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A sensitive fluorometric determination of aluminum, gallium, and scandium with Mordant Blue 31 was worked
out. The reagent reacts with aluminum, gallium, scandium, yttrium, lanthanum, lutetium, indium, and magne-

sium in acidic or basic medium to form complexes with reddish yellow fluorescence.

The complexes of aluminum

(pH: 5—7), gallium (pH: 4), and scandium (pH: 6) exhibit strong fluorescence with an emission maximum at
590, 600, and 610 nm, respectively. The effects of time, pH and the concentration of the reagent were investigated.
In acidic medium, aluminum, gallium, and scandium were found to form 1:1 complex with Mordant Blue 31.
Under the optimum conditions, 0.1—3 ug of aluminum, 1—12 ug of gallium, and scandium in 25 m! sample solu-
tion could be determined. Although the fluorescence intensity of aluminum and gallium complexes was a little
lower than that of the lumogallion complexes, Mordant Blue 31 was also applicable as a fluorometric reagent for

aluminum and gallium.

Since scandium-Mordant Blue 31 complex exhibits the strongest fluorescence of all

other scandium-azo dye complexes, the reagent was used as a fluorometric reagent for scandium.

0,0'-Dihydroxyazo compounds are useful as sensitive
fluorometric reagents for various metal ions.1~® Donald
et al.) described the fluorescent properties of several
metal complexes of 0,0’-dihydroxyazo compounds. In
these series chromotropic acid derivatives in particu-
lar are very sensitive and form stable fluorescent com-
plexes with aluminum and gallium ions.

The present author describes the preparation of
Mordant Blue 31 [2-(2-hydroxy-5-sulfophenylazo)-1,8-
dihydroxynaphthalene-3,6-disulfonic acid], and the flu-
orometric determination of several metal ions.

The reagent reacts with magnesium ion to form a
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stable fluorescent complex in alkaline solution, determi-
nation of magnesium is described.

Apparatus

. Spectrofluorometric measurements were carried out
with a Hitachi spectrophotometer, Model FPU-2A,
equipped with a Hitachi fluorometric attachment,
Model G-3. A Hitachi fluorometer, Model EPL-2,
was used for fluorometric measurements and a Hitachi-
Horiba glass electrode pH meter Model M-5 for pH
measurements.

Reagents and Materials

Synthesis of Mordant Blue 31. 2-Amino-1-phenol-
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4-sulfonic acid dissolved in 6N hydrochloric acid was
diazotized with an equivalent amount of sodium nitrite
under cooling with ice. Chromotropic acid dissolved
in about 6N sodium hydroxide was coupled with the
diazonium salt solution under cooling below 5°C. The
azo compound thus obtained was repeatedly recrystal-
lized from 6N hydrochloric acid, and dried at room
temperature in a desiccator on silica gel.

Reagent. 0.19, Mordant Blue 31 solution; 0.25 g
of Mordant Blue 31 was dissolved in water and diluted
with water to 250 m/.

Standard solution of aluminum; 1.6803 g of Al(NH,)-
(SOy) e+ 12H,0 was dissolved in a small amount of water
and 5 m/ of concentrated hydrochloric acid, and diluted
to 100 m!/ with water (1 mg Al/ml). The solution was
diluted with water to prepare a solution of 1.00 ug Al
per ml.

Standard solution of gallium; 0.1344 g of Ga,O,
(99.999,) was dissolved in concentrated hydrochloric
acid, and diluted to 100 m/ with water (1 mg Ga/ml).
The stock solution was diluted with 0.1~ hydrochloric
acid to prepare a solution of 1.00 ug Ga per ml.

Standard solution of scandium; 0.1534 g of Sc,O,
(99.99%,) was dissolved in concentrated hydrochloric
acid and diluted to 100 m/ with water (1 mg Sc/ml).
The solution was diluted with water to make a standard
solution containing 1.00 pg of Sc per m/.

Standard Rhodamine B solution; 0.100 g of Rhod-
amine B was dissolved in water and diluted to 100 m/.
The solution was diluted with water to prepare a solu-
tion of 0.168 ug per ml.

