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I. INTRODUCTION

The rapid and continuous progress in trace analysis is associated with the development
of several new techniques and industries, the beginnings of which date back to the years
following World War II. Their demands for high purity materials are the main driving
force, although the idea of microelements has been known for a long time in biological,
agrotechnical, and geological studies, as well as in forensic analysis. Trace analysis is also
an excellent analytical tool in the food industry and in environmental pollution and
archeological research. As recognized recently, trace amounts of many metals and
nonmetals are essential for normal biological processes. On the other hand, some
elements are toxic if present in too high concentrations. With so many fields of interest
and application, trace analysis has become now the major problem of the day in
analytical chemistry.

The range of trace analysis comprises element concentrations from 1 X I0"2% to
10"'°% and less. Concentrations up to 1 X 10"4%(l to 100/ng/g) are sometimes called
traces, while those below 1 X 10~4% ( < 1 Mg/g)> ultratraces. These concentrations are
generally given in parts per million (ppm) and parts per billion (ppb) units (1 ppm =
1 X 10~4%; 1 ppb = 1 X 10"7%).

Many instrumental methods can be applied to the determination of trace elements.
Spectrophotometry and emission spectrography have been in common use from the very
beginning of trace analysis; atomic absorption spectrometry (flame and electrothermal)
has been introduced recently. Because of various reasons polarography, coulometry,
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fluorimetry, atomic fluorescence spectrometry, X-ray fluorescence spectrometry, mass
spectrometry, and neutron activation analysis are less common techniques. Particular
techniques cannot be used universally, but they complement one another.

Spectrophotometry, or, strictly speaking, molecular absorption spectrophotometry, is
widely applied in trace analysis'"7 as the necessary equipment is simple and inexpensive.
Spectrophotometric methods can be used for precise determination of practically all
metals and nonmetals in any material. However, they often call for skilled and
experienced operators. Among all instrumental analytical techniques spectrophoto-
metric methods are the most "chemical" ones. They are particularly important as control
methods in the preparation of certified standards where high precision and reliability of
the results outweigh the disadvantage of the rather time-consuming analytical procedure.

Some difficulties in the application of spectrophotometry to trace analysis are
connected with the selection of a suitable, sensitive method. With a vast number of
publications reporting new reagents and new spectrophotometric methods the choice is
by no means easy. It is, therefore, the aim of this paper to give a critical review of the
methods and to recommend the best ones, i.e., the ones that offer high sensitivity and
reliability in trace determinations.

II. SPECTROPHOTOMETRY IN TRACE ANALYSIS

A. Sensitivity, Limit of Determination
Objective numerical expression of the sensitivity of spectrophotometric methods is the

molar absorptivity or molar (decadic) absorption coefficient (e) at the wavelength(kmiX)
of maximum absorbance (A) of the colored species (e = A/ c X 1) c is the concentration of
colored species (mol/1) and 1 is the thickness of the absorbing layer (cm) (path length).

The value of molar absorptivity (in l.mof'.cm"1) is an index of the sensitivity.
Generally methods in which e> 6 X 104 are considered sensitive* those withe< 2X 104

are considered insensitive.8 Particularly high sensitivity is generally shown by the
methods, discussed below, that are based on ternary systems and amplification reactions.

It is convenient to express and compare the sensitivities of spectrophotometric
methods, for elements with very different atomic weights, in terms of the specific
absorptivity (a).9 This is obtained by dividing e by the atomic weight of an element and
by 1000

a = e/at. wt X 1000

The value a (in m?.g"1.cm"1) corresponds to the absorbance of a 1 jug/mS (= 1 ppm)
solution of the determinand in a cuvette of 1 cm path length. The use of the quantity a
allows a comparison that is independent of atomic weight of an element.

The sensitivity of spectrophotometric methods is often expressed in terms of the
sensitivity index given by Sandell.2 It represents the number of ng of the determinand
per m$ of a solution having an absorbance of 0.001 for a path length of 1 cm. Sandell's
sensitivity (S) is expressed in jig.cnf2 (S = 10~3/a).

The lowest concentration that can be determined spectrophotometrically can be
calculated from the fundamental formula: A = e.c.l. If the minimum absorbance
(A) that can be measured is 0.05, the path length (1) is 2 cm, and the molar absorptivity
(e) is taken as 5 X 104; the corresponding concentration

* According to quantum theory, the molar absorptivities of direct spectrophotometric methods (based on
simple or chelate complexes) cannot exceed about 1.5 X 10s. Higher molar absorptivities (called apparent)
are possible in cases of some indirect methods (e.g., amplification, based on some ion associates).
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For the element with relative atomic mass 100, this corresponds to

5 x io"7. loo
1000

= 5X 10"'g/mS=0.05/ig/mt

If the absorbance is to be measured in an ordinary 2-cm cuvette, the minimum volume
that can be used is 10 me, which corresponds to a total of 0.5 fig of the element. If we
assume that saturated solutions of easily soluble salts average 10%, then 10 me of
saturated solution corresponds to 1 gof solute. If the0.5^gof the determinand is present
in this 1 g of analyzed sample, its concentration in the sample is 5 X 10"5 %. Therefore, the
limit of determination by common spectrophotometric methods is 5 X 10"5%. In other
words, concentrations not less than 5 X 10"s% can be determined directly without
preconcentration of trace amounts of elements. Trace concentrations smaller than 10"4

to 10"5% are below the sensitivities of most spectrophotometric methods.
The extraction of the color compound can enhance this limit 3 to 4 times. Introduction

of an organic solvent to an aqueous medium sometimes gives an increase of sensitivity,
e.g., acetone in the case of iron (IH)-thiocyanate system. For greater enhancement of the
sensitivity of spectrophotometric methods it is necessary to include a preliminary step,
such as preconcentration (enrichment). Depending on the sample type and the size of the
weighed portion (e.g., 10 g, 100 g, or more) this operation may enhance the sensitivity by
one, two, or more orders of magnitude. In this way the "normal" limit of determination is
enhanced to 10"6 to 10'7%.

A further increase in the sensitivity is practicable by reducing the minimum amount of
determinand needed. This may be achieved by using microcuvettes with path lengths of 5
to 20 cm and using only 0.1 to 1 mi of color solution.10'512

B. Preconcentration of Trace Elements
Preconcentration11"14 plays a double, role in trace analysis: it enhances the relative

concentration of the element determined, thereby increasing the sensitivity of the
method; it separates the determined trace elements from macrocomponents (matrix)
which frequently interfere with the determination.

The matrix is sometimes a single element, as in the analysis of high-purity metals,
semiconductors, and reactor materials, but more often is a combination of elements
(compounds, mixtures, alloys) as in the case of geological and biological materials.

Two cases can be distinguished: separation of trace elements from the matrix and, vice
versa, removal of macrocomponent(s) leaving the trace elements in the mother solution.

The preconcentration of trace elements1'3'4 can be carried out by solvent extraction, on
ion-exchanger columns, by coprecipitation with a collector (scavenger), or by
volatilization. The separation of the matrix is carried out by volatilization, solvent
extraction, or by precipitation.13 Electrolysis can be used to separate micro- or
macroamounts of some metals.

In the most frequently used extraction separation (preconcentration), simple covalent
molecules (e.g., GeCU, OsO4, ASI3), inner chelates and various ion associates (ion pairs),
e.g., with use of tri-n-butyl phosphate (TBP), tri-n-octylphosphine oxide (TOPO),
amines, ammonium-, phosphonium-, and arsonium ions are extracted. The precipitation
of the matrix is permissible when the operation is carried out in a strongly acidic
medium.

If the macrocomponents can be removed by volatilization without introducing large
quantities of reagents, the trace elements may be greatly concentrated (e.g., in trace
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analysis of volatile mineral acids). Wet mineralization and ashing of organic samples,
which precede the determination of trace elements, is also an example of separation of the
major components by volatilization.

Solvent extraction, coprecipitation with collectors, and ion-exchangers serve also to
separate the trace concentrate for particular trace elements before their spectrophoto-
metric determination, e.g., in trace analysis of cadmium,674 of gold,701'703 platinum,702 and
of nitric and hydrofluoric acids.726 In this way a greater number of trace elements can be
determined using one large sample. This permits saving the analyzed material (often very
expensive) and lowering the limit of determination, because every trace element is
determined on the basis of its total content in the sample weight. The disadvantage is the
increase of the blank value, particularly for the common elements determined in other
parts of the procedure.

C. Contamination, Blank Test
In trace analysis, the effects of contamination from reagents, laboratory air,

furnishings, apparatus, and containers have become increasingly important, when very
low trace levels of elements need to be determined.1'15'16

Parallel to the analysis of the sample, a blank test is performed. The amount of a trace
element to be determined must be greater than the total blank value and the blank value
variation. It was suggested that a signal (X) could be considered with reasonable
confidence to be different from the blank value when it is at least as greaf as the mean
blank value (X) plus three standard deviations of the blank value (X = X + 3s).11

In order to be able to determine lower levels (it is especially difficult in the case of
common elements such as, e.g., Si, Mg, Ca, Al, Fe, Zn, Cu, Pb) it is necessary to reduce
the blank value. This can be done by purification of reagents, use of quartz, polyethylene
and Teflon® rather than glass vessels. To prevent contact of the sample with laboratory
air, certain chemical operations may be conducted in closed chambers (boxes) flushed
with purified, filtered air or inert gas. In principle, all stages in the preparation of the
sample, including sample-taking, transport, storage, and processing, should be
considered in an assessment of the sources of error.

The reagents are usually the greatest source of contamination in the blank test. The
water used17 should be distilled in a quartz apparatus after demineralization with ion-
exchangers. Volatile acids18 can be purified by slow distillation in quartz vessels.
Hydrofluoric acid requires fractional distillation in platinum or palladium vessels. Very
pure ammonia is obtained by saturation of very pure water in a polyethylene container
with gaseous purified ammonia. Solutions of many reagents are usually purified by
solvent extraction (e.g., with dithizone, oxine) or by coprecipitation methods with
collectors. It is desirable that the concentration of contaminant elements in the reagents
be two orders of magnitude lower than in the sample analyzed.

One serious problem in trace analysis is the storage and stability of very dilute standard
solutions of elements.19'20 In addition to the phenomena of adsorption and desorption on
and from the container walls, the bacterial action, the effect of exposure to light and to
heat should be considered. It is advisable to keep such standard solutions as relatively
concentrated stock solutions, and to dilute them by using calibrated pipettes and
standard flasks (best made of pure silica) directly before use.

D. Precision, Accuracy, and Selectivity
The precision of spectrophotometric methods21 depends on the concentration of the

determinand, and varies from approximately 0.5 to 2% under suitable measuring
conditions. The precision attainable is a function of the absorbance measured. The
measuring errors are smaller if the measured absorbance is in the range 0.2 to 1.0.
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However, in the determination of trace levels, absorbances <0.2 are often measured,
which obviously results in higher measuring errors.

Errors connected with the measurement of absorbance are usually smaller than those
associated with the chemical operations in the determination. The overall error of the
determination is the summation of the errors committed at each stage of procedure, i.e.,
in sampling, dissolution, preconcentration, separation of trace elements, and the
spectrophotometric measurement. In the course of these operations, a determinand may
be introduced from outside the system or may be lost. An accurate blank determination is
also of vital importance.

In trace analysis good reproducibility is of course desirable, but a poorer accuracy of
determination for very low concentrations must be accepted. In the determination of
trace levels of about 10~3 to 10~4% an error up to± 10% is usually obtained, whereas in the
determination of traces at the 10~6 to 10~7% level with preconcentration, the error
increases approximately to ±30%.22

The error in determining the level of an element by a given method may be estimated by
comparing the results with the values considered to be true. There are numerous standard
reference materials for trace analysis.23 If no standard samples of accurately known .
composition are available, the accuracy of determination is estimated by analyzing the
sample with and without a spike of accurately known amount of the determined
elements, added to a weighed sample. The amounts of spike added should be close to
those contained in the sample itself. The elements to be determined are added in a form
which behaves similarly to the form in the sample.

Selectivity of the spectrophotometric methods usually depends on the nature of the
reagent used, the oxidation state of the element, the pH of the medium, and the masking
agents. If, in spite of use of all these factors, some elements can still interfere in a
determination, the species to be determined has to be separated from the interfering
elements or vice versa.

The optimum pH range for reaction with a given element is related to the nature of the
element and the reagent. For the reagents of the ROH type there is a relation between the
color reactions and the hydrolysis of given elements. In strongly acid solutions the color
reactions are given by elements having cations which readily hydrolyze, i.e., Zr, Hf, Ti,
Th, U(IV). In acid medium the metal ions of the hydrogen sulfide group that form the
most stable sulfides react with RSH type of reagents.

Increased selectivity of spectrophotometric methods is mainly obtained by masking
the interfering ions. Details on masking can be found in works by Perrin.24'25 The most
often used masking agents are: EDTA, cyanide, citrate, tartrate, fluoride, iodide, and
thiosulfate.

High selectivity is obtainable by a suitable combination of masking agents, pH, and
appropriate reducing or oxidizing agents. It should be noted that extraction itself also
results in an increase of selectivity. In general, the extractive spectrophotometric
methods are more selective than methods carried out in aqueous media. Combination of
a selective extraction method with a sensitive spectrophotometric method of
determination of poor selectivity is an example of an advantageous analytical hybrid
solution.

III. COLOR SYSTEMS USED IN SPECTROPHOTOMETRY

A. General
Sensitive spectrophotometric methods are based on color systems formed from

reactions of the elements to be determined. The majority are complexation reactions,
and rarely other types. Thus, organic complexing reagents play the most important
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role in trace spectrophotometric analysis.1'8'26 The presence of some chromophors, such
as azo or/>-quinoid groups, in organic reagents, results in high color intensity of the
chelate compounds formed with these reagents. In addition to chelating reagents there
exist also color-forming, organic nonchelating reagents, i.e., the basic and acid dyes.
These dyes form ion associates with the determined elements, i.e., anionic and cationic
complexes. The more sensitive spectrophotometric methods are more and more often
based on ternary systems involving basic dyes or some surfactants.

Spectrophotometric inorganic reagents rarely lead to more sensitive methods. These
reagents, however, play an important role in sensitive amplification methods. In some
cases color systems are due to redox or organic reactions.

In sensitive spectrophotometric methods it is of importance to use reagents of suitable
purity. It is generally known that higher sensitivity in the reactions of metals with some
reagents (e.g., l,5-diphenylcarbazide,a-furildioxime) can be attained when the reagents
are of good quality.

The course of chromogenic reactions can be considerably influenced by the sequence of
mixing the components. The most suitable way of mixing usually evokes the largest value
of the absorbance and the best reproducibility of results.27

Often one has to deal with solutions which contain the colored complex of the
determined element and a color resulting from the excess of the color reagent. For these
cases it is especially valuable to use systems with a great contrast of two colors
(AX), i.e., a great difference between the maxima in the absorption spectra of the
complex (MR) and reagent (R)

. . . MR . R
AX = X —X

max max

It is conventionally assumed that a high contrast is when AX > 80 nm. Ways of in-
creasing the contrast in color reactions are discussed.8

Catalytic methods used in spectrophotometry show high sensitivity. These methods
are based on catalytic acceleration of. some color redox reactions by elements
determined. Catalytic methods are not discussed in this review.

It should be said that in analytical practice one has more and more often to do with
automated spectrophotometric methods. Some of these are mentioned in Section V.

B. Binary Systems with Organic Reagents
1. Dithizone and Related Reagents

Dithizone (diphenylthiocarbazone) (H. Fischer, 1925) is a very important, already
classical, spectrophotometric reagent. It provides the basis of sensitive methods for such
heavy metals as Pb, Zn, Cd, Hg, Ag, Cu, and Bi. Dithizone serves also to determine Pd,
Pt, Au, In, Tl, Sn, Te, and Se. The books by Irving28 and Ivantscheff29 are excellent
monographs devoted to theory and analytical use of dithizone.

In organic solvents dithizone (H2 Dz) exists in the keto and enol tautomeric forms:

_ - ID

Dithizone forms colored chelates, M(HDz)n, (most often pink) on shaking a green
dithizone solution (in CCU or CHCU) with an aqueous solution of a given metal at a
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suitable pH. Recent investigations have shown the metal to be bonded to the sulfur atom
by replacement of the hydrogen in the thiol group, and also coordinately bonded to a
nitrogen atom.

Solutions of metal dithizonates in CCU (CHCh) are intensely colored, their colors
differing considerably from that of dithizone. An exception is the grey-green palladium
dithizonate. The molar absorptivities of the metal dithizonates are within the range of
3 to 9 X 104. The most stable dithizonates (Pt, Pd, Au, Ag, Hg, Cu) can be extracted from
strongly acidic solutions. Irrespective of their thermodynamic stability the dithizonates
of certain metals (Ag, Hg, Pb, Cd) are extracted rapidly, whereas those of other metals
(Pd, Cu, Zn) require prolonged shaking with the organic solution of dithizone. This is
explicable in terms of the kinetics of dithizonate formation.

High selectivity in spectrophotometric methods for determining metals with dithizone
is attained by controlling the pH of the aqueous medium and using thiosulfate, iodide,
and EDTA as masking agents.

Dithizone preparations are always contaminated since atmospheric oxygen oxidizes
dithizone to diphenylthiocarbadiazone and other oxidation products that are chemically
inactive. The active dithizone content of a reagent diminishes with time.

Reagents related to dithizone are 1,5-diphenylcarbazide (2) and diphenylcarbazone
(3):

NH-NH

0=

NH-NH

(2)

The products of the reaction of 1,5-diphenylcarbazide with some metals make a basis of
sensitive spectrophotometric methods for determining Cr, Os, Cu, and Re. Diphenyl-
carbazone is used for the determination of, among others, Hg, Zn, Pb, and indirectly for
chloride, iodide, and cyanide.

In the same family of reagents belong 1,4-diphenylthiosemicarbazide (4) and
2,4-diphenylthiosemicarbazide (5):

S=C
\

s=c
NH-NH

(5)

valuable spectrophotometric reagents for the determination of Ru, Re, Se, and Te.

2. Azo Reagents
Arsonic azo reagents are the most important from this group of spectrophotometric

reagents. They are characterized by the presence of an arsonic acid group in the position
ortho to the azo group. Arsenazo I was the first known reagent from this group.

16)

SO3H
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It is used for spectrophotometric determination of U, Th, Zr, Al, Ti, rare earth
elements (REE), and other metals.

