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SUMMARY.— In this review a selection has béeen made of the spectrophotometric methods of
determining molybdenum by means of ternary compounds. They have been summarized in tables
which contain the principal spectrophotometric characteriscs and other data concerning applicabillty.
The parameters affecting. sensitivity and selectivity are discussed as well as the nature of the
compounds formed and a classification of the ternary system components is included.

RESUMEN.— En esta revisidon se han seleccionado los métodos espectrofotométricos de determina-
cién de molibdeno por medio de complejos ternarios. Se han resumido en tablas que contienen las
principales caracteristicas espectrofotométricas y otros datos relacionados con sus aplicaciones. Se
discuten los parametros que afectan la selectividad y la sensibilidad de las reacciones utilizadas, asi
como la naturaleza de los compuestos formados y se incluye también la clasificacién de los compo-

nentes de los sistemas ternarios.

INTRODUCTION

The determination of molybdenum has lately attracted
great attention and is specially interesting in numerous
materials such as metallurgical products, geological
samples, soils, fertilizers, biological materials, waters,
fuels and lubricants (124).

Molybdenum at trace level introduces significant
changes in the properties of a wide variety of samples
types. Its importance is known in bio-and geochemical
¢ycles in sea water and sediments (73). In lake waters it
plays an important role as an active element for growth
and as micronutrient in the aquatic medium (125). It
is an essential element in plant nutrition since it is a
metallic component of numerous enzymes and may
influence several metabollic proceses in plants (126).
There are considerable problems of molybdenum deficien-
cies of agricultural importance and animals also need low
levels of this element in their diet for normal growth
(127). These determinations by spectrophotometry have
special importance since this technique is the most widely
available,

The methods that involve the formation of blue
molybdenum heteropoliacids and compounds with two
metals and one figand are not included in this review.

NATURE OF THE REAGENTS AND COMPOUNDS
FORMED

A significant increase in the sensitivity of the methods based
on binary complexes of metals with chelating reagents can be
obtained by introducing a third component into the system. The
compound formed appears in the literature with diferent denomi-
nations; the ones used more frequently are: ternary complex,

mixed ligand complex, three component complex, ion association
compound, ion-pair and ternary compound. Independently of the
denomination, the majority of examples reported are of the
ion-association type. In such a compound, the metal ion reacts
with a ligand to produce a charged binary complex which then
forms an ion-association compound with a specie of opposite
charge (17).

Most of the work done with the ternary compounds aims at
the resolution of practical problems and little information is
available about theoretical foundations. However there are reasons
to suspect that in numerous cases the ligand-ligand interaction
plays an essential part in the properties of the ternary compuund
that diferenciates it from a binary complex. Often when a third
component is introduced in a binary complex a bathochromic
shift of the Amax and enhanced sensitivity and precision are
observed (89). Some examples are reported in which the number
of chelating agent molecules coordinated to molybdenum in
binary complexes increases with the formation of ternary
compounds (65, 89, 101, and 128).

Much of the literature concerns methods of ternary
compounds formation of molybdenum which contain thiocyanate
and they represent practycally half of the total. Therefore we can
classify the molybdenum ternary compounds in two groups:
compounds containing thiocyanate and compounds without
thiocyanate.

1. Ternary compounds containing thiocyanate

Probably the oldest and most widely used reagent for molyb-
denum' has been thiocyanate. The molybdenum-thiocyanate
colour has been notorius for its lack of stabilily and reproducibili-
ty and for dificulties involved in developing its maximal intensity
{129). To solve this problem, colorimetric procedures for molyb-
denum with thiocyanate, including also ternary compounds,
frequently employ an additional reducing agent.

It is agreed that colour is due to the formation of the Mo(V)-
thiocyanate compiex, based on the reduction of Mo{(V1)} to Mo(V)
(130, 131, 132 and 133) or to isomerization reaction of the
MoO; {SCN),; complex, and thus the function of the reduction
agent is to catalize the isomerization reaction of the Mo(VI)
(which takes place through an unstable Mol(V) intermediate)
rather than to stabilize Mo(V) (130). However some modifications
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omit the reducing agent enterely but often longer procedures
are required (1, 4,18, 31, 36, 39 and 47).

The additional reducing agent most often used is ascorbic
acid (1, 2, 4, 8, 10, 12, 13, 15, 16, 23, 24, 25, 29, 30, 32, 33,
34, 35, 36, 37, 38, 42, 46, 47, 48, 50 and 53). SnCl, has also
been used (3, 7, 44 and 51) but usually reproducible results and
colour are only obtained in narrow range of reductor concentra-
tion and some authors considered it too strong a reductor. There-
fore in most instances ascorbic acid is preffered because it is a
milder reductor and the amount to be added is not critical.