Experimental

Fluorescence Spectra of Metal Mordant Blue 31 Complexes.
Mordant Blue 31 reacts with aluminum, gallium, scandium,
yttrium, lanthanum, lutetium, indium, and magnesium in
acidic or basic medium to form complexes with reddish yellow
fluorescence. The excitation and emission spectra of alumi-
num-, gallium-, and scandium-Mordant Blue 31 complexes,
which show strong fluorescence, are given in Figs. 1 and 2,
respectively.

The reddish yellow fluorescent aluminum complex ex-

100+ Sc 73N
A o\
/ g / N\
b Ve / AI \‘ \
o~ \
o L 7 »
«"é /,/ A v
/ / \,
7 R L
g - S AN \
N, ’ A
= | PN i Il N \‘ Yy
© / \ o / 7/ N vy
3] ! \ S0 s \ (W
/ / Wi
<] / N L A AR R
(5] ! N’ s \ \
/ 1
8 / / /7 Ga N \\
8 o Iy )_’C_\:\ /o Mg L ‘\\
8 N4 N
=1 v \\\\\‘,/ 5 R
= 7 AN 2 RN
= L 7 NIo o NN
//’j’ NN
i A\ NN
i AN
Yt N,
7, N
e NN
0 4 1 L 1 ' ) L L =~

Wavelength (nm)

Fig. 1.
plex
Al: 5x10-%M, emission monochromator set at 590 nm;
Ga: 5% 10-%M, emission monochromator set at 600 nm;

Sc: 1x10-°M, emission monochromator set at 610 nm;
Mg: 1x10~%M, emission monochromator set at 585 nm

Excitation spectra of metal Mordant Blue 31 com-
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Fig. 2. Emission spectra of metal Mordant Blue 31 complex

Al: 5x10-%M, excitation monochromator set at 330 nm;
Ga: 5x10-®m, excitation monochromator set at 340 nm;
Sc: 1x10-°M, excitation monochromator set at 340 nm;
Mg: 1Xx10-%M, excitation monochromator set at 340 nm

hibited excitation maxima at 330 and 540 nm and fluo-
rescence emission maximum at 590 nm. The red fluorescent
gallium complex showed excitation maxima at 340 and 580
nm, and fluorescence maximum at 600 nm. The scandium
complex showed excitation maxima at 340 and 535 nm, and
emission maximum at 610 nm.

Fluorometric Determination of metals. (1) Aluminum:
To about 15 m! of the sample solution containing 0.1—3 ug
of aluminum, 0.15 m!/ of 0.19, Mordant Blue 31 solution and
2 ml/ of 209, ammonium acetate solution were added. The
pH value of the solution was adjusted to 6 with dilute hydro-
chloric acid or ammonia water and the solution was diluted
to 25 ml with water. After being stood for 60 min at room
temperature, the fluorescence intensity of the solution was
measured at 590 nm (excitation: 330 or 540 nm) against the
standard Rhodamine B solution.

(2) Gallium: To the sample solution containing 1—12 ug
of gallium, 0.25—0.3 m/ of 0.19%, Mordant Blue 31 solution
and 2 ml of 209% ammonium acetate solution were added.
The pH was adjusted to 4, and diluted to 25 ml. After
being stood 15 min, the fluorescence intensity of the solution
was measured at 600 nm (excitation: 340 or 580 nm) against
the standard Rhodamine B solution.

(3) Scandium: Scandium was determined by the same
procedure as for gallium, adjusting the pH to 6 (excitation:
340 or 535 nm, emission: 610 nm).

