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FOREWORD

AvLTnouctt several books and a large number of pam-
phlets or articles have been written on various plases of
thie fixation of atmospheric nitrogen, these have been for
the most part writteu by and for the scieutist or techuician
witimately interested in or associated with the work.
IFrom the large number of guestions and the nature of the
questions asked at the various techuical society meetings
and from the number of letters whicli have come to me in
my official capacity on the staff of the Fixed Nitrogen Re-
search Lahoratory, it was very evident that these books and
pamphlets had uot served all requirements. It was then in
au cndeavor to fill a need as was judicated by iuquiries both
persoual aud by letter that this small volume was written.
This book is not, therefore, intended for the scientist or
techniciain familiar with the subject of the fixation of atmos-
pheric uitrogen, but is intended for the techuical man of
other walks of life, for the teacher aud studeut, for the busi-
tiess man and the banker. It is hoped that this small con-
tribution will give the general informatiou uccessary to
iuftuence its reader to become more deeply interested i the
subject aud scek the other aud more teclinical writiugs on the
subject.

In this vohime an attempt was made to show the necessity
for nitrogen, and its sources; ta give some Instorical facts
leading up to thie present industry: to give a general descrip-
tiou, neither wholly chemical nor wholly engineering, of the
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NITROGEN

MN1TROGEN, the supply of which in utilizable forms is now
engaging the attention of all of tlie important and progres-
sive countries of the world, is one of the niost pleutiful
of the elements,

Although thie ultimate source of practically all nitrogeu is
probably the atmosphere, there are today four generally ac-
cepted commercial sources, viz., the orginics, the deposits of
natural nitrates, the deposits of coal and peat, and the
atmosphere.

For thousands of years the use of nitrogen compounds
was confined to the fertilizing of the land by the return to it
of animal and vegetable refuse. Just wheu such practice
was actually started by maut is not knowu, It is reported,
llowever, that as early as the fourth century B.C. the Egyp-
tians utilized camel dung which they dug from the Libyan
Desert near the temple of their god “Ammon.” It is
supposed that a salt comparable with our present “sal am-
moniac >’ was also produced from this material. In ad-
dition to such manures, the organic uitrogen materials of
today include dried blood and taukage from the slaughter
house, cottouseed meal from the oil mills, {ish scrap, leather
scrap, waste products of the cocoa factory, and other simi-
lar materials.

The use of inorganic vitrogen started with the discovery
of the natural saltpeter deposits of India and for years a

I
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lively trade in this material with the other countrics of the
world was enjoyed. With the discovery of black powder,
the manufacture of which depended upon patassium nitrate,
these Indian deposits immediately assumed a position of
evell greater importance. Lhe nations af the world were
ow dependent upou India for the material necessary for
national defense aud preservation.

The demand for nitrogen compounds rapidly increased
with this introduction of military explosives aud finally led
in 1830 to the discovery of the vast deposits of sodium
mtrate i1 Chile. Although these Chilean deposits almost
immediately assumed a position of importauce it was with
the discovery of a meriod of manufacturing nitric acid, the
basis of our preseut smokeless powder aud high explosives,
frim this sodium uitrate that their real value was recog-
nized. Chile for years was almast the sole source af supply
of the world’s inorganic nitrogen demands for hoth peace
aud war.

Toward the end of the nineteeuth century, aunother source
of available inorganic nitrogen was introduced with the
bringiing into operation of by-product coke oveus. Cokiug
coals cautain combined wuitrogen in varyiug (qualtitities up to
iabout 40 pounds per ton. In producing coke in the beehive
type of oven all this nitroger, as well as many ather valuable
constituents of the coal, are lost. In the by-product ovens,
however, a part of this nitrogen is driven oft durg the
coking process and 4 to 5 pounds per ton of coal coked are
recovered as ammonia.

Although it was long known that the atmosphere cvery-
where about us was composed of ucarly 8o per ceut uitro-
gen, this vast and inexhaustible source of supply was uut
utilizeit until the beginning of this tweutieth century. With-
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out this source of supply the World War would uever have
continued for four years. Germany, because of au insuffi-
cient supply of explosives, would uudoubtedly have been
forced to abaudon hostilities at an early period. Yet even
though her fleet was held inactive she taught the world a
valuable lesson. At the very outset of the war, Germanv
with but a few converted freight and passape ships, pré-
vented thie exportation of nitrate from Chile for several
months. This blockude was s complete as to cause a very
alarmiug situation before it was broken. It demoustrated
the possible helplessness of a natiou relying for its natioual
defeuse, in fact for its prescrvation, on a foreign source of
supply for its inorgauic nitrogen. In time ot war greatly
increased quantities of nitrogen are necessary not only for
explosives but {or agriculture as well. The armies in the
field must be well fed while the health and hence coutentmerrt
of the people at home is also of paramount impuartauce.
Just as an army caunot be expected to fight effectively on au
empty stomadi, so a huugry natiou caunot be expected to
support its armies. [f the nitrogen supply is sufficient sua
that the armies are victorious, but insufficient to provide also
for the needs of the remaining populace, then the cause
will undoubteilly meet defeat from within.

It is very evident that the consumption of war-time agri-
cultural nitrogen should be at least equivalent to, aud if at
all possihle, greater than the peace-time consumption.
Nitrogen for explosives must be additioual.  If the nitro-
gen is imported {rom a foreign source of supply, the neces-
sity for increased trausporting capacity for this war demand
occurs at the time when the country can least afford to divert
additional bottoms to this purpose. If a blockade of this
foreign source of supply —such as was successfully main-
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tained by Germauy for a period at the beginuing of the
World War and was maintained against Germany during
the whole war —is effected, and the country is dependent
upoit this source, then that country is almost inevitably
doomed to defeat through lack of muunitions or starvation,
or both.

By increasiug the cousumption of agricultural nitrogen,
larger yields per acre may be expected. This will result
in eitlicr a greater total production or an equivalent produc-
tion from smaller acreage, and hence with less labor. Such
increased use of nitrogen might be a remedy for some peace-
time as well as war-time agricultural difficultics.

it 1s quite generally believed that Germany declared war
it 1914 ouly after assuring herself that she had a suitable
source of fixed nitrogen within her own borders. The rate
of consumption of nitrogen i explosives during this war
was undoubtedly far beyoud the expectations of any indi-
vidual or nation. In order to meet this demaud it was nec-
essary, even with the cnormous expansion of the rather
young atmospheric nitrogen fixation industry, to stint agri-
culture. How great au effect this had on the eventual re-
sult is rather dificult to appraise, but there is no doubt that
the people of several of the warring nations suffercd materi-
ally and still show the effects of malnutrition.

Although agriculture in peace time and agriculture aud
military explosives in times of war are the large consumers
of nitrogeu, it is being used in rapidly increasing quantities
in many dustries. Agriculture is responsible for approx-
imately 8o per ceut of the world’s inorganic consumption.
In the United States, as mucli as 40 per cent of the con-
sumption is in chemical industries, the remainder going to
agriculture.
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Explosives are no longer to he associated ouly with
war. The use of peace-time explosives has grown tremen-
dously until today there is consumed in such pursuits as
miniug, quarrying, road building and the cleaning of land
for cultivation, about 500,000,000 pounds annually of
high explosives. The chemical uses of uitrogen, largely in
the form of uitric acid, are iu the manufacture of photo-
graphic films, artificial leather, artificial silk, imitation ivory
and dyes. Iu the form of ammouia, nitrogen is used in the
refrigeration industry for the manufactnre of artificial ce
aud in the operation of culd-stbrage plants; it has a wide
domestic use as hausehold ammoma, aud is used 11t the manu-
facture of soda ash, one of our most important staple
chemicals.

The provision of an adequate supply af such a vital
material must receive the greatest consideration of the vari-
ous natious of the world, bath individually aud collectively.
[Four sources of supply were meutioued carlier and as it
lias been showit that an unlimited supply is vitally neces-
sary, it will be well to cousider the extent of these
sources.

Since soil nitrogen, or what may be cousidered the natural
nitrogen df the soil, is almost whally confitied ta the surface
portioin aud since the unweathered, tnderlying rock is devoiil
of nitrogen, it is evidently of atmospleric arigin. The
accumulations of soil nitrogen arc the results of residues of
many gencrations of plants. This natural combined uitro-
getl is largely a constituent of organic matter and as such is
unavailable for plaut use. It must be converted into simple
water-soluble compounds. The decomposition of such or-
ganic materials results in the conversion of the combineil
nitrogen to ammonia. This ammonia is then oxidized by
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the soil bacteria to nitrites, which are further oxidized to
nitrates, which are quickly taken up by the growing plaut.
Sucli accumulations of the scil nitrogen caunot be considered
as a source of our future supply of nitroyen.

The fixation of nitrogeu is also accomplished by the bac-
teria within the tubercles of the plants. Professor Ilaber
once remarked that the fixatiow of nitrogen in the future far
soil fertilization use would not be through great nulustrial
plants, but rathe: through plant and soil bactera.  Sot cuui-
ditious readily influence nitrogen fixation by leguminaus
vegetation, particularly the supply of ime, aud organir mat-
ter and the aerqtion of the sail. Tests have showit that 10D
to 200 pounds of nitrogen can be gatliered i a giod crap of
feguminous plants per acre. At the preseut time, linwever,
this method of nitrogen fixation cantot be depended uptin to
supply our nitrogen demands.

While the nataral manures are widely used as fertiliver,
yet their availabil;ty is practically limited iy this ase.  Such
manures are a by-praduct awt the supply caunot be iu-
creased at will, The same 1s true of fish scrap, dried hhinnl,
tankage, cottonsecd meal, cocoa wuste, etc.  Appraximately
70 per cent of the combined tonuage of these nraterials is
used for cattle feed, while the remainder is cousumeil 1
mixed fertilizers. Such materials caunot then be cansilercil
as a primary source of supply of nitrogeu, but must be sup-
plemental to some other source.

In 1898, the world was rather ruilely awakeued by «
statemeut by Sir Witliam Craokes, an eminent authority, ta
the effect that the world was facing ultimate starvatian be-
cause of its dependence upon the natural viter heds of Chile
for 1ts nitrugen SUPPIY- While later investigntious have
given assurance that the exhaustion of these deposits woulil
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probably have been further distant than was feared from
Sir William's statement, yet his warniug was well founded
aud timely.

At this time it appears certain that Chile couhl supiply the
total demauds of the world for at least 100 years aita the
future. Itis mevitable that exhaustion must accur, huwever,
and wisdont was showit i anticipating this couditian aunl
guarding against its consequences. Although the 2240
square miles af nitrate-bearig grouml which hus beetr ox-
amined aud proveu is but 3 per cent of the total uitrate area,
yet there 1s no assurauce that the remaininr 97 per cent 1s af
propartionately equat value. It niight be assumed that the
more likely areas have been worked first.  Ou the uther
hand, future working af tbis area might show these unex-
plored regions to be vastly more valuable than the present
workings.

There is still an economic question ta be cansitlered.  The
world, in cousuming stime 2,000,qc00 taus af Chile nitrate,
has cantributed to that cauntry’s suppart thraugh the expirt
tax nearly $25,000,000 for the year 1y26. Of this winvunt,
the comnsuiner in the United States paid appruximatily
$12,000,000. If nitrogen cquivalent tct that supplial by
this materiul cauld be secured within the birrders uf the
United States, even thongh at the samie cost ta the cou-
sumer as Chile nitrate, the countey as a whnle wonld benefit
to the extent nf $12,000,00d, the tax which wuulil have
been paid to Chile. Tf, on the ather hanil, praduetitu costs
are such as ta permit recductinn in cust ta the cansumer, the
dual benefit can be immediately seer.

This source of supply in Chile, while of great extent and
suficient for a long period of cantinuel exploitation, is also
of mited vahie both because af evintuazl exhaustion and
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also because of the possibility of a nation being shut off
from this supply when it 1s most needed.

The third source of supply, coal by-products, is also hm-
ited. While coal, unlike sodium nitrate, is commori iu targe
deposits to many parts of the world, its by-products canuwt
be relied upon to furuish a nation’s inorganic nitrogen. "'lie
nitrogen {rom this source must be a by-product and heree
its production will not be dependeiit upon the demaud for
nitrogen but rather upon the demand for coke. An iucreascd
demand for nitrogen might be met by a decreased supply
from this source because of conditions which might have af-
fected the coke market which in turn depends upon the irou
and steel industries.

