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Reasons for Undertaking the Present Study
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Some years ago, iIn the course of a study of the

ei'fect of hydrogen-ion concentration on the so=-called ad-

1
sorption of' dyes by hydrous oxide gels, Gordon and Marker

1

remarked certaln phenomena which were interpreted at that
time as indicative of compound formation. The behavior of
Orange 11, applied to hydrous oxide gels of aluminum and
iron at varylng hydrogen-ion concentration, scemed to present
particularly convincing evidence of chemical interaction
between the dye and the adsorbent gel, DBriefly summarized,
the relevant observations made at that time were as follows:

Firstly, curves obtained by nlotting pH values
against milligrams of dye removed from solution per gram of
gel, showed marked and rather sharp alterations in their
slopes at low pH values. Secondly, it was found that

solutions containing varying concentrations of dye,

<
Concentrations of 0.5 per cent, 0.75 per cent, and 1l.16 per

cent were employed.

3
but adjusted to the same pH valus,

-
3

Unfortunately the actual pH value has not been recorded but
the senlior author has communicated to the present writer that

1t was somewhat below 3.0.




arrived at practically identical dye concentrations when
allowed to come to equilibrium with aluminum and iron gels.
Thirdly, analyses of samples of the supprosed dye-metal com=
pounds sagreed with calculated values for those compounds
within the limits of experimental error. At that time it
was aléo noted that aluminum or ferric ralts, either in
solution or in the solid state, produced precipitates when
added to solutlons of Orange II. These precipitates were
believed to be the slightly soluble dye salts of aluminum
and ferric 1iron, respectively, although no analyses were
made.

4
Some time later Weiser and Forter

R R R TN

H. B. Welser and E. E. Forter, J, Phys. Chem. 31, 1704

&

(1927), See also H., B, Weiser and E., E. Porter, "Collocid
Symposium Honograph" Vol, V, 1928, p. 369, and H. B, Weiser,
"A Survey of American Chemistry" Vol. IIXI, 1928, pp 43=44.

questioned these conclusions and criticized in detail certain
portions of the experimental work upon which they wers based,
at the same time advancing other explanations to saccount for
the phenomena observed. They furthermore recorded certain
experimental observations of their own which were advanced

as tending to disprove the theory of compound formatione.

Those criticisms and observations will be discussed in their
appropriate connections in the prcesent paper; Suffice it to
say at this point that, while the remarks of ¥Weiser and Porter
cast doubt upon the original conclusions of Marker and Gordon,
they involved certain obviously erroncous assumptions and

failed in several partliculars to account satisfactorily for



all of the phenomena of which the present writer had knowledge.
On the whole it seemed highly desirable to re-examine the en-

tire matter thoroughly.

INTZRACTION OF yRANGE IT 4B A1Clz

One of the strongeat indications of corpound fore-
mation previcusly noted had been the constancy und egquivalency
of chemical composition of the product obtalined. It was
decided, therefore, to rmake a number of preparations under
varying conditions in order to eliminate the possiblility of
hitting upon some one unfortunate coincidence of conditions
which might lead to the formation of a heterogeneous product
in which the dye radical and the metal ion might accidentally
aprear in equivalent quantities,

It may be well to preface an account of the pro=
cedures followed with the statement that Orange II is thse
sodium salt of 2~hydroxy-l-phenylazonaphthal1n—14—su1fonic
acid, to use the system of numbering employed by Richter,

The respective structural formulaec are as rollows:

CH CH

‘ |
Na0,S «{ Je T =N =D Hogs = PN =1 = D
(Orange II) (Free acid of Orange II)

For the purpose of this investigation Orange II may be recarded
merely as the sodium salt of a substituted sulphonic acid. 4as
a matter of convenience the dye radical or ion will occasionally
be deslgnated hereafter as X, the dye itself as NeX, and the
free acid as HX.

It 1s common knowledge among orsanic chemists that

the aromatic sulfonic acids are, as a group, strong acids. 1In



fact they are generally considered as comparable, in strength
and in properties which involve their acid characteristics
only, to the mineral aclds == at lecast to sulfuric acide A
priori there is all good reason to suppose that they would be
capable of forming a wide range of metallic salts, including
aluminum and ferric salts., As a matter of fact ferric and
aluminum salts of several sulfonic acids have been prepared,

5
analyzed, and studled by Dubsky.

5 .
Jd. V. Du:bﬂk.y, Je Prath Chem., g_g’ 61-118 (1914)’

Fb(GSKSSOS)S.QHQO; ibid., 83, 142-161 (10186), Al(caﬁs.sos)s.gﬂgo,
A1(06K50032805)3QQH20, Al(HO-C6H4o "305)509H20, Al(Glcﬁqdz-Sos)s.QHQO,

Al(clcﬁvoﬂ'sos)sogﬂzoo

.

On this basis one might anticipate the possibillty of

a metathetlc reaction between aluminum chloride and the dye,

according to the equation:
—

A101, + 3NaX =— AlX, + 3NaCl,

3 3
with the equilibrium shifted almost completely to the right if
the product, Alxs, proved to be but slightly soluble.
Thia hypothetical reaction was investligated by
preparing and analyzing three productas, The first was obtained
. 6 , 7
as followa. About” 13.5 grams of Urange II (016H1104N23Ha.5H20)

was dissolved in approximately one liter of distilled water and

]
These quantities were weighed on a rough laboratory balance.

AR _
The dye used was concentrated Orange II furnished by the du

Pont Dompany through the courtesy of Mr. E. K. Bolton.

-



filtered. About 2.5 grams of AlClz.6Ho0 was dissolved in
approximately 100 cc. of distilled water and “iltered. The
solutions were combined in the cold with stirring. The treavy,
orange=-yellow, apparently amorphous pracipitate which remained
suspended throughout the lliguid was filtered off with the aid
of suction, & perfectly clear f{iltrate being obtained. The
filter cake was washed with 200 to 300 cc. of distilled wator.

Preliminary cxperiments showed washing to be necessary,
for the precipitate ocecludes and carries down some unchanged
Orange II, as evidenced by the Tact that sodium can be detected
in the ignition residueses Since the product precipitated is
pulverulent rather than gelatinous, the necessary washing is .
accomnplished quite readily. The corpletion is indicated when
the highly colored iltrate containing the excess of CUrsnge II
zives place to a faintly colored Tiltrate containing sowme of
the product in solution and some dye acid arising from hydrolysis,
The amount of water used in rinsing was so chosen thal a swall
quantity, about 50 cc.,of failntly coinred i'lltrate passed from
cach sample.

The product was well drained and partially dried by
suction and then allowed to air-dry for several days at room
temperature. The cake which had then deepened in color to a
reddish oranpge and had become hard and brittle was ground in
a hand mortar and samples were taken for analysis.

The dye radical was determined by & slight modification
8

o

of the TiCl. method cutlined by Knecht and Hibtert
o -

"New heduction tathods in Voiumetric analysis®™ Longmans,

for Orange II.

Green and Co., New York City, 1918. pe. 76,

r————k LA



The deviatlion consisted in the faoct that individual samples
of 0.1 gram were analyzed instead of aliquot parts from a
solution of one sample.

Aluminum was determined by igniting 0.5 gram
samples of the product in covered platinum crucibles and
blasting to constant weight.

Moisture content was determined by drying 0.5 gram
samples to constant weight at 1200--125o C.in a Freas electric
oven. The samples were dried in small glass-stoppered welghing
boftles, the stoppers of course being removed while samples
were in the oven but immediately replaced whenever they were
withdrawn, |

The results of our analyses on this product were as

follows:
Average

% Hg0 19.33)
)  19.27

19.20)

% Al 2.32)
) 2.34

2.35)

% X 78.30)
Y} 78.36

78,.42)
099.97

Reduced to a dry basis these figures give 2.88% of
Al ss~compared with a calculated value of 2.87% for A1X,, and
97.05% of X as compared with the calculated value of 97.33%.

The qunantities of dye and A1015.6H20 used in the
preparation of the product just described repréaent an equivalent

ratio of 1li;l. Two other preparations were made and analyzed in



the same manner except that equivalent ratios of 2:1 and 1:2, re-

spectively, were used., The actual guantitlies employed were 27.0

grams of dye to 2.5 gramns of Al1Clz.6H,0 1n the first case, and

13.5 grams of dye to 5.0 grams of AlClS.BHQG in the second case.

