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(about 64.5), derived from the more trustworthy experiments with
potassium chloride. This seems to indicate that the migration
number of the SO, ion, derived from potassium sulphate, is too
low, and the number found with copper sulphate is not, therefore,
to be discarded. Consequently it will be assumed that the mean
of the three numbers in the above table is the most probable
value of this quantity. This is 70, which is also the value adopted
by Kohlrausch in 1898.

Although in the case of a dibasic acid the calculation of the
equivalent conductivity or migration number of the H ion can lead
to no final results, nevertheless, it will be interesting to compare
the number obtained with sulphuric acid with that obtained from
other sources. At 18° the transport number of sulphuric acid,
according to the above formula, is 0.1788 — 0.0022 == 0.1766.
Combining this with 70, the migration number just given for the
SO, ion, we obtain 396 for V_ of H,50, at 18° and 326 as the
migration number of the H ion at the same temperature. Noyes
and Sammet have derived the value 330 for the latter quantity
from transference experiments with hydrochloric acid. In 1898
Kohlrausch considered the most probable value to be 318.
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I. THE ANHYDROUS AND HYDRATED FORMS OF MILK-SUGAR.
In a recent publication? I have shown the existence in aqueous

1 Read at the Providence meeting of the American Chemical Society.
2 Zitschr. phys. Chem., 44, 487-494 (1903).
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solutions of milk-sugar of an incomplete hydration reaction which
establishes its equilibrium slowly and is the cause of the gradual
change of optical rotatory power of freshiy prepared milk-sugar
solutions, or of the “multirotation” of this substance. The present
investigation is a continuation of this study.

As was shown in the previous investigation, the reaction which
takes place in milk-sugar solutions is represented by the equation

C.H,0, pie C..H,,0, - H,0. 1)
(Milk-sugar hydrate.) (Anhydrous milk-sugar.)

As further conclusive evidence that the reaction does not consist
in a depolymerization of the sugar, the following fact may be cited:
In dilute solution this hydration reaction can have no effect upon
the osmotic pressure of the sohition. and it is, therefore, to be
expected that dilute solutions of equivalent concentration of either
form of milk-sugar, or of a mixture of the two forms, will give
identical values for those properties directly dependent upon os-
motic pressure, That freshly prepared dihite solutions of hydrated
and anhyvdrous milk-sugar, respectively, do give equal freezing-
point depressions, corresponding with the formula C,,H,,0O,,, has
been shown by Schmoeger! and by Tanret.? Also the freezing-
point measurements of Loomis® upon dilute milk-sngar solutions
that had reached equilibrium, gave in all cases 342 for the molec-
ular weight, although from the experiments given in the present
article the milk-sugar in a dilute solution which has reached
equilibrium at 0° consists of about 43 per cent. hydrate and 3 per
cent. anhydride,

The substance on the left of the reaction-equation is the milk-
sugar of commerce, a hard, sparingly soluble, crystailine sugar,
which can be obtained pure without difficulty by recrystallization
at room temperature from aqueous solution. If the crystallization
be carried on above about 93° tlie substance on the right, anhy-
drous milk-sugar,* separates out.

1 Ber. d. chem. Ges., 25, 1435 (1892).

2 Bull, Soc. Chim. (3), 18, 338 (18g6).

8 Ztschv. phys. Chem., 37, 412 (1901).

4 1n the article cited above, I used the name *'milk-sugar lactone ' for this substance,
but as its lactonic character is 110t fully established, the designation '* anhydrous milk-
sugar' seems preferable. For brevity it will be called simply " the anhydride ** through-
out this article. The hydrate is called by Tanret a-lactose, the anhydride y-lactose. The
B-lactose of Tanret's classification, which is given the composition Cr2H:0041. %6 H:0, is a
mixture of a- and y-lactoses.

The anhydride here mentioned is 1ot to be confused with a second anhydride ob-
tained by heating the solid hydrate at 125° until it loses s per cent. water. This second
anhydride has neverbeen obtained by crystallization from solution. When it is dissolved
in cold water heat is developed (while the other forms of milk-sugar absorb heat in dis-
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The anhydrous sngar was obtained in large crystals by slowly
evaporating at from 93° to 100° a solution of milk-sugar, best in
a glass beaker; but in order to prevent decomposition of the sugar
during the two days of heating that are necessary, care must be
taken in the recrystallization of the hydrate used in preparing the
solution, and pure water and well cleaned vessels must be em-
ployed. Traces of acid, and especially of alkali, cause rapid de-
composition of the sugar.

