ances in the ultraviolet range. Iodine absorbs 
strongly at 352 and 440 nanometers. Nitrates and 
nitrites absorb at 270 and 225 nanometers, re­
spectively. 

One of the prime requirements for analytical 
work in this section of the spectrum is a solvent 
that is relatively transparent to ultraviolet light. 
A solvent must have a cutoff point well below the 
absorbing band to be measured. The cutoff point 
in the ultraviolet region is the wavelength at which 
the absorbance of a I 0-mm path length approaches 
unity with water as the reference. Table 19-3 
gives the cutoff wavelengths for many of the more 
common solvents. 
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Generally the solvents of greatest use are 
methanol, ethanol, isopropanol, isooctane, cyclo­
hexane, sulfuric acid and water. Since absolute 
ethanol is distilled with benzene, it usually con­
tains traces of benzene which make it unsatis­
factory as a solvent. 
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Table 19-3. Ultraviolet Cutoff Wavelength, 
Nanometers 

Grade 
Solvent Reagent Spectrographic 

Acetone 327 330 
Benzene 279 280 
N-butanol 268 210 
Carbon tetrachloride 263 265 
Chloroform 245 245 
Cyclohexane 210 
Ethanol 219 
Isooctane 220 210 
Isopropanol 218 210 
Methanol 218 210 
Methylethyl ketone 327 
Nitric Acid - 6N 334 
Sulfuric Acid - 6N 215 
Trichloroethylene 287 
Tetrachloroethylene 292 290 
Toluene 285 285 
Water 212 

"Ultraviolet spectrophotometric and Fluorescence 
Data", J. A. Houghton and George Lee. 
Am. Ind. Hyg. J. Vol. 22, No. 4, page 296, 301, 
1961. 

When the material of interest does not absorb 
in the ultraviolet region, it is sometimes possible 
to couple it with an absorbing compound to give 
an absorbing complex. 

The sensitivity of ultraviolet methods is much 
greater than that found with either visible or 
infrared methods. Frequently, it is necessary to 
dilute an absorbing compound to the range of I 
microgram per milliliter to read the absorbance. 
A solution of styrene in cyclohexane as a concen­
tration of 2 micrograms per milliliter gives an 
absorbance of 0.300 at a wavelength of 247 
nanometers. 

Much information can be obtained from the 
absorbance spectrum. lf the system is essentially 
transparent in the region from 2 I O to 800 nanom­
eters, it contains no conjugated unsaturated or 
benzenoid system, no aldehyde or keto groups, no 
nitro group and no bromine or iodine. When 
absorbance bands do appear, their wavelength will 
give same indication as to the identity of the group 
causing the absorbance. Several tables of chromo­
phoric groups and their wavelengths have been 
published and can be used for identification.' 
Instrumentation 

Many types of ultraviolet spectrophotometers 
are available. They can be generally classed as 
single or double beam with either a prism or grat­
ing for the refraction or diffraction, respectively, 
of the spectrum. In the single-beam instruments, 
the unit is balanced against the solvent to read 
zero absorbance, then the sample is moved into 
the beam and the absorbance measured. Several 
of the visible range spectrophotometers can be 

converted to ultraviolet spectrophotometers by a 
suitable attachment. 

In some double-beam instruments the beam is 
chopped by a rotating disc containing an open 
and a mirrored segment. The beam is sent through 
the sample cell and then through the reference 
cell. In other instruments the beam is split and 
sent through both the reference and the sample 
cells. 

Initially, with the solvent in both the sample 
and the reference light paths the instrument is 
adjusted to give a zero absorbance at the wave­
length to be used. When the sample is placed in 
the sample beam, the absorbance due to the cells 
and the solvent is cancelled and the instrument 
measures the absorbance of the solute only. An 
example of a double beam instrument is shown in 
Figure 19-9. 

The single-beam instruments are much lower 
in price than the double-beam instruments. While 
it is not necessary to have a recording instrument, 
it is very convenient to have a recorded spectrum 
produced by the instrumenL If not, the spectrum 
must be determined by a point-to-point scan and 
plotting of the points. This is a time-consuming 
operation. 

In ultraviolet spectrophotometry the cells used 
must be transparent to ultraviolet light. This re­
quires that the cells usually be constructed of pure 
silica because the ordinary glass cells used in 
visible work absorb much of the ultraviolet. Silica 
cells are expensive and must be handled with care 
to prevent scratching and etching. Light sources 
used are generally either hydrogen, deuterium or 
xenon lamps. These sources all require special 
power supplies and in many cases auxiliary cooling 
systems. Many types of detector tubes may be 
used. All these tubes have their specific properties. 
In the less expensive instruments the I P2 I photo­
tube is used as the detector. More expensive 
photomultiplier tubes are available which are more 
sensitive in specific regions. 

In summary the ultraviolet spectrophotometer 
is a valuable tool for both the qualitative and 
quantitative analyses required in environmental 
work. It offers many possibilities for the analysis 
of air pollutants. At times it may be the only 
method available for the analysis of trace amounts 
of organic pollutants. 
Applications 

While it is not possible to discuss all the pos­
sible determinations that can be made with ultra­
violet light, a few will be briefly discussed to illus­
trate possible procedures. lf long-path gas cells 
are available for the spectrophotometer, it is pos­
sible to determine benzene, toluene or xylene di­
rectly in air samples. A standard curve is first pre­
pared in the ppm ( parts per million) range using 
the absorbance measurements obtained with known 
concentrations of the aromatic hydrocarbon vapor 
at the wavelength giving the maximum absorbance. 
Tbe_absorbance of the air samples are then de­
termined under the same conditions. From the 
calibration curve prepared earlier it is possible 
to estimate the concentration of the aromatic hy­
drocarbon, directly in the air sample. 