The analyses were as follows:

£ Dye: 1Al0lgz 1 Dyos 2 AlCl5
#1 #2 Avee,. #1 #e Avgee
% Hy0 19,11 18.95 19.03 17.73 17.73 17.73
% a1 2.25 2.24 2,25 2.40 2,39 2.40
% x 78.87 78,99 78,93 79.14 79 .36 79.25
100.23 100,18 100.21 99 .27 99 .48 90.38

The average analyses for all three products, reduced

to a dry basis are summarized in Table I,

TABLE I.
Cale. for AlXg 1 Dye:l A1015 2 Dye:l AlClg 1 Dye: 2 41C14
% Al 2467 2.88 2.77 2.91
% X 97 .33 97 .05 97 .48 06 ¢33
100,00 99.93 100.25 99,24

The agrcecement between observed and calculated values
is not perfect, yet it is on the whole rather good when one
considers that the rinsing of the precipltate might be expected
to hydrolyze the salt, giving a product too low in dye and too
high 3? aluninume At any rate it seems safe to assume that the
figures just quoted indicate a relationship other than coine
cidental between the quantities of dye radical and aluminum

present in the products so formed,

o , 4
elser and Porter accounted for the precipitate



formed when a solution of aluminum chloride is added to a
solution of Orange II by calling it “a mixture of the hydrous
alumina gel and Crange II acid", "due to the simultaneous
hydreclysis of the two salts, one of a weak, slightly soluble
acid with a strong base, and the other of a slightly soluble
base with a strong acid." This explanation is founded upon
two erronecus assumptions. The free acid of Orange II is
neither a weak acid nor 1s it slightly soluble, We shall deal
with both these points more specifically in a moment. It 1s
sufficient to remark now that the free acld is considerably
more soluble than the dye 1tself and that in the experiments
Just discussed the dye solutions employed were far from saturated.
Even had these assumptions been correct it is difficult to see
how equivalent quantities of dye acid and alumina gel could
have been carried down under all three sets of conditions

described,.

THE FRNE ACID OF ORANGE II

The free acid of Orange II used in the experiments

which will be described hereafter was prepared and purified
according to the method of Sisley.9 Briefly described the

5 -
P. Sisley, Bull, Soc, Chem, 3 25, 962 (1910)

O

method conasists essentially Iin refluxing Orange IJ with a
large excess of strong mineral acid and filtering off the
precigztated dye acid which is still contaminated with scme of
the dye., After drying to remove HCl the precipitate is ex~-
tracted with a mixture of alcohol and ether and reprecipitated

by the addition of a large excess of ether. When dry, the new



precipitate is again extracted, but this time with ethyl alcohol,.
The dye acld is finally precipitated with a large excess of
ether, filtered off after standing over night, rinsed with ether,
and air-dryed, 1t is thus obtained in the form of minute reddish-
brown, needle-like crystals carrying four molecules of water of
erystallizatione

It may be_well to dlscuss at this point several of
the properties of the dye acid, for we have already had occasion
to refer to them and shall do so agaln hereafter.

Sisleyg determined the solubllity of the dye acid in
water and in varying concentrations of hydrochloric acid at 19° C,
His figures are reproduced in Table II., The first two columns
are Sisley's; the other two columns have been calculated by the

writer for convenlenoce in reference.

TABIE II
Solubility of HX.4Hg0 in Water and Hydrochloric Acid at 19° Ce

Cone. of HC1 Sol. of HX.4Hg0 Normality HX
gn. per 1, gm. per 1, HC1 gma. per l.

O o o o o o oo 1T4ef o o o« 0.0 . . o 142.8

1 o ¢ o oo oo 1406 o+ . . . 0.027 . . . 115.2

B o o o oo o8 88T e s e 0137 ... T2.6

10 & o o o o o s 697 o s e s 0274 + . . 57.1
20 o v e o o o o 947 « o o o 0.548 . . . 7.9

530 o 0 o e o o o 1480 ¢ . .« 0.822 ¢« . .  1.55
4U0% o o o 0 b o 042 ¢ o o o 1,006 & . & 0.33
BO ¢ o o o o o o 0627 v o o o 137 & o 0.22

Working at a room tewperature of 25°C. the writer

attempted an approximate check on Sisley's figures by preparing



saturated solutionyof dye acid in distilled water and in tenth
normal hydrochloric acid. With distilled water we were unable
to obtain & solution in equilibrium with the solid acid, The
acid behaved very much like sugar, continuing to dissolve until
a solution of sirupy consistency was obtained, The solution
could actually be drawn into a thread with a glass rod. After
about 25 grams of acld had been added to approximately 60 cc,
of water the project was abandoned., W#%ith tenth normal hydro~-
chloric acid a saturated solution was obtained, Ten cubile
centimeters of the solution were made up to one liter and 20 cc,
aliguots were titrated with TiCls. The HX content was found to be
57.1 grams per liter., The figure obtained by plotting Sisley's
first four values, drawling a smooth curve through them, and
dropping perpendiculars at & tenth-normal concentration of HCl
1s 82,7 grams of HX per liter.

It i3 rather diffieult to account plausibly for the
considerable discrepancy between the results of Sisley and
those of the writer. 31sley records one phenomenon which may
or may not throw light on the flirst polint of difference. He
prepared Orange II in three forms -- anhydrous NaX, NaX.2 x/znzo,
and NaX.SHQO. In determining the solubility of the =salt he
noted that the hydrates appeared rather stable even in the
presence of water, and he records three solubilitles for the
three respective forms of the salt. All forms in time reached
the solubility ascribed to NaX.5H20. Whether the dye acid
behaves in a similar fashion 1s a question. The writer has not
observed anything to indicate that it does. The difference i-
temperatures (19° and 25° C.) might also account for a con-

siderable difference in the solubility of the acid,



Neither of these possibllities, however, seems to &c~
sount adequately for the lesser solubility observed in 0.1 hydro=-
chloric acid, Unfortunately Sisley does not describe the method
whereby he determingd the amount of acid present in solution.

It is certain, however, that he did not titrate with TiClg.

Since these point# are irrelevant to the main purpose
of this investigation they have not been pursued to a solution,
The significant fact established 1s that the dye acid is extreme-
ly soluble in pure water solution and quite soluble even in
tenth-normal hydrochloric acid,

We have not succeeded in crystalligzing the dye acid
from water nor from dilute hydrochloric acid solutions,
although it did erystallize from 20% HC1 solution.

Sisley’aiao remarked the apparent strength of the dye
acid, as evidenced by the compafatively large excess of mineral
acid necessary to free it from its sodium salt. Hie figures are

presented in Table III,

TABLE III
Conc HC1l Equivalents HC1 Orange II Orange II
% per equiv. RaX Decomposed ¥ Undecomposed %
0.4 1.07 no ppt no ppt
1 2.14 " "
2 4.28 " "
Re¢5 5.35 46.2 53.8
3 6.42 58.5 41.5
4 B.56 78.1 21.9
5 10,70 79.4 20.6
10 21.40 80,9 19.4
15 32.10 87.5 12,5

20 42.80 97 .4 2.6
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As a further check upon this point small quantities
of dye acid and of dye were carefully purified for the purpose
of preparing solutions to be investigated potentiometrically.
The dye acid prepared as already described, was dissolved in
warm alcohol, ZEther was then carefully added 1little by little
in such manner that any dye acid precipitated was redissolved
before the addition of more ether., When it seemed probable
that further addition of ether would cmuse a permanent pree=
cipitate the flask containing the mixture was loosely stoppered
with & cork stopper and allowed to stand for several days. The
dye acid crystallized in large, nearly black needles which
reflected a greenish sheen. Some of the crystals were over a
centimeter in length and about half the dlameter of a pencil
lead. After being washed with ether and air-dried they were
analyzed, ylelding a moisture content of 9.92% and an HX con-
tent of 90.13%. These figures agree well with the theoretical
values for HX.2H5O,

Cale. for
HX . 2H,0 Found
% X 90.11 90.13
% Hy0 9.89 9.92
100.00 100.05

The dye itself was crystallized, first from NaCl
solution and then from alcohol.

Solutions of the dye and dye acld were made up and
carcefully adjusted to a normality of exactly 0.0l. The con-
centrations were checked by titration against T1013.

The solutions were then placed in Bureau of Standards



baqgkts and mixtures were prepared for hydrogen=ion meassure=
mente

The hydrogen-ion readings were made with a Leeds-
Northrup student-type potentiometer outflt,using a quinhydrone
electrode and a saturated calomel cell, The quinhydrone
electrode was chosen because of the convenlence and rapidity
with which 1t can be handled and with the idea of avoiding any
effect which might be produced by the reduction of dye at the

10
hydrogen electrode.,

s . e e
A comparative study of the results obtalned with the hydrogen

and quinhydrone electrodes on Orange II solutions has now been

completed and is reported in this paper.

The quinhydrone was prepared according to the method of Bﬁﬁmann
and Lundll and twice recrystallized from distilled water slightly

A v -

Ann, Chem. (9), 16, 321 (1921)

Iy

o i e -

acidified with acetic acid. At the time the readingss were made

the outfit was checked against an ¥/20 solution of carefully
purified acid potassium phthallate. The pH value of 3.96 obe
tained agreed well with the value of 3,974 reported by Clark

12
and Luba. All pH values were calculated by means of the

1z :
J. 101qv“§hem. Q, 479 (1916)

EC ST NEE Pt R S e

L NUPEST AR A - = -

factors and cell constants tabulated by Glark.l5 The results

ﬁ N - ‘. = - ca o e
"The Determination of Hydrogen Ions". The Williams & Wilkins

Co., Baltimore. Third Edition. 1928. pp 672 and 674.
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obtained are sumnarized in Table IV,

TABLE IV

pH Values of HX Solutions and HX~-NaX Mixtures 32.5° C.