Two examples are reported in which the colour can also be
developed without additional reducing agents due to the mild
reductor properties of thiocyanate (37 and 38). In the case of
the system Mo-thiocyanate-quinoline it is suggested that quinoline
is acting as reductant (1). :

In most cases the reagent used to form the ternary compound
with Mo-thiocyanate contains nitrogen. We can divide the
mentioned reagents as follows:

a) Nitrogenated heterocycle derivates: quinoline (1), 2 benzy-
laminopyridine (2), 3 benzoylaminopyridine (3), amidopyridines
{4), benzyipyridine (5, 6), 2-2' bipiridilo (7), 1-10 phenanthroline
(7), papaverine (8), lobeline (9), 5-pyralozone derivates (10),
nitrones (11, 12) and phenothiazine derivatives {(13-16).

b) Tripheny! methane derivates: rhodamine B {17}, rhodamine
6G (18) and crystal violet (19-23).

c) Aromatic amines: aniline derivates (24-26), tribenzylamine
(27), diphenylguanidine (28, 29), monoocty!&anilinobenzylphos-
phonate (30}.

d) Other organic bases: amidines (31-36), imidoyl derivates
(37, 38}, amides (39, 40), ammonium quaternary salts (42-44),
and thiosemicarbazones (45). -

e) Other reagents: arsonium and phosphinium quaternary salts
(46, 47), triton X-100 (48), tributyl phosphate (49), carbinol
derivate (50), 2 mercaptobenzo-y-thiopyrone (61}, caprolactama
(62), other surfactants (63), and salsolidine (54).

2, Ternary compounds without thiocyanate

These compounds contain at least one chromogenic reagent
that forms a binary compliex with molybdenum. The most
abundant compounds in this group are the Mo-triphenyimethane
dye-surfactant, referred by some authors as surfactant sensitized
reaction since the colour of the binary complex is enhanced by the
addition of a surfactant. In these compounds, the surfactant
micelles seem to be responsibte for the ternary system formation.
The most widely accepted explanation is that the positive superfi-
cial charge of the micelles induce the stuff dissociation (89 and
129) and therefore favours the ternary complex formation with
a lower relationship metal: chelating agent (89, 100, 128 and
135). Consequently the critical micelle concentration must be
reached. However some cases with other metals have been repor-
ted in which the ternary compound is formed below the critical
micelle concentration of the surfactants {135 and 136), which
could be attributed to a different reaction mechanism {135).

The chromogenic reagents described could be classified as
follows:

a) 0-0 ligands

1- Triphenayimethane derivates: gallein (65-69), pyrogallo! red
(60-64), bromopyrogallei red (65-75), fluorones (76-85), pyroca-
thecol violet (86-91).

2- Poliphenols: pyrocatechol (92-100), pyrogallol (101), 4
butyryipyrogallol (102), tiron (105-106).

3- Quinone derivates: carminic acid (104), indoferron (120},
alizarinred S (121).

4- Other reagents: pyridine-2, 4 dicarboxilic acid {123), hema-
toxiline (103).

b) -O-N ligands

1- azo compounds: eriochrome black T (107), stilbazo (108),
4-(2-pyridylazo)-resorcinol (109-110), 2-({5-bromo-2-pyridyl)azo)-
5-(diethylamino)phenol {111), Na 2-bromo-4,5 dihydroxyazoben-
zene-4'-sulfonate {112), other azo compounds (113, 114).

2- other reagents: hydroxamic acid derivates (115, 116), oxine
(117) oxine derivates (118, 119).

The third component in these ternary compounds contains
nitrogen in most cases and they can be clasified as follows:

a) Quaternary ammonium salts

1- Straight-chain alkyls: cetyltrimethylammonium, tetradecyl-
dimethyl-ammonium, methyltriocthylammonium, dimethyldiocta-
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decylammonium,.poly {propylene oxide)--stearyidimethylammo-
nium.

2- straight-chain alkyl aryls: zephiramine, dialkyimethylbenzy-
fammonium, dimethylbenzylphenylammonium. )

3- cyclicals: cetylpiridinum, triphenyltetrazolium.
b) Amines

1- cyclicals: pyridine, papaverine, antipyrine, diantipyrilmetha-
ne, 1-10 phenanthroline, ¢, ®’dipyridyl, poly{vinylpyrrolidine),
hexyidiantipyrylmethane.

2- non cyclicals: diphenilguanidine, trioctylamine, hydroxyla-
mine, N-phenylbenzohydroxamic acid.

c) Other reagents: alkyltriphenylphosphonium, tri-n-octy!
phosphine oxide, cyclohexano!, thioglicolic acid, triton X-100,
dimedrol.

Other systems: sulphonitrophenol + hydroxylamine.

SENSITIVITY AND SELECTIVITY

The analysis of molybdenum traces are usually made
by means of spectroscopic techniques and most of them
suffer from inadequate sensitivity or selectivity. Precon-
centration of the samples is therefore necessary by any
one of such techniques as coprecipitation, ion-exchange,
solvent extraction, chromatography or flotation prior
to its analysis.

The introduction of a third component in a binary
complex often leads to a drop in the pH of the complex
formation and in most cases th¥ ternary compounds are
formed in a strongly acidic medium, which increases the
selectivity of the methods.