Arsenazo III30 appeared to be a more interesting reagent

AsO3H2 HO

(7)

for trace analysis. This arsonic bisazo reagent reacts with Th, Zr, Hf, and U(IV) in
strongly acidic solutions (1 to 10 M HC1). Arsenazo III methods for these enumerated
metals are very sensitive; the molar absorptivities are about 10 \ At pH 1 to 4 arsenazo HI
reacts with U(VI), Fe(III), Bi, Sc, and REE to form colored chelates. The sensitivity in
this case is lower (e about 5 X 104).

The use of arsenazo III in strongly acidic media overcomes difficulties connected with
the hydrolysis or polymerization of some multivalent metals. In the determination of Th,
Zr, Hf, and U(IV), the high acidity enhances the selectivity of the reagent. Interference
from sulfate and phosphate is considerably reduced in the strongly acidic solutions.

The absorbance of the free reagent (\m»x = 525 nm) at the absorption maxima of the
metal complexes (A. = 655 to 675 nm) is very slight. The difference between the
wavelengths of the absorption maxima of the complexes and of the arsenazo III is
very large.

Numerous other spectrophotometric arsonic azo reagents have been suggested.30

A related group of reagents comprises azo dyes containing phosphonic acid groups.
Chlorophosphonazo III

,P0,H? HO OH

r N = N - ( >-Cl
(8)

is the well-known example of these reagents. It makes possible the sensitive
spectrophotometric determination of Ca, Sr, Ba, Mg, Ti, and other metals.

Complexes of arsonic and phosphonic azo reagents with some metals can be extracted
with organic solvents in the presence of such bases as diphenylguanidine, tri-/i-
octylamine, or tribenzilamine.

Principal pyridylazo reagents31 are l-(2-pyridylazo)-2-naphthol (PAN) (9) and
4-(2-pyridylazo)resorcinol (PAR) (10)

^ O H HO)
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Between pH 3 and 11 PAN exists as a neutral HR molecule soluble in methanol (ethanol)
yielding a yellow color. PAN forms complexes with many metals that are sparingly
soluble in water, but soluble in chloroform or benzene. This permits the extractive
spectrophotometric determination of Mn, Zn, Cd, Cu, Ni, Co, U, and other metals. The
absorption maxima of the complexes are usually very different from that of the reagent.
The molar absorptivities of the PAN complexes lie within the range2 to 6 X104. Some of
the PAN methods are selective when used with masking agents. For example, cyanide
enables manganese to be determined in the presence of Ni, Co, Zn, Cd, and Cu, which
form stable cyanide complexes. Also, uranium can be determined in the presence
of EDTA.

PAR is water-soluble and forms water-soluble chelates. PAR yields color complexes
with many multivalent metal ions which form a basis for spectrophotometric
determination of metals such as In, Pb, Cu, Pd, Zn, and Hg.

Recently there have been proposed some halogen derivatives of pyridylazo
reagents.32"34 Their complexes with metal ions are more intensely colored and make
possible very sensitive determinations. 2-[2-(5-Bromopyridyl)azo]-5-dimethylamino-
phenol (Br-PADAP)

is a good example. Molar absorptivities of its complexes are: with copper, 1.0 X 10s; zinc,
1.33 X 105; nickel, 1.28 X 105; and cadmium, 1.41 X 105.

Of the thiazolylazo reagents35 most often used are l-(2-thiazolylazo)-2-naphthol
(TAN) and 4-(2-thiazolylazo)resorcinol (TAR)

(12)

Their analytical properties are similar to properties of PAN and PAR. In reactions with
metal ions they are more selective, mainly due to the lower stability of their complexes.

Azo reagents of other types are used as well, such as eriochrome black T (13) and
sulfochlorophenol S (14)

N=N

HO3S SO3H

The first is recommended for determining Mg, Ca, Cd, and Th; the second is suggested
for Nb, Zr, Sc, and Al.

Azo reagents with sulfonic groups as well as their complexes are water-soluble.
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3. Triphenylmethane and Xanthene Reagents
These reagents, derivatives of triphenylmethane and xanthene, and their complexes

with metal ions, are intensely colored owing to the presence of thep-quinoid group.
Common triphenylmethane reagents are pyrocatechol violet and chrome azurol S

(alberon)

A reagent similar to chrome azurol S is eriochrome cyanine R (solochrome cyanine R).
Xylenol orange

H00CH2Cv

HOOCH2C
^ C H / H 2 C ° 0 H

SO3H tH2C00H

and the related methylthymol blue are characterized by the presence of the iminodiacetic
groups. The enumerated reagents are the basis for determining numerous metals, mainly
Be, Al, Ga, In, Sc, Cr, Bi, Zr, Th, and Sn. The sensitivity of these methods is good, and
vastly increases in the presence of some surfactants. Some complexes of pyrocatechol
violet (e.g., with Ga, Sn) can be extracted with organic solvents in the presence of
diphenylguanidine.

Well-known xanthene reagents are gallein and bromopyrogallol red

Br

which make possible the determination of In, Sn, Mo, W, Nb, and REE, among others.
Triphenylmethane and xanthene reagents undergo stepwise dissociation and change

their colors according to the pH of the solution. Owing to the presence of sulfonic and
iminodiacetic groups the reagents, as well as their complexes with metals, are soluble in
water.

Trihydroxyfluorones36 comprise another class of xanthene reagents. The most
common representative of these reagents is phenylfluorone
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T

a basis of sensitive spectrophotometric methods for determining germanium and tin. Of
the numerous groups of trihydroxyfluorones it is worthwhile to mention: 3-pyridyl-
fluorone (e for tin 1.1 X 105),37 o-nitrophenylfluorone (e for niobium 1.5 X 1O5)38 and
quinolylfluorone (e for zirconium 1.65 X 105).39

4. Other Chelating Organic Reagents
There are also other groups of organic reagents whjch form chelates with metal ions.

The methods based on these reagents are of rather lesser importance in trace analysis,
because the molar absorptivities attained in these methods are generally not as high.
Since, however, many of these reagents are still used for determining trace elements in
various materials (Section V) they are mentioned here.

a. 8-Hydroxyquinoline and Derivatives
8-Hydroxyquinoline (oxine)

(19)

forms inner chelates with metal ions which are generally soluble in nonpolar solvents.
Complexes with Al, Ga, Sc, Ce(IV), Th, Cu, and V(V) are extracted in the range pH
3 to 11, and the obtained molar absorptivities are in the range of 4 to 12 X 103. In the
presence of EDTA, hydrogen peroxide, and cyanide, the oxine method is highly selective
for aluminum. Derivatives of oxine are: halogenooxines and thiooxine (8-mercap-
toquinoline). The sensitivity of these reagents is similar to oxine.

b. Dithiocarbamates
Sodium diethyldithiocarbamate (Na-DDTC)

(20)
S-Na

most commonly is used in spectrophotometry. The metal (Cu, Bi, Fe, Ni, Te, Mn, Ru)
diethyldithiocarbamates are sparingly soluble in water, but fairly soluble in organic
solvents. The methods that use Na-DDTC are rather insensitive: in the well-known
method for copper e = 1.4 X 104 (CC14 solution); in the case of bismuth e = 8.6 X 103.
Other less common dithiocarbamates used in spectrophotometry are dibenzyldithio-
carbamate, pyrazolinedithiocarbamate, and pyrrolidinedithiocarbamate.
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c. Oximes
Dioximes are today considered as reagents with the highest selectivity.40'41 The best

known are: classical dimethylglyoxime (HjDm) (21) and a-furildioxime (22)

H3C-C = NOH 0 I | 2 2 )

0 C=N0H

They form inner chelates with nickel and palladium which are insoluble in water but
soluble in CHCh (CCU). Among other metals that react with dioximes are Re, Cu,
Fe(II), and Co. Of the oximes one can mention the simplest oxime, formaldoxime, a
highly selective reagent for manganese, and 2,2'-dipyridylketoxime used for determining
Co, Pd, Au, and Fe.

d. Nitrosonaphthols
l-Nitroso-2-naphthol and the more recently introduced 2-nitroso-l-naphthol

are highly selective and rather sensitive reagents for cobalt. Of particular advantage is
determining cobalt in the presence of nickel. Both reagents react analogously. Respective
e values are 2.9 X 104 at 415 nm and 3.7 X 104 at 365 nm in CHC13. A related nitroso-R
salt (disodium l-nitroso-2-hydroxynaphthalene-3,6-disulfonate) and its chelate with
cobalt are soluble in water media. Other nitroso compounds worthy of mention are
p-nitrosodimethylaniline (Pd, Pt, Rh, Ir) and 3-nitroso-2,6-pyridinediol (Os, Ru, Os).

e. Substituted Hydroxylamines
Important spectrophotometric reagents of this group are N-benzoyl-iV-phenyl-

hydroxylamine (BPHA)

salicylhydroxamic acid, nicotinohydroxamic acid and JV-furoylphenylhydroxylamine.42

These reagents yield extractable chelates and are used for determining such multivalent
metals as V(V), Ti, Fe(III), and Nb.

f. Anthraquinone Derivatives
Leading representatives of this class of reagents are alizarin red S,
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Q PH

(25)
SO,H

quinalizarin, carmine, and l.l'-dianthrimide. They are used for determining B, F, Zr,
Ge, Se, and Te.

g. Hydroxyflavones
In this class of spectrophotometric reagents, morin and quercetin are the ones most

often used (determination of Sn, Zr, V, B, Mo, and Th).43

h. 1,10-Phenanthroline and Related Reagents
These reagents44 contain structural units which react with Fe(II), Cu(I), Zn, Cd, Co,

Ru, and Ag. 1,10-Phenanthroline (phen)

and bathophenanthroline (4,7-diphenyl-l,10-phenanthroline) are highly specific rea-
gents for iron(II) (e = 2.2 X 104 at 533 nm for the bathophenanthroline method).
Cuproine(2,2'-biquinolyl),neocuproine(2,9-dimethyl-l,10-phenanthroline),andbatho-
cuproine (2,9-dimethyl-4,7-diphenyl-l,10-phenanthroline) react specifically with cop-
per(I) (e = 1.42 X 104 at 479 nm for the bathocuproine method). The reagents and their
chelates are water-soluble. It should be mentioned that 1,10-phenanthroline as an
organic base often takes part in extractable ternary complexes (see Section III.C.4).

C. Ternary Systems with Organic Reagents
Many of the sensitive and very sensitive spectrophotometric methods are based on

ternary (or more complex) systems.45"47

The ternary color systems used in spectrophotometry comprise: ion associates formed
from nonchelating dyes (basic and acidic) and the elements to be determined that are
converted into suitable anionic or cationic complexes, color compounds containing
surfactants (cationic or nonionic) and finally, other types of complex compounds.

1. Basic Nonchelating Dyes
Xanthene, triarylmethane (mainly triphenylmethane) and azine (thiazine, oxazine,

and phenazine) dyes are the ones widely used in spectrophotometric methods.
Antipyrine, azo, cyanine, acridine and indamine dyes are less frequently used.48'49

Rhodamine B (27), an xanthene dye, has been used in spectrophotometry for a long
time and is nowadays commonly used. Of the basic xanthene dyes rhodamine 6G (28),

'Ck^N^N(C2H5)2 C2H5NH>^s^Os^N^NHC2Hri

(28)
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butylrhodamine B, and ethylrhodamine B (rhodamine 3B), are also of analytical
importance.

The main representatives of basic triphenylmethane dyes are: brilliant green (29),
malachite green, crystal violet (30),

{C2H5)2N N(C2H5)2

(29)

NICH,)'3'2

130)

N(CH3)2

and methyl violet.
The diphenylnaphthylmethane dyes comprise Victoria blue B and Victoria blue 4R

ICH^N N(CH3)2

(31)

Often used in spectrophotometric methods, methylene blue

N[CH3)2

132)

and methylene green belong to thiazine dyes.
The group of basic oxazine dyes is represented by Nile blue A (33) and Meldola

blue (34)

N(C2H5)2

(33)

Capri blue belongs to this group as well.
The phenazine dye safranine T has the formula

N(CH3)2

(34)
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Type

Xanthene

Triarylmethane

Azine

Antipyrine
(chrompyrazols)

Azo.

Example

Rhodamine B

Rhodamine 6G

Butylrhodamine B
Ethylrhodamine B
Crystal violet

Brilliant green

Methyl violet
Victoria blue 4R
Methylene blue

Safranine T
Meldola blue
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Table 1
BASIC DYES MOST OFTEN USED IN
SPECTROPHOTOMETRIC METHODS

Dyes

Elements determined

Au, B, Be, Bi, Ca, Cd, Fe, Ga, Hg, In,
Mg, P, Re, S, Sb, Sn, Sr, Th, Tl, U,
Zn, Zr, REE

Bi, Co, Ga, Ge, In, Mn, Ni, S, Sb, Sn,
Ta, Te, U, Zn

Bi, Co, Ga, I, In, Re, Sb, Sn, Ta, Te
In, Ta, Te
Ag, Au, B, Br, Cl, Ga, Hg, I, N, P, S,

Sb, Si, Sn, Ta, Tl, U, V, W
Ag, As, Au, B, Cl, Ga, Ge, Hg, In, P,

Re, Sb, Sn, Ta, Tl, U, W
Ag, Au, B, Cr, I, In, Re, Sb, Ta, Tl
Au, Cd, Ga, Re, Ta, Te
Au, B, Cl, Ga, Ge, Hg, I, P, Pd, S,

Sb, Ta, Tl, U
P, Re, Sb, Si, Tl
B, Ga, Ta, Tl
Au, B, Ga, Re, Sb, Ta

Bi, Cd, Hg, Sb, Tl, Zn

The formulas of basic antipyrine dyes (chrompyrazols) and of some basic azo dyes
have been given in our previous work.49

Anions, containing the elements to be determined, with these dyes form ion associates
(ion pairs) which are generally extractable.

Some basic dyes and elements that can be determined with their aid are listed in
Table 1. References to the respective spectrophotometric methods can be found in a
review paper.49 As follows from Table 1 a great number of metals and nonmetals can be
determined spectrophotometrically using basic dyes. Rhodamine B, crystal violet,
brilliant green, rhodamine 6G, and methylene blue are the most frequently used ones.

The anionic forms of the elements determined via ion pairs with basic dyes are
presented in Table 2. Anionic halogenide complexes (Cf, Br", I", F~) are the most
important ones. Oxyanion (e.g., CIO4, NOJ), heteropolyacid anions as well as anionic
thiocyanate, azide and cyanide complexes are used as well. Recently, anionic metal
complexes formed with organic chelating reagents are being more and more widely used
in ion pair formation with basic dyes, e.g., anionic chelates of oxine and its derivatives,
some carboxylic acids, 3,5-dinitropyrocatechol and others.

Ion associates involving basic dyes are generally soluble in nonpolar solvents. Benzene
is most frequently used for this purpose, while toluene, dichloroethane, and chloroform
are rarely used. Sometimes a small amount (e.g., 10%) of a donor-active oxygen
containing solvent (e.g., diisopropyl ether, methyl isobutyl ketone (MIBK), amyl acetate,
butanol, tri-w -butyl phosphate is addedso to the nonpolar solvent in order to enhance the
extraction for the case of formation of coordinatively unsaturated anionic complexes,
e.g., Zn(SCN)I, CdH.

At times the colored ion-associate is not directly extracted. It is then possible to extract
the halogenometallic acid (e.g., HSbCU, HT1CU, or HAuBr4) with an oxygen-
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Table 2
ANIONIC FORMS OF ELEMENTS DETERMINED VIA

ION ASSOCIATES WITH BASIC DYES

Anionic forms

Oxy-anions
Heteropolyanions
Halogenide and pseud ohalogenide

complexes
Chloride
Bromide
Iodide
Fluoride
Thiocyanate
Cyanide
Azide

Complexes with organic ligands
8-Hydroxyquinoline (oxine)
Halogeno-oxines
Thenoyltrifluoroacetone (TTA)
3,5-Dinitropyrocatechol
2,4-Dinitro-1,8-dihydroxy-

naphthalene
4-Nitropyrocatechol
Carboxyl acids
Alizarin complexone
2-Nitroso-4-chIorophenol
4-(2-Pyridylazo) resorcinol

Elements determined

Br, Cl, Cr, N, Re
As, Ge, P, Si

Au, Fe, Ga, Hg, Sb, Sn, Tl
Ag, Bi, Hg, In, Te, Tl
Ag, Bi, Cd, Hg, In
B, Ta
Co, Mo, W, Zn
Ag, Cu, Hg
Au, Pd

Ni, U, Zn, REE
Ca, Co, Mg, Mn, Sr, Th, REE
Ca, Mg, U
Ge, Sn, W, REE
B

As
B, Be, Co, U, Zr, REE
Ge
Fe
V

containing solvent and then shake the colorless extract with an acidic solution of a basic
dye. One can also first extract the ion pair of the anionic complex and quaternary base
with a nonpolar solvent. The colorless extract is then shaken with an acidic solution of
the dye, e.g., crystal violet.51 The colorless ion pair of the thiocyanate complex of
gold(III) with tetraphenylarsonium ion is first extracted with benzene. An ethanolic
solution of brilliant green is then added. The excess of the dye is then removed by shaking
with dilute hydrochloric acid.52

In the extraction-spectrophotometric methods involving basic dyes the blank is
insignificant. It results from the extraction of the simple dye salt, e.g., chloride. It
increases with higher concentrations of the ligand (yielding the anion with the metal to be
determined) and of the dye and with decreasing acidity.

The basic dyes occur generally as chlorides and bromides. The form in which the dye is
able to form the ion-association compound is the monovalent cation. In aqueous
solutions the cations are in equilibrium with their protonated forms (the formation of
which is favored by increasing the acidity of the solution) and colorless simple molecules
or their associates (the formation of which is favored by increasing the pH of the aqueous
solution).53'54 In the extraction-spectrophotometric methods involving nonchelating
basic dyes the useful acidity varies in a wide range, from several molar mineral acid
solutions to buffered solutions of pH 3 to 6. During the extraction of the ion associate the
equilibria shift towards the formation of a reactive simple, monovalent cation of
the dye.

The bonding between the anion and the basic dye has an electrostatic character, as
indicated by similar absorption spectra of the associate and the dye. The bonding mainly
involves dipole-dipole interaction.