Composition of Solution pH ﬁnﬂ ij \4
- -2 -2
: x 10 x 10

cc. 0,01 N jcce 0,01 N’ CCQH?O

HX NaX

10 - - 2005 1.0 0891
8 2 - 2.14 008 0725
5 5 - 231 0.5 ) «490
2 8 - 2.75 002 0178
8 - 2 2.15 0.8 «708 °
5 - 5 2.52 005 0479
2 - 8 2.66 0.2 0219

Y T
On the assumption that pH = log [HJ

L Y R

The results on the water dilutions are not strictly
comparable to those obtained with the NaX-HX mixtures, for in
the one case we are considering solutions of varying ionle
atrength and in the other, of constaht ionic strength.
Another factor which might affect the results is the possi-
bility that at high dilutions the hydroxy of the napthol
group may come into play. Nevertheless we can conclude with
some certainty that Orange II 1s a practically neutral salt

-~ @a fact which supports the contention that the dye acid is



a strong acid.

Int?l‘aCt?‘Oﬂ of I{)& "\'.’ijth AlCla.ﬁHgO

m—— e e s

It had already been noted in our laboratory, though
not previously recorded in the lilterature, that aluminum
chloride solution forms a precipitate when added to a
gsolution of the ftfree dye acid, It seemed that this phenomenon
might be reasonably accounted for by the eguation:

AlClz + 3HX =— AlXy + 3HC1
wherc the product AlXz is but slightly soluble. As a test
of that hypothesis the present investigator prepared two
productsz,.

wuantities of reagents and volumes employed were
approximately equivalent to those used in examining the

EaX-AlCls interaction. The squivalent ratios employed were

%

2 AlCl5 : 1HX and 1 AlCl3 : 15 HX. The procedure was varied
as follows. "The dye acid =solution was heated %o bolling and
the aluminum chloride solution added slowly with stirrince.
The solution was filtered hot and the product beran to
crystallize as soon as the liquid bersan to cool., 4lmost the
entire product crystallized in minute, orange-yellow needles,
although a few leaflets could be seen. Tho crystals were
filtered out by means of suction and then allowed to air-drye.
The dry “ilter cakes had the appearance of felt. 4Analyses of

these products are presented in Table V,



TABLE V

2 AlCl5 : 1 KX 1 31013 : 1.5 HX .
#1 #2 Avge. #1 #2 Avge.
% HgO 20,56 20.26 £20.31 16.88  16.94  16.91
£ Al £.13 lost 2.13 2.24 2.20 2,22
% X 77.62 76 .66 77 .64 80,82  80.73  80.78
100,11 100.08 99.94 90 .87 99.91

In Table VI the average values are reduced to a dry
basis and compared with the calculated values for AlXsz. The

agreement is rather good.

TABLE VI
2 A1C1, : 1 HX 1 A1c:13 t 1.5 HX Calc. for AlXg
% Al 2.67 2,66 2.87
€ X 97.42 97.15 97.33
100.09 “99.81 100,00

Intaraotion of HX with Hydrous Alumina‘Gng

Marker and Gordonl reported the preparation of a
product containing equivalent quantities of aluminum and dye
radical through the interaction of dye acid and alumina gel.
Unfortunately the exact procedure followed was not deseribed.

Weiser and Porter4 have contended that the product
obtained was a mixture of dye acid and gel and have accounted
for the equivalency of components by assuming that eguivalent
quantities of dye acid and gel had been suspended in water
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and boiled, and that on cooling the solid matter had been
filtered off and analyzed. They say:

"If the alleged compound is merely a mixture
of gel with the Urange II acid crystals, why does
the composition correspond to that of a chemical
compound? The answer is that it does not unless
the two insoluble substances, the gel and the
insoluble acid, are mixed 1ln the theoretical ratio
and the analysis made for that ratio, We are
forced to the conc¢lusion that this unfortunate
procedure was followed by Marker and Gordon."

Weiser and Porter, however, offer no analyses to substantiate
thelr assertions, although they do report some qualitative
experimental work. They say:

"In every case, the presence of crystals was
observed in accord with the statements of Marker
and Gordon, However, the crystals were not an
aluminum salt but were merely the free acid of
Orange II, A particularly strlking crop of
crystals was obtalned by heating and cooling
the mixture. +... There is no doubt whatsoever
that the crystals formed 1n the presence of the
gel are the free acid «..."

In this connection they discuss some qualitative
observations on the behavior of the crystals which will be
discussed presently.

As a matter of fact the product previously in-

14
vestigated by Marker and Gordon hacd been prepared as follows.

14
Private communication.

L0 Y L e

A gquantity of hydrous aluminum gel was added to a solution cone
taining dye acid in considerable excess of the quantity calculated
as necessary for reaction with the aluminum. The mixture was
boiled and then filtered hot. As the clear filtrate cooled,
needle~like crystals separated¢ from it. These crystals, which
Welser and Porter designate as crystals of dye acid, constitute

the product analyzed by Marker and found to contain equivalent
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quantities of dye radical and aluminum.

As a check upon this previous experiment, the writer
repeated the preparation, employing a small excess of dye acid
over that calculated as esqulvelent to the alumina gel used.

The mixture was filtered hot and the crystals whiéh separated
from the clear filtrate upon cooling were filtered with suction,

air-dried for several days, and analyzed, The results were as

follows.
Found
#1 #2 Avge. Keduced to Calc, for
dry basis A].XS
% H,0 19.62 19.64 19.63 - -
% Al 2.21 2.19 2.20 2.74 2.6%7
% X 78.03 78,03 78,03 97 .20 97 .33
99.86 09 .86 90 .86 99.94 100,00

Taken in conjunction with the already presented data
bearing upon the solubility and strength of the dye acild, these
facts seem to furnish adequate comment upon the remark of
Welser and Port3r4 that, "Since Marker and Gordon assume an
aprrociable solubility of the alleged salts, a simple con-
sideration of well~established laws of the kinetics of chemical
reactiona should have suggested the improbabllity of forming
a salt from the much less soluble gel and a weak, slightly

soluble acid.”

Observations upon the Behavior of the Supposed Al Compound

It will be noted that in none of the preceding tsbu~-

lations has a definite degree of hydration been assigned to the
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crystals obtained. Two conslderations prompt this omlssion,
Firstly, the indications are that the product obtalined by
allowing a boilling solution of A1x5 to cool and crystallize,
consists of a mixture of hydrates. The product usually con-
sists almost entirely of fine needle-like crystals, but these
erystals vary in size and color depending upon the concentration
and temperature of the solution from which they separate, Uften
a few leaflets may also be eseen, especially if the mother liquor
is highly concentrated and rather acid,

Secondly it is svident that the hydrates which pre-
cipitate from solution are not stable in contact with air at
room temperature. 48 an example Table VII presents two series
of determinations made upon samples prepared under the same
conditions, but exposec to the alr for different intervals.

The first was made after the product had been air-dried for
three days; the second after about six wesks. Calculated values
for two hypothetical hydrates are included for purposes of com=
parison only.
TABLE VII
ixposed to Calc. for Exposed to Calc. for

alr air
3 days AlXz.14H0 6 wesks AlXg.10Ho0

% HyO 20.31 20.01' 15,07 15,16
% Al 2,13 2.14 2.28 2.26
%X 77.64 77 .85 82.61 82.58

100,08 100.00 99,96 . 100,00

Oour experience with moisture determinations on
these salts leads us to doubt whether there is any distinct

hydrate, stable over the usual range of atmospheric temperature



and humidity. We have rot, however, investigated this point
carefullye.

e crystals of Alﬁs, lilte those of the dye acid retain
their form under drying to constant weight at 120° - 1250 Coe
The colur, vowever, changes to a dark, reddish browne. The
anhydrous crystals are hygroscopic and change color as they
regaln moisture, through red to reddish orange., The compound
decouposes scnewhere between 145° ang 155° Ce Sisleyg noted
that the dye acid also decomposes at about 150O C.

The crystals cannot be totally redissolved in pure
water nor in 95% ethyl alcohol in the colde The ligquid takes
on the characteristic co.or of the dye; the crystalline form
disappears and a pulverulent, orange=yellow solid phase
remains. If a small amount of HC1l or dye acid or a rather
larger anmount of AlCl3 are added to the liguid, considerable
quantities of crystals will dissolve without residue upon
heatinge. I a moderate gquantity of the salt is added to boiling
water it will dissolve almost without residue. The salt is
considerably rmore soluble in ethyl alcohol than in water.

This should not be taken to mean that none of the
salt dissolves in pure water or in 95% alcohol. If either
ol these liquids is heated with an excess of the crystals
and {'iltered hot, crystals will aprain separate from the clear
filtrate upon coolinpge. No doubt these phenomena form the
basis for the astatement of Welser and Porter4 that the crystals
(which they believed to be crystals of the dye acid) can be

dissolved from the gel with hot water or alcohol, as well as

for their further assertion that, "If the (water) solution

is filtered while hot the needle crystals of the free acid
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separate from the filtrate on cooling.