Special attention has been paid to the systems Mo-
triphenyimethane dye-surfactant, where the presence
of the surfactant converts the dye into the reactive
deprotonated form in a more acidic medium thus avoi-
ding important interferences. The pH may also influence
the stoichiometry of the compound since an increment
of the pH may provoke a second dissociation of the dye
which would lead to a diferent composition of the ternary
compound (65). The nature of the surfactant also has
some effect on the sensitivity and in numerous cases on
Amax of the compound. On the other hand triphenyime-
thane dye concentration can shift Amax toward shorter
wavelengths and this is the reason why different authors
deduce different values of Amax for the same compound
(128).

The compounds with thiocyanate show the Amax
between 455 and 645 nm. The compounds without
thiocyanate exhibit a wider range for measurements
between 360 and 690 nm due to the participation in
most cases of two organic reagents instead of one.

The sensitivity values are usually between 10* and 10°
I mol™ cm™ and higher values are only attained with
thiocyanate-rhodamine compounds and with fiuorone
compounds. The high sensitivity shown by both types
of ternary systems could be attributed to an increment
in conjugation through meroquinoid structures together
with the presence of the oxygen bridge between an
aromatic ring and the quinone type ring.

The detection limits are usually of the order of part
per million and part per billion levels of molybdenum can
be determined with the thiocyanate-rhodamine system
and with the bromopyrogaliol red-cetylpyridinium
system. With the fluorones the detection limits are not
so low as could be expexted considering its high sensiti-
vity.
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Very often an extraction with organic solvent as pre-
concentration technique is used. The extraction may
-bring about an increase of sensitivity and/or selectivity
but that is not always the case (128). Some times the
extraction is applied with the sole aim of separating
the ternary compound from its component {since the
spectral characteristics are very similar) or solubilizing
the ternary compound, allowing by this way the spectro-
photometric determination in both cases. In most instan-
ces Cl3CH has been used as solvent.

The methods gathered in this review are usually applied
to molybdenum determination in ores, alloys and steels and
only in some cases are applied to other materials such as
waters, sediments, solid and plants. No application has
been made to samples where the molybdenum content is
of interest such as food, human body, animals...

The species that show interference more frequently
are: Fe(ltl), W, V, Ti, Cu, Pd, Pt, Sn{il), Cr{Vl), Zr, Bi,
Al, Nb and Mn(li). These interferences may often be
overcome by means of complexing or reducing agents.
Thus Fel(lll) is very often masked by reduction with
ascorbic acid (11, 17, 25, 30, 42, 47, 65, 84, 88, 96, 104,
108, 112) or SnCi, (49) (these reductor agents sometimes
are also needed to form the ternary compound). Fe(llt)
can also be masked by complex formation with phosphate
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(55, 101), pyrophosphate (119), EDTA (60, 111, 120},
trilon B (78), F~ (108), S, 05 (4). W(V1) can be masked
with citrate (1, 56, 26), tartrate (17, 26, 100), oxalate
(10, 46) or thiocyanate (40). Other interfering cations
are masked with EDTA (56, 60, 79, 84, 100, 111, 112,
120), F~ (30, 40, 56, 60, 79, 108, 112), 5,03 (4),
oxalate (10, 46), thiourea {40) and citric acid (100).
Sometimes a mixture of these species is used. Another
way to eliminate interferences is by shaking the organic
phase after separation of the aqueous phase with another
aqueous solution containing a reductor agent (27, 47) or
extracting the interferent species with a chelate and an
organic solvent (51, 110). In some cases due to the nume-
rous interfering species, extraction of the molybdenum
with a benzoin oxime prior to its analysis, is prefered
(62,83, 101, 104,117).

In conclusion we should say that the determination
of molybdenum by means of ternary compound forma-
tion improves sensitivity in comparison with binary
compounds, but selectivity is not substantially improved.
Frequently preconcentration of the samples is needed
when traces of molybdenum are going to be determined
and prior separation of molybdenum is often convenient
when it is present in complex materials.

MOLYBDENUM TERNARY COMPOUNDS CONTAINING THIOCYANATE

compos.

Ref. Third componrient medium Mo-SCN-X3} separ.

1 quinoline 25M  1:3:2  Ee)PhNO, 470
HC!
2 benzylaminopydine pH <1 1:3:2 E CHCl3 465
3 benzoylaminopy- 3648 1:3:27) — 460
dine M HCL
4 amidopyridines 1.5-7 1:2:1 E Cg Hg 470
M HCI

5 4 benzylpyridine 2MHCI 1:4:2f) ECHCl3 465

6 3 benzylpyridine 1-8 — E CHC!3 470
M HCI

7 1,10 phenanthrotine pH 15 1:3:1 E C,H4Cl; 525

or 2,2’ bipyridy!