The extraction-spectrophotometric methods of determination of elements involving
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Table 3
FLOTATION-SPECTROPHOTOMETRIC METHODS WITH USE

OF BASIC DYES

Element determined
(in form)

Arsenic (Mo-As-O)
Bismuth (Br~)
Cadmium (I")
Germanium (Mo-Ge-O)

(Alizarin complexone)
Molybdenum (SCN~)
Osmium (SCN~)
Palladium (Br~)
Phosphorus (Mo-P-O)

Platinum (SnCh)
Rhodium (SnCh)
Silicon (Mo-Si-O)

Tellurium (Br~)
Tungsten (SCN~)
Zirconium

(picramine-epsilon)

Dye

Crystal violet
Rhodamine 6G
Crystal violet
Brilliant green
Rhodamine 6G
Crystal violet
Methylene blue
Rhodamine 6G
Crystal violet

Crystal violet
Malachite green
Rhodamine B
Crystal violet
Rhodamine 6G
Crystal violet
Ethylrhodamine B

Flotation (solvent)

Cyclohexane (acetone)
Isopropyl ether (ethanol)
Isopropyl ether (acetone)
Butyl acetate (acetone)
Chloroform (ethanol)
Toluene (ethanol)
Toluene (acetone)
Benzene (dimethylformamide)
Butyl acetate (methyl ethyl

ketone)
Benzene (ethanol)
Isopropyl ether (acetone)
Isopropyl ether (ethanol)
— (Acetone)
Benzene (ethanol)
Toluene (ethanol)
Benzene (acetone)

Molar
absorptivity
(e X 10'5)

3.1
1.5
1.3
1.9
2.9
2.3
2.2
3.0
2.7

2.1
3.4
5.0
4.3
1.7
2.1
3.2

Rei

59
60
57
61
62
63
64
65
66

67
68
69
58
70
71
72

basic dyes are very sensitive. The molar absorptivities approach to, and sometimes even
exceed, a value of 105.

The same ion associate exhibits various e values depending on the nature of the solvent
used for the extraction, as a result of various effectiveness of the extraction. The observed
differences in e are due to difficulties in keeping the element in the suitable oxidation
state. This pertains particularly to antimony(V), thallium(III) and tin(II)55. The a value
also depends on the quality of the applied dye preparation.56

Some ion associates with basic dyes are not extracted when shaking the aqueous phase
with solvents of low polarity, but collect at the phase boundary or on the walls of the
separatory funnel. In such cases, after removal of the aqueous solution and the organic
solvent the precipitate is dissolved in a small amount of a polar solvent (generally acetone
or ethanol). The content of the element to be determined is then evaluated on the basis of
the absorbance of the obtained polar solution. The above procedure is the basis for
flotation-spectrophotometric methods, which are of great value for the determination of
minute traces due to their extremely high sensitivity.

The first flotation-spectrophotometric method was proposed by Courtot-Coupez and
Guerder.57 The authors separated, by flotation, the ion pair formed by the iodide
cadmium complex and crystal violet by means of diisopropyl ether. After decantation of
the aqueous phase, acetone was added to the ether phase and a clear solution was
obtained. The sparingly soluble ion associate was also separated by centrifugingand then
was dissolved in acetone.58 So far the number of published works of this type is limited.
The known flotation-spectrophotometric methods are listed in Table 3. These methods
are highly sensitive and exhibit good selectivity. The molar absorptivities range from
1.3 to 5.0 X 105.

These anions (in the form whereby the elements are determined) have high negative
charge and therefore form sparingly soluble associates containing more than one cation
of the dye. Due to their high complexity these associates are insoluble in nonpolar
solvents.
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2. Acid Nonchelating Dyes
These dyes are less frequently used in spectrophotometric methods than the basic ones.

Acid dyes form extractable ion associates with hydrophobic cationic metal complexes.
The dyes used are generally acid-base indicators, known for a long time. The acid
xanthene dyes comprise eosine (36), erithrosine and bengal rose B (halogen derivatives of
fluorescein) (37)

(36)

(37)

The following formula shows the acid triphenylmethane dye, bromophenol blue
(tetrabromophenolsulfophthalein)

Br

(38)

The same group also includes bromophenol red, bromophenol green, and cresol purple.
The triphenylmethane dyes (sulfophthaleins) are derivatives of phenol red, i.e.,
phenolsulfophthalein.

Of the acid azo dyes methyl orange has been successfully applied.
The partners in the formation of the ion associates with acid nonchelating dyes are

most frequently metal complexes of 1,10-phenanthroline; 2,2'-bipyridyl, cuproine and
pyridine have also been used.

The extraction-spectrophotometric methods of the determination of metals (bound
into complexes with 1,10-phenanthroline) as ion associates with acid dyes are listed in
Table 4. The molar absorptivities in these methods frequently exceed 5 X 104 and
sometimes even IX 105. Chloroform, toluene, 1,2-dichloroethane, and nitromethaneare
the commonly used extractants. Sometimes the extraction is carried out with a nonpolar
solvent with an addition of a donor-active oxygen-containing solvent.

Metal chelates with 1,10-phenanthroline are generally bivalent cations and react with
bivalent anions in the ratio 1:1. Bivalent anions are formed as a result of dissociation of
sulfonic, carboxyl and hydroxyl groups of the xanthene and triphenylmethane dyes.
Hence the pH values of the aqueous solutions during the extraction are relatively high,
and range from 6 to 9, accordingly to the acidity of the dyes and properties of the
counterions.

The possibilities of extraction of cationic complex of copper (I) with cuproine and
various sulfophthalein dyes have been discussed.83"85 The molar absorptivity in the
method of determining palladium74 using bengal rose B and pyridine is 1.25 X 10s.
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Table 4
SOME ACID DYE EXTRACTION-

SPECTROPHOTOMETRIC METHODS*

Acid dye

Bengal rose B

Eosin

Erithrosine

Bromophenol blue
Dibromofluorescein

Methyl orange

Metal
determined

Copper (II)
Palladium
Zinc
Cadmium
Lead
Silver
Zinc
Lead
REE
Lead
Cadmium
REE
Iron (II)
Zinc
Cadmium
Iron(II)

Molar
absorptivity
U X NT4)

6.3
5.0
5.1
6.4
5.8
5.5

12.0
11.0
12.0
9.6
9.6

16.0
5.9
5.0
4.6
4.8

Rel

73
74
75
75
76
77
78
76
79
76
76
79
80
81
81
82

' Determined metals in complexes with 1,10-phenanthroline.

Similarly, as in the case of basic dyes, simple salts of acid dyes (e.g., sodium salts) are
practically not extracted. Hence, the blank values are negligible.

3. Color Systems with Surfactants
In the presence of some long-chain quaternary bases (showing surface active

properties) and chelating triphenylmethane dyes ternary complexes are formed with
metal ions. These complexes show more intensive color than the respective simple
complexes with the above-mentioned chromophoric reagents.86"89 In addition to a high
increase in the color intensity a bathochromic shift of the absorption maximum takes
place. As a result the difference between \ma* of the ternary complex and A max of the
chromophore reagent (contrast) is so great (A\ = 100 to 200 nm) that the reagent shows
no absorption at the Ama* of the complex.

The cetyltrimethylammonium (CTA) and cetylpyridinium (CP) ions

CH3

N

CH3

(39) (40)

in the form of salts (chlorides or bromides) are the most frequently used cationic
surfactants in spectrophotometric analysis. The action of CTA and CP on the discussed
color systems is similar.

Some spectrophotometric methods for the determination of metals using triphenyl-
methane reagents and CTA or CP are presented in Table 5. In many cases the methods
involving CTA and CP exhibit unusual sensitivity. The methods of the determination of
beryllium show molar absorptivities 3 to 4 times higher than those obtained in the
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Table 5
SOME SPECTROPHOTOMETRIC METHODS BASED

ON TERNARY COMPLEXES WITH CHELATING
TRIPHENYLMETHANE REAGENTS AND CATIONIC

SURFACTANTS (CTA OR CP)

Chelating reagent

Pyrocatechol violet

Chrome azurol S

Eriochrome cyanine R

Chromal blue G

Xylenol orange

Metal
determined

Aluminum
Germanium
Tin
Titanium
Beryllium
Aluminum
Gallium
Indium
Thorium
Uranium (VI)
Beryllium
Gallium
Indium
Scandium
Iron(III)
Palladium
Beryllium
Palladium
Scandium
Thorium

Molar
absorptivity
U X 10"4)

6.5
7.0
7.8
7.5

10.1
13.1
11.4
12.3
14.6
9.9
8.7

12.0
10.1
15.0
12.7
9.6
9.4

10.1
16.5
5.5

Ref.

90,91
92,93
93,94

93
95

96, 97
98
98
99

100, 101
102, 103

104
105
106
107

108, 109
110
111
112
113

respective binary systems. A significant increase in sensitivity (though not so high) is also
attained for other metals.

As can be seen in Table 5, the reactions of great analytical interest involve metals that
easily hydrolyze and show high affinity towards oxygen atoms.

The mechanism of the action of long-chain quaternary bases (being at the same time
cationic surfactants) during the formation of intensively colored complexes of metals
with chelating triphenylmethane reagents has been discussed by many authors.88'101'1 u""7

It has been shown, using spectrophotometric methods and amperometric titration,
that at low concentrations of the quaternary bases ternary complexes which contain few
(e.g., 4,6) CTA or CP molecules (ions) are formed. The color intensity is then miles away
from the maximum. As the CTA or CP concentration increases the color intensity of the
complexes increases. At the same time small shifts in Xma« take place.102'104'105

When considering the reaction mechanism in the discussed ternary systems it should be
taken into account that cationic surfactants occur in the solution as single ions at low
concentrations, and above some concentration they form charged micelles (aggregates of
high molecular mass). Since the most intensely colored ternary complexes occur at high
excess (50- to 70-fold with respect to metal ions) of quaternary bases, i.e., at their
relatively high concentrations, it is obvious that their structures contain micelles of
cationic surfactants.

According to Chernova and Sawin et al."4'115 quaternary bases (CTA, CP) form a
kind of ion associate through dissociated or nearly dissociated sulfonic, carboxyl, and
hydroxyl groups of the triphenylmethane reagents. Sulfonic groups associate first, then
carboxyl and hydroxyl groups. The presence of quaternary bases in the system,
particularly as micelles, enhances the dissociation of hydroxyl groups. Since in sulfonic
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groups the 7r-electron system is isolated the associates formed through these groups do
not affect the color.

The high color contrast in the reactions of the formation of discussed ternary
complexes can be explained by the fact that the chromophore reagent (e.g., pyrocatechol
violet, chrome azurol S) simultaneously reacts with the metal ion and the quaternary base
through two different functional-analytical groups, thereby forming one conjugated
system. The mechanism of the formation of these complexes has been discussed in detail
by Sawin.8

At the same time in these systems, associates of free ions of the triphenylmethane
reagent with CTA or CP ions are formed. The absorption spectra of these associates do
not differ from those of the chromophore reagents except in an insignificant
bathochromic shift."5'117

In the reactions of triphenylmethane reagents with metal ions chelates are formed of a
reagent ratio (M: R) of 1:1 or 1:2. In the ternary systems involving cationic surfactants the
number of molecules (ions) of the chromophore reagent corresponding to one atom of
the metal is higher. This is the main reason for the increase in the color intensity of metal
complexes when passing from the binary systems to the ternary ones. This fact is ascribed
to a weakening hydrolysis of the metal ions in the presence of surfactants. This enables
the chromophore reagent to occupy all the coordination sites of the metal.115

The optimum pH ranges (4 to 7) for the formation of metal complexes with
triphenylmethane reagents in the binary and ternary systems (with CTA and CP) are
similar. In the case of some metals (e.g., molybdenum, tungsten, titanium) the reactions
take place in relatively acidic media (pH 1 to 2).93

As the excess (concentration) of CTA or CP increases in the intermediate
concentration range, the color solutions become turbid and a sparingly soluble compound
precipitates (particularly when heating the solution). At higher concentrations of the
quaternary bases, the solutions become clear; this is indicated on stepwise formation of
complexes. The solubility of the ternary complex containing a larger number of CTA or
CP ions (in the form of micelles) is higher. Some authors116 suppose that the discussed
surfactants play the role of a protective colloid.

In the case of some metals, at higher concentrations of CTA (CP) a decrease in
absorbance of the ternary complex is observed. This phenomenon can be ascribed to
partial blocking of the chelating groups in the molecule of the triphenylmethane
reagent by the quaternary base.104'105'"5

Shaking the solutions containing the ternary complexes in question with organic
solvents leads to various results depending on the system and the solvents used. In the
case of the beryllium-eriochrome cyanine R-CTA system some oxygen-containing
reagents extract the ternary complex as well as the excess of the reagent (the ER-CTA
associate). However, the difference between Xm« of the complex and that of the reagent is
smaller for the extract than for the initial aqueous solution. In addition, the absorbance
of the complex is lower (presumably the extracted complex contains a smaller amount of
CTA; the complex containing micelles cannot be extracted).102 When shaking the system
gallium-eriochrome cyanine R-CTA with chloroform, dichloromethane, or amyl
alcohols, the ER-CTA associate passes to the organic phase, while the aqueous solution
undergoes decolorization (the metal remaining in the aqueous phase). This means that
after extraction of the excess of the reagent (ER-CTA) the ternary complex decomposes
and eriochrome cyanine R passes from the ternary complex to the organic phase (as an
associate with CTA).104 Similar results were obtained in the case of the system indium-
eriochrome cyanine R-CTAIOS and iron(III)-ER-CTA.107

In addition to chelating triphenylmethane reagents, other chromophore reagents have
been used in the ternary metal systems involving CTA and CP. Gallein(and CTA or CP)
has been used for the determination of aluminum,1 ls REE,119 and tungsten.120 Pyrogallol
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red has been applied to the determination of tungsten,121 and tin,122 and disulfophenyl-
fluorone — to the determination of titanium (e = 1.2 X 105, AX = 150 nm).1"

Among the long-chain quaternary bases (similar to CTA and CP) one should mention
zephiramine (tetradecyldimethylbenzylammonium ion)

Chrome azurol S and zephiramine have been applied to the determination of Be, Sc,
Fe(III), V(IV), Cu, and U. In the cases of beryllium and iron very high sensitivity has
been attained (the molar absorptivities amount, respectively, to 1.09 X 105 and 1.47 X
105). The zephiramine has also been used in the determinations of Be with eriochrome
cyanine R, Mo with gallein, Mo and W with bromopyrogallol red, Al with stilbazo, Zr
with 5-dimethylamino-2-(2-thiazolylazo)phenol and Bi with2-(2-thiazolylazo)-p-cresol
(references to above determinations are given by Marczenko47). Recently zephiramine
was applied in the determination of uranium(VI) and thorium with arsenaso III,124'125

cobalt with TAR,126 and iron with pyrogallol red.127

After discussing the spectrophotometric methods of the determination of metals,
involving cationic surfactants and chromophore reagents, it should be mentioned that in
a number of cases similar sensitivity has been obtained in methods using some nonionic
surfactants, e.g., syntanol DS-10 and syntanol DT-7 (multihydroxyethylated ethers of
higher alcohols), OP-7 and OP-10 (multihydroxyethylated ethers of alkylophenols) and
OS-20 (multihydroxyethylated esters of higher fatty acids). These compounds do not
dissociate into ions in aqueous solutions and their solubility in water is due to.the
presence in the molecule of a greater number of hydroxyl or ether groups of high affinity
towards water.

With nonionic surfactants and chrome azurol S it is possible to determine berylliuml28

and aluminum129"131 with high sensitivity. Manganese,132 cobalt,133 nickel,134 and zinc,135

were determined using various azo reagents.
Attempts to elucidate the mechanism of the above discussed color reactions have been

made."6'130'131 The nonionic surfactants, in the form of micelles, affect the protolytic
equilibriums of the chromophore reagent, as well as the state of the metal ion. This results
in the formation of compounds containing a greater number of dye molecules per metal
ion. These compounds show new spectral properties. Hydrogen bonding also plays a role
in the above color systems.136

4. Other Systems
Similarly methods involving basic dyes are the extraction-spectrophotometric

methods in which complex anions (e.g., BFJ, C1OI, AuCU, SbCli, TlBri, ReOi)
associate with color cationic complexes of iron(II) with l,10-phenanthroline(ferroin) or
2,2'-bipyridyl, and copper(I) with cuproine or neocuproine.3 With respect to sensitivity,
these methods are inferior to those with basic dyes.

Trihydroxyfluorones (see Section III.B.3) form different-ligand complexes which
make a basis of very sensitive spectrophotometric methods. For example, titanium is
determined by means of its complexes with phenylfluorone and Ar-benzoyl-JV-phenyl-
hydroxylamine (BPHA),137 and furoylphenylhydroxylamine;138 propylfluorone and
diantipyrylmethane (DAM) (e = 1.28 X 105).139 Tantalum can be determined with the aid
of its different-ligand complex with oxalate, fluorone, and antipyrine (e — 2.1 X 105).140
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It has been suggested that the above-mentioned extractable complexes also contain
halogenide ions.

Different-ligand complexes of morin and quercetin (flavonols) are also used in
spectrophotometry.141

D. Inorganic Color Systems
The majority of metal complexes with inorganic ligands are not intensely colored and

thus these complexes find limited application in trace analysis.
Thiocyanate methods for Fe(III), Mo, Nb, Re, Co, U, Ru, Os, and W, are of moderate

sensitivity. The thiocyanate method for determining titanium can be considered
sensitive. The determination of metals by thiocyanate is carried out in aqueous or
aqueous-acetone media, or after extraction with oxygenated solvents, With organic
bases such as pyridine, trwi-butylamine or DAM, anionic thiocyanate complexes form
ion pairs which can be extracted into chloroform and other inert solvents. Increased
selectivity in the determination of metals by thiocyanate is obtained by the choice of
acidity, thiocyanate concentration, masking agents, and metal oxidation state. The
reducing medium precludes the color reaction of thiocyanate with iron.

Many sensitive methods involve metal complexes with thiocyanate, fluoride, chloride,
bromide, and iodide, forming ion associates with basic dyes.

A group of elements (Si, Ge, P(V), As(V), V, Mo, W) forms yellow heteropolyacids
which can be reduced to an intensely colored blue form. The reduced forms of
heteropolyacids are put to good use in spectrophotometric methods for determining Si,
Ge, P, and As. They can be extracted with oxygen-containing solvents.142

Peroxide complexes (Ti, V, U) are weakly colored.