It is a rather tedious matter to prepare in this
manner sufficient salt for & complete analysis, but the simple_
expedlent of igniting a few of the crystals and noting the
residue of 4150z remaining would have revealed to them their
error. 4n analysis performed by us upon & sample obtained in

this way gave the following reaults:

Found Avge., Calc. for
) reduced to '
#1 #2 Avge. Dry Basis Alxs
% HoO 19.67 19.59 19.63 - -
% Al 2.03 2.04 2.04 2.54 2.67
% X 78.26 78,38 78.32 97 .45 97,33
99 .97 100,01 99.99. 99,99 100.00

The needle-like crystals obtained from alcoholic solu=-
tion are larger than those which separate from water and deep
ied in color. On this asccount the writer considered the possibil-f
ity that the liguid of hydration might in this c¢ase be alcohol.
A sample crystalllzed qqym alcohol containing a small amount of
AlClge.6Ho0 1in solution was analyzed with the following results.

(Average of duplicate determinations)

Found Reduced to Cale. for
Dry Basis AlXa
% Loss of VWeight
on Drying 17.52 - -
% A) 2.21 £2.68 2.67
% X 80.34 97 .40 07 .33
100.07 100.08 100.00

About three drops of the liquid of hydration was

distilled from & small sample of the crystals'into a receiver
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containing about 0,5 cc. of distilled water. Wwhen submitted

to the iodoform test after the manner recommended by %ulliken,ls
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the liquid gave a decided test for alcohol,

Unfortunatcly the entire lot of crystals was exhausted
in other tests before the writer had an oprnortunity to make a
refractometric reading upon the liquid of hydration. Another
sample of somewhat smaller crystals was prepared from alcohol
containing a slight excess ol HX in solution. The analysis
was as follows:

(Average of duplicate determinations)

Found Reduced to Calc. for
Dry Basis ﬁlX5
% Loss of wte
on drying 15.60 - -
% Al 2.23 2.64 2.67
% X 82.13 07 .31 07 « 353
99.96 09.95 100.00

A few drops of the liquid of hydration examined in an
Abbe refractometer at 27° ¢. gave a recading of 1.338. BSince at
28° water has an index of 1.33219 and ethyl alcohol an index of
1.35721, it seems that the liquid of hydration must be largely
water.

The explanation which s~ems to us to account most
plausibly for the phenomena just discussed 1s that in pure
water or in 95% alcohol the salt partially hydrolyzes, due to
its slight solubility in the cold. If, however, some substance

which might be expected to prevent hydrolysis or to dissolve



the hydrous alw:ina so formed is added, complete solution
results upon heating,

Under these circumstances it seemed to us uscless to
attempt any exact solubility determinations, and we have contented
ourselves with the qualitative observations just made. It 1is
obvi-us from what vwe have already sald that the solubility of the
salt increases greatly with increasing temperature. It is also
evident that the proviocus assumption of Marker and Gordon that
the true soclubillity of the salt could be calculated frorm the
amount of dye radical present in a solution in equilibrium with
the solid phase was erroncous,

This was one of the mistaken preconceived notions
with which the writer entered upon the investigation of the
present problem. Out of it grew the plan for a method of
attack which yvielded experimental resultis quite different from
those anticipatedes TFor reasons which will develop as we
proceed it became evident that a strictly quantitative study
could yield results.which would be wvalid for one speciflc set
of conditions only == a set of conditions which, by the uway,
could not be completely defined, or even reproduced at will.
Hence these particular experiments were not pushed to a
quantitative conclusion, but they furnish the basis for a
rather interesting qualitative discussion which may be worthy
of introduction here.

The idea originally sntertalined by the wrller was
that a check upon the solubility figure of tiarker as well as
further evidence upon the question of compound formation
could be obtained by allowing varying quantities of solid

Alx%to come to solution equilibrium in a fixed volume of water.
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(The quantities of salt were to be so chosen that all were in
excess of the amount necessary to saturate the solution.)

One would, of course, anticipate that a salt of what we may
term simple, normal behavior would yield in all cases solutions
of the same concentration (as measured by titration of the dye
radical with TiClgz). Since aluminum salts are invariably
hydrolyzed, one might also anticipate that one saturated solu-
tion would display the same degree of hydrolysis as another
saturated solution (as indicated by measurement of the hydrogen-
ion concentration). Furthermore one might predict that a
quantity of dye acid allowed to come to equilibrium with an
excess of alumina gel in a volume ofkwater small enough to be
saturated by the Ale formed would pfoduce e llquid phese of
the same dye~-ion and hydrogen-ion concentrastions as that
obtained by allowing s80lld salt to come to solution equilibrium
with water.

Although the observations alrecady recorded indicate
that the salt (AlX3z) is not one of "simple, normal" behavior,
it might appear at first thought that this line of reasoning
would still apply. A little consideration, however, makes
obvious the fallacy of this expectatiocn. Let us begin by
analyzing in some detailil the behavior of AlXa in the presence
of water,.

It may be well to preface that analysié with a

16
notation that the experiments of Heyrovsky on AlCls, indicate
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that the hydrolysis occurs in three stages as might be expected.

There has been some disagreement over the details of transition



from one stage to another, but two points seem to be gonerally
accepted: first, that the third stage of hydrolysls is reached
only in very high dilutions, and second, that precipitation
takes place only when hydrolysis has reached the third stage.
It is always questionable as to how fer one is
Justified in reasoning by analogy, and 1t must remaln some-
what speculative in the case of A1X5 whether or noit the earlier
stages of hydrolysis may not give rise to insocluble products.
The fact that no baslc salts were encountered in the present
study is indicative, though perhaps not conclusive, evidence
in the negative. However, the general principles employed in
the discussion we are asbout to undertake would not be greatly
altered by this point and it would be desirable in any case,
for the sake of simplicity, to confine our consideration to the
third stage of hydrolysis. One assumption we are falrly safe
in making, it would seem. Although the dye acid (HX) has been
shown to be a strong aclid it can hardly be considered the equal
in this respect of HCl; Hence, one would naturally expect that
the third stage of hydrolysis would be reached in higher

equivalent concentrations of AlX, than of AlClg.

3
With these preliminary observations disposed of let

us return to & contemplation of the behavior of A1X3 in contact

with water. The {irst point to be noted is that it would be

a mistake to take a saturated soclution of AlX5 as our point of

departure in this instance. The solubillty of AlXz is very low

at room temperatures and 1£ may well be that a saturated solution

would be sufficiently dilute to experience the third degree of

hydrolysis. However, we do not begin with a saturated solution

and it is unnecessary to make any assumptions on this point.



When a quantity of Alx3 is introduced into water we
may suppose that a small increment of AlX5 immediately goes
into solutione. In the extremely dilute solution so produced
we may safely assume thﬁt the salt immedlately undergoes the
third degree of hydrolysis. The reactions involved may be
indicated as followss

(1) AlXz (solid) — AlXz (sol'n)

(2) Alxg (sol'n) = aa™tt o ax”

(3) H0 == H' + on

L 2 - .
(4) Al 4+ 30H ‘——Al(on)s

(5) H +X = mx

Upon the basis of the newer ionization theories
there is valid objection to the inclusion of (5) but the point
is unimportant in this connection. It will be noted that all
reactions except (1) are written in tue form of equilibria.
At the outset (1) should not represent en equilibrium, though
it may or may not finally attain that statuse. In consideration

17

of the extremely low basic solubility product™ of Al(OH)3 it

oy 1

17 33
Heyrovsky calculates it to be 1.06 x 10 .
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is evident that equilibrium (4) is located very faf toward the
right. For all practical purposes we would ordinarily write

the summatlion equation:
+

-

++4 - - +
(6) a1 +3X +3H + 30H —> AL(CH), + 3H + 3X

’

which would lead to practically complete hydrolysis, However,

in addition to the opposed reactions involved in the ionic
+ + -

+4 -
equilibrium between A1 , X , H , and OH , there is another

reaction which combats complete hydrolysis, and this is the
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reaction which introduces ﬁn indeterminate factor.,

Without attempting to characterize it in detall we
may deslignate this reaction as the acfion of free dye acid on
solidAl(OH)5 to re-form the salt AlX, or its component ions.
The rate of this opposing reaction depends only incidentally
and partially on the total amount of Al(oﬂ)3 present. It is
actually determined by two factors: first, the effective con-
centration of free dye acld present in solution, and secondly,
the ares of the interface between the solution and the solid
Al(OH)z. To a certain exteﬁt it may also be affected by the
nature of the solid side of the interface.,

Now the tendency of Al(OH)3 preciplitates to alter
with time and under the influence of temperature changes and
other factors is well-known. The general trend of the alteration
is: first, the aggregation of individual particles with diminution
of total surface, followed by crystallization with probable
further change in surface extent and seiabdz=ReBges 1n the
nature of the surface.

As the condition of the solid Al(OH); changes, the
rate of the reaction between HX and Al(O@Qy(also changes ,with
consequent shift in the equilibrium point of the entire system.
It is difficult to say how long a time might be required to
atﬁlio ‘5na1 equilibrium. Our knowledge of the behavior of
Al(O%Qy is far from complete but the indications are that the
final state attained may dépend to a considerable extent upon
the history of the system. The detalled influence of all the
significant factors entering into that history is not known ==
perhaps we do not even recognize all the significant factors.

At any rate 1t seems dubilous at the present time whether we
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can even exactly reproduce zalx3 - HEO equilibria at will.