These three sources of supply then must be considered as
wholly inadequate. No nation can today afford to place en-
tire depeudence upon aity one, or even all of these three
combined. These sources must be considered as supple-
mental to some other principal source. This principal
source is the atmosphere.

The fourth source of supply, the atmosphere, must then
be the answer to the important question of an unlimitetl
supply. No nation is more advantageously situated as
regards this source than any other. It forms, as was pre-
viausly stated, nearly 80 per cent of the air we breathe.
Over every square mile of the earth there is sonie 20,000,000
tons. Iu fact, the atmosphere furnishes an inexhaustible
supply. Itis apparent then that difficulties which prevented
its use were present and were only recently overcome.

Nitrogen is one of the more remarkable of all of the
ninety elements so far discovered. Inthe free form as it oc-
curs in the atmosphere it can be utilized neither by the bodily
mechanism nor in explosives or fertilizers. In the free state
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it is a comparatively inert gas, but once it enters.into com-
bination it displays the greatest activity both i the organic
and inorgunic ficlds.  Owing to the slight affiuity between
nitrogen and the ather elements with which it euters iuto
combination, many of its compouuds are unstable aurl can
be decomposed with the almost instantancous evolution af
heat and gas. Because of tbis slight afhnity, military ex-
plosives almost without exception are titroypen compoutds.

Iu order to render this free nitrogeu available for use
other than as a diluent for the oxygen of the air, it must he
combined with other elements. Tn this farm it 1s kuowu uas
fixed nitrogen. The nitrogen af the organics, nf Chite ni-
trate, and of by-product coke oveu amiudma is already
fixed. Iu these cases the fixation has beeu accomplished by
slow natural pracesses. In the rapid fixation processes nbw
employed, the natural indepenilence af the clement has been
overcome by the ingenuity of maun. If oxidized awl absorbed
in water, it is fixed as pitric acid. This is the Arc Process for
atmospheric nitrogen fixation. Calcium carbide at red heat
will absorb free nitrogeu as a spange will water, thus
fixing the nitrogen in the farm of calcium cyanamnide by the
Cyanamirle Process. Nitrogen will cambine tlirectly witls
hydrogen under certain conditians, resulting in the fixiug af
the nitrogen it the farm of ammouia, accarding to the Ii-
rect Synthetic Ammouia Process.

Nitrogen fixed in these forms cai be readily converted
to other materials. Practically all modern explosives are
made by treating various substances with uitric acid; for in-
stance, smokeless powder from cottott and nitric acidj nitro-
glycerin, the basis af dynamite, from glycerin and nitric acid;
picric acid from carbolic acid anil nitric acid; trinitrotaluene
— T.N.T. — from toluol and nitric acid; fulminate of mer-
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cury from mercury and nitric acid; and ammonium nitrate
from ammonia and nitric acid. Calcium cyanamide gives
up its nitrogen in the form of ammonia wheu treated with
steam in an autoclave. Ammonia may be oxidized and ab-
sorbed in water to form nitric acid. It may also be used to
neutralize sulphuric acid to form ammeonium sulphate; or
phosphoric acid to form ammonium phosphate, ar carbouic
acid to form urea, or nitric acid to form ammoitium uitrate,
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ATMOSPIIERIC NITROGIEEN FIXATION

Tur cheniist has kiowi {for mauty years liow to convert the
inert free nitrogeu nf the atmosphere inthy compouds af
nitrogen in his laboratory. As carly as 1774 DPriestly isa-
tited ammonia, whicli in 1777 was shown by Sclicele to
cotitain nitrogen. Further work by Berthelot showedit ta
be composed of onc volume of nitriyren to three valumes at
hydrogeu. In 1781, Caveundish noted the formatian of -
tric acid when hyilrogen was burned in air amif 11 1800
Sir Humplirey Davy made nitric oxide by passiug air aver a
wire heated by an electric current. In 1865 Deville passel
a nitrogen-hydrogen mixture through a parcelain tube and
found that ammania was produced when the tube was
heated to about 1300” C. Although these aml ocher reac-
tious of nitrogent were known, the reluctance af this element
to enter into combination limited progress far years tu the
experimental laboratory. ‘I'be quautitics of product ob-
tainned in this earty wark were distressingly smalt.

The warning of Sir William Croakes in 1898, hawever,
gave impetus ta the work laoking tawaril cimmercial fix-
atian of the vitragen uf the atmosphere.  In 1902, the ap-
plication o an intlustrial scale of the combined results of
experiment and theary was attempted. Tu that year, the
Atmospheric Products Compauy was arganizeil with a cap-
ital of $1,000,000. This company took aver the pracess
and equipment patents of two Americans, C. S. Bradley aml

T1
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R. Lovejoy, and erected a large works at Niagara Falls,
New York. The industrial fixation of atmospheric nitro-
gren thus had its birth i the United States.

The process of Bradley anil Lavejoy eftects the direct
combination of the uitragen and axygen of the air tu form
nitric oxitle. By further oxidation aud absarptinn nf the
oxides by water, uitric acil of approximitely 35 per ceut
cducentration is formed.  This methnd af fxatitm (s kuown
as the arc pracess.

Althauph this first plant wight well be called a techuical
success, it was it an ccanunieal success al chised 1hiwn
i1t 1904, after less thau twa years af vperatian. The yichl
af 48 p{mmls af mtric arnl per kiluwatt year nf puwer emi-
[tayed proved wsuflicrent and the equipment besnles heing
custly was rathier {ragile, requiring frequent repairs.

The commnieraal passibilities fur the direct axilution af
the uitrogen ut the atmospliere {ur the protluctian ul nitne
acitl had been tlemonstrated. Tlere was a possible preans
of avoliling the serious situation indicaterl by Sir William
Crunkes.  Iven beforz the plaut at Niagara Idalls hail
thiscontimied operatiuns, a furuace was develuped in Nor-
way by DPruf. Christtan Birkclual amil Bugineer Samuel
[iyde, which proved to be both a mechanical and ¢conaini-
cal success, Ixperumeits with s furiiace using 3 horse-
power were carrieil o1l carly in 1903, aml in October uf
that year a small commceercial plaut employing 150 horse-
Huwer was started i operation at Aukerliikkeu, near Oslo.
‘This plant proved so successful that the following year
a plaut of 1,000 horsepower capacity was erected uear
Arendal.

In 1905, the preseut warks at Notodden were started
into operation with a capacity of 2,500 horsepower.  Sub-
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sequent enlargements brought the capacity of this plant 1
40,000 horsepower 111 1907, §5,000 111 1911, and 6HL,0LLL
in 1919. In 1911, the operating cumpany, the Nurwegiun
Hydro-Electric Nitrogen Compauy (Norsk Iyilro) starteil
a secoud works at Rjukan, for a cousumption of 130,000
horsepower and added a secoud unit nf similar size iu
1915. The Notodden aud Rjukan plants ave still in upera-
tion with a cambined cansumption nf 320,600 hursepawer,
and an output of 38,000 tums of uitrogen fixed per year.

Other arc process furnaces developed awl put iuto au-
mercial operation are those of Schiauherr, Moscicki, Paul-
ing, Guye, and Wiclgolaski. The installatians ather than
those at Notodden and Rjukan have been relatively sinall,
so that the total inustalled capacity is approximately 45,000
tons of uitrogen per year.

Two further attempts have been made to establish the
arc process in the United States. [u rg13, the Southern
Electro-Chemical Company, 1 subsidiary af the Sputheru
Power Compauy, incorparated uniler the ltaws of the State
of New York, erected a plant at Nitrolee, Sauth Carnhua.
This plaut einplayed the Pauliug furnace aml was equippal
for nitric acid eonceutrativn and ammoniumn nitrate pro-
duction. The plant as eularged in 1y15 was of a capacily
to utilize spme 7,000 clectrical hiarsepower.  Tts total cin-
sumption for the mouth uf March 1915, the best periul uf
operation, was at the rate nf less thau half that amount,
however.

During this mouth, the cquivalent of 42.5 tous pf 10a
per cent nitric acid was produced, while 32 tiug was concen-
trated, 20.5 tons packed anid sald and 10 taus enusumerl in
ammonium nitrate inauufacture. The maonfacturing cost,
$90 per ton of concentrated acid exclusive ul capital
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charges, and reckoning power at $10 per horsepower year
was high. This power rate of $10 per horsepower year was
far below the prevailing rate for that locality. The con-
sumption of over tliree horsepower years per ton of nitric
acid was too liigh, and rendered operation uneconomical, so
that the plant was closed down early in 1916, and operation
lias 1iever been resumed.

In the following year, the third attempt at establishing
the arc process iu this country was made, aud the fiest per-
manent plant for the fixation of atmospheric nitrogen iu the
United States was started. This plant, erected and op-
erated by the American Nitrogen Products Company, was
of about one ton of nitrogen per day capacity and was lo-
cated at Le Grande, Washington. After enjoymmg nearly ten
years of operation, the plant was destroyed by fire mn the
spring of 1927, and it is believed it will not be rebuilt.

The search for meaas of fixing uitrogen in the form of
alkali cyanides for gold extraction led to the work of I'rank
and Caro, two eminent German chemists, during the closce
of the nineteenth century. The pateuts grauted these inves
tigators in 1895—98 formed the basis of a process for the
fixation of atmaspheric nitrogen known as the cyanamide
process, in which calcium carbide is produced through the
reaction between lime and coke in an electric {furnace. By
the interaction of calcium carbide and pure nitrogen at a
red heat, the nitrogen is fixed iu the form of calcium cyan-
amide.

The first commercial plant utilizing this process was put
into operation at Westeregeln near Magdeburg, Germany,
in 1905. This plant was not a commercial success aml was
abandoned in 1908. Some 8oco tons of cyanamide had
been produced the first year. A second and success{ul plant
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was started iuto operation iu 1903, at Piaio d'Orta, Italy.
The initial capacity of this Italian plant was 4,000 tons of
cyauanide per year. From this small beginniug, the indus-
try enjoyed a ratlier rapid growth to its peak in 1918 of 33
plants of a rated capacity of 350,000 tons of nitrogen per
year. A large part of this capacity was erected for the war
emergency, so that after the war there followed a curtail-
meut of production and even a dismantling of some plants.

Tlie first cyanamide plant erected ou this coutinent and iu
fact the first successful plant for the fixation of atmos-
pheric nitrogeu was that of the American Cyanamid Com-
pany at Niagara Ialls, Canada. This company was incar-
porated in 1907 uuder the laws of the State of Maiue and
in 1909 started uito operatiou a plant for the annual pro-
duction af 5,000 tous of cyanamide. Subsequent cularge-
meuts aud improvenments have iucreased the capacity to
120,000 tons of cyanamide per year, equivalent to 25,000
tous of nitrnger

When in 1917, due to the urgency caused by war, it be-
came apparent that a large and positive source of fixed
uitrogen must be provideill in the United States, it was
decided after carcful consideration to erect a plant of the
cyauamide pricess. This plant of a rated capacity uf
40,000 tons af uitrogeun per year, the largest cyanamide
plant in the world, was erected at Muscle Shoals, Alahama,
It is known as U. S. Nitrate Plant No. 2, and except for a
two months’ test run it has uever operated.

Although attempts to produce ammouia directly {rom ni-
trogen and hydrogen date back to 1807, commercial in-
terest was not aroused until after the publication by Prof.
I'ritz Haber of a series of papers on this subject in 1905
and 1906. The Badische Anilin Und Soda Ifabrik, in 1910,
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took an active interest in the possibilities of this method
for the commercial fixation of atmospheric nitrogen and in
19173 started in successful operation a plant of a capacity of
7,000 tous of nitrogen per year. From this start, world
cajtacity of direct synthetic ammonia process plants has
rapidly increased to an operating aud under-coustruction
capacity today of 979,000 tons of nitrogen per year. This
is more thau double the installed capacicy of the cyanamide
ind arc processes combined.

The World War proved a great stimulus to the atmos-
pheric nitrogen industry. At the close of the year 1913,
ot just prior to the outbreak of the war, there were in oper-
atiou sevei arc plauts of a capacity of 20,000 tous of uitro-
gen per year, 15 cyanamide plants of a capacity of 6,000
tons of nitrogen and one direct synthetic ammouia plant of
a capacity of 7,000 tons of nitrogeit per year. Five years
later, the close of the year 1918, there were operating or
building and later put iuto operation, 12 arc plants of a
capacity of 40,000 tons of nitrogen, 35 cyanamide plants of
a capacity of 350,000 tous, aud three direct synthetic am-
monia plants of 330,000 tons.