E. Indirect and Amplification Methods
Indirect spectrophotometric methods involve a change, brought about by the

determinand, in the color of another system. Most methods for fluoride are indirect. By
forming stable colorless complexes with numerous metals, fluoride ions decompose
certain colored complexes of these metals with organic reagents. Examples of these
complexes are zirconium-eriochrome cyanine R, thorium-xylenol orange, and iron(III)-
thiocyanate.

Sulfate can be determined indirectly, e.g., with barium complex of chlorophosphonazo
HI.143 In the formation of BaSC>4 sulfate ions displace an equivalent amount of color
reagent. There are numerous methods of this type for sulfate.

Indirect spectrophotometric methods include amplification methods. The amplifica-
tion reactions underlying these methods can be defined as those in which the normal
equivalence is altered in some way so that a more favorable measurement can be made.
Thanks to their exceptionally high sensitivity, amplification methods are widely used for
determining traces of some elements. Belcher144 has given an exhaustive review of these
methods.

Determination of iodide is a classical example of amplification methods. The I ion
is first oxidized to iodate which reacts with the added potassium iodide in an acid
medium. (IOJ + 51" + 6H* - 3I2 + 3H2O). The molar absorptivity (with respect to I")
of the starch-iodine complex (after amplification via iodate) is 1.08 X 105 at 590 nm.
Bismuth, antimony and palladium can be determined via amplification of iodide after
conversion into complexes Bil3, Sblj, and Pdl2, and extractive separation.3

Mercuric iodate makes possible the determination, indirectly and with amplification,
of many anions which form stable complexes with mercury(II) (e.g., Cl , Br~, I", CN ,
SCN').146

Silicon, phosphorus, and arsenic are determined via amplification using appropriate
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heteropolyacids with molybdate. After quantitative extraction separation of these acids
molybdenum is determined with thiocyanate,147 with phenylfluorone,148 with sulfonitro-
phenol S,149 or with other reagents.

F. Methods Based on Other Reactions
There are numerous, often fairly sensitive, spectrophotometric methods in which the

color is formed as a result of oxidizing some organic reagents by the determined elements
in higher oxidation states. o-Tolidine (Cl2, Br2, I2, O3, Ce(IV), Fe(III), MnOI),
3,3'-dimethylnaphthidine (O2, Cr(VI), VOJ), variamine blue (I2, Cu(II), Au(III), VOJ)
belong to this type of organic reagent. Ferroin(l,10-phenanthroline complex of ferrous
ion) can be also the object of oxidation. In this case a diminishing of the color is observed.
Oxidation of manganese(II) to Mn(VII) and chromium(III) to Cr(VI) is the basis of a
good but quite insensitive method for determining these metals.

Examples of reduction reactions are determinations of selenium, tellurium, and gold,
as colored sols formed upon reduction of Se(IV), Te(IV) and Au(III) to their elemental
forms.

There are some sensitive methods in which the color system is formed as a result of
synthesis. Examples are the formation of methylene blue when determining sulfide, the
pararosaniline method for sulfite, the benzidine-pyridine method for cyanide, or
formation of indophenol in the method for ammonia.

Xylenols yield colored nitration products when heated with nitrate in sulfuric acid
medium. The determination of bromine is based on bromination of some dyes, e.g.,
phenol red.

Methods for determining nitrite are based on reactions of nitrite with primary
aromatic amines. The diazonium salt formed is then coupled with a suitable aromatic
compound to yield an azo dye.

IV. SENSITIVE SPECTROPHOTOMETRIC METHODS FOR
INDIVIDUAL ELEMENTS

A. Alkali and Alkaline Earth Metals
First of all it should be said that traces of Na, K, Rb, and Cs are not generally

determined with the aid of spectrophotometric methods.
Lithium is determined by means of the sensitive reagent nitroanthranylazo; the

reaction is carried out in alkaline aqueous-acetone solution (e = 1.2 X 104; a = 1.7).3

The thoron I method is one half as sensitive.2'3

Sodium can be determined directly with nitroanthranylazo or indirectly via
precipitation of triple acetates.3

For determining potassium, rubidium, and caesium, there are indirect methods using
dipicrylamine, dilituric acid, picric acid, or precipitation of cobaltinitrite.2'3 Caesium is
also determined indirectly as phosphomolybdenum blue.3

The long-time well-known methods for determining beryllium using triphenylmethane
reagents, chrome azurol S, and eriochrome cyanine R,35 have modified 3 to 4 times more
sensitive owing to cationic surfactants (CTA, CP). Molar absorptivity in the method
based on the ternary system Be-chrome azurol S-CTA equals 9.45 X 104 (a = 10.7) at
615 nm," and in the system Be-eriochromecyanine R-CTA—8.65 X 104at590 nm.102'103

Similar sensitivities are attained in the method with chromal blue G and CTA110 and in
the method based on the ternary system Be-chrome azurol S-polyoxyethylene-
dodecylamine.150 These methods are highly selective in the presence of EDTA. There also
exists a sensitive extraction-spectrophotometric method for determining beryllium with
the aid of benzoic acid and rhodamine B.151
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There are two sensitive, old methods for magnesium using titan yellow (thiazol yellow)
and eriochrome black T with e = 3.6 X 10" (a = 1.52) at 545 nm, and e - 2.3 X 104 at
525 nm.2'3'152 The quality of the used titan yellow preparation is important for
maximizing the e value. In both cases, the determination of magnesium can be carried
out in the presence of calcium. In the eriochrome black T method, an increase of
sensitivity (e = 5.5 X 104) is observed after extraction with a chloroform solution of
tri-n-octylamine.153 The methods of similar sensitivity, using chlorophosphonazo III,154

chromotrope 2R,155 or xylidyl blue II,156 are worthy of mention.
At present, the most recommendable method for calcium is the chlorophosphonazo III

method,154 particularly after preliminary separation of calcium by extraction with
reagent azo-azoxy BN in CCU.3'157 The coefficient t = 5.4 X 104 (a = 1.3) in neutral
medium and e = 2.8 X 104 in slightly acidic solution. For determining traces of calcium,
often the older method based on glyoxal bis(2-hydroxyanil) (GBHA) (e = 1.8 X 104) is
applied.3"5'158'139 Recently, a valuable reagent for traces of calcium and other alkaline
earth metals — hydroxynaphthol blue — has been proposed.160

The best reagents for determining microgram amounts of strontium and barium seem
to be nitroorthanilic S (Sr) and sulfonazo HI (orthanilic S) (Ba). Other methods make use
of murexide, chlorophosphonazo III, arsenazo III, and metalophthalein (o-cresolph-
thalein complexone). Both metals can be determined indirectly using diphenyl-
carbazide.3'5'161

B. Scandium, REE, Thorium, and Uranium
Scandium is determined mainly by means of the xylenol orange method, which gives

e = 2.9 X 104 (a = 0.65).3'5 Higher sensitivity can be attained using eriochrome brilliant
violet B (e = 6.4 X 104),162 and TAR (e = 5.1 X 104).163 Recently there have been pro-
posed some very sensitive methods based on ternary systems: Sc-chrome azurol
S-CTA,l63a Sc-eriochrome cyanine R-CTA (e = 1.5 X 105),106 and Sc-chromal blue
G-CTA(e= 1.65 X 105)."2

REE (yttrium and lanthanides) in trace amounts are often determined with arsenazo
III (e = 5.6 X 104; a = 0.40).3'164'165 A great increase in sensitivity can be obtained by
carrying out the reaction in organo-aqueous media (e about 1.5 X 105).166 Also,
chlorophosphonazo III is a good reagent for REE.167'168 After the extraction of the
diphenylguanidine ion pair into butanol, the value of the coefficient e increases to
1.6 X 10s. A very sensitive reagent for REE turned out to be carboxynitrazo (e = 1.2 to
1.6 X 10s ).169'170

.COOH

N = N - / \ - N 0 2

S03H

High sensitivity has been attained in ternary systems of REE with 1,10-phenanthroline
and eosine (or erithrosine) (e are 1.2 X 105 and 1.6 X 105, respectively) (toluene-
butanol medium).79 Considerable increases in the sensitivity of the reaction of REE with
eriochrome azurol B and with xylenol orange have been obtained in the presence of
cationic surfactants.171'172

Thorium is often determined with thoron I2"5 but this method is not sufficiently
sensitive for trace analysis (e = 1.7 X 104). A much better method, as well, as better
selectivity, is the arsenazo III method.31'64'165'173'174 The molar absorptivity in 3M HC1
equals 1.15 X 105 (a = 0.50) at 655 nm. In the presence of oxalic acid thorium can be
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determined in solutions containing Zr, Hf, Nb, or U( VI). Chlorophosphonazo IIII75 and
p-dimethylarsenazo III176 react with thorium in a fashion similar to that of arsenazo III.
In the determination of thorium with chrome azurol S in the presence of CTA99 the
greatest sensitivity was obtained (e = 1.4 X 10s).

The long-time, well-known and commonly used methods for determining uranium,
thiocyanate, dibenzoylmethane, and arsenazo I, are insensitive.2"5 The arsenazo III
method is suitable for determining trace amounts of uranium.3'164'165 Foruranium(IV) in
a 6 to 8 M HC1 medium, the value of coefficient e is 1.27 X 105 (a = 0.50). The sensitivity
of the reaction with uranium(VI) is lower.177"179 Arsenazo III methods for uranium are
very selective. Chlorophosphonazo HI is also recommended for uranium.180'181

Sensitivity and selectivity are similar to the case of arsenazo III. Extractive procedures
were also proposed.179"181 Uranium can be determined with chrome azurol S in the
presence of various cationic surfactants.100'101 The value of coefficient e in this method is
about 1 X 105. The methods based on ion associates of anionic benzoate complex of
uranium and of the basic dyes malachite green182 and methylene blue183 belong to the
more sensitive methods for uranium.

C. Titanium, Zirconium, and Hafnium
Well-known hydrogen peroxide and chromotropic acid methods for titanium are

insensitive and can not be applied in trace analysis. Many sensitive methods are based on
thiocyanate. In extraction-spectrophotometric methods using thiocyanate e is about
8 X 104 (a ~ 1.5).184"187 Fluorones lead to more sensitive methods. In the system Ti-
salicylfluorone-SCN" (CHCb),188 the molar absorptivity is 1.44 X 105, in Ti-
propylfluorone-DAM (CHCb + C2HjOH)139 e = 1.3 X 105, in Ti-disulfophenyl-
fluorone-CP"4>123 e = 1.2 X 10s.

The best reagent for determining traces of zirconium (hafnium) is arsenazo
3,164,165,189,190 ^ & gjy H a m e d i u m t h e v a m e o f c o e f f j c i e n t £ j s a b o u t J 2 X 10'

(a = 1.3) (AX = 135 nm). Only thorium and uranium(IV) interfere. In the extraction-
spectrophotometric method with chlorophosphonazo HI an e value of about 2il X 105

was obtained.191 In the often applied xylenol orange method and using gelatine a
considerable increase in sensitivity (e = 7.5 X 104) takes place.192 2'-Quinolylfluorone39 is
a very sensitive reagent for zirconium (e = 1.65 X 105). The highest sensitivity has
been obtained in the following procedure: the anionic picramine-epsilon complex of
zirconium gives the ion associate with the basic dye ethylrhodamine B; the separated
water-insoluble compound gives a color solution in acetone.72

D. Vanadium, Niobium, and Tantalum
The commonly used methods for determining vanadium, e.g., withoxine, BPHA, and

hydroxamic acids, are not sensitive enough. Among the triphenylmethane reagents
pyrocatechol violet is recommended (e = 3.7 X 104).193 Of the azo reagents the best seem
to be: 3,5-Br-MEPADAP (pyridylazophenol) (e = 5.4 X 104),194 and sulfonitrophenol
K (+ NH2OH) (e = 8.5 X 104).195 Numerous methods, based on redox effects, generally
have low sensitivity. In a recently published method vanadium(V) is reduced by the
Jones reductor to V(II), which reduces iron(III) and the equivalent amount of iron(II)
reacts with ferrozine (apparent e = 5.5 X 104).196 In a very sensitive method, anionic
complex of vanadium with PAR is associated with crystal violet; the associate is soluble
in benzene-MIBK (e = 1.1 X 105).197

Niobium reacts with thiocyanate in about 3 M HC1 to form an extractable yellow
complex (e = 3.5 X 104; a = 0.38). This method is most often utilized.2"5'198'199 Among the
recommended reagents are PAR (e = 3.5 X IO4),3-5-200-201 bromopyrogallol red (e =
4.8 X 104),3'202 and sulfonitrophenol M (a = 5.3 X 104).203'204 Really sensitive reagents
for niobium can be found among the trihydroxyfluorones.38 Molar absorptivities
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attained with o-nitrophenylfluorone and other reagents are equal to 1.3 to 1.7 X 10s. In
the method, use of o-nitrophenylfluorone and DAM204a increases the sensitivity to
1.9 X 105.

Almost all sensitive methods for determining tantalum are based on extractable ion
pairs: T a R and a basic dye. Worthy of mention are the following dyes: methyl violet and
crystal violet (e about 7.5 X 104; a = 0.42),3'5'205 malachite green and crystal green,4'205'206

methyl green and methylene blue,207 Capri blue (e = 1.07 X 105),208 and nitro-
chrompyrazol.209 The complex compound of tantalum with9-(2'-hydroxyphenyl)-2,3,7-
trihydroxy-6-fluorone and antipyrine is the basis of the very sensitive extractive method:
t = 2.5 X 10s at 505 nm.140

£. Chromium, Molybdenum, and Tungsten
Undoubtedly the best method with respect to sensitivity and commonly used method

for determining chromium is based on 1,5-diphenylcarbazide. In the reaction with
chromium(VI) (in 0.02 to 0.2 M H2SO4) a violet complex is formed; € = 4.3 X 104 (a =
0.81) at 542 nm. The quality of the reagent influences the sensitivity of the reaction. This
method is highly selective. Preliminary oxidation of chromium(III) to Cr(VI) is
performed by means of KMnCh or (NH^SjOg.2'5'10'210'2"* Among other methods
worth mentioning is the method based on ion pair formation: the anionic PAR complex
of chromium(III) with zephiramine, extractable into CHCb (e = 4.7 X 104).212

Dithiol and thiocyanate methods are frequently used in determining traces of
molybdenum.2'5'113'21* The green molybdenum dithiolate is extracted by amyl acetate
(e = 2.1 X 104; a = 0.22), The orange-red thiocyanate complex is formed in the presence of
reducing agents (e = 2.0 X 104) and can be extracted with oxygen-containing solvents. It
is extracted into chloroform in the presence of organic bases. A very sensitive flotation
method is based on the ion associate of thiocyanate complex with crystal violet (e = 2.3 X
105).63 In the method using SCN" and rhodamine B (without extraction)215 the value of
the coefficient e is 1.1 X 105. In determining molybdenum with sulfonitrophenol K,
e = 5.0 X 104 (A\ = 100 nm).216

Determination of tungsten is often performed with the aid of two insensitive methods:
dithiol (e = 1.9 X 104; a = 0.10) and a thiocyanate method (e = 1.6 X 104).2-"17'218

Considerably more sensitive are methods using cationic surfactants. In the method with
gallein (+ CTA) e = 6.0 X 104,116'121 and in the method with pyrocatechol violet
(+ CP or CTA)114'2'9 e = 8.0 X 104. The most sensitive is the flotation method based
on the system W-SCN"-crystal violet (e = 2.1 X 105).71 In another method of this
type, with 3,5-dinitropyrocatechol and brilliant green,220 e = 1.3 X 105.

F. Manganese and Rhenium
The classical permanganate method shows too low a sensitivity (« = 2.4 X 103) for

determining manganese in trace amounts. The not very sensitive (e = 1.12 X 104)
formaldoxime method is highly selective.3"5'221"223 The PAN method is characterized by
good sensitivity (e = 5.8 X 104; a = 1.05) and selectivity.3>5>132'224 Also worth
recommending is the PAR method.225'226 In the extractive dithizone method (in the
presence of pyridine)227 e = 5.7 X 104 and in the presence of phen227a e = 4.6 X 104. A
highly sensitive and contrast reaction (t = 1.5 X 105; AX = 180 nm) uses
carboxybenzene S

HOOĈf V N - N - T Y ^ - N - N - f VCOOH (43)
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and has been used for direct determination of manganese in the extract after extracting
manganese diethyldithiocarbamate into chloroform.228

Rhenium is often determined with two sparingly sensitive methods: thiocyanate
(e = 3.8 X 104) and the a-furildioxime method (e = 4.1 X 104; a = 0.22).2"5'229"23' The
extractive methods based on ion associates of perrhenate ion with basic dyes are
sensitive. In the case of brilliant green,232 e = 1.0 X 105. In addition, the Nile blue A,233

methyl green,234 and rhodamine B,235 methods are worthwhile.

