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The Hydroxyanthraquinones as Analytical Reagents. 
The Colorimetric Determination of Zirconium or Hafnium 

BY HERMAN A. LIEBHAFSKY AND EARL H. WINSLOW 

The use of the hydroxyanthraquinones in ana­
lytical chemistry has grown steadily since Atack1 

discovered that aluminum could be detected with 
alizarin red S,2 the sodium salt of alizarin sulfonic 
acid. Their value as colorimetric reagents for 
precise quantitative work, however, has not been 
appreciated widely partly because the compounds 
(lakes) which these dyes form with all or nearly 
all metallic cations3 are sparingly soluble, and 
partly because the dyes themselves are so intensely 

I l _ _ I 1 ! 1 L__J 1 I L _ J I L _ _ 

4000 oOOO 6000 7000 

Wave length in Angstroms. 

Fig. ].—Transmission curves for each of the 
three hydroxyanthraquinones in dilute alcoholic 
solution. 

colored that the quantitative estimation by simple 
visual comparison of a small amount of lake in 
the presence of excess dye is practically impos­
sible. In working with zirconium and hafnium, 

(1) Atack, / . Soc. Chem. Ind., 34, 936 (1915). 
(2) Cf. Feigl, "Qualitative Analyse mit Hilfe von Tiipfelreaktio-

nen," Akademische Verlagsgesellschaft, Leipzig, 1938, for an excellent 
discussion of and reference to the use of the hydroxyanthraquinones 
in analytical chemistry. 

(3) Cf. Beilstein. "Handbuch der organischen Chemie,'' 4th Ed., 
Erstes Ergiinzungswerk, Vol. VIlT, Verlag von Julius Springer, 1931 
pp. 711, e.t s,-g 

we have minimized the first difficulty by maintain­
ing the lakes at great dilution in 95% ethyl alco­
hol. Color interference, the second difficulty, 
does not exist when a spectrophotometer4 is used. 
This investigation is an attempt to establish the 
hydroxyanthraquinones as colorimetric reagents 
upon a systematic quantitative basis through ac­
curate measurements of the light absorbed by 
these dyes and their lakes. 

The lakes formed by alizarin with most metallic 
cations, including aluminum, do not persist when 
an excess of a strong acid is added. The extraor­
dinary stability of the alizarin-zirconium lake 
under these conditions was discovered by de-
Boer6 as he attempted to use Atack's reaction to 
detect aluminum in the presence of zirconium. 
His work afforded us a welcome point of departure 
in the development of the colorimetric methods 
given below, with which it is possible to determine 
even a few micrograms of zirconium or hafnium 
with reasonable accuracy. 

The absorption of visible light by acid alcoholic 
solutions of alizarin (1,2-dihydroxyanthraqui-
none), purpurin (1,2,4-trihydroxyanthraquinone) 
and quinalizarm (1,2,5,8-tetrahydroxyanthraqui-
none) is shown in Fig. 1. Each of these curves be­
longs to a family that was obtained to establish 
the molar extinction coefficients of the dyes, to be 
subsequently reported. Occasionally small de­
creases in transmission were observed near 6000 
A. with concentrated dye solutions; these were 
probably due to slight impurities not present in 
the stock solutions and introduced haphazardly 
in preparing the specimens for the transmission 
measurements; because of their infrequent, 
random occurrence, they were not investigated 
further. 

(4) Michaelson and Liebhafsky, Gen. Flee. Rev., 39, 445 (1936), 
give a description of the General Electric Company recording photo­
electric spectrophotometer, which plots accurately the absorption 
spectrum of a solution for the visible range as a function of wave 
length in two and one-half minutes. 

