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THE AMONIA, CAXBON, EYTROGEN CYANITE, HYDROGHEN EQUILIBRIWM,
AND THE FREE ENERGY OF HYDROGEN CYANIDE
By Richard M. Badger
Introduction

Probably the first synthesis of hyirogen cyanide was effected by Clouet!
by passing amuonia over wood charcoal at red heat. The reaction involved in
this experiment 1s:

NH3 + C{s) = HCN + Hp.

This reaction has subssgquently been gquantitatively studlied; and ite wse has
frequently been proposed for the commercial synthesis of hydrogen oyanide.
Thus Bergmmna found that even at 1100° the reaction was measurably slow, dut
that & considerable prororiion of ammonia decomposad into nitrogen and hydrogen.
The yleld of hydrogen cysnide increased with temperature; and at 1300° the
greater part of the ammonia waa converted into cyanldas. Lanca3 ¢htalinad even
larger ylelds, and found that where the gases were diluted with nitrogen a
portion of this gas was fixed as cyanide. An elaborate series ol experiments
batween 720° and 1120° was conducted by Voerkeliwu, who found that the yield
of hydrogen cyanide was favored by the higher temperatures, fasier rates of
flow, and dilution of the gas mixture with illuminating gas. The character
of the catalyst has a large influence on the decompositlon of the ammonia and
hydrogen cyanide, porous materials being very effective. All of these in-
vestigations were, however, of the nature of rate measuremenis rather than
of egquilibriunm experimenta.
T Ciovet, snn. de ghim., 11, 30 (1791).
2 Bergmann, J. f. Gesbel., 39, 117 (1896); see Chem. Zentr., 49, 943 (1896).
3 Lance, C. r., 124, €19 (1897).

b Vosrkelius, Dissertation, Hasnover, (1909); Chem. Zig., 33, 1078, 1090 (109);

see C. A., 4, 1653 (1910).
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The reaction invelved in the work just mentioned soaws very well eunited
in many ways for a study of the stabllity of hydrogen cyanide at moderately
elevated temperatures. The equllibrium-constant becowes measurvle at about
500°, and a combination of this with the reliabdle work of Haber and his asso-
clates on the dissoclation of ammonia enables one to calculate direcily the
equilibrium between hydrogen cyanide and 1ts slements, and hence 1ts frees
anergy of formatlon. 1% 1z trus that al temperatures where the conatant
begins to become measurable ammonia 1s mearly completely dissociated so thal
the ultimate equilibrium mixture would contain very little ammonia, and a
mera trace of hydrcgen cyanide with a great excess of hydrogen and nltrogen.
The problem of this work was therefore to find conditions under which the
ammonia dissociation is slow but the desired eguilibrium 1s rapidily reached,
80 that 1% can be studied a3 & metaatable siate.

The investigation was made at the suggeaticn of Profeasor A+ A. Noyes,
to whom the author is indebted for many valuable suggestions. The work
waa assisted by a grant made to Professor Noyss by the Carnegie Institution

of Washlington.






Apparatus and Genoral Procsdure

The Apparatus. - The schematlc diagram of the figure accompanying,
showa how the experimehta were conducted. A constant-flow method was unaed——
a mixture of gasea beaing passaci cqntinuoualy over a heated layer of charcoal
contained in a sllica tube and the resulting mixture being abeorbed or collected
for analysis. The gaseous mixture was dllutsed with nitrogen, +this being
found more convenlent than to work under reduced preasure. The left side
of the dlagram reprasants tha arrangement for mixing the gasss %o be passed
into the resction tube. The ammonia was supplied from a cylinder, and ths
nitrogen was prepared by removing oxygen from the alr. Into this latter
gas could ve Introduced any desired proportion of hydrogen cyanide hy the
use of the saturator S, which contained an acid selution of scdiun cyanide
of suitable concentration; a by-pass allowed the supply of hydrogen cyanide
to be cut off when desired. Caplillary flow meters I were provided for con-
vanience in controllling the gas mixtures.