Where a suitable gas handling system or gas 
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Figure 19-9. Schematic Diagram of Double Beam Spectrophotometer. 

cells are not available, it is possible to absorb 
the aromatic hydrocarbon in a transparent solvent 
and determine it in this solvent as was shown 
earlier in Figure 19-8 of this section. Calibration 
curves must be prepared to compensate for in­
complete absorption in the solvent. 

It is possible to determine phenols and cresols 
in dilute sodium hydroxide solutions directly in 
the absorbing solution. The phenolic-type com­
pounds are absorbed in a dilute caustic solution 
and after dilution the absorbance is measured at 
the wavelength of maximum absorbance. From 
previously prepared calibration curves the amount 
of phenolic compounds can be determined. It must 
be emphasized that it is not possible to identify 
the specific phenolic compound present. The re­
sults will give only total phenolic content. 

The use of the ultraviolet spectrophotometer 
for the identification of polynuclear aromatic hy­
drocarbons was developed by Sawicki.' Benzene 
extracts of air samples are dissolved in a chlor­
inated solvent and passed through a chroma­
tographic column. Specific sections of the column 
are extracted with a suitable solvent and the ultra­
violet spectrum is determined. The polynuclear 
aromatic hydrocarbons can be identified and quan­
titated by the ultraviolet spectra using previously 
prepared calibration curves. More recent work 
has utilized the trapping of gas .chromatographic 
peaks and the identification and quantitation of the 
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material present by ultraviolet spectrophotometry. 
With all the recent emphasis on mercury pollu­

tion, the ultraviolet absorbance spectrum of mer­
cury vapor has been utilized for the quantitative 
determination of this element. Mercury strongly 
absorbs ultraviolet light of wavelength of 253.6 
nanometers. Many direct reading instruments are 
available for the determination of mercury in air. 
Recent development of the mercury meter for 
water analysis also utilizes this property. The 
sample is ashed with potassium permanganate, 
sulfuric and nitric acids and reduced to elemental 
mercury with stannous chloride. The mercury is 
vaporized from the liquid by a stream of filtered 
air and passed through a cell and the absorbance 
of 253.6 nanometer ultraviolet light is measured. 
From previously prepared calibration curves the 
mercury content of the sample can be determined. 
It should be emphasized that any organic com­
pound that absorbs at this wavelength and can be 
vaporized along with the mercury vapor into the 
gas cell will be determined as mercury and will 
cause high results. Acetone, for example, can 
cause serious interference in the determination of 
mercury. 

While the above examples are only a few of 
the possibilities for the use of ultraviolet spectrom­
etry, experience in the technique will open up 
many other uses. It is a powerful tool for the 
solution of many analytical problems. 
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INFRARED SPECTROPHOTOMETRY 
Introduction 

The section of the electromagnetic spectrum 
extending from 0.8 to 200 micrometers is classed 
as the infrared region. However, most of the 
analytical uses of this energy fall in the range of 
0.8 to 50 micrometers, which can be explored 
with commercially available instruments. Absorp­
tion of energy in this section of the spectrum 
results from the vibrational-rotational stretching 
and bending modes in the molecule. The infrared 
absorption spectrum of a compound can be char­
acterized as a fingerprint of that compound. The 
absorbance bands are so definite that it is possible 
to identify stereoisomers from their spectra. It is 
possible to define the structure of complex mole­
cules, such as penicillin, from study of its infrared 
spectrum. 

The infrared region is divided into three pri­
mary sections, the rock salt ( sodium chloride) 
or fundamental region from 2 to 16 micrometers, 
the potassium bromide region from 10 to 25 
micrometers and the cesium iodide region from l 0 
to 38 micrometers. These regions are so named 
because of the material used for the prisms and 
cell windows. Silica and glass cannot be used in 
infrared equipment since they absorb any energy 
with a wavelength above 4 micrometers. 

Much valuable information can be gained from 
the absorbance bands found in the fundamental 
region. This section is usually divided into the 
"group frequency" region from 2.5 to 8 mi­
crometers and the "fingerprint region" 8 to 16 
micrometen. 

In the group frequency region the principal 
absorption bands are primarily due to vibration 
of units consisting of only two atoms of the mole­
cule, units which are more or less dependent only 
on the functional group giving the absorption and 
not on the complete molecule structure. Structural 
influences may cause small shifts in absorption 
bands from their normal position. 

In the region from 2.5 to 4.0 micrometers the 
absorption is due to hydrogen stretching vibrations 
with elements of mass of less than 20. The center 
range from 4 to 6.5 micrometers is termed the 
unsaturated region. Primarily, triple bonds cause 
absorption from 4.0 to 5.0 micrometers. Double 
bonds frequently absorb in the region from 5.0 to 
6.5 micrometers. Careful study of the absorption 
bands can help to identify and distinguish between 
C=O, C=C, C=N, and N=O bonds. 