G. Iron, Cobalt, and Nickel
Among the great number of existing methods for iron the classical thiocyanate,2"5

1,10-phenanthroline (phen),2"5'236 and bathophenanthroline,2"5'237'238 methods are the
most known and applied. Molar absorptivities of thiocyanate and bathophenanthroline
methods are equal to about 2.4 X 104 (a = 0.43). The sensitivity of 1,10-phenanthroline
method is two times lower. 2,4,6-Tri(2'-pyridyl)-symtriazine(TPTZ),239 ferrozine,240'241

and 3-(4-phenyl-2-pyridyl)-5,6-diphenyl-l,2,4-triazine(PPDT),242'243 are reagents related
to bathophenanthroline. Extraction of ferroin (Fe(phen)2+) associated with methyl
orange82 or bromophenol blue80 is the basis of the methods with t = 4.8 X 104 and
e = 5.9 X 104. A great increase in sensitivity of determining iron was attained owing to
cationic surfactants.107'246 In the systems Fe(III)-eriochrome cyanine R (chrome azurol
S), or in the presence of CTA or TDEA (tridodecylethylammonium ion), e values are
1.3 to 1.7 X 105. It is also possible to extract the ion pairs of FeCH or the Fe(III)-
nitroso-2-chloro-4-phenol complex with basic dyes (rhodamine B, crystal violet) (e
values near 1 X 105).247"249

l-Nitroso-2-naphthol, 2-nitroso-l-naphthol, and nitroso-R salt are the reagents most
often used for determining traces of cobalt.2'5'250 These methods are very selective and
sensitive enough (e values 2.7 to 3.7 X 104; on the average a = 0.5). In the method using
2-nitroso-5-diethylaminophenol,251'252 e = 6.2 X 104. Some pyridine azo reagents are
recommended, because their cobalt complexes exhibit very high e values, namely:
4-(5-chloro-2-pyridylazo)-l,3-diaminobenzene (Cl-PADAB) (e = 1.13 X 105),253

Br-PADAB (e = 1.23 X 105),254 and 5-(3,5-dichloro-2-pyridylazo)-2,4-diaminotoluene
(3,5-diCl-PADAT) (e = 1.19 X 10s).255 There are also methods based "on the extraction
of some anionic cobalt complexes with basic dyes, e.g., malachite green,256 and
rhodamine 6G.257

Important photometric reagents for determining nickel are dimethylglyoxime (plus
oxidant) and a -furildioxime (with extraction.)2"5 They are specific but not very sensitive:
« = 1.5 X 104 (a = 0.26) and e = 2.0 X 104. Sensitivity of the formaldoxime method is
similar.221 The dimethylglyoxime-nickel(IV) complex can be extracted into organic
solvents in the presence of diphenylguanidine.258 More sensitive are the methods using
the following reagents: pyridine-2-aldehyde-2-quinolylhydrazone (PAQH) (e = 6.7 X
104),259 2-(5-nitro-2-pyridylazo)-l-naphthol (plus nonionic surfactant Triton X-100)
(a = 7.4 X 104),134 2-[2-(5-brornopyridyl)azo]-5-dimethylaminophenol (br-PADAP)
(e = 1.28 X 105)32 chloro-oxine plus rhodamine 6G (e = 7.5 X 104),260 and 4-chloro-2-
nitroso-1-naphthol plus crystal violet (e = 8.2 X 104).260a In a highly sensitive, indirect
method (e about 3 X 105) nickel is separated as a compound with dimethylglyoxime and
diphenylboric acid. After mineralization, boron is determined by the curcumin
method.261

H. Platinum Metals
p-Nitrosodiethylaniline is a fairly sensitive reagent for platinum (e = 5.7 X 104) and

palladium (e = 8.6 X 104).2"5 Reagents related to rhodanine and thiorhodanine allow
platinum and palladium to be determined with good sensitivity (e values about
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1 X 105).262'263 Ternary complexes with the acid dye, tetrabromofluorescein ethyl
ester,264 and with the basic dye, crystal violet,67 are the basis of sensitive methods (e
values 8.4 X 104 and 2.1 X 10s).

Among azo reagents relatively sensitive for palladium is sulfonitrophenol M (e =
8.0 X 104).265 More sensitive are p-nitrosodiethylaniline,2"5 nitrosodibenzylaniline
(e = 1.1 X 105),543 and thio-Michler's ketone [4,4'-bis(dimethylamino)thiobenzo-
phenone](e= 1.6 X iO

5).266-266a

(CH3)2N-/ V c - < f VN(CH3)2 (U)

A sensitive method was developed (e = 1.25 X 10s) based on the extractable ternary
complex formed by palladium with pyridine and the acid dye, Bengal rose. In the
flotation method using bromide and rhodamine 6G65 a = 3.0 X 105. The increase in
sensitivity in the reactions with some triphenylmethane chelating reagents was obtained
owing to cationic surfactants (CTA, CP).108'109'"1 The indirect amplification iodide
method is also suitable for trace determination. Extraction of Pdl2 into benzene is the
initial stage in this method (apparent e = 2.2 X 10s ).3

Tin(II) chloride (or bromide) methods for rhodium, iridium (for platinum as
well)2"5 are insensitive and are not suitable for determination of traces. Extraction
variants of determination of rhodium and iridium using some organic bases give
considerably higher sensitivity.267 Fairly sensitive {t about 5 X 104) is the determination
of rhodium(III) with eriochrome cyanine R in the presence of a cationic surfactant
(CP).268 In the flotation-spectrophotometric method for rhodium with malachite green68

t = 1.44 X 10s.
There is a lack of sensitive methods suitable for determining ruthenium in trace

amounts. Among the commonly used methods can be mentioned the following:
1,4-diphenylthiosemicarbazide (« = 1.0 X 104),269 and 3-(2-pyridyl)-5,6-diphenyl-
1,2,4-triazine (PDT) (a = 2.1 X 104).270

There is a sensitive extractive method for determining osmium using 1,5-
diphenylcarbazide.271'272 Depending on the quality of the reagent, e = 1.4 to 2.2 X 10s.
The flotation-spectrophotometric method is based on the ion pair: anionic thiocyanate
osmium complex and basic dye, methylene blue (e = 2.2 X 105).64

I. Copper, Silver, and Gold
Among numerous methods for copper, the dithizone method is sensitive and highly

selective (a = 4.5 X 104; a = 0.71). The widely known cuproine (2,2'-diquinolyl),
neocuproine, bathocuproine, DDTC and cuprizone methods are selective but insensitive
(e = 0.64 to 1.6 X 10" ).2"5'29 Worth mentioning, and proposed many years ago, is the very
sensitive 1,5-diphenylcarbazide method (e = 1.5 X 10s).273-274 A selective and fairly
sensitive reagent for copper is quinoline-2-aldehyde-2-quinolylhydrazone.275 The
extractive methods, in which cationic complexes of copper(I) with cuproine (or
neocuproine) or copper(II) with phen are associated with acid dyes (Bengal rose,
bromophenol blue, bromocresol purple and others) belong to the class of sensitive
methods (e values 6 to 8 X 104 ).7W~85 In the method based on the ion pair formation of
Cu(CN)I with methylene blue2753 (extraction into 1,2-dichloroethane, t = 9.8 X 104.
Another good method is the one based on the ternary complex of copper with
pyrocatechol violet and tridodecylethylammonium ion (TDEA) (e = 7.9 X 10 ,
extraction into benzene).276 Quite recently a very sensitive method for copper was
proposed (e = 1.91 X 105) using cyclohexylfluorone.276a
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Selective but not very sensitive are the old reagents for determining silver, namely
dithizone (e = 3.05 X 104, a = 0.28) and rhodanine (p-dimethylaminobenzylidenerhoda-
nine) (e = 2.0 X 104).2"5'29 More sensitive are the methods using thio-Michler's ketone
(e = 9.4 X 10" ),277 and thirhodine (derivative of rhodanine).278'2783 The ternary complex of
silver with 1,10-phenanthroline and bromopyrogallol red forms the basis of a selective
method (e = 5.1 X 104).279 The same sensitivity was obtained in the ternary system with
phen and eosine.280 Molar absorptivities near 1 X 105 are obtained in the systems of
silver-iodide (cyanide)-basic dye; e.g., Nile blue A, ethyl violet, and methylene blue.281"283

A sensitive method used for many years for determining gold is based on the ion
associate of AuCH with rhodamine B (e = 9.7 X 104; a = 0.49).2"5'284 Also interesting are
the methods using other basic dyes, e.g., methyl violet (e = 1.15 X 105) and crystal
violet,284'285 brilliant green,232'286 and chrompyrazol I (antipyrine dye).287 Thio-Michler's
ketone is a reagent recommended for determining gold traces (e = 1.2 X 10s at
540 nm).288'289 Worth mentioning are also the methods using rhodanine290'291 and
sulfochlorophenolazorhodanine.292

J. Zinc, Cadmium, and Mercury
Undoubtedly the best method for determining traces of zinc is the dithizone

method2"5'29 (e = 9.26 X 104; a = 1.4), which is close to specific in the presence of
thiosulfate or if necessary of other masking agents. PAR (t = 8.7 X 104) and PAN
(e = 6.2 X 104) and its derivatives are also recommended for determining zinc.293"295

The 2-[2-(5-bromopyridl)azo]-5-dimethyl-aminophenol (Br-PADAP) method (e =
1.33 X 105) is very sensitive.32 The zinc-PAR complex can be extracted in the presence of
cetyldimethylbenzylammonium ion (e = 9.14 X 104).296 In the method based on the
ternary complex of Zn(phen)2+ with the acid dye, eosine, high sensitivity (e = 1.2 X 105,
extraction into CHCh) was attained.78 A method with 8-(8-quinolylazo)-4,5-diphenyl-
imidazole and nonionic surfactant Triton X-100 (e = 8.3 X 104) has recently been
proposed.135

The widely known dithizone method of cadmium determination is selective as well as
sensitive (e = 8.8 X 104; a = 0.78).2~5'29 A new, very sensitive reagent for cadmium is
2-[2-(5-bromopyridyl)azo]-5-dimethylaminophenol (Br-PADAP) (e = 1.4 X 105).33

Also enumerated are the methods based on ternary systems of halogenide complexes of
cadmium with basic dyes: crystal violet (e = 1.3 X 105),57 malachite green, Victoria blue
4R, and rhodamine B.297>297a

The dithizone method for mercury shows quite good selectivity and sensitivity
(e = 7.1 X 104;a = 0.35).2"5'29 Mercury(II) forms anionic complexes with T.Br ' , and CF,
which give extractable ion pairs with basic dyes. The following dyes are used in these
sensitive methods: Bindschedler's green (e = 1.7 X 105),298 methyl green (e = 1.3 X
105),299 malachite green, methyl violet,2993 crystal violet,285'300'301 brilliant green
rhodamine B, and others.301 Thio-Michler's ketone (e = 1.5 X JO5)266'302 and
2-(quinolylazo)-4,5-diphenylimidazole (e = 8 X 104)303 can be recommended as good
reagents for mercury as well.

K. Aluminum, Gallium, Indium, and Thallium
The 8-hydroxyquinoline method for aluminum is commonly known, highly selective

(in the presence of appropriate masking agents) but comparatively insensitive (e =
7.3 X 103; a = 0.27).2"5 Triphenylmethane reagents (mostly chrome azurol S and
eriochrome cyanine R) are good reagents for determining aluminum (e values 5 to 7 X
104).3"5'304'305 The sensitivity of the chrome azurol S method increases significantly in the
presence of CTA (e = 1.3 X 105),96'97 and similarly in the presence of nonionic
surfactants.129'130 A little lower sensitivity is the case of sulfochrome and cationic
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surfactants."4'"7 Of other fairly sensitive reagents 9-(5-bromohydroxyphenyl)fluorone
(e = 7.5 X 104) can be mentioned.306

A classical method for gallium is that of rhodamine B (e about 1 X 105; a = 1.4).2"5'307

Many other basic dyes308 were proposed for determining gallium, e.g., brilliant green
(e = 9.2 X 104),309 methylene blue,310 methyl green,3" and Victoria blue 4R.312 More
sensitive (e = 1.1 to 1.4 X 105) are the methods with CTA and chrome azurol S,98

eriochrome cyanine R,104 and pontachrome azure blue B.313 In the extractive method,
making use of pyrocatechol violet and diphenylguanidine314 gives an e value of
1.08 X 105. The method with PAR and tetraphenylarsonium ions (t = 8.2 X 104) is
worthy of notice.315

Sensitive methods for determining indium are based on extractable ion pairs of
inBu (InH) with basic dyes: brilliant green (e = 9.3 X 104; a = 0.81),309'316malachite
green,317 rhodamine B, and butylrhodamine B (€ = 1.1 X 105).318 In the methods
using chrome azurol S,98 or eriochrome cyanine R105 and CTA, the e values are 1.0 to
1.2 X 10s. The dithizone method (t = 7 X 104)4'5'29 can also be numbered in the methods
suitable for determining trace amounts of indium.

The only appropriate methods for determining thallium in trace amounts are the
extractive methods based on the ion associates of TICli (TIBri) with basic dyes. The most
often applied dyes are: rhodamine B (e = 9.7 X 104; a = 0.40),2"5 and brilliant green.3'309'319

Crystal violet,51'285 Victoria blue 4R,320 and various thiazine dyes321 are also used.

L. Germanium, Tin, and Lead
The phenylfluorone method is sensitive and commonly used for determining trace

amounts of germanium (e = 5.3 X 104; a = 0.73; at 510 nm).2"5 The extractive method with
phenylfluorone (or salicylfluorone) in the presence of antipyrine is twice as sensitive.322

High sensitivity characterizes the methods based on the formation of sparingly water-
soluble compounds with basic dyes. The flotation methods make use of brilliant green
(e = 1.9 X 10s) and rhodamine 6G (e = 2.9 X 105),61'62 and the extractive methods of
brilliant green, malachite green, and Nile blue A (e = 1.3 to 1.4X 1O5).323'324 Pyrocatechol
violet-CTA method (e about 5 X 104) should also be mentioned.92

The most known method for tin is the phenylfluorone method (e = 7.7 X 104;
a = 0.65).2"5>325'325a A more sensitive reagent is 3-pyridylfluorone (e about 1.1 X 105).37

The sensitivity (e = 6.8 X 104) of the pyrocatechol violet method3"5'326 increases in the
presence of CTA or CP (e = 9.5 X 104).87'93'94 An extractive dihydroxyfluorescein
method was recommended (e = 1.08 X 105).327 In sensitive extractive methods with
3,5-dinitropyrocatechol and brilliant green or Nile blue A,328 the e values are 1.75 X
105 and 1.3 X 105, respectively. Less sensitive are methods based on malachite green,55

crystal violet,329 and rhodamine 6G.330

The well-known dithizone method is a good extractive method for determining traces
of lead (e = 6.86 X 104; a = 0.33). In the presence of cyanide, the dithizone method is
highly selective.2"5'29 The diphenylcarbazone method shows similar sensitivity331 while
PAR method is one half as sensitive.3'4'332'333 In the 2-(5-bromopyridylazo)-5-diethyl-
aminophenol (5-Br-PAAP) method334 e = 4.9 X 104. The ion associate of Pb(phen)2+ and
eosin is the basis of a more sensitive method.76

M. Antimony and Bismuth
The classical method for antimony, rhodamine B, is selective and sensitive

(e = 9.7 X 104; a = 0.80; at 552 nm).2"5'335 Other basic dyes associated with SbCli in
extractive methods can be recommended: brilliant green (e = 1.03 X IO5),309-336"338

malachite green, crystal violet, methyl green, butylrhodamine B, and rhodamine
gQ 338-340 j n e determination of antimony with fluorones (salicylfluorone, dibromo-
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phenylfluorone) is carried out with good sensitivity (e about 9 X 104).341'342 In the
starch-iodine amplification method for determining antimony3 (the first stage is
extraction of Sbb into benzene) the apparent e value equals about 3 X 105.

Suitable methods for traces of bismuth are based on extractable ion associates of
Bin with the following basic dyes: rhodamine B, butylrhodamine B, rhodamine 6G
(e = 1.1 to 1.3 X 105),343 and basic azo dye (e = 9.2 X 104).344 In the flotation version60

with rhodamine 6G, the e value attains 1.5 X 10s. Among fluorones, the best reagent
is 3-nitrophenylfluorone (e = 5.0 X 104).345 Dithizone has been used for many years;
the method is highly selective (e = 7.9 X 104; a = 0.38).2"5'29 Attention should also be
paid to a very sensitive starch-iodine amplification method (e about 3 X 1O5).3

N. Boron, Carbon, and Silicon
The curcumin method3"6 is both the most sensitive method for determining boron and

the most sensitive of all known direct spectrophotometric methods; e = 1.8 X 105 and
a = 16.6!

CH=CH-/ VoH (

H3C0

The sensitivity of the method depends on the quality of the curcumin preparation. The
modification of this method (with oxalic acid) is only about half as sensitive. Other
methods for boron, with carminic acid (e = 5.5 X 103; a = 0.51), with l.l'-dianthrimide
(c = 1.9 X 104), and with quinalizarine, are much less sensitive. The ion BF4 forms
extractable ion associates with basic dyes which constitute a basis for suitable methods.
The following dyes are used: methylene blue (e = 6.5 X 104),4"6 brilliant green,347 Nile
blue A,348 crystal violet, Capri blue, and others.349

Cyanide can be determined by means of the methods based on the formation of
polymethine dyes.3'5'6'350352 They are highly sensitive and almost specific. In the
benzidine-pyridine method, e = 6.0 X 104 (a = 2.3). Other variations utilize
/j-phenylenediamine, barbituric acid, and pyrazolone. In indirect methods, the cyanide
prevents the formation of the strongly absorbing ternary complexes between silver,
1,10-phenanthroline, and bromopyrogallol red353 or eosin.354

Among methods for determining trace amounts of thiocyanate the following can be
mentioned: the methods based on the extraction of the ion-pairs: SCN"-rhodamine B355

or SCN~-methylene blue,356 and an indirect method using dithizone and mercury(H).357

There exist numerous methods for the determination of other carbon compounds as,
e.g., free carbon, carbon monoxide, and carbon dioxide.3'5'6

Silicon in small and trace amounts is mainly determined as silicomolybdenum blue, the
product of reduction of molybdosilicic acid (e = 1.7 X 104; a = 0.60).3"6'358'359 Very
sensitive methods are based on ion associates of molybdosilicate with basic dyes, e.g.,
safranine T (t = 1.5 X 105; extraction),360 rhodamine B(e = 5.0 X 105; flotation),69 crystal
violet (e = 4.3 X 105, centrifugation).58 Also sensitive are indirect amplification methods
in which molybdosilicic acid is separated by extraction, and the molybdenum is
determined by means of phenylfluorone (e = 1.1 X 105),148 or of 2-amino-4-chloro-
benzenethiol (e = 1.6 X 105).361

O. Nitrogen, Phosphorus, and Arsenic
Traces of ammonia can be determined with the classical Nessler method3'5'6'362 or with

the newer (of similar sensitivity) indophenol method (e = 4.5 X 103; a = 0.32).3'5'6'363"365
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Nitrite is determined frequently with methods which are based upon the formation of
azo dyes, i.e., with the Griess method and related ones.3'5'6'366"3683 The Griess method is
highly sensitive (e = 4.0 X 104, a = 2.8) and specific.