Results and Discussion

Effect of Time. The fluorescence of the gallium-
and the scandium-complex in aqueous medium was
fully developed within a few minutes after mixing the
solutions, and was stable for at least 2 hr. On the
other hand, the fluorescence of aluminum complex re-
quired 120 min to reach the maximum as shown in
Fig. 3. The fluorescence of some metal-azo-complex
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Fig. 3. Stability of fluorescence intensity of aluminum
Mordant Blue 31 complex
(1) Al 2 ug, 0.19 reagent solution 0.15ml, pH 6.0,
20 div. (viz. 0.168 ug Rhodamine B/ml standard solution,
FPL-2-primary filter 365, secondary filter 61)
(2) Al 2 ug, 0.19% reagent solution 0.15ml, pH 6.0,
10 div. (viz. 0.168 ug Rhodamine B/m! standard solution,
FPL-2-primary filter 546, secondary filter 61)

readily reached the maximum intensity on warming at
80°C for several minutes. The aluminum complex
was unstable on heating and the fluorescence intensity
was measured after standing for 1 hr.

Effect of pH. The effect of pH on the fluores-
cence intensity of the metal-complexes is shown in Fig.
4. The pH values were adjusted with hydrochloric
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Fig. 4. Effect of pH of solution on fluorescence intensity
Al: 2 ug, 0.1% reagent solution 0.15m/, 40 div. (viz.
0.168 ug Rhodamine B/m! standard solution, FPL-2-
primary filter 365, secondary filter 61)

Ga: 10 ug, 0.19, reagent solution 0.25 ml, 40 div. (viz.
0.168 ug Rhodamine B/m!/ standard solution, FPL-2-
primary filter 365, secondary filter 61)
Sc: 10 ug, 0.19 reagent solution 0.30 ml, 60 div. (viz.
0.168 ug Rhodamine B/m! standard solution, FPL-2-
primary filter 365, secondary filter 61)
Mg: 30 ug, 0.19, reagent solution 1.00 m/, 100 div. (viz.
0.168 ug Rhodamine B/m!/ standard solution, FPL-2-
primary filter 365, secondary filter 61)
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Fig. 5. Effect of reagent concentration
(1) Al 3 ug, pH 6.0, 20 div. (viz. 0.168 ug Rhodamine
B/m! standard solution, FPL-2-primary filter 365, se-
condary filter 61)
(2) Ga 10 ug, pH 4.0, 40 div. (viz. 0.168 ug Rhodamine
B/m! standard solution, FPL-2-primary filter 365, se-
condary filter 61)
(3) Sc 10 ug, pH 6.0, 30 div. (viz. 0.168 ug Rhodamine
B/m! standard solution, FPL-2-primary filter 365, se-
condary filter 61)

0

acid or ammonia water, except in the case of the mag-
nesium complex where ammonium chloride-ammonia
buffer solution and sodium hydroxide solution were
used for pH control.

The aluminum and scandium complexes show the
maximum fluorescence intensity at pH 6. The pH-
intensity curve for the aluminum complex shows maxi-
mum value at pH 5—7. The maximum fluorescence
intensity of the gallium complex is obtained at pH 4,
while the magnesium complex fluoresces in basic
medium and gives the maximum intensity at pH 11.

Effect of Concentration of Mordant Blue 31. The
effect of concentration of the reagent was examined by
adding the different amounts of Mordant Blue 31 to
the solution containing 3 g of aluminum, 10 ug of gal-
lium or 10 pg of scandium, followed by adjusting the
pH to the optimum value for the metal complex.

As shown in Fig. 5, the maximum fluorescence in-
tensity was achieved with the use of 0.15 m/ of 0.19,
Mordant Blue 31 solution for the determination of
0.1—3 ug of aluminum. For 1—I12 ug of gallium, and
1—12 ug of scandium, respectively 0.25 m/, 0.3 m/ of
the reagent solution were required. In all cases, the
fluorescence intensity decreases gradually in proportion
to the amount of the reagent added. This is due to
inner filter effects. Thus a definite amount of reagent
was used.