8 papaverine 3M HCI — E CHCI3 470

9 lobeline — 1:5:2 E CHCl3 465

10 5-pyrazolones 1-5 1:2:1 E CHCI3 455
M HCI

11 nitron 3MHCI 2:10:3 ECHCl3 465

12 triphenyletrazolim — 1:6:3 E C,H4Cl, 470

13 phenothiazine 1.5-2.7 1:4:1 E CHCl3 465
der. M HCI

14 chlorpromazine 2M HCl  1:4:1 E CHCI3 465

15 promethazine 05N 1:5:2 E CHCI3 465
hydrochloride H;5804

16 mepazine hydrochl HCI — E CHCij 465

int. or DLE)
Amax &b).107* (ug/ml)  aplic. interferencesd), h)

1.8 <5 steels Cu, Fellll), Os, Pd, Ti, V.W. No interfe-
rence of Ag, Be, Bi, Cd, Co, Cr(if1), Hg,
Mg, Mn(i1), Ni, Pb, Th, V, Cr{IV), EDTA,
PO, P,O%, citrate, acetate, tartrate
(50000).

20 - steels -

1.6 - - —

19— 44— steels No interference of Cu, Co, Mn, Zn, Ni,

‘ Cd, Fe, Al, Cr, Ti, Zr, V,Nb, T2, W, U.

1.4 - —  No interference of Ni{20), Criift), V{IV)
{100).

2.0 - — -

095 1-10 — No _interference of Fe, V(10), W, P,

0.92 503 (100).

2.4 5-60 — -

1.38 0.134 — -

1.7- 019 stee! No interference of Cu, Co, Mn(il}, Felll,

25 1Y), AL Crlili, VI, TilH1), Zr, HE, VU,

1V, V), Nb, Ta, W in excess.

152 1212 steel Mn(VII), Ti, O3. No interference of
W(2), Cr{Vl), Cu, Felill), P1, U, V{20),
some alkalins, alkalinearths, heavy
metals and anions {200).

— — ore -
- 110 —  Co, Cu, Bi, Fellll), Ti, W(V), U(Vi).

1.6 0.5-5 — -

1.5 055 steels Co, Cu. No interference of Na, K, Mg,
Ca, Ba, Zn, Mnlll), Cd, Al, Criltl), W,
U03*{100), Fellt), V(50).

1.77 0.1-55 steels -
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MOLIBDENUM TERNARY COMPOUNDS CONTAINING THIOCYANATE (CONT.)

COMPpos. - int. or DL
Ref. Third component medium MoSCN-X separ. Amax &107™*  (ug/ml) aplic. interferences
17 - rhodamine B 1.6M 1:5:2 — 600 109 0.0040.4 plants, W, Zn.
H2S04 soils
18 rhodamine 6G 0.55-08 1:5:2 collect, 570 263 0.040.24 soils, Zn, Co.
M HCI Fe(OH)4 (Sopb coll) sea w.
19 crystal violet - - flotat 590 — 0.020.2 drinking -
PhMe water
20 crystal violet ‘354N 1:5:2 E PhMe 595 -  0.54.ml - -
H2S04 )
21 crystal violet - - E PhMe 595 — 0.050.4 alloys -
22 crystal violet — - E PhMe - - — - -
23 crystal violet - - Flotat. 590 - - metallic —
PhMe Nb
24 N,N-dialkyl aniline der. - - E CoH4Cl, 470 - 110 steels -
25 N, N-dialkil 34 - E CoH4Clp, 434 15 1-10 steel -
aniline M HCI104
26 N-benzylaniline 1.8M - E CHClg/ 466 1.6 0-50 No interference of Pd, Pt, Rh, Au, Re,
H2804 LA Te, PO}, C,0%", BO3, A0}, Cr 0%,
or 2.8M CrOg , VO3, citrate, tartrate.
HCI
27 tribenzylamine 2-35 1:6:4 ECHCl3 - 465 - 020 —  Pd, Pt, Os, acetate, oxalate, citrate.
M HCI
28 diphenylguanidine strongly 1:5:2 E CHCI3 - - - — —
acidic CaH4Clp, 1A8)
29 diphenylguanidine 0.9-3 - E CHCI3 470 212 0.07-7 — No interference of Ti, W, Re, Co (500),
M CHI Cr, Mn, Ni, Cu, Zr(200), Nb{10}, Bi(5).
30 monooctyl-Ganilino- 3M HC! 1:5:3 E CHCIj3 470 058 0.7-28 — 2Zr,Th,Nb, U(VI) (100]), Cu(50).
benzyl-phosphonate
31 N-hydroxy-N-p-chlo- 1545 - E CgHs 470 0.45 2-20 ores, No interference of Fe(lll), V,Nb Ta, W,
rophenyl-N'-{2-me- M HCI alloy Ti, Zr, Al, Cu, Zn, Cr(11l}), Mn{ll), Sn,
thyl-4-chlorophenyl) steels Ni, Co, Th and other metals commonly
benzamidine associated with Mo.
hydrochloride
32 N! hidroxy-N! p- 245 1:2:1 - 470 0.38 — ores, No interference of Ni, Co, Cu, Mn{il},
-tolyt-N*-(3.4dime- M HCI! alloys Ti, Zr, V, Nb, Ta, W.
thylphenil) benzamidine
33 N, N’ diphenylbenza- 1.2-7M  1:2:1 E CgHg 465 1.65- 0.4-54 ores, No interference of Co, Cu, Pd, V{250),
midine hydrochioride HCI, 2-6 -70 1.85 alloy Ti(100), Nb(50).
M H,SO04 steels
34 p-chlorophenyl-o- 0.7-4 M - E CsHg 470 0.33 3-24 ores -
chloro-benzamidine HCI steels
derivate
35 N-hydroxy-N-(p- 34M 1:2:2 -~ E CgHg .470 - - —  No interference of Ni, Co, Mn(tl}, U{vi),
<hlorophenyl)-N’- HCI Zn, Cd, Pb, Cu, Al, Cr(Il1), PO3", AsO3"
-{2,3-dimethyiphenyl) (250), oxolate, citrate, tartrate, F-,
p-toluamidine hydro- 1", EDTA, Pd, Fel(lt!) (100), Zr(80),
chloride S,0%7(70), Ti(15), V{10), W(8). .
36 N,N'-diphenylp- 25 1:2:2 E CsHs 470 177 045 — No interference_of Zr, W, U(VI}(1000),
-toluamidine M HC) I, EDTA, C204 ., POZ, citrate, tartrate
{3000), Co, Cu, Bi, Sbilll, V, F,
S, 03 {200), Ti(100).
37 imidoy! der. 1-6M HC! 1:2:1 E CgHg 645 0.8- - ore, No interference of Fe{ll!), Bi, Sb(lll),
0.8-6M ' 1.4 alloy  TIUlIN}, Th{700)}, Hg, F~, S;03 (500),
H2504 steels  Pb, Zr(1000), 1, AsO}" (1500}, Co, Pd,
Nb, Ta(200}, Nb, W(100).
38 imidoylphenyl- 1.2-6.7 M 1:2:1 E CgHsg 465 1.73 045 ores, =
hydrazine HCI, 0.8- alloy
6M H, S04 steels
39 amides 1-6.6M 1:2:1 E CsHg 475 1.33 0.35ml ores, No Interference of AsO3 (2500}, Hg, Pb,
HC!, 16M —-1.8 alloy Zr{1200), Fe, Bi, F~, $,03(600),
H2S04 steels W(350), V, Ta, Cu, Co, Pd, Ag(300),

