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I. REACTIOMDS OF LILUID HYDROGEN SULPIDE

ON HETALS AMD OXIDES

Introduction

It is well known that geseous hydrogen sulfide and
aqueous hydrogen sulfide are very recactive in thelr reactions.
Naturally scientific curiosity leads one to the linguiry into
the reactivity of llquid hydrogen sulfide. Although some
systematic work has been done on the reactions of other liquid
hydrides like liquid water, liquid ammonia, and liquid helogen
hydrides, no systematic work on the reactions of liquid hydro-
gen sulfide has been conducted except in this laboratory dur-
ing the last few years.

The solvent action of liquid HgS has been considerably
investigated (1), (2), (3), (&), (5), (6), (7), (8). 1In gen-
eral it has been found that liquld Hg5 is an excellent sol-~
vent for organic substances, but is decldedly a very poor one
for inorganic substances.

1. Skilling. Am. Chem. Jour., 26, 383 (1901)
. lcIntosh and Steel. Proec. Roy. Soc., 73, 450 (19C4)

2
3. Archibald and lelntosh. DProc. Roy. Soc., 73, 454 (1904)
4, ‘g.f?llé}el)e, eIntogh and Archibald. Jour. Chem. Soc., 85, 1098
o4
5. Bteel, ilcIntosh and Archibald. Phil. Trans. Roy. Soc.,
A. 205, 99 (1906)
6. Quam., Jour. Am. Chem. Soc., 47, 103 (1925)
'g. (Guam with Wilkinson. Jour. Am. Chem. Soc., 47, 939 (1925)

» Ralston and Wilkinson. Jour. Am. Chem. Soc., 50, 258 (1928)
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Until recently, only a few odd reactions have been re-

ported (1), (9), (10).

Archibald and licIntosh (3), Vialker, licIntosh and Archibald

(4), and Steel, leIntosh and Archibald (5) report:

(2)

(b)

(e)

(a)

(e)

9.
10.

that some lnorganic substances dlssolve in liquld HgH
with decomposition,

that the variation In molecular conductivity of the elec-
trolyte with dilution is probably complicated by the oc-
curence of compounds which contaln a different number of
solvent molecules at different dilutions,

that the want of agreement between conductlvity and cryo-
scbpic measurements is a necessary consequence of the oc-
curence of polymers or compounds in solution, and may be
taken as evidence of the existence of such compounds,
that the conduction of organic substances when dissolved
is best expleined by the occurence of electrolytic com~
pounds of organic substance with the solvent. Transport
number measurements have shovn that the organlc substance
is carried to the cathode as a component of the complex
cation,

that in évery czse where g conducting solution was formed,
the dissolved substance was one containing an element

lioissan. Chem. Centralbl., 1, 296 (1902).
Baud. Compt. rend., 134, 1429 (1902).
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the valence of which might be increased, thus dyad O or

S beconming tetrad, or triad N becoming pentad.

Biltz (11) reports a number of thiohydraotes with a num-
ber of inorganic halides.,

ouen (6) reports a variety_of reactions on orgenic sub-
stances, inorganic salts and some clements,

Ralston (8) (12) reports on thiohydrolysis, thiohydrates
and & reaction on nitriles.

Fournicr and Lang (13) report that iron, copper, and con-
merclial aluminium did not reaect with liquid HgS even though
in contact for a period of over ten years.

Thus we see that there is yet o very wide fleld to in-
vestigate the properties and reactions of liguld hydrogen sul-

fide.

Purpose and Cutline of the Investigmation

The purposge of the present investigeltlon le to observe,
rother in a qualitative way, the reactions of liguid hydrogen
on most of the metals and oxides.

The problem hes been resolved into four phases, as fol-
lows: |
11, Biltz. Zeit. anorg. allgem. Chem., 147, 171 (1925),

12. Ralston. Unpublished Ph.D. thesis, (1927) Iowa State Col-

lege.
13. Pournier and Lang. Compt. rend,., 184, 1174 (1927).
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(I) As free encrgy decrease is one of t he means of indi~
cating the pessibility of a reaction taklng place, an attempt
has been made to calculate a tentative value for the free
energy of formation of liquld hydrogen sulfide.

(II) Actual gualitative observations of reactions of
liquid hydrogen sulfide on most of the metals.

(I1I) As electrode potentizl is one of the means of indi-
cating the possibillity of a reactlon takling place, an attempt
has been made to measure tentative values for the single elec-
trode potentials of a few metals in the saturated solutions of
theilr chlorides in liquid hydrogen sulflde.

(1IV) Actual-qualitative observations of reactions of

liquid hydrogen sulfide on most of the oxides.

Apparatus and Preparation of Ligquid

Hydrogen Sulfide

The apparatus used in the preparation of liquid hydrogen
sulfide was a modification of that employed by Guam (6). The
improved aspparatus, as shown in Fig. i, and the details of
manipulation and process of ligquefaction will be fully de-
seribed by Meints (14), a co-worker in the field.

14, lieints. A thesis to be submitted for I, S. degree. Iowa
State College.{In preparation).
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II, TEMTATIVE VALUE FOR THE FRELF ENERGY OF
FORMATION OF LIQUID HYDROGEN SULFIDE

Calculations

The free energy change (AF) for a system is a general
ceriterion which shows whether the system is subjeet to spon-
taneous change. If we know the value of AF for any lsother-
mal reaction, and if this value is positive, then we know
that the reaction, in the direction indlcated, 1s thermody-
namically impossible. If, on the other hand; the value 1s
negative the process is one which can occur in the direction
indicoted, although perhaps with no measurable speed. ‘“hen
the value is zero, the reactlion has reached the state of equi-
librium with respect to every posslble change occurling at
constant temperature and pressure. Such being the importance
of free energy change, an attempt has been made here to cal-~
culate a tentative value for the free energy of formatlon of
liguid hydrogen sulfide from the existing date, according to
the free energy concepts and the required daota from Lewls and
Randall (15).

The free energy cbange in the vaporization of liquid hy-
drogen sulfide may be’obtained from its vapor pressure, /5c-

15, Lewis end Randall. Thermodynamics, p.540. IeGraw Hill
Book Co., New York (1923).
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cording to Regnault (16), the vapor pressure of liquid hydro-
gen sulfide at 25°C, 1is 21,05 atmospheres. Assuming that the
vapor of liguid hydrogen sulfide at this temperature and
pressure lg sufficlently near to a perfect gas

_‘.Has(l) = HgS3(g)

AF°298 = «RT 1n p

= =1,9885 x 298 x 2.3026 log 21.05

AF0298 = -1806 cal.

Therefore, the free energy change in the condensatlion of
gaseous hydrogen sulfide to liquid hydrogen gulfide at this
pressure and temperature

HeS(g) = HaS(1)s AAF°298 = 1806 cal. ----(a)

For the reaction,

Ha(g) + 1/2S,(g) = HoS(g); AF0298 = -16980 cal, ----(b)

Combining (2) and (b), we get

He(g) + 1/25x(g) = HaS(1); AF0pgg = -15174 cal. ~-~---(c)

For the formation of dliatomic sulfur from rhombilc sulfur,

s{r) = L/Qsz(g);AAF°298

Combining (c) and (d), we find

= 9140 e2l., -~---(4)

Ho(g) + 8(1) = Hgs(l);AF°298 = 6034 cal. ~--~{(e)

This value is the free energy of formatlion of liquid hy-
drogen sulfide at the temperature of 25°C. and at ‘the pressure
of 21,05 atmospheres from the composing elements,'gaseous hy -

16. %egga?lt. Yem. acad. scl. inst. de France, 26, 612-618
1 2 .
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drogen and rhombiec sulfur, in thelr standard states.
Discusplon

The value found here is tentative because of the two as-
sumptions made in the calculations, namely, that the heat oca-~
pacity of the sulfur compounds is taken to be the same as
that of the corresponding oxygen compounds, and that the hy-
drogen sulfide vapor at the temperature of 25°C. and at the
pressure of 21,05 atmospheres behaves like an ideal gas. It
is probable that further investigation will show that these
assumptions give somewhat too low values for the sulfur com-
pounds. But for the present, we use the value as it is, vhen-
ever required, until a more exacl value is known.