Calibration Curves. Figure 6 shows the calibra-
tion curves for aluminum, gallium, and scandium ob-
tained by the above procedures by setting up the fluoro-
meter at 20—40 division using the standard Rhodamine
B solution. A linear relationship holds between the
fluorescence intensity and the metal ion concentration,
showing that aluminum, gallium, and scandium could
be determined in the following range: Al; 0.1—3 ug,
Ga; 1—12 ug, Sc; 1—12 ug, with an average error of
3 percent.
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Fig. 6. Calibration curves for aluminum, gallium, and scan-
dium

(1) Al: 20 div. (0.168 ug Rhodamine B/m! standard
solution), 0.19%, reagent solution 0.15 m/, FPL-2 (primary
filter; 365, secondary filter; 61)
(2) Al: 20 div. (0.168 ug Rhodamine B/m/
solution), 0.19; reagent solution 0.15m/, G-3
590 nm)
(3) Ga: 40 div. (0.168 ug Rhodamine B/m!
solution), 0.19, reagent solution 0.25 m/, FPL-2
filter; 365, secondary filter; 61)
(4) Ga: 40 div. (0.168 ug Rhodamine B/m! standard
solution), 0.19, reagent solution 0.25 m/, G-3 (340 nm/
600 nm)
(5) Sc: 25 div. (0.168 ug Rhodamine B/ml
solution), 0.1% reagent solution 0.30 m/, FPL-2
filter; 365, secondary filter; 61)
(6) Sc: 25 div. (0.168 ug Rhodamine B/m! standard
solution), 0.1% reagent solution 0.30 m/, G-3 (340 nm/
610 nm)

standard

(330 nm/

standard
(primary

standard
(primary

Figure 7 shows the calibration curves for some ions
forming fluorescent complexes with Mordant Blue 31.
The conditions for the fluorometric determinations are
summarized in Table 1.

We see that magnesium, yttrium, lanthanum, lute-
tium, and indium can also be determined with Mordant
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Fig. 7. Calibration curves for some fluorescent complex
forming ions at 60 div. (viz. 0.168 Rhodamine B/m/ standard
solution, FPL-2-primary filter 365, secondary filter 61).

(1) AL, (2) Ga, (3) Sc, (4) Mg, (5) Y, (6) La, (7)
Lu, (8) In

Blue 31 but with low sensitivities. Thus Mordant Blue
31 is excellent as a fluorometric reagent for aluminum,
gallium, and scandium.

Effect of Diverse Ions. The effect of 26 cations on
the determination of aluminum, gallium, and scandium
was studied. The results are summarized in Table 2.

Determination of aluminum. Cobalt(II), iron(III),
hafnium(IV), and vanadium(V) reduced the fluores-
cence intensity. Indium, yttrium, and scandium ions
gave a positive error. The following ions did not inter-
fere: magnesium, calcium, nickel(II), copper(1I), man-
ganese(II), zinc, cadmium, beryllium, tin(II, IV), thal-
lium(III), arsenic(IIl), zirconium(IV), selenium(IV),
titanium(IV), tungstate(VI), chromate(VI), and mo-
lybdate(VI) ions.

Determination of gallium. Fifty micrograms of
magnesium, calcium, nickel(II), manganese(II), zinc,
cadmium, cobalt(II), beryllium, indium, yttrium, thal-
lium(IIT), iron(III), arsenic(III), hafnium(IV), zirco-
nium(IV), selenium(IV), titanium(IV), and tungstate-
(VI) ions did not interfere. Scandium and aluminum
ions gave a positive error. Copper(II), tin(1I, IV),
vanadate(V), chromate(VI), and molybdate(VI) ions
reduced the fluorescence of gallium.

Determination of scandium. Cobalt(II), iron(III),
hafnium(IV), zirconium(IV), and chromate(VI) ions

TABLE l. CONDITIONS FOR FLUOROMETRIC DETERMINATION
Ion
Al Ga Sc Mg Y La Lu In
£l itation band (nm) 330 340 340 340 335 340 340 340
uorescence excitation pan nm (540) (580) (535) (500) (540) (550) (500)
Fluorescence emission band (nm) 590 600 610 585 590 590 590 620
Onti I (ol ) 6.0 4.0 6.0 11.0 7.0 6.0 6.0 6.0
ptimum pH (pH range (2—8) (1—6) (4—8) (8—13) (5—9) (5—8) (5—8) (4—7.5)
Used amounts of 0.1%, reagent soln. (m/) 0.15 0.25 0.30 1.00 0.25 0.50 0.50 1.00
Standing time (min) 60 15 15 15 15 15 15 15
. . ) G-3 66.0 3.02 2.7 0.63
Fluorescence intensity at 60 div-/lug ppy o 795 678  5.05 0.77  0.66  0.37  0.36  0.19
- tensity rati weight 421 35.9 26.7 4.09 3.49 1.94 1.90 1.00
uorescence intensity ratio molar 114 25.2 12.1 1.00 3.12 2.70 3.35 1.15
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TABLE 2. EFFECT OF DIVERSE IONS