In the light of the loregoing consliderations, howaver,
two Tacts emerge irom the fog. Cne 1s that the cquilibrium
point attained between solid AIXS and a f{ixed volume of water 1is
neither independent of the exact quantity of A1X5 employed nor
can it be predicted upon the basls of any direct proportionality
between the amount of A1X5 originally present and the dye-ion
or hydrogen-ion concentrations of the final solution. It is
also evident that the solution obtalned by bringing dye acld to
equilibrium in the presence of excess Al(OH)z cannot be expected
to duplicate a solution obtained by bringing AlXa to equilibrium

ig
with water except by coincidencs,

pp— PR - S PRE——
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T™his point will be fturther discussed in the present paper.

The writer has been unable to find in the literature
on hydrolysis, heterogencous equilibria, or velncities of
heterogencous r2actions anything which bears very directly

19
upon the foregoing discussion, although paper of A. Tian
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on "The Slow Lvdrolysis of 2alts" contains some supeestive

idcase The theoretical discussion hers presented, 1t must be
acdmitted, is, therefore, cut largely ro~ whole clothe. 1t is,
nevertheless, suppnrted by experimental observations, To
spoak wore frankly, it has been fabricated (as the reader may
have already surmised) to explein expsrimental results which
wera at first thought to be anoralous.

In the irst experiment varying quantities of AlXS



were introduced into 100 cc. volumetric flasks and distilled
water was added up Lo the mark, The flasks were allowed to
stand Tor about a4 week, with occasional hand shaking, before
pH reasurements were mades. Salt %1 had been crystallized from
aqueous solution containing an excess of 4lCly together with
some iree HCl. Salt #2 nad teen crystalliized from an alcoholie
solution contalning free AlCl3 and free H0l, JSalt #3 was
crystallized from an aqueous solution containing a slight
excess of HX. 4ll flasks had been kept at a room temperature
which varied but little from 200 Cs and 8ll pH measurements
were made at that tewmperature, The results are pressented in
Table VIII.

TABLE VIII

Selt Gmase AlX, in p_“é
100 cc. volume

HL o o o o s o o s 2 0e05 4 4 o o o o o o B3e99
#L o o o o o o o o 20610 4 ¢ ¢ ¢« o o o o 3.96
AL o o o o o o o o 2020 4 ¢« o o « o o o« 383
HLl o o o s s o o o 2 050 o o ¢ o o o o o 373
#Z2 o o o o o o o o 010 ¢ 4 4 4 4 v . . 4,18
#2 4 s e e s o o s 00520 4 4 4 4 4 4 . . 4.09
#B 4 o o o« o o s o 0 0610 o ¢ o 0 0 0 o . 4,24
#B e o o o o o s o 0 0620 ¢ 4 o o o o o o 4,22

#5 -* L] - L . L] . L J L 4 0.50 L ] ® * L L ] . L L 4.14

The writer was at first inclined to attribute the
pH variations here noted to free acld contamination. Con-
soquently, a salt which might be expected to display greater

elegctrometric purlty was selected for the next experiment.
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This salt (designated as #5) had been prepared by extracting

crystalline AlX, with boiling water and allowing new crystals

3
to form from the clear filtrate on cooling. In this case the
salt was allowed to stand in contact with water for two days
and a night with frequent hand shaking during the daytimes

and the one evening. In this case the dye radical concen-
tration was determined by titration with TiClz. The room
temperature throughout was in the viecinity of 30° C. The
results led the writer to doubt that equilibrium had been
attained. Unfortunately the small amount of salt #5 avallable
had been exhausted in this experiment. For a repetition, salt
#6, which had been obtained by treating Al(OH); with a slight
excess of HX, was adopted. In this case the flasks were placed
in a water bath and kept at a temperature near 100o C. with
frequent hand shaking for about 8 hours. They were then
allowed to stand overnight and for about half the next day,
being frequently shaken by hand in the daytime. The titrations
were made at & room temperature of about 500 Ce The results

are presented in Table IX.

TABLE IX
Salt Gms. AIXS in Mgms. X per liter
100 cc. Vvolume in solution

H5 o o o o o o o o 0610 ¢ ¢ o ¢ o o « o 367.57
#D 4 o o o o o o s 00620 4 ¢ 4o 4 . . . . 403.39
#5 4 o o o« o o s o 0 0650 o ¢« ¢« o o o o o 449.60
F6 v o o o o o o o a 005 & & & v o o « & 310.94
HE 4 v v v o v e e 20410 4 4 v 4 4 . . . 35599
#6 o o o o 4 o o s 2 0e20 4 v 4 4 e . . . 392,08
#6 o o o o o o o 0 2 0680 ¢« ¢« 4 4 o« o o 439.20
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The wrlter at last bersan to suspect that which
should have been evident from the first «- namely, that his
original assumptlons were in error. The revision of ideas which
followed has already been outlined.

It is evident that the pH measurements and the X-ion
titrations here presented are not concordant, They were not
obtained upon solutions derived from the same specimens of
salt, and they werc not obtained at the same temperature,
Temperature increase, of course, affects the hvdrolysis
equilibrium in two oprosite ways., First, it would be expected
to follow the general rule of increasing the hydrolvsis of a
salt of a strong acid and a week base, Second, it consider-
ably increases the solubllity of this particular salt, which
would have the opposite effect of decreasing hydrolysis. It
is doubtful that these two efifects exactly compensate each
other in this case. Certainly, the latter effect is, in
general, much the greater (for AlXS). One may also gqguestion
whether, in any of the cases examined, the true final equilibrium
state had been attalned. It is highly improbable, however, that
any deviation from true equilibrium which existed could have
affected the results materially == certainly it could not have
altered their general trend.

For the reasons alrecady set forth it seemed un=
profitable to pursue the study further by obtaining a set of
concordant pH and Xe-ion dete~rminations.

In the hore of dlscevering a suitable solvent for
cryosceoplce determinations we tested the solubility of the aluminum
salt in a number of organic liquids. 1In none of the following

liquids was the compound sufficiently soluble to iwmpeart an



appreclable tint: benzene, toluene, petroleum ether, hexans,
acetone, carbon tetrachloride, carhon disulfide, acetonee.
Hethyl alcohol acts similarly to e¢thyl alcohol.

To dry ethyl ether, the anhydrous salt imparts no
tint. Both the aluminum salt and the dye acid are precipitated
from alcoholic solution by the addition of an excess of ether,
The method of Sisley for the preparation of the dye acid makes
use of this fact. ¥We also found that the anhydrous dye acid
is insufficiently soluble in dry ether to color it. Wet ether
is falntly colored by the crystalline salt. This partislly con-
firms the statement of Weiser and Porter4 that, "on shaking with
ether the crystals dissolve, leaving the gel in the water layer
and the ether layer is colored yellow." We found, however,
that if a small portion of the wet ether layer which has been
colored in this manner is drawn off and shaken with a come~
paratively large quantity of distllled water the coleor is
extracted by the water layer, leaving the ether layer water-
white. Therec is no basis for the iwmplication that ether will
extract dye acid from the aluminum salt or even from a mixture

of dye acid and alumina gel.

The HX = Al1(OH)s Equilibrium

If we throw into rcverse the reasoning which we
have already applied to the &1K3 - 1ip0 equilibrium it becomes
evident that varying quantities of dye acid brought to
equilibrium with excess of Al(OH)z in a fixed volume of Hy0

will not produce solutions of constant dye-ion concentration.



It also appears highly improbable that exact repetitions of
procedure employed upon different gel samples will precissly
reproduce results.

The first point is well illustrated by an 2xpcrimnent
performed by the writer. An alumina gel which had been purified
by repeated washing and decantation until the decanted liquid
showed no test for chlorides and the gel had begun to peptize
was employed. The gel was allowed to settle as much as it
would in a cylindrical battery jar, when it formed a layer
about three or four inches deep at the bottom. The water atove
this layer was siphoned off and after the thinly suspended gecl
had been thoroughly stirred, 50 cce. volumes were drawn with u

20
pipette and placed in 250 cc. glass-shoppered bottles,. To the

P
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Samples of gel were also drawn at this time for deterrination

of the Alg0z content. Maturer consideration showed that nothing
gignificant could be calculatad from a knowledge of the exact
quantities of reactants present, so this determinatlion was

never wade. There 1s no deubt, however, that throughout the
series the gel was in equivalent oxcess of the dye aclid added

to ite.
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series of bottles varying volumes of approximately 0.01N HX
werc added. To each bottle was then added the number of cubic
centimeters of water calculated as necessary to bring the total
volume of the system to 200 cc.

After the stoppered bottles had stood, with occasional
hand shaking for about three months it was still obvious to the

eye that there was considerable variation in the dye-ion con-
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centrations of the supernatant solubtions. The bottles were
then placed with loosened atoppers in a water bath and digested
at near 100° C. for about a day and a half. During this time
they were frequently shaken by hand. Upon cooling to room
temperature it was found that the solution in bottle #1 was

the only one which could be distinguished by eye from the
othera of the series. The results of the TiCl5 titrations arec

presented in Table X.