The period following the war has apparently favored
the direct synthetic ammouia process. The capacities in
tons of nitrogen installed and building for the various proc-
esses at this time are: arc, 5 plants of 44,750 tons; cyan-
amide, 28 plauts of 315,500 tons; direct synthetic ammonin,
51 plants of ¢%79,000 tons.

The first plant of this process erected in the United
States was the U. S, Nitrate Plant No. 1 at Sheffield, Ala-
bama. The imminence of war led to the passage in Con-
gress of Section 124 of the National Defense Act of Junc 3,
1916. This section made $20,000,000 available to the
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President for an investigation of the various methods for
the production of ' nitrate and other products for muni-
tions of war and useful in the manufacture of fertilizers.”

There followed the appointment of a committee of scien-
tists and engineers of tlie Natioual Academy of Sciences iu
co-operation with the American Chemical Society at the
request of the Secretary of War. In addition, two investi-
pators were sent abroad to study and report on conditious
i Lurope. In the meauntime the General Chiemical Com-
panty had worked up asd patented a modification nf the
direct synthetic ammonia process as operated in Germay,
and made preparations for the erection of a plant. This
plant of 7.5 tons of ammonia per day capacity was to be
crected at Shadyside, New York.

The result of the various investigations made for thr
Governmettt was the recommendation that tlie War De-
partment take over the process of the General Chemical
Company and erect a pilot plant to test the process. Ac-
cordingly, U. S. Nitrate Plant No. 1 was erccted at Shef-
held, Ala. This plant of a capacity of 30 tons of ammeonia,
includiug the 7.5 ton unit which was to liuve been erected
at Shadyside, was never completed. Ounly ane unit of 7.3
tons of ammonia per day capacity was ready for trial op-
cration prior to the siguing of the armistice. Coutinuous
operation of this unit was never realized, and dauly a small
amount of ammonia was produced.

In addition to these three processes, a great amount of
investigational work was doite on other processes, and a
targe number of methads have been proposed {rom time to
time for the commercial fixation of nitrogen. Very few of
thiese have appeared to present promising possibilities. It
must be remembered, however, that unforesceun develap-
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ments in our knowledge, or changes in the industrial situ-
ation due to new demands or supplies, may i the future
make possible the commercial success of processes at pres-
ent entirely impracticable.

In the cyanide process a mixture of sodium carbonate and
coke witht iron in small quantities is heated in a stream of
pure nitrogen to a temperature of approximately 1000° C.
This operation results in the formation of sodium cyanide,
which may be decomposed with steam to yield ammouia.

The commercial development of this sodium cyauide proc-
ess was undertaken in the United States by the Nitrogen
Products Company according to the pateuts of Prof. J. E.
Bucher. Experimeutal plants were erected at Saltville, Vir-
ginia aud Greeue, Rhode Island, while in 1918 the Govern-
ment undertook tlie erection of United States Chemical
Plant No. 4 at Saltville, Virginia, for the production of 10
tons of sodium cyanide per day by this process. Opcration
of this plant started in September of that year, resulting in a .
production of some four tons of sodium cyauide. As oper-
ating costs proved to be too high to render the plant com-
mercially practicable for the production of either cyanide
or ammolia, operation was discontinued w1 December, and
the plant was later disposed of through salvage.

Of the various nitride processes, perhaps the one best
developed 1s that for making alurnimum nitride from crude
aluminum oxide (bauxite), coke and nitrogen, heated in an
electric furnace to a temperature of about 1800” C. The
aluminum nitride may be decomposed with stcam or di-
tute caustic solution to yield ammonia and regenerate the
alumina. "

Various small scale experimental plants of this process
have been constructed and operated in France, Germany
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atd the United States. The chief dificulty in all cases is in
securing cconomically the high temperatures necessary for
tlie reactiou, and iu obtaining materials of constructiont
capable of resisting thesc temperatures it coutiliuous opera-
tion.

The explosion, or Hausser, process depends for the fix-
atiotl of nitrogen upon the fact that by exploiling a mixtare
af combustible gas with air ar oxygen under proper ceuli-
tions high cenough temperatures car be reached to hring
about tlie combination af a small ampunt af the mtrogen
aud oxygeu prescut. By this means it is attempted to bring
about the same direct combiuation of nitrogen and bxygen
that occurs in the arc process without its cuormous expend-
iture of clectrical encrgy.

BExperimental plants in whichh nperations have been con-
ducted in stationary beinbs with mechanically operated
valves have beeu run at THeergen aud Neuremberg, Cer-
many. The mechanical straius to which the apiparatus is
subjectell limit the developments, I its present state af
development this pricess cannat couie ¢ successfully with
bther prbcesses for the fixatian nf atmosphernc wtragen.

Of these pracesses, the arc process requires the greatest
expeuiditure of electrical energy, the cyanamule aunl mitride
processes ratik tiext, while the direet syuthetic ammania, cya-
aide and Haussee processes rapuice only small amaouats or
note at altl.

It is interesting to nate that commercial tlevelapnent of
the three processes now in cummercial pperation stands in
approximately iuverse prapartion to the unit pawer cou-
sumptidin af cach. For instauce, nnly six per cent of the at-
maspheric nitrogen fixed during 1926 was fixed by the arc
process, which requires the expenditure of 61,000 kilowatt
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hours per toir. The cyanamide process requnres a1t averape
of 14,000 (some plants as low as 12,000) kilowatt hours,
or less thau oue-fourth that of the arc process, awl was
accountable for 24 per cent of the year's production.  The
remaining 70 per ceut production was by meaus of the di-
rect synthetic ammonia process, with an average power
couswuption of 4,000 kilowatt liours per toun of nitrogen
fixed.

The 6 per cent of nitrogen produced hy the arc process
cousumed 37 per cent of the total power used in fixing ni-
trogei, the 24 per ceut by the cyanamide pricess consumed
35 per cent, while the 70 per cent by the ilirect syuthetic am-
motLa process cousumed aitly 28 per cent af the total power.

The average power cousumptiou at this tinte {or the three
fixation processes combined is 10,000 kilowatt haurs per
ton of nitrogen as compared with 70,000 kilawatt hiwrs
per tou 25 years ago. The total piwer cuusuuiption uttw,
however, is at the rate n{ 7,000,00n,000 kiluwatt liours
per vear, as conpared with less thian 1,000,000 theu.
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THT: ARC PROCIZSS

Tri commercial development of the arc process was the
result of the attempts nf mau to emulate nature. It is esti-
mated that through the lightuing ilischarge nf ¢lectrical
storms 100,000,000 tuns of nitrogen are fixed annually aud
carried to the earth’s surface by the precipitation of rain,
snow atid hail.  Unfartunately this fixeld nitrogen is not re-
turned to the earth at the time and place most couvenient ta
Yman and hie must resort to methads more under his control.
In the commercial operation of this pracess, air is passed
rapidly through a zoule af exceedingly high temperature pro-
duced it an electric arc furnace. The heat of the gases ci-
taining the nitric oxide praducerd is reenvered i waste-heat
boilers, while the uitragen dioxide formed on cooling the ni-
tric oxide in the presence nf the accompanying axygen is ab-
sorbed 111 water, praducing dilute nitric acid. This is the
direct pracluct of the arc process.
The fundameutal chemical reaction invdlved is expressed
| by the equation

N, + 0, = 2 NO — 43,200 gram caluries.

From this equation it can be caleulated that the chemical
energy absorbed in fixing one ton of nitrogen is the equiva-
tent of but 1,630 kilowatt hours of clectrical energy, This
chemical energy equivalent, however, represetts tess thait 3
per cent of the total electrical encrgy requiremeuts, 61,000
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kilowatt hours per ton nitrogen fixed. Over 97 per cent of
the total eilergy expended is wasted so far as actual uitric
oxide formation is coucerned, and is necessary for preparing
and maintaining conditious faverable to the formation of
the oxide.

Nitric oxide exists in equilibrium yuantities with heated
air. For instance, the equihbrium amount at 2300° C is 2
per cent, while at 3300° C it 1s 6 per cent by volume.  As
there naturally is a lieat gradient of decreasiug intensity
away from the center of the arc but a relatively small quan-
tity of the air attaius a temperature of as high as 3300” C.
Yet even though it were assumed that all the air passed
through the furnace attained this temperature, still the
oreat cxcess of total applied cuergy for heating over the
chemical energy received i return can be readily realized.
Actually the grases leaviug the arc furnace contain an aver-
age of 1.2 per cent f pitric axile. Tt is therefore necessary
to haudle 175 tons of this gas mixture per tun of nitragen
hxed as nitric acid.  As there is o temperature gradicut
between the are filantent and the surrauutling gas, it is obvi-
ous that this gradient should be as steep as possible.  Tu
addition to the saviug af clectrical encrgy which would
otherwise be used for heating the gas if the gradient were
flatter, the cooler gas surruunding the arc assists materially
in reduang the temperature of the nyne oxide contalnmy
gases as they leave the arc filament.

A factor warking against an cfhcient utilization of the
energy input is the rapid decompvsition af uitric axide at
high temperatures. Although means have been devised to
cffect rapid cooling of the gascs, yet it is believed that con-
siderable decomposition actually takes place. It 1s by
means of the operation of cooling thie gases that some of the
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Sﬁcff‘liﬂgl}’ wasted energy input is recovered. The gases
leaving the fyrnace at approximately 1100° C are passed
thirertly to waste heat boilers where the heat given up m a
rdp bf temperature to 350° C and {urther drop to 200° C
it ¢canomizeys is utilized for the peneration of steam. This
318211.11 besides being used for purposes of solutions aid evap-
111'ELt1f1115.3 15 used for the pperatioun of turbo-generators for the
generalidn o- regeteration of clectrical eluergy. Although
dectimpusition of the oxide takes place at these lower tem-
peratures, the rate of such decomposition is extremely slow.

The uxidation of nitric oxide represeuted by the cquation

2 NO + 0,= 2 NO: + 27,800 gram calories

pricecds very slowly, so that the velocity of the gas must
be liw while the oxidation chambers must be very large.
The oxide leaving the cconomizers at about 200° C is
further caoled in cooling towers to about s0° C before it
citers the series of towers of the absorption system, since
the campleteness of the absorption decreases vapidly with
increasiiyy temperature.  In the first tower of the system,
the txygen of the accompauying air reacts with the nitric
axitde th form nitrogen dioxide. The gases pass in series
thraugh the following towers of the absorption systemn
where they are brought iuto intimate coutact with water
by which the uitrigen dioxide is absorbed forming nitric
acicd.  F'lils reaction occurs according to the equation ¢

3 NO, + F:0 = 2 HNO; + NO

which 15 slrown in one step although actnally taking place
11 tw,

Jt will be noted that nitric oxide is again liberated by this
absarption operation.  In fact, one third of the oxidized
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nitric oxide reacting with water i the absorption system
reverts to nitric oxide which must be reoxidized. The re-
oxidation of this nitric oxide, like the original oxidation, is
a slow process. Because of this the absorption towers must
be very large in order to permit tinte for the liberated gus
to be oxidized and reoxidized uutilit 1s eveutually practically
completely absorbed. The resulting praduct is a uitric acid
of 30 per cent strength.

In commercial operatioq, ouly about 8o per ceut of the
nitrogei oxides are obtained in the form of nitric acid, since
it is not practicable to obtain better absorption. Some 17
per cent of these oxides tlien are absorbed in subsequent al-
kaline towers over which flows a solution of soda ash. The
absorption of the nitrogen oxides by this alkaline solution
results in the production of soilium nitrite or a mixture of
sodium nitrite and sodium nitrate, depending upon suclt con-
ditions of operation as temperature and degree of oxidation
of the uitric oxide. The cquations for these two reactions
are, respectively:

NO + NO, + 2 NaOId = 2 NaNO; + H:0O, and
2 NO,; + 2 NaOH = NaNQ, + NaNO, 4 FLO.

Even with these alkaline towers, complete absorption of
the nitrogen oxides is ot achieved and some 3 per cent
escapes to the atmosphere. 1f sodium nitrite rather thau
nitric acid is desired, alkaliiie towers alone should be used
for the absorption of the nitrogen oxides.