Absorptions in the region from 8.0 to 16.0 
micrometers are single-bond stretching frequencies 
and bending vibrations of poly-atomic systems in­
volving motions of bonds linking a substituent 
group to the remainder of the molecule. This is 
the fingerprint region. While too many absorption 
bands appear in this region to allow for specific 
identification it is possible to determine much in­
formation about the molecule. Ortho, meta and 
para substitutions are easily identified. 

Chlorinated molecules absorb strongly in this 
region. Figure 19-10 shows the infrared spectra 
of five of the chlorinated hydrocarbons. Carbon 
tetrachloride and tetrachloroethylene show a com­
plete absence of any absorption below 6 microm-
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eters. As hydrogen is added to the molecule the 
bands at 3.3, 3.4, and 3.6 micrometers appear in 
the spectra. The intense absorption bands above 
11 micrometers are typical of chlorinated com­
pounds. From these spectra it is quite evident that 
there is little problem identifying the specific 
compound present. Generally for liquid work the 
light path is relatively short. These spectra were 
prepared using a cell with a light path of 0.25 mm. 

Inorganic molecules also have characteristic 
absorption bands in the rock salt region. The 
inorganic material is generally ground to a very 
small particle size in a clear mineral oil and a 
mull prepared or it can be dispersed in potassium 
bromide powder and pressed into a pellet. As will 
be discussed later, methods are available to de­
termine small amounts of alpha quartz in respi­
rable dust by the pellet technique. 

Some of the specific absorption bands of in­
terest in environmental control work are shown 
in Table 19-4. Many more complete tabulations 
of absorption bands are available in the literature. 
One of the most useful is the COL THUP chart.' 
From the data in Table 19-4 it is evident that the 
bands tend to overlap in some areas. For example 
the esters, acids, ketones and aldehydes all show 
strong absorption bands in the same region. Bands 
in the fingerprint region may make it possible to 
identify the particular type of compound present. 

Table 19-4. Specific Infrared Absorption Bands 

Grouping 

Alkanes, CH,-C,-CH, = 
Alkenes CH= CH, 
AlkyneC=C 
Aromatic Hydrocarbons 
Aromatic (Subst, benzenes) 
Alcoholic (OH) 
Acids (COOH) 
Aldehydes (COH) 
Ketones (C=O) 
Esters (COOR) 
Chlorinated ( C-CI) 

Absorption Band 
Micrometers 

3.35 to 3.65 
3.25 to 3.45 
3.05 to 3.25 
3.25 to 3.35 
6.15 to 6.35 
2.80 to 3.10 
5.75 to 6.00 
5.60 to 5.90 
5.60 to 5.90 
5.75 to 6.00 

12.80 to 15.50 

It should be pointed out that while infrared is 
a very valuable analytical tool it does have its 
deficiencies. The sensitivity of infrared methods 
is much less than that for the ultraviolet methods. 

As an example, in the determination of mineral 
oil using the 3 micrometer bands, the minimum 
concentration that can be determined with con­
ventional cells is 1 milligram per milliliter of 
solvent. 

Water and lower molecular weight alcohols 
cannot be used as solvents as they damage the cell 
windows. Moisture condensation on cell windows 
will also cause severe damage to the cell windows. 
In addition, water absorbs infrared energy strongly. 

A solvent, to be of value in infrared work, 
should have as few absorption bands as possible 
and none in the region of interest. No organic 
solvent is completely transparent to infrared radi­
ation. Carbon disulfide and carbon tetrachloride 



are the common solvents. Carbon tetrachloride 
absorbs strongly from 12.5 to 13.5 micrometers 
while carbon disulfide absorbs strongly at 4.5 and 
6.5 micrometers. Tetrachloroethylene is transpar­
ent except in the region from 10 to 16 microm­
eters. The high-boiling liquid Freons also are 
useful as solvents. The solvent may influence the 
spectrum of the solute. Particular care should be 
exercised in the selection of a solvent for com­
pounds which are susceptible to hydrogen bonding 
effects. All solvents must be free of water. 

Instrumentation 
Basically, an infrared spectrophotometer con­

sists of a source to produce the radiation, a mono­
chromator to disperse the radiation, a sample 
compartment, a detector and a recorder. The 
equipment may be classified as either a single- or a 
double-beam system. In the single-beam system the 
beam passes through a single sample cell and to the 
detector. In this system it is necessary to deter­
mine the spectrum of the solvent, the combined 
spectrum of the solvent-solute mixture and then 
subtract the spectra to determine the net spectrum 
of the solute. 

In the double-beam system the incident beam 
is chopped and sent alternately through the sample 
cell and then through the reference cell. The 
beams are then brought to the same detector. The 
detector balances the signal it receives from both 
cells by driving a comb in and out of the reference 
beam to alter the intensity of the reference beam 
to equal that of the sample beam. The position 
of the comb is transmitted to the recorder. An ex­
ample of a double beam instrument is shown in 
Figure 19-11. 

The source in most infrared spectrophotom­
eters is either a Nernst glower or a Globar. The 
Nernst glower consists of a mixture of zirconium 
and yttrium oxides which is formed into a hollow 
rod 2 millimeters in diameter and 30 millimeters 
long. The surface temperature is between 1500° 
and 2000°C. The glower furnishes a wide range 
of infrared wavelengths, with maximum emission 
at 1.4 micrometers. A secondary heating source 
is necessary to light the glower since it is non­
conducting when cold. It must be protected from 
drafts but still must be ventilated to remove the 
vaporized oxides and binders from the glower. 