The free energy of formatlon of liquid hydrogen sulfide
could be used in determining whether a reaction is thermody-
namically possible with liquid hydrogen sulfide. This can be
predicted, if we know independently the wvalues for the free
energy of formetion of every reacting substence and the prod-
ucts of the reaction. For instance in the reaction,

He3(1l) + ¥imetel) = HMS(s) + Hplg)
we have to know the free energy of HpS(1l) and HS(s), before we
can have some idea of the direction of the resction in which
it is possible for it to go. At the present time, the free

energy for the metalllc sulfides sre not available except for
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PbS and Aggd. Hudleston (17) calculated AF = ~15200 for
PbS(8) and AF = -2290 for AggS(s). For the reactlion

Pb + HgS(1l) = Pbs(s) + Hg(g)

LlF°298 = «15200 -{=6034) = =9166 cal.
Since AT comes out to be negative, there 1ls z conslderable
tendency for the reaction to take place. That ig, to say,
that b will react with liquld hydrogen sulfide under labora-
tory conditions. Thls 1s confirmed by experiment as shoim
later on.

To consider one more reaction of a metal

265 + HaS(1) = AggS(s) + Halg)

for which

AT®,_ . = «2290 =(=6034) = 3744 cal.

298
Here, since AT comes out to be positive, the tendency for

.the reaction would be not to teke place in the directiun gilven,

but would possibly go in the reverse direction. It means that
Ag may not react with liguid hydrogen sulfide at 25°C. This
1s contrary to GQuan's (6) observation of a positive reaction
of liquid hydrogen sulfide on Ag.

Slmilar conslderations hold in the reaction of liguid hy-
drogen sulflde on metallic oxides. To illustrate, for ithe re-
action

HeS(1) + PDO(s) = Pbs(s8) + Ho0{1)

17. Hudleston. Chemical Affinity, p.l130. Longmans Green and
~ Co. Ltd., New York (1928).



-t

11F°298 = =15200 -56560 ~(-6034 ~ 45050) = ~-20676 cal.
and for the reaction

HeS(1) + AggO(8) = AgeS(s) + HpO(1)

AFOpoq = 2290 ~56560 -(-6034 -2395) = -50421 cal.
Since in both these reactions AF 1is negative, the reactions
tnke plsce in the direction given. It means that PbO and Age0
react with liquid hydrogen sulfide at 25°C. The reaction in
the case of PbO was confirmed by experiment as shown later on.
e did not try the reaction with AggQ.

From the above four illustrations, 1t will be easily
seen that -~ AF in the reactions of liquid hydrogen sulfide on
oxXides ig far greater in magnitude compared to ~AF for the
reactions of llquild hydrogen sulfide on metals. In other
worde, liquid hydrogen sulfide reacts very readlly on oxides
to give sulfides and water, while it reacts rather very slow-
- ly, if at 211, on metels to give hydrosulfides or sulfides
and hydrogen gas. Thls general conclusion confirms pretty
well the cxperimental observatlions for the reactions of liquid

hydrogen sulfide on metals and oxides.
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III. REACTIONS OF LICUID HYDROGEN SULPIDE
ON METALS

Experimental Part

Materlals:

All the metals used here were obtained mostly from the
gtoek in the store-room. Thelr sources and make are indicated
as follows:

Baker Chemical Co.: Fe (stendord wire), Fo (vurificd by

aleohol), and Al (powder).

Herek: XK.

Kahlbzum: Cs and 31.

Baker's Analyzed: 2Zn (granular) and Sn (granular).

Tilkine Anderson Co.: Al (granular).

Eallinckrodt Chemical Vorks: BL.

Sargent Co.: Cr and lio (powder).

Ludlum Steel Co. (iew York): V.

Dr, H. Gilman: Sr and Ba.

Mr, G. &. Iricn: M¥n, Ni, Co, Pt, €4, I {(crystals), 71,

Ta, U, Yo (wire), ¥V and Be.

No specification: Pb (granular), Ca, g (ribbon), and
AL (turnings).
The only speclal care taken regarding thece nmetals ex-
cepting a few like X, Cs, Ca, Ir and Be, was to keep off
molsture irom their surface by keeping them all the time over

concentrated Ha04 in a desleccator,
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General Procedure:

A1l the resctions of the metals were carried out in the
Franklin type or the Y shaped reaction tube made of speclally
thick lime-magnesla glass tubing.

The reaction tubes were cleaned by means of chromie acid
solution and drled by sglechol and ether. The ether vapors in
the tubes were finally removed by air dried over con., HpSO,
or Ps0g.

About 2«3 cc. of liquid hydrogen sulfide from the stor-
age tube were transferred, wilth all the necegpary care and
precaeutions, to one arm of the clean and dry reaction tube,
vhich was previously kept in the cooling bath (=77°C.) of
ether and solid COp. Then a few drops of liquid hydrogen
sulfide were allowed to go Into and evaporate in the other
arm of the tube, so that in the tube there was nothing else
but liguid hydrogen sulfide in contact with its vapor.

A sample, about half to one gram, of the required metal
wes, whenever possible, burnlshed with a fine send paper, or
seraped with o steel knife to remove any oxidized film from
the surface of the metal; wiped rapldly with a piece of cheese
cloth or filter peper, as the case may be, to rcmove any for-
eign adhering.particles from the surface of thc metal. Then
a8 quickly ag possible thie was put into the liquid hydrogen
gulfide in the reaction tube tept at -779C. If the sample
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was a powder, it was put into the reaction tube without any
treatment as glven above.

At =77°C, observations were taken on the sample in the
reaction tube with respect to any noticeable change occurring
therein, namely, change of color, evolution of gas, formatlon
of 2 new solid etc., for from a half hour to three hours, be- ;
fore the tube was very carefully sealed, annealed, and kept
aside in a speclal box for further observations at room tem-
perature over a considerably long period of time (about two
years) even though the reactlon might have been completed
long before.

When the reaction tube came to room temperature next day,
observations were taken dally in the beginning, then weekly
and afterwards monthly, depending upon the probable course of
the reactlon as indlicated by the outside observations, Very
great care and precaution have to be observed in handling these
reaction tubes at the room temperature, as they develop about
20 atmospheres pressure inside which is likely to lead to =
serious accident any time, if unheeded. The best way is to
handle these tubes behind a thick glass screen, wlth tongs
held in hand with strong leather gloves and one's eyes pro-
tected with goggles. Any possible change, as indicated be-
fore, occurring in the tube 1s noticed. Vhen no more change
of any kind could be noticed, the resction was thought to

have come to equilibrium, and hence, was completed under the
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given conditions. After this the tube could be opened any
time and the products of the reaction further exemined. How-
ever, without opening the tube, the other arm of the tube was
used to test whether any of the substances taking part in the
rcaction in the tube were soluble in the solvent liquid hy-
drogen sulfide. Thls 1s done as follows:

Transfer all of the liquid without any of the solid to
one arm of the tube., Let the other arm with solld be at some
little lower temperature than the one with licuid. The sol-
vent will distill over to the cooler arm. If anything, solid
or liquid, be left behind, it shows that something soluble 1in
the solvent has been found there. ¥%hat that 1ls, has to be
correctly deternined by its chemical tests later on when the
tube 1s opened,

“hen the reaction is completed, the tube is cooled to
—7%00. and opened., All solid is transferred to onc arm and
21l liquld to other arm which was kept in the cooling bath,
and the excess liquld hydrogen sulfide is slowly allowed to
evaporate as the cooling bath comes to room temperature to
prevent the losg of liquid and hence of the solute by spurt-
ing,

Now some chemical tests are made on both the solid and
the solute to determine the nature of the products.

In the resctions of metals, there was no solute left af-

ter the evaporation of the solvent. So, chemical tests were
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run only on the solid to determine any poslitlve indlcation

of the presence of a sulfide. The usual method was to test
the presence of gaseous hydrogen sulfilde, by the blackening
of lead acetate paper, which was evolved from the solid by

the additlon of some suitable acld; sometimes profuse sul~
fur separated on the addlition of oxidlzing =zcid; and in some
cases the alkall solution of the solid turned lead acetate
paper black. One of these methods was employed to show the
presence or absence of chemlcally combined sulfur in the sol-
id product. Whenever any positive test for combined sulfur
wad obtalned, 1t wag concluded that the metal under consider-
ation had reacted with liquid hydrogen sulfide to glve corre-
sponding hydrosulfide, sulfide or polysulfide as the case
might be. The particular composition and character of the
product formed was not determined except in the case of potas-
Sium.,

Observations:

Only reactions of a few metals, like potessium and caes-
lum, Which reacted rather rapidly with liquid hydrogen sul-
fide at -77°C. and which therefore could not be sealed in re-
action tubes to observe the reaction over & longer period of
time, will be deseribed quite fully at first, and then will
follow a summarized account of other reactions wvhich took
place at some higher temperature varying between -77°C. to

room temperaturc. and under pressure varyilng between 1 to 20
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atmoespheres, usually the higher in both ceses.

Potaosgiums At -779C., as soon as potassium came in con-
tact with liquid hydrogen sulflde, it began to react giving
off 2 slow but continuous stream of gmall gas bubbles and
covering the surface of the metal with a white Incrustation
in a few minutes, The reactlon thus continued even for 12
hours and the gas bubbles were still coming off, but quite
slowly, as the incrustation had increased in thickness con-
siderably, The metal with inerustation appeared llke a swol-
len mass. Vhen the reactlon tube was exposed to room tempera-
ture, even for o short time, the reaction increcsed in inten-
glty considerably.

After sbout 12 hours the solvent was slowly eveporated
without leaving any residue behind, showing that nelther me-
tallie votassiur nor the white product of the reaction was
soluble in liquid hydrogen sulfide,

The white incrustation was scraped off very carefully
from the surface of metallic potassium by means of a steel
nife without removing eny metallic narticles as far as pos-
sible. The whlte scales were hygroscopic and would turn
olightly yel;ov after some exposure to atmospheric conditions.
A lead acetote poper was affected by vepors in the nelighbor-
hood of these scales, by vapors from their agueouad solution
and by gas evolved on the additlon of dilute HCL when sonme

elementory sulfur was also set free, These reactions polnt
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to the formation of some sulfide of potassium as one of the
reaction products.

On snalyzing the white scales, 0.03143 gm. of sulfur and
0.03505 gm. of potassium were obtained from the same sample.
So, the atomlc ratio of potassium to sulfur in the sample was
found to be(938?8%59/(9%%?%%§) = 0,914. The theoretical atom-
ic ratio of K to S in KgS and KSH is 2.0 and 1.0 respectively.
Thercfore the potassium sulfide formed during the reaction
has the formula of KSH.

Cacgium: A very vigorous reaction occurred ag soon as
caesium came in contact with liquid hydrogen sulfide at -77%c.
Gzs bubbles were given off very rapidly, and a white solld of
nuch larger volume than that of the metal was Tormed, which
changed to yellow color in about two hours while still in the
cooling bath.

None of the products were soluble in the solvent. The
yellow solid gave 211 the indications, as in the case of po-
tassium, of belng a caeslum sulfide.

In the following table No. I, the first column gives the
name of a metal under econsideratlon, the second c¢olumn gives
the probable time (in days) for completion of the reaction at
roon temperatﬁre, even though the observotions continued for
a congiderably longer time, extending to about two yecrs, and
the third column contains the specific observations, namely,

changes occurring in the physical appearance, particularly



raer st

DD

the color of the solid, evolutlion of any gns like Hp, and
naturé of a pogitive test for chemlecally combined sulfur,
usually the evolution of ﬁas turning lead acetabe paper
blzek. Inclusion of a positive test for hydrogen sulfide
means that the metal has reacted with liguld hydrogen sulfide
to form at least one of its sulfides under the laboratory con~
ditlons.

It should be also noted that in the following coses, there
was no evidence of any reaction teking place at -779C., that
none of the products of reaction that took place at room tem-
perature were soluble in the solvent, and that no evolution of

any gas could be noticel except in the case of barium.

Discussion

It has alreeady been stated that the frece energy change
in the reactions of liquid hydrogen sulflide on metal was ugs-
ually very small, and hence the speed of the recctions, vhen-
ever they occurred, would be rather slow, and thelr intenéiﬁy
would be correspondingly low. This prediction was quite con-
firmed by the date presented above, from which we could easi-
ly see that the reactlons were necessarily very, very slow
vhen compsred to the corresponding reactlons in agueous medium.
For instance, the reaction of X with HzO is so extremely vio-
lent and explosive that hydrogen set free catches fire. But
in the reaction of K with liquid hydrogen sulfide we can see

the slow evolution of gas for hours. One of thc reasons for



Reactions of Liguid Hydromgen Sulfide on lietals

:Tine of : Observatlong at room temperature
Hetal :reactlon: and

: (days) remarks
Calcium : 15 :Graylsh white layer and powder.

: : HC1(81l.) —0y HaS (vegy strong)
Strontium : 15 ;Disintegrates to gray powder.

: + HCL(A1il.) —— HaS {(very strong)
Barium ; 15 :Yellowish gray vnowder. Some gas evolved.

: :  HC1(41il.) — HaS (very strong)
Beryllium :indefi- :Surface probably little dull.

inite : HC1L(Adil,) —— HaS (£airly strong)
Hagnesium ; 150 :Faint yellowlish tinge on surface and vhite
(erystal) spowder. HC1(dil,) — Had (foirly strong)
Zine : Q0 :Whitish layer stickling to glass.
(granular): : HC1(ail.) —— HsS (fairly strong)
cadmium : 90 :Yellowish tinge on surface.

: : HCl(con.) —s HaS (gtrong)
Aluninun ;Lndefl- ‘Mo change in color,
{granular)nite : HC1(dil.) . HaS (vieak)
Thallum ;indefi- ;Bluish black surface.

inite : HpS0,(d1l1.) — HaS (sirong)
Silicon ; - ;No reaction.

