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Chemistry. — “On an Indirect Analysis of Gas-Hydrates-by a
Thermodynamic Method and its Application to the Hydrate
of Sulphuretted Hydrogen”. 1l. By Prof. F. E. C. Scarrrer
and G. Meveg Y. .(Communicated by Prof. Bousexin.)

{Communicated in the meeting of March 29, 1919).

7. Determination of the Three-Phase Lines SSp G and SL,G.

A number of apparatus of the shape of fig. 3 was supplied with
small quantities of water, which were introduced through C and
conveyed to the widened part 4 by tilting the apparatus. These
quantities of water were chosen so that the vessel A was filled with
walter for about a fifth part. Every apparatus was then in succes-
sion connected with a sulphuretted hydrogen apparatus in which
the gas could be developed by the addition of drops of diluted
sulphuric acid to a solution of acid sodium sulpbide. The latter was
obtained by saturating a solution of sodium liydroxide made free
from carbonic acid with barite with suilphuretted hydrogen.

Before the preparation of the gas the wall of B and (), which
was slill damp with water, was dried by being heated al an air-
pressure of 2 cm. of mercury, the bulb 4 being placed in carbonic
acid" and alcohol. Between the filling-apparatus and the apparatus
C a T:piece was inserted for this purpose, which made connection
with a waterjet puwp possible. Then bulb, 4 was filled for about
two thirds with dry liquid sulphuretted hydrogen (the gas was led
through a U-tube with P,0, to prevent lignid from being carried
along), after which the tube was fused to at (, and the cooling
mixture was removed. i .

When the temperature was raised to room-temperature, the ice
melted, and two layers were observed separated by a crust of sul-
phnretted hydrogen hydrate. In order to convert the mass as much
as possible to hydrate, bulb 4 was carefully Heated by immersion
in a walerbath of over 30° (the quadruple point SL,L,G lies at’
29.5°%), till the hard crust had disappeared. Then the apparatus

~

1) First communicaiion, These Proc. 21. 1204, (1919).
%) These Proc. 13. 843. 1911). Table.
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being continually shaken was cooled down to the ordinary tempe-
rature to make the action of the two layers as complete as possible
If any liquid sulphuretted hydrogen had been distilled over, it was
always poured back into A by tilting of the apparatus. When in
this way the cooling down {0 room-temperature had been achieved,
the apparatus was left for a few days to plomote the action.

To make vapour pressure determinations bulb 4 was cooled in
liquid air, the apparatus was opened at C, and connected fo the
tube D of the-apparatus represented by fig. 4 by means of india

C

p E

i

) Fig. 8. Fig. 4.

rubber. By exhaustion throagh tap L with a waterjet airpump (he
sulphuretted hydrogen-air mixture was partially removed from B
and C (fig. 3), the rest of the gas was absorbed by the cooled
cocoanut carbon K by opening of [ (after L had been shut). When
the gaseous sulphuretted hydrogen had entirely disappeared from the
apparatus, air was admitted, and the apparatus of fig. 3 was fused
to that of fig. 4 at D. Then the apparatus was again evacuated, the
lignid air round A was replaced by carbonic acid and alcobhol, and
the sulphuretted hydrogen was sucked off through L. After the
liquid sulphuretted hydrogen had been removed from 4 by boiling,
the apparatus remained in connection with the waterjet pump for a
few hours more in order to remove the sulphuretted hydrogen ab-
sorbed in the solid substance as completely as possible. Then bulb 4
was again placed in liquid air, the apparatus was completely evacuated
by the aid of the cocoannt carbon, air was admitted, tabe ¥
was temporarily opened to convey mercury into E, and the whole
. apparatus was exhausted again.

The mercury in & was freed from air by heating in vacuum.
After the mercury had been cooled, 4 was again placed in carbonic
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acid and alcohol, and evacuated with the waterjet pump, afterwards
with the carbon.

When after the evacuation with the cocoanut carbon tap I was
closed, a gas pressure again appeared in the apparatus after a short
time (GEwssLER tube H), and this was continually repeated. We shall
discuss the cause of this phenomenon later ‘on. When the gas that
had generated in the apparatus, had been removed a few times, so
that it might be assumed that the apparatus did not contain any
more air, the merenry was transferred from / into B by tilting of
the lefthand part of the apparatus (the glass spring (¢ made this
morement possible). The tap near G was now closed, K and the
apparatus was cut through between this tap and the glass spring G-

The lefthand part was connected by means of a rubber tube to
a manometer one meter long, for the higher pressures thiee meters
long. By a sucking pump, a tap that allowed contact with the outer
air, and a tap that was connecled with a cycle pump, the pressure
of the air between BB and the manometers could be regulated at
will in the measnrements. Hence tube B acts as a cut-off valve
in the determinations, the difference of level in the manometer
corrected for the difference of position in B yields the value of the
three-phase pressure. In order to make it possible to determine the
difference of level in B a glass scale graduated in millimeters was
attached to the {ube A by the aid of cork disks and copper wire.
The delerminations being carried out exclusively at temperatures
below room temperature, only bulb 4 was placed in a bath of
alcohol, which could be cooled down to definite temperatures by
addition of solid carbomic acid; a stirrer ensured uniform tempe-
ratare in the alcohol batli. The cut-off valve B remained continually
in contact with the outer air. ‘

During the slow heating of the alcohol bath it now appeared that
already at low temperatures a rapid rise of pressure appeared, which
could not possibly be attributed to decomposition of the hydrate. When
the pressure had reached a detinite value, the change with the tem-

perature had greatly diminished again. This fact pointed to this that *

i spite of the exhaustion with the cocoanut carbon the hydrate had
absorbed appreciable quantities of sulphuretted hydrogen, which were
liberated already al temperatures of about — 50° C.

The exbaustion with the cocaonul carbon had, accordingly, not

been sufficient to remove the absorbed quantity of sulphuretted -

hydrogen; prolonged evacuation is, however, undesirable, because as
will appear later, the hydrate still possesses an appreciable tension
of dissociation at — 80°C., and. decompesition must, accordingly

-
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take place in vacuum. Hence the appearance of this gas-absorption,
and the pressure of dissociation which is not negligible at — 80° C.
are the cause that the componnd cannot be prepared in pure state
in the way described above. These two phenomena have, however, no
disturbing influence on the determination of the three-phase pressures,
at least when (he gas adsorplion does not attain to too Jarge amounts.

[t is namely clear from the described phenomena thal the gas-
‘adsorption is no phenomenon of equilibrinm; at higher temperatures,
where the equilibria set in more rapidly, this adsorption soon stops,
and the "liberated snlphuretted hydrogen cannot influence the three-
phase pressure (the three-phase equilibria are monovariant). Nor can
a partial decomposition of the hydrate have any influence on the
pressure of equilibrium. ,

Nevertheless a difficulty presents itself in these determinations.
When the compound had absorbed no gas, a gas pressure could
only appear on heating through decomposition of the compound into
ice and gas; the observation of a gas pressure would then be a
sufficient criterion that a three-phase pressure existed. In consequence
of the said adsorption it is, however, possible that with increased
temperature through liberation of gas a gas pressure occurs without
any decomposition of the compound taking place. As the transfor-
mation of part-of the compound mto ice and gas cannot be directly
observed, the possibility exists that pressures of two-phase equilibria
compound-gas are measured instead of three-phase equilibria. It now
appeared in the determinations that at lower temperatures no cor-
responding values were found for the pressure (the two-phase coexis-
tences are divariant); at higher temperaiure the correspondence
became, however, very good. This can, evidently, be accounted for in
this way that the sohd substance had absorbed different quantities
of sulphuretted hydrogen, which were liberated on increase of tem-
perature. When this released quanlity of gas yields a pressure higher
than the three-phase pressure, the decomposition of the compound
cannot begin. Not until through increase of temperatuve the thrée-
phase pressure rises so muach that this bécomes greater than the
pressure caused by the liberated adsorbed gas, three-phase pres-
sures occur. On account of the different adsorbed quantities this
takes place for the different mixlures at different temperatures. In
none - of the experiments did the adsorption prove to be so great
that the determinations of the three-phase pressures were rendered
impossible. As was natural only the values in the neighbourhood
of the quadruple point, where the correspondence was good, were
used for -the calculations. (See §§ 8 and 9).

87
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8. The 'I'hree-Phnse Line Hydrate-lce-Gas.

[n the tables 1—3 the results have been recorded of three sets
of observations. In the first and second columns of every table the
temperatures and the corresponding three-phase pressnres (in cm.)
are given, the last have been reduced to mercury of 0°G. The third
column contains the tensions corrected for the vapour tension of ice,
the fourth and the fifth confain the differences in the Briee loga-
rithms of the pressure and in the reciprocal absolute temperatures
of the successive observations. The sixth column gives the value of

“——"2'30:;? calculated according to § 5; as in § 5 the calculation was

made with Neperian, in tables 1—3 with ordinary logarithms, the
modulus 2 303 occurs here in the denominator. The last column
records the mean values of the last mentioned expression. The first
valne of /2 in table 3 15 too high; it probably refers to the equili-
brivm hydrate-gas (cf. § 7). It is easy (o see thal the too small

TABLE 1.
2/ 55 7—1 ___Q_L__ 1
t P P(corr) 1021 jogP| 1052 T 5303 R mean
—25.85 22.4 22.35
. 12.929 9.74 1327
—19.75 30.2 30.1
7.894 6.07 1300
—15.8 36.2 36.1
7.747 5.88 1318
—11.85 43.3 43.15 1327
7.471 5.63 1327
— 7.95 51.5 51.25
5.508 4.23 1323
— 4.95 58.6 58.3
4.791 3.51 1365
- 2.4 65.5 65.1
TABLE 2 :
2 5, T—1 _Ql_
¢ P P(corr) |102DMlogP | 1054 T 3303 R mean
—21.1 28.0 27.95
8.828 6.66 1326
—16.8 34.35 34.25 ;
9.780 7.40 1322 N
-11.85 43.05 42.9 -
11.728 8.74 1342 1344
— 5.75 56.5 56.2
5.132 3.81 1347
—-— 3.0 63.6 63.25
3.304 2.39 1382
— 1.25 68.65 68.25 )
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TABLE 3.
2 sn—? _ Q-
¢ P P(corr) |1020log P| 105AT 57303 mean
—24.6 [24.9] 24.85
10 160 9.21 [1096]
—18.75 31,5 3l.4
11.955 8.91 1342
—12.85 41.5 41.35 1329
11.309 8.53 1326 i
— 6.95 53.9 53.65 !
9.063 6.87 1319 i |
— 2.0 66.5 66.1 |
1

value of @, is in accordance with this supposition; the region where
compound coexists by the side of gas, lies namely on the side of
higher pressure with respect to the three-phase line.

When we take the mean value from the three tables, it appears”
that the value for ﬂ%ﬁ?{ amoun‘ls to 1333, f'rf)m which follows the
value 6090 for Q.

The external work in the transformation amounts to R7', because
one gramme-molecule of gas is formed in the conversion; at the
quadruplepoint (¢ = — 0.4°, see § 9) this work is 541 cal.

The change of energy amounts, thevefore, to 5550 cal. The trans-
formation is given by: . ) )

HS. nHO0ZH,S- nH,0— 5550 cal.
(solid) (gas)  (solid)

9. The Three-Phase Line Hydrate-Aqueous Liquid-Gas.

In the tables 4—6 the results are recorded, which were obtained with
the same samples as those in § 8. In the fifth column a represents the
number of volumes H,S of one atmosphere, (corrected for 0°),
which dissolves in one volume of water.) It follows from this by
a simple calculation on assumption of Hrnry’s law that in one
gramme-inolecule of water 1.057.10—% af gramme-molecules of sul-
phuretted hydrogen dissolve; this amount is indicated by g.

(1 4 r—s) A log P
AT
2.303 R (see equation 13), » and s have ,been calculated according

to 10a and 6, in which the value 6 was substituted for n.

‘The found values of E, can now serve for the calcunlation of that

value at the quadruple’ point.

In the tables & gives the absolute value of

1) LaNpoLr—BorNstEIN —RorH, Tables p. 601, Determinations by WINKLER.
87*



TABLE 4.

Pr,o| 103r | 10°s | —1 ! __ .
t P | P! Pa,s| a 103¢g lO‘im (11=6) |(7=6) rQy | sQq i1-i-r—.<s 1080 T 102 AlogP) b E, |E){f=-0.4) mean
085 | 83.5| 0.5]83.0/4.497 3.945 60 |5.86|2.37| 63 | 108 [0.9822
1.9 | 93.1| 0.55| 02.55\ 4.347| 4.253] 50 |5.75 [ 2.55| 62 | 116 {0.0803 i'gg :'Zgg :iggg :gggg :gggg
2.9 |102.4| 0.55/101.85 4.210) 4.532 54 |5.25|2.72| 56 | 12¢ [0.0581 1'% el s Ryso By
3.9 [1125 0.6(112.9 | 4.076 4.854/ 53 |5.15|2.92 55 133 [0.9%0 '} 2AN | (o0 MTo 1 | a0
4.85 (125.3 | 0.65124.65 3.954| 5.210 52 (5.0418.13| 54 | 143 lo.o737 o s el Toes0l 13900
6.85 [151.25| 0.75150.5 | 3.710) 5.002| 50 | a4.82|3.54| 52 | 161 [0.0604 >°° SR e Ron B
8.85 [183.9 | 0.85(183.05| 3.485| 6.743] 46 |4.41 | 4.05 | 471 | 185 |0.9630] 2 '
TABLE 5. J
Pry0| 103 | 102s 5A 71 _
t P | PHo|Prs| a 103g |10 Pros | (n=6)| (n=6) rQuv | sQq |14r-s|105AT 1020 logP) b E, (Ey(t=-04)| mean
_0.05| 74.0 | 0.45] 73.55| 4.628/ 3.508 61 | 5.97!2.16| 64 | 98 |0.9844
40.95 82.5 | 0.5 | 82.0 | 4.482| 3.885 61 | 5.96 | 2.33 | 64 | 106 0.9327‘ é‘gg g'zgf }gf;g :Zg;g ng?gl 14330
2.0 [100.8 | 0.55100.25| 4.210) 4.461 55 |5.35 | 2.68 | 57 | 122 [0.0786 o o S 1l tal 1ae | cresp.
4.9 [128.1 | 0.65122.45) 3.048 5.110{ 53 |5.14|3.07] 55 | 140 [0.9748 2D S e IS Ataer [14570)
6.0 [150.6 | 0.75/149.85 3.704| 5.867] 50 |4.82|3.52| 52 |16l [0.9606] [
TABLE 6. -
Pryo| 1037 | 102s l ‘ —1 l
3, - 5 2 — .
t P Payoi Pas| a 103g 104PHQS (n=6) (n=6)} rQv | sQq ll-l—r s|105AT 1020 logP| b E, |Eyt=-0.4), mean
0.97 82.5 | 0.5 82.0 | 4.479| 3.882] 61 |5.96 ] 2.33 | 64 | 106 |0.9827
3.001101.4 | 0.55100.85| 4.196| 4.473| 55 |5.35 |2.68| 57 |122 (0.o78s| 3 1 3909 TN 10N LED e
5.03124.5 | 0.65123.85 3.931| 5.146) 52 |5.04 |3.00| 54 |11 l0.om1| 2% POl i Bpn
1.05/152.7 | 0.75(151.95| 3.686] 5.920| 49 |4.73|3.55| 51 | 162 [0.9692] > '

TPel
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The sitnation of the quadruple point could be found by graphically
determining the point of intersection of the two three-phase lines
SSpG and SL,G. In this way by the aid of the data recorded in the
tables 1-—6 we find { =— 0.6 == 0.2; the corresponding pressure
amounts to about 70 cwm. of mercury. The quadruple point tempera-
ture can, however, be calculated more accurately as follows.

Under the circumstances of the quadruple point the liquid L, is
a diluted solution of sulphuretted hydrogen in water. When a again
represents the number of volumes H,S of one atmosphere (corrected
_ for 0%, which dissolves in one volume of waler, the number of
gramme-molecules H,S (hat dissolves in 100 grammes of water, is
587.10-%5«P. If H,S were a non-electrolyte, the lowering of the
freezing-point would accordingly amount to 5.87.10-5 aP.18.5°. When
in this we introduce for & and P the solubility at ¢ =— 0.6° (4.709)
and the guadruple point pressure found graphically (70), we find a
lowering of the freezing point of 0.4°; the quadruple point tempera-
ture amounts, (herefore, to —0.4° C. When for « the solubility at
—0.4° is chosen, this brings no change in the calculation.

Nor does the fact that sulphuretied hydrogen in water is partially
electrolytically dissociated bring a change in the above calculation.
The dissociation constant of H,S amounts (first stage) o about
10-7% The dilution under the circnmstances of the four-phase equili-
brium amounts to 3.2, the degree of dissociation in consequence of
this to about 7.10-%, and consequently the latter has no appreciable
influence on the situation of the quadruple point.

In order to find the value of B, at this temperature, the specific
heats of the reacting substances must be known. As the molecular
specific heat of the hydrate (n = 6) wonld amount to 61.6 according
to the law of Kopp?), and as the specific heat of six molecules of
water and one mol. of sulphuretted hydrogen is 108 4 6.3 =114.3,
the algebraic sum is about 53. The correction required for the
calculation of [, at the quadruple point is, therefore, 53 (¢ 4 0.4).
The mean of the values thus: found 1s recorded in the last columm
of-the tables 4—6. :

The values of (he last column bul one in tables 4 and 5 still
present appreciable deviations. This is owing to the small differences
of temperature between the successive observations. In order to
determine these differences more accurately the ARscrGTZ-thermo-
meter (division into '/; degree), which was used in the other
determinations, was replaced by a BrckmANN-thermometer (division

1)- NErRNsT. Theovetische Chemie, Gesetz von Durong und PrrIT,
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into '/,, degree) in the experiments of table 6. Consequently the
agreement of the values w the last column but one of table 6 is

much better, the mean - values of the three tables are in good

concordance.

When we now determine {he mean of the values from the last
columns of tables 4—6, the first value of table 5, which is evidently
too high (probably because the transformation in the gquadruple point
had not yet entirely taken place), being eliminaied, the value 14270
fov E, is found; when the value in question.is taken into account,
the mean‘amounis to 14350 cal.

Hence the decomposition of the hydrale takes place according lo:

HS.nHO0Z H,S + n H,0 — 14270 (14350) cal,
(solid) (gas)  (liquid) i

An objection that may be adduced against the above calculations,

is the choice of n =6 in the determination of » and s from equa-

tion 10 « and b, and in the calculation of the algebraic sum of

the specific heats. We shall come back to this in § 11.

10. From the values I, = 5550 cal. (§ 8) and £, = 14270 (14350
cal. (§ 9) follows according to equation 1:7n Q= 8720 (8800) cal.,

and as Q=1440 cal, the value 6.06 (6.11) follows for n. Hence

the conclusion from these calculations is, that the hydrate has the

formula:
H,S .6 H,0.

11. As was stated in § 9, n=6 was already taken in the
calculation. A choice of n was necessary to render it possible to
calenlate 7 and s (equation 10 a and &), and find the algebraic snm
of the specific heats. We shall, therefore, still have to show that
n==6 is the only value that satisfies the observations. It might,

namely, also be possible that with the choice n =25 the result of

§ 10 was also appreciably changed, and would correspond to the
choice n = 5. This is, however, not the case. The following consi-
derations may make this clear. .

If n =35, the molecular specific heat of the hydrate would amount
to 53.0, and as the specific heat of five molecules of water and one
mol. of sulphuretted hydrogen is 90 4 6.3 = 96.3, the algebraic
sum would be about 43.

When on assuption n =15 we caleulate the values of » and s,

and by the- aid of this the other values, it appears that this does,

not give any “change in the vesult, and that, therefore, the assump-
tlon n=—=>5 1s erroneous. We have carried out this calculation for
the data of (able 4; the results aré recorded in table 4a. The mean

-10 -
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value of the last column becomes 100 cal. higher than the corre-
-sponding value of table 4. A difference of one molecule of water
TABLE 4a.

| ar | 102 7
t ;0=r5‘) (le(_l___-%) rQy | sQp |14r—s| b E, |Eft=-04)| mean.

0.85/5.88)1.97) 63 | 90 | 0.9862
1.9 |5.78[2.13| 62 | 97 | 0.9845
2.9 | 5.2812.27| 51 | 104 | 0.9826
3.9 [5.17)2.43| 56 | 111 | 0.9809
4.85 | 5.06 | 2.61 | 54 | 119 | 0.9790
6.85 | 4.85 | 2.95 | 52 | 135 | 0.9754
8.85 | 4.44 | 3.37 | 41 | 154 | 0.9707

in the composition of the hydrate would requive a difference of
1440 cal.,, and besides the difference lies in the wrong direction.
Accordingly the value n =5 does not correspond to the observations.

It will be clear from the tables 4—6 that it is permissible to
neglect the values spoken about in § 6 in the expressions 10« and 6.

12. When we now compare the results of this indirect analysis
with the detérminations carried out before by a direct way, it appeats
that at the quadruple point the tomposition of the compound is
given by H,S.6H,0, that, however, at —80° when the compound
is formed of water and an excess of sulphurvetied hydrogen, a quan-
tam of gas is persistently vetained by the solid substance, which
does not even escape at a pressure of 2 em (waterjet pump). in
some hours. When the compound is heated, this gas is, however,
quickly liberated, and this lalter causes two-phase equilibria to be
measured in vapour pressure deterninations at low temperatures(Cf. § 7).

The analyses executed before can be explained by this gas-adsorp-
tion. The quantity of sulphuretted hydrogen retained was not incon-
siderable.” When we bear in mind that the composition of the solid
substance varied between H,S.5.1H,0 and H,S.55H,0, it appears
that -per molecule H,S.6H,0 resp. 0.18 and 0.09 mol. H,S have
remained adsorbed. That these quautities have not rendered the above
three-phase determinations impossible is owing to this that during

15310 | 14800 14720
14080 | 13570 13450
15310 | 14810] 14650
15640 | 15150 14940
14150 | 13670 13400
14920 | 14460 14110

14210

# the filling of Lhe apparatus, it was repeatedly evacuated cooled with

lignid air, hence at lower pressure, that therefore the sulphuretted
hydrogen could more easily escape, and the time of evacuation was

chosen long. )
In the direct analysis exhaustion with liquid air is not permissible,

-11 -
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because the pressure then falls Lelow the three-phase tension SSgG@,
in other words the hydrate can be decomposed. From the deter-
minations of the tables 1—3 the three-phase pressure hydrate-ice-gas
at —80° can be calculated by exirapolaiion. When we assume the
heat of transformation to be independent of the temperature — it
has already been proved in § 5 that the influence of the temperature
is small — the following equation is found for the three-phase line
SSpG Ly the aid of the tables 1—3:

1833
log P= — 5 + 6,7393.

When in this we substitute ¢ = — 80° C., the pressure appears o
amount to 7 ‘'mm. In the carbonic acid-alcohol mixture the three-
phase tension may certainly not be neglecled. In the filling of
the apparalus in the evacuation with cocoanut carbon we have,
thevefore, to do both with slowly decreasing adsorption, and with
decomposition of the hydrate. It appears from the above-described
observations that the time of evacuation can easily be chosen so
thal neither has a dislurbing influence in the determination of the
equilibrinm pressures.

Decomposition of the hydrate should, however, be avoided in (he
direct analysis The pressure of the walerjet pump lies sufficiently
high above the three-phase pressure, that decomposition may be left
out of account; under these civcumstances the adsorption can,
however, nol be abolished in a few hours. Improvement in the
direct analysis method is only possible by choosing the time of
evacuation longer. We have still performed three direct analyses in
the way described above (cf. § L loc. cit.), in which the time during
wiieh the hydrale remained connected with the, waterjet pump,
was carried up to 5 (one determination) resp. 7 (two determinations)
hours. Notwithstanding (s these determinations yielded for the
water content 5.39, 5.46, and 5.61 H,0. Only the last value falls
somewhat oulside the limits 5.1 _to 3.5 of the determinations
performed before (see § 1). Accordingly the value 6 is far from
being reached here either. - -

The gas-adsorption discussed here 18, therefore, the cause that the
sulphuretied hydrogen hydrate has not,jel been prepared by a direct
way in pure sfate, and that 1l cannot be analysed either, but that
an indirect method which can be applied here al temperatures where
this adsorption is no longer active, yields the right composition
for, this substance. At these.lemperaiures direct analysisis, howerver,
impossible on account of the great tension of dissociation.

Delft— Amsterdam, Mareh 22, 1919,
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