The charcoal was confined beiwesn pwo graphite plugs in the center of
a long silica tube withln the .furnaca ¥. A thermocouple junction was
inbedded in the charccal, the junction and leads I bheing cont'&inéd in a
spall porcelaln tube for protection. The reaction mixture of gases was
rapidly withdrawm froxm the catalyst through a pyrex capillary C, and passad
to the absorption and collection é@paratus.

The amonla and hydrogen cyanide wae absorbed in distilled water by the
wse of two sbsorption bottles A, only one of which is shown in the diagram.
The gas washing spiral, as indicated in the sketch, was so consiructed as
to have « very smwall dead space, anci/"'it was removable sc that the titrations

could %e carried on right in the absorption bottles. In runs 1 — U a small
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U-tube containing rure stda lime slightly zoistensd was located between
the remotion chamber and the abscrption botiles emd served to collect all
the cyanlds.

The gas frow the second ahso»rbor was dried by passing 1% through a
spiral sulfuric aold washer D and a phosphorus pentoxlds tube. I4 ‘\;.han
flowed through a device H, for determining the hydrogen content by thermal
gonductivity. This method, developad at the Bureau of Standards,f‘ seemed
especislly suliable aa the gas at this point contained only nitrogen and
hLydrogen, and its thermal conductivity could be readily comparsd with that
¢? the gas after the hydrogen had besn removed by heated copper oxilde
{con%sined in the furnace 0 of the dlagram). The volume of the nitrogen

rezaining was determined by welghing the water it displaced.

msp———

5 Weaver, Palmer, Frants, Ledlg, Pickering, J. Ind. Eng. Chem., 12, 359 (1920).
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The Charcosl. = In runs 1 - 4 inclusive = very active charceal

suprlied by the Fixed Nitrogen Research Laboratory was used. This was

found 10 be very effective in establishing the desired equilibrium, and

yet did not decompose the amonis at a repld rate. This was to be expected ,
oince charceal 1a not a good catalyat for the armonis synthesia. TIn runs

5 and 6 the charcosl was further purified by heating it in a stream of
chlorine at 800° for some hours, and then washing it with e stream of nitrogen
under redussd pressure. The actlivity of the carbon was somewhat decreased
by this process. In all cases the carbon was evacuated, and washed with
rnitrogen at about 500° vefore using, and the reacticn mixture was passed over
it for about half an hour before the issuing gases were collected. In

rune 1 -4 the charcoal layer was 18 om. long and 2.8 om. in dismeter; in

rune § and b, it was 6.5 cm. long and 2.5 cm. in diemeter.

Malytical Methods

Analysis of Amponla. - The ammonia was titrated in the absorption
vessels with sulfuric acid.

Analysia of Cyanide. - Very small amounts of cyanlde had to be
determired, since 1t was necessary to work at temperatures whers the
eguilibriwm is far in the direction of ammonia. In runs 1 - U, where the
¢yanida was absorbed on soda lixﬁe, a procedures similar ¢© that recommended
by Lavlialle and Varemne was used.b The soda lime cantaining the cyanide
was tranaferred to & casgerole and moistened with a solution of sodium
polysulfide. The mixture was evaporated io dryness and the resulting

thiogyanate was dissolved in a little dilute sulfuric acid sclution and

" Tavialle and Verenne, J. pherm. chim., 17, 97 (1918); see C. A., 12, 1159 (1918)



& slight excess of calclum carbonats then added. After filtering and
eveporating to dryness the solution, the residue obtained wes dissolved
in & little dilute sulfuric acid and titrated with 0,005 H. silver sulfats
solution, using ferric sulfate as an indicator. is the end-point was found
to be greatly influenced by varieus condltions, it seems possible that
trese determinations may be considerably in error, tut no more than by 15%.
Ir the last two experiments the hydrogen cyenide and smmonia were absorbed
in the same vessel; and, after tltreting the ammonia, sodiwm bicarbonsts
was added and the cyanide titrated with 0.C0%3 N. icdine solution, with
staroh as an indlcator. This method wes callbbated under the conditicns
rrevelling in the experiments and gave consistent results. Pr#bably the

separate determinations were in error by not more than 5%.