- Al Ga Sc
Ion Taken Found Taken Found Taken Found

e S e S s
Be+ 10 2.1 5 100 — —
Mg?+ 10 2.0 50 10.0 50 10.0
Cat* 10 2.0 5 100 50 10.0
Cot+ 0 1.0 50  10.0 50 3.3
Niz+ 0 2.1 5 105 —  —
Mn?+ 0 2.1 5  10.5 50 10.7
Cut* 10 1.9 50 0.6 —  —
Znt* 0 2.1 5 103 —  —
cde+ 0 20 5 106 — @ —
Sn?+ 10 1.9 50 6.6 — —
AL+ —  — 2 137 2
Sci+ 0 2.5 5 1.5 —  —
Fet* 10 0.5 50 9.1 50 8.1
Ga® 0 1.9 — — 50 12.0
Ast* 10 2.0 5 10,0 —  —
ys+ 10 2.4 50  10.0 50 10.0
In®* 10 2.4 5 107 50 9.0
TP+ 10 2.1 5  10.4 50 10.8
Tit* 10 2.0 50 9.1 —  —
Set* 10 2.1 50 9.5 50 10.7
Zrtt 10 1.8 5  10.0 50 6.2
Snt+ 10 2.0 50 7.7 — —
Hf* 10 1.3 5  10.8 50 8.0
VO,- 10 1.7 50 0.9 —  —
Ccr02~ 10 2.1 50 8.0 50 6.5
MoO,~ 10 2.1 50 6.5 —
wo2” 10 20 5  10.0 — @ —

Al taken: 2 ug, Ga, Sc taken: 10 ug respectively.
H} Serious positive intereference.
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Fig. 8. Continuous variation method
(1) [Ga]l=[R]=1.92 X 10~3 mol, 20 div.
2) [AI]=[R]=5x10-4mol, 10 div.
(3) [Sc]=[R]=1.92x10~% mol, 30 div.
gave negative error. Gallium and aluminum ions gave
a positive error.
Determination of the Metal to Ligand Ratio. The
mole ratio of metal to the reagent in the metal-Mordant
Blue 31 complexes was fluorometrically determined by
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Fig. 9. Mole ratio method
(1) [All=[R]=5%10"*mol, Al 0.3 ml, 20 div.
(2) [Ga]=[R]=1.92x10~*mol, Ga 0.3m!, 20 div.
(3) [Sc]=[R]=1.92 X103 mol, Sc 0.3 m/, 30 div.
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Fig. 10. Kinetics of chelate formation as indicated by fluo-
rescence, a is initial concentration of aluminum, b is initial
concentration of Mordant Blue 31, and x is concentration
of chelate as indicated by fluorescence.

(1) Al 50 4 mol, reagent 5y mol (2) Al 5u mol,
reagent 50 4 mol (3) Al 50 g mol, reagent 50 g mol

continuous variation and mole ratio methods. Figure
8 shows the results of the continuous variation method
indicating the formation of a 1: 1 complex. Mole ratio
studies (Fig. 9) also gives the evidence of a 1:1 com-
plex. The metal to ligand ratio can be kinetically de-
termined when the complexes are formed with a meas-
urable rate. Figure 10 shows the second order kinetics
in the fluorescence development of aluminum-Mordant
Blue 31 complex. Kinetic studies also indicate the for-
mation of a 1:1 complex. The formation constants
of aluminum and gallium complexes were found to be
1% 108 at 15°C from the curves in Fig. 8.
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