A well-known method for nitrate is the phenoldisulfonic acid method (e = 9.4 X 103;
a = 0.67).3'5'6 This specific method (and similar ones using phenol369 and 2,4- or
2,6-xylenols3'370'371) is based on the color of the nitration product. Much more sensitive
are the extractive methods using ion associates between NOJ and basic dyes, methylene
blue372 or crystal violet.373

There are sensitive spectrophotometric methods for determining other nitrogen
compounds, as hydrazine, hydroxylamine, nitrogen oxides, azide, and hyponitrite.3'5'6

The most often used method for determining traces of phosphorus (V) is the
phosphomolybdenum blue method (e = 2.5 X 104; a = 0.81).3"6'374 High sensitivity is
shown by the methods based on the ion pairs of molybdophosphate and basic dyes,
e.g., crystal violet (e = 2.7 X 105, flotation),66 methylene blue (extraction),375 and
malachite green (color sol).376 Traces of phosphorus (V) can be determined indirectly: in
the separated (by extraction) molybdophosphoric acid (Mo:P = 12:1) molybdenum is
determined with thiocyanate,147 2-amino-4-chlorobenzenethiol (e = 9.7 X 104),377

phenylfluorone (e = 1.1 X 105),148 dithiol (e = 1.7 X 105) or sulfonitrophenol S
(e = 4.6X 105).149

The well-known methods for determining arsenic are: the arsenomolybdenum blue
method (e = 3.0 X 104; a = 0.40),2"5'378 and the less sensitive silver diethyldithiocarbamate
(Ag-DDTC) method (e = 1.4 X IO4).3-5-3 7 9 '3 8 2 The old Gutzeit method3'5 is less popular.
Indirect methods via separated molybdoarsenic acid allow very high sensitivity.
Molybdenum is determined by means of dithiol (e = 2.0 X 105) or by sulfonitrophenol
S (e = 4.5 X 105).149 In the flotation-spectrophotometric method59 with the associate
between molybdoarsenate and crystal violet has an e value of 3.1 X 105. Recently, the ion
associate of the reduced form of Mo-As acid with crystal violet has been extracted
with a mixture of toluene and acetone (10:1) (sensitivity as above).382*

P. Sulfur, Selenium, and Tellurium
There are two sensitive methods for determining sulfur: the methylene blue

method,3"6'383'384 in which sulfur is first converted into H2S, and the pararosaniline
method,3"6'385'386 in which SO2 is the reacting species. Both methods are specific,
e values are 3.5 X 104 (a = 1.1) in the first case, and 3.0 X 104 in the second. Sulfatecanbe
determined indirectly using complexes of barium with nitro-orthanilic S,387 chloro-
phosphonazo III,143 or dimethylsulfonazo III.388 In the amplification starch-iodine
method sulfate displaces IOi from the sparingly soluble Ba(IO3)2.389

The often used 3,3'-diaminobenzidine (DAB) method for determining selenium is,
unfortunately, not very sensitive (e = 1.02 X 104; a = 0.13; at 420 nm in toluene).3"6 More
sensitive is the related o-phenylenediamine method.3'390 Dithizone has been proposed to
determine selenium (e = 7.0 X 104).391'392 In the indirect method, with formation of azo
dye,393 e value = 1.9 X 105.

The well-known bismuthiol II method for tellurium is highly selective and fairly
sensitive (e = 3.6 X 104; a = 0.31; at 330 nm).3'4'6'394 The 5,5-Methylene-£w-
salicylfluorone method exhibits similar sensitivity.395 Salicylfluorone395* gives e =
5.5 X 104, and in the presence of CTA the value of e increases to 1.07 X 105. In the
bromopyrogallol red (plus diphenylquanidine) method396 e = 5.7 X 104. The ionTeBr6
associates with rhodamine 6G (e = 1.7 X 105; flotation)70 and with Victoria blue 4R
(e = 8.0 X 104; extraction).397 Recently an extractive method has been proposed based
on the associate of tellurium iodide complex and CTA (e = 4.9 X 104).398
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Q. Halogens, Oxygen
The most important method for determining/fuonV/e is the new direct La(Ce) alizarin

complexone (AC) method (e = 1.4 X 104; a = o.74).3>5'6'399'400 In the extraction version
with amines the sensitivity is a little higher.401-402 The flotation variant of the AC method
was also published.403 There were proposed related reagents.404"406 In the direct method
with Zr-sulfochlorophenol S407 the e value is 3 X 104. There are numerous indirect
sensitive methods based on the fact that fluoride forms stable compounds with
multivalent metals, bound initially with chromophore reagents (e.g., Zr-eriochrome
cyanine R, Th-xylenol orange).3'5'6 Recently the above systems modified by involving the
cationic surfactant CTA were proposed.408

Chlorine (and chloride after oxidation to Cl2) can be determined by redox reactions
leading to disappearance or appearance of color. Methyl orange is used (e = 4.02 X 104;
a = l.l),6-"09'410

 m ethyl red (e = 1.17 X 104).3'6 and o-tolidine (e = 3.4 X 104).5'6'4" In
the indirect thiocyanate method chloride displaces SCN" from stable Hg(SCN)2, which
reacts with added iron(III).412'413 There are numerous other good indirect methods for
traces of chloride.3'6 Perchlorate is determined with good sensitivity by formation of
extractable ion pairs with crystal violet,414 neutral red,415 or brilliant green (e =
9.4 X 104).416

Bromine (and bromide after oxidation to Br2) is often determined by bromination
of phenol red (e = 1.14 X 104; a = 0.14)3'6 and by reactions with methyl orange6'409'417 or
o-tolidine.4" High sensitivity is obtained in the extractive method with Nile blue A.418 A
method was proposed for determining perbromate based on the extractable ion associate
with crystal violet.419

The amplification starch-iodine method for determining iodide (iodine) is highly
selective and sensitive (e = 1.08 X 105; a = 0.85).3'145 Iodide forms extractable ion pairs
with: neutral red,415 Nile blue A,418 crystal violet,420 and with ferroin421 or the
bis(neocuproine)Cu(I) complex.422 Worth mentioning is the indirect dithizone method
(with Hg(II))423 and 2-nitroso-5-diethylaminophenol (with Pd(II)).423a

Oxidizing properties of oxygen are exploited in the determination of traces of oxygen
in water and in various gases. Utilized reagents are antraquinone-2-sulfonate,3 3,3'-
dimethylnaphthidine,424 (4,7-dihydroxy-phen)3Fe(II),425 leuco-indigo carmine,6 leuco-
berbelin blue,426 and leuco-methylene blue.427>427a

Since ozone is a stronger oxidant than oxygen, it is determined on the basis of the color
redox reactions with reagents which are not oxidized by oxygen. The following reagents
can be recommended: diphenylaminesulfonate,6 o-tolidine,6'428 eugenol (4-allyl-2-
methoxyphenol),429 and 1,1-diphenylethylene.430

The methods for determining hydrogen peroxide, based on its capacity to form
peroxide complexes, show little sensitivity. Among methods in which oxidizing
properties of H2O2 are utilized can be mentioned: the iodide method, the iron-
thiocyanate and iron-phen methods, and the leuco-phenolphthaleine method.3'6

As follows from the above, sensitive spectrophotometric methods are available
nowadays for a great number of elements (particularly if the new methods recently
published are taken into account). The most sensitive direct spectrophotometric methods
are the curcumin method for boron (e = 1.8 X 105; a = 16.6) and methods using
triphenylmethane dyes and surfactants for beryllium. Similar sensitivities are attained in
the indirect methods for the determination of silicon and phosphorus.

The group of elements for which very sensitive spectrophotometric methods are
available (a values > 1.5) comprises: Al, Sc, Ge, N (as NO2 or NOJ), Ti, Mo, Mn, Fe, Co,
V, Cu, Pd, As, Sb, Zn, Ca, C (as CN"), Ni, and Nb.

There are, however, elements for which no sensitive methods are known. These are
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metals: Th, U, Ir, Tl, Pb, Au, and Re. The values of the coefficient a for these metals are
less than 0.6. Part of the difference is because the above-mentioned metals exhibit high
atomic weight. It should be emphasized and apparent that lighter elements can be
determined spectrophotometrically with a higher sensitivity than the heavier ones.
Table 6, with sensitive spectrophotometric methods recommended for most elements,
gives a recapitulation of the material discussed in this section.

V. D E T E R M I N A T I O N O F T R A C E ELEMENTS IN
VARIOUS MATERIALS

In this Section papers devoted to trace analysis of various materials are discussed. In
principle, the papers referred to here have been published approximately in the last
decade. When there were several new papers concerned with the determination of a given
element in any material, only some of them were chosen, in order to avoid an unwieldy
extension of "References". References to older papers can be found in comprehensive
monographs.2"6 The order of referred elements in this Section is the same as in Section
IV.

A. Environment Trace Analysis (Water and Air)
This review begins with water, since this material is very simple and most often

analyzed for trace elements. In Table 7 about 40 elements (ions) are listed. In many cases
the preconcentration of trace elements is performed by means of anion-exchangers. 4>

435,441,443,448,452,456-458 T h e e x a m p i e s of extraction preconcentration can be found in many
papers,174'43'1450'471 and froth flotation.437 Traces of arsenic are evolved as arsine.478 In
analysis of high-purity water, trace amounts of chloride were coprecipitated as PbCb
with lead phosphate.412 In work466 traces of silicon were coprecipitated with niobic acid
as collector. The following silicon contents were found: in normal distilled water,
21 ppb; after bidistillation in glass apparatus, 12 ppb; in quartz, 6 ppb; in palladium,
2 ppb (= 2 X 10"7%). In many cases trace elements (Ca, Mg, Mn, Zn, B, HCN, P, H2S) in

r r . . . .• , , 432,445,455,462,464,475,480

waters were determined automatically.
Spectrophotometric methods used in trace analysis of air are presented in Table 8. In

Reilly's paper495 an automatic determination of hydrogen cyanide in air is described. In
the work of Pacz and Guagnini502 traces of hydrogen sulfide are absorbed by anion-
exchanger Amberlite IRA-400.

B. Biological Materials, Plants, Foods
A good introduction to general problems of trace analysis of biological materials (e.g.,

decomposition of organic matter, use of microanalytical techniques) is given in several
papers.508'510

The paper by Morsches and Tolg508 is devoted to microspectrophotometric
determination of As, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Sb, Sn, and V in human skin and
nails. The enumerated elements are determined from one 100 mg sample. A scheme of
separation (mainly by extraction) of these trace elements is given. The technique of this
microspectrophotometric analysis is also described. Heating is performed electrically by
means of a block made of pure aluminum. All evaporations are carried out at a
temperature below the boiling point. Techniques of pressure decomposition of biological
and food samples are described in several papers.509'510

Table 9 lists collected papers concerning the trace spectrophotometric analysis of
biological samples. The article by Jacobs529 gives a general survey on the determination
of nitrogen in biological samples. In Pollak and Kuban's paper522 the comparison of four
well-known methods for determining zinc (PAN, PAR, dithizone, zincon) was reported.
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Table 6
SENSITIVE SPECTROPHOTOMETRIC METHODS RECOMMENDED FOR

DETERMINATION OF TRACE ELEMENTS

Element, ion
determined Method, reagent (medium)

Al Chrome azurol S (pH 6)
Chrome azurol S plus CTA (pH 5.8)
9-(5-Bromohydroxyphenyl)fluorone (pH 3—4)

Ag Dithizone (CCL.)
Thio-Michler's ketone (pH 3, HjO-cthanol)
Methylene blue (CN~) (1,2-dichloroethane)

As Arsenomolybdenum blue (butanol)
Crystal violet (with Mo-As acid) (flotation)
Dithiol (indirectly) (determ. Mo in Mo-As acid)

Au Rhodamine B (with AuClI) (di-isopropyl ether)
Thio-Michler's ketone (toluene-butanol)

B Curcumin (H2SO.,-CH3COOH) (HjO-ethanoI)
l.r-Dianthrimide (cone. H2SO4)
Methylene blue (with B R ) (1,2-dichloroethane)

Be Chrome azurol S (pH 5.0)
Eriochrome cyanine R plus CTA (EDTA, pH 7.0)

Bi Dithizone (CCL,)
Rhodamine 6G (Br~) (flotation)
Iodide amplification method

Ca Chlorophosphonazo III (pH 7)
Glyoxal bis(2-hydroxyanil) (alkal. H2O-methanol)

Cd Dithizone (CCL,)
Br-PADAP (3-methyl-I-butanol)
Crystal violet (1") (flotation)

Cl o-Tolidine (oxid. by Ch)
Methyl orange (oxid. by Ch)

CN" Benzidine-pyridine method (H20-ethanol)
Co 2-Nitroso-l-naphthol (chloroform)

2-Nitroso-5-diethylaminophenol (1,2-dichloroethane)
Br-PADAP (pH 2 to 6)
Malachite green (SCN~)(CCL,-cycIohexanone)

Cr 1,5-Diphenylcarbazide (0.02 to 0.2 M H2 SO4)
PAR plus zephiramine (chloroform)

Cu Dithizone (CCU)
1,5-Diphenylcarbazide (pH 9)
Pyrocatechol violet plus tridodecylethylammonium

ion (benzene)
Cyclohexylfluorone (pH 5)

F La-alizarin complexone (H2O-acetone, pH 4.0)
Zr-sulfochlorophenol S (pH 2.8)

Fe Thiocyanate (MIBK)
Bathophenanthroline (chloroform-ethanol)
Rhodamine B (with FeCL,) (benzene)
Eriochrome cyanine R plus tridodecylethylammonium

(xylene)
Ga Rhodamine B (with GaCU) (CClj-chlorobenzene)

Eriochrome cyanine R plus CTA (pH 5.3)
Pyrocatechol blue plus diphenylguanidine(n-butanol-

chloroform)

Molar

t x io~*

4.9
13.1
7.5
3.1
9.4
9.9
3.0

31.0
20.0
9.7

12.0
18.0
1.9
6.5
2.4
8.7
7.9

15.0
30.0

5.4
1.8
8.8

14.1
13.0
3.4
4.0
6.0
3.7
6.2

12.3
8.6
4.3
4.7
4.5

15.0
7.9

19.1
1.4
3.0
2.4
2.2
9.0

17.0

10.0
12.0
10.8

Absorptivity
Specific

£

at. wt X 1000

1.8
4.9
2.8
0.28
0.87
0.92
0.40
4.1
2.7
0.49
0.61

16.6
1.8
6.0 .
2.7
9.6
0.38
0.70
1.4
1.3
0.45
0.78
1.2
I.I
0.96
1.1
2.3
0.63
1.1
2.1
1.5
0.81
0.88
0.71
2.4
1.2

3.0
0.74
1.6
0.43
0.40
1.6
3.0

1.4
1.7
1.5
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Table 6 (continued)
SENSITIVE SPECTROPHOTOMETRIC METHODS RECOMMENDED FOR

DETERMINATION OF TRACE ELEMENTS

Element, ion
determined Method, reagent (medium)

Gc Phenylfluorone (pH 5)
Brilliant green (with Mo-Ge acid) (flotation)
Rhodamine 6G (alizarin complexone) (flotation)

Hg Dithizone(CCU)
Malachite green (F) (benzene)
Thio-Michler's ketone (pH 5.8, 30% n-propanol)

I Amplification starch-iodine method
Nile blue A (with F) (chloroform)

In Brilliant green (with InBrt) (butanol-chloroform)
Butylrhodamine B (with InBrJ) (cW-isopropyl ether-

benzene)
Eriochrome cyanine R plus CTA (pH 5.2)

Li Nitroanthranylazo (alkal. thO-acetone)
Mg Eriochrome black T (pH 10.4)

Titan yellow (alkal. solution)
Mn PAN (pH 9.2) (chloroform)

Carboxybenzene S (chloroform)
Mo Dithiol (amyl acetate)

Thiocyanate (SnCh) (isoamylol)
Sulfonitrophenol K (pH 3 to 4)
Crystal violet (SCN~) (flotation)

Nb Thiocyanate (3 M HC1) (diethyl ether)
Sulfonitrophenol M (0.5 M H J S O J )
o-Nitrophenylfluorone (1 M HC1) (chloroform)

Ni a -Furildioxime (chloroform)
Pyridine-2-aIdehyde-2-quinolylhydrazone (benzene)
Br-PADAP (pH 5 to 9)
Crystal violet (chloroform)

NH3 Indophenol method (alkaline solution)
NOI Griess method (pH 2 to 2.5)
NOJ Phenoldisulfonic acid method (ammoniacal solution)
Os 1,5-DiphenyIcarbazide (chloroform)

Methylene blue (SCN~) (flotation)
P Phosphomolybdenum blue (butanol)

Crystal violet (with Mo-P acid) (flotation)
Dithiol (indirectly) (determ. Mo in Mo-P acid)

Pb Dithizone (CCU)
Eosin plus phen (chloroform)

Pd p-Nitrosodiethylaniline (pH 2 to 3)
Thio-Michler's ketone (isoamylol)
Rhodamine 6G (Br~) (flotation)
Iodide-amplification method

Pt p-Nitrosodiethylaniline (pH 2 to 3)
Crystal violet (SnCh) (flotation)

Re Thiocyanate (SnCb) (isoamylol)
a-Furildioxime (chloroform)
Brilliant green (with ReOI) (benzene)

REE Arsenazo III (pH 2.5)
Chlorophosphonazo III plus diphenylguanidine

(butanol)
Erithrosine plus phen (toluene-butanol)

Rh Eriochrome cyanine R plus CP (pH 3.4)
Malachite green (SnCh) (flotation)

Molar

£ X 10"

5.3
13.0
29.0

7.1
8.7

15.1
10.0
3.6
9.3

11.2

10.1
1.2
2.3
3.6
5.8

15.0
2.1
2.0
5.0

23.0
3.5
5.3

17.0
2.0
6.7

12.8
8.2
0.45
4.0
0.94

21.5
22.0

2.5
27.0
17.0
6.9

11.0
8.6

16.0
30.0
22.0

5.7
21.0

3.8
4.1

10.0
5.6

16.0

16.0
5.0

14.4

Absorptivity
Specific

€

at. wt X 1000

0.73
1.8
4.0
0.35
0.43
0.71
0.85
0.28
0.81
0.97

0.90
1.7
0.95
1.5
I.I
2.7
0.22
0.21
0.52
2.3
0.38
0.56
1.8
0.34
1.1
2.2
1.4
0.32
2.8
0.67
1.1
1,2
0.81
8.8
5.5
0.33
0.53
0.81
1.5
2.8
2.1
0.29
1.1
0.21
0.22
0.54
0.40
1.2

1.2
0.48
1.4
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Table 6 (continued)
SENSITIVE SPECTROPHOTOMETRIC METHODS RECOMMENDED FOR

DETERMINATION OF TRACE ELEMENTS

Element, ion
determined Method, reagent (medium)

S Methylene blue method (C1OI) (chloroform)
Pararosaniline method (acidic solution)

Sb Rhodamine B (with SbCli) (c/i'-isopropyl ether)
Brilliant green (with SbClj) (toluene)
Iodide-amplification method

Sc Xylenol orange (pH 2)
Chromal blue G plus CTA (pH 5.5)

Se Indirect method via formation of azo dye
Dithizone(CCl4)

Sn Phenylfluorone (pH 1 to 1.2)
Pyrocatechol violet plus CTA (pH 2.2)
Brilliant green (dinitropyrocatechol) (CCL-benzene)

Si Silicomolybdenum blue (isoamylol)
Safranine T (with Mo-Si acid) (acetylacetone-ethyl

acetate)
Rhodamine B (with Mp-Si acid) (flotation)

Ta Methyl violet (with TaR) (benzene)
Capri blue (with TaFJ) (chloroform)
9-(2'-Hydroxyphenyl)-2,3,7-trihydroxy-6-fluorone

plus antipyr. (CHClj)
Te Bismuthiol II (chloroform)

Iodide plus CTA (chloroform)
Salicylfluorone plus CTA (pH 4)
Rhodamine 6G (with TeBrD (flotation)

Th Arsenazo III (3 M HCI)
Chlorophosphonazo III (3-methyl-l-butanol)
Chrome azurol S plus CTA (pH 4.5)

Ti Thiocyanate plus organ, base (1,2-dichloroethane)
Salicylfluorone plus thiocyanate (chloroform)
Propylfluorone plus DAM (chloroform-ethanol)

Tl Rhodamine B (with T1C1J) (benzene-CCU)
Brilliant green (with T1CU) (rfi'-isopropyl ether)

U Arsenazo III (6 M HCI)
Chlorophosphonazo III (3-methyl-l-butanol)
Chrome azurol S plus CP (pH 4.8)
Malachite green (benzoate) (chlorobenzene)

V Pyrocatechol violet (pH 6.2)
Sulfonitrophenol K plus NH2OH (pH 1 to 4)
Crystal violet (PAR) (benzene-MIBK)

W Pyrocatechol violet plus CTA (pH 1)
Crystal violet (SCN~) (flotation)

Zn Dithizone(CCl4)
PAN (chloroform)
Br-PADAP (pH 7 to 9)
Eosin plus phen (chloroform)

Zr Arsenazo III (9 M HCI)
Chlorophosphonazo III (3-methyl-l-butanol)
2'-Quinolylfluorone (acid solution)
Ethylrhodamine B (flotation)

Note: See Section IV for references.

Molar

eXlO"4

3.5
3.0
9.7

10.3
30.0

2.9
16.5
19.3
7.0
7.7
9.6

17.5
1.7

15.0

50.0
7.5

10.6
21.0

3.6
4.9

10.7
17.0
11.5
12.2
14.6
8.0

14.4
12.8
9.7

10.6
12.7
12.1
9.9
8.3
3.7
5.5

11.0
8.0

21.0
9.3
5.2

13.3
12.0
12.0
21.0
16.5
32.0

Absorptivity
Specific

c

at. wt X 1000

1.1
0.94
0.80
0.85
2.5
0.65
3.7
2.4
0.88
0.65
0.81
1.5
0.60
5.4

17.8
0.42
0.60
1.2

0.31
0.38
0.83
1.3
0.50
0.53
0.63
1.6
3.0
2.6
0.47
0.50
0.50
0.47
0.40
0.31
0.72
1.1
2.2
0.43
1.1
1.4
0.79
2.0
1.9
1.3
2.3
1.8
3.5
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Table 7
DETERMINATION OF TRACE ELEMENTS IN WATERS

Element
(ion)

Be
Mg, Ca
REE
Th
U
Ti
V
Cr
Mo

W
Mn

Fe

Co

Ni

Cu

Au
Zn

Cd
Al

Pb
Sb
Bi
B

HCN

Si
N H j

NOI
NOI
P
As

H2S
S2', SOl"

sor

Determined in

Natural
Drinking
Natural
Natural
Sea
Natural
Sea
River, waste
Natural
Sea

Sea
Natural
Spring

River
Sea
Domestic, lake
Underground

Sea
River, lake
Sea
Sea

Sea

Sea
Potable
Lake

Potable
River

Potable
Sea
Natural
River, Sea
Sea
Natural
Waste

Natural
Sea

Sea, river
Fresh, river
Natural, river
River

Natural
Waste
Natural
River

Reagent (method)

Beryllon II
Eriochrome black T
Arsenazo III
Arsenazo III
Arsenazo III
Tichromin
PAR plus zephiramine
1,5-Diphenylcarbazide
Pyrogallol red
Dithiol
5-Chloro-7-iodo-8-quinolinol
Dithiol
Formaldoxime
Dithizone plus phen
o-ToIidine
Zincon
TPTZ
TPTZ
1,10-Phenanthroline
2-Nitroso-5-dimethylaminophenol
PAR
2-Pyridyl-2-thienyl-/J-ketoxime
2-Nitroso-5-diethylaminophenol
Pyridine-2-aldehyde-2-quinoIyIhydrazone
a-Benzildioxime
Neocuproine
Quinoline-2-aldehyde-2-quinolylhydrazone
Rhodanine
TAR
PAN plus nonionic surfactant
PAR
Zincon
Dithizone
Pyrocatechol violet
Pyrocatechol violet plus zephiramine
Dithizone
Rhodamine B
Iodide
Salicylate-ferroin
Curcumin
Azomethine H
Pyrazolone-pyridine
Benzidine-pyridine
Si-Mo blue
Oxid. to NO] and azo dye
Indophenol method
Formation azo dye
Azo dye after red. to NOI
P-Mo blue
As-Mo blue
Ag-DDTC
Methylene blue method
Cu(I)-neocuproine
Barium violurate
Ba-dimethylsulfonazo III

Ref.

431
432
433
174, 435
435—438
439
440
211a, 441,441a
442
443
443a
443
223, 443b
227a
444
445
239, 446
446a
447
244
448
449
251
259
450
446
451
452
453
454
455
456
457
304
457a
458
459
460
461
462, 462a
463
464
465
466—468
469
470
366, 368, 471—472a
472a, 473
475—476
476—478
479
480, 502
481
482
388
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Table 7 (continued)
DETERMINATION OF TRACE ELEMENTS IN WATERS

Element
(ion)

F

cr
CI:
Br"

r
o2

o,

Determined in

Potable
High purity
Potable
Sea
Sea
Surface

Power station
Polluted

Reagent (method)

La-alizarin complexone
Iron(III) plus Hg(SCN)2
Phenolphthalein plus Fe(CN)r
Phenol red method
Amplif. starch-iodine method
3,3'- Dimethylnaphthidine
Leuco-berbelin blue
Leuco-methylene blue
o-Tolidine

Ref.

483, 484
412
485
486, 487
488
424
426
427a
428

Table 8
DETERMINATION OF TRACE ELEMENTS IN AIR

Element (compound)
determined (in) Reagent (method) Ref.

Be
Cr
ZnO (fume)
Cd
Pb

SbH,
HCN

Combustion gases
Tobacco smoke

CO
N H j

NO, NO2

NOi
Combustion gases

H2S
SO2
Te
HF

Cl2

O3 (gases)

Chrome azurol S plus CP
1,5-DiphenyIcarbazide
TAR
Dithizone
Dithizone
Eosine plus phen
SbCli with crystal violet

Sodium picrate
Hemoglobin
Ag-/>-sulfamoyIbenzoate
Indophenol method
Formation of azo dye

Formation of azo dye
Methylene blue method
Pararosaniline method
Butylrhodamine B
La-alizarin complexone
Quinalizarin complexone
Methyl orange method
Crystal violet (indirect)
4-NitroaniIine (alkal.)
o-Tolidine
Eugenol
1,1 -Diphenylethy lene

489
490
491
492
493

76
494

495, 528
528
496, 497
498
499

500
501, 502
503
504
505, 506
404
410
420
507
428
429
430

In other reports"4'536 automated methods are presented for determining sulfur in animal
feces and leaf samples, and fluoride in urine.

Table 10 contains papers devoted to determination of trace elements in plant material.
Of metals retained on the cation-exchanger Dowex 50, Na, K, Mg, and Ca were eluted
one after the other.538 In additional papers540'548'549 flow injection analyses are presented
concerning the determination of molybdenum, total nitrogen and phosphorus in plant
material. An automated procedure for the determination of boron is described by
Basson et al.547
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Table 9
DETERMINATION OF TRACE ELEMENTS IN

BIOLOGICAL MATERIALS

lement

Mg
Ca
Th

Cr
V

Mo
Mn
Fe

Co

Cu

Zn
Hg
Tl

Sn
B

HCN
NH3

NO]
P

As
S
Se
F"
cio;

Determined in

Serum
Serum
Bone
Urine
Serum, skin

Skin, nails
Liver
Beef liver
Skin, nails
Serum
Blood

Skin, nails

Skin, nails
Blood

Serum, urine
Skin, nails
Tissues, fluids
Tissue, hair
Skin, nails
Tissue
Tissue

Blood

Blood, bone
Blood, urine
Skin, nails, hair
Feces
Tissue
Urine.
Biol. fluids

Reagent (method)

Azovan blue
Chlorophosphonazo III
Arsenazo III
Arsenazo III
1,5-Diphenylcarbazide
W-benzylbenzohydroxamic acid
PAN(CHClj)
Dithiol(CHCb)
Morpholine-N-DTC
Thiocyanate
Ferrozine
2,4-Bis(5,6-diphenyI-l,2,4-

triazin-3-yl)pyridine
tetrasulfonic acid

1-Nitroso-2-naphthol
Nitroso-R salt
1,5-Diphenylcarbazide
2,4-Bis(5,6-diphenyl-l,2,4-

triazin-3-yl) pyridine
tetrasulfonic acid

Na-DDTC
PAR, PAN, H2Dz, zincon
Dithizone
Dithizone
Crystal violet
Dithizone
Curcumin
l,l'-Dianthrimide
Hemoglobin
Nessler m., indophenol m.
Formation of azo dye
Crystal violet
P-Mo blue
Det. U in UO2 Mg phosphate
As-Mo blue
Bismuth sulfide susp.
3,3'-Diaminobenzidine
La-alizarin complexone
Cu(I) (neocuproine):

Ref.

511
512
513
434
10,508,514
515
508
508,516,517
518
508
241
519

508
520
508
519

521
522
508
523
524
508, 525
526
527
528
529
530
531
532
474
508, 533
534
535
536
537

In Table 11 papers concerning trace determination in foods are presented. Not long
ago Crosby550 published an excellent comprehensive review on this theme. He discusses
the role of particular trace elements in biological processes. At present, the following
elements are believed to be essential for animal life: Co, Cr, Cu, F, Fe, I, Mg, Mn, Mo, Ni,
Se, Si, Sn, V, and Zn. Some metals exist as chelate complexes, e.g., magnesium in the
chlorophylls, iron in the porphyrins, and cobalt in vitamin Bi2. Arsenic, antimony, lead,
cadmium, and mercury are important because they are known to be toxic at very low
levels. Toxic elements are present in foods as contaminants as a result of increasing
industrialization and associated pollution of the biosphere. Reference 550 discusses in
detail the principal stages in the analysis of a foodstuff for trace element content:
obtaining a representative sample, destruction of organic matter, separation and
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Table 10
DETERMINATION OF TRACE ELEMENTS IN PLANTS

ement

Mg
V
Mo

Co
Fe
Pd
Cu
Pb
Al
B
N(as NH3)
N(as NO!)
P
As
Sfreducted

Determined in

Tobacco
Rye, straw
Leaves

Extracts

Tobacco

Digests

Digests

to H2S)

Reagent (method)

Eriochrome black B
PAR-crystal violet
Dithiol
SCN~-rhodamine B
Thiocyanate
2-Nitroso-l-naphthol
Bathophenanthroline
Nitrosodibenzylaniline
Cuprizone
Dithizone
Eriochrome cyanine R
Azomethine H
Indophenol method
Nitration of phenol
P-Mo blue
As-Mo blue
Bismuth sulfide suspension

Ref.

538
197
539
215
540
541
542
543
544
545
546
547
548, 549
369
549
477
534

Table 11
DETERMINATION OF TRACE ELEMENTS IN FOODS

lement

Zr
Mo

Fe
Ni
Cu

Cd
Hg

Sn
Pb
B
NH3

NOI
P

As

SO2

Br"
I"

Determined in

Table salt
Milk
Rye, fish
Sugar
Margarine
Sugar, cocoa

Fish, milk

Meat
Fish, milk
Meat
Fish

Meat
Milk

Meal
Flour

Fish
Meat

Wine
Rice, barley
Milk

Reagent (method)

2'-Quinolylfluorone
Dithiol
Dithiol
2-Nitroso-5-dimethylaminopheno!
Dimeihylglyoxime plus oxid.
Pyridine-2-aldehyde-2'-

pyridylhydrazone
Dithizone
Na-DDTC
Dithizone
Pb(DDTC)2

Dithizone
Dithizone
Quercetin
Dithizone
l,l'-Dianthrimide
Indophenol method
Red. to NHj, indophenol
Det. U in UOjMg phosphate
P-Mo blue
As Mo-V-P-acid
As-Mo blue
Ag-DDTC
Pararosaniline method
Phenol red method
Tetrabase plus chloramine T

Ref.

39
551
516
245
552
553

550, 554
521
550, 555, 555a
554
555, 555a
550, 556
550, 557, 558
550, 555, 555a
559
560
561
474
562
563
550, 555
550
564
565
566
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concentration, and determination of trace elements. According to the author of the
survey,550 despite the growth of other instrumental methods, especially of atomic
absorption, spectrophotometric procedures in food analysis are still widely used and are
of interest as they require relatively simple and cheap equipment and are attractive to
small laboratories.

Nitrogen content in grain-meal samples was determined with an autoanalyzer.561 Also
sulfurous acid was automatically determined in wine.564 In the analysis of meat samples
for traces of Cd, Hg, Pb, and As content, pressure digestion method with oxygen was
applied.555'5551

C. Geological Samples
Elements found in rocks and minerals in quantities smaller than 0.01% are called

microelements. According to Zolotov and Blyum567 trace analysis of geological samples
was successful in determining 34 elements. Discussing different instrumental methods for
this purpose, the authors567 consider that in the case of determining many trace elements
(As, Au, B, Bi, Co, Cu, F, Ge, Hg, Mo, Nb, Ni, Sb, Se, Ta, Te, Tl, W, Zn) the role of
spectrophotometric methods is all-important. Since geological samples are very
complex, separation and preconcentration methods are of paramount importance.
Extraction, coprecipitation, distillation of the microcomponents or of the accompanying
elements are frequently used. According to Zolotov and Blyum the prospect of
determining all or most microelements in geological materials by instrumental methods
alone will apparently not be realized in the near future. Chemical separation and
concentration remains an important stage of geological sample analysis.

Table 12 presents the papers devoted to trace analysis of geological samples. In
determining some microelements, ion-exchangers are applied.572"575'583'586'592 An auto-
mated spectrophotometric determination of phosphorus in silicate rocks in the presence
of silicon was proposed.602

D. Metals and Alloys
These materials are discussed in the following order: steels and cast iron (Table 13),

light (Al, Ti) (Table 14), heavy (Cu, Ni, Co, Zn, Cd, Pb, U) (Table 15), refractory (Zr, Mo,
W, Nb, W) (Table 16), and noble metals (Ag, Au, Pt) (Table 17).

In trace analysis of metals and their alloys, all chemical methods of separation and
enrichment of traces are used. In order to indicate methods in use, some examples will be
discussed.

Extraction methods are widely applied. Traces of arsenic,637'694 tin,627'628 and
antimony,652 are extracted from iodide medium. Indium670 and thallium672 are extracted
as bromides, and gallium,642 and zinc (using tri-n-octylamine in CCU)641 as chloride
complexes. Traces of tantalum were separated from a niobium matrix in the form of
fluoride complex.697 Traces of bismuth were separated using DDTC and xanthate
extraction,654 traces of thallium — as DDTC complex,692 traces of zirconium — as TTA
complex,660 and traces of titanium — as cupferron complex.687 Traces of Ag, Hg, and Cu
were extracted as dithizonates.674 Examples of extractive removal of the matrix are:
extraction of iron632 and gold701'703 from HC1 medium, and extraction of Nb, Ta, Mo, and
W as cupferronates.689

Traces of tin were separated by flotation with iron(III) hydroxide and paraffin,673 and
zirconium was separated by froth flotation.661

The cation-exchanger Amberlite IR-120 was used for separating trace amounts of Al,
Bi, Cd, Co, Cu, Fe, Mn, Ni, Pb, and Zn in the analysis of a platinum-rhodium(lO)
alloy.702 Traces of calcium were retained on cation-exchangers in the analysis of steel,610

aluminum alloy,639 cobalt,665 and molybdenum.683 Traces of manganese were separated
on Dowex 50 from an uranium matrix using the medium MIBK-acetone-HNC>3.678 The
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Table 12
DETERMINATION OF TRACE ELEMENTS IN GEOLOGICAL SAMPLES'

lement

Be
Sc
REE
Th

U
Ti
Zr

V

Nb

Ta
Mo

W

Re

Co

Ni
Pd
Pt
Cu

Au
Zn
Cd
Hg
Ga
Ge

Sn

Pb
Sb
B

P
As
Se

Te
F"

cr
r

Determined in

Yellow cake
Mn-nodule

Chromite

Ilmenite, phosphorite

Ilmenite

Cu-Pb ores

Cu-concentrate

Meteorites
U-minerals
Basaltic rocks

Ores

Ores
Fe-ores
U-minerals
Sulfide minerals
Ores
Zn-concentrate

Ores

Shale
Magnesite

Ores
Ores
Ores
Felsite

Reagent (method)

Beryllon II
Sulfonitrazo R
Arsenazo III
Arsenazo III, thoron I
Arsenazo III
Arsenazo III
Tiron
Arsenazo III
Arsenazo III
Xylenol orange
BPHA
3,5-Br-MEPADAP
Sulfochlorophenol S
Sulfonitrophenol M
o-nitrophenylfluorone
PAR
TaFJ with basic dyes
Thiocyanate
Dithiol
Dithiol
Thiocyanate
a-Furildioxime, SCN"
Ethylrhodamine B
5-Br-PADAB
Nitroso-R salt
or-Furildioxime, H^Dm
Palladiazo
SnCl: method
Cuproine, DDTC
Dithizone
A u d i with basic dyes
PAN, dithizone
Dithizone
Dithizone
Rhodamine B
Salicylfluorone
Phenylfluorone
Assoe. with basic dyes
Phenylfluorone
Pyrocatechol violet
Assoc. with brilliant green
Dithizone
Rhodamine B
Azomethine H
Carmine
Crystal violet
P-Mo blue
As-Mo blue
3,3'-Diaminobenzidine
Dithizone
o-Phenylenediamine
Naphthylbismuthiol
La-alizarin complexone
Zr-eriochrome cyanine R
Iron(III) plus Hg(SCN)2

Amplif. starch-iodine m.
Butylrhodamine B

Ref.

567
568
569, 570
571—573
574
573, 575
576
573
577, 578
579
580
194
577
204
581
582
567
583
516,584
584
585
230
567
254
586, 587
587,588
589
589a
567
587
567, 590
567,587,591
592
593
567, 594
322
567
323, 595
596
597
598
567
335
463
599, 600
567
601, 602
567,603
567
392
390
604
605, 606
607
607
608
609

Silicate rocks and minerals.
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Table 13
DETERMINATION OF TRACE ELEMENTS

IN STEELS AND CAST IRON

Element
determined

Ca
Sc (iron)
REE

Ti

Zr

V

Nb

Ta
Pd
Ag (iron)
Cu
Cd
Al (iron)

Ga
In
Sn

Pb
Sb

Bi
B (iron) .

P
As (iron)

Te

Reagent (method)

Chlorophosphonazo III
Xylenol orange
Carboxynitrazo
Arsenazo III
DAM plus SnCh
N-furoylphenylhydroxyl-

amine plus phenylfluorone
Catechol violet
Arsenazo III
BPHA
Sulfonitrazo
PAR
Thiocyanate
Sulfochlorophenol S
TaR withnitrochrompirazol
Dithiopyrylmethane
AgBrl with ethyl violet
Neocuproine
Dithizone
Pyrocatechol violet
Eriochrome cyanine R
Chrome azurol KS
Rhodamine B
Dithizone
Phenylfluorone
3'-Pyridylfluorone
Pyrocatechol violet plus CTA
Dithizone
Ag-DDTC
Safranine T
Methylfluorone
Iodide
Curcumin
BFi with methylene blue
BFI with Nile blue A
As Mo-V-P acid
Ag-DDTC
As-Mo blue
As tellurium sol
TeBri" with rhodamine 6G

Ref.

610
611
170
612
613
138

614
615,616
580
617
618
619
620
209
621
282
622
622
623
624
625
626
622
622
627
628
622
629
630
631
632
633
634
618
635
629, 636
637
638

70

anion-exchanger Amberlite IRA-400 was used in separating traces of lead from a cobalt
matrix.667 Traces of silver were retained on the anion-exchanger (Cl~) and washed out
with ammonia (in analysis of copper).650

Examples of separation of traces by coprecipitation follow. Silver cyanide is a suitable
collector for highly selective enrichment of traces of palladium.649 Traces of mercury were
coprecipitated with silver iodide,704 and traces of copper (as cuprizone complex) with
silver bromide,663 traces of silver with thallium(I) bromide.650 Traces of antimony
(in analysis of steel) were separated with MnC>2aq.631 Traces of selenium (from lead
and copper matrix) were coprecipitated (as SeOf) with PbSO4.657 Traces of Tl(III), Ga,
In, Bi, and Al (in analysis of cadmium) were separated at pH 4.6 with Fe(OH)3 as
the collector.674
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Table 14
DETERMINATION OF TRACE ELEMENTS

IN LIGHT METALS

Element
determined

Ca (alloys)
Ti

Zr, Hf (alloys)
V (alloys)
Ag
Zn
Ga
P (Si alloys)

Nb

Al
N(asNH3)
S

Reagent (method)

Aluminum and its alloys

Chlorophosphonazo III
DAM plus SnCb
N-furoylphenylhydroxyl-

amine plus phenylfluorone
Arsenazo III
BPHA
AgBrI with ethyl violet
Dithizone
Hematein
P-Mo blue
As Mo-V-P acid

Titanium

PAR
o-Nitrophenylfluorone
Chrome azurol S plus CTA
Indophenol method
Methylene blue method

Ref

639
613
138

640
580
282
641
642
643
644

645
38
97

646
647

The method of preconcentration of the trace elements by the partial dissolution of the
matrix metal deserves mention here. In the analysis of high-purity zinc, using this
method, a trace concentrate was obtained, containing Ag, Au, Bi, Cd, Co, Ni, Pb, Pd, Sn,
and Tl.669

Before determining traces of As, P, and Si, the gold or platinum matrix can be
electrolytically removed.707

Before its determination, arsenic (in analysis of iron and steel) was evolved as AsH3,636

Traces of sulfur from boron, tungsten, and copper, were evolved as sulfur dioxide and
determined with pararosaniline method.695'696

E. Semiconductor Materials
Table 18 contains recently published works on trace determinations in simple

semiconductor materials: metals (gallium, indium, antimony, bismuth) and nonmetals
(silicon, arsenic, selenium, tellurium). In addition, there are the trace analyses of some
semiconductor compounds: determination of traces of silver, with dithizone in cadmium-
mercury telluride,723 and in lead-, tin- , germanium tellurides;724 traces of chloride and
bromide were determined indirectly with dithizone in lead- and bismuth tellurides.725

F. Trace Analysis of Reagents
The reagents used in trace analysis have to be more pure than the materials analyzed.

Some procedures devoted to the control of purity of these reagents have been published.
High-purity nitric and hydrofluoric acids were analyzed (according to the scheme of

separation given in Reference 3 (page 82) for 18 trace metals (Ag, Hg, Cu, Ca, Mg, Ga,
Al, In, Bi, Ti, Fe, Tl, Pb, Mn, Cd.Zn, Co, Ni) (contents not greater than about 10~6%).726

Traces of Si, B, As, and P were determined in various mineral acids.466'727'728 Iron was
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Table 15
DETERMINATION OF TRACE ELEMENTS IN

HEAVY METALS

Element determined

Pd (Ni alloy)

Ag

Au

Al
(alloy)

Sb
Bi (brass)
B (alloys)
P
S
Se

Te (brass)

Zr (alloys)
Co
Pd
Cu
Sn
B (alloys)
P (alloys)

Ca
Fe
Zn
Pb
S

Zr, Hf
Ni
Pd
Cu
Ag
Au
Cd
In (alloys)
Tl (alloys)

Sn
Bi

Reagent (method)

Copper and its alloys

4-Heptanone oxime
Iodide
Bromopyrogallol red
AgBrI with ethyl violet
AuCII with chrompyrazol I
Thio-Michler's ketone
Chrome azurol KS
Chrome azurol S plus surfactant
Pyrocatechol violet
Iodide
Curcumin
As Mo-V-P acid
Pararosaniline method
o -Phenylenediamine
3,3'-Diaminobenzidine
TeBri" with DAM

Nickel and its alloys

Arsenazo III
PAN
Iodide
Bathocuproine
Phenylfluorone
Curcumin
As Mo-V-P acid

Cobalt

Chlorophosphonazo III
Bathophenanthroline
Dithizone
Dithizone
Methylene blue method

Zinc

Arsenazo III
Dimethylglyoxime
Iodide
Na-DDTC
AgBri with ethyl violet
Rhodamine B
Basic azo dye
Bromopyrogallol red
Crystal violet
Iodide
Phenylfluorone
Na-DDTC

Ref.

648
649
650
282
287
288
625
651
652
653, 654
655
644
656
390
657, 658
659

660, 661
662
652
663
664
655
644

665
666
666
667
668

640
669
669
669
282
669
50

670
671
672
673
669
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Table 15 (Continued)
DETERMINATION OF TRACE ELEMENTS IN

HEAVY METALS

Element determined

Cu, Zn, Hg, Ag, Pb,
Mn
Co
Ni
Al
Ga
In
Tl

Co (alloys)
Ni
Cu
Au
Tl

Sb (alloys)
Bi (alloys)
P (alloys)
Se

Zr '
Nb
Ta (alloys)
Mn (oxide)
Co

Si (oxide)
F~ (oxide)

Reagent (method)

Cadmium

Bi Dithizone
PAN
I-Nitroso-2-naphthol
a-Furildioxime
Chrome azurol S
Rhodamine B
PAR
Brilliant green, iodide

Lead and its alloys

Thiocyanate
Dimethylglyoxime plus Br2
Bathocuproine
Thio-Michler's ketone
Crystal violet
Iodide
Pyrocatechol violet
Iodide
Mo-V-P acid
3,3'-Diaminobenzidine

Uranium, its alloys and oxides

Arsenazo III
PAR
Malachite Green
Formaldoxime
2-Nitroso-5-dimethyl-amino-

phenol
Si-Mo blue
Zr-xylenol orange

Ref.

674
674
674
674
674
674
674
674, 672

675
676
663
288
51

672
652
654
644
657

677
677
206
678
679

680
681

determined in numerous acids with 3-(2-pyridyl)-5,6-diphenyl-l,2,4-triazine729 and as an
ternary complex of Fe(II) with 4-chloro-2-nitrosophenol and rhodamine B.730

In high-purity alkali hydroxides, traces of the following were determined: Al, Bi, Cd,
Co, Cu, Fe, Mn, Ni, Si, Ti, and Zn731 as well as individual trace elements: Fe (2,2'-
bipyridyl ketoxime),732 Cu (2,9-dimethyl-4,7-dihydroxy-l,10-phenanthroline),733 W
(brilliant green),220 P and As (P-Mo blue and Ag-DDTC).728 Traces of Ca were
determined in ammonia (chlorophosphonazo III).157

Magnesium (10~4 —5 X I(T6%) was determined in sodium chloride (eriochrome black
T),152 traces of Ti in lithium chloride and natrium carbonate (salicylfluorone),188 Al in
alkali metals halogenides (bromo-oxine plus 5-bromosalicylfluorone),734 Fe in various
salts,730 Cd in sulfur,2971 Au in nickel chloride and in aluminum nitrate (thio-oxine),708 W
in rhenium salts (gallein plus CTA),120 and Sn in H2O2 solutions (3'-pyridylfluorone).735

Traces of boron were determined in phosphorus- and arsenic chlorides,727 Si in calcium
carbonate and sodium phosphate (Si-Mo blue),466 P and As in silver nitrate and
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Table 16
DETERMINATION OF TRACE ELEMENTS IN

REFRACTORY METALS

Element
determined

Ca
(Mo alloy)

Ti (alloys)
Ta
Cd (zircaloy)
P
S

Ti
W
Mn
N

Ti
Mo (trioxide)
Mn
TI
N
Si (trioxide)
P (trioxide)

As
S

Ti

Ta
Mo, W
Mn
Cu
N (alloys)
P

Reagent (method)

Zirconium and its alloys

Murexide
Chlorophosphonazo III
DAM
Malachite green
Dithizone
As Mo-V-P acid
Methylene blue method

Molybdenum

DAM
Thiocyanate
PAN
Indophenol method

Tungsten and its trioxide

DAM plus SnCh
PAR plus NH2OH
PAN
Methyl violet
Indophenol method
Si-W-Mo blue
P-W-Mo blue
As P-V-Mo acid
As-Mo blue
Cr-diphenylcarbazide (indirect)

Niobium and tantalum

Salicylfluorone plus antipyrine
DAM plus SnCh
Malachite green
Dithiol
PAN
Dibenzyl-DTC
Indophenol method
As P-V-Mo acid

Ref.

682
683
684
206
685
686
668

687
688
689
690

613,687
691
689
692
690
693
693
686
694
695

696
613,684
697
698
689
699
690, 700
686

ammonium molybdate,728 perchlorate in potassium chlorate (brilliant green),416 bromide
in alkali metals chlorides,736 and iodide in alkali metals iodates and chlorides,737 fluoride
traces in sodium phosphate and aluminum sulfate,402 and in silica gel, sodium silicate,
and calcium phosphate.738

In the papers referenced in this review dating from the last decade, 52 trace elements
were determined spectrophotometrically in various materials (REE are treated as one, as
are various forms of nitrogen, of sulfur, and of other elements).

The two elements P and Cu are most often determined; often determined are: Fe, As, S,
Ti, Al, Co, Ag, B, Zn, Cd, Pb, N, Mn, Ni, Bi; determined on the average: Si, Cl, Ca, Zr,
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Table 17
DETERMINATION OF TRACE ELEMENTS IN

NOBLE METALS AND ITS ALLOYS

Element determined

Ag, Cu, Bi, Zn, Cd, Pb
(gold, platinum)

Zr, Hf (silver)
Pd (silver)

Ag (platinum)
Au (silver)
Hg (silver)
Pd (gold)
Pt (gold)

(gold)
Os (platinum—ruthenium)
Fe (gold)

(platinum)
Co (gold, platinum)
Ni (gold, platinum)
Mn (gold, platinum)
Al (gold, platinum)
Ga (gold)
Si, P, As (gold, platinum)

Reagent (method)

Dithizone

Arsenazo III
Sulfonitrophenol M
Iodide
Dithizone
Thio-Michler's ketone
Dithizone
a-Furildioxime
SnCb plus TOA
p -Nitrosodiethylaniline
1,5-Diphenylcarbazide
Bathophenanthroline
Thiocyanate (MIBK)
2-nitroso-l -naphthol
a-Furildioxime
PAN
Eriochrome cyanine R
Rhodamine B
Si(P, As)-Mo blues

Ref.

701—703

640
265
649
703a
288
704
703, 705
703
705
706
701,703
702
701,702
701,702
701,702
701,702
703
707

?, V, Mo, Hg, Ga, In, Sb, Au, Se, Te, Mg, W; rarely determined: K
, Cr, Be, Th, U, REE, Sc, Ge, Pt, O(asO2 orO3), Re, Os.

VI. CONCLUSION

Great progress in the field of sensitive spectrophotometric methods for trace analysis
has been recently made with the advent of new, sensitive organic reagents, increasing use
of ternary systems (with basic dyes and surfactants), and amplification methods. As it has
been pointed out in Section IV, sensitive or even very sensitive methods are now available
for most elements. Only a few elements are not covered by methods with an a value greater
than 0.6. Spectrophotometry can, therefore, successfully compete with other sensitive
techniques of trace analysis.

New sensitive spectrophotometric methods and new sensitive reagents are, however,
introduced into the practice of trace analysis all too slowly. Comparing the data of
Sections IV and V one may see that availability of sensitive methods did not force out the
old, less sensitive, ones which are still often used in many laboratories for the
determination of traces.

As evidenced by the literature cited in this article, spectrophotometry still plays an
important role in the determination of trace elements in various fields. In the latest few
years, a decrease in the number of published works dealing with spectrophotometry has
been observed. This, however, does not change the fact that in many laboratories,
particularly in the small ones, a vast number of routine trace determinations are carried
out with the aid of spectrophotometric methods, which can be easily automated and
therefore are attractive for routine determinations. It should be stressed that, in general,
the spectrophotometric methods in trace analysis are closely connected with preconcen-
tration and separation methods (solvent extraction, ion exchange, coprecipitation,
volatilization, electrodeposition).

J
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Table 18
DETERMINATION OF TRACE ELEMENTS IN

SEMICONDUCTOR MATERIALS

Element Determined in Reagent (method)

Metals

Ref.

Ni

Au
In
Tl

P
As

cr

Ti
V
Fc

Al

Ag
Cu
Au
Zn
Ge
B

Si
P
S
Se

cr

Indium
Antimony
Indium
Gallium
Indium

Gallium
Antimony
Gallium, bismuth

Silicon
Silicon
Silicon
Selenium
Silicon

Tellurium
Tellurium
Tellurium
Tellurium
Arsenic
Silicon

Tellurium
Silicon
Arsenic
Tellurium

Selenium, tellurium

Rhodamine 6G
Dimethylglyoxime plus Bn
Thio-oxine
Malachite green
Brilliant green
Iodide
P-Mo blue
As-Mo blue
o-Tolidine

Nontnetals

Thiocyanate
Af-phenylhydroxamic acid
Bathophenanthroline
Methyl orange plus phen
Pyrocatechol violet
Eriochrome cyanine R
Pyrogallol red plus phen
Bengal rose plus phen
Rhodamine B
Dithizone
Brilliant green
Curcumin
BFj with methylene blue
Si-Mo blue
Indir. Mo-SCN"
Methylene blue method
o-Phenylenediamine
Dithizone
o-Tolidine

260
676
708
317
319
672
709 •
710,711
411

712
712
712,713
714
712
713
715
716

in
717
718
719
720
715
721
722
390
716
411

For some trace elements, particularly nonmetals, precision and sensitivity of the
spectrophotometric methods are higher than those of some other instrumental methods.
Elements of this group (B, P, As, Cl, F, I, S, N, Si, Fe, Ti, Cu, Al, Zn, Co) are, of course,
determined spectrophotometrically more often than other ones.

In journals dealing with analytical chemistry there are numerous reports on new
spectrophotometric methods (and reagents) which are often revealed as inferior to the
majority of those in present use. Although the research significance of these papers can by
no means be denied, they are of no value for trace and even classical analysis. On the
other hand, publication of papers concerned with comparing and evaluating the methods
for determining particular elements is strongly encouraged. Research on optimization of
the known methods should be also given more attention.
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SYMBOLS AND ABBREVIATIONS

a — Specific absorptivity
BPHA — N-benzoyl-JV-phenylhydroxylamine

CP — Cetylpyridinium ion
CTA — Cetyltrimethylammonium ion

DAM — Diantipyrylmethane
DDTC — Diethyldithiocarbamate

DTC — Dithiocarbamate
t — Molar absorptivity

EDTA — Ethylenediaminetetraaceticacid(orits
disodium salt)

H2Dz — Dithizone

MIBK — Methyl isobutyl ketone, hexone
oxine — 8-Hydroxyquinoline, 8-quinolinoI
PAN — l-(2-Pyridylazo)-2-naphthol
PAR — 4-(2-Pyridylazo) resorcinol
phen — 1,10-Phenanthroline
REE — Rare earth elements
TAR — 4-(2-Thiazolylazo) resorcinol
TBP — Tri-n-butyl phosphate

TOPO — Tri-n-octylphosphine oxide
TPTZ — 2,4>6-Tri(2'-pyridyl)-j-triazine

11A — Thenoyltrifluoroacetone
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