Ti(150), Nb{50).
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MOLIBDENUM TERNARY COMPOUNDS CONTAINING THIOCYANATE (CONT.)
compos. int. or DL
Ref. Third component  medium MoSCNX  separ. Amax &107*  (ug/mi)  aplic. interferences

40 hexamethyi phos- 1M HCI - E CHClq 460 1.76 0.5-6 alloy  No interference of U{VI), V, Ta, Zr(20),

phortriamide steels  Re(VIl) (10), HONH; (2.10*), tartaric or
. ascorbic acid (10*), F~ (9000), AEDT
(3500).

41 1-carbetoxypen- - - E CHCI3 460 - — — -
tadecyltrimethyl-
ammonium bromide

42 carbetoxypentadecyl- — 1:5:2 E CHCI3 - — 0.1-7in sedim. -
trimethylammonium org. phase

43 zephiramine - — ECHCl - — 048438 — Bi, Cu, Fe, 103, 104, Cri{VI), W{VI),

Mn{VI1) in amounts equal to that of Mo.

44 methyltrioctylam- 0.4M 1:4:3 E PhMe 467 2.13 0.051 steels No interference of alkalins, alkalinearths,

monijum chloride HCI - Fel(111){300), V, Cu, Bi, Pb, Cr(lll),
As(V), Sb(lll), Zr, oxalate {200), Al, Zn,
W, U{V1), Mn(i1), Co, Hag, tartrade {100},

. Cd, Ni(50), Pd{10).

45 vanitlin thio- HCI 1:4:2 E CHCl4 470 198 0.1-46 steels -
semicarbazone

46 tetraphenylarso- 2M - E CHCljy 470 1.7 — steels  W(40), Nb{10).
nium chloride H2S04

47 tetraphenylarso- 2M HCI  1:2:1 E CHCI3 470 1.8 0.489.6 — No interference UO%*, Zr, Ta, Ga, Pd,
nium or tetraphenyl- or 1M = 1:4:1 . Fe(t11)(100), Nb, W(10), Fe(lll) and
phosphonium H, 504 W(1000]} can be tolerated with a modi-
chloride fied procedure.

48 triton X-100 0.22M - - 468 1.7 0.024.6 steel No interference of Ni(30); Co (12); W (2);

H,504 Cu, Zn V (3) and Cr (V1) {5mg/50 mi).