Although five different arc furnaces were mentioued in a
previous chapter as having been used in commercial opera-
tio, only three of these have enjoyed large-scale operution.
These are the Birkeland-Eyde, the Schonherr, and the Paul-
ing furnaces.
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fu the Birkcluud-Eydc furnace, advantage is taken of the
phentimenion of the deflection of auarc by means of a mag-
uetie friehl at riglit angles to it in order to spread the arc
through the gras.  The Schénherr furuace is built UpolL ail
altugether different principle, the ahject here being to secure
a4 steafy aml very long steuder are. The Pauling furnace
unire nearly resembles the Birkeland-Eyde, i that it oper-
ates on e principle of a spread arc.  In this furnace, how-
cver, this spread of the arc is obtained by a blast of air di-
rectal agratust it.

The Birkeland-Tlyde aud the Schéuherr furnaces both
Are 1 hperatitn at the Rjukan plant of the Norsk Idydro
Campany.  "Tlis plant is really the ouly large lustallation
ul the are pracess.  Its rated capacity of approximately
Ao tms af witrogen per year represents over 70 per
crnt af the wirld capacity.

This plaut 1s in two units, of cqual size, Plant I, com-
pletel e 1912, and Plant 1T, completed in 1914. Kach
plant is survect by an individual hydro-electric power statiou
nl tanannt electrical horsepawer capacity. The water {or
Hower Thuse T is brought to the turbines from a lake high
up i the mauntains and three miles distaut {rom the power
hause, thraogh 4 number of steel tubes or conduits in par-
altel. "I'he spent water from this station is then led through
a ruck tunttel cut 111 the mouutain, a distance of 314 miles to
Power Hause Tl In additian to the hydro-electric gener-
ating cquipment, eacl power station operates three steam
driven turbo-generators of a rated capacity of 13,000 clec-
trical barsepower each. The steam for thiese generators
is supplied by the waste heat boilers for cooling the nitrogen
axule cantaining gases leaving the arc furnace.

In the are furuace room of Hant I there are wustalled 120
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Sclidnherr furnaces of 1,000 kilowatts capacity each, and six
of the earlier Birkeland-Eyde type of 3,500 kilowatts capac-
ity each. At Plant Il are 36 Birkeland-Eyde furnaces.
The Schonherr furnaces, to satisfy the demands for the long
slender arc, are 30 inches in diameter by 25 feet in length, In
the new Birkelaud-Eyde furnaces, as of Plant II, an alternat-
ing current arc is maintaiited between water-cooled copper
clectrodes which are placed between the poles of an electro-
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magnet, so that the direction of the arc is at right angles to
that of constant magnetic field. This furnace is inclosed
within a steel cylindrical case, 12 feet in diameter by s
feet between the flat ends. The inner surface of this casing
is lined with fire brick leaving a cylindrical space 6 feet in
diameter by 6 inches thick in which the arc expanils. The
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air enters this arc region through perforations in the brick
wall and leaves through openings along the circumference
of this region. The capacity of these furnaces is 4,000 kw.
each.

Although the furnace rooms of the two plants are about a
mile apart the absorption buildings are adjaceut and in the
immediate viciuity of the furnace room of Plant I. This
makes it necessary to convey the gases as they leave the
economizers of Plant 11 a distauce of nearly a mile. In
traveling this distance through s aluminum tubes, each 3
feet in diameter, the gases are cooled from 200° C to about
50° C, obviating the necessity of a cooling tower. Further,
upon cooliug, oxidation of the nitric oxide takes place so
that the gases upon rcaching the absorption building are
drawn directly into the absorption system.

The absorption towers which are of grauite are 22 feet in
diameter by 70 feet high and are arranged in scts of four
cach. The furnace gases entering the base of tower No. 4
pass up through this tower to the base of tower No. 3, and
so on through this tower and through towers No. 2 and
No. 1. From the exit of tower No, 1 the gases pass in series
through two alkaline towers from which the unabsorbed
nitrogen oxides pass to the atmosphere. The absorbing
liquid flows through thesc towers counter-currently. Water
sprayed from the top of tower No. 1 absorbs some of the
nitrogen oxides on its descent. The weak uitric acid from
the base of this tower is pumped to the top of tower No. 2
and so on, through tower No. 4, where the acid reaches 30
per cent strength.

A product of this plant, but not necessarily a product of
the arc process, is calcium nitrate or Norwegian saltpeter.
This salt is produced by treating limestone with nitric acid.
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A use for some of the steam of the waste heat boilers is
presented here for evaporation to coucentrate the solution

GranNITE Towers aT Riurxan PraANT rorR ABSoRP-
Tion or NitrogeN Oxlprs

to 13 per ceut uitrogen. Calcium nitrate is nsed for fer-
tilizer purposes.
“The Pauling furnnce is operated in a plant of 1,000 tons

of nitrogen annual capacity at Patsch, near Iunsbruck,
Austria. In this furnace the arc passes between two water-
cooled, cast-steel tubular electrodes, which are set perpen-
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dicular to each other and iv a vertical plane and spaced
about two inches apart. The arc hias the appearance of a
vertical sheet of flame extending between the clectrodes.
The gas leaving the furnace at 1000° C is cooled in a pre-
heater aud iu a cooling tower packed with fire brick before
the gas reaches the steum boilers. The capacity of the
Pauling furnace is §oo kilowatts,

[u an operation in which the cfficielicy of euergy utiliza-
tion is so very low the margin of conceivable improvement
is great. Such a coudition leads naturally to intensive re-
search and development. The results of these wvestiga-
tions with small-scale furnaces have iuvariably indicated
marked improvements in the efficiency of enerpy utilization,
This increase in cfiiciency gradually diminishes with an in-
crease iu the size of the furnace used, until it has disap-
peared entirely when a size of furuace which might be cou-
sidered commercial has been reached.

The use of oxygeun-enriched air, to the extent of a 5050
ratio of nitrogen to oxygen gave some promise of increased
yields. Iu such a system, howuver, econamy ut the use of
oxygeu necessitates the return of the gas tathe furuace after
the absorptiun of the oxiiles. Prebeating the air entering
the furnace has also beeu tried but it has been tound that
any advantape pained through such preheating has been
lost through increased decompositivn of the nitric oxiile.
Operation of the arc uuder a pressure of several atmos-
pheres has not given enough promisc of improvement to
warrant large-scale experiments.

The possibility at this time far marked improvements in
operution efficicucy is not hapeful and there are indientions
of the arc process giving way ta the direct synthetic arnmonia
process.
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THLE CYANAMIDE PROCESS

I~ the cyanamide process gasecous uitrogen is fixed by
bringing it into contact witlt finety powdered caleium carbide
heated to 1000° C. This formation of calcium cyanamide is
represented by the equation

CaCy + N, = CaCN, + C,

[ producing the two reacting materials, extremes of tem-
peraturcs are employed., Calcinm carbide is produced by
means of the intense heat of the clectric furuace, while the
nitrogen is sccured through the fractionation of air which
has been Lquefied at a temperature of 192" C below zero.

Tlie production of calcium cyanaiide invalves four steps ;
(1) The productioun of linte from limestone; (2) The pro-
duction of caleium carbidc; (3) The production of gaseous
uitrogen; and (4) The nitrification of the carbide.

In the first step, crushed limestone 1s buried in a kiln at
a temperature nf 1100° C until the carbou dioxide has heen
driven oft. "T'his process is represented by the equation

CaCO; = CaO + COs — 42,900 gram. calones.

and may be carried out in either a rotary or vertical kiln.
L the rotary kiln the limestone rock is fed into one end of
the kilu which is so inclined that upon rotation the limestone
ftows slowly down its length. The fucl, dried and finely
pulverized coal for instance, is introduced through a burner

30
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at this lower end. The rock is gradually decomposed and
the liberated carbon dioxide is carried away with the fur-
nace gases, by means of a stack. The burnt lime is clis-
charged at 1100° C to a cooler from which it is cottveyed to
storage. In this cooler, which maybe a rotary kiht usually
of smaller diameter and length, the temperature is reduced
to about 200° C.  Since for the production of caleiunt car-
bide limestone of onc iuch diameter lump is preferred, there
is a large quantity of fines, perhaps as much as 25 per cent
of the total. These fines are waste so far as the cyanamide
process is cotcerned, hut may have a value as ngricnltuml
or building lime.

The production of calcium carbide is the power consum-
ing operation of the cyanamide process. The carbide is
formed by fusing a charge of a mixture of lime and carbon
in the ratio of approximately 1,000 pounds uf carbou to 6oo
pounds of coke in an clectric furnace. The reaction 1s as
expressed by the equation

Ca0 4+ 3 C = Caly + CO — 121,000 gram calories.

The carbon may be introduced as anthracite coal, char-
coal or coke. The latter has proved preferable, however,
and is by far of widest use in this industry. It shoulil he a
soft burned rather than metallurgical coke and of abaut
three-fourths inch in size. [t should contain at a maximum
6 per cent ash and 0.5 per cent moisture,

The carbon monoxide formed, which amouuts to about
735 pounds per ton of crude carbide, is not recavered, al-
though it has a heating value of 4,380 B.T.U. per pound.

The furnaces are usually rectangular in shape, 5 fect or
fect deep, with the depth below the operating Hoor, so that
the carbide may be tapped from the furnace at the lawer
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floor. The carbon electrodes, usually two feet square each,
are clamped three together in such a way as to give the ap-
pearance of one big electrode 2 feet by 6 feet. These elec-
trodes six feet long are suspended above the furnace in
such a manner that their depth in the charge is automatically
regulated by a solenoid which coutrols a motor-driven hoist.

After the current to the electrodes has been turned on, the
mixed charge of lime and coke is shoveled around the elec.
trodes, the depth of charge being such that the top or visible
layer is never thoroughly fused. In the f{used state, the
lime reacts with the carben to produce molten carbide,
The fimniace is tapped at intervals of perhaps 35 minutes by
fusing the tap plug with a needlelike carbon electrode. As
the carbide issues {rom the furnace at a temperature of
2200° C, it is run into iron chill cars where it is allowed to
cool for from one day to a day and a half.

The material is an 80 per cent to 85 per cent carbide, con-
suming in production about 3,000 kilowatt hours per ton,
equivalent to approximately 3,600 kilowatt hours per ton
of 100 per cent carbide, when produced in a furnace approxi-
mately 22 feet by 13 feet by 6 feet deep.

The 99.8 per cent pure nitrogeil necessary for the nitrifi-
cation of the carbide is separated from the atmosphere
through a liquefaction and distillation process. Ifither one
of two systems is generally used, the Claude or the Linde.
The cost of the nitrogen is exceedingly small as compared
with its fixation cost. When nitrogén fixation is spoken of,
the accent should be on the fixation, rather than the nitrogen
from a cost consideration.

When air or a gas is compressed the air heats up, due to
its compression, necessitating intercoolers and aftercoolers
on the compressor. When this air expands, the reverse
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naturally happens aud the expanding air gives up heat or s
chilled. Now if the intercoolers on the compressor have
cooled the air after compression to the same temperaturc as
it was originally, a cooling effect can be produced. This is
the principle of the air liquefier.

Inthe Linde process the air is compressed to 3,000 pounds
and simply expanded, while the cold expanded air passes in
heat exchange contiguity with the warmer incoming air,
thereby reducing its temperature.  In the Claude process
the compressed air is expanded in an expanpsion engine thus
obtaining a <cooling effect due to external work as well as
to the simple expansion or Joule-Thompson cffect of the
Linde process. Because of this, the air in the Claude proc-
ess is compressed to only 450 pounds originally, and
a shorter time is consumed in reaching the liquefaction
temperature.

In the operation of the Claude liquefaction system, air
which has been washed in caustic soda towers for the re-
moval of carbon dioxide and passed through separators for
the removal of caustic soda spray, is compressed to 4350
pounds and cooled in an aftercooler to the temperature of
the cooling watcr, perhaps 20° C. It is then passell through
two heat exchangers in serics, where its temperature is low-
ered through exchange of Leat with colder outgoing air,
Most of the moisture of the air is condensed out here and
collected in a purge bottle while any remaining together
with any carbou dioxide which may not have beeu scrubbed
out is deposited as a snow ou the tubes of the sccond ex-
changer. When this snow deposition is great enough to in-
terfere with the free flow of air through it, the flow is auto-
matically changed so that the order of the exchangers is
changed. That is, exchanger No. 2 is now No. 1, and re-
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ceives the air at the cooliug water temperature, which is
high enough to thaw out the frozen tubes.