The Globar source is a solid rod of sintered 
silicon carbide. It is self-starting and is heated to 
1300° to 1700°C. Maximum intensity occurs at 
1.9 micrometers. Although it is less intense than 
the Nernst glower, it is more suitable for work 
beyond 15 micrometers, since its radiant energy 
output decreases less rapidly with increasing wave­
length. 

The monochromator is generally a Littrow 
mount. The beam from the collimating mirror is 
focused on the entrance slit. Either a grating or 
a prism may be used to disperse the incident beam. 
The prisms are made from single crystals of either 
sodium chloride or potassium bromide, depending 
upon the required working range of the instrument. 

The grating provides better dispersion and thus 
better resolution but is usable over only a limited 
range. Two gratings are generally used to cover 
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the entire range of the instrument so that each is 
used only in the first order. 

The detectors are of a thermal type. Photo­
conductors are not applicable except in the near 
infrared region. A special type thermocouple is 
the most widely used. Quartz fibers are used to 
support a blackened gold foil receiver less than 
one micron in thickness to which is fastened the 
hot junction made by welding two different semi­
conductors together at one end. The semicon­
ductors must have a high thermoelectric efficiency. 
The cold junction is maintained at a constant 
temperature and kept darkened. The pair is 
housed in an evacuated steel casing with a po­
tassium bromide or cesium iodide window. 

A second type of thermal detector is the 
bolometer. It produces an electrical signal as the 
result of a change in resistance of a metallic con­
ductor with temperature as the infrared energy is 
absorbed. 

Cells for infrared use consist of polished, op­
tically flat discs of sodium chloride or potassium 
bromide separated by an amalgamated lead spacer 
and held liquid-tight by a holder. Liquid cell path 
lengths range usually from 0.1 mm down so that 
only a thin layer of the sample is exposed to the 
beam. Gas cells with path lengths of 1 meter are 
available for analysis of air pollutants. Infrared 
cells are very expensive and must be protected 
from any contact with moisture either in the 
sample or by exterior condensation to prevent 
etching of the crystals. 

The potassium bromide pellet technique was 
developed to handle materials that could not be 
dissolved in a suitable solvent. The material to be 
examined is reduced to a fine powder, dispersed 
in high-purity potassium bromide powder and 
formed into a pellet under high pressure. The 
pellet is placed in the cell compartment and the 
spectrum determined. Instruments to be used for 
pellet analysis should be equipped with a beam 
condensing system to concentrate the incident 
beam to a small size. Using the condensing sys­
tem the pellet size can be kept small and the dilu­
tion of the sample by the potassium bromide is 
reduced. 
Applications 

The use of infrared spectrophotometers in en­
vironmental control analysis has been quite limited 
in the past probably due to the cost of the equip­
ment and a limited knowledge of its possibilities. 
It is extremely valuable for the qualitative and 
quantitative analysis of solvents. With experience 
in the technique, simple solvent mixtures can be 
analyzed qualitatively from one spectrum. An esti­
mate of the quantitative analysis can usually be 
made from the same spectrum. A known syn­
thetic can be prepared at the approximate concen­
tration and its spectrum determined. By com­
paring the spectra of the unknown and known 
mixtures it is possible to get an estimate of the 
actual concentration. 

For complex solvents, it is usually advisable 
to fractionate the mixture and examine the frac­
tions by infrared analysis. 

The determination of airborne mineral oil on 
filters used to collect particulate material is pos-
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Figure 19-11. Schematic Diagram of a Double Beam Infrared Spectrophotometer. 

sible using infrared. The oil is first extracted from 
the filter with ether or hexane. The solvent is 
allowed to evaporate at room temperature. The 
oil is then redissolved in a known volume of 
carbon tetrachloride. The absorbance of the sam­
ple is determined over the range of 3 to 4 microm­
eters. The mineral oil content is calculated from 
a previously prepared calibration curve, using a 
comparable oil. 

The fixed gases such as carbon monoxide, 
sulfur dioxide and ammonia can be determined di­
rectly in air by use of gas cells with a one meter 
light path. The gases have definite spectra and 
can easily be identified. The technique requires 
relatively large volume air samples. 
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One recent development is the determination 
of alpha quartz in respirable air samples as is re­
quired by both the Coal Mine Safety and Health 
Act and the Occupational Safety and Health Act. 
The dust sample and filter are ashed or the dust 
removed from the filter by ultrasonic means and 
ashed. The ashed sample is mixed with potassium 
bromide and formed into a pellet under high pres­
sure. The infrared absorbance is measured at 13.1 
micrometers. Using a previously prepared cali­
bration curve, the alpha quartz content is then 
determined. Under carefully controlled conditions 
it is possible to measure IO micrograms of quartz 
by this technique. 



FLUORESCENCE SPECTROPHOTOMETRY 
Introduction 

Use of the lluorescence properties of certain 
compounds as an analytical tool has become im­
portant in the environmental control field only in 
the !ast few years. The analysis of beryllium in 
particulate material collected in air samples is 
based on the llourescence of a beryllium morin 
complex. Later work on the polynuclear aromatic 
hydrocarbons has developed additional interest in 
this technique. 

Fluorescence spectrometry is a highly sensitive 
analytical tool which can be used to measure con­
centrations as low as I Cr" to I 0-" grams per 
milliliter. Few colorimetric procedures are of value 
at concentrations below I 0--, grams per milliliter. 

Fluorescence is essentially an electronic phe­
nomenon and is primarily concerned with light of 
wavelengths in the region of 200 to 800 nanom­
eters. When light in this region strikes some com­
po~ds they absorb energy at specific wavelengths 
which are characteristic of the compound. This 
is called the absorption spectrum of the com­
pound. As a result of this absorption of energy, 
some of the molecules are raised from the ground 
state to a higher energy level called a singlet or 
excited state. Since this excited state is unstable, 
the molecule tends to return to the ground state 
by emitting the absorbed energy as lluorescence. 
As some of the released energy is lost by other 
means, the energy released as lluorescence is al­
ways less than the absorbed energy. Therefore, 
the wavelength of the lluorescence is longer than 
that of the absorbed energy. The absorption and 
release of energy as lluorescence takes place in 
IO"""" seconds. 

In some instances the absorbed energy may be 
released in two steps. First a small amount of 
energy is lost, allowing the molecule to reach the 
triplet or metastable state. It then returns to the 
ground state by releasing energy slowly. The 
energy lost from the triplet to the ground state is 
called phosphorescence. As in fluorescence, the 
energy lost by phosphorescence is less than the 
total absorbed energy and thus, the wavelength of 
the phosphorescence is longer than that of the 
absorbed energy. Since the energy release is 
slower, phosphorescence is more persistent than 
fluorescence. 

Not all organic compounds exhibit lluores­
ence. In general, the compounds which fluoresce 
are aromatic or contain conjugated double bonds 
(i.e., alternating single and double bonds). Those 
compounds containing electrons which undergo 
energy transformations readily should fluoresce. 
Any radical, which when added to the molecule 
increases the freedom of these electrons, will en­
ha~ce the fluorescence. Conversely, any radical 
which tends to restrict the electrons' ability to 
absorb energy will decrease the fluorescence. 

Two different spectra are generally shown for 
compounds showing lluorescence. The excitation 
spectrum is obtained by measuring the variation in 
intensity of a strong emission wavelength as the 
wavelength of the excitation energy is changed. 
Conversely, when the wavelength and intensity 
are measured over the emission range using a 

strong excitation wavelength, an emission spec­
trum is obtained. 

The effects of substitution upon lluorescence 
can be illustrated with benzene, aniline and nitro­
benzene. In dilute solutions, aniline is 40 to 50 
times more lluorescent than benzene whereas 
!"trobenzene does not lluoresce. The - NH, group 
mcreases the freedom of the electrons while the 
- NO, group tends to decrease the freedom. 

Many factors may affect the intensity of lluor­
escence. Among the more important are instru­
mental parameters, concentration, solvent, pH, 
temperature and the stability of the compound to 
light. Instrumental slit widths and light intensity 
can affect the intensity and all instrumental param­
eters must be kept constant during any set of 
determinations. 

Concentration plays a very important role in 
the intensity of emitted light. Generally the lluor­
escence is viewed at right angles to the incident 
light. The lluorescence emitted must pass through 
the cell and some is reabsorbed by the solution. 
The higher the concentration of the compound, 
the greater the energy which is reabsorbed and 
lost. Consequently, a linear relationship between 
concentration and lluorescence exists only in a 
very dilute solution. 

Solvents used in lluorescence measurements 
may affect the results radically. Many solvents 
may contain impurities which will fluoresce and 
need extensive purification to make them usable. 
Solvents such as water, simple alcohols, ether or 
hexane can be used. The fluorescence wavelength 
may shift rather widely as the solvent is varied. 

Ionization of the fluorescing compound may 
change or eliminate lluorescence. Thus, pH may 
become an important factor in any measurement. 
Aqueous buffer solutions are frequently used to 
control pH. 

Fluorescence intensity tends to increase as the 
temperature is lowered and decreases as the tem­
perature is raised. The fluorescence may change 
by as much as 5 percent per degree of temperature 
change. 

Some compounds tend to decompose under 
the influence of ultraviolet light. Thus, as the 
concentration of the solute decreases the intensity 
of fluorescence decreases, except in those cases 
where the decomposition products may fluoresce. 

Quenching is the term applied to the loss of 
fluorescence. As mentioned earlier, the compound 
itself may cause concentration quenching. Some 
compounds can reduce or eliminate fluorescence. 
Quenching can be caused by inner filter effects, 
energy degradation, chemical change, absorption 
and/or intersystem transfer. 

It should be pointed out that all glassware 
must be kept very clean. Many detergents fluoresce 
and should not be used to clean cuvettes ( sample 
cells). Chromic acid absorbs ultraviolet light and 
should not be used for cleaning glassware for 
fluorescent procedures. Concentrated nitric acid 
is frequently used to clean cuvettes. 
Instrumentation 

There are several types of instruments avail­
able on the market. Many of the UV-visible light 
spectrophotometers have fluorescence attachments. 
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In these the excitation is caused by the entire 
spectrum of the ultraviolet region. The emitted 
radiation is measured at a right angle to the in­
cident beam. The emitted radiation is analyzed 
by filters, gratings or prisms. With these instru­
ments the excitation spectrum cannot be deter­
mined. These units are generally suitable for 
routine analysis. 

The second general type of instrumentation 
involves units with two monochromator... With 
these spectrophotofluorometers a specific wave­
length can be used for excitation and the fluores­
cence spectrum can be determined. Since both the 
excitation and emission spectra are valuable for 
identification purposes, these systems are very 
valuable for the identification of unknown sam­
ples. These instruments can be either direct read­
ing or equipped with a recorder. 

Schematic diagrams of two different spectro­
photofluorometers are shown in Figure 19-12. 
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The light source is an important part of any 
spectrophotofluorometer. The xenon-arc lamp is 
commonly used. It produces a continuous spec­
trum from 200 to 800 nanometers and has a 
greater intensity in the ultraviolet region than does 
the tungsten lamp. The xenon-arc lamp produces 
large amounts of ozone and should be locally ex­
hausted to remove the toxic gas. 

Mercury lamps give a discontinuous spectrum 
consisting of high intensity lines at 365, 405, 436 
and 546 nanometers. If the compound to be 
studied is excited in this region, the mercury lamp 
is very satisfactory. It is not satisfactory for 
studying compounds excited by other wavelengths. 

The cells used are of either glass or silica. If 
the exciting wavelength is above 320 nanometers 
the cheaper glass cells can be used. Below this 
wavelength silica cells are required. All cells 
shoud be checked for fluorescence. 

The detectors are photomultiplier tubes. Since 
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Figure 19-13. Spectral Response of Some Photomultiplier Tubes. 
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Figure 19-14. Excitation Spectrum of Benzo (a) Pyrene. 

the spectral response of the tube varies from type 
to type, consideration should be given to specifying 
a tube with the maximum response in the region 
of interest. Figure 19-13 shows the spectral re­
sponse of several tubes. The 446 S gives the 
greatest response over the widest range but is the 
most expensive. 
Applications 

The use of fluorescence in environmental con­
trol has developed only in the last few years. Its 
use will probably increase rapidly as new organic 
compounds are added to the hazardous chemicals 
list and permissible levels are promulgated. 

The analysis of airborne particulate material 
for beryllium is one example of fluorescence anal­
ysis. Under proper conditions beryllium can be 
reacted with morin to produce a compound with 
strongly fluorescent properties. This reaction has 
been the basis for many published methods for 
the determination of microgram quantities of 
beryllium. 

As interest in the polynuclear aromatic hydro­
carbon content of the effluent from combustion 
processes has increased, the use of the spectro­
photofluorometer has increased rapidly. Most of 
these compounds have specific excitation and 
emission spectra, and very minute quantities of 
these compounds can be determined in complex 
mixtures after separation by column chromatog­
raphy, gas chromatography or thin layer chroma-
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tography. Procedures for the quantitative measure­
ment of such compounds as benw (a) pyrene 
directly from thin layer chromatograph plates have 
been published. The excitation and emission spec­
tra of benzo (a) pyrene are shown in Figures 
19-14 and 19-15. These spectra are specific for 
this compound. 

The extended use of these fluorescent tech­
niques is expected to lead to a greater number of 
analytical methods in this phase of spectropho­
tometry. 

ATOMIC ABSORPTION 
SPECTROPHOTOMETRY 

Introduction 
The basic principle of atomic absorption has 

been known for over one hundred and fifty years, 
but its application to analytical chemistry started 
with the work of Walsh, first published in 1955. 
Since that time the field has developed rapidly, 
producing new and improved instrumentation and 
many new and improved analytical techniques. 

The basic principle of atomic absorption can 
be considered to be the inverse of that of the 
emission method of analysis. In the thermal 
excitation of atomic vapor, only a small propor­
tion of the atoms are raised to an energy state 
where they emit characteristic radiation of specific 
wavelengths. This property is the basis of .emis­
sion spectrography. Atomic absorption utilizes 
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Figure 19-15. Emission Spectrum of Benzo (a) Pyrene. 

the ability of the remaining atoms, which are in 
the ground state, to absorb energy at specific 
wavelengths as this energy passes through the 
atomic cloud. 

At the temperature of a gas-air or gas-oxygen 
flame, a few atoms are excited but the remainder 
are in the ground or unexcited state. Thus, be­
cause of the higher population of ground state 
atoms, it would be advantageous, from the analyt­
ical viewpoint, to measure the ground state atoms. 
While it is possible to measure the absorption of 
a continuum at any specific wavelength, the width 
of the absorption line at the temperatures of 2000° 

to 3000°K is of the order of 0.002A and a spec­
trometer with a very high resolving power would 
be required. With the advent of the hollow cathode 
lamp it has become possible to produce a source 
emitting specific wavelengths. Thus, a lamp with 
a lead cathode will produce radiation of specific 
wavelengths characteristic of lead. If the physical 
properties of the metal prevent its use as the 
cathode, a salt of that metal may be packed in a 
cathode made of some other suitable metal. 

The formation of an atomic vapor cloud re­
quires (I ) the dispersion of the solution in the 
form of small droplets, (2) evaporation of the 
solvent to form dry particulate material in the 
flame, ( 3) the decomposition of the salt or oxide, 
and ( 4) the formation of the atomic cloud. 

Much information has been published on the 
detection limits of atomic absorption techniques. 
The detection limits should be used only as a 
general guide, as they will vary from instrument 
to instrument. The data in Table 19-5 will give 
some estimate of the detection limits of the tech­
nique for various elements. The detection limit 
is generally defined as the concentration in aque­
ous solution which will produce a signal that is 
twice the standard deviation of the random noise 
or baseline signal. 

"Sensitivity" is another term often employed 
in the atomic absorption literature. It refers to the 
concentration in aqueous solution which will gen­
erate a signal of 1 percent absorption or 0.0044 
absorbance units. The sensitivity will vary from 
instrument to instrument as it is a function of the 
lamp, burner head and the nebulizer. 

As with other analytical systems, chemioal in­
terferences may occur for many elements in atomic 
absorption. A chemical interference may be de­
fined as any reaction which affects the analyte or 
element to be determined. Any cation or anion 
present in the sample which will form compounds 
with the analyte that are not easily dissociated 
will reduce the absorption. Aluminum, phosphate, 
titanium and silica interfere with the determination 
of alkaline earth metals. Setting all parameters 
such as burner type, oxidant, fuel, flame temper-
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Table 19-5. Detection Limits (ug/ml) 

Ele- Ele- Ele-
ment D.L. ment D.L. ment 

Ag 0.002 Ho(a) 0.1 Ru 
Al(a) 0.03 In 0.05 Sb 
As(b) 0.1 Ir 2. Sc(a) 
Au 0.02 K 0.005 Se(b) 
B(a) 2.5 La(a) 2. Si(a) 
Ba(a) 0.02 Li 0.0006 Sm(a) 
Be(a) 0.001 Lu(a) 3. Sn(c) 
Bi 0.04 Mg 0.0001 Sr(a) 
Ca 0.001 Mn 0.002 Ta(a) 
Cd 0.001 Mo(a) 0.03 Tb(a) 
Co 0.01 Na 0.002 Tc 
Cr 0.003 Nb(a) 1. Te 
Cs 0.05 Nd(a) 2. Ti(a) 
Cu 0.002 Ni 0.01 TI 
Dy(a) 0.2 Os(a) 0.5 Tm(a) 
Er 0.1 P(a) 100. U(a) 
Eu 0.04 Pb 0.02 V(a) 
Fe 0.01 Pd 0.02 W(a) 
Ga 0.1 Pr(a) 10. Y(a) 
Gd(a) 4. Pt 0.1 Yb(a) 
Ge(a) 1. Rb 0.005 Zn 
Hf(a) 8. Re(a) 1. Zr(a) 
Hg 0.5 Rh 0.03 
(a) Nitrous oxide-acetylene flame used. 
(b) Argon-hydrogen-entrained air flame used. 
( c) Air-hydrogen flame used. 

D.L. 

0.3 
0.1 
0.1 
0.1 
0.08 
2. 
0.02 
0.01 
2. 
3. 
0.9 
0.09 
0.09 
0.03 
0.2 

30. 
0.06 
3. 
0.3 
0.04 
0.002 
5. 

Taken from Analytical Methods for Atomic 
Absorption Spectrophotometry 
Perkin Elmer - General Information Section 
Page 32. 

ature, flame region and sample medium at the 
optimal values will reduce this interference. The 
addition of releasing or chelating agents to the 
sample will also reduce this interference. Lan­
thanum is used as a releasing agent and EDT A 
( ethylenediamine tetraacetic acid) is a common 
chelating agent. 

Use of an organic solvent to extract the analyte 
from its solution will concentrate the analyte and 
improve the sensitivity and detection limit. Am­
monium pyrrolidine dithiocarbamate ( APDC), di­
ethylammonium diethyldithiocarbamate (DDDC), 
thenoyltrifluoroacetone (TT A) and dithizone are 
used extensively as chelating agents. They can be 
made fairly selective by control of pH and the 
use of masking agents. Methyl isobutyl ketone 
(MIBK) is the most common organic extractant 
because it produces a stable flame. MIBK is 
somewhat soluble in acid aqueous solutions which 
makes the accurate control of the solvent volume 
difficult. A mixture of MIBK-cyclohexane (3:1) 
does not have as great a solubility in aqueous 
solutions and yet is reported to have as good 
extractive powers as MIBK. Also the MIBK can 
be saturated with an aqueous solution at the same 
pH as the sample solution to control this problem. 
If the standards are treated in exactly the same 

manner as the samples, the solubility effect will be 
cancelled. Carbon tetrachloride or chloroform can 
be used, but the enhancement is less than that with 
MIBK and their combustion produces phosgene 
which is very toxic. Benz.enc and kerosene pro­
duce a smoky luminous flame and thus are not 
satisfactory. 

While burners are the most common source 
of the vapor cloud, some new methods of forming 
the cloud have been developed for specific de­
terminations. Flameless atomic absorption has 
been used to determine mercury, by the reduction 
of the mercury ions to elemental mercury and 
vaporization of the mercury in a gas stream into 
a gas cell substituted for the burner. Carbon rod 
and tantalum strips, electrically heated, to vaporize 
the sample have been developed. These special 
techniques will be discussed later. 

Figure 19-16 is a modified atomic chart illus­
trating the elements that can be determined by 
atomic absorption methods at this time. Some 
elements can be determined by either flame pho­
tometry or atomic absorption, while others can be 
determined by one or the other technique. 
Instrumentation 

As discussed in the preceding section, the basic 
instrument consists of a light source, a burner or 
other producer of a ground-state vapor cloud, a 
monochromator and a detector. The basic equip­
ment is shown in Figure 19-1 7. Many mod­
ifications of tbis basic design are available 
commercially. Single and double-beam spectro­
photometers have been developed and each has 
specific advantages and disadvantages. Single­
beam instruments require very stable electronic 
and burner components to prevent instrumental 
variations. In some types of double-beam in­
struments the beam is chopped so that part of the 
beam bypasses the burner. The detector balances 
the two beams to produce a signal. Other double­
beam units pass two beams of light directly 
through the flame. The double-beam principle is 
used to eliminate instrumental variations. 

The choice of the proper type of commercial 
instrumentation is a complex problem and is be­
yond the scope of this chapter. Either system is 
adequate for most of the determinations required 
of an environmental control laboratory. Personal 
preference of the user enters into the choice. 
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At the present time there are hollow cathode 
lamps to cover approximately 70 elements. These 
are available as single element lamps. The current 
requirements vary from 5 to 40 milliamperes. To 
reduce the number of lamps required some lamps 
are made with multiple element cathodes. The 
cathodes may contain from two to six elements 
in a single lamp. 

The type of monochromator used varies from 
manufacturer to manufacturer and each is de­
signed to give adequate performance with the re­
maining components of the system. Generally 
0.25 to 0.5 meter monochromators are used. The 
shorter lightpath units have less energy Joss in the 
system thus producing higher signals while the 
longer light-path gives better resolution. 

A photomultiplier tube is generally used as 
the detector. Because the detection limit is di-
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Figure 19-16. Elements Suitable for Analysis by Atomic Absorption and Flame Photometry. 

rectly affected by the stability of th.e measuring 
circuit, the phototube, power supply, amplifier and 
readout system must be sensitive and stable. Some 
of the phototubes and their spectral range are 
shown in Table 19-6. It should be pointed out 
that while a tube can respond over the entire 
range, its response will vary widely. The spectral 
response of the tube to the region of interest will 
dictate the choice of the tube. 

A small galvanometer or meter is supplied 
with the instrument to indicate the absorbance. 
The addition of a recorder or digital readout sys­
tem greatly facilitates the handling of the data. 
Some of the higher priced models now have digital 
readout and averaging circuits built into the 
instrument. 
AppUcations 

The atomic absorption spectrophotometer 
offers a very sensitive method of analysis for 
many of the metals of interest in environmental 
control analysis. The sensitivity is sufficient to 
determine the metallic elements in particulate 
material collected on air filters. 

Several attachments for the atomic absorption 
spectrophotometer have been developed for the 

244 

Table 19-6. Photomultiplier Tubes and Their 
Spectral Ranges 

Tube 

106 
1P21 
1P28 
6217 
1102 
6256 
9558 Q 

118 
6291 

Range-A ' 

1600 to 6500 
3000 to 6000 
2000 to 6500 
3300 to 8000 
4000 to 10000 
1650 to 6700 
1650 to 8500 
3200 to 10000 
3200 to 6000 

Source: Atomic Absorption Spectroscopy 
ASTM Technical Publication #443 
Page 26. 

determination of mercury in particulate material, 
water sewage, and biological specimens. The ma­
terial to be analyzed is ashed to convert all mer­
cury to the inorganic form. The mercury ion is 
reduced to metalUc mercury. Air or some other 
fixed gas is bubbled through the solution, vapor-
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Figure 19-17. Schematic Diagram of a Basic Atomic Absorption Spectrophotometer. 

izing the metallic mercury and carrying it to a 
sample cell mounted in the light-path in place of 
the burner. The absorption of light of a wave­
length of 253.7 nanometers is measured. The 
mercury content is determined from a calibration 
curve prepared under identical conditions. 

The use of atomic absorption for the deter­
mination of lead in biological speciments has been 
studied and many procedures have been published. 
The analysis of urine directly for lead has been 
unsuccessful with commercial instruments due to 
the heavy salt concentrations. The large amount 
of solids in the urine causes clogging of the 
nebulizer and variations in the atomization rate 
and the presence of large amounts of sodium 
causes interference. The detection limit for lead 
is approximately the same concentration as that 
found in normal urines. 

Extraction of the urine or blood, after ashing, 
with APDC in methylisobutyl ketone has been re­
ported. Co-precipitation of the lead with bismuth 
and solution of the precipitate has also been 
suggested. 

Several modifications of equipment have been 
suggested for the analysis of urine or blood for 
lead directly. The tantalum boat has been sug­
gested. An acidified solution of the urine or blood 
is placed in the boat, the boat is advanced to the 
edge of the flame to dry the sample. Then the 
boat is placed directly in the flame to ash the 
sample and vaporize the lead. The Delves cup 
procedure for blood has been suggested. The 
blood sample (0.1 ml) is placed in a small nickel 
cup and dried at the edge of the flame. After 
drying, the cup is pushed into the flame directly 
under a nickel tube. The lead is vaporized and 
passes into the tube where it can be held in the 
light-path for a longer period of time to enhance 
the sensitivity. 

The tantalum strip or carbon rod furnace has 
been suggested as a technique for the analysis of 

blood. A few microliters of blood are placed in 
a depression in the tantalum strip or in a . cavity 
in the .carbon rod. An electrical current is passed 
through the strip or the rod to dry the blood. The 
current is then increased to vaporize the lead. 

In its present state of development atomic 
absorption spectrophotometry is a very valuable 
tool for an environmental control laboratory. 

SUMMARY 
Spectrophotometry is a valuable tool for the 

solution of many of the analytical problems of an 
environmental health laboratory. This chapter has 
presented a discussion of the principles of the 
techniques of spectrophotometry and their appli­
cation to this type of analysis. The methods were 
presented as illustrations of the principles, and 
specific details can be found in any of the standard 
texts on analytical chemistry. The actual choice 
of the method will depend upon the equipment 
available in the laboratory, and the type of sample 
submitted for analysis. 
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