: :Yellowish layer sticking 4o zZloss.
Tin : 150 :50l1id dark browvn or bls chish
{(gmranular): t+ HCl(econ.) —= HoS (strong)
Lead sindefi~ :No change in color.
(granular) :inite :  _MHMOa(econ.) — free & (nrofuge)
Vanadium ¢ 60 :Black powder.

HoS04(con,) —* free 3.
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TABLE I.

(eontinued)
sTime of ¢ Obsewvations at room tomperature
Yetal sreactlion: and
: {days) : remark
Tantalum @ - tlo rezncilon
Bismuth H 20 :Black surface.
: : ICl(eon.) —— H,5 (wealk)
Chromium - :No reaction.
Molybdenum: 300  :Disintegrated to gray or black powder.
( s » . w Tr( e ) — T’b(r" ) anerr glichtl
wire) : : KOH{con.) ——» Pb(rc), paper slightly
s :  black,
Tungsten :indelfi- :llo change in appearance.
{wire) :nite :_KOH(con.) - Pb(4c)a poper black.
Uraniun sindefi~ :No change in color.
:nite : HCl{con.) — HoS (wealk
: Variety of colors but plack or brown
Hengonese @ 500 ¢ predoninating.
(erystnls): s HC1(dil.) — HoS (strong)
Iron : 10 :Blackened, but wire not digintegrated.
: s HCl(ail.) — HaS (strong)
Cobalt sindefi- :No chanze ln apnearance,
irite : HCl(con,) — HpS (weak)
Hlckel : - :No rcactlon.
Platinua - Mo reaction.
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this difference in the speeds of the two simllar reactions
is that the solid (KOH) formed during the reaction is soluble
in the solvent in one case and thus ever exposing a fresh
surface of the metal to the medium for further reaction,
while in the other case, the solid (KSH) formed, being ingol-
uble in the solvent, forms a kind of hard incrustatlion on the
surface of the rescting metal, and so, prevents a fresh sur-
face of the metal from coming in contact with the reacting
medium.

Since the product of the reaction with X is KSH, the
mechanicm of the reaction may be represented by the equation

2K(s) + 2HgS(1) = 2KSH(s8) + He(g)
wvhich is similar to theléﬂémiaéi édﬁéﬂioh:for the reaction of
¥ with HgpO BRI

OK + DHgO = 2KOH 4 Hy.
So, the gas given off during the reaction of K with ligquid
hydrogen sulfide was hydrogen. Ve did not, however, chemical-
ly confirm the presence of hydrogen.

Now to compare the reactivity of the metals in the sane
family of elements, let us consider the reactions of NWa, K,
and Cs. Quam (6) reported that Na reacted rather slovly. e
saw above that K reacted fairly rapidly with some evolution
of gas, and that Cs reacted vigorously with rapid evolution

of gas, Also, the swelling of the solid product of reaction
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was much more 1n the case of Cs than wilth K and Na. The
change in the color of the solid product was more pronounced
with Cs in a shorter time than in the case of K and Na.

A simlilar gradation in the reactivity will be found in
the alkaline earth triad, Ca, 5r and Ba. Here the color of
the solid product changes from grayish white in the case of
Ca to yellowish gray with Ba. The solid product disinte-
srates to powder more rapidly as we go dovn from Ca to Ba.
Some evolution of gas could be clearly observed in the reac-
tion with Ba, but not so in the case of Ca and Sr.

Similar conslderations regarding a gradation in the re-
activity of elements in a famlly hold good in the case of any
group in the periodic table arrangement of elements, Thus,
we see that the reactivity of an element increzses with the
increase in atomlc welght of an element in the same group.
This 1s quite in agreement wlth the most general statement
that the properties of the elements are a periodic function
of the atomic weights,

Now, there 1s no doubt that evolution of hydrogen sul-
fide and separation of sulfur from a substance when treated
with a proper chemlical reagent ls a posltive egign which shows
the presence of 2 sulfide in the substance. There the evolu-~
tion of hydrogen sulfide gas was pronounced, undoubtedly some
reaction had taken place there. But when the indicatlon for

hydrogen sulfide gas was rather wesk, as in the case of Al, Bi,
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U and Co, a question might be ralsed as to whether any reac-

tion had really taken nlace in these cases. Fournler and Lang

(13) found that Fe, Cu and Al were not affected by liquid hy-

drogen sulfide., It is Just possible that the coating of oxide

which Al 30 readlly forms on its surface wag responsible for
the reaction mentloned here, But we can not explalin the re-
actlons of Bi, U and Co by a simllar assunption. The most
probable thing seems to be that these reactions must be tak-
Ing place only with imperceptible intensity. Noreover,
Fournier and Lang's (13) observatlons have beén contradicted
by the work of Skilling (1) who reported a vigorous reaction
with Fe wire, and of Quam (6) who found o positive reaction
with Cu, and by the present investigatlon. It may be that
Fournier and Lang observed thelr reactions with some other
point in wview., The main point in this investigation was to
find eny indication of a positlive reaction of a metal with
liquid hydrogen sulfide.

30, taking into consideration Juan's (38) work and the
data presented above, it will be easlly observed, in con-
clusion, that a surprisingly larger number of metals react
with liquid hydrogen sulfide than that ordinarily expected,
and that the reactlon products are insoluble in the solvent.,
30, in general, 1t may be sald that liquld hydrogen sulfide
is a very good reacting medium at least for metals at room

temperature and under a pressure of about 20 atmospheres.
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IV, TENTATIVE VALUE FOR THE SINGL: ELECTRODE
POTENTIAL OF SOME METALS IN THE SATURATED SOLUTION
OF THEIR CHLORIDES IN LIQUID HYDROGLEN SULIIDE

Experimental Part

linterials:

The sources of materials used are indicated as follows:

r, C. E. Irion, formerly a techniclan in the depart-
ment, supplied in a most suitable form the wires or rods of
Al, Zn, Sn and Sb in the purest form aveileble on the market.
They were always kept over concentrated HgS0, in 2 desiceator
to keep them dry.

Merck: MNethyl aleohol, C.P. (free from acetone), and
S5bClg, C.F. crystals.

Dr. J. A. Vilkinson: AlCls; and SnCl,.

No specification: 2ZnClg, calomel, KCl (twicg recrystal-
lized) and mercury (double distilled).

General Procedure:

A normal calomel electrode was prepared in the usual nan-
ner with 211l the necessary precautions, and its &,17.F. was ag-
sumed to be ~0,28 volt. All the single potentials glven be-
low are calculated on this value of the normal electrode as a
basls., An aqueous solution saturated with XCl, and a methyl
alcohol solution saturated with XCl were prepared; and both
of these saturated solutions were always in contect with ex-

cess of solid KCl to insure the saturation, and were pre-
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gerved a8 stock solutions.

The vessel to hold the metal electrode was of H shaped
type, made of two small test tubes connected together near
the bottom by a small glass tube which served to prevent 4if-
fusion of liquids from one arm to the other.

On the day when the E.I.F, measurements were to be taken,
a saturated solution of the metallic chloride in liquid hy-
drogen sulfide at -77°C. was made in the above previously
cleaned and dried H shaped electrode tube, by adding excess
of the chloride, until by raising the temperature of the sol-
vent and cooling it again, some of the solute was preclpitated
from the solution.

The required metal wire or rod was scraped with o steel
knife or burnished with a fine sand paper, wiped with a plece
of cheese cloth or filter paper to remove foreign particles
from the surface of the electrode, and then dipped into a so-
lution in the arm of the electrode vessel through a small
glaass tubing.

The bridge connection between the two half cells was
nede by a methyl alcohol saturated solutlon of KC1 filled in
s long but narrow zrmed U tube wlth stopcock in the middle.

The genefal arrangement of the cell measured was as fol-
lows: The metal dipped into solution in one arm of the elec-
trode vessel at -77°C. and into solution in the other arm was

dipred one end of the connecting bridge whose other end
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was dipping into a saturated aqueous solutlion of KCl in a
small besker in which also was dlpping the tip end of 1N cal-
omel electrode. The skeleton of the cell looked like thils:

- tmetal chloride:methyl alcohol:KCl :1N calomel
ietal, (gat, 1iq.HaS): (sat.KC1) :(sat.sol.):electrode

The electromotive foreces of the above c¢ombinatlons were
measured, wlth all the due care end precaution, by means of
the compensation method of Pogrendorf, using Leeds and North-
myp standard student potentlometer and D'Arsonval wall type
galvanometer, In cases where the solutions offered very high
resistance and so in consequence, were very poor conductors
of electricity, o great degree of accuracy was not obtained,
Two dry cells of 1.5 volis each were used as a source of elec-
tric current. A Veston element or cedmium standard cell, hav-
ing an E.II.I', of 1.0i89 volt was used to standardize the po-
tentiometric set. The E.L.F. readings and corresponding time
were recorded.

The L.l.F. measured values d1d not stay very constant,
neither were they very reproduceable, although they were al-
ways of the same magnitude. It was thought that methyl alco-
hol gotten into the chloride solution might be the cause of
these varying E.N.F, values. To determine the effect of
methyl alcohol saturated with KCl on the E.l.F. neasurements,
a definite amount of 1t was added to the chloride solutlion in
liquid hydrogen sulfide in one arm of the electrode vessel

and the solutions well mixed, Then the electrode vegsel was
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set in its proper place in the cell arrangement, and the cor-
responding E.li.F., was read., Knowing thc volume of methyl al-
cohol added, and the volume of the original chloride solution
in the electrodec vessel, and assuming that the volume of the
mixture wasg equal to the total volume of the two llquids, the
pereenta@é of alcohol by volume in the mixture was calculated.
As the fleld around an electrode 1s made more uniform by
rotation or stirring, the metal electrode was rotated by hand
for a2 short time and then E.M.F. reading taken and the corre-
sponding time noted.

Obgervations:

The first greet difficulty to be noticed in the problem
was to get & sultable liquid for bridge connectlons between
liquid hydrogen sulfide solution at ~77°C. and agueous solu-
tlon at room temperature. Such o ligquid must satisfy the fol-
lowing conditions:

(a) It must stey in liquid conditlon over a wide range
of temperature, from about -1C0°C. to 50°C.

(b) It must be soluble and non-reactive in both liguid
hydrozen sulfide =nd water.

(e¢) It must be a fairly good conductor of electricity.

(d) It should dissolve XCl to a certaln extent.

Because of the polvent power of lliquid hydrogen sulfide,
the cholce of such a liquld was confined to o few organic

ligquids, After some experimentation, methyl alcohol saturat-
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ed with 01 was selected as a suitable liguid for the bridge
connecctions, as it gave ithe most sensitive values for E.l.T.
under a given et of conditions vwhen coumpared to other organ-
ic liquids. like ethyl alcohol and acetone.

The Tollowling Z...I'. values are for the vhole cell, as
set up above, in which a particular metal is in contact with
& saturated colution of 1its chloride as Indicated. In the
tebles for cells with or without alcohol, the coluun marked: ,

Cell lio. indicates the number of the particular cell In ;

the experinment.

7 alcoliol " he percentage of methyl aleohol sat~

(volume)

ursted with XC1l in the whole mixture

by volume in the electrode vessel,

BolleT " the Tirst Z.X.F. neasurenent on the :
(starting) |
cell as asgembled. ;

f

¢

Bl Fo " the final or maximum &.lL..F. reading :

(£inal)
in the experiment.

Tize interval the time in minutes from the firsi :
reading to the final reading in the :
ezxperiment,

Remarks " he nature of L.i'.¥. readings; and

any other secondary observation speclal-
ly noticed during the exzxperiment.
Thne sign + before the L.L.F, reading shows that the val-

ue wag teken when the nercury in the
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calomel cell was connected to the +
pole on the potentiometer cirecuit.
The slgn -~ before the L.I.F., reading
shows that the value was taken when
the mercury in the calomel cell was
connected to the - pole on the po~

tentiometer cirecuit.

Treatment of Results and Discussion

It will be noticed, from measurements taken at time 1in-
tervals varying from 15 minutes to over two hours, that the
general tendency 1s for the potential eilther to decrease or
increase steadily. Vhen the starting E.I.F. was lower than
the would be maximum, 1t generally increased to the maximum
and then decreased afterwords. But if the starting EJLTF. was
about the maximum, then it decreased later on. These vari-
ations may be due to many unknown causes, but the following
two appear to be more probable, namely, (a) the possibility
of o chemicel reaction between the metal and the solvent, and
(b) a chemical reaction between the solute and the solvent in
the presence of a third solvent, like methyl aleohol from the
bridge comnectlon., In considering these causes, we wlll take
into account the behavior of Sb 1in SbCls cell.

(2) If 2 chemical reactlon takes place between Sb and
liquid hydrogen sulfide, a sulflde film will be formed on Sb

electrode, as antimony sulfide is insoluble in the solvent,
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E.M I, of Cell With Al in AlCls Without Alcohol

i

|
i
i

No.
(cell)

—

EH, .
{start-
ing)

o
o

al)

E.K,F, :Time
(fin~ :inter-

wval

:(min. )

Remarks

“'Og 115

\O

Not very sensitive; even on ro-~
tatlon decreased later on.

"Oo 160

“‘Oo 205

n
(o)}

e |20 ax 22 29 85 as jed o8 o3 uP e

sInereasing all time. DRotatlon
thas no effect. Some white col-~
:loidal nrecipitate formed in the
:tarm in which bridge was intro-
:duced.

"'On 210
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tDeereasing all times rotation has
:tno effect, The bridge from No.2
:was used. No white precipitate
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5 -0,255: : Do. Do. Do.
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TABLE IIT.

B.ll.I'e Of Cell With Sb in SbCls Without flcohol

Number:&, W, F.
(cell):(start-

E.M.F. :Time

(fin- :inter-

Remarks

: ing) : al) :val @
: : s(min.):
: : : : JAs soon a8 bridge was
1 : -0,178:-0.252: 50 :Rest Yintroduced in the arm,
: +~0.272: 55 :Rotation)yellow precipitate was
: :=0,265: 60 :Rest Yformed. Finally L.M.T.
: : : tremained constant, but with dif-
: : : sferent values for rotation % rest.
2 ¢ ~0,145:-0,176: 6 :Do. Do. Do,
: :=-0,235: 83 :
: :~0.,232: 92
3 : =0.,164:-0,234: 41 :Contlnuocusly increasing; rotation
: : : thas no effect. Yellow precipitate
: H : :formed in the arm in vhich bridge
: : : twas introduced.
4 : =0,266:-0,257: 6 :Rest YEM,F. constant but with
: :~0, 2653 7 :Rotation)different values for ro-
: s : station and rest. DBridge from Ho.
: : : ¢3 was used. No yellow precipi-
: : : ttate formed in the amm.




L.i.F, of Cell With Sn in SnCl, VWithout Alcohol

Number:E.M.F. :E.U.F.:Time

»

» -

Remarks

(cell) s(start-:(fin~ sinter-:

ot ing) s oal) sval @
: : t(min.)s

1 : -0.025:-0.035: 7T :Steadlly decreased in splte of
: : : srotation; not very sensitive;
: : H t1little yellow ppt. was formed
: : : tin the arm in which the bridge
: : : :was introduced.,

2 ; -0.030;—0.035;in- ;E.M.F. constant oﬁer 20 minutes.
: : tstant~-:Bridge from No.l was used. Very
: : 1y :8light indication of very faint
: : : syellow ppt. in arm in which the
: : : tbridge was introduced.
EJ,F, of Cell Vith Zn In ZnCl. ¥Without Alcohol

1 40,5 to;+0.6'&£ 13 :Not semsitive at all; rotation
40,6 0.7 3 thag no effect.

2 ;+O.6 ;+O.7 : 10 ;Do. Do. Do.

i




E . ', of Cell Viith Al in AlCla With Alcohol
Cell :Alcohol EJM.F, Remarks
Number: (volume) : (starting)
3 @) -0,210 E.M.F, decreasing. No white ppt.

1,04

+0,050

constant. Vhite ppt. formed.

3.06

+0.51C

increasing.

white ppt. dis-
solved.

6.87

+0.,620

increasing.,

13.18

+0.565

Do.

-Oo 260

decreasing.

No white ppt.

1,05 : +0.,360 :E.M.F. constont. Thite pph.

3 L:omo o . Ti.. . -
3,10 +0.560 :L.H,F. increasing. %hite ppgolgég.
6.94 +0.515 :LE.M.F. increasing.

+0,595

Do.

"'O. 255

=

. F.

decreasing.

Ho white ppt.

0.97

+0,110

A ]
E.J.-‘.‘.ﬁ -

decrecginzs

Thite ppt.
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28.82
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TABLKE VI,

LJLP, of Cell With Zn in ZnClg Vith Alcohol
: 7 T -
Cell :Alcohol E. M. P, Remarks

Number

: (volume)

(starting)

o

+0.,60 to Not sensitive.

C.86

+0, 70

40,70 Little more sensitive. T.l.F. dec{eas-

ng.

1.64

+0,T71 Do.

4,19

s jon od sa s 20 wp ine 30 o0 jao on o

+0,751 :Appreciably censitive. LE,lL.T. decreas-

TeT

+0,715 Do.

15.91

o9 oa Jew 29 ap e a0

+0,720 Do.

AW (0e 40 40 (08 58 an jOeV 40 D (00 60 A4S {2V 29 2 {68 E se (53 0 9y

+0,70 Not sensitive.

0.94

+0,73 Little more sensitive. E.¥V.FF, decreas-
ing

.

1.96

+Oo73 Do.

484

+0,770 :Appreclably sensitive. E,IM.F, decreas-

ing.

8.86

&8 pu joe 29 a0 (e® xO °o» 4000 eh ien oo

+0,730 Do,
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TABLE VIIL.
With Sn in SnCl, “ith Alcohol

e

Cell: A : E.M.F. Remarks

num-:Aleohol :(starting):

ber :(volume): :

2 ; 0 : -0.035 ;Not sensitive but constant. Very faint
: : tyellowish ppt.
; 1,69 ; +0, 205 ;E.E.F. decreasing. Little yellowish ppt.
; 3.61 ; +0,5C0 ;E.M.F. decreasing. Yel.ppt. Lncreasing.
. 7.9k i #0.520 1 Do.
; 16,19 : +0.525 :E.K.F, increasing. Reddish browm ppt.
: 27.4 i +#0.525 : Do.
EJTF. of Cell With Sb in SbCl, With Alcohol

4 ; 0 ; -0,266 :Constant with rotation. Yellow pnt.
;some al-; ~-0.090 ;E.E.F. increasing. Fro fuse yellow ppt.
:cohel : :
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and consequently as the surface condition of the electrode
is changed, the corresponding L.l.F. will vary from time to
time. If this adhering sulfide film be removed from the sur-
face by rotating the electrode vigorously for some time, the
surface could be restored to almost the original condition,
and go the E.I.F. should also go back pretty near to the
original value. But it was found that though rotation of
the electrode showed some corresponding change in E,U.F., it
did not affect the general tendency of the E.l.I. which night
be either to increase or to decrease. ft was possible that
rotation did not altogether shake off all the film from the
electrode and so, the electrode never came back to the orig-
inal position, and so also the corresponding E.li.F, However,
at the end of the experiment, when the electrode was taken
out from the cell, and inspected for a sulfide layer on its
surface, no film could be found. So, the possibility of a
chemical reaction between metal and solvent is rather re-
rnote, but not impossible. As GQuan (6) says that Sb reacts
with liculd hydrogen sulfide at room temperatures, it may
probably react at -770C. even though imperceptibly.

Considering (b), it was clearly observed that as soon
as the bridge liquid, methyl alcohol saturated with KC1,
came 1n contact wilth the solution 1n the electrode vessel,
a profuse yellow precipitate of antimony sulfide was formed.

This precipitation changed the concentration of Sb in the
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solution, and conscquently thore woas a correspondlng change
in the B.1.F, It was also found that if a bridge from one
cell be used without changlag its contents 1n other cell,
the starting E.X.F., of the latter cell had almost the maxi-~
mum value. e liguid diffused from or to this bridse in the
gecond cell, and so there Wwas no change 1n concentration in
the electrode vesszel, and hence the ctarting Z.il.F. was nax-
Imum and constont at least for some time. This clearly
shows that the liouid diffusing from the bridge caused a
chemical reactlon to take wnlace between soluﬁe and solvent
which were lnert otherwise, and hence, was o decided faector
to cauge variations in the potential measurements. So, the
effect of oddition of aleohol to the electrode solution wes
studied.

It will be found thet the addition of alcohol affected
the E,1.F. values of the cells conslderably bothh in nature,
nagnitude and sensitiveness. 3See Tables V-VIII. All cells
inereased thelr L,1,I,, the greatest increase being in the
case of Al, AlCly cell and the least belng with Zn, ZnCly
cell, All cells except Zn, ZnCly cell changed the sign of
B.i¥,F. from ~-.to +. In every casc the LE.IL.F. after reach-
ing a maximun decreased very slowly or fluctuated between
certain limits.

ne L.lLF. voalues gotien with the addition of nethyl

alcohol are plotted as ordinate against the percentage vol-
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TABLE VIII.

EBffect of Alcohol on E.ILI.

Gell : No. : BuluF. ¢ E.iF. % Alcohol : E.ILF,
: s(atarting) : {maxinum) @ ¢{ increase)
Al, A1Clg = 3 & -0.210 : 40,510 :  3.06 : 0.73
: : : +0,620 : 6.87 0.83
: L o+ -0.260 : +0.560 :  3.10 : 0.82
: : : +0,515 6.94 ¢ 0.76
s 5 i -0.255 : +0.520 : 3,61 :  0.77
H : : +0.520 T.15 ¢ C.T7
Sm, OnCly ¢ 2 ¢ =0.035 + +0.500 :  3.61 : 0.53
: : s +0,520 T« 0.54
Ob, SbCly + & : -0.266 : =C.090 : some : 0.17
: : : : alcohol @
Zn, 7001y ¢ 1 ¢ #0.70 : +0.710 : 1.6+ : 0.01
: : t 40,751 4,19 + 0,05
: 2t $0.70 : #0.730 : - 1,96 : 0.C3
: : s +0.,770 ¢ 4,84 ¢ 0.07

*

The last column in Teble VIII gives the difference between
the maXinun and the starting &.2.TF. in each case, This dif-
ference ls the. increase in E.I.F. over the starting F.N.T,., of
the cell,
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ue of methyl alecohol as abscissa to find eny relatlon be-
tween the two. See Tablesg V-VII and Figures 2-4, The

curve shows that the maximum E.E. 'y in sach cose was reached

very rapidly, and it occurred somewhere between 2 to 6% methyl

alcohol.

If the curve be extrapolated back to zero percentage of
alcohol to get the E.I.F. of the pure solution, it would give
very different values for the same cell from curve to curve.
But the extrapolated value for the mean curve falls pretty
close to the L,i,F. at the start of each cell. Do, the ex~
trapolated values for the E.l:IF's of the cell were not con-
sidered, but more reliance was placed on the starting E,I.TF.
or the maximum L.:.F. of the cell,

The average value of E.K.F., for each cell as assembled
without alcohol 1ls taken as the mean of the maximum values
of T.,il,F. in each experiment for that cell: The maximum vol-
ue of E,ILF, in each experiment is taken ag the true E.L.T.
value for that cell because it stayed constont for some time,
and because it anproached almost the same value for the same
cell for nost of the time.s Thus the average value of L,ILT,
for each cell.is given in Table IX.

The L.ILF, of the cells given above has been based on
the assumption that the liguid potentlals at the contact of
various liquid junctions are pretty nearly negligible. If

in agueous solutions the magnitude of liquid potentials is
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of the order of a few millivolts and very rarely a few hun-
dredths of a volt, then the liquid potentials in a for less
ionizing solvent like liquid hydrogen sulfide than water
would be, most probably, still far legs appreciable. So,
they might be well neglected wlthout affecting the results
in the present investigetion.

The single electrode potentials of metals are calcu~-
lated Tron the formula,

Bloeirt) = E(electrode) ~ E(calomel)
If normal calomel electrode be taken as zero, then E.¥M.F. of

the cell corresponds to the single electrode potential. This

is given in the second column in Table X. If the &,IL,F,
(~0.28 volt.) of normal calomel electrode against the normal
hydrogen clectrode be substituted in the sbove formula, then
E(electrode) = F(celr) —©0-28
For instance, for Sb, spttt
E = -C.,25 ~-0,28 = -0.53
This E.lL,F. of the electrode corresponds to normal hydrogen
electrode as zero. These values are given in the third col-
unmn of Table X.

. The orde¥ of the single electrode potentials in a sat-
urated solution will be qulte different from the one of the
specific or normal electrode potentials which are rcpre-
sented by the usual electromotive force series of metals.

So, the single electrode potentlials obtained herc do not




PN X PN
TABLE X,

Single Electrode Potentlals of lletals in
the Saturated Solution of their Chlorides

;iectrode i Hormal ca;;mel ; Normal hydrogen
Eelectrode as zero Eelcctrode 28 zero

5b,8p° -0.25 ~0.53

ar,a -0, 2% ~0.52

Sn,en’ " -0,035 ~0,315

Zn,Zn%+ ; +0, 70 ; +0.42
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help us to arrange the metals to form o kind of clectro-
motive force series of metals in liculd hydrogen sulfide.
But they show decidedly that there is a neasursble voten-
tial difference between 2 metal end a solution of its salt
In liguid hydrogen culfilde.

It wvill be secn from the data and results nresented
that the [.1.T. wvalues are not very constrnt, ncither very
reproduccable ag thoy should be in o casc of electromotlive
force investlgetion. But telking into conslderatlon the non-
golvent vower of liguld hydrogen sulfide for inorganic salts,
its possible reactivity with the metal or metcllie salt or
both, and the very high resistance or very low conductivity
offered 1y its solutions, it 1z easy to understend why the
TP, 18 not constant, loreover the game causes such as

polarization, surface films, dissolved gases, secondary re-

[y

actions ete., that alfect the variation of . .7, of agueous
solutions may probably also affect in the same way the E.ILT.
of non-gqueous solutions. Therefore it is rather surprising
that the .00, 7. found in liquid hydrogen sulfide solutions
gshould be so nearly constant as it was under the glven con-

ditions.
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V. REACTIONS OF LIAUID HYDROGEN SULFIDE
ON OXIDES

Experimental Pari

Materials:

The oxides used here were obtalned mostly from the
Stock in the store-room. Their sources and make are indi-
cated as follows:

Baker Chemical Co.: FegOsz, €A0, CugC, Cul (fine povw-
der), CuO (wire), and NiO,

Merck: Ca0, SbgOs, FbO, NaOH, NiCgz, and BaOg.

Xahlbaum: TiOp.

Baker's Analyzed: Sn0, C0g0g, ¥MnO, PbCy, MnOg, Ba(OH),,

and KOH (alcohol purified).
%ilkins Anderson Co.: Zn0O, and Cry0s.
Jargent Co.t HgO, and 3bg0g.
Ore Products Corporation (Denver): VgOg.
Dr. J. B. Gulg: CrOs.
Dr, 4&. ¥W. Ralston: Ca0, AlgOs, end SiO,.

No specificatlon: g0, 5n0Og, PbaQ4, and BpCa.

All the above oxides excepting & few like NaOH, KOH and

BaOg, were Tirst dried in an electric oven at 110°C. for a

considerable time, and then were preserved dry by always keep-

ing them over concentrated HpS04 In 2 desiccator.
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General Procedure:

The method of attacking the problem was exactly the
same as degcribed before in the reactions of liquid hydrogen
sulfide on the metals.

Qbservations:

The obcervations on the reactlions of liquid hydrogen
sulfide on oxides are summarized in a tabular form in nmuch
the same way as in the case of metals. In Table XI, the
first column gives the formula of the oxide under consider-
ation, the second column contains the observations at -77°C.,
the third column shows the probable time for the completion
of the reoction, and the last column gives the observatlons
and a »nositive tegt for the presence of o sulfide in the re-
actlon product at room temperature.

It should be also noted that in the following table,
wherever any reactlon had taken place, there was left some
liquid but no solid residue after the evaporation of liquid
hydrogen sulfide. The evldence of some liquid, although
sometimes in tracegs, wae an indicatlon of formation of water
as z product of the resctlion; énd the absence of residue
showed that ne;ther the oxide nor the sulfide formed in the

reactlion were soluble in the solvent liguld hydrogen sulfide.




-53...

TABLE XI.

Reactiong of Liouid .S on Oxides

Oxide ;Obser— :Time of: Observations at room tenmperature
:vations:reactio: and
1at-77°C:(days) : remarks
; ; ;Solid unchanged, Liquid two layers -
KOH : - 3 :lower yellow and unpcr colorless.
: : sHC1 (dil.) —— HaS (very strong).
Cud : ? :Indef- :Black or rather blue colored.
: sinite :HNOs (econ.) — free 5.
Cug0d ¢ - : 5 :Black powder., HNOs (con.) ., free S.
: s :White ., gray s Tlesh colored.
Cal : - ¢ 10 :Decomposing to yellowlsh gray and HgS.
: : tHC1 (dil.) — HoS (very strong)
Ba(0H) 52 - ¢ 8 :Yellow mess. HCl (dil.) —— HaS (very
: : :strong)
BaOg :Flesh : 8 :Yellowish gray powder.
tcolor @ +HC1 (dil.) —es HoS (strong) + free S.
g0 :Y¥ellow-: 3 :Yellow powder.—— colorless {later on).
:ish : $HCL (811l,) — HoS (stronz).
Zn0 : - 1 8 :Gray. HC1 (dil.,) —> HgS (strong)
€4ao : - 2 tDeen yellow.
: : :HC1 (eon.) — HeS (very strong)
tYellow - :
Hg0 i— brown: 4  :Reddish black.
s black: ~sDiscolves In aqua regia.
BgOg : - tIndefi-:tApparently no change.
: :nite  :Ha0 —> HoS (gtrong)
AlpOs - 1 15 :Gray powder.
: : tHC1 (dil.) — HoS (fairlv strong)
TiOp sGray s 15 :Greenish, bluish, yellowish grzy, pre-
: : tdomninating. Reaction ?
tGelati-: :
810 :nous :Indef- :White powder. HCLl (dil.) — HgS(fairly
1mas8s :

s gtrong) Reactlion ?
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TABLE X1, |

(continued)

Oxide :Obser-~ :Time of:  Observations at room temperature 5
:vations:Reactin: and ;
12t~77%C:(days) : remarks ;
Sno H - s 15 :Pronounced ycllow color. !
: : +HC1 (con.) — HaS (strong) |
Sn0g  : -~ :+ 5 :Brown, reddish, yellowish brown. 5
1 : $HCY (con.) —— Hot (strong)
Pbo :dark : 3 :Black. HCl (con.) —s HpS (strong) }
hrovm 3 : '
: : : |
Pba0, ctbrowm ¢ 3 tBlack or blue gray. ;
: : $HC1 (con.) — HpS (strons) |
tZxplo- : : f
Pb0g sgion in: 2 :Black or blue grey. <
1gas phase; :HNOg ——y free S (profuse) !
1110 change : i
:in solild. : ;
Vg0 :black : 3  :Black. KOII — Pb(Ac), poper black. g
Obalg :yellow-; 8 :Yellow on exposure to orange, in air. f
:ish 2 $HC1 (cone) — HaS (strong? j
: : : |
Sbel0g tyellow ¢ 3  :Dark red or orange. !
: : tHC1 (con.) — HoS (strong) -
CI’QO:) H - H - H o i
CrOg : - ‘iindef- :Blackish powder. Agua rogic —3 free S.

: tinlse ¢
MnO :Black- @ 3 :Black or dark browm,

tened ¢ $HCL (dile) — HoS (strong)

H : : i
InOg H - ¢ 15 tPlesh color, brownish black.

: : sHCL (d1l.) — HaS (strong) and free S.




TABLE XI.

{continued)

Oxide :0Obser- :Time of: Observations at room temperature

tvatlions:Reaclim: and
1at~77°C: (days) : renarks

FegOs :black- : 2 :Black., H0g -y free 3.
sened : :

CogOg @ - sirdef- :Apparently no change in color.
: tinite  Acua regia ——» free o,

MNi0 : - 3 :Black. HCl (con.) —m—s HpS (falrly
: : :strong) '

NiOp  :dark 3 :Black. HC1l (con.) ——> HpS (strong)
sbrovm @ :
swhite ¢ :

HgO seryst- ¢ 15 :7hite crystalline hydrote.
talline : tLiquid two layers - lower HaS in HgO,
thydrate: supper H,0 in Hg5.




“56-

Disgcusgsion

From the data presented, 1t will be easily seen that
most of the oxldes excepting a few like TiOp, S5iOp and CrgOg,
have readily and definitely reacted with liquid hydrogen sul-
fide to form a corresponding sulfide. This rapidity and com-
pleteness of the reactlons was naturally expected as the free
energy change involved in the reaction of liquid hydrogen sul-
fide on an oxide to form a metallic sulfide and HgO was con-
paratively very great. Another cause of the speediness of
these reactions might possibly be that the water formed in
the reactions would discsolve some of the reacting substances,
liquid hrdrogen sulfide and oxide, to form more of sulfide

and water, as we know that aqueous solutions of hydrogen sul-

fide gas and oxide so react. The newly formed water would accel-

erate the reaction further in the same way, and éo the longer
the reaction goes, the faster it will go forward. Thus the
reaction may be autocatalytle in character. DBut a limiting
condition which stops the reaction going forward would soon
be reached as the sulfide formed in the reaction, being most-
ly quite insoluble in the solvent, coats the exposed surface
of the oxide particles with a rather hard insoluble inerust-
ation, which ih turn, as the action proceeds, prevents a
further contact between the reacting substances; and so the
recctlon will come to & state of rest or equililbrium, as it

were, after a time., Therefore in the above reactlons, nei-
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ther the oxide nor the metal did ever completely react,
usually the reaction coming to an end, when the reacting
substance was completely covered with an impervious coating
of the insoluble product of the reactlon.

There 18 the same gradation in reactivity of oxides of
elements in a family in the periodic table of elements, as
was secn in the case of metals., For instance, in the case
of Zn0, CAC and Hgl, Zn0 and C30 do not react at -77°C.,
wille HgO repidly reacts as shown by changes in color from
red —> yellow ...y brown ..y black. At room temperatures,

all react but the rapidity of reaction probably increases

from Zn0 to Hgl. So, the 1ntensity of the reaction increases

with the inecrease in molecular weight of normal oxides of
elements in a group family in the periodic arrangement of
elements.

© wlll also be observed that the hilgher oxldes of an
element arec more reactive than the normal ones, as Sbgls re-
acts more rapidly then Sbgls;, and that the peroxides react

vigorously compared to corresponding normal oxides, as BaOg

reacted even =-77°C. while Ba(OH), reacts only at room temper-

ature, A sinilar observation on peroxides is recorded by

Vanino and Hauser (18).

18. Vanino and Hauser. Ber., 33, 625 (1900).
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In conclusion, it may conveniently be said that a major-
ity of oxides react appreclably rapidly with liculd hydrogen

sulfide at =-77°9C., and much more so at room temperature.
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VI, GENERAL SUNUARY AND CONCLUSIONS

The foregoing pages contalin an account of the results

of the present investigation. It hes been showun:
(a) that, from the cxisgiting data ard gome nhecegssary as-
suniptions, the free energy of formation of liguid hydro-
gen sulfide wag caleulnted to be

Hg (g} + S{r) = Hps(1); AFOEQS = =5034 eal,

(b) thot, the precdictlon that the reactions of licuid
hydropen sulfide on oxides would be much faster than on
metels, fron the frec crnergy changes involved in the re-
Spective reactions was justified by the laboratory ex-
perimencs,
(c) that the majority of the metallic clements glowly re-
acted with liculd hydrogen sulfide at room temperature to
form a hydrosulfide or o sullfide.
() that some of the oxides rapldly reccted with liquid
hydrozen sulfide at -77°C., and moot of them at room tenm-
peravure, to form sulfides.
(e) that the peroxides reacted in o similer way to oxides,
but probably with more viger and with deposition of free
sulfur 1n additlon.
(f) that neither = metol nor an oxide nor o sulfide pro-
duct of thelr reesctions was soluble in the solvent liquid

hydrogen sulfide,.
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(g) that there was exhibilted e measurable BJLT, be-
tween a metal and e saturated solution of its chloride
in liquid hydrogen sulfide.
From the above obgervatlons, we may say, in concluslon,
that liquid hydrogen sulfide is a very good reactling medium
for inorgsnic substances, such as metals and oxides in par=-

ticular, and is very rarely 2 colvent for them and their re-

action products, such as hydrosulfides and sulfides.
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