TABLE X
Cc. HX X conc. of final
Bottle ., sol'n added sol'n. Ygms. ver 1l.
#1 20 314.13
#e 50 621.89
#3 100 629.96
#4 150 668411

COCNCLUSICHNS FROM THE DPLUSBHT STUDY OF
ALUMINUM - OKANGE II PRODUCYS.

The facts which have been here set forth seem to
leave no room for doubt that the compound which, for con-
venience, we have designated AIXS actually existas. In view of
the fact that the dye itself has been shown to be a practically
neutral salt, and the dye acid to be a strong acid, it is more
than lmprobable that the addition of Orange I1 solution to a
solution of AlClz could give rise to hydrolysis which would
result ia a heavy precipitate of hydrous alumina. ZIven 1f such
g precipitation did take plucze, the high solubility of the dye
acid forbids the assumption that it is also nrecinitated. 1If

it be contended that hydrous alumina is precipitated and that it

carries down the dye acid by adsorption, there still remailns



the phenomenon of dye radical and aluminum equivalents obtained
under a wlde variation of proportions between the original
reactants, If adsorption is assumed, it 1s necessary to assume
adsorption of equivalents = which differs from compound form-
ation only in nomenclature.

None of the other products which we have prepared
was obtained under conditions which by any possibility admit
an explanation involving the assumption of hydrous alumina
precipitation.

There is, then, filrstly, the lmpossibility of account-
ing for all the facts on the basis of any hypothesis other than
that of compound formation. Secondly, there i1s the fact that
ninea products prepared under varying conditions and reported
in this paper, as well as a few duplications in procedure un-
reported here, all showed upon anaiysis equivalent guantities
of aluminum and dye radical. Thirdly, there is the fact that
these products can be crystallized both from aqusous énd from
aleoholic solution = crystallization being one of the ancient
anéd honorable criteria of the true chemical compound.

_ Our experiments indicate that the reactions represented
by the equations:
3 NeX + A1C1; > AlXy + 3 NaCl
and
3 HX + AlClsx —> AlXx + 3 HCl
take place either in cold or In hot solution. There is no
reason to believe that the reaction:
3 HX + A1(OH), —> AlXz + 3H50

does not also take place in the cold, We have conducted 1t in



the hot because of the much greater solubility of Alx5 in
hot solution, which affords an opportunity to obtain a
relatively concentrated, absolutely gel-free filtrate from
which the product can be crystallized by cooling.

It is obvious, therefore, that the earlier experi-
ments of Marker and Gordon4 were conducted under conditions
which afforded ample opportunity for compound formation. (In
those experiments portions of alumina gel were treated with
Crange I1 solutions, to whieh had been added varying quentities
of mineral acid. The systems were then digested at 100° C. for
several hours with frequent shaking.)

It 1s probable that, in the cold, compound formatlion
may be limlted by the formation of a coating of slightly
soluble Alxs over thse gel particles so that true equilibrium is
not attained or is attained but slowly. This point has not
been thoroughly investigated. Such a phenomenon does not,
however, constitute adsorption within the true meaning of the
term.

Even under the conditions employed by KFarker and
Gordon the chemical equillbrium obtained is exceédingly com-
plex and, for reasons which have already been pointed out, almost

impossible to reproduce., The solutlons investigated by them

++

+
must have contained at equlilibrium the Ifollowing ionss Al .

+ - - +
X,H,OH, Bog , Na , as well as the molecules AlXy and Hy0.

They possibly contained, alsc, the ions, AlX, and 41X .

The solid phase must have contailned Al(OH)5 and it conceivadbly
contained also some such compounds as AlXpOH afid A1X(OH)g. The
equilibrium point would have been affected by the purity and

previous history of the alumina gel employed and by the treatment



imposed upon the system in the attempt to bring 1t to equilibrium.
In addition to all this there stlll remains the possibility that
some adsorption phenomena still further complicate the system.
Non-reproducability does not, however, demonstrate that
adsorption exists here, and it seems falrly evident that the
essential phenomena are strictly chemical, At any rate it is
obvious that such studies are léas than meaningless as studies

of adsorptione.

The Interaction of NaX and HX

with Ferric Compounds.

In the investigation of the interaction of Orange II
and its free acld with ferric compounds, several complications
must be taken into account. These will be discussed in thelr
appropriate connections as we proceed,

A clue to the first difficulty to be surmounted 1is
found in the previously cited paper by Sisley.9 This iInvestigator
prepared the ferrous salt of HX but stated that the ferric =salt
does not exlst. According to him, the addition of a ferric salt
to a solution of the dye or its acid results in the reduction of
the ferric lon, accompamied by the decomposition of the dye
radical with the evolution of Ny and of a strong odor of
f-naphtho quinone =- the process resulting in the precipitation
of the ferrous salt of HX,

Sisley does not describe the conditions under which this
experiment was carried out nor does he offer any analyses 1n sub-
stantiation of the composition assigned to the precipitate. It

seems, however, that his general procedure for the preparation of

salts of HX was to add a solution of a metallic chloride or sulfate
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to a boliling solution of HX and to a&llow the less soluble
metallic-dye salt to crystallize [rom solution on cooling.

Under these conditions the writer found that there
was unmistakable evldence of the decomposition of the dye.
However, TiCls titrations of known mixtures of ferric sulfate
solution and dye acid solution which had becen boiled for varying
lengths of time showed that the mutual destruction of the ferrie
ion and the dye radical takes place but slowly,.evan at bolling
temperatures. When ferric salt solutions were added to solutions
of HX at room temperzturss there was no visible evidence of de-
composltion and no apparent odor. 3Subsequent titratlions of
mixtures which rad been allowed to stand at roon temperature for
periods up to twenty-four hours indicated that this decomposition
either does not take place i~ the cold or proceeds so slowly as
to be nerligible,

iWhile these observations held {forth a promise of the
possibiliity of harmonlzing Sisley's statements with the roport
of mWarker and Gordonl that a product of the composition F@X3 had
been obtalned, they clcarly indicated that the method of analysis
employed for NaX and AIXS could nect be relled upon for the in-
vestigaticn of ferric-dye nroductse. The difficulty to be sur-
mounted arises in the necessity of titrating the dye radical in
the presence of ferric ion. Unfortunately the dye radical can
be titrated with TiCl3 only at temperatures near the boiling
point, and at these temperatures the dye radical and the ferric
ion destroy each other. Iurthermore the oxidation of the dye
radical rosults in an irreversible decomposition, Finally, the

reduction of this dye by TiCl5 is rapid enough for titration



purposes only in the presence of Kochelle salts, which interfere

with ferric icn titration, probably because of complex formation,

. . X ‘ T
Determination Qﬁ@ﬁmigwyxﬁsence of Fe.,

It 1is gﬂﬁhaps unnecessary to describe here the schemes
-of analysis which were tried and iound wantinge The schemne
finally adonted avoids the three sources of error which are
most iniwical to the reliability of this determ.nation: (1) the

+4+
dye is not heated in the presence of Fe : (2) Rochelle salts

. +++

are not introduced in the presence of Fe 3 (3) the solution to

be titrated is kept practically frec of dissolved 0Og.
The procedure is as follows. A O.1l gram samplse of the

iinely cround ferric-dye product is brushed into a 250-c¢c.

frlenmeyer titrstion Ilask. Fifty cuble centimeters of ethyl

. 21
alcohol and 1l0cce of concentrated HC1l arec added, The flask 1is

23
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The ethyl alcohol is prseviously distilled from TiClzsolution.
Just bheforc the determinations are to be madse the alcohol and the
HC1l are both boiled for about twenty minutes and cooled under the

tap in stopnered f{lasks.,

. 22
then closed with a three-hole rubber stopper and swept out with
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One hole 1s provided for the CO; inlet tube, one fits the

buret, and the third serves for the escape of excess COg.

T [ENFEp

COp. 4 stream of COp 18 maintained through the flask from this

point onward. An excess of standardized TiCl5 solution is then
run into the {laske It is highly important that the sample be
totally dissolved at this point. Zoe time may be lost in effect~

ing complete solution, but impatience will result only in the ruin
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of the determinationa The flask is then detached from the TiCl5
23 L+t
TiCl3 reduces Fe in the cold, but 1t can do so only if the
iron is in solution. It is essential that all Eb*++ be ramoved

before the titration mixture is hoated,.

buret and transferred to a hot plate or an asbestos pad over a
small gas flame, where it is allowed to remain until the color of
the dye is totally destroyed and only the faint purplish tinge

of excess TiClS remains. (This usually involves gently simmering
the tltration solution for several minutes). The flask is then
careiully cooled under the tap and 10 cce of 10% KSCN solution is
introduced through a hole in the stopper by means of a pipet. A
back titrution is then performed, using standard ferric sulfate
solution containing about 3.639 grams §b++* per liter. The end-

point 1s indicated when a faint but permanent orange-brown tint

— ey S
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One cuble centimeter of fer—ic solution of this concentration

is equivalent to about 2.5 cc, of the standard TiClz solution,
This is uni'ortunste, but the indicator does not covcrate satis-
ffactorily in the volume of titration solution present 1f a more

dilute ferrie solution is employed.

B e TR

is atvained. ''his tltration is best performed by daylight.