From the fact that milk-sugar solutions deposit hydrate at
room temperature and anhydride at 95°, it follows that between
these two temperatures there is a transition-temperature for the
two substances. Attempts to determine this temperature with
accuracy have not met with success so far, but the experiments
will be continued.

II. THE MULTIROTATION OF MILK-SUGAR.

The rate of formation of anhydride at constant temperature in
a dilute solution, containing, at the start, ¢ mols hydrate and &
mols anhydride per unit-volume, is

dx

5 = ha—0)—k + 2), (2)

where x denotes the amount of anhydride which has been formed
at the time #. The integral of this expression is

I log Ka—b

: Ka—b—(1 + K)x

=k + &,

whereKr—%andx:Owhent:O.
2

If Ry and R, denote the molecular rotation of the hydrate
and anhydride respectively, the initial rotation of the solution is
7,=a Ry 4+ & Ry, the final rotationis »_ == (a=x_) Ry +
(x, + 6) R, and the rotation at the time #is » = (a—x) Ry +
(x + 8) R,.

solving), and the resulting solution has a specific rotatory power identical with that of
freshly prepared solutions of the hydrate. This anhydride, therefore, when dissolved,
passes almost instantly and quantitatively into hydrate, which then slowly forms the
equilibrium given by (1). This initial hydration of an anhydride and the subsequent par.
tial dehydration reminds one of the similar phenomena with the sugar glucose observed
by Tollens: Ber.d. chem. Ges., 26, 1801 (1896). That this behavior of an anhydride has
been pronounced ' thermodynamically impossible " by several authors, Ostwald : Zischr.
Dhys. Chem., 12, 799 (1893), and Landolt: ''Das optische Drehungsvermdgen'' (1898), p. 244, is
obviously due to the misconception that the two anhydrides are identical. In the case of
milk-sugar, the two anhydrides are different substances, and this is probably also true for
the glucose anhydrides.



1068 C. $. HUDSON,

From these three relations it follows that
:&_, and K = V8 _ 7’0—rw—6(RA—RH).
R,—Ry &, 7 ,—7—a({Ra—Ry)
When these values of + and K are substituted in the equation
above, there results

x =

% log % 7:
This formula holds for solutions containing, at the beginning, pure
hydrate, pure anhydride, or a mixture of the two. At the time that
it was first derived! experiments at three temperatures (10°,15°and
30°) were made which showed that the velocity-constant of the
rate of change in rotation (k, + %,) is the same for solutions of
hydrate and anhydride—a result which is predicted by the theory.
Since then the same fact has been noticed by Roux.? In order to
use the data as a control upon a direct measurement of k,, which
will be given further on, the rate of change in rotation at 0° has
been determined. The solution formed from slowly recrystallized
sugar and conductivity water was kept in the observation tube of
the polariscope accurately at o° by passing through the jacket of
the tube a sodium sulphate solution, saturated at its cryohydrate
temperature (—o0°.7), as it was found that the water from a
mixture of water and ice would not keep the temperature of the
tube as low as 0°. The final rotation was obtained by adding to
the solution a drop of ammonia which so greatly accelerated the
rate of change of rotation that a constant value was obtained in
half an hour.
MULTIROTATION AT 0° OF 4 FRESHLY PREPARED HVYDRATE SOLUTION.

=k + &,

$Specific rotation (&1 + &) or
. . calculated for L og Yo ¥ >

Time (in hours). C1oHg204y. ¢ wyr =
o 89.13 ..

1 86.87 0.0299

2 84.96 0.0284

3 82.79 0.0299

1 80.79 0.0306

3 79-14 0.0303

6 77.48 0.0299

7 75.84 0.0308

3 74.45 0,0307

9 73.02 0.0310

10 72.06 0.0303

11 70.71 0.0308

© 55.16 .o

Average, 0.0302
1 Hudson : Loc. cit.
2 Ann, chim. phys. (7), 30, 422-432 (1903).
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MULTIROTATION AT 0° OF A FRESHLV PREPARED ANHYDRIDE SOLUTION,

Specific rotation (&y + kg) or
i X calculated for —Llogw Y0
Time (in hours). CyaHepO11. t r—ro
° 3960
2 41.6 0.0298
3 42.6 0.0309
4 43.4 0.0306
S 44.2 0.0303
6 44.9 0.0300
7 45.7 0.0308
8 46.3 0.0305
9 46.9 0.0304
10 47.6 0,0312
® 55.2  eeeen

Average, 0.030§

These experiments again show that the velocity-constant of the
change in rotation at constant temperature is the same for both
hydrate and anhydride, and, together with the earlier ones, prove
conclusively that the multirotation of this sugar is due to a change
in its state of hydration.

III. THEORY OF THE MAXIMUM RATE OF SOLUTION.

On account of the slowness at room temperature of the hydra-
tion and dehydration of milk-sugar in solution, it is possible to
measure a new kind of rate of solution, namely, the rate at which
the concentration of the solution increases when it is kept con-
tinually saturated by vigorously shaking a large excess of solid
with water, This rate will be here called the maximum rate of
solution, since it cannot be further increased by increasing the
contact between the solid and liqnid phases. The concentration of
the saturated solution first formed is called the “initial solubility’’;
it corresponds to the solubility of the hydrate when it alone is
present in the solution. That this initial solubility is a definite
concentration, independent of the amounts of the phases and capa-
ble of accurate measurements, is shown by the following experi-
ments, where varying amounts of solid milk-sugar hydrate were
rotated in the apparatus described by Noyes? at 0° for ten minutes
with 50 grams of water under uniform conditions of fineness of
the solid and rate of rotation. The concentrations are uniformly
expressed as millimols C,,H,.0,, to 100 grams water. The analy-

1 This value is not the specific rotation of the pure anhydride because the substance
contained a small, but not definitely known, amount of hydrate.
2 Ztschr, phys. Chem., 9, 606 (1893).
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ses of these and the subsequent solutions were made by filtering
the solantion without evaporation during the filtering, weighing
the resulting solution in the pipette, evaporating it to dryness
and weighing the residue, which consists of a mixture of the two
anhydrides and has the composition C,,H,,(0;,. In filtering and
weighing the solutions, a shortened pipette with a cock and a
ground glass cap was used, and good results were obtained in
the filtration by slipping a 2 cm. long piece of tightly fitting rub-
ber tubing over the ground end of the pipette and stuffing some
cotton into the end of this tubing.

Grams solid hydrate. Concentration of solution,
3 12,09
5 14.27
10 14.70
30 14.78
30t 14.80

From these experiments, the initial solubility of milk-sugar hy-
drate at 0° is 14.80 millimols per 100 grams water.

It was found, on long continued rotation of the large excess
of hydrate with water at o°, that the concentration of the solu-
sion slowly increases from 14.80, the initial solubility, at a con-
stantly diminishing rate, to 34.82, at which it remains constant.
This last limiting value may be designated the final solubility.
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The obvious interpretation of this increase in solubility is that
the initial solubility, 14.80, is the concentration of hydrate in solu-
tion, and that the total increase in solubility, 34.82 — 14.80, is.
the concentration of anhydride that is in equilibrium in solution
with the 14.80 millimols of hydrate. These relations are illus-
trated graphically by the accompanying illustration.

According to this interpretation the rate of increase in the solh-

1 Rotated for fifteen minutes instead of ten minutes.
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bility Sy of the solid hydrate is the same as the rate of formation of
anhydride, which is

4Sy  dC

2t = _dzA = klsg—kchv (3)
where 8§ denotes the concentration of hydrate in solution, which
is constant and equal to the initial solubility of the solid hydrate,
C. denotes the concentration of anhydride in solution at the time £,
and %, and %, are the same quantities that occurred in equation
(2)—the velocity-constants of the two opposing reactions.

The integral of this expression is

1 K S¥ .
v log Keisg, = %y 4)
where K = %— and C, = O when £ = O.
2
- - RGN )
When the final solubility (S%)is reached, = O and hence

dt
from (3)

K = L :9; = s_*;—sg
k S8 S§
If Sy denotes the concentration of the saturated solution at the
time ¢, C, == Sy~—Sg&. When these values of K and C, are
substituted in (4) there results
I SE—S§
—t—' log §;——SH
This is the expression of the law governing the maximum rate of
solution of milk-sugar hyvdrate.
The analogous maximum rate of solution when the anhydride!
is the solid phase is

=,

I SA—S3

= log SE20 =
r B gs, ThA
IV. EXPERIMENTS ON THE RATE OF SOLUTION OF MILK-SUGAR
HYDRATE.

In the following tables are given the data concerning the max-
imum rate of solution of milk-sugar hydrate at o°, 15° and 25°.
The time is expressed in hours, and the concentration in millimols
C,. H,,0,, per 100 grams water. The sugar used in these ex-

1 The experiments upon the anhydride are not concluded, and all that can be said
with certainty is that the initial solubility of this substance at o°is quite large, near 125
millimols per lco grams water.
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periments was carefully recrvstallized, and in some of the experi-
ments very pure “conductivity’” water was emploved, but the rate
in this water was the sane as that obtained with the usual distilled
water of the laboratory. The values of the final solubility were
obtained by continued rotation for a week.

Temp- Time (£) Coucentration of solution (Sy 1. ' oge, §§IC__S§'
erature. (inhrs.) 1stseries. 2nd series. Meaur. ! SB—8y
0° 0 14.81 13.78 14.80

12 20.63 20.61 20,62 o.o124

24 24.68 21.93 21.81 0.012§

36 27.73 27.64 27.68 00124

48 29.90 30.08 29.99 0.0129

72 32.64 32.43 32.33 0.0131

& 34.72! 3492 3482 e

Average, £,, 00127

(20.9) .

15° 0 . e
1 24.9 24.6 24.8 0.0632
2 28.6 28.4 28.3 0.0615
3 31.3 31.4 31.4 0.0656
5 36.5 36.3 36.4 0.0651
7 40.1 39.8 40,0 0.0675
Io 43.5 43.3 43.4 0.0660
® 50.1* 49.2! 49.7 e
Average, k,, 0.0648
25° 0 (25,3)1‘ .....
0.5 32.6 32.8 32.7 0.188
1.0 38.4 38.8 38.6 0.186
L.5 43.3 43.1 43.2 0.184
2.0 47.2 47.0 47.1 0.184
3.0 52.7 52.5 352.6 0.182
4.0 36.6 56.4 36.5 0.185
S 63.3! 63.5* 63.4

Average, £,, 0.185
These values of the velocity constant k, for the three tempera-
tures agree with the relation

d%k‘ = ,‘;‘2 where T is the absolute temperature.

The integrated form of this equation, log &, = 6— —a—, gives for

1 From undersaturation.
? From supersaturation.
3 Obtained by extrapolation.
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the three values, log,, 4, = 12.016— —é%rﬂ Tlie values of 4, ob-
tained from this formula, are compared in the table below with

the observed values.

Temperature. ko Observed. kg calculated.
o 0,0127 0.012§
15 0.0648 0.0664
25 0.185 0.184

For an increase of temperature of 10° this rate is accelerated 2.8
fold.

The three tables above show the maximum rate of solution in
pure water. On account of the fact that the rate of change of
rotation of milk-sngar solutions is greatly accelerated by bases?
it seemed highly probable that the rate of solution would also be
accelerated, and this was found to be the case. For example, in
a thousandth-normal ammeonia solution the following maximum
rate of solution was observed at 0° for the hvdrate.

su_S¥
log1y =
Time (in hours). Concentration. ¢ SE—Sy
o 1480 L
3 18.59 0.0308
6 21.65 0.0308
10 24.71 0.0302
14 26.91 0.0294
19 28.78 0.0281
® 34.56 ..

Average, 0,030

By the use of thousandth-normal ammonia the rate is increased
2.4 fold.

This catalyzing effect of foreign substances upon the rate of
attainment of equilibrium can be used in obtaining supersaturated
solutions whose realization would otherwise be out of question?
on account of the fact that the reaction is so slow that the solution
would have to be kept supersaturated with respect to the stable
solid phase for many hours, sometimes even days, before the de-
sired final solubility of the nnstable solid phase would be reached;
thus, in case the anhydride is rotated with water at 0°, the con-
centration of the immediately resulting solution is about 125 and
would slowly increase during a week to several fold this amount.

1 Urech : Ber. d.chem. Ges., 18, 2130-2133 (1882), Cf. especially ; Trey: Ztschr. phys.
Chem.. 46, 620-719 (1903).
2 Cf, Meusser: Ber. d. chem. Ges., 34, 2436 (1901).
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if it were not for the fact that as soon as the concentratiou of the
hydrate produced by the reaction becomes greater than its initial
sohibility (14.80), the solution becomes supersaturated with re-
spect to the solid hydrate and, on further stirring, this scon pre-
cipitates out. By the use of tenth-normal ammonium hydroxide
solution, instead of water, the hydration reaction can be so greatly
accelerated that the final solubility of the anhydride can be ob-
tained in a few minutes, before crystallization of the hydrate has
begun. In all such cases of slow maximum rate of solution of
an unstable substance the use of a catalyzer may be of service,
because when the maximum rate is highly accelerated it is nec-
essary to preserve the supersaturation with respect to the stable
form for only a few minutes in order to reach final saturation with
respect to the unstable form. If the slowness of attainment of
saturation is caused by a hydration reaction, bases, and in less
measure, acids, will probably be efficient catalyzers.
V. THE EQUILIBRIUM BETWEEN THE HYDRATE AND ANHYDRIDE.
~H

It has been shown in Section 3 that K = i;;o :%

(o]

The values of K for 0°, 15° and 23°, calculated from the initial
and final solubilities of the hyvdrate, are the following

£

Initial Final iy
s i Equilibriut
Temperature, solubility SH. solubility SE. qratio .
o° 14.80 34.82 1.35
15° 20.9 49.7 .44
25° 235.3 63.4 1.51

It will be seen from the values of K that the degree of hydra-
tion greatly decreases with rise of temperature.

VI. THE MAXIMUM RATE OF PRECIPITATION OF MILK-SUGAR
HYDRATE. '

Let the supersaturated solution contain Cyg hydrate and Ca
anhydride in equilibrium, Cy being necessarily greater than the
initial solubility of the hydrate. S¥ When a large excess of solid
hydrate is mixed with this solntion at a low temperature, the im-
mediate result is the precipitation of some hydrate until the con-
centration of hydrate in the solution decreases from Cu to S¥.
This precipitation disturbs the existing equilibriumi between hy-
drate and anhydride, and as a consequence hydrate begins to
be formed slowly in solution from anhvdride. It is obvious that
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after the initial precipitation has occurred, the subsequent rate of
precipitation cannot be greater than the rate at which hydrate is
produced in solution from anhydride. This subsequent rate of
precipitation can be dednced by the same considerations that were
presented in discussing the maximum rate of solation. It is as-
sumed that the surface of the solid is so large, the stirring is so
thorough and the temperature is so low that the velocity of the
phyvsical process of crystallization of the dissolved hivdrate as solid
hydrate is incomparably greater than the velocity of the chemical
process which produces hvdrate in solution from anhvdride.
Under these conditions, after the initial precipitation has occurred,
the velocity of the subsequent precipitation reaches a maximum
and is the same as the velocity with which hydrate is formed or
anhvdride destroved in solution ; namely, as before:

dSuy _dCa
dt — dt
The integral of this expression is
Co—(1+K)So

2 log =0 =20 (r+ }2 0 =k,

¢ Ca—KSH
where Co denotes the initial concentration of a solution saturated
with respect to hydrate, but containing an excess of anhydride over

= kl Sg——kZCA .

that corresponding to equilibrium, and K:}El. Now K =

&,
Sg—sg H
—5E and C, = C,—S§, where C, denotes the concen-
Q

tration of the solution at the time t. When these values of K and
Ca are substituted in the expression above, there resulits

I Co -—-SH

—log =— =2 =4,

t g C[_sg 2

The following experiment was made to test this rate of pre-

cipitation. A saturated solution of hydrate in warm water was
prepared, cooled at 0° and rotated with as large an excess of
solid hydrate as could be conveniently used. After about twenty
minutes the solution was analyzed and its concentration taken
as Co, the time of the removal of the following portions being
measured from the moment of this first removal. The concentra-
tion fell as follows:
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—rogy, SOTSE
Tine {in hours). Councentration. d Cz——SEE

o 64.62 (Co) ..o

12 37.01 0.0107

24 51.37 0,0106
36 47.61 0.0103
48 14.65 0,0100

3 .32

Average, 0.010§

The value of k, is sufficiently constant and agrees fairly well
with the value of %k, obtained from the maximum rate of solu-
tion (0.013). Probably the small difference between the two
values is due to the fact that the rate of the physical precipitation
was not great enough to keep the concentration of hydrate in solu-
tion from somewhat exceeding the value S

Vil. COMPARISON OF THE VELOCITY-CONSTANTS DERIVED FROM TUE
RATE OF CHANGE OF ROTATION AND FROM THE
MAXIMUM RATE OF SOLUTION.

The values of K = éf- being known from the initial and final

2

solubilities, and the value of k, being known from the maximum
rate of solution, the values of %, and of (k, + k,) cau be at once
found. In the following table are given the values of (k, 4+ &,)
obtained in the one case in this way from the preceding solubility
experiments and in the other case from polarimetric observations
of the rate of multirotation. The polarimetric data for o> are
given in Section II of this article; while for 15° and 25° the values
are taken from my earlier article,! with the unit of time changed
from the minute to the hour.

Solubility experiments.

Tem- Multirotation
pera- AL _ observations.
ture. ky. ko : A1, ky + ko ky + ks

o° 0.0127 1.35 0.0172 0.0299 0.0304
15° 0,0648 1.44 0.0933 0.158 0.178
25° 0.185 1.51 0.279 0.464 0.475

The agreement in the values of (%, + k,), obtained by the two
independent methods, is satisfactory.
U Zischr. phys. Chem., 44, 490.
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VIII. THE ABSOLUTE VELOCITY OF HYDRATION AND DEHYDRATION.,

In a milk-sugar solution which has reached equilibrium the
actual velocities of the two opposed and balancing reactions of
hydration and dehydration can be readily calculated.! Thus, in
the final saturated solution of the hydrate, the rate of formation
of hydrate is

9 Cy
9¢

where C% is the concentration of anhydride corresponding to
the final solubility of the solid hydrate. For the three tempera-
cares, 0°, 15° and 25°, the values of these quantities for the satu-
rated solutions are the following:

= &,C4,

dCyH Per cent. sugar un-
CA. —_ dergoing change
Temperature, ® ko, ¢ in one hour.
o° 20.02 0.0127 0.234 1.46
15 28.8 0.0648 1.87 7.52
25 38.1 0.185 7.05 22.2

The calculation of the values given in the last column may be
explained by an example. In equilibrium with 100 grams water
at 0° are 20.02 millimols anhydride and 14.80 millimols hydrate
(see Section V). In one hour in this solution are formed
(20.02 X 0.0127) = 0.254 millimols hydrate, and of necessity the
same amount of anhydride is also formed during the same time.
The sugar which undergoes change in one hour is thus 0.508
millimols, which is 1.46 per cent. of 34.82, the total sugar in the
solution.

‘X. THE MAXIMUM RATE OF SOLUTION IN RELATION TO THE EQUI-
LIBRIUM OF DISSOLVED SUBSTANCES IN GENERAL.

The method of studving the equilibrinm of dissolved substances
which has been presented in this article, is applicable to any kind
of reaction which proceeds slowly in solution, and is independent
of special analytical or physical methods for determining sepa-
rately the concentrations of the different substances involved;
for it is only the change of the total amount of substance in solu-
‘ion that has to be measured. The study of slowly progressing
hydration reactions and isomeric transformations are two special
applications of the method.

1 Cf. Nernst : " Theoretische Chemie," 4th edition, p. 573.
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It is true that thus far but few reacticus of this character have
been discovered: for unfortunately, in the 1sual method of deter
mining so.nblhtles, no attention is given to the detection of a
possible maximum rate of solution, and the frequently observed
sluggishness of solutions in reaching final saturation has always
been looked upo as an unpleasant experimental difficulty, whereas
if the slowness is caused by the occurrence of a cliemical reaction
it can be turned to valuable service. From indications found in
the literature it appears that cobalt and nickel iodates and anhy
drous manganous and thorium sulphates possess slow max
imum rates of solution. It is highly probable that all the multiro
tating sugars have such a rate. Probably the chiromium salts are
to be included, because the change of color of the solutions from
violet to green proceeds slowly at room temperature

Several substances were studied to determine whether they show
a measurable maximum rate of solution even at 0” : namely, iodine
in water, in alcohol and in ether: barium nitrate. potassium sul
phate and sodium chloride in water. The results of these ex
periments show that these substances can be made to form their
final saturated solutions at 0° from undersaturation in less thai
fifteen minutes, if a large excess of solid is used, and thorougl
mixing of the solid and liquid phases is provided for. In the
case of the iodine solutions the concentration was estimated by
the color, the solutions which resulted from ffteen minutes rota
tionn not differing perceptibly from solutions which were rotated
for several hours. The data concerning the three salts are given
in the following tables, where the time elapsing between the
mixing of the salt with the water and the removal of a portion
of the solution for analysis is given in the first column, and the
concentration of the corresponding solution in grams anhydron
salt in 10O grams water is given in the other columus.