(5) (a) DeBoel, Chem. WeekU., 21, 404 (1924). The work was ex­
tended to include the detection of hafnium and fluorine with alizarin 
and other hydroxyanthraquinones by (b) deBoer, Rec. trav. chim.. 44, 
1071 (1925); (c) deBoer and Basart, Z. anorg. Chem., 1S2, 203 (1926), 
who give a method for the titration of fluoride in which the zircon­
ium-alizarin lake serves as indicator. The zirconium-puipurin lake 
î  utilized similarly by (d) KolthofF and Slansby, hul. ling. Cher,:.. 
Aiud /•:./., 6, 1 18 I 11134 I. 
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General Experimental Details.—All transmission meas­
urements were made with the General Electric Company 
recording photoelectric spectrophotometer.4 The alco­
holic solutions (or suspensions) were usually contained in a 
cylindrical quartz cell (inside length, 5.15 cm., inside 
diameter, 2.40 cm.) with nearly plane ends, which was 
always inserted into the instrument in the same way. 

The standard zirconium solution, containing 1 mg. of 
zirconium per c c , was prepared by dissolving C. P. ZrOCU-
8H2O in strong hydrochloric acid at room temperature and 
diluting until the acid concentration was about 2 JV; the 
strength of this solution, determined by igniting and weigh­
ing the precipitate obtained from a known volume with 
ammonium hydroxide, showed this salt to be over 99% 
pure. The standard hafnium solution was prepared by 
dissolving a known weight of hafnium dioxide (Deutsche 
Auer Gesellschaf t, Berlin) in mixed concentrated hydrofluo­
ric and nitric acids, fuming three times with sulfuric acid, 
diluting, repeatedly precipitating the hydroxide with am­
monium hydroxide until the washings from the precipitate 
gave no test for sulfate, and finally dissolving this hafnium 
hydroxide in strong hydrochloric acid and diluting the 
resulting solution until the acid concentration was about 3 
JV. The hafnium content of this solution was determined 
by igniting the precipitated hydroxide. A large excess of 
acid is necessary to make certain that no hydrolysis be­
yond MO + + occurs; such hydrolysis interferes with the 
colorimetric methods given below. 

The dyes, of good quality, were not purified further. 
They were dissolved by warming them in contact with 9 5 % 
ethyl alcohol; the resulting solutions were cooled, filtered, 
and diluted with additional solvent. Solutions thus pre­
pared precipitated the solute even after weeks or months 
of standing in the laboratory; this annoying behavior, 
which is in accord with Huttig's6 observations on aqueous 
solutions of alizarin, is probably due to the formation of un­
stable colloidal suspensions during the heating. (That the 
tendency to form suspensions of this sort is even more 
pronounced with the lakes formed by these dyes will appear 
subsequently.) The stable solutions finally employed 
contained: alizarin, 1.250 mg . / cc ; purpurin, 0.754 mg./ 
c c , quinalizarin, 0.328 mg./cc. Presumably solutions of 
these concentrations would have been stable initially. 

The Colorimetric Method.—The following detailed in­
structions gradually evolved as zirconium determinations 
were carried out over a period of several months. Reason­
ably close adherence to them is advisable if precise results 
are desired. 

The lakes are formed in clean glass-stoppered graduated 
cylinders that have been rinsed with alcohol. The proper 
volume (satisfactory volumes of our solutions: alizarin, 
0.5 cc.; purpurin, 1 c c ; quinalizarin, 1.5 cc.) of the stable 
dye solution is added to a small amount (up to, say, 120 
micrograms—the maximum amount permissible varies 
with the dye employed) of the zirconyl ion contained in 1 
cc. or less of about 2 JV hydrochloric acid solution. Strong 
ammonium hydroxide is now added drop by drop until the 
color change of the dye reveals that the solution is slightly 
alkaline. The mixture is then allowed to stand for two 
minutes, neutralized with 1 JV hydrochloric acid, and 0.1 
c c of 7 JV hydrochloric acid finally added. When this 

(6) Huttig, Z. fihysik. Chem., 87, 129 (1914). 

mixture has been diluted with alcohol to the proper vol­
ume (in our case 27 cc ) , its absorption from 4000 to 8000 
A. is measured on the spectrophotometer. 

The rate at which the lake forms when no ammonium 
hydroxide is used decreases as the acidity increases; the 
addition of ammonium hydroxide eliminates this difficulty. 
When, in subsequent work, the lakes were formed differ­
ently, the differences are described. 

Analytical Results.—The transmission curves 
obtained for a series of zirconium-alizarin deter­
minations are given in Fig. 2, those for a zirco-
nium-purpurin series in Fig. 3. The curves for 
the zirconium-quinalizarin families resemble 
those of Fig. 3 closely enough so that it is unneces­
sary to reproduce them. The absorption due to 
the dye alone occurs mainly at the shorter wave 
lengths as the curve for the first colored solution 
in each series shows; at wave lengths beyond 
5600 A. (alizarin) or 5800 A. (purpurin) this ab­
sorption is so small that the transmission of the 
dye solution can be taken as J0 in evaluating the 
results according to Beer's law 

log,o J = «2 / (L) = kt21 (ZrO + +) (1) 

/ is the light transmitted at a longer wave length 
by the sample containing dye and lake; e2 is the 
molar absorption coefficient of the lake; I is the 
length of the cell in cm.; (ZrO++) is the "concen­
tration" (moles/liter) of this ion calculated from 
the micrograms of zirconium added to 27 cc ; 
k is a proportionality constant introduced because 
the combining ratio of zirconium to dye is un­
known; (L) is the "concentration" (moles/liter) 
of the lake in the final solution. The data of 
Figs. 2 and 3 evaluated in this way for several 
wave lengths are shown in Figs. 4 and 5; a quin­
alizarin series is evaluated in Fig. 6; the product 
kti is given in parentheses for each line beside the 
corresponding wave length. Examination of 
these figures reveals that: (1) alizarin gives pre­
cise results over the entire range of abscissa ex­
plored; (2) quinalizarin is the most sensitive re­
agent (largest value of &e2), purpurin being inter­
mediate; (3) as increasing amounts of the zir-
conium-purpurin lake are formed, / becomes too 
small, leading to positive deviations from Beer's 
law, which increase with the wave length; (4) 
under the same conditions, J for the quinalizarin 
lakes becomes too large, leading to negative de­
viations that tend to decrease with the wave 
length. The positive deviations will be discussed 
below; the negative in a subsequent article. 
We have found it convenient to use the following» 
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Fig. 2.—Standard transmission curves for the esti­
mation of zirconium with alizarin. 

wave lengths (at which absorption by the dye is 
negligible) in analytical work: alizarin, 5600 A.; 
purpurin, 5800 A.; quinalizarin, 6200 A. 

Effect of Added Substances.—Since the prob­
lem of removing interference by most other me­
tallic cations often can be solved by increasing the 
acid concentration until interfering lakes will not 
form, the effect of added acid on lake formation 
was investigated. As 12 N hydrochloric or per­
chloric acid was added before dilution with alco­
hol to the lake formed from 50 micrograms of 
zirconium, a minimum in the transmission for 
5600 A. was observed with 0.05 cc. of excess acid. 
The other transmissions corresponded to the 
following decreases in micrograms of zirconium: 
4.2 (no excess acid); 4.2 (0.5 cc. excess); 11.6 (1 
cc. excess). The large transmission at 7000 A. 
increased continuously with added excess of acid 
and the change expressed in micrograms of zirco­
nium was much more pronounced at this wave 
length. 

Sulfate and fluoride ions unite with zirconyl ion 
to form complex ions so stable that lake formation 
in the presence of sulfuric or hydrofluoric acid is 
decreased or prevented.7 Preliminary experi-

(7) Feigl (ref. 3, p. 254) mentions that fluorides, sulfates, phos­
phates, organic hydroxy acids, molybdates and tungstates interfere 
with or modify the formation of the zirconium-alizarin lake. The 

4000 7000 

Fig. 

5000 ^ 6000 
Wave length in Angstroms. 

3.—Standard transmission curves for the esti­
mation of zirconium with purpurin. 

ments indicate that our colorimetric method 
is adapted to estimating small amounts of either 
of these interfering anions. Sulfate ion has been 
studied more thoroughly, and with the following 
results. When the alizarin lake is formed in the 
usual manner, and sulfuric acid is added before 
dilution, the color due to the lake disappears at a 
measurable rate which increases with greater 
amounts of added acid. When the acid is added 
after dilution, the change is similar but less rapid; 
the transmissions in such experiments increased 
markedly at first, more slowly afterward: when 
0.05 cc. of 12 N acid was added to the final (27 
cc.) volume, the transmissions at 5600 A. for 
different times were 55.1% (one-half hour); 
68.6% (fifteen hours); 70.4% (twenty-three 
hours); 71.2% (forty-seven hours). (The trans­
mission without added sulfuric acid was 13.6% 
at 5600 A. and increased only a few per cent, in 
forty-eight hours.) When the sulfuric acid is 
present initially, much less lake is formed; if 
ammonium hydroxide is used, lake formation is 
less than when the sulfuric acid is not neutralized; 
literature on complex zirconium ions containing fluoride and sulfate 
is extensive; cf. (a) Venable, "Zirconium and its Compounds," 
Chemical Catalog Co., New York, 1922; (b) Ruer and Levin, Z. 
anorg. Chrm., 46, 440 (1905); (c) Chauvenet, Ann. Mm,, [9] 13, 50 
(1320). 
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Fig. 4.—Beer's law curves for Fig. 2. 

in the 0.05 cc. sulfuric acid experiment soon after 
mixing, the transmissions at 5600 A. were 64.8% 
in the former case and 61.0% in the latter. (It is 
strange that these transmissions should be smaller 
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than the limiting value, near 70% observed above.) 
Since the presence of 30 mg. of sulfuric acid in­
creases the transmission due to the zirconium 
lake from 14 to 65%, it is obvious (since the trans­
mission values are accurate to 0.1 or 0.2%) that 
this colorimetric method could be used for a rapid 
estimation of sulfate as well as for studying the 
formation of zirconyl-sulfate complex ions. A 
parallel investigation for fluoride ion ought to 
present no serious difficulty. 
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Fig. 5.—Beer's law curves for Fig. 3. 
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Fig. 6.—Beer's law curves for zirconium-quinalizarin 
experiments like the alizarin experiments of Fig. 2. 

The interference of representative metallic 
cations not in the same periodic table group with 
zirconium was studied by adding 1 mg. of these 
ions to 10 micrograms of zirconium and then form­
ing the lakes in the usual manner, that is, using 
0.1 cc. oil N hydrochloric acid in excess. Under 
these conditions, the amount of zirconium can­
not be determined accurately from data like those 
in Fig. 4; but the discrepancy in most cases will 
not exceed 50%, and may be positive or negative. 
Fe111, Cr111 and Co11 decrease the transmission 
most markedly, without changing greatly the 
shape of the curve; WVI and MoVI give curves 
much steeper than those for zirconium in the 
5600 A. region; many cations (Cd++, Cu++, 
P b + + , A l + + + ) , when added in the presence of 
hydrochloric acid, increase the transmission, in-
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dicating that here, as with sulfate and fluoride, 
lake formation is decreased. In order to discover 
whether this decrease persists when chloride ion 
(which readily forms complexes) is absent, the ex­
periments described in Fig. 7 were performed, 
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-Interference of cupric ion with the deter­
mination of zirconium. 

The curves show that lake formation is decreased 
even with perchloric acid, although to a smaller ex­
tent than with hydrochloric. (It was proved in 
experiments not given that the absorption near 
7000 A. persists when no dye is used; i. e., it is 
the absorption due to the blue, solvated cupric 
ion.) The simplest explanation for the decreas­
ing lake formation encountered when cations 
like C u + + are added assumes that complex ions 
(e. g., CuCLr) derived from them unite with the 
zirconyl ion. If this explanation is correct, it is 
surprising to discover that a similar union can oc­
cur when perchlorate is the principal anion pres­
ent:.if ZrO + + can involve perchlorate in complex 
ion formation, it probably can react similarly with 
any other anion. 

Experiments have shown that positive errors en­
countered with ions like F e + + + can be reduced by 
increasing the amount of excess hydrochloric acid 
added; under these conditions, of course, the ab­
sorption due to the zirconium lake is also decreased. 

To summarize: When present in hundred-fold 
excess, many cations interfere with the colorimet-
ric estimation of zirconium because they either 
form lakes themselves or because they involve the 
zirconyl ion in complex formation. The former 
interference can be mitigated at the expense of 
sensitivity by increasing the excess of added acid; 
the latter, by working with perchlorates; either 
type of error can be compensated obtaining data 
like those in Fig. 4 with the interfering ion pres­
ent; the shape of the spectrophotometric curves 
often reveals whether interference is occurring. 
There is no reason to believe that these cations 
will influence appreciably the colorimetric deter­
mination of a comparable amount of zirconium. 
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Fig. 8.—Interference of Ti(IV> and Th(IV) with the 
determination of zirconium. 

Other Elements of Group IV.—Figure 8 shows 
the transmission curves obtained when varying 
excesses of concentrated hydrochloric acid were 
added to alizarin lakes formed in the usual man­
ner with hydrochloric acid solutions containing 
TiIV and Th i v . The curve from the thorium ex­
periment with 1 cc. of excess acid is not greatly 
different from the curve for the dye alone; in other 
words, under our conditions interference by tho­
rium is less serious than interference by titanium. 
Also, the absorption spectrum of the thorium lake 
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differs markedly from those of the titanium and 
zirconium lakes, which resemble each other. This 
difference probably can be traced to the much 
smaller tendency of thorium to hydrolyze. 

Although the close chemical similarity of haf­
nium to zirconium militates against the existence 
of any marked difference in their reactions with 
the hydroxyanthraquinones, there was some hope 
of finding a difference detectable by the spectro­
photometer. Curves analogous to those of Fig. 
2 were obtained for each of the three lakes, but 
they are not reproduced because each is qualita­
tively identical with the curve for the correspond­
ing zirconium lake. The Beer's law data for the 
hafnium-alizarin family are given in Fig. 9. 
Comparison of these ka values with those of Fig. 4 
shows the latter to be, on the average, 1.30 times 
larger; in other words, a gram atom of zirconium 
combined as the alizarin lake behaves toward the 
spectrophotometer like 1.3 gram atoms of hafnium 
similarly combined. It follows that 1 g. of zir­
conium is spectrophotometrically equivalent to 
2.55 g. of hafnium, and that the two elements can 
be determined in a known weight of sample pro­
vided other metallic cations can be removed if 
they are present. Experiments on hafnium lake 
formation with varying excesses of perchloric or 
sulfuric acid gave results similar to those obtained 
with zirconium. 

The Lakes as Suspensions.—The general 
behavior of the lakes formed in this colorimetric 
work proves that they form suspensions, not true 
solutions. No matter what dye is used, the lakes 
eventually will settle out provided excess dye is 
present; the settling occurs more rapidly with 
purpurin and quinalizarin; the purpurin lakes 
are the most turbid initially, while those of aliza­
rin seem at first to be in solution; the quinaliza­
rin lakes form the most voluminous precipitate. 
The alizarin and purpurin lakes are red, with the 
latter darker; the quinalizarin lakes are purple. 
Having once settled out, the lakes can be re-dis­
persed easily by shaking; the transmission curve 
of the re-dispersed lake is very little different 
from that of the lake freshly prepared. 

Crude sedimentation experiments8 gave 1 
micron as the order of magnitude of the average 
particle diameter in these lakes. Microscopic 
examination revealed that the diameters ranged, 
say, from 0.5 to 5 microns; the larger particles 

(8) Cf. Freundlich, "Kapillarehemie," Vol, I, Akademische Ver-
laSEseesellschaft, Leipzig, 1930, p. 491. 

appeared to be clusters of smaller ones. It ap­
pears, therefore, that we are dealing with parti­
cles, near 1 micron in diameter, suspended in an 
alcoholic dye solution, from which they precipi­
tate as coagulation occurs. 

10 20 30 40 50 60 70 80 
Micrograms of hafnium added. 

Fig. 9.—Beer's law curves for hafnium-alizarin experi­
ments like the zirconium experiments of Fig. 2. 

The rates at which these particles form and dis­
sociate are of interest. Variation, by addition of 
alcohol, of the volume in which the zirconium-
alizarin lake was formed gave the following trans­
missions for 5600 A.: 10.0% (usual volume, ca. 
0.5 cc.); 16.7% (10 cc) ; 19.6% (25 cc). Eight 
hours later these transmissions were: 10.0, 14.9 
and 17.4%; obviously, lake formation, complete 
in the first experiment, was proceeding very 
slowly in the other two. To test the reverse re­
action, 0.2 mg. of zirconium was converted to the 
lake with 1 cc. of dye solution and diluted to 50 
cc. with alcohol. Aliquot parts of the resulting 
suspension were diluted 5 and 25 times; the fol­
lowing transmissions were measured at 5600 A. 
(the transmission of alcohol was taken as Jo) '• 

Relative dilution 1 5 25 
Log (Jo/1) after 1 hr. 1.01 0.179 0.028 
Log [h/1) after 24 hrs. 0.94 .181 .013 

With no change whatever occurring, the values of 
log {la/1) should be inversely proportional to the 
relative dilution; this is nearly true, not only im-
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mediately after preparation but also after one 
day's standing. (An increase in transmission 
from 83.6 to only 84.3 caused the large change in 
log (h/I) for the most dilute experiment.) Since 
no appreciable dissociation of the lake was ob­
served in these experiments, more extreme condi­
tions were sought. A zirconium-quinalizarin 
lake was centrifuged out of the dye solution and re-
dispersed in alcohol: no quinalizarin absorption 
was detected in this suspension even after several 
days of standing, after violent shaking (the lake 
precipitated from alcohol also), or after boiling for 
five minutes on the steam-bath; the transmission 
curve of the lake was virtually unaltered by this 
treatment. The conclusion from these experi­
ments is either that an infinitesimal concentration 
of the dye or zirconium prevents the dissociation 
of the lake, or (what is much more probable) that 
this reaction is very slow. The latter explanation 
is more easily reconciled with the observation, 
already mentioned, that sulfuric acid will react 
with a small amount of lake even when the total 
volume is 27 cc. 
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10.—Direct measurement of light scattered by 
a suspended zirconium-purpurin lake. 

Scattering of Light.—Particles approximately 
1 micron in average diameter will scatter visible 
light of all wave lengths. Since this diameter 
does not greatly exceed the average wave length 
of visible light, the scattering is intermediate be­

tween scattering according to Rayleigh's law 
(amount of scattered light proportional to 1/X4) 
and scattering by white fog (amount of scattered 
light independent of wave length).9 It would not 
be surprising, therefore, to find that the amount 
of light scattered by the suspended lakes decreased 
slightly with the wave length. 

Two methods of utilizing the spectrophotome­
ter for measuring scattered light were employed. 
(1) A lens was inserted in the path of the trans­
mission beam so that this beam, normally almost 
an ellipse (I" X 1Vw" or 2.54 X 2.06 cm.) at the 
entrance to the integrating sphere, converged to 
an approximate rectangle (Vie* X Vu" o r 1-58 X 
4.75 mm.) at that point. A removable piece of 
black tape just large enough to block out the beam 
could be placed on the cell to permit separate 
measurement of the scattered, and of the scat­
tered plus transmitted light (Fig. 10). (2) Trans­
mission measurements were made with a 1-cm. 
cell in two positions: against the integrating 
sphere ("near" position) and 5.5 cm. removed 
("far" position). The proportion of scattered 

90 
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4000 7000 6000 6000 
Wave length in Angstroms. 

Fig. 11.—Indirect measurement of light scattered by a 
suspended zirconium-purpurin lake. 

light entering the sphere obviously would be 
much less in the second position (Fig. 11). Glass 
cells were used for this work; reference to a de­
scription of the instrument*' will aid in showing 
how the measurements were carried out. 

(9) Langmuir and Westendorp, Pkysics, I1 273 (1931). 
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In connection with Fig. 11, assume (1) that a 
narrow transmitted beam P decreases in intensity 
from P0 to P1 as it passes through a 1-cm. cell; 
(2) that the scattering and the spatial distribution 
of scattered light are independent of wave 
length; (3) that the scattered light P1 entering the 
sphere results from a narrow beam Pm, whose in­
tensity is proportional to that of the transmitted 
beam, from which it deviates at a point10 m, 
where the intensity, the "mean" intensity, of the 
latter is Pm. / m will travel through the cell along 
a path a, which is greater than l-m, and will have 
decreased in intensity to P1 when it reaches I. In 
the "near" position, the light entering the sphere 
will be l\ +P1; in the "far" position, the entering 
light will be assumed equal to / ' , although it will 
be slightly greater since this position is not at in­
finite distance from the sphere. Under these 
simplified conditions, if second-order effects are 
neglected, it can be shown that 

- d log ( ^ ) / d X = [(m + a) - l]de/d\ (2) 

This treatment is so approximate that [{m + a) — 
I] will be taken as unity, thus anticipating the re­
sults to some extent. Then 

A = d log ' dX + de/dX = 0 (2a) 

For Fig. 11, PJP1 at every wave length was cal­
culated as the difference of the two transmission 
curves divided by the transmission, l\, for the 
"far" position; e was deduced according to Beer's 
law from J|j, the transmission of alcohol, and P1; 
the results obtained by applying Eq. 2 to the 
curves in Fig. 11 are given in the lower part of the 
figure. (An increase of 0.1% in P1 at 4800 A. 
produces, other things equal, a decrease of 0.15% 
in the absolute value of P1, and a decrease at 4700 
A. in A from -0.02 to -0.06. This extreme ex­
ample illustrated the precision required of the 
spectrophotometer for these measurements.) At 
the longer wave lengths, A is consistently nega­
tive, which means, since e is decreasing continu­
ously in this region, that P is not increasing rap­
idly enough. Beyond 5800 A., log PJP1 actually 
decreases; only in this region do both quotients 
in Eq. 2 have the same sign. The simplest ex-

(10) The point m should lie in the half of the cell nearest the inte­
grating sphere for two reasons. (1) Scattered light originating in the 
other half of the cell must travel a longer path before reaching the 
sphere and hence will be more strongly absorbed. (2) Because of 
geometrical considerations, light from this half of the cell has a 
emaller chance of finding the opening in the sphere. 

planation of this behavior is that here the sec­
ond assumption made above is no longer valid— 
probably because the wave length is large enough 
relative to the diameter of the particles to de­
crease their scattering power. Similar calcula­
tions have not been carried out for Fig. 10 be­
cause the scattering background (near 1% at all 
wave lengths as shown by the Curve G) is so large 
that P1 cannot be estimated for all wave lengths. 
Qualitatively Figs. 10 and 11 are in agreement; 
the decrease in P1 is particularly noticeable in the 
former. 

This simplified analysis of scattering by the 
suspended lakes shows such scattering to be the 
cause of the positive deviations in Fig. 5; these 
deviations are greater at longer wave lengths be­
cause the ratio of scattered to absorbed light in­
creases with the wave length. Scattering by the 
lakes (and hence their average particle size) de­
creases in the order purpurin, quinalizarin, aliza­
rin; scattering by the dilute dye solutions is too 
small to be measured on the spectrophotometer. 
The increase in transmission at 7000 A. observed 
when excess acid was used (see above) probably 
results from decrease in the amount of scattered 
light, indicating that the particle size is smaller 
with excess acid. 

Applicability of the Methods.—Because lake 
formation by the hydroxyanthraquinones appears 
to occur with all metallic cations if the hydrogen 
ion concentration is properly adjusted, there is 
reason to believe that these dyes can be used for 
the accurate colorimetric estimation of, say, 10 
micrograms of any isolated metallic cation. In 
other words, their value as general reagents for 
the estimation of any cation may well offset their 
failure to act as specific reagents in all cases. Per­
haps the simplest way to carry out the estimation 
of any isolated metallic cation is by precipitating 
the lake in ammoniacal solution, washing it free 
of excess dye, and re-dispersing it in basic or acid 
alcohol for the transmission measurements. (Pre­
liminary work on the estimation of small amounts 
of barium has shown the feasibility of this method.) 
When more than one metallic cation is present, 
specificity, to a limited degree at least, may be 
sought by adjusting the hydrogen ion concentra­
tion, or by adding ammonium salts to form com­
plexes with the interfering cations. 

The scope of the hydroxyanthraquinones as 
colorimetric reagents thus corresponds roughly 
with that of dithizone (diphenylthiocarbazone), 
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which Fischer11 has so thoroughly investigated. 
Our experience indicates that dithizone is a good 
deal more sensitive than the hydroxyanthraqui-
nones (thus e2 for copper dithizonate is about 
3o,000lla; €2 for the zirconium-quinalizarin lake 
is only 10,GOO); that the former reagent is much 
more difficult to prepare and to keep unchanged; 
that procedures involving it are likely to be more 
tedious, and that precise results are more difficult 
to obtain when it is used. 

Summary 
With the aid of a photoelectric recording spec­

trophotometer, precise colorimetric methods for 
the determination of zirconium or hafnium in 
small amounts have been developed. The meth­
ods involve lake formation with the hydroxyan-
thraquinone dyes. 

Hafnium and zirconium, while qualitatively 
indistinguishable, can be estimated in a known 
weight of sample provided other cations can be 
removed if they are present. 

(11) References to Fischer's valuable work are given by (a) Lieb-
hatsky and Wtnslow, T H I S JOURNAL, 59, 1900 (1937), who used the 
spectrophotometer to stiuly diihi/.one. us a colorimetric reagent. 

The high voltage and large current of the Berke­
ley cyclotron1 have made it possible to obtain 
radioactive isotopes with activities of extremely 
high intensities, especially when deuterons are 
used as the bombarding particles. It is the pur­
pose of this note to show how this circumstance 
has made it possible to identify extremely small 
amounts of impurities by means of their charac­
teristic half-lives, after the substance containing 
the impurities has been bombarded with deuterons 
in the cyclotron. A quantitative estimation of 
the amount of the impurity can be made in those 
cases where the yield of the reaction involving the 
impurity has been previously determined. Iu 
the cases where this yield is not known an esti­
mate can be made by means of a comparison with 
the known yield of some reaction of the same type. 
As an example the detection of extremely small 

(1) Lawrence and Livingston, Phys. Rev., 46, 608 (1934); Law 
renee and Cooksey, ibid.. SO, 1131 (15)38), 

The effect on lake formation of varying the acid 
concentration has been studied. 

Interference by other cations is negligible unless 
these are present in larger excess. 

The decrease in lake formation caused by com­
plex formation between zirconyl and sulfate ions 
has been investigated. This decrease is pro­
nounced enough to warrant the belief that the 
colorimetric methods could be used for the esti­
mation of the various anions, particularly fluoride. 
that form complexes of this kind. 

The scattering of light by the lakes, which 
are present as suspensions in the alcoholic dye 
solutions, has been briefly investigated and dis­
cussed. 

A comparison of the hydroxyanthraquinones 
with dithizone, another colorimetric reagent that 
reacts with many cations, shows the latter to be 
several times more sensitive while the former are 
simpler to prepare and keep, and are capable of 
giving accurate results with the expenditure of 
less time and effort. 

SCHENECTADY, N, Y. RECEIVED JUNB 9, 1938 

amounts of gallium in iron is described. Other 
examples are given more briefly. 

When a sample of iron was bombarded with 
deuterons it was found that two of the radioactivi­
ties produced could be ascribed to an extremely 
small amount of gallium impurity in the iron ( ~ 
six parts in one million, as will be shown later). 
This was established by the fact that the half-
lives of the two activities, 22 min. and 14 hr. 
(electron emitters), were identical with the known 
half-lives of electron emitting Ga70 and Ga72, re­
spectively.2,3 A chemical separation according 
to the methods of Noyes and Bray was performed 
upon a sample of bombarded iron to which a 
small amount of "carrier" gallium had been added 
after the bombardment. The 22 min. and 14 hr. 
periods appeared only in the gallium fraction. 

(2) Amaldi, D'Agosttra, Fermi, Pootecorva, Rasetti and Segre, 
Proc. Roy. SoC. ̂ London), * t * t , 822 (1635). 

(3) Sagane, Phys. Rev., 63, 212 (1937). 
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