The reliability of the procedure described was tested
by titrating mixtures made up of ki nwn volumes ol standard ferric
and HX solutions which had becu separately boiled to remove
oxyegen and cooled. The use of alcohol and HC1 was, of courss,

unnecessary in this case, A typical series of titrations is

recorded in Table XI.
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Table XI

Cce. Standard Cc. Standard Net '1‘1015

+44
Fe Sol'n, HX Sol'n., titer (ccs).

gL T 2 AT B AR P

10 - 156.58

15,55
15.57
156.60

- 10 16,16
16.19
16,16
16.18

10 10 32,74
32,72
32.77
3275
32,72
32,74
32,78
32.77

[N e N

It will be noted that the sum of the averages of the
separate HX and Fe+++ titrations (32.747 cc.) agrees almost
exactly with the average of the combined titrations (32,745 cc.)

It is, of course, obvicus that the net titer obtained
in the procedure outlined for iron-dye products represents the
summation of the F%+++ and the X contents., The actual ¥ content

must be obtained by difference after the execution of an in-



+++
cdependent Fe determination,.

+4+
Determination of ie in Iron=Dye Vroducts.

The writer at first supposed that it wmight be possible

+44
to cstimate the Fe content conveniently by destroying the

dye with "Superoxol" (30% HpOp) and titrating the remaining ge’ T
with TiClze Txperliments on mixtures of known composition, however,
demonstrated that the results obtained by tris method are in-
variably much too low. The addition of bromine resulted in but
little irprovements, Aprarently the oxidation products of the dye
are able to form very stable complaxes with the Fe+++ ione

The method finally adopted was the well-known one of
igniting to FegOze In dealing with these products, however,
certain unususl prccautions as to heating are necessary. It
was f{ound that the best procedurc was to ignite 0.5 gram samples
in covered platinum crucibles over a very small Bunsen lame, so
ad justed that only the very bottom of the crucible was heated to
a dull red glow. The ignitlion is continued until the ash assumes
a bright reddish brown color, when the crucibles are cocled and
weighed, Iurther heating and weighing until constant welpght 1is
attained is carried oute.

3tronger heating of the crucibles than has becn indicated
resulta in the Tormation of a coke-like mass from which it is
Aifficult or imroscible to burn of” all the carbonacsous material
at low temperatures. At high temper-tures thers is, of course,
danger of Fez04 formation.

The ignition determinations may be checked by dissolving

the ash in HC1l, boiling with a few drops of bromine to insure



complete oxidation, and titrating the cooled solution with TiCls,
using KSCN as indicator. In the oxperience of the writer, the
titrutions usually check the weighings quite closely.

Preliminary experiments on a number of iron-dye products
indicated that moisture content canuot be determined by drying
at 1200_1250 Ce, Tvidently the amall amount of watecr present is
quite sufficient to make pos: ible the oxidation of the dye radical
by the ferric-ion. %The analyses hoereaflter recorded, arec there-
fore exprcssed in terms of eguivalent ratios of iron to dye and
no attempt has been made to state the absolute corpositions of

the respective products,

Interaction of NaX with FeClg G&KAJ

Since it seemed desirable to avoid the mutuslly
destructive action of the ferric ion and the dye radical 1t was
decided to carry out these reactions in the cold, which pre-
cluded the possibility of obtaining & crystalline producte. VUne-
fortunately, the precipitate obtalned by adding F8015 zolution to
a solution of dye or dye acid is much more finely divided than
that whlch results when A1Clz is used, and it 1is, morsover,
pelatinous in nature rather than pulverulent. Consequently its
occlusive (or adsorptive) proverties might be expected to be
nore marked. iurthermore, the iron-dye product aprears to be
hydrolyze rore roadily when washed with cold water than does the
aluminum producte. Yevertheless the same procedurc wes followed
as was emplcyed in investi-ating the Haﬁwﬁlcls roaction.
Ygquivalent guantities and equal volumes were useds ﬁesulté

are tabulated in Table XII, all ratics being expressed in terus
Ao,

~ »

of
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Table XII
Fes X Pe:X
Ionic Ratio % ¥e in 4 2 in Ionic Fatio
of Original Product Froduct in Product
Reactants
2:3 672 77 .72 1:1.89
1:0 0 eB3 '7”7.10 1:2105

The experiment was repeated, employing one iiter of u.l1 N HCL
as the reaction medium instead of one liter of HQO. The results arec

recorded in Table XIII.

Table HIII
Fe: X Fe:X
Ionic Hatio 4 Fe in % % in Ionic hatio
of Criginal Produect Froduct in lroduect
Keactanbts
2:3 3495 79.50 1:3.41
1:6 3085 79011 1:3053

In the preparation of a third pair of products, two litcrs of

0.05 N HCl constituted the resction redium. (See Table XIV).

Table XIV

Fes:X Fe:X
Tonic Ratio % Fe in % X in Ionic Ratio
of Originel Froduct FProduct in Froduct
Reactunts

2:3 4.90 B80.24 1:2.80
1:6 4.67 80.08 1:2.94

Interaction of HX with FeCl3 (Cold)

Froducts were sirilarly prepared by the interaction of HX

with FbCls, using one liter of H20 as the reaction medium, Table



XV roecords ths resuits.

Table XV

FasX Fe:X
Ionic Ratio % Fe in % X in Ionic liatio
of Griginal Product rroduct in Product
Reactants

2:3 5401 79.51 1:2.70

(1:3) (4.63) (*77 «4%7) (1:2.86)

1:4,5 4.47 78.58 1:3.,00

The fipures in parenthesis sare data on & sample propared
and analyzed by d¥r. George seidels. 'These will be mentloned again

later.

Interaction of HX with Hydrous ¥erric Oxide

In effecting the interaction of HX with hydrous ferric oxide
it was, of course, impossible to proceed in the cold, for the
product cannot be separated from the gel save by solutlon,
filtretion, and precipitation on cooling., "xperiments conducted
in the course of evolving a system of analysis for the dye in the

+++
rraosence of Fe

ion, however, demcnstrated that the oxidation=

reduction reaction between the dye and ferric iron proceeds

rather slowly even at the bolling point. Hevertheless the

preparation was made in such manncr that the reactants were hsated

in the presence of each other for as short a time as possible.
Ferric chloride equivalent to orne vart as omnloved in

previous prevarations was dissolved in a small amount of water

and precipitated with an exeesss of ammonium hydroxide. . fter

boiling to remove excess amronia, tho precipitsated hvdrous ferric

oxide was filtered out on a small Buchner funnel. Gel and paper
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were then added to one liter of boiling solution containing
double the amount of HX calculated as equivalent to the amount

of mettt

taken. The mixture was thoroughly stirred and then
filtered through a large Buchner filter., The filtrate was
quickly chilled and the fine crystals which separated consti-

tuted the product. Analytlical data are rccorded in Table XVI.

Table XVI
% Fe in % X in Fe:X
Product FProduct Ionic Ratio
in Product
6.12 69.91 1:1.95

The results thus far obtained seemed capable of ratlonal
interpretation but 1t was deemed advisable to supplemsnt them
with further investigations before drawing other than tentative
conclusions. The additlonal preparations to be described were
all made and analyzed by ir. George Seidel under the direction

oif the writer.

Interaction of HX with FeCly (Hot)

The procedure in this and in the following preparations
was again designed to minimize the oxidatione=reduction between
dye and ferric iron. The dye acld was dissolved in a little less
than a liter of water and brought to boiling. The ferric chloride
was separately dissolved in a small amount of water and also
brought to boiling. The solutions were then mixed snd rapidly
filtered hot through a large Buchner funnel. The filtrate was
rapidly chilled and the crystalline precipitate was separated

and air-dried.,
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Table XVII

PFasX Fe:X
Ionic Ratio % Fe in % X 4in Ionic Ratio
of Original Product Product in FProduct
Reactants

283 6.45 68.78 1:1.,22

1:4.5 636 70.18 1:1.26

2:3 6 .24 69.25 1:1.20

1:4,5 6e17 69,72 1:1,28

This preparation was repeated bhecause the results were not
what had been anticlpated. At the same time lr. Seidel prepared
and analyzed the sample recorded in Table XV as a check upon the

previous preparations of the writer in the cold.

Additional Experiments

Two further preparations were repeated following the
respective procedures already outlined., The filtrates obtained
were each divided into two equal portions, A and B, Fortions A
were chilled and the products were immedlately i1solated and
analyzed. Fortions B were also chilled but the products were
allowed to stand in the presence of the mother liquor at room
temperature for a week, Both were stirred electrically through=
out that time., Results are recorded in Table XVIII,

Table XVIII

FesX
Reactants % Fe in % X in Ionic Ratio
Product Product in Product

1 F9015 + 4.5 HX A 6,04 67 .84 1:1,.27

B 6,09 67 « 35 1:1.26

A 5488 69,03 1:2,00

1 Fb(OH)3+6 HX
B 3405 73.18 1:4.09
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Discussion of Kesults

The writer does not advance the following conclusions as
definitely proved in all particulars. They are, however, cone
sistent with the data recorded and with known chemical phenomena.