From the second exchanger, 80 per cent of the air is ex-
panded in the expausion engiue and 20 per cent into the
liquefiers. The temperature of the air drops from —108° C
at the entrance to the expansion enginc to —145° Cat the
outlet valve. The 20 per cent of the air which eutered the
liquehier 1s cooled by guses from the rectifyiug column to
the liquefying temperature. These two parts of air, 8o per
cent as z gas and 20 per cent as a liquid, are both admitted
to the bottom of the rectifying column which consists of a
series of vertical tubes called vaporizer tubes, the lower
ends of which are submerged iu the liquid. Due to the dif-
ference in pressure at the bottom of the rectifying column
and the space surroundiug the tubes partial vaporization of
the liquid takes place causing a liquefaction of the air in the
tubes. This liquid {from the base of the rectif{ying column
is reintroduced vto the column about midway between ends.
This lquid is richer in oxygeu thau the original air, The
uncondensed gas rich in uitrogen passes through the con-
densing coil submerged in the liquid which is cold enough to
liquefy the nitrogen. This nearly pure liquid nitrogen is
passed to the top of the rectifying cohnnn frout which nitro-
geu gas of 99.99 per cent purity comes off ata temperature
of —190° Cand, after passing buck through the liquefier and
out through the tubes of the heat exchangers, is available for
the nitrification of the carbide.

NOMENCLATURE IFOR
CLAUDE PROCESS FOR I'RODUCTION OF PURE NITROGEN GAS§*®
1. Coutrol valve of air entering exchajger.

2. Gauge fur the pressure uf the comipressed air shpplicd to the apparatus.
3. Valve for inverling the conipressed air circulotiom in the exchanger,

I From Fixation aml Utilization nf Nitrugew, Report #F2041.
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4. Valve for inveirting 1he oxygen and nitregru circulation in the cx-
changer,
5. Valve for inverting the compresseil air at lhe exit from 1he exchanger.,
6. Exchanger for cooling the inconung air.
6a. Drain valve fo1 purge bewde of exvlanger.
7.  Exchahger for cooling the inemming :r.
»a. Drain valve for purge bottle of cxehanger.
8. Gange for the pressnre of the comprssed air ot 1he expousion cogine
inlet.
9. Control valve for the expansion cuginr.
10. Expansion engine for cooling air by cxternal wink,
11. Liquefier for Iiguefactivn uf air,
112, D-in valve for tle li:]ul.’ﬁl.‘l‘.
12, Vilve for throttlmg the liquid-air supply to swne pressure as epgine
cxhaust,
13. Lowest comiartinent of rectifying rolvnni.
13a. Drain valve for Iowest compwrtment nf reclifyiog rolavn.
13h. Watev level for the lquid 1ich in uxygeh.
13¢. Gauge for lhie back presshre it the Inwest comparivienl nf reetifying
column.
14. Vaporizer tubes for liquefaction of wir,
13a, Mecreury level of the vaporizer.
1.4b. Oxvgen pressure gauge,
15, Valve for controlling thie upflow of he ligenl rirh in pxygen,
16.  Valve for the olitlét of the impure nxygen gas.
162, Cack for swnjiling wuste oxygri
17. Coil submergell in cooling Lyonl for Lignefoctim of piteagen.
172. Cock for testing the plhrity of wit-nmen leaving Lhe vaporizer mml jfoing
to the comlensing yoil,
18, Inlet to tle rectifying rolwum pf thy liyuil rirh in Dxygn,
1g. Valve to coutrol the flvw of linulil witrbgen to the thp »f o culanln.
20, Top of the rectifying enlbmn,
zoa. Water Ievel for the Ligubl pour il nxygen.
2o0b. Nitrogen pressiire gabge,
2ce, Cock for the nitrgm test.

Before nitrification the carbide must be finely pulverzied
so that at least 85 per cent af it passes thrbugh 200 mesh
screen.  This necessitates a series of grinding operatios
following the breaking up ou the carbide pig.  In this pul-
verized state carbide readily reacts with the moisture of the
air to generate acetylene gus which forms explosive mix-
tures with oxygen. Becausc of this it 15 necessary to carry
on these grinding and conveying operations in an atmos-
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phere of nitrogen. Frequent analyses are necessary, there-
fore, to guard against greater concentrations of oxygen and
acetylene than 2 per cent and 1 per cent, respectively.
There are two types of nitrifying ovens in operation, a
continuous and a discontinuous or batch type. Operation

[
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of the latter type accounts for at least 95 per cent of the
cyanamide output of the world. In operation of the dis-
continuous type a steel cylinder with perforated walls paper-
liled and containing a pasteboard cone to provide an elec-
trode space is filled with the finely ground carbide. "T'his
cylinder is contained in a gas-tight cylindrical oven. When
the temperature within the oven has reached 1000° C, nitro-
gen is admitted aud the electric current turned off. The re-
action is then self-sustaining and continues for between 24
hours and 48 hours, depending upon the size of the owven.
The equation for this reaction is

CaC, + N, = CaCN, + C + ¢8,430 gram calories.

The energy consumption for this nitrifying operation is ap-
proximately 115 kilowatt hours per ton of nitrogen fixed.

Since the composition of the calcium cyanamide depends
upon the quality of the raw materials and methods of oper-
ation, it varies with different plants. The composition of
the cyanamide produced at U. S. Nitrate Plant No. 2 at
Muscle Shoals, Alabama, was as follows:

Per cent
Calcium Cyanamide............. ... 61.2
Calcium Oxide ........ ... ..... 20,0
Calcium  Carbide........ ... ... .. .. I.§
Calcium Sulphide................... 0.2
Calcium Phosphide........... ... .. 0.04
Free Carbon..................... ,12.5
Silica ... e e 2.4
Iron and Aluminum Osxides.......... 1.8
Magnesium Oxide................. , 0.2

Upon completion of the nitrifying operation, the cyana-
mide pig is removed from the furnace, cooled, broken,
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crushed, and finely ground in a mauner and with equipment
similar to that used for grinding the carbide.

Siuce the preseuce of unnitrified carbide in the cyanamide
is objectionable both for the production of ammonia and in
fertilizer cyanamide, the finely ground material is sprayed
with a limited amount of water in a closed hydrator from
which the resulting acetylene gas is carried off.

The principal use for cyanamide is in agriculture as a
nitrogenous fertilizer material. For this use however it is
generally treated with additional water and briquetted or
oranulated and sometimes treated with oif to keep down the
dustiness.

The product of this process after various stages of treat-
meltt is known Dy various names.

Lime Nitrogen is the crude calcium cyanamide ground to
a fine power after removal from the oveuns. It is of the
composition previously meuntioned.

Caleinm Cyanamide is the chemical compound as repre-
sented by the formula CN.NCa or CaCN..

Cyanamid is a trade name for the completely hydrated
material prepared for use as a fertilizer in the United
States. It coutaius about 45 per ceut of calcium cyana-
mide CaCN., 27 per ceut calcium byilroxide (slaked lime)
Ca (OH),, vo carbide and various quantities of other ma-
terials which might be called impurities.

Nitrolim is the trade name for the material sold in Iing-
tand for agricultural purposes. It is a lime-nitrogen to
which has been added just enough water to destroy the car-
bide. Practically all free lime is present as calcium oxide.

Kaikstrickstoff 1s the trade name for the material manu-
factured in Germany for fertilizer usc and is similar to
nitrolim.
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As a fertilizer, cyanamide has several disadvantages.
(1) Itisa very disagreeable substaiice with which to work
and is somewhat toxic to human beings if the material
gets into the skiu; (2) It cauunt be used in large quanti-
ties in mixed fertilizer containing acid phosphate owing
to the natural reuction between the acid phosphate and
the cyanamide which causes the acid phosphate to revert
and also may lead to the forniation of the agriculturally
undesirable substauce, dicyauodiamide; aud (3) It has an
inherent toxicity to plant growth greater than that of other
fertilizer materials. This is particularly noticeable in dry
seasons and prevents its use 1l as large quantities as other
forms of uitrogen-containing substaiices.

Through a process of autoclaving cvanamide may be cou-
verted into ammonia. The cyanamide, or lime nitrogen, is
introduced into an autoclave with water ut the approximate
proportions of four parts of cyanamide by weight to five
parts of water plus a small amount of strong alkaliue liquor,
caustic soda, to aid the chemical reaction. The mixture is
then treated with steam, and ammona gas is relecased ac-
cording to the equation

CaCN, + 3 FH.O = 2 NH, + CaCO,.

In operation, an autoclave of 6 feet diameter by 21 feet
tall is charged with o filtrate liquor of approximately 2 per
cent sodium hydroxitle (NaOl1) to 9 feet depth.  This is
approximately 19,000 pounds of liquor. To this is added
300 pounds of sada ash to briug the alkaline strength to 3
per cent sodium hydroxide, aud 8,000 pounds of cyanamide.
The charge is aérated for 1§ minutes to climiuate acetylenc,
phosphine and hydrogen sulpbide as completely as possible.
The charging door of the autoclave is thar closed and the
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steam turned on to start the reaction. When the pressure
within the autoclave rises to 60 pounds as recorded ou the
gauge the steam is turned off and the reaction contiiues ui-
aided. The ammonia outlet is then opeiied and ammonia
with large volumes of steam is drawn off continuously for
approximately three hours. Durig this time the pressure
remains rather constant, but it finally drops to atmospheric
pressure. The outlet valve is theu closed and the steam
once more turned iuto the antoclave for about 20 minutes,
when the pressure will have reached 120 pounds per square
inch witliin the autoclave. The steam is again shut oft and
the ammonia discharge opened. The reaction and conse-
quent release of ammonia now coutinues for an hour aud a
balf. The stludge remaiuiug in the autoclave is discharged
to the slurry troughs which feed the filters.

This ammonia may then be oxidized to nitric acid, which
may be neutralized with additional ammotua to form am-
monium nitrate. Such is the proposed ojteration of the
U. S. Nitrate Plaut No. 2 at Muscle Shoals, Alabama. In
order to give a clearer picture of the cyanamide process,
there follows an equipment description of this plant, the
only cyanamide plant in the Unitel States.

The U. S. Nitrate Plant No. 2 was erected as 4 war emer-
gency measure for the annual fixation of 40,000 tons of
nitrogen in the form of 110,000 tons of ammotium nitrate.

The manufacturing plant occupies an area rectangular
in shape 5,310 feet by 2,860 feet with the long dimension
running north and south. With the exception of the liquid
air production, the sequence of manufacture is from north
to south., The raw materials limestone, coal and coke are
unloaded from a trestle at the north end of the manufac-
turing area and started into the process. Al materials
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from the uuloadiug of the raw materials from the cars
to the discharge of the finished ammonium nitrate from
the grainers are mechanically handled by belt and screw
conveyers, bucket elevators, electric traveling cranes and
pumps.

The lime-burning plant copsists of 7 rotary kilns each 8
feet in diameter by 125 feet long from which the calcined
lime is fed to 7 rotary coolers each 5 feet in diameter by 5o
fect loug. The rated capacity of these is 700 tons of cal-
cined lime per day (24 hours) which is stored in four similar
coticrete silos of 250 tous capacity. Fuel for the lime kilus
1s prepared in two Fuller udirect-fired rotary driers, 42
inches by 42 feet, and four Fuller-Lehigh mills.  This plant
has a rated capacity of 336 tous of dried and pulverized
coal per day.

Coke for carbide production is crushed in two crushing
units of three sets of double crusher rolls each, and dried in
four rotary driers 5§14 feet diameter by 40 feet long. This
prepared coke is stored in four concrete silos of 160 tons
capacity.

Carbide 1s produced in 12 furnaces 22 feet by 13 feet by
6 fect deep of 60 tons of carbide capacity per day each.
LEach furnace has three electrodes 16 by 48 by 80 inches
each, which weigh together with the cooliug hcad 3,000
pounds. The carbide is crushed and pulverized in three 30
by 42 inch Buchanan jaw crushers, three 10 feet diameter by
48 inch Hardinge ball mills, and three 7 feet diameter by
24 feet Smidth mills.

The liquid air plant of a rated capacity of 12,800,000
cubic feet or 300 tons of nitrogen per 24 hours receives its
air through two 36 inch spiral-riveted intake pipes. The
air is washed in 8 sets of scribbers of two to a set. There
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are 15§ three-stage compressors of about 1,200 cubic feet per
minute displacemeunt and a discharge pressure of 600 pounds
per square inch. In operation the air is compressed to 450
pounds and is delivered to 30 unitrogen column equipmerits
from which the nitrogen produced is delivered to the cyana-
mide ovetls, one-quarter of a mile to the west, through a 30
inch spiral-riveted pipe.