Potassiuim sulphate.

Barium nitrate.

Concentration. Conecentration.
Time after — —— —_ e
mixing. I 1I. 1. 11
10 mintites 7.31 4.90
20 minutes 7.32 4.91 .
24 hours 7.36 7.40 1.8¢g 1.91
48 hours 7.3 7.32
From supersaturation 7.34 4.90

In the case of sodium chloride the concentration was found

to be 35.7 grams per 100 grams water fifteen mimites after mix
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ng, while its solubility at 0°, as ordinarily determined, is, accord-
ng to the work of six different investigators,! 35.5-35.7.

It is evident from these results that if iodine and these salts
‘orm compounds with the solvents, the reactions proceed with high
relocity even at 0°.

It has been known for generations that arsenious oxide forms
ts saturated solution slowly, even in the presence of large quan-
ities of the solid. This fact has led to the hypothesis that the
lowness of the rate of solution is caused by a slowly progressing
wvdration. If this were the explanation of the slowness of attain-
aent of saturation, arsenious oxide would unquestionably show a
low maximum rate of solution independent of the contact between
olid and solution, similar to that observed with milk-sugar. A
umber of experiments have shown conclusively, however, that
uch a measurable maximum rate of solution does not exist. In
1ese experiments about 8o grams of recrystallized arsenious
xide, 50 grams of water or of supersaturated solution and a hand-
1l of glass beads were vigorously shaken by hand in a bottle
nmersed in a thermostat at 25°. The bottle and the glass beads
-ere previously treated several days witlh strong chromic acid in
rder to prevent their giving up alkali to the solution, and thereby
ccelerating the rate of solution. After fifteen minutes shaking
1e concentrations of the solutions obtained from undersaturation
1 three experiments were 20.6, 20.6 and 20.5 grams As,O, per
‘er solution. ILikewise from supersaturation the values 20.6,
2.3 and 20.7 were obtained after shaking for fifteen minutes. The
mcentration of the supersaturated solutions at the start was 350.
he solubility of As,O, at 25° is, therefore, 20.6 grams As,O,

or liter of solution, which agrees with the value (20.4) obtained
- Bruner and Tolloczko? after eighteen hours stirring. In other
iperiments that I have made where the relative amount of solid
dide was small, or where the mixing of the solid and liquid was
st aided by the presence of heavy foreign bodies, such as glass
ads or garnets, several hours were necessary for the attain-
ent of saturation, and the rate varied with the relative amount

solid present; but, as is shown by the experiments here given,

the necessary precautions for a thorough contact between the

0 phases are taken, the saturated solution can be obtained

1 Comey : *' Dictionary of Solubilities,” p. 376.
2 Zischr. anorg. Chem., 37, 456 (1904).
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both {rom supersaturation and from undersaturation i les:
than fifteen minutes. The slowness with which arsenious oxide
usually dissolves is, therefore, not due to a slow chemical reaction
It seems likely that under ordinary conditions the oxide is only
slowly wetted by the water ou accownt of a film of air which per
sistently adheres to the surface of the oxide and prevents tha
mtimate contact of the solid and liquid phases which 1s necessar
for the process of solution.

X, SUDMDMARY.

The results of this investigation mnay be sunmnarized as follows

Anhydrous milk-sugar was obtained in large crystals by evap
orating a solution of the hydrate above 93°, while at room tem
perature the hydrate itself separated. This shows that there i
a fransition-temperature sotnewhere between tliese two points.

Measurements were made of the change in rotatory power a
0° of freshly prepared solutions of hoth the hydrated and anhy
drous milk-sugar; in each case tlic rate was accurately expresse
by the logarithmic formula applicable to incomplete reactions ¢
the first order, and, as the theory requires, the constants of tl
formula were found to be identical in the two cases. These resul
are further proof that the multirotation of this sugar is due to
change in its state of hydration in solution.

It was found when a large excess of milk-sugar hydratc
agitated with water there is formed within a few minutes a sol
tion whose concentration (called the initial solubility) {is ind
pendent of the quantity of solid substance used, but that, owi
to gradual dehydration cf the dissolved hydrate, this concentration
slowly increases up to a constant limiting value (called the fine
solubility), at which the solution contains that quantity of a
hydrous sugar which is in equilibrium with the constant quan
tity of hydrate corresponding to the initial solubility, which '
solution always contains. Therefore, whenever a substance e
hibits this phenomenon of a rate of solution independent of the
contact between the solid and liquid phases (here designation
therefore a maximum rate of solution), and shows an initial a1
final solubilitv, it is possible to derive the velocity and equili
rium of the chemical change that is taking place in the solution
evell in cases where the substances involved cannot be separate
determined by any chemical or physical method.
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Measurements of this maximum rate of solution were made
with milk-sugar, hydrate at 0°, 15° and 25°, and found to corre-
spond to the requirements of the Mass-action Law. The change
in the rate of hydration for these two intervals of temgperature is
dlog # A

4T T T
the increase in rate for a rise in temperature of 10° is 2.8 fold.
The reaction is greatly accelerated by bases, as was previously
observed by Urech and by Trey, for the constant was found to
be 2.4 fold greater in a 0.001 normal ammonium hydroxide solu-
tion than in pure water.

The rate of precipitation of the solid hydrate from a solution
saturated with it, but containing an excess of the anhydrous sugar
over that corresponding to equilibrium, was also measured, and
the velocity-constant was found to agree fairly well with that de-
rived from the rate of solution experiments.

The equilibrium ratio (K) of anhydrous to hydrated milk-sugar
has been calculated from the initial solubility (S,) and final
solubility (SE) of the solid hydrate by the expression K=
(SE—SH)/SH and was found to have the value 1.35 at o°,
I.44 at 15° and 1.51 at 25°, showing that the degree of hydration
of the sugar in solution decreases greatly with rising temperature.
The initial solubilities at these three temperatures are 14.8, 20.9
and 25.3 millimols per 100 grams water, and the corresponding
final solubilities are 34.82, 49.7 and 63.4.

The separate velocity-constants (%, and k,) of the two opposing
reactions of hydration and dehydration can be derived from these
solubility experiments, while from the experiments on the multi-
rotation their sum (k, + k,) is obtained. It has been shown that
the two methods give concordant values.

A calculation from the velocity-constant of the amount of sugar
that undergoes hydration and dehydration in one hour in the equi-
librinm mixture showed this to be 1.5 per cent. at 0° and 22.2 per
cent. at 25° of the total quantity present.

The general applicability of the principle of the maximum rate
of solution to the study of hydration and other chemical changes
in solution has been discussed. A few cases from the literature
are cited in which the phenomenon probably exists, and experi-
ments upon the rate of solution at 0° of barium nitrate, potassium

accurately expressed by the usual equation, and
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sulphate, sodium chloride and iodine in water, and of iodine in
alcohol and in ether, and at 237 of arsenious oxide i1 water are de-
scribed. Not one of these substauces gives evidence of any slow
chemical change accompanying the process of solution. Even in
the case of the arsenious oxide, in regard to which a contrary
opinion has long prevailed, this has been clearly demonstrated by
the dependence of the rate of solution on tlie surface of contact
between the solid and solution and by obtaining in fifteen minutes,
with very thorough mixing, a value of the solubility, 20.6 grams
As., O, per liter, substantially identical with rthat obtained by
Druner and Tolloczko after eighteen hours stirring.
BosTtoxN, Mass., July, 1904,

[CONTRIBUTION FROM THE JOHN HARRISON LABORATORY OF CHEMISTRY,
No. 8r1.]

THE ATOMIC WEIGHT OF TUNGSTEN.
By EDGAR F. SMITH AND FRANZ F. FXNER.
Received July 26, 1904.

Tur atomic weight of tungsten having received attention at
varions times, during recent years, in this laboratory, we were
induced to institute a new series of experiments in this direction
inasmuch as we had, after much labor, obtained pure tungstic acid!
from which were prepared large quantities of pure hexachloride
and also pure metal. Roscoe has stated that when tungsten hexa-
chloride is directly decomposed with water and the resulting acid
ignited to oxide, the latter will contain chlorine which cannot be
expelled by heat. We had hoped to pursue this method, but as
it had the condemmnation of so high an authority the hexachloride
was introduced into freshly distilled ammonia water, contained in
a weighed platinum dish, with the expectation of eventually get-
ting ammonium tungstate and chloride which would leave the
trioxide upon ignition. Experience showed that the quantity of
the resulting ammonium chiloride was so great that even with the
most careful ignition there was much danger of expelling me-
chanically appreciable amounts of the oxide. Nor was it forgotten
that it is very doubtful whether from such a mixture the chlorine
could be completely removed by heat.

1 Proc. Am. Phil. Soc., 43, 123.