To begin with, there can be no doubt that the products ine
vestigmated result from true chemical interactions., 411 of the
preparations described were made in acid media 25; hence there is
no question of initial FB(OH)S precipitation. The precivitates
are all copious and lmmediate e~ not at 8ll of the character which
could result from "slow hydrolysis™ of dilute ferric solutions.
Ir Fe(OH)s is precipitated at all, the precipitation rmust roesult
from hydrelysis of the product initislly formed.

The products reported here are probably nearly all mlxtures
of two or more of the following cormpounds: FeXz, Fe(OH)Xy,
Fe(OH)pX, Fe(OH)gz, and FeXg.n HX, The composition of the product
obtained dewends upon the actual and relative concentrations of
the reactants, the acldity of the reaction medium, and the
tempnerature., These factors all opdrate as might be predicted
from the krnown principles of hydrolysis.

The compounds, Fe(OH)X, and Fe(OH)y X, which ars of a dis=
puted tvpe, are included in the list of probable products because
the samples recorded in Tables XVI, XVII, and XVIII were all
obtained in crystalline form.

The high ratios recorded in Table XIII might be attributed

25
™is heolds trues aven for the EbGlS w NaX interactlion. ¥NaX

solutions are neutral or faintly acid. Repeated pH determinae

tiong of 0,01 M NaX solutiens gave values of the order of 6.5

The ferric chloride used &8lso contained some free HC],



to adsorption of HX by thzs aprnerently arorphous product but such
an explanation could not account for the composlition of the B
portion of the Fe{OH), = HX product recorded in Table XVIII, for
the initial product which was sallowed to stand in the presence
of the rother ligquor was crystalline, Hence the rather in-
definite hypothetical comnound, FhKS.E_HX, i1s listed as a vrobable
product. The formation of a product of this nature would sesem
to be favored both by high acidity of the reaction medium and by
a high absolute and relative X-1lon concentration. A4s a matter of
fact this supnosed compound might equally well be renresented as
a neutral salt containing & comnlex ferric~dve ion. Iron is
noted for its tendency to form complexes with organic lonse.

Apparently hydrolysis of the normal salt increases rapidly
with rise in temuerature even though solubllity also increases
markedly. Subsequent coollng apparently results in precinitation
of a basic salt or mixture of basic salts before the normal salt
has & chance to form. (Compare Tables XV and XVII.)

Cne may well inquire why a product with the ionic ratio,
Fe:X = 1:2.,00, formed in the hot, should inercase 1its ratio to
Fe:X = 1:4,09 when allowed to stand in the presence of the mother
liquor in the cold, when a similar product with a ratio of Fe:X =
1:1.27 does not alter within the limits of analytical error under
the same treatment. (See Table XVIII). 1In the opihion of the
writer the most plausible explanation is as Tollows.

In the first place one must take into consideration the faect
that the mother ligidor im the former case 1s me¥ riore acild and
much more concentrated in X=ion than the mother ligquor in the

latter case. When F@(Oﬁ)a 13 treated with HX solution in the

manner previously described only a very small portion of the iron



present reactse HMost or 1t 1s removed in the initial filtratione.
The Tiltrate from whlch the product separates on cooling contains
most of the HX originally prosent, but only a small quantity of
iron. The condltions are favorable, therefore, for the formation
of a compound containing an abnormal proportion of Xeion when the
system is allowed %o stand i1n ths cold.

Iin the case of the FeGlS « HX product the respective cone=
centrations of Fe and X in the system «re substantially those of
the original reactants, wiich arce just about correct for the
formation of normal FeXz, The unormal salt is, itscll, so in-
soluble, however, that it either does not form from the basic
product in the cold or 1t forms an insoluble, adherent coating
ova the basic particles and the reaction speedily comes Lo a
8tope

The acid or complex salt is either ore aoluble or it forms
a loosely adherent coating wiiich 1is removed Ly the agitatlon of
stirring, sallowing the resctior to proceed,.

It is quite possible that the product reported a: Feig by
Yarker and Gordon 1 was a product containing an excess of X, for
the ordinary metinod of analysis oresumably emnloyed by them would
alrmost inevitably have given a resullt somewhat ton low for X-ion.
Bven so it is a remarkable coincidence that thelr prevaration
should havce led to so exact & balancing of errors.

There can be no doubt that Sisley ° was ~istaken in asserting
that the ferrous salt is nrecinitated when ferric chlorides or
sulfate is added to MaX solutionl He must have obialned a product
aprroximating Fe(OH)Xz in corpositicn we which would have civen an
Fe:X ratio very close to that calculated for FeXz, Cbserving
evidenges of oxidationereduction when dye is hested in presence of
Territ 4on he evidantly addall twn and fwe ¢a pad Mea,



Behavior of Guinhydrone and livdrogen Zlectrodes in

Fresence of Urange I1,

A8 has already been stated the quinhydrone electrode was
adopted for use in the present study chiefly because the writer
doubted that reliable hyvdrogen-electrode readings could be made
ia the presence of a substance so recadily reducible as Crange 11,
The e&sc and rapldity with vhich the guinhydrone electrode can be
rmanipulated are further advantages suificient 1in themselves to
recomsenc its use within the acld range, It sesmed desirable,
however, to compare the results obtained by use of the two
electrodes in acid solutions containing Urange I1,

A new Belley electrode vesscl was used f{or the flrst com=-

parlsoas. The electrode was thoroughly cleansed and rinsed and
was given a very light coativrg of platinum bHlack 26. Initial
saturation was sccomplished by electrolysis (using two dry cells
in series), Tirst 1n a dilute HgS0,4 solution and then in dilute
RKOE solation. altsr thorough rinsing the electrode was checked
acainst M/20 acid potassium phthalate buffer. Flectrolytic
rydrogen [rom a steel vank, washad successively in alkaline
pyrogallol, alkaline potassium permanganate, and concentrated

sulfuaric acid, was emnloyed.s The pH value calculated by wmeans

26
According to some investigators, [gf. Draves and Tartar,

J. amer, Chem. Soc. 47, 1226, (1925)] a heavy coating favors

raeduction reactions at the electrode. Clark [fThe Determination
of Hydrogen Ions." 1928. pp. 286-%] prefers a lipght coating

for all purposes,.

[
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of the constants tabulated by Clark 18 was 3,96, as corpared
with the quinhydrone electrode reading, 3.97, and the value,
3.974, reported by Clark and Lubs. 12

A solution containing 90 cc. of apprroximately 0.01 ¥
OCrange II and 10 cc. of exactly 0.1 ¥ HC1l was then submitted
to examination,. The pH value ecalcunlated from the guinhydrone
electrode reading was 2.,06. No strictly comrarable values are
recorded in the literature, but a solution which should have
a pH value of approximately the same order of magnitude has been

reported several times, namely a solution 0,01 N in HCl1l and 0.09

N in KCl. Values guoted by Clark 27 are as follows:

Sgrensen and Linderstrgm=-Lang (1924) 2.037
Cullen, Keeler and liobinson (1925) 2.04

Biilman (1927) 2,029
Kolthoff and Tekelenberg (1927) 2.038
Gjaldbaek (1928) 2,063
Clark  (calculated) 2.076
Larsson (1922) 2,093

With the Balley hydrogen electrode no readings would be
obtained at all until the cell was reversed and then the roadings
were subject to drift and non-reproducible. Average ¥, M, F.
values were of the order of «,0020 volts. To ascertain whether
the electrode had been "poisoned” by adsorption of the dye, it
was rinsed thoroughly with distilled water and again checked

against the buffer solution, when the pH value calculated was

27 .
"The Determination of Hydrogen Ions." 1928. p. 477.




w BE -

397+ Fepeated alternate checks against the buffer and attempts
to obtain intelligible readings on dye solutions pgave no different
results,

It seems fairly evident, therefore, that the hydrogen electrode
1s unreliable in the presence of Orange II. Clark 28 reports, how=
ever, that he has made reasonable qualitative measures ol the pH
values of solutions of ferric iron by plunging a proviously
saturated electrode into the solution and making a gquick reading.
This apparently was the method adopted by ihite and Gordon 29 to
obtain pH values for Urange Il solutions. Ubviocusly, only roughly
aprroximate values could be expected from this method when applied
to solutions so unadapted to hydrogen=-electrode investigation,
Nevertheless the writer prepared a #Wilson electrode 30 and cehecked
it against the buffer solution, obtaining a pH value of 5.95. t“hen

applied to acid solutions of Orange II in the manner gescribed

it gave readingsinvariably much too low and impossible of exact

"The Determination of Hydrogen Ions." 1928. p. 437-8.

See also F. L. Browne, J. Amer, Chem. Soc. 45, 297, (1923)
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The Wilson electrode is a slight wodification of the
Hildebrand electrode, employing a plain piece of platinum wire

instead of a platinum foil.
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reproduction. For example, the dye gsolution already mentioned
should give an E. M. F. in the vicinity of 0.3700 volt. Actually
the feadings were slightly over 0.8000 volte The writer does not
claim that better results cannot be obtained by this method but
admitas that he was unable to improve upon those reported here.

The conelusion to be drawn is that there is no exouse for
using the hydrogen electrode to investigate aeid solutions of
orange II and little prospect of obtaining strietly accurate
readings in the alkaline range.