Prelliwminary Experiments

Befarel attempting & study of the equilibrium the possibllity of
side reactions was investigated under the conditions to be used. Of these
the two most probable ones are the formation of methane and of amines.
By the reduction of hydrogen cyanide &t 110° in the presence of platinmum
vlack, methyl amine is produced.! With nickel as a catalyst at 250°,
avzonia, methyl, dimethyl, and trimethyl amines are produced.s

Experirents falled to show the formaticn of a detectable amount of
nethene at BUO° when hydrogen was passed over the charcoal. A gas
containing about 30% hydrogen cyanide and 70% hydrogen was then passed
over the charcoal under the conditions later employed in the equilibrium
. experiments. Vhen the gas issuing from the charcoal was passed through
water, the rasulting sclution gave a stroung test for aumonla wlth Hessler's
reagent, while a porticn acidified with hydrochleric acid end evaporated
to dryness failed to ghve the test for amines with chlorinal.9 This test

was found t0 give a very distinet reaction with as amikil a Quantity as

seven milligrams of dimethyl-smine hydrochloride.

The Equilibrium Experiments
The accoumpanying table gives ths results of six squilidrium e:f:perimonta.
In half of these the gas introduced into the reaction tube was a mixture of
smvonia and nitrogen. In the other cases the equilibrium was approached
from the hydrogen oyanide side by adding this gas t0 the ammonia mixture
in from three %o four times the concentration found after equilibrivm was

sttained. Hydrogen was not added, as this wes supplied by the decomposition

T Debus, Anu., 128, 201 (1883)
& Sabatisr and Senderens, C. r., 140, 483 (1905)

Y Tsalpatani, Chem. Zemtr., 79, 299 (1908)



of the ammonia. It was not feesible to ap roach equilibrium starting
. with mixtures of pure hydrogen cysnide and hydrogen, elther because of
roisoning of the catalyst or of somws peculiarity in the rate of rsaction when
the concentraticn of the former gas 1s large.

After bringing the charccal {0 temperature in a siream of nitrogen,
the amionia mixture wae passed over 1t for thirty mirutes or more before the
recction gases were collacted for aralyels. The rate of flow and the
temperature were xept practically conmatant during each run.

The firat row of the table indicates the total duration of a2 run,
the second the tempsrature on the abselute scale, and rows three io six
give the analysia of the total reaction mixture collected during a rum.
In row seven is given the total pressure in the reactlon chamber, and in
row sight the sguilidbrium conatant X, at the average temperature of the

experiment, calculated by the equation:

2D g, E mow
P M,

In the final row the conatsnts hve been corrected to 2C0°A as descrided below.



Table

Expt. no. 1 2 b i L= 5* 6

Tiwe in mins. 112 %0 120 130 160 240
Abs. temp. 201 811 807 793 185 803
Millimols Hp 0.535 0.756 0.#39 0.686 0.084 0.103
Millimele HON 0.0205 0.0462 0.079 0.055 0.065 0.073
Millimols NH3 2743 Wb 381 543 25,2 29.8

Millimols Np 234 59.6 6h.§  85.8  32.3  3&.3

Pressure { xw.) 47 Thli 745 748 747 747
X . 10° 7.7 7.3 8.6 U9 3.5 3.7
X gogoar 108 7ok 5.0 b7  6e2 5.9 3.3

Note- In the experiments indicated by the asterisks equilibrium was

aprroached from the amronia sids.
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A few experiments at higher temperatures indicated that the eguilibriwum
changed as ﬁaﬂ 0 be expected from the approximately knewn heat of reaction,
vat at these temperztures the results were %00 orrstic to lead to & more
accﬁr&te determination of this heat change.