In the cyanamide plant there are 1,536 nitrifying oveus,
each of 2,000 pounds finished product capacity, arranged in
16 rows of 96 ovens cach. The maximum rated capacity of
this plant is 750 tons of crude calcium cyanamide per 24
hours. The cyanamide ingots after being removed from
the oveus by electric cranes are cooled, and then brokeu by
beiug dropped upon the inclined platform which serves the
crushing equipment. After being crushed and pulverized
in a plant exactly similar to the carbide crushing plaut,
the cyanamide is hydrated in three 36 inch by 36 feet lang
hydrators of a capacity of 2,160 tons of hydrated cyanamide
per 24 hours.

The silo building between the cyanamide plant and the
ammonia plant contains nine concrete silos of a capacity of
475 tons of cyanamide each.

The ammonia plant for the autoclaving of cyanamide is
of a rated capacity of 16634 tons of ammonia gas per 24
hours and consists of 56 autoclaves arranged in 14 rows of 4
eacl.  These autoclaves are 6 feet in diameter by 21 feet
high and are constructed of welded steel plate of onc iuch
thickness for the side walls and 114 inches for the domed
tops and bottoms. Each autoclave is fitted with an agitator
which revolves at 11 14 r.p.m., each set of 4 agitators bcing
driven by one 40-horsepower squirrel-cage induction motor.

Steam for the autoclaves and for heating the plant build-
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ings is supplied by a process steam plaut of a total boiler
capacity at 120 per ceut rating of 3,950 horse power.

After leaviug the autoclaves the ammonia gas is washed
and dried by beiug passed through a series of mud drums
and an installation of 7 ammonia columns each ¢ feet in di-
ameter by 19 feet high connected by 14 inch pipe to 7 de-
phlegmators each 7 feet 2 inches in diameter by 8 feet 3
inches bigh and 7 condensers similar i size to the dephleg-
mators. EFrom the condensers, the ammonia gas is stored
in two 60,000 cubic feet gas holders.

The slurry from the autoclaves istreated in 4 steel slurry
troughs, each of which feed 5 vacuum filters 6 feet in di-
ameter by 3 feet, makiug one revolution in 414 minutes and
having a capacity of 274 tous of sludge per hour. From a
hopper the studge is pumped to a waste dump by four 650
g.p-m centrifugal pumps. The filtrate from each set of
1o filters is pumped by three 200 gallons per minute centrif-
ugal pumps to § open-top steel storage tanks 13 feet 6
inches in diameter by 12 inches deep from whicl it is pumped
as nceded into seven steel filtrate mrasuring tanks.

The caustic equipment {or preparing the autoclave solu-
tion consists of oue lime-slaking tank, one tiquid elevator,
three reactiun agitators equipped with air lifts and steam
coils, threc tlickener tanks, three diaphragm pumps, one
studge tank, two 15 g.p.m. centrifugal pumps, one solution
tank and 1me 200 gallons per mimute centrifugal solution
pump.

[n the nitric acid plant there are 696 catalyzer units each
consisting of a rectaugular aluminum tower 14 inches by 28
inches by 5 feet high. A frame near the bottom of the
tower holds the 80 mesh platinum gauze, 13 inches by 27
inches, of 0.003 inch diameter wire. The mixture of air
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and ammonia gas passes down through the tower over the
heated platinum gauze and out through a brick flue ‘Eo the
coolers. There are 25 high temperature coolers, 9o iuches
in diameter by 12 feet long horizontal, steel tubular, marine
type boilers covered with an asbestos coating. The 12 l.ow
temperature coolers are 25 feet by 36 feet by 7 feet high
constructed of chemical brick with 5 passages so arranged
that the gas passes the full length of each cooler 3 times.
Projecting down into each of these § passageways are 4
rows of 35 cooling tubes each (20 rows in all).

The 12 oxidation towers, 15 feet by 31 feet 6 inches, by
15 feet high are similar to the low temperature coolers, ex-
cept that they do not contain cooling tubes.

There are 24 absorption towers, 31 feec 6 inches, by 34
feet 2 inches, by 6o feet high. Although these towers are
built of brick they serve the same purpose as, and are very
similar to, the absorption towers previously described for
the arc process plant at Rjukan, Norway. These towers are
packed with 6 inch and 3 inch vitrified spiral rings. The
acid tiquor is raised to the tops of the towers by air liftsin
acid wells. There are 120 of these acid wells 12 inches in
diameter by 96 feet deep. For weighing the acid there arc
twelve aluminum tanks each 11 feet in diameter by 10 feet
deep equipped with Fairbanks beam scales. Therc are
also 12 closed storage tanks each 31 feet diameter by 10 feet
high constructed of reinforced concrete of a total capacity
of 3,500 tons of 40 per cent acid.

For the production of ammonium nitrate there are 4 ab-
sorption towers 614 feet square by 30 feet high, built of
acid brick and filled with spiral tile, 4 coolers, 714 feet by
13 feet by 8 feet high, 4 neutralizer tanks, 11 feet by 26 feet
by 7 feet high; 4 supply tanks 11 feet diameter by 10 feet
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high; 16 settling tanks each 18 feet in diameter by 6 feet
high; 12 Sperry filter presses and 4 filtrate tanks, 18 feet
diameter by 6 feet deep.

The ammonium nitrate liquor is stored in eight steel
tauks 20 feet in diameter by 18 feet high and pumped from
these to the 12 feet diameter by 12 feet high supply tauks
serving each of the 5 evaporating and crystallizing units.
Fach of these units consists of 10 euameled evaporating
pans, 614 feet by 11 feet and 20 crystallizing pans and
graiuers 5 feet in diameter by 18 inches deep.

For maintenance purposes there is a fully equipped ma-
chine, pipe and carpenter shop, a foundry and blacksmith
shop. There is also a water supply system for domestic
and fire purposes, consisting of a 60,000,000 gallon capacity
reservoir, a settling basiit of 300,000 gallon capacity, a filter
plant of 1,500,000 gallons per 24 hours capacity, a clear
water basin of a capacity of 500,000 gallons, and a pumping
station of 44,420 gallons per minute.

To give a somewhat clearer picture of the size of some
of the buildings nccessary to house the various equipment,
it might be mentianeil that the carbide furnace building, 9o
feet by 1,050 feet by 64 feet high, if placed over the large
Union Station in Washington, D. C., would completely en-
velop it.  The cyanamide oven building is 250 feet hy 520
feet by 6314 feet high. The liquid air building or nitrogen
plant is 100 feet by 575 feet by 5214 feet high, while the
cooling and absorptian building of the nitric acid group is
200 feet by 6oo fect by go), feet high aud has a ground
area 10 per cent in excess of the United States Capitol
building. The buildings of theq manufacturing area have a
ground area of 29 acres.

The cyanamide process is now very well developed and
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little may be expected by way of improvements. Some econ-
omies of electrical energy consumption have been effected by
increasing the size of the carbide furnaces aud also of the
nitrifying ovens. As can be pictured from the description
of the U. S. Nitrate Plant No. 2, a cyanamide plant is a col-
lection of previously well knowu operations, as for instance,
lime burning, carbide manufacture, the liquefaction and
fractional distitlation of air, etc. It is rather natural then
that the possibility of improvement of such a process is less
than for a new operation such as the direct synthesis of
ammonia,

Althiough over g5 per cent of the cyanamide produced is
nitrified in the discontinuous type of oven, several contiiu-
ous types have beeu tried. In one type of continuous fur-
nace operated at Kpapsack, Germany, carbide is placed in
sheet-metal, collapsible boxes of about 3 cubic feet capacity.
Au iron car on which have been placed 15 of these boxes
runs on a track through a tunuel type of nitrifying oven.
As a car is admitted to the tunnel a car containing nitrified
material is pushed from the other eud through heavy iron
doors which as far as possible exclude air from the furnace.
The oven was heated by producer gas burned under the first
third of its length and the nitrogen admitted counter current
to the travel of the car. Many mechanical difficulties arose,
however, due to the warping of the equipment from the heat
of the furnace.

In France at the Marignac plant, a somewhat similar and
motre successful attempt was made at the operation of a cou-
tinuous furnace. This furnace was equipped with caisson
doors which minimized loss of nitrogen and dilution by air.
This oven was heated by carbon pencils which extended
from the sides a short distance above the carbide.
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The Stockholm Superfnsfat Fabrik i1s operating still a
third type of coutinuous oven in Sweden. The Swedish
oveus are cylindrical towers coutaining shelves so arranged
that the carbide charged in at the top moves downward
friom shielf to shelf counter current to tlie flow of nitrogen
whicl is admitted at the bottom of the oven. The heat re-
quired to start the reaction is furuished by arcs near the top
of the furnace. The nitrificd carbide is discharged at the
ower end. This is the only really continuous oven and is
still in operation.

It has been showu how ammonia may be produced from
cyailamide. This ammonia may in turn be oxidized to ui-
tric acid or it may be used to neutralize the various acids for
the production of tlie ammouiacal salts, It may be ab-
sorbed in water to form aqua ammonia or it may be com-
pressed and lquefied for refrigeration purposes.  Cyaua-
mide may alsa be a source of urca. Inburning lime, targe
volumes of carbon dioxide gus are given off, which gas 1s
utilized in the productin af urea from cyauamide. Cal-
cium cyanamide is fed uniformly into water pumped thirough
a cireuit with active agitation and the cooled lime kiln gases
are blown into this circuit.  The circulating liquid dissolves
the carbun thoxide vut of these gases forming carbonic acid
which abstracts the caleium from calcium cyanamide forming
nsoluble calum carhonnte aad leaving 1a solution free cy-
anamide. A small quautity of sulphuric acid is added to the
solution af free cyanamide which after about 12 howrs of
peutle agitation ecombiies with water forming a 25 per cent
solutibn of urea. This urea solution ‘s then treated with
powdered calcium carbonate, converting most of the sulphu-
ric acid to gypsum whiclt is separated out in a filter leaving
a clear solution of urea.  This clear solution is then evapo-
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rated in a vacuum pan in order to evaporate rapidly without
using a temperature high cuough to decompose the urea.
The solutionl becomes a syrup and is tapped from the evap-
orator when about 5 per cent of water remains. This con-
centrated solution of urea niay be chilted in a pan forming a
slab of urea, or it may be atomized by a blast of cool air,
producing the urea in a pellet form. Such urea contains 44
to 4§ per cent nitrogen.

Although there is no cyanamide production in the United
States, by far the larger production of the American Cyana-
mid Company’s plant at Niagara Falls, Canada, enters this
country either as cyanamide or crude cyanide. The cyana-
mide is consumed directly in mixed fertilizers where it can
be used in proportions of ouly about 60 pounds of cyana-
mide to a ton of fertilizer, or it is autoclaved at the
" Ammo-Phos " Works, Warners, New Jersey, for the pro-
duction of ammonia for ammonium phosphate, The crude
cyanide is used iu metallurgy, in the production of hydro-
cyanic acid for fumigation and the yellow and blue prussiates
at the New Jersey plant.

Cyanide is produced by fusing a mixture of cyanamide
and sodium chloride in an electric furnace and quickly chill-
ing the molten mass on completion of the reaction, The cy-
anide 1s in the form of calcium cyanide, Ca (CN),, the so-
dium chloride acting merely as a flux.
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THE DIRECT SYNTHETIC AMMONIA
PROCISS

Tug direct synthesis of ammonia from its elements, nitrogen
and hydrogen, is expressed by the equation

Nﬂz’f‘ 3 H& =2 NHg

This reaction is accompanied by the evolution of 12,000
gram calories of lieat per gram mole of ammonia formed,
which heat may be utilized in maintaining conditions neces-
sary to continued operation.