49 Buj3PO4 — 1:6:3 E CgHg 480 1.8 —  steels -

50 4-(dimethylamino) 0.70.8 - - - — 0.0403 — Interference of Zn, Sb, Hg, W, Ga, In,
phenyl 4-(benzyl- HCI NO3 I, BF4, F. No interference of Be,
methylamino) pheny! Cu, A (500-1000), Bi, Te (100), V,
antipyrinylcarbinol ’ Fe (50).

51 2-mercaptobenzo- 1436 — E aceto- 470 — 0.75-8.5 steel No interference of common ions {>1000)
-y -thiopyrone M HCI phenone

52 & <caprolactam 2-7 1:5:4 - 475 20 0.5 -~ No interference of Mg, Al, Ca(1000), Ba,

M HCI Mn(l1) (500), Ag, Zn, Co, Cr(ill), Fe(ll,
1H)(100), Ni(50), V, 2r(10).

83 ethylene glycol H,804 — - 470 — 0.4-28 Ti-Al  No interference of Ti(20), Ni(30), Mn,
octy! Ph ether + Ti-Mo-Al Cd, Zn, Zr, Cr, Cu, Al, Pb(10), Cal(2),
Na dodecylbenze- alloys Nb, alloys Ce, V(1).
nesulfonate

54 salsolidine pH 0.95 - E BuPh - 20 0.2-16 — W, Fe, V, Co, Re, Se, Bi, Pt, In, Cr, Ge,

—1.1% Os, Rh.
MOLIBDENUM TERNARY COMPOUNDS WITHOUT THIOCYANATE
compos. int. or DL
Ref. Reagents medium Mo-Chr-T separ. Amax &10™* {(ug/ml) aplic. interferences

55 gallein 4 papaverine — 1:2:1 - 600 6.3 0.06 water V,W.

56 gallein + zephiramine pH 1- - - 620 52 035 — snlV), cril, Ti, Ag.
(BDTA) 1.5

§7 dibromogallein + poly- strong 1:2:1 - 642 108 —  steels, -
meric surfactant acid alioys

58 gallein + cetyitrime- pH 1 - - 618 - <05 —  Co, Fellll), sn, V,F".
thylammaonium
bromide (CTA)

59 gallein + CTA pH 1 - - 618 3.7 05-14 — V, Sn, W, Sb, Fe and elements that cause

precipitation.

60 pyrogallol red (PR) + pH 4.4 - —_ 610 34 0-3 steels -
cetylpyridinium chio- -5.1

ride (CP)
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MOLIBDENUM TERNARY COMPOUNDS WITHOUT THIOCYANATE (CONT.)

coOmpos. int. or DL
Ref. Reagents medium Mo-ChrT separ. amax &107* {ug/mi) aplic. interferences
61 PR +CP 0.15-0.3 1:2:2 E CHClj 610 55 - —  No interference of Ti(250).
M HCI 1:2:4 605
62 PR +CTA pH36 1:2:4 - 600 8.0 0.1-04 - W, tartrate, {°, citrate, oxalste. No
' interference of Bi, Th, Fe and others
heavy metals{1000), Cr, Re{500),
Te(300), Cu, Zr, Pd, Pt, Se{lV){100},
U(V1), Sn{1V), Hg, Ag, Ti, V, Sb{li1){10)
63 PR +CTA —_ 1:2:2 - 570 5.3 0-100 ores No interference of V, W.
64 PR + dimethylbenzyl- pH 4 1:2:2 E BuOH 582 213 0.7-6 — -
phenylammonium
chior.
65 bromopyrogallol red strong 1:2:2 - 630 — 0.08-1.4 steels, W. No interference of Ca, Mg, Zn, Ni,
(BPR) +CP acid plants Co, Mn.
66 BPR +CP 0.10.3 1:1:1 - 630 43 01.2 - —
M HCI
67 BPR +CP - - flotation - - 002 sea —
water
68 BPR +CP 1M HCt 1:2:2 E CHCly 610 59 0.25 sea —
water
69 BPR +CP 2M HCI - E CHCly 610 3.82 0002004 ~ Co, Sellv), Bi, Cr{lll), Hg, Pb, Ni,
Mn(11) (1000). ’
2M HCI - E CHCl3 620 6.2 0004004 —  Mn{VI1), Cr(iVI), W, V, Zr, TilB).
70 BPR +CTA 0.020.3 — absorbed 624 6.1 - —  miligram amts. of Ci10g, Fel{llt) and
M HCI on alumina microgram amts. of V, SnliV), Ti, Zr,
. Nb, W.
71 BPR + zephiramine 0.16-0.24 - - 629 5566 0.08-1 iron, W,
M HCI steels
72 BPR + some pH 1 1:2:2 anion 630 6.584 - sea . -
surfactants exchan water,
steels
73 BPR + tri-n-octy! - — E PhNO, - - — part. -
phosphosphine matter,
oxide (TOPO) sea
water,
sediments
74 BPR + red-poly weak - - 600 7.4 - enzyme -
{vinylpyrrolidine acid sample
75 BPR +1,10-phenan- pH4 1:2:2 - 610 - 044 - —
troline
76 phenylfluorone + 0.39N — - 530 — 0.1-80 umnium W(> 0.5). No interference of Fe.
CTA HzSOq, solns
77 phenylfluorone + - 1:1:0.3 - 520 11,1 - -
triton-X 100
78 p-nitrophenylifluorone HCI - E CHCl, 530 - - steels, V., W, Ti, Sb(V), Sn{1V). No interference
+ antipyrine -PrOH alloys of Zn, Co, Ni, Mn, :
78 45dibromophenyl-  1.22.1 - - 538 12 0055 alloys, -
fiuorone + CTA M HC! steels,
ores
80 o-nitrophenylfluorone _ — - 490 1341 0.07-0.5 magnet. No interference of Ti, Zr{1400}, Zn
+ diantipyryimethane 530 films  (1000), Fe{600}, Ni(250), V{20).
81 propyitrinydroxyfluo- pH 2-2.7 1:1:2 E CHCl3 515 - —_ - -
rone + antipyrine
82 salicyifluorone + acid - E CHCI3 — .13 0.03 NaOH, —
antipyrine 0.51 KOH,
metallic
Ti.
83 ophneylfluorone + CTA - — - — 103 - — W, Sn, Ge, Nb, Ta, Ti, Zr, Ga, Sb.
84 salicylfluorone + CTA - 1:2:2 - 530 14 00.3 steels W, Ti.
85 phenylfluorone + HCI 1:1:2 E CHCl3 518 7.4 0.6 std steel -

N-phenyl-benzohydro-
Xamic
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MOLIBDENUM TERNARY COMPOUNDS WITHOUT THIOCYANATE (CONT.)
compos. int. or DL
Ref. Resgents medium Mo-ChrT separ. Amax &10°* (ug/ml) aplic. interferences
86 pyrocatechol violet pH35 1:1:2 - 675 46 9.6-96 — Pb, Cr(VI), Ti, V and ions which form
(PCV) + CTA complex with catechol violet.
87 PCV +CTA pH46 1:1:2 - 660 4.7 — —  No interference of Mg, Cd, Mn{400), CI~
(500), Zn{600), Ca, Sr{100), Ni{140),
Pb, Cr, Co(20), Y(10), La(5).
88 PCV + benzyitetrade- - 1:1:1 - 690 424 0405 - -
cyl dimethylammo:
nium chloride
83 PCV +PC pH 24 - - — 15 - — Sc, Y, Cd, rare earths.
90 PCV +dialkylmethyl- pH 0.2 - E CHCij3 560 6.25 000909 —  Sn(lv), W,
benzylammonium . 0.6
chloride
91 PCV + trioctylamine pH 0.6 — E PhMe 545 — — — —
92 pyrocatechollPC) + pHOS5 - E Cl;CoHs4 640 —  2.5-16ml Moconc. Au, Os, Pt, Hg(6).
triphenyitetrazolium
chioride
93 PC + papaverine pH 1 1:2:1 E CHCl3 400 — 056 — No interference of Ni, Zn{200), Ti, V,
Cu, U, Th{100), Nb, Cr(50), Ta(20).
94 PC + alkylitriphenyl-  pH 2 1:2:1 E CHCI3 400 - - —  H,2C,04, HC!. No interference of W, Nb,
phosphonium CH,Cl; 620 Fellin), Ti, VIV), U{VI).
95 PC + BuPh3P* acid - E CHCl3 370 - — steels —
96 PC + BuPh3P* 1-1.5M - E CHCI3 660- — 10-150mi steels  No interference of Ni, Co, Cr, Mn, V.
H,S04 700 ores
97 PCHa<, dipyridyl - - E CHCIl3 420 — - ores -
98 PC + hexyldiantipy- pH?2 1:1:1 € various 410 — 0.4819 — Al, Ti, Sn, Bi, Fe. Slight interference of
rylmethane 610 Hg, Pb, Cr, Mn, Co.
99 PC + diantipyrinyl- 1-2M 1:2:1 E CHCl3 440 - — steels Ti, Ta, Ge, W but W(< 20ug) and Ti
methane HCI 640 (<50ug) do not interfere of Al, Pb, Zn,
8i, Cd, As, Mn, Ca, Cu, Ni, Cr.
100 PC + dimedrol pH13 1:1:1 E CHCI3 400 05 056 — No interference of Co, U, Ni, Mn, Al,
1.8 Cd, Zn, Re, Fe, Ga, Ge, Ca, Zr, Ce, Th,
P40% ,POY, H,C,04.
101 pyrogallol + dimethyl- pH< 1.5 1:2:2 - 600 4.2 - natural V, W(1). No interference of Pb, Mn, Al,
dioctadecy! ammonium waters Zn, Ni, Co, (100), Cr, Cu, Th, U, Sn,
Sc(10).
102 4-butyry!pyrogallol + - - - 360 0.36 0.4-40 ferromo- —
hydroxylamine lybdenum
103 hematoxyline + CTA pHb5.6 1:1:2 - 415 0.58 3-11 — AL, Bi,Pb,Th, U, Zr.
6.8
pH47 1:3:3 - 610 5.2 - - -
5.1
104 carminic acid + pH48 - - 579  1.72 0.448.7 steels No interference of Fellll), Cu(0.01),
surfactants A1(0.25), As{lI1), Sb{ill), Pb, Zn(0.2),
C,04, NO3, PO3", VI05), 17, SCN™,
Sr{1), Br {(2), Ni, Mn{il),_ClO3, 103(5),
Co, C17(10), C103(30), SO4 (200).
105 tiron + zephiramine pHB — E CHCl3 390 - — iron, W.
steels
106 tiron + papaverine pH1.2 1:1:4 E CHC!,3 400 063 550 ore,
2.2 ferro-
tiron + dimedrol pH28 1:2:4 E CHCl;3 370 091 550 fosfo-
4.2 rous
107 eriochrome black T+ pH 2 - E MePh 610 - - alloys —
trioctylamine
108 stilbazo + pH 3.6 - - 535 6.3 064" iron, Al, Ga, V(IV, V), Ti, Zr, W, Pd, Pb,
zephiramine 4.2 steel ClO;z
109 [4-(2 pyridylazo)- pH 6 - - 530 - 2 WO3, -
resorcinol} + W metal
hydroxylamine
110 ({4-(2 pyridylazo)- pH 67 1:1:1 - 530 2.74 0013 —  Fel(52)

resorcinol] +
hydroxylamine
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MOLIBDENUM TERNARY COMPOUNDS WITHOUT THIOCYANATE (CONT.)

int. or DL

compos.

Ref. Reagents medium MoChrT  separ. Amax &10™* (ug/ml) aplic. interfarences

111 2-(5-bromo-2-pyridi- - 1:1:1 - 600- 48 3 — No interference of W.
lazo-B-{diethylamino) 605
phenol +
hydroxyiamine

112 Na 2-bromo-4,5 dihy- pH 1.6 - - 525 6.1 0-1.1 — -
droxyazobenzene-4'-
sulfonate + CTA

113 o.0'dihydroxyazo pH 3 - - 650 5 - — Bi, Ti, citrate, oxalate. No interferen-
compounds + hydro- ce of Mg(100), Ni, AI(20), Feltt, 11D,
lamine . Sn({ll), Nb(2), Cu, Zr(1).

114 KTADF {azo compd.) slight. —_ E benzyl 530 3.6 0.5-3.3 — No interference of W, Ca, Al{20), Fe
+ hydroxylamine acid atcoho! 40 (HHIM(7), Cu(3).

115 salicylhydroxamic pHO09 1:2:2 E MePh 315 1.1 0.7-5 — V, Bi, Ti(3). No interference of Cu,
acid + methyltriocty!- Snll1)(15), Ag, Zr, Felill), ClO5(3).
ammonium {(adogen)

116 benzohydroxamic pHO0.7 11111 E MePh 300 0.11 0.7-7 steel, No interference of Ag, Cu, Cd, Be,
acid + trioctilmethyi- -10 pharm. Cr{VI), PO3 (17), Snlii}, Pb, Sbllll},
ammonium pr. (1.7}, V, Fe(ilD), Ti, Bi, Zr, W(0.03).
{adogen 464)

117 oxine + pyridine H2S04 —~ - 405 0.44 0.8-24 ores No interference of W but at 450 nm,

118 8-hydroxyS-quinoline- pH 4.6 2:3:5 E CHCl3 570 - 3.8-29 — .2Zn{10} Al, W(2), V(0.5), Ni, Cu{0.2),
suifonic acid + methyl Fe(lil, {(0.1).
trioctylammonium
chlor.

119 ferron + cyclohexanol 0.1-0.3N 1:2:3 E cyclo 395- 055 3.5-15 — No interference of Cul1), V(1}, Wi4).

HCI or hexanol 405
H2S504

120 indoferron + diphe- pH15 1:2:1 E CHCl3 555 1.0 6.7 - —
nyl-guanidine 2.1

121 alizarinred S + tetra pH 45 - E CI,CyHs4 525 - 01-25 - -
decyldimethylammo- 6.5
nium chloride

122 sulfonitrophenol M + - - - 650 - - — -
hydroxylamine

123 pyridine-2,4 dicarbo- pH 3 - — 482 - 115 — Be, Ca, Sr, Ba, Zn, Cd, Ce, In, Ge, Ni, W,
xylic acid + thiogly- u.
colic acid.

a) X and T are the third compents
b) in liter.mole™ .cm™
c) int. or DL. = determination interval or detection limit
d) The number between brackets indicates fold amount of interferent relative to molybdenum
e) E =extraction
f) Chioride appears as fourth component
g) | A = isoamyl alcohol '
h) The overcome interferences are not included in the tables but are described in the text
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