Some experiments were attempted to determine the relative rates at
which eguilibrium was established and at which ammonla and hydrogen cyanide
deconposed. The difficultles of exact analysls uwde 1% iupossible to
separate the effeots of the concurrent reactlons. It was found that the
rate at which hydrogen cyanide comblnes with hydrogen does not increase with
the firest wower of the hydrogen cysnlide partial pressurs, dut even vhen
nitrogen contalning considersble cyanlde was pazsed over the catalyst, the
rate st which the hyirogen united with the cyanide was large in cowparison
with the rate at which it was produced by the déconposition of the cysnide.
The rosv conclusive rsason, however, for bellsving that an equilidriwm was
really obtained ls that the "constants" are not affected by the direction

of approach to sguilidbrivm.
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The Free Energy of Hydregen Cyunids

The avallable hest data relatirg to hydrogen cyanide are meager and
probably not very accurate. For the welal heat of conbustion of this gas
Thomsen gives 158,600 calories and Berthelo4ll 159,200 cslories. These
vulues are in felr agreewent and sre probably more accurate then the result
cbtainsd by more indirect methods. The mean value 158,900 calories, comblned
with the heat of coubustlon of graphlte (ok, 250 eal.)n and the heat of
formation of water (8,330 cala)lz gives 30,500 calories for the heat-consent
pf 1HCH at 18°%.

Heat capaoity date are lacking; but 1t soems reasonsble te assume
that hydrogen cyanide has nearly the sawe values as carbon dioxide. Lilke
this gas 1% apvarently exhitits the absorption spectrum of a diatomlc gas
in the infra red, but like this gas 1% probably aslae plcks up energy more
ranidly at eleveted temperatures than the dlatomic gases. The molal
heat-ospacitiee assumed for hydrogen, nitrogen, and graphite are those given
by lewis and Randall.

A combination of ithese data yields for the heat-content of hydrogen
cyanide this formula:

g = 30,600 - 0.60 T + 0.C0068 T? - 0.00C00022 T> .

This gives for the hest-content at 800° A the value 30,L00 cal. Haber3 in
his swmary of the measuremmts‘ on the amronia egquilibrium gives for the

heat-content of ammonia a formula vwhich leads t0 the valus -13,C00 calories

10 Bertnelot, Anm. chim. phys., (5) 23, 252, (186l).

11 Roth and Wallach, Ber. deut. chem. Ges., 46, 896 (1913).

12 Lewis end Randall, "Thermodynamics®, lcGraw-Hill Book Co., New York, 1923, p W77
13 Haver, Z. Mectrechem., 20, 597 (191W).
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ot 00° A. Combining thees data we obtaln the valua 43,U00 cal. for the
" i{rerease ir hest-contsnt attending the resction NH3 + C (8) = HCN + Hg.
Asguming thﬁs value t0 bs practlcally constant over a ssall temperature
range, it was used 10 sorrect the tabulated values of theeguilibrium

6. The

constant of this reaction to 800° A, giving the moan value 5.8 x 10
free energy irorease attending the rouction 1a thus 19,200 cal. Habar gives
a formula for the calculatlon of the armionla equilibrivm constant over a
rsnge Of temperatures. Frobably the valua for the free energy of ammenis
at 800° A, 9,220 cal. as caloulated by ita use, is not greatly in error.
These data lead to the value 26,400 cal. for the free energy of
hydrogen oyanide gas at 800° A, Combining this with the heat data mentioned
we obtain for the free energy of this gas as a function of tenperaturse:
I = 30,600 + 0.60 2 1n T - 0.00068 T2 + 0.C0000011 T3 = 6.3 T
This leads to the speclal valus 20, 700 cal. at 298° A. Lewls and Randall
give the falrly concordant valve 26,910 cal., it this was obtained very

indirectly through the combination of results on a series of eguilibris.

Swumary
A study of the equilidrium of the reaction between ammonis and carbon,
ylelding as products hydrogen cyanide and hydrogen, has been descrided; end
the free-energy decrease attending the reaction at 800° A has been calculated.
By the use of data on the ammonia dissoclation and of hest data, the free
energy of hydrogen cyanide gas has been exprqued ag a Punction of temperatura,

end the speclal values at 800° and 298° A have baeen glven.