Such formation of ammonia, while very direct, is not
quite as simple as the equation might indicate. Although
ammonia can be synthesized at atmospheric pressure, the
yield is sp small as to be wholly impracticable. Further,
while the percentage of ammonia at equilibrium is greater
at the lower temperatures, commercially practicable oper-
ation has not been attained at temperaturcs below about
450° C.  In fact, commercial operation is now carried on
according to different methods of operation of the process
at pressurces varying from 100 atmospheres to 9oo atmos-
pheres and at temperatures from 450° C to 700° C.  Even
at these conditions of pressure and temperature, synthesis
is practicable only in the presence of a catalyst. In prac-
tice a mixture of three parts of hydrogen and one part of
nitrogen is compressed and passed over a catalyst at an
elevated temperature. The gas coming off the catalyst

53
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will then be a mixture of hydrogen, wtragen and ammeania
with the percentage of ammania in the mixture tlepemtent
upon the condlitions of operation.  As this mixture ap-
proachies an equilibrium piunt, the maximumn quantities af
ammonia which may be preseut in the effluent guses af the
converter are shown for various cowlitions nf operatiun iu

Figure 1.
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Tt will be naticed that a ileerease o tanperature has
even a greater effect thau an increase in pressure.  [ur in-
stance at 200 atinaspheres aml 600” C the equilibrimm
amuunt af ammania is appruxinately 1o per cent, while at
the same pressure but at 400” C, it 1s nearly 40 per cent.
Naw, hawever, if instexd of goivg ilawn i temperature,
the pressure is ucreased to say oua atmospherces, the am-
monia content increases to hut 30 per cent, Tt is evident
then that the direction af greatest inprovement 1s in the
development of a law temperature catalyst.  The consid-

U Larsoy, @ Tle Avnoni Byoililivien at High Pressires,” LA, Cleaty,
Sve Fd, 36772 (1927},
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erable effart expeuded vn such an improvement has resulted
in the development of a catalyst which operates very
sutisfactirily at a tenperature of from 450° C to 475° C.
Crntinuerl efitirt may result in au even lower tempera-
ture catalyst but this will present other difficulties. As the
temperature tlecreases the percentage of ammonia increases,
aud with it the quantity of heat liberated w the reaction, a
sitnatian which nay well present the prablem of taking the
heat away fast eonugh to maintain the lower temperature.
Pluwever, ta avercumie this, the pressure might be de-
creased ur the ltaw of gas over the catalyst increased,
cither of which or bath together wouhl tend to decrease
the quantity of ammonia formeil per pass, and hence kecep
the temperature itlawn.

[t is remlily seen then that the catalyst occupies a most
hnportant place i the pricess.  Tu fact, it has been called
the heart af the pracess aud yet very little is known about
it. 1t lias been finunt that iroun uxide fitrms the best
catalyst buse kuuwn at preseut, but the mechanism of its
uperation s not kinwi.,  Practically all of the operations
tintay are by imeans uf aun irun base catalyst ta which
has heen atldel errtain sobstauces catleil promoters which
facilitate furthier the synthesis of ammania, A catalyst is
a material which aitls 4 chemical reaction without 1tself
cutering permancutly into  that reacrion aui, harring
cantamninatian tr physical ar mechanical  destruction,
should have indehnite tife. As a matter of fact it is
known that under certain canditions of operation a catalyst
of the prumated iron type has maintained a high efliciency
for periails well vver a year of aintinued operation.

Accarding ta United States Patent 1,489,497, an active
catalyst miglt be ane consisting of 98 per cent of iron, 1 per
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cent of potassium oxide, and 1 per cent uf ahnninnm axiide,
These added prumoter matertals niay b vartal, hawryer,
from 0.25 per cent to 2 per cent in case uf putassiuun uxule,
and from 0.2§ per cent tu 111 per cent iu case al aluninmn
oxide. Tuanycasc the bascis the same; thatis, inmuinitialls
in the form of the axile.

To quuite this patent, such a catalyst may be preparal as
follows : " Melt iran in a cdrrent ul axygen su thal mnulten
iroun oxide 1s formeil, or else welt irim wadde.  Tuta this
molten iruu pxide stir @ mixture cimsisting uf apprisimatels
1 per ceut af sadium or putassiung uxitle wil apprisinatels
I per cetit of aluminum oxitle ur sthen thuside, The tutal
weight of the promtiter mixturd s thus apprnituately 2 per
cent of the total weight uf the mass 1f the catalyor ar cata-
tytic material. [t will be understoad that these respective
proportians may be variel in accimlance with the vanpsrs u-
dicated above; but when anirun catabytie agent is muplbovinl
and ammonia is the pradocet ti be alitael, 7 hase huonl
that the prapartians just specifietl give a catalyst or vatalytie
material that in general praures the unist satisfuctiny re-
sult.  "T'he niass preparal as statal is alliwaad tooeonl ol
then braken ot small jicees.”

There are af cagrse uther materials which niay be el
In some stances a natural paguetite as given gomd ri-
sutts.  Tn other cases metals uther than putassing ami alu-
minum lave praved satisfactury as primmoters.

As was shawn by the equilibrivnm curves camiplete convrer-
sion of the nitragen-hivdrigen mixtirre U1 agunonia rannot
be achicved by a single pass 11f this inisture aver the catabost,
Tu faet, in practical operation the prreentage uf amnnmia
formed only appruaclies these eqailibeitann amauats, A the
rite of gas Haw over the catalyst is increasal, the prreentige
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of ammauia {urmmal deereases aud falls further away from
the cqumlibrium amaunts.  Fhe pereentage of ammania then
1 ileptentlent gt the vithone uf gas per unit volume of catu-
byst space per lnwr, nr space velueity,  IFor imstance, if fur
every cubie fut uf catalyst there is a flaw of gas per haur
auivalent tu 2n,001 rubic fret, at nirmal temperatures il
pressures, the space velteity 1s 2n,000.

B SRACE VELOGYTY CURVES AT AYS"2,
100 Avmospheres To (500 Atmuapares
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The pereentage of ammants in the efibient gases uf a par-
ticular catalyst chamber aperating at 475" C und at varions
splace vehicitivs Nur the pressures rat, 3an, (oo, 1,bucd antl
1500 atmaspheres was as shawn in Figure T Tlere again
the effret af pressure is shawn aml i adilitian there is alsa
shawn the effect uf volunne thow af gas.  IF the curves were
continetl upt to a zer fhw af gas the peredntage nf ammnnin
wouhl be practically the cquilibrivm amaunts. [t 1s inter-
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esting to note that for 300 atmaspheres aperanon, with a
10,000 space velocity, this catalyst pave abott 24 qrer rent
of ammonia in the exit gases. At the sante flrrssire Ini ut
100,000 space velocity, 10 per cent i puuniia was bl
tained. If one cubic faut af calalyst is rinsiltered thire is
then a flow of 10,000 cubic feet af gas leaviup the valalyst
per hour, of which 25 per cent dar 2,50n ruhic Tt 58 ani-
monia, while in the case tl the wereasal space veburily, uf
the 100,000 cubic feet af gas leaving the ratalvel per fomr,
10 per cent ar 10,000 cubne feet is annuoma. [t s then sern
that for this cousitleratinm alaue there is a dectdinl lvan-
tage in working away frimm cquilibrium cinulitinny 2t feast
to this exteut, rather than thwards stch riditinns,

Therce is quite a hifference uf opinion as 1o the masl prar-
ticable space velocity. "The great muajurity uf the plants
ow operating are emplaying u spare vrhwity of  2o0oi
or less, while the Nitrawen Provhiels Cinmitee af the Brivish
Munitians Tuveutivns Department advieated a space vehoe-
ity of 150,000 or higher.  There are many wblinaloon-
sideratians ta be takenn intn accamnt, hnweveronniletrrninine
upon a gpace velieity, A law space veloeily will reguire Hryr
a certainn ammiuia praductivn a farpey catalva contnner
than will a ngher space velieity.  Far fnstaner, in the ess
ample previonsly citeil, it was frirant that thoe hourly voneer-
siot of ammania was faur tiues as grat af Db splee
veldcity as at 1o,ou0 space velaeitv.  Obvinusly e b
one-faurth as much catalyst is necrssary with the higle spure
velacity as with the huw, and henee but o funetd af o oubi
foot container is reyuired far the catielvst for Dot spae
velacity as comparal with aie eobie fuat rmtainer dor the
10,000 space velacity,  VWith the high sprlee veloettv, hows
ever, different thermal canditians will be present, a cireume
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stance which brings in anather point fur consitleratian.  The
ratio of tutal gas ta anuminia farmed in the case af the ligh
space velacity was 1oo,0m10 tit 10,000 ar 1o ta i, while i the
other case it was 10,000 ta 2,500, ur 4 to 1. Thus in the
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fiirner case there 1s the heat af farmatinn of une vahime af
anraunid available toonaintain camlitions far ¢ach ten vol-
tmies L gas, while in the tatter case this heat af the far-
maticn uf aue valune uf ammonia is available far auty faur
valumes.

Figure ITT 1s a space time yichl diapram based upon the
data of Figure II. IFrom such a diagram the aperator
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knowing the per cent of ammonia in the effluent gas and the
space velocity can readily determine how much ammonia he
should be producing, or knowing the quantity of ammonia
being produced and the space velocity, he can determine the
per cent of ammonia in the efluent gas. However, by
simple analysis he can actually measure the per cent of am-
monia in the effuent gas and as he must always have a check
on the ammonia production he can easily determine from
such a diagram the space velocity or actual flow of gas
through the system.

The discussion so far has been of the simple system of
passing a compressed mixture of three parts of hydrogen
and one of nitrogen over a catalyst at an elevated tempera-
ture. As was shown, the gas mixture 1s not completely
converted into ammonia. In fact, only a smaller part is con-
verted. In some actual operations the per cent of ammo-
nia in the effluent gas of the converter is as low as 5 per
cent. It can readily be imagined then that the uncombined
gases cannot be wasted. They must be returned to the cat-
alyst.  This then is a further step in the process which now
consists of passing a compressed mixture of 3 parts of hy-
drogen to I part of nitrogen over a catalyst, removing the
ammonia formed and returning the uncombined gases to the
catalyst for further ammonia formation. In order then
that this process may be continuous, a fresh quantity of the
mixed gas equivalent to the ammonia removed is added to
the system prior to the return of the uncombined gas mixture
to the catalyst. As a drop in the pressure of the gas mix
ture will occur in its passage through the equipment and in
the ammonia removal, there is generally inserted in the re-
turn system before the converter a circulating pump for the
purpose of boosting the pressure up to operating pressure.
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This then is the idirect syuthetic ammpumia process for the
izatinne uf atmosphierie witringer.

FHere apain the eruphasis shuhl be an the fixatiim rather
than g the nitragen. Secaringr the free uitragen 1s a sinall
part af the cust, while the hydrugen with winelr the nitrogren
1s lixetl represents appraxunately §0 per cent af the total
ritsl uf the anuutnia,

There are tinlay a muniber of methoils af operaticm of
the shrect synthetic ammiuna process, which af themselves
have canie to be calletl pracesses. In all the varinus methiuls
mtrugen is fixet with nyaleggen as wnmima in the presence
bf a catalyst.  fn ane methml, known as the Clauile Process,
wstead uf the aiemnibined gases being cireulatel back to the
ariginal catatyst after the removal of the contaived am-
mdmia, they are passetl to anuther catalyst in series with the
first,  'This is but anuther method af uperativg the direct
synthetic annnania pracess, huwever, aml thies not L'cnlly
austityte an iwhvithial pracess far nitropgen fixatii any
nre than dit the Casale, FFauser wiml uther methuds of
operatiun uf this proeess.  Operatiann, however, might be
thivoled mntn twa general systens, the cyclie, where the un-
canthinetl gases (uthiwing the renaval af the cunrainet wn-
mania are recarculatet vver the same catalyst; anil the se-
rics, where thise gases pass uver a munber nf catalyst
chambers in series with aoununia renval means after rach.

There are twit preans af anuninia ranuayal in comniercial
practice, absurpting aml refvigeration.  In the hrst method,
water ar aqua attmmibiga is pumgleth over a titwer 1 whiich are
ascaling the gases frinn the systemt at the uperating pres-
sure, [hie apnnania gas 15 seruhbel out of the hydrogen-
aitragen mixtire which is returnal to the arculatory system
while the absarbing Hguid is trappeal. By regulating the
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flow of water over the tower, any one of several conditions
may be maiutained. The quantity of water used in propor-
tion to the ammonia conteut of the gas may be such that
the resulting liquid is a strong aqua ammeoania. Increases in
the quantity of water used beyond this amount would result
in the production of a weaker ammonia liquor while the use
of less water would result in free ammonia gas being given
off from the solution upon release of pressure. If regula-
tion is so maintained that the quantity of water is such as to
carry out complete removal of the ammonia and at the same
time to produce a saturated solution at the operating pres-
sure the optimum conditions have been reached, providing
ammonia gas is desired. Release of the pressure will free
all the ammonia up to the saturation point of the solution at
atmospheric pressure.  This saturated solution or aqua am-
monia may then be pumped over and over again merely ab-
sorbing and releasing ammonia. If aqua ammonia is desired
as well as ammonia gas, regulation can be such as to have
any percentage of the two from all aqua and no gas to all
gas and no aqua.

The second method, refrigeration, is in perhaps even
wider use than scrubbing, at least from the consideration of
the number of plants operating. In this method, the
nitrogen-hydrogen-ammonia gas mixture under pressure is
cooled, resulting in the liquefaction of a portion of the am-
monia, dependent upon the temperature to which the gas
mixture is cooled and on the pressure. Figure IV ? gives

\ the volume percentage of ammonia remaining in the vapor
phase in a 3 to 1 mixture of hydrogen and nitrogen satu-
rated with ammonia vapor. If operation is at 300 at-
mospheres and the cooling medium used chills the gas

? Larson and Black. Jour. Am. Chem. Soc. 47, 1015 (1925).
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mixture to 15° C, there will remaiu in the mixture returning
to the ammonia converter 5% per cent of ammonia. The
difference between that synthesized and that returned will
have been collected as liquid ammonia. If, on the other
hand, a cooling medium were used which would reduce the
temperature of the gas mixture to say —20° C, there
would be only 1) per cent of ammonia remaining in
the gas phase, the diference being collected as liquid
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ammoria. It is interesting to note the effect of pres-
sure ol ammonia removal. At o® C for instance the
ammonia remaining in the vapor phase decreases from
10 per cent at §o atmospheres pressure to 6 per cent at 100
atmospheres, The advantage obtained by going up to 300
atmospheres, however, is not so marked and at this pres-
sure there remains over 3 per cent of ammonia, while there
is 214 per cent at 600 atmospheres and over 2 per cent at
1,000 atmospheres.

Before going into the various methods of operation of the
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direct synthetic ammonia process in any detail, it will be well
to consider the sources of nitrogen and hydrogen.

At 20° C and 1 atmosphere, the density of a mixture of
one volume of nitrogen and three volumes of hydrogen is
0.02223 pounds per cubic foot. There will then be required
2,000

_6:_55.2_5 = 89,970 cubic feet of the

per ton of ammonia

gas mixture. If it is considered that 10 per cent of the gas
mixture is lost through leaks and purging, the original vol.
ume of the nitrogen-hydrogen mixture for the produc-
€9.970
0.90
100,000 cubic feet, of which 25 per cent or 2 5,000 cubic feet
is nitrogen and 75 per cent or 75,000 cubic feet is hy-
drogen.

The largest source of hydrogen for the commercial fixa-
tion of nitrogen according to the direct synthetic ammonia
process is water gas., This gas results from blowing steam
over a bed of glowing coke and has the following approxi-
mate composition:

tion of one ton of ammonia will have to be

H. Hydrogen ........ 50 per cent
CO Carbon monoxide . .43 per cent
CO, Carbon dioxide . ... 4 per cent
N, Nitrogen ......... 2 per cent
CH,, H.O, H.S, ete. .... 1 per cent

In the operation of the water gas generator after the bed
of glowing coke is partly quenched by the "' make " or steam
blow, it is revived by an air blow.

Use 1s made of the carbon monoxide content of the gas to
effect the production of additional hydrogen. Water gas as
it comes from the gas generator is treated with steam in the
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presence of a catalyst, usually iron oxide, at atmospheric
pressure and at a temperature of about 500° C. The car-
bon monoxide of the water gas combines with the steam to
form hydrogen and carbon dioxide according to the equation

CO + Hgo = H2 + COﬂ

This reaction is exothermic, liberating at 500° C approxi-
mately 10,000 calories per mol of carbon mouoxide reacting,
which is sufficient heat to maintain the temperature. From
a hundred parts of water gas there is obtained in this way
about go parts of hydrogen.

The gas as it comes from the carbon monoxide catalyst
chamber contains after condensation of the steam about 45
per cent of carbon dioxide and 3 per cent of carbon monox-
ide, the remaining 52 per cent being hydrogen from which
these other gases must be moved, The larger part of the
carbon dioxide may be removed by scrubbing with water.
This is usually carried out at a pressure of 30 atmospheres
or more. The remaining carbon dioxide, two per cent or
less, is removed by scrubbing with caustic solution. The
traces of carbon monoxide remaining in the gas are removed
by scrubbing with a cuprous ammonium formate solution.

The necessary nitrogen for ammonia synthesis may be
produced as lean or producer gas, a gas produced by blow-
ing air over glowing coke. This producer gas is of a com-
position of about '

H, Hydrogen ........ 10 per cent
N, Nitrogen ......... 60 per cent
CO Carbon monoxide ..25 per cent
CO, CH., Carbon dioxide,

etc., methane, etc. § per cent
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In order to obtain the desired mixture of 3 parts of hydro-
gen and 1 part of nitrogen, approximately two volumes of
water gas are mixed with one volume of producer gas. This
mixture is deficient in nitrogen, which deficiency is made up
by the addition of free nitrogen, procurable through the
liquefaction and fractional distillation of air, in order to
keep accurate control of the composition of the mixture.

As an alternative to this mixing of the water and pro-
ducer gases which had been made separately the mixture
could be made directly in a water gas generator by admit-
ting air to the glowing coke along with the steam blow.
Due to difficulties of this operation, it has not found favor
generally.

Another source of hydrogen in which coal plays the prin-
cipal part is coke oven gas. The gas as it comes from the
by-product coke oven is composed of approximately

Hydrogen ............. §5 per cent
Methane .............. 30 per cent
Carbon monoxide ....... 6 per cent
Carbon dioxide ......... 2 per cent
[lluminants ............ 3 per cent

L

The hydrogen is removed from this mixture by the lique-*
faction and fractional distillation process.

Although electrolytic hydrogen is ideal for ammonia syn-
thesis because of its purity it accounts for only 15 per cent of
the ammonia produced by the direct synthetic ammonia proc-
ess. The capital cost of a plant for the electrolysis is high,
and except for a few especially favorable locations, electri-
cal energy is more valuable for other industries. Although
better results are claimed for certain cells, experience shows
that the larger installations in this country have consumed
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140 kilowatt hours per 1,000 cubic feet of hydrogen. The
5,000 ampere cells, such as are in operation in the United
States at 2.24 volts, consume 268.8 kilowatt hours for the
production of 1,920 cubic feet of hydrogen per 24 hours
each. These cclls contain about 150 gallons of water in
which is dissolved 435 pounds of 88 to 92 per cent potassium
hydroxide. The cells operate on direct current, necessitating
in most cases the conversion of alternating current, usually
by means of a motor generator set, although rotary con-
verters are sometimes used.

Hydrogen is also obtained as a by-product in a number of
electrochemical processes such as the production of caustic
and chlorine.  Although the total volume of such hydrogen
is very large the quantity available at any one location is
relatively small, a ten ton per day ammonia unit being the
largest plant operating on such waste hydrogen.

The fermentation of corn for the production of " buty-
nol,’”” butyl alcohol, is a further source of hydrogen. The
Commercial Solvents Corporation has been wasting over
1,500,000 cubic feet of such hydrogen per day at two
plants at Terre Haute, Indiana, and Peoria, Illinois. Dur-
ing the spring of 1927, a direct synthetic ammonia plant of
12 to 15 tons of ammonia per day capacity was started into
operation to utilize this otherwise waste hydrogen. This
plant was later utilized for the production of synthetic
methyl alcoliol (methanol), thus utilizing both the previ-
ously wasted hydrogen and carbon dioxide.

There are also millions of cubic feet of hydrogen going
to waste from uatural gas wells. At Monroe, Louisiana, at
the carbon black plant of the Thermatomic Carbon Com-
pany some 10,000,000 cubic feet of hydrogen containing
about 6 per cent of methane is being wasted daily. “Lhis
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source of hydrogen has been investigated by a large number
of industrial concerns. There are several objections to this
source, however, The removal of the 6 per cent of meth-
ane presents a serious problem, while the doubtful life of
this supply greatly maguifies the risk of a large investment
such as would be necessary for the utilization of all this hy-
drogen for the production of synthetic ammonia.

Another source of hydrogeu of promise is that of the so-
called Liljenroth Process. In this process elementary phos-
phorus is produced iu an electric furnace from phospliate
rock, silica and coke. A mixture of phosphorus vapor and
steam is then passed over a catalyst maintained at about
700° C, producing phosphoric acid and hydrogen.

The principal reactions are represented by the equations:

2 Cag(POy). + 6 Si0: + 10 C = 6 CaSi0; + 10 CO + P,
P;—E— 16 HQO =4 H3P04+ 10 HE.

In carrying out the latter reaction on a commercial scale, dif-
ficulty is experienced in preveuting the formation of phos-
phine according to the following equation:

P4+ IQHzO?PH3+3H3PO4+6H2.

The importance of such a source of hydrogen for am-
monia production lies in the value of phosphoric acid, a plant
food, as an ammonia carrier. A plant for the production of
phosphorus according to this process is in operation at the
cyanamide plant at Piesteritz, Germany, The phosphorus
produced is shipped to the Badische Anilin und Soda Fabrik
at Merseburg, where it is oxidized with steam to phosphorlc
acid and hydrogen. .

In addition to the producer gas method for nitrogen pro-
duction, nitrogen may also be separated from the air by the



THE DIRECT S§YNTHETIC AMMONIA PROCESS Gg

liquefaction-distiltation method described in the chapter
dealing with the cyanamide process, ar hydrogen may be
burned in air to combine with the oxygen to form water,
leaving the nitrogen. In this latter method, by admitting
the hydrogen in sufficient excess of that required to remove
the oxygen, the resulting gas mixture may be adjusted to
contain three parts of hydrogen to one part of nitrogen.
[f the composition of the air is considered as being

Nitrogen ........... 78.14 per cent
Oxygen ............ 20.92 per cent
Argon ............. 0.90, per cent
Others-............. 0.14 per cent
100.00
2 5,000

there will be required — 32,000 cubic feet of air to

0.7814
produce the nitrogen required per ton of ammonia.
From this amount of air there will be 32,000 X 0.2092 ~
6.690 cubic feet of oxygen to be disposed of, requiring
13,380 cubic feet of hydrogen. The total hydrogen re-
quirements per ton of ammouia for a plant obtaining its ni-
trogen in this way will be 75,000 + 13,380 = 88,380 cubic
feet measured at 20° C and 1 atmosphere.

The flow diagram shown in the frontispiece and the model
of a complete equipment assembly, Figure V, give a clearer
picture of the direct syuthetic ammonia process in commer-
cial plant operation.

In the model, hydrogen, produced by one of the methods
previously mentioned, is brought into the plant by means of
main 1. It passes through blowers 2, where its pressure is
increased to 24 pounds per square inch, to burner 3. Air
is introduced to the burner 3 through main 4 and blower s,
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in which its pressure is raised to 2% pounds also. In the
buriter the hydrogett and air mix and come 11 contact with
a spark. Combustion then takes place with the formation
of water which is removed in condenser 6, the residual gases
passing out to a gasometer through the mixed gas main 7.
By proper regulation of the flow of hydrogeu and air to the
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burner, the gas coming ‘off the condenser can be maintained
as a I to 3 mixture of nitrogen and hydrogen, which is the
ratio of these elements in ammouia. 8 is a control board,
containing the volume gauges indicating the flow of gas to
the burner, and the valves for regulating this flow.

From the gasometer this mxed gas (N, + 3 H.) is drawn
through main g, to the compressors 10, where, in this system,
it is compressed to 300 atmospheres. The compressed gas
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then passes on through oil traps 11 for the rentoval of com-
pressor lubricant to the purifier 12, This purifier contains
a catalyst which while not an efficient ammounia catalyst i3
not easily poisoned. Only a relatively small percentage of
ammonia is formed in this purifier. This is condensed
out in the condeuser 13 and collected in receiver 14. The
ammonia in condensing out of the gas picks up any coutained
water and water vapors, leaving the residual gas whicl had
been purified of other catalyst poisous iu the purifier, pure
and dry. When a sufficient quantity of liquid ammonia has
been collected in receiver 14, it is unloaded to receiver 15s,
which when shut off from 14 is subjected only to the vapor
pressure of ammotia. It may then be safely unloaded to
lower pressure equipment.

From receiver 14 the gas after dropping the liquid am-
monia passes through converter 16. In this converter,
whicