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uranium, zirconium, hafnium, plutonium,
neptunium, americium, protactinium, rare-
~-earth elements, scandium beryllium, alumin-
ium, indium, vanadium, niobium, tantalum,
titanium, lithium, barium, strontium, bismuth,
sulphates, fluorine).

1. GENERAL REVIEW OF APPLICATIONS

The reagents Arsenazo I ' and Thoron I ',2 gynthesised
by Kuznetsov in 1941 were the first of the general class of
reagents of the arsenazo—thoron group:

ASOSH, H'O OH /AsoleHO SO4H

| —/
—N=N—(j/ j < >—N=N—-—:/ \:

HO,s” N \/\s0,1 \—<
SO;H

Arsenazo I Thoren 1

The main use of these reagents is in inorganic spectro-
photometric analysis, but they are also used in complexo-
metry, extraction, and coprecipitation methods. More than
40 elements can be detected by reagents of the arsenazo
group, and quantitative methods have been developed for
the determination of 20 of these in various materials.

Organic reagents containing the arsono-group AsOgH,
had previously been used widely in inorganic analysis, the
best known being phenylarsonic acid. The presence of the
arsono-group causes the formation of particularly stable
complexes with several elements, such as zirconium,
niobium, and thorium. The reaction products with phenyl-
arsonic acid and many of its derivatives are colourless;
the reagents are mainly used for the gravimetric determi-
nation of elements or for the removal of interfering ele-
ments.

The reagents of the arsenazo group are characterised
by the presence of the arsono-group and also an azo-group
in the ortho -position to it; almost always there is a
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hydroxy-group ortho to the azo-group. Several dozen
reagents of this type are now known, but only certain of
them have been widely used.

The very convenient combination of the AsOgH,, OH, and
azo-groups into a single complex functional group:

AsO;H, HO OH

Vd ]
3— N =N—m

has provided a whole series of analytically valuable reagents.
The presence of the salt-forming AsOzH, group produces
complexes of sufficient stability for complex-formation to
take place even in acid solutions, the azo-group provides
colour, and because of the hydroxy~-group a second six-
~-membered ring containing the cation can be formed, which
not only substantially increases the stability of the complex,
but also gives a deeper colour.

The relative complexity of the functional group means
that reagents of the arsenazo group are not specific for any
one element, but are group reagents; this is convenient in
that a series of elements can be determined with a single
reagent, but the necessary selectivity always requires
special working conditions.

The exceptionally valuable analytical properties of
arsenazo and its more recently developed analogues have
caused them to be widely used in analysis; the relevant
literature contains several hundred references, including
reviews on the use of Thoron I3, Arsenazo I 4%, and
Arsenazo II.°¢

The use of reagents of the arsenazo group is a success-
ful complement to the use of dithizone, which is employed
mainly for elements of the hydrogen sulphide group; satis-
factory photometric methods have long been known for the
determination of these elements and for certain others,
e.g. those which have a chromophoric action or form
ammines, but no convenient and sensitive methods were
known for the determination of thorium, zirconium, haf-
nium, uranium, protactinium, beryllium, aluminium,
the rare-earth elements, and several others, with a few
exceptions?; arsenazo has proved to be useful for just
these “difficult” elements.

The reagents of the arsenazo group are readily prepared
by coupling diazotised o-aminophenylarsonic ecid or its
derivatives with any coupling component. Chromotropic
acid is especially suitable as the latter; the resulting
reagents are more sensitive than many described in the
literature for the spectrophotometric determination of
various elements.

2. MAIN PROPERTIES OF THE REAGENTS

Not all the reagents described in this section are
equally widely used in analysis. The most widely used
are Arsenazo I, Thoron I, and Arsenazo III.

The reagents of the arsenazo group are dark red
powders, readily soluble in water to give a pink solution.
The orange-red Thoron I and II dissolve to give an orange-
-yellow solution. Arsenazo I, @I, and III form violet, blue,
oreven, with Arsenazo III, green complexes with elements.
Complex formation with reagents of the thoron group, deri-
vativesof R-salt, etc., produces less deep crimson colours.
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Arsenazo I

The first studies of the properties of arsenazol,?,®
showed it to be avery valuable analytical reagent, primarily
because it gives colour reactions with elements for which
no convenient methods of determination had previously been
known. The high sensitivity of these colour reactions (the
molar extinction coefficients are of the order of several
tens of thousands) enables micro-quantities of the elements
(from 0.05 to 0.1 ug ml™1) to be detected. Finally, the
relatively high stability of the complexes enables elements
to be determined even in acid solution, which is extremely
valuable in analytical practice.

The high sensitivity of thé reactions is due to the rela-
tively large shift of the absorption spectrum of the complex
in comparison with that of the reagent; Fig.1 shows these
spectra for the reagent and its thorium complex. The
absorption spectra of other complexes resemble closely
that of the thorium complex.

Methods have been developed for the determination,
using Arsenazo I, of uranium?-20, thorium2°-32, zircon-
ium 3-%8  gcandium?®®, lanthanum%, cerium%, total
rare-earth elements4-%, aluminium %,%8, beryllium%°-5!,
titanium 52, niobium %,%2,%, tantalum®4, vanadium(IV) 7,
and indium%. Colour reactions also suitable for their
determination have been described for tin, bismuth, gal-
lium, copper, palladium(II), magnesium, and calcium.

One of the features of the use of Arsenazo I is the pos-
sibility of obtaining high selectivity by variation of pH,
which is not always possible with other reagents, e.g.
Thoron II. Examples are the selective determination of
thorium in the presence of large amounts of rare-earth
elements 2, of zirconium and thorium in the presence of
UO%*, and of UO%" in the presence of rare-earth elements,
calcium, and others?®,%3. The comparatively low stability
of Arsenazo I complexes (in comparison with other reagents
of this type) enables it to be used as an indicator in the
complexometric determination of plutonium 5, thorium 57-59
total rare-earth elements$°-%2, and fluoride (by titration
with Th)83-5,

2 1
3
al
ar-
. — -
00 00 [} 700
A mp

Fig.1. Absorption spectra of
10~% M solutions (at pH 2.0) of:
1) Arsenazo I; 2) Arsenazo I
thorium complex.
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Thoron 1

Reagents of the thoron group are prepared from R-acidf,
B-naphthol, or derivatives of S-naphthol as coupling com-~
ponent. As well as Thoron I 1,2 several analogues are
known%5, e.g.:

As0uty HO\ AsO,H, OH
TSN S <——N=N—/ N
N/ S NS N/

HO,S-—/ AN

SOsH
extract thoron iso=thoron
Thoron gives somewhat less sensitive colour reactions
than arsenazo; because of this, and because of the some-
what simpler analytically functional group, the number of
elements which react with thoron is limited, i.e. thoron
is more selective than arsenazo.

Thoron I has been most used for the determination of
thorium -89, The high reproducibility of results, the
convenient working conditions (acid medium of pH 0.7-1.2)
and the high selectivity make this a very efficient method,
thus no interference in the determination of thorium is
caused by the presence of more than 100- to 1000-fold quan-
tities of rare-earth elements, UO%*, and other elements.
With the extraction-photometric variants of the determina-
tion described below, the tolerable ratio of thorium to
certain other elements reaches 1:108,

Thoron I is used to a lesser extent for the photometric
determination of plutonium ®°, neptunium ®, total rare-
-earth elements<4®, uranium(IV)?92,%, zirconium®, beryl-
lium 30,%5,%  and lithium 97-1%, and for the complexometric
determination of thorium®, uraniumi°?, bismuth 10,104
fluoride 1%-197  and sulphate108,109,

Table 1 gives the absorption maxima of various re-
agents and their thorium complexes, the shift of the maxi-
mum AX, which determines the contrasti of the reaction,
and the working value of A selected so as to reduce the
effect of the excess of reagent as much as possibie.

TABLE 1. Spectrophotometric data on
reagents and their com-
plexes.

Absorption maximum,
_mp } A
I A | {worl
Reagent reagent ::';::»‘i‘:‘x ] A ing)
Arsenazo [ 500 555 55 | 580
Thoron I 475 505 30 | 545
Arsenazo Il 510 550 40 | 600
Thoron II 480 520 40 | 560
Arsenazo III 540 685 125 | 665

t 2-Hydroxynaphthalene-3,6-disulphonic acid (Ed. of Transla-
tion).

i The term “contrast” is used here apparently synonymously
with gelectivity (Ed. of Translation).

Arsenazo II

The reagent Arsenazo II ® is an analogue of Arsenazo I
in which the analytically functional group appears twice:

HO OH ”'0"‘5—\_,/‘‘—;/‘\—‘AsoaH1 HO OH
|

jSound |

|
\N=N. /\()
HO,S N \so,H .

HO,S
Arsenazo I

Its preparation has been described by Kuznetsov and
Savvinii®, A feature of the reagent is the substantially
increased stability of its complexes, so that the optimum
PH values for its reaction with elements is in the more
acid region: thus Th and Zr can be determined in 0.1—
0.6 N HCl. Interference due to masking anions (sulphates,
phosphates, fluorides) is much reduced.

The selectivity of action of Arsenazo II is about the same
as that of Arsenazo I; it reacts in acid solution with zir-
conium, hafnium, titanium, thorium, uranium(Iv), and
iron(Ill); in weakly acid and neutral solution with alumin-
ium, indium, gallium, uranium(VI), rare-earth elements,
copper, and beryllium; and in alkaline solution with cal-
cium, magnesium, barium, zinc, cadmium, lead, and
manganese.

Procedures have been developed for the determination
of thorium in monazites!11,12, JO2* in uranium ores!3,
and scandium3®. The reagent may apparently also be used
for the determination of zirconium, hafnium, total rare-
-earth elements, vanadium(IV), beryllium, and gallium?®.

Thoron II

This is also the analogue of the corresponding monoazo-
-compound with two analytically functional groups 5:

HO,S SOH

OH youas—¢  O>— S—asoH, HO
W=N—" >
7N

<so.H

4 — N=—=N"
$=2
HO,S

Thoron 11

Its preparation has beendescribed by Kuznetsov and Savvin 110,
An important feature of Thoron II, not shared by Thoron I,
Arsenazo II, or many other reagents, is its ability to form
with thorium, zirconium, uranium(IV), and the rare-earth
elements very stable complexes which are not decomposed
even in strongly acid solution. The reagent has been used
to determine thorium?4, and its use for the determination
of zirconium and certain rare-earth elements looks very
promising %14, A disadvantage of this reagent is the low
contrast of the reaction.

Arsenazo IIT

Arsenazo Il was prepared by Savvin in 1959 115; its pro-
perties have been described®.

AsOH, HO OH H,OsAs

dfﬁb

HO,8” N \/\so,H
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TABLE 2. Colour reactions of Arsenazo III.
Molar
Colowr of Conditions for maximum
Element complex* Reaction conditions sensitivity . ::f'f‘l':m'

Th green 0.01-10 N HCI 9NHCI | 665X me | 130000
Zr green 0.2 —12 N HC! ONECl | 665A, mu | 120000
Pa green 1-10 M BCl or B,SO, | 7 M H,S0, | 660 A, myz 22 000
Hf green 02 —12NHC * | ONHEI ' | 665A mz| 95000
vlv green 0.05-10 N HCI 4NHCI | 6707, mpu | 100000
ot green pH 1-4 pH 2.0 665 A, miz 53 000
Sc violet pH 1—4 pH 1.7 675 A, mpt 19 000
1 green pH 34 pH 3.0 655\, mp 55 000
La green pH 3-4 pH 3.0 655\, myt 45 000
Ce green pH 3-4 pH 3.0 655\, mpt 47 000
Ca blue pH 4-5 pH 5.0 655 X, mp 10060
Pb blue pH4-5 pH 5.0 655A, mu | 10000
Bi violet pH 1.5—4.5

Felll violet pH 1.5-3

Cu violet pH 4.5-5

Ba blue pH 4.5-5

* The reagent is pinkish crimson.
*x Approximate data

Arsenazo II gives colour reactions with many elements,
although with a smaller number than Arsenazo I. Its main
distinguishing feature is the ability to form particularly
stable inner complexes, so that elements can be deter-
mined in strongly acid media [e.g. thorium, zirconium,
hafnium, protactinium, and uranium(IV) in up to 10N
HCl] and in the presence of complex-forming anions
which normaily interfere in the direct determination of the
elements.

The sensitivity of the colour reactions can reach 0.01—
0.05 ug of elements per ml. The most sensitive methods
are those for the determination of thorium, zirconium,
uranium, protactinium, scandium, and the rare-earth
elements, and the least sensitive, those for lead, bismuth,
iron, copper, calcium, and barium; methods with the
greatest selectivity are those developed for the determination
of thorium #7,116-125 yranium 15,126-128 zjrconjum 6,120-135,
hafnium13!, rare-earth elements 3, and protactinium?*? in
various materials. The analytical use of ArsenazoIIl and
the mechanism of its reaction have been reviewed®,139,

Table 2 lists the elements which give colour reactions
with Arsenazo III, the resulting colours, the reaction con~
ditions, and the sensitivity.

Other Arsenazo Analogues

A large number of derivatives and analogues of Arsen-
azo I, ThoronI, and particularly Arsenazo II have been
prepared in recent years. Preliminary studies have shown
many of these to be valuable analytical reagents 18,119,

Bromonitroarsenazo (I) has been recommended for the
determination of lithium, and for the extraction-spectro-
photometric determination of elements%8, The reagent (II)
prepared by Kuznetsov and Bol'shakova, has proved par-
ticularly useful for the determination of beryllium:

AsO,H, HO ou Aso,H. HO
oN— > \—N—N—() \[Br N=N—
CH,COO0H
no§ N

"N\CH,COOH
U] () .
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Arsenazo IIT analogues of analytical value are the bisazo-
-compounds obtained from chromotropic acid and various
amines, of the general formula:

HO OH

R;—N=N [ —N=N—R,
Hod ~ N Nsom ’

where R, and R, are the residues of the substituted anilines:

AsOgH, COOH /01-1 /SO,H
HOS OH SOH PO,H,
N/
\“ \,— HO,S— Cl— — » etc.
Ci

A general feature of these last reagents is that they
form highly stable complexes with elements, and many
have proved of interest for the determination of niobium,
zirconium, hafnium, uranium, strontium, scandium,
barium, and many other elements140-145,

The use of “Arsazen”:

/AsO,H,
S S an

has been suggested for the extractive determination of
leadi4s,

Many monoazo-compounds derived from o-aminophenyl-
arsonic acid and various coupling components have been
described, e.g. 2,447"149;

AsOH, HO\ AsO,H, HO
N=CH—¢ _\ . /
T S—N=CH— > K >

AsO,yHy H? }|IH,

S
N—Nm .
AN

HO,S SO,H

NN=( D
/

SO;H

These all give colour reactions with thorium, zirconium,
and several other elements in a near-neutral medium; the
resulting complexes are relatively unstable and are readily
decomposed by many masking complex-forming reagents
(sulphates, phosphates, etc.). These reagents and others
do not match up to those based on chromotropic acid and
R-salt, and have not found wide analytical use.

Reagents which do not contain the AsOgH, group do not
belong formally to the arsenazo group of reagents (i.e. those
containing arsenic and an azo-group), but a very close
analogy in their analytical behaviour makes it convenient
to consider them together with reagents containing the
AsQgH, group; the nature of the salt-forming group affects
only the selectivity of the reagents, and not the mechanism
of the complexing and colour reactions. We shall give a
few examples.
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The reagents (III) and (IV) are of use for the determina-
tion of barium and strontium in acid media (to pH 1)§ 142:

AsOsH, HO OH HOsS
|
—N=N——/\/\--N=N—

H 0’( NN/ \SO,H

SOH HO OH  HO:S
—N~N——(\( —N N—b av)
HOS SouH
Reagents (III) and (V)—(VII) have been used as indica-

tors for barium ion in the volumetric determination of
sulphate 142-143;

N
¢ > am

AsOH, HO (l)H HOOG
e N=N—" " \_N= _> N j
< s—N=N. | N=N—{ 3 vj
HO,S/\/\/\ ol
SOH H? OH
1
 N= NNCN=N— \
N N( I | N=N—{ 1
Hi so,H
SO,H HO OH HOOC

| N
—N=N— NV NNaN S I

L]
HO,(\/\/\SO,H

S

SO,H H? CIvH HO,S\
HO,S—C/-—N=N—-/ \i/ NoN=N— D i
NAVAVAN
0,5 SOl

Reagents (IX) and (X) have been recommended for the
determination of uranium 144,145;

POH, HO OH PO3H, HO OH H,0,P
/_“\/ /'\/l\ /_< /\/\ 2:
a— ,—N=N—' l Cl— —N==ri1 ——N—N— S—a
HO ,( \/\ HO s \/}0'
ax) X)

Datta and other Indian workers have described a whole
series of reagents based on chromotropic acid, which are
useful for the photometric determination of thorium, zir-
conium, and others4%,14, The best known is di-SNADNS,
which is often used as an indicator for metal jons 5

H(l) (l)H
H0,5—( \:—NzN—-/\/\-—N=N—:/ >—SO0.H

N—""Hos/ N\ \so —

$ In these compounds the grouping containing the AsOgHs group
does not take part in the reaction with barium and strontium.

We cannot mention here all the reagents of this type,
since the number derived from chromotropic acid, H-acidT,
and other naphthalene sulphonic acid coupling components
described in the literature is so great that they would re-
quire a separate review.

Other Reagents Containing the AsO;H, Group

Colourless reagents containing the arsono-group are
mainly used as precipitants for heavy metals and for their
subsequent gravimetric determination or separation from
other elements. We shall consider them here in less
detail.

Phenylarsonic acid (XI) is the best known reagent of
this group. It is used mainly for the precipitation of zir-
conium to separate it from other elementgi5-153; pre-
cipitates are also formed only with tin, titanium, niobium,
tantalum, and cerium(IV), and the influence of these ele-
ments can be removed by adding hydrogen peroxide, after
first removing tin. Phenylarsonic acid is also used for
the detection of niobium and tantalum 54,155 tin(IV) 156,157,
and thorium in monazite sands in the presence of rare-
-earth elements 158,

'ASO,H.Z o A]sO,H,
|l
[] N /'\I/j
L/ L”/ AN
o)
(XD xm
HO—{  D—AsOsH, HN—C  D—AsOH,.
(X1 (XIV)

Anthraquinone-a -arsonic acid (Anthraquas) (XII) is used
to precipitate small amounts of tin(IV), zirconium, and
titanium from dilute solutions!5®; because of the increased
size of the molecule there is a certain increase in sensiti-
vity as compared with phenylarsonic acid.

b -Hydroxyphenylarsonic acid (XIII) is used for the pre-
cipitation and gravimetric determination of titanium1%° and
zirconium!®l, Arsanilic acid (XIV) is used for the detec-
tion of cerium by a colour reaction (appearance of a reddish-
-brown colour because of the chromophoric action of
cerium)192 and for the detection of zirconium (formation of
a white precipitate)283,

Propylarsonic acid, allylarsonic acid, and other alkyl-
arsonic acids are used to precipitate zirconium 164,165,

A group of reagents of general formula:

AsOzH,

L

|
R

(where R is H, OH, NH,, CH,;, C¢H,, NHCOCH;, or NHCH,.
.COOH and R’ and R” are H, Cl, NO,, or COOH) have been
described; they are suitable for the precipitation of tin(IV),
zirconium, and thorium1!6é-168  hut have not found wide use.

¥ 1-Amino-8-hydroxynaphthalene-3,6-disulphonic acid (Ed. of
Translation).
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This class of precipitating agents contains the coloured
compounds having an arsono-group in a position other than
ortho to an azo-group. In this case the reaction produces
simple salts of the AsOgH, group; there is no formation of
inner complexes or any sharp colour change.

The most studied reagent of this type is p-dimethyl-
aminophenylazophenylarsonic acid:

(CHy)N—S >—N=N—{ )—AsOH,,

which forms with zirconium the brownish red salt169-172;

N(CR,),.HCI HCL(CH,),N

The sensitivity of the reaction is 10 ug ml1~!; many ele-
ments do not interfere.

Azo-dyes derived from arsanilic acid, with R-salt and
chromotropic acid as coupling components 2,147-149;

HO OH

!
Hi0585 — E-N:N-Cf j
N/ N\s0,H

HO.s”

HO. SO;H

H0a5—( »-N=N

\so,H

form simple salts with zirconium, thorium, and other ele-
ments, and may be used for their precipitation.

3. THE ATTAINMENT OF SELECTIVITY

The simplest method of increasing selectivity is by
adjustment of the acidity of the solution, since the optimum
pH for the reaction of a reagent with an element depends on
the latter. For reagents of type ROH there is a definite
correlation between colour reactions and hydrolysisi?;
thus colour reactions with coloured reagents are only given
in strongly acidic media by elements whose cations are
readily hydrolysed: zirconium, hafnium, uranium(IV), and
thorium; in moderately acid solutions colour reactions are
given, in addition to the above, by iron(IlI), aluminium,
and UO%"; in weakly acid and neutral solutions by rare-
-earth elements, iron(Il), and copper; and in alkaline solu~
tions by calcium, strontium, and magnesium. - This series
is not of course absolute in character, and applies only to
reagents of type ROH.

The reaction conditions depend on the reagent used, but
for each reagent the optimum pH depends on the element in
the same way: readily hydrolysed elements react in a
more acidic medium, and other elements in a less acidic
medium.

Variation of the acidity is not the only method for in-
creasing the selectivity. It is often recommended that the
interfering elements present should be complexed as stable
colourless complexes; this is only possible when under
the given conditions (at a definite pH) the complexes formed
by the complexing agent with the element to be determined
and the impurity have greatly differing stabilities. A
well-known example is the system UQ2Z*~Trilon B—other
elements. When uranium is determined with Arsenazo II,
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aluminium is readily masked with sulphosalicylic acidf,
and titanium with tartaric acid**3, In the determination of
uranium with Arsenazo I thorium is masked with fluor-
ides'28, In the determination of thorium with Arsenazo Il
zirconium is very selectively masked with oxalic acid 115,
Many other examples could be given.

The so-called confirmatory reactions, when under the
given conditions only the element to be determined is selec-
tively masked, are sometimes very useful. By measuring
the optical density before and after the addition of the
masking agent, the interference due to the presence of other
elements can be estimated. The use of hydrogen peroxide
has been suggested in the determination of uranium with
Arsenazo I,° sodium hexametaphosphate in the determina-
tion of thorium with Arsenazo III, '2° and phosphates in the
determination of the rare-earth elements42.

Another method for increasing selectivity is to use the
so-called extraction—photometric procedure, which has
only recently been described!28,!74; this combines extrac-
tion and photometry in one operation, and gives high selec-
tivity with certain elements (thorium?8,11e  yQz* 128),

In many cases a combination of these methods for thor-
ium, protactinium, zirconium, hafnium, uranium(Iv),
plutonium, neptunium, and UOZ* will ensure a good selec-
tivity in the determination. When materials of complex
composition or of low content of the elements to be deter-
mined are analysed it is usually necessary to remove inter-
fering elements before the determination.

4. NATURE OF THE COLOUR REACTIONS

The mechanism of the colour reaction has been discussed
in many papers 2,9,136,175,176,  For example, the complex
of arsenazo with bivalent elements may be represented:

o}
OAs/
N

Y
OH—O"K o ou
N
SOH OH

With aluminium, copper, and certain other elements the
hydroxy-groups of the naphthalene residue may participate
in the formation of the complex.

In general, a colour reaction occurs if the element re-
acts with the dyestuff molecule in such a way that there is
a direct effect on the atom or group of atoms of the reagent
molecule which are responsible for its colour, ¢.e. on the
chromophoric groupi?,1%8, In azo-dyes the —N=N- group
is usually considered to be the chromophore, but it is more
accurate to treat the molecule as a whole as a single con-
jugated system with 7-bonds; therefore, if groups directly
attached to the conjugated system (e.g. the OH group) take
part in the formation of the complex, a colour reaction will
occur, It is an established experimental fact, however,
that direct action on the azo-group of a dyestuff molecule
produces a larger optical effect than action on the peri-
pheral part of the molecule; for instance, the aluminium
complex of arsenazo is red-violet, while the UO3" complex
is blue. This has been established by studying the absorp-
tion spectra of the pure reagents in concentrated sulphuric
acid, when the azo-group is protonated and deep violet,

T 2-Hydroxybenzoic-5-sulphonic acid (Ed. of Translation).



Vol.32 No.2

RUSSIAN CHEMICAL REVIEWS

February 1963

blue, and green colours are observed, corresponding to
those of the complexes of UOZ*, Th, and other elements;
and in alkalis, where the naphthalene hydroxy-groups are
ionised and less deep red-violet colours are obtained, cor-
responding to the colours of aluminium and copper com-
plexes.

The greatly increased depth of colour when complex-
-formation occurs is thus due firstly to the formation of a
certain positive charge on the “chromophoric centre of the
molecule” (the azo-group), and secondly to the formation
of a certain negative charge on the residue of the naphtha-
lene hydroxy-group. In order to indicate the partially
ionic character of the M”"—QY" bond, we here use the
symbol M.../...O (intramolecular ionisation, after
Kuznetsov175,179-181) The dipole formed at the ends of the
system of conjugated bonds causes a sharp change in the
colour of the reagent, ¢.e. it produces the corresponding
colour reaction. The metal cation thus acts as an inde-
pendent very strongly positive auxochrome, and at the
same time the two six-membered rings which are formed,
and which have almost aromatic properties, produce sub-
stantial stabilisation of the molecule.

Complex-formation with Arsenazo III shows a number
of interesting features!15,136,138, Tt has been shown that
in the free state the Arsenazo III molecule is symmetrical
but not planar, because of steric hindrance caused by the
AsQgH, groups. When complex-formation takes place,
the planarity of the molecule may be partially restored,
which is another factor producing a considerable deepening
in colour %9,

The two analytically functional groups of the Arsenazo ITI
molecule form part of two weakly interacting almost iso-
lated conjugated systems, only one of which participates
in complex-formation; this destroys the symmetry and
creates two absorption bands in the complex in the visible
region (Fig.2). The reduced reactivity of the second
analytically functional group when the first takes part in
complex-formation may be related to the possible produc-
tion of a certain positive charge on the second azo-group,
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Fig.2, Absorption spectra of

10™° M solutions in 9 N HCI of:
1) Arsenazo III; 2) Arsenazo III
thorium complex.

which hinders the formation of a second M**~N bond. The
longer conjugation systemin Arsenazo III as compared with
Arsenazo I, and the resulting possibility for the spread of
the positive charge produced on the first azo-group, may
be reasons for the increase in the stability of the M- N bond,
which determines the stability of the whole complex!39,

Several studies have been devoted to the determinationof
the dissociation constants of Arsenazol and ThoronI182-184
and the instability constants of their complexes with a
number of elements!7%:185, The very interesting quanti-
tative data obtained require a special review.

5. FIELDS OF USE

Spectrophotometry is the main field in which the re-
agents of the arsenazo group are used. They show two
typical features. The first is their ability to form stable
complexes, which is of obvious interest for analysis,
since it allows the use of strongly acid solutions, where
there is no hydrolysis, conversion of the ions of the ele-
ment into slowly reacting multinuclear ions, or other
undesirable effect. The reproducibility of results and
the reliability of the determination are greatly increased,
there is no need for careful maintenance of the pH, and the
experimental procedure is simplified; the influence of
anions is reduced to the minimum. Particularly stable
complexes are formed by the bisazo-derivatives of chromo-
tropic acid, Arsenazo Il and its analogues.

The second feature is the high sensitivity of the colour
reactions: for some elements the determinable minimum
concentration is 0.01—-0.1 pg ml1™, with molar extinction
coefficient 100150 X 103, 116,112  The high sensitivity is
due to the nature of the absorption spectra of the complex
and reagent, and to the high stability of the complexes
formed, which enables the element to be completely com-
plexed even at high dilution 119,167,188,

Arsenazo I has been employed as an ingredient in an
ovganic coprecipitant, which can concentrate pluton-
ium 189,180 americium9, and rare-earth elements!®! from
dilute solutions. The theory of the action of organic co-
precipitants and the features of their analytical application
have been discussed by Kuznetsov92, Methyl violet and
certain other highly coloured basic dyestuffs have been
used in the coprecipitants, but colourless organic copre-
cipitants may also be used; in this case the filtered pre-
cipitates can be dissolved in a small volume of organic
solvent and the coprecipitated element determined directly
by photometry of its complex with the reagent. In this way
the element is simultaneously concentrated and deter mined.
Ashing of the organic precipitate or its decomposition with
acids are not required. These methods are exceptionally
convenient for the determination of elements in extremely
dilute solutions!%8, A method has been described for the
coprecipitation of the diphenylguanidinium salt of the
Arsenazo III complex of thorium with diphenylguanidinium
anthracene -a -sulphonate as carrier, which can determine
thorium at a dilution of 1 in 109°,1®

Another new use for reagents of the arsenazo group is
in the so-called extraction —spectrophotometric methods
of analysis138,1™, The selectivity and sensitivity can be
increased by combining spectrophotometry with prelimi-
nary extraction of the element; the spectrophotometry is
best carried out directly in the organic phase, without re-
-extraction, but for this purpose only reagents soluble in
organic solvents, such as dibenzoylmethane, can be used,
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while the sulphonato-group-containing reagents of the arsen-
azo group are insoluble in non-aqueous solvents.

It has been shown that the hydrophilic action of the sul-
phonic acid groups and their anionic constitution, which
hinder the extraction, can be removed by forming simple
salts with heavy organic cations containing at least 10~12
carbon atoms; the most suitable is the diphenylguani-
dinjum cation [(C;H;NH),CNH, |*. 128,174 When triply- and
in some cases quadruply-charged cations are used for
complex-formation with the reagent some of the cationic
charge may be retained; this is compensated by adding an
anion suitable for extraction. Thiocyanates, perchlorates,
and chloroacetates canbe used as hydrophobic anions. The
hydrophilic action of the complex, caused by the partial
charges distributed in different parts of the molecule, can
be substantially reduced if the extractant molecules can
replace water molecules in the solvates®®. The most
convenient solvents are butanol and pentanol, but hexanol,
benzyl alcohol, cyclohexanone, and a solution of ethanol in
chloroform can also be used?!38,148,

The extraction of inner complexes has been considered
from the point of view of the coordination saturation or
unsaturation of the central atom?!®; extraction is thought
to occur only when all the coordination positions of the
central atom are saturated by the reagent used, by mole-
cules of other substances present which can take part in
coordination, by molecules of the organic solvent, and so
on. These matters have been considered in detail in
Zolotov's review (see p.107).

Ekamples of the extraction-—spectrophotometric method
are the determination of uranium?® and thorium6,1? with
Arsenazo III.

The extraction of known reagents can be increased by
using their bromo-, chloro-, or nitro-derivatives.

In the last few years the reagents of the arsenazo group
have begun to be widely used as metal -indicators in the
complexometric determination of elements; methods have
been described for the volumetric determination of thor-
ium 57-59,102 rare-earth elements® 72, and plutonium 56,
For a high sensitivity and accuracy in the volumetric
determination there must be a certain relationship between
the stabilities of the complexes formed by the element with
the indicator and with the complexing agent; this relation-
ship depends on the element concerned, the pH conditions,
the concentration, and other factors®®. In this respect
reagents of the arsenazo group show great possibilities.

Of the large number of compounds described, it is always
possible to select a series of reagents which will give a
colour reaction with the given element but form with it
complexes of different stabilities. The bisazo-derivatives
of chromotropic acid are particularly useful, since by
variation of the radical R; it is possible to retain a colour
reaction with the given element, but at the same time to
provide reagents which produce complexes of greatly dif-
ferent stabilities!1?, The stabilities of the complexes in
such cases can be determined most conveniently by the
method of “particular instability indices” %, which gives
exceptionally rapid results. An example is the determina-
tion of the rare-earth elements, in which less than 1-2 ug
of a particular element per ml can be determined with an
accuracy of 1-2%.9

In the complexometric determination of readily hydro-
lysed elements — zirconium, thorium, uranium(IV) — or
elements which tend to form oxo-ions (aluminium, chrom-
ium), the titration is preferably carried out in strongly
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acid solution, Certain bisazo-derivatives of chromotropic
acid may prove useful here.

The reagents of the arsenazo group have not found wide
application as precipitants. The precipitation of Zr with
Arsenazo I has been described!®s. The separation of Th
and Zr from other elements by adsorption of their com-
plexes with Thoron I on activated carbon is of interest 9.
The most useful reagents for these purposes, as for co-
precipitation with coloured or colourless precipitants, are
those of higher molecular weight: Arsenazo II, Thoron II,
and bromo- and nitro-derivatives of Arsenazo III.

The use of these reagents for the chromatographic
separation of elements has been little studied, although it
may reveal new possibilities.

6. QUANTITATIVE ANALYTICAL METHODS
Thorium

This element, which once presented serious difficulties
analytically, can now be determined photometrically in
almost any material, even in trace amounts. The use of
Thoron I has been the most studied. After early work des-
cribing the colour reaction, the conditions for the determi-
nation and the selectivity!s2, a series of independent papers
appeared describing the determination of thoriumin various
materials % -8,

Methods using Arsenazo I are somewhat more sensi-
tive; the reaction has been studied in detail by Kuznet-
sov and Nikol'skaya?®. The method has been described in
Japanese 29782 and other 22728 papers. Zaikovskii and
Gerkhard suggested the use of tartaric acid to mask Zr and
Ti' 22,23

The determination of Th with Arsenazo II is carried out
in 0.2 N HC1 under conditions such that the influence of
many other elements is reduced to a minimum; zirconium
and titanium are masked with phosphates. The deter-
mination of thorium in monazites!!!, granites, and other
minerals!!2 has been described.

With Thoron II the determination can be effected in
strongly acid media, where the influence of sulphates and
phosphatesis low; zirconium and titanium are masked with
oxalic acid!4, A method for the determination of micro-
~-quantities of thorium oxide, ThO,, has been developedi!4,

The use of Arsenazo III appears to be the most promis-
ing 6-!15, The experimental conditionsare: 3.0-9.0 NHCI,
1.5-29 oxalic acid to mask zirconium, and 0.002%
Arsenazo II; the sensitivity is 0.06—0.1 pg of thorium
per ml8115,  Sulphates, oxalates, and phosphates do not
interfere. Methods have been developed for the determi-
nation of micro-quantities of thorium!1® and for the deter-
mination of thorium in zircons?, metallic tungsten!24,
products containing niobium and titanium?!?!, rocks 8,120
and other materials %7,}2-13,  An extraction- spectro-
photometric method using Arsenazo III has been developed,
which can determine for example 1 ug of thorium in 1 litre
of solutionil®, Methods have been described for coprecipi-
tating thorium with Arsenazo III with colourless and inert
coprecipitants 119,120,

In the absence of zirconium, thorium can be determined
in 50% hydrochloric acid (~ 6 M) without adding oxalic
acid. The sensitivity is a maximum in 8 M HC1. With a
5 cm photometric cell 0.01 pug of thorium per ml can be
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determined!!®, Because of the high acidity, oxidants such
as nitric acid and chlorine, which are sometimes found in
commercial acids, must be absent. It is best to use
distilled hydrochloric acid.

Various procedures have been described for use with
specific materials; these differ mainly in the method used
to decompose the sample and remove the base material, the
photometry being carried out under practically the same
conditionsineachcase. For rocks the following procedure
may be used: 0.1-0.5 g of rock containing 0.0001% of
thorium or more, i.e. assumed to contain 1-25 pg of
thorium, is decomposed with hydrofluoric acid, the solu-
tion evaporated, the residue moistened with the same acid
and treated with water, the filtered residue treated with
perchloric—hydrochloric acid mixture, the solution evapo-
rated, the residue dissolved in hydrochloric acid, the
reagent is added, and the solution subjected to spectro-
photometry 118,

To determine thorium in zircons, 0.1 g of the material
is fused with potassium hydrogen fluoride at 800°-900°,
the melt treated with sulphuric acid (1:1), and the solution
evaporated to remove all the fluorine. The residue is dis-
solved in hydrochloric acid and the solution subjected to
spectrophotometry 117.

In the determination of thorium in silicate rocks, zir-
conium, titanium, and the rare-earth elements are
removed by ion exchange on cation-exchange resin KU -2}
in the hydrogen-form. Titanium is not adsorbed from 1 M
hydrochloric acid; the rare-earth elements are eluted
with 2 M hydrochloric acid and zirconium with 0.5% oxalic
acid, and then thorium is quantitatively eluted with satu-
rated ammonium oxalate solution. = The thorium is then
determined with Arsenazo Il in 5 M hydrochloric acid
without removing the oxalates, which do not interfere. The
sensitivity corresponds to 1073-10-%9% of thorium in the
specimen 125,

The concentration of thorium from sea or river water
has been described, with its subsequent photometric deter-
mination in the precipitates with Arsenazo Il by “wet
ignition” and with reprecipitation of the thorium to remove
impurities present in the water. Quantities as low as
0.5—1 pg of thorium can be separated and determined from
20 litres of sea or river water 120,

Because of its high sensitivity combined with good selec-
tivity, especially with respect to anions, the method using
Arsenazo Ill is recommended for the rapid determination of
micro-quantities of thorium present as ThO,. The material
is dissolved in sulphuric acid and the ThO, determined
without removing the sulphates. Such determinations are
required in the extraction and evaporation of solutions, and
in the determination of thorium in aerosols, biological
materials, blood and other cases requiring its determina-
tion for medical and health purposes.

Uranium

The highly sensitive reaction with Arsenazo I is most
frequently used for the determination of uranium *,°-29;
zirconium, thorium, titanium, aluminium, iron, the rare-
-earth elements, and some other elements interfere. With

i KU-2 is a monofunctional, strongly acid cation- exchange resin
with —SO3H active groups, prepared by treating a swollen styrene—
divinylbenzene copolymer with chlorosulphonic acid, then saponifying
the sulphonyl chloride (Ed. of Translation).

low contents of other elements their influence can be elimi-
nated by adding Trilon B or by utilising the decomposition of
the complex of UOZ" with arsenazo whenhydrogen peroxide is
added ®1%. The determination is carried out at pH 4.5-6.
A successful method for increasing the selectivityis to com-
bine extraction with spectrophotometry 126,197,198 Angther
method for greatly increasing the selectivity is to reduce
the uranium to uranium(IV) and determine the latter in the
same way as for thorium.

A complexometric method for the determination of
uranium(IV) using Arsenazo I as metal indicator has been
described.  Methods for the chromatographic separation
of uranium from impurities have been suggested!9®. An
extremely useful method for determining uranium involves
preliminary extraction of uranium(VI) with ethyl methyl
ketone in the presence of Complexone III. 200

Thoron I has been proposed for the determination of
uranium(IV) 92;% in 0.1-0.3 N HC1; many elements do not
interfere.

A method for the determination of uranium in ores with
Arsenazo II has been developed, using readily fusible
extractants to separate uranium from impurities13; sul-
phates and relatively large amounts of phosphates do not
interfere. Iron(Ill), vanadium(IV), copper, the rare-earth
elements, and in part aluminium, titanium, and thorium are
masked by adding the calcium salt of Trilon B; aluminium
is readily masked with sulphosalicylic acid, titanium with
tartaric acid, and thorium with fluorides3.

ArsenazoIII can be used to determine both UOZ* (pH 1.5-2)
and uranium(IV) (4—10 N HC1)1!5, An extraction—spectro-
photometric procedure has been developed for determining
uranium in ores, comprising the extraction of the UQ2'—
Arsenazo III complex with butanol from a solution saturated
with Trilon B and containing potassium fluoride to mask
thorium and other elements!?¢. A highly selective method
developed for the determination of uranium(IV)!'?” com-
prises the reduction of uranium with zinc metal and ascor-
bic acid in one aliquot of the solution, addition of the
reagent to this and a fresh aliquot, adjustmentof the acidity
to 4.5 N HC1, and measurement of the optical density of the
second solution against the first. The influence of other
elements is thus eliminated. Zirconium is masked with
oxalic acid. Large quantities of thorium interfere. The
determination of uranium in particularly complex materials
requires the removal of at least the main mass of inter-
fering elements. Methods for the separation of uranium,
thorium, and plutonium have been reviewed4.

A method for determining uranium in complex ores,
minerals, and solutions comprises extraction of uranyl ion
with a 20% solution of tributyl phosphate in carbon tetra-
chloride from a solution containing ammonium nitrate and
Complexone I, re-extraction of the uranium with Arsen-
azo III solution, and photometry; the method can deter-
mine contents of uranium of 0,002 ug per ml or more
of solution 128,

Zirconium and Hafnium

Zirconium is another element for which reagents of the
arsenazo group are widely used analytically. Methods are
known using Arsenazo I 33-3% and Thoron I, # and colour
reactions with Arsenazo II and Thoron II have been des-
cribed 3,
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Good results have been obtained with Arsenazo III. The
possibility of working in strongly acid media (2—11 N HCI),
i.e. under conditions where there is practically no hydro-
lysis or formation of polynuclear zirconium ions, gives
highly stable results and good reproducibility €,120-135
Many anions and cations, with the exception of thorium,
hafnium, uranium(Iv), fluorides, and oxalates, do not
interfere. Therefore, in most cases, even in the deter-
mination of zirconium in complex materials (oress0,32,
alloys based on aluminium, copper, magnesium, and titan~
ium 181,132 and other materials), other elements need not
be removed nor the zirconium concentrated.

The optical absorption of the zirconium—Arsenazo II
complex, and hence the sensitivity of the reaction, is
greatly dependent on the acidity of the solution; the sen-
sitivity is several times greater in 9 N than in 2 N HCl.¢

Hafnium is determined under approximately the same
conditions and with the same selectivity as zirconium. A
slight difference in the behaviour of the zirconium and
hafnium complexes with Arsenazo I 2@ when the acidity is
varied has enabled methods to be developed for the sepa-
rate determination of zirconium and hafnium when both are
present.

Hafnium can be determined with Arsenazo III under
approximately the same conditions and with the same
selectivity as zirconium. The variation of sensitivity with
acidity is as great as with zirconium; the sensitivity is
maximum in 6—-11 N HCIL.

The following method can be used to determine zircon-
ium and hafnium when both are present: the combined
solution is subjected to spectrophotometry at two pH
values, such that the intensities of colour of the corres-
ponding zirconium and hafnium complexes combine or show
the greatest divergence respectively; it is then easy to
calculate the contents of zirconium and hafnium from the
results obtained. According to Elinson and Mirzoyan, in
the case of Arsenazo III 1 N HC1 and 4 N HCI should be
used!3!; the procedure is as follows. Metallic hafnium
(1020 mg) is dissolved in hydrofluoric acid, the solution
fumed with sulphuric acid, and the residue dissolved in
4 N HCI1 and made up to 500 ml. An aliquot of the solution
(> 50 pg hafnium) is heated and cooled, 2 ml 0.05% Arsen-
azo I solution is added, and the solution made up to 50 ml
with 4 N HCI and the extinction measured, with the reagent
solution as comparison solution. The zirconium content
is found from a calibration curve. Thorium, uranium(Iv),
and titanium interfere. The accuracy of the method is
+20% with 0.5% zirconium and +10% with 1% zirconium.

Plutonium

The determination of plutonium(IV) with Thoron I in
0.05—-0.25 N HNQ, or HC1 hasbeendescribed; uranium(IV),
thorium, zirconium, and to a lesser extent cerium(II),
iron(II), anduranium(VI) interfere. Theaccuracyis +1%.%
Arsenazol isused as metal indicator inthe complexometric
determination of 0.1 0.2 mg of plutonium(IV) per ml with
Trilon B in 0.1-0.2 N HNO,; up to 140-fold amounts of
UO2" can be tolerated %,

A method for the coprecipitation of plutonium has been
developed; coprecipitation is practically complete with
the arsenazo— methylene blue system at pH 2—-6.3 and a
dilution of 1 in 2 X 10° (0.1 pg of Pu in 200 ml)1ee,
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Neptunium

In 0.3~0.5 N HNO, Thoron I forms with neptunium(Iv)
a coloured complex of molar extinction coefficient 14 500;
0.5—5 pg of neptunium can be determined to within +2 —4%
with photometry at 540 mu.% Neptunium(IV) can be
determined with Arsenazo Il in 46 N HNO,;; the molar
extinction coefficient at 665 myu is 100000. Uranium,
plutonium(IV), thorium, and zirconium are removed by
extraction of their complexes with di-(2-ethylhexyl)ortho-
phosphate in carbon tetrachloride 2%, The reactions of
protactinium(V) with Arsenazo III?!! and Chlorophosphon-
azo IIT 22 have been described.

Americium

Traces of americium can be precipitated from dilute
solutions by using coprecipitants containing reagents of
the arsenazo group, especially Arsenazo 1.1%0 Basic
dyes such as methylene violet are used to provide the
heavy organic cations. The coprecipitation is carried
out at pH 5-8, and is practically complete at a dilution of
1 in 102 (0.00002 pg of americium in 200 ml). Each
200 ml portion of solution requires 200—-400 mg of the
coprecipitant components 1%,

Protactinium

A highly selective reaction for protactinium has been
described, using Arsenazo III, which gives a colour reac-
tion with protactinium(V) over a wide acidity range: from
weakly acid to 10 M or more sulphuric acid. The com-
plex is green, and is stable for more than 24 h. The
reaction can also be carried out by the extraction—photo-
metric procedure. The complex of protactinium with
Arsenazo II is fully extracted from sulphuric acid solu-
tions (> 4 N) by isopentyl alcohol3?; the molar extinction
coefficient of the complex is 2.2 X 10¢ and Beer's law is
obeyed over the concentration range 0.3-3.1 pg of prot-
actinium per ml.

The possibility of extracting the complex of protactinium
with Arsenazo II from strongly acid solutions makes the
reaction highly selective; in addition to protactinium, the
extract contains only traces of thorium, uranium(IV), and
zirconium, and the influence of these elements can be
completely eliminated by washing the extract with a
solution of oxalic acid in 7 N H,SO,.

The procedure is as follows: 0.2-1 ml of the initial
solution, containing 1~10 pg protactinium, is taken ina
tube with a ground glass stopper, 0.8 ml 10-* M Arsen-
azo III is added, and then concentrated sulphuric acid to
give a final acid concentration of 7-8 N. The solution
is extracted with 2 ml isopentyl alcohol saturated with
T N H,S0,, the extract is transferred to a centrifuge tube,
the extraction is repeated with 1 ml of the alcohol, and the
extracts combined and centrifuged for better separation
of the phases. The upper organic layer is transferred
to a 10 mm cell and the extinction measured, against
the reagent, at 660 mp. If thorium, uranium(IV), and
zirconium are present, before centrifuging the extract is
washed with 1 ml of ~ 0.5 M oxalic acid in 7 N H,S0,.!¥"
The reaction of protactinium with Chlorophosphonazo I
has been described 23,
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Rare-Earth Elements

Arsenazo I and Thoron I have been proposed for the
determination of the rare-earth elements in various
materials. Arsenazo I is used at pH 6—8; the sensitivity
is 0.2-0.4 pug ml-1, 406,202,268 Many elements interfere;
a confirmatory reaction is the immediate disappearance of
the colour when phosphates are added42.  Spectrophoto-
metry at two different temperatures has been used for the
direct determination of rare-earth elements in the pre-
sence of thorium; the optical density at 576 mu of the
thorium complex of Arsenazo I in a solution of pH 3.7 is
the same at 20° as at 80°, while the optical density of the
corresponding rare-earth complexes is greater at the
higher temperature. By using a calibration curve 1.2%
or more of rare-earth elements can be determined in
thorium products 292,

A method for the determination of individual rare-earth
elements with Arsenazo III has been developed!3; the pH
used is 1.5—3.5 and the sensitivity is 0.01-0.05 pug ml~? of
the element. Aluminium, iron, magnesium, sodium,
potassium, sulphate, chloride, and dihydrogen phosphate
do not interfere; many other elements greatly affect the
determination. A method for the successive complexo-
metric determination of thorium and total rare-earth ele~
ments has been described 2%,

The spectrophotometric titration of rare-earth elements
with Complexone II using Arsenazo I as indicator has been
described2%; 5-500 ug of rare-earth elements can be
determined with an accuracy of +6%.

Scandium

Scandium is determined with Arsenazo I at pH 6; the
molar extinction coefficient is 11 500, and the sensitivity
0.04 pg of scandium per ml®®, With Arsenazo II at pH 5.0
the sensitivity is 0.1 ug per ml®°, With Arsenazo III more
acid solutions can be used (pH 1.8), where there is no
formation of polynuclear scandium cations; as with zir-
conium, this is of particular importance.

Scandium is determined spectrophotometrically by adding
0.5 ml of 0.1% Arsenazo II solution to ~9 ml 0.08 N HC1
containing 5-30 ug of scandium, diluting to 10 ml, and
measuring the extinction in a 1 cm cell at 680 mp against
water2®, The use of Arsenazo IIl as complexometric
indicator in the volumetric determination of scandium has
been described. The use of an acid medium (pH = 1) gives
a rapid reaction and high selectivity.

The reaction of scandium with ChlorophosphonazoIIl has
been described 224,215, The colour is developed at pH 3 —4;
the molar extinction coefficient at 680 my is 9113,

Beryllium

Beryllium is detected with ArsenazoI at pH 6-6.5
(urotropine and hydrochloric acid); the sensitivity is
0.02 pg of beryllium per ml48-81, Many elements can be
selectively masked: aluminium with tartrates or Trilon B;
iron(Ill), rare-earth elements, and copper with oxalates;
uranium with hydrogen peroxide; and thorium with tung-
states4®. Beryllium isdetermined with ThoronlI atpH 12.4
(borate buffer mixture); methods have been developed for
determining beryllium in aluminium alloys -9,

Aluminium

Arsenazo I has been used to determine aluminium 8,%7,48;
the reaction is carried out at pH 4.3, with sensitivity
0.05 yg m1™l. No interference is caused by iron(II), mag-
nesium, manganese, alkali or alkaline earth metals, or
sulphates. The experimental conditions are of great impor-
tance. Because aluminium tends to form oxo-ions and
polynuclear ions, the pH must be adjusted by careful addition
of sodium acetate or urotropine only after the reagent has
been added. Certain o-hydroxy-diazo-derivatives of
chromotropic acid can be used to determine aluminium in
2 more acid medium, Thermospectrophotometry can be
used to determine aluminium in the presence of indium,
gallium, and other elements 202,

Indium

The determination of indium with Arsenazo I has been
described, at pH 4.8; 0.8-50 pg of indium per ml can be
determined. Alkali or alkaline earth metals, ammonium,
cobalt, nickel, zine, cadmium, and palladium do not inter-
fereSs,

Vanadium

Vanadium gives a typical colour reaction with Arsen-
azo I'7; it is determined at pH 6. Complex-forming
agents used for masking interfere. A colour reaction of
vanadium(IV) with Arsenazo II has been described 8,

Niobium

Niobium can be detected with Arsenazo I 33,42,5 at pH 2,
sensitivity 0.5—1 pg m1™. There is little colour contrast
in the reaction.

Tantalum

A colour reaction of tantalum with Arsenazo I has been
described 42,54, A method has been developed for deter-
mining 0.5-30% of tantalum in titanium alloys. The sen-
sitivity is 0.3 pg of tantalum per ml, in 1-2 N HCI.

Titanium

The determination of titanium in titanium and chromium
borides with Arsenazo I at pH 2.5—3 has been described;
the sensitivity is 0.01-0.25 mg of titanium in 100 ml 52,
The use of dichlorochromotropic acid offers better pros-
pects 218,217,

Lithium

Thoron, nitrothoron, nitroarsenazo, and various other
derivatives have been suggested for the determination of
lithium®. The reaction is carried out in 2% potassium
hydroxide solution, and the detectable minimum is 1 ug of
lithium; calcium and magnesium do not interfere 2,1,
The determination of lithium in aluminium and copper
alloys has been described. The best method is spectro-
photometry of 0.1-0.7 mg of lithium in a volume of 50 ml
at pH 14 in the presence of 0.7 ml of 0.1% thoron solutionl®,
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Barium and Strontium

Certain analogues of arsenazo — e.g. reagents (III) and
(IV) — have been suggested for the determination of barium
and strontium!42, The determination is carried out at
PH 1-2; the sensitivity is 0.04—0.1 pg of element per ml.

Bismuth

Methods have been described for the photometric 103
and complexometric determination of bismuth at pH 1.3
using Thoron 1 as metal indicator®t. At pH 1.5-4.5
Arsenazo III gives a clear colour reaction®.

Sulphates

Several methods have been described for the volumetric
determination of sulphates by titration with barium chloride or
barium perchlorate solution; Thoron I1%;1% reagent (V)43
and reagents (VI) and (VII)1#2 have been suggested as indi-
cators for barium.

Fluorine

A number of methods are known for the volumetric
determination of fluorine by titration with thorium salts;
Thoron I 1%,1% and Arsenazo I €,% have been suggested as
indicators for thorium(IV) cation,  The method with
Thoron I has been most widely used. Several methods are
based on the masking of fluorides with elements other than
thorium, e. g. aluminium in the presence of ArsenazoI208,209

---000---

Reagents of the ‘arsenazo group occupy a foremost place
in inorganic photometric analysis, by virtue of the scale of
their use, their universality, and the efficiency of their
analytical action. A feature of these reagents is their high
sensitivity (to 0.01 pg of element per ml) and the high sta-
bility of the complexes formed; because of the latter,
strongly acid media can be used for the determinations.
The determination of elements producing highly charged
cations (palladium, thorium, zirconium, hafnium, pluton-
ium, neptunium, and certain others) with Arsenazo III is
highly selective. In many cases these elements can be
determined without removal of other elements, and several
methods have accordingly been used for rapid process con-
trol determinations. In addition to photometry, the re-
agents are widely used as coprecipitant components in the
concentration of elements from dilute solutions, as metal
indicators in volumetric complexometric determinations,
and in the extraction—photometric determination of ele-
ments.

The ready synthesis of the basic reagents (Arsenazo I,
Thoron I, and Arsenazo III) and their derivatives and the
availability of the necessary starting materials favours an
even wider use of the reagents of the arsenazo group in
inorganic analysis. The wide choice of readily -prepared
compounds ensures that in each particular case the deter-
mination of the elements in the given combinations can be
carried out with the most suitable reagent in respect of
selectivity, ease of extraction, completeness of precipi-
tation, or required stability of the complex.
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Recent experimental investigations of the mechanism
of the extraction of iron from chloride solutions and also of
some simple inorganic acids by oxygen-containing sol-
vents1=5,70-72 have led to conclusions extending insignifi-
cance beyond these systems. The results obtained, com-
bined with existing data, gave an orderly picture of the
mechanism of the extraction of simple and complex acids
(partly in relation to the hydration and solvation of the com-
pounds extracted). It has also been found that in several
cases the extraction of salts, too, has much in common
with that of acids. An attempt is made below to present
this picture as a whole.

1. SOME EXPERIMENTAL DATA

It might be supposed that tervalent iron is extracted
from hydrochloric-acid solutions by oxygen-containing sol-
vents (ethers, esters, ketones, alcohols) in the form of
compounds of general formula HFeCl,.zH,0.mS, where S
represents a molecule of the organic solvent. Examination
of the infra-red spectra of the iron compounds extracted
from hydrochloric-acid solutions by esters (ethyl, butyl,
and isopentyl acetates) has enabled several conclusions to
be drawn concerning the character of the hydration and sol-
vation of these compounds!»3~5,

The extracts containing iron showed shifts in the band
due to stretching vibrations of the C=0 group of the esters
by 30-40 cm™ compared with the spectra of the pure sol-
vents and those of solutions of water in these solvents,
where hydrogen bonds may be formed between the water
and solvent molecules. These shifts indicate combination
of the solvent, i.e. that it forms part of the extracted com-
pounds.

The changes in the spectra of extracts containing iron
do not differ in character from those observed in extracts
containing hydrochloric acid alone, and also in solutions of
hydrochloric acid in organic solvents. The spectra of
extracts of iron show no changes other than the above shift
in the C=0 band and the associated shift in the C—O band.
The spectra of solutions of KFeCl, in anhydrous organic
solvents show no displacements of the C=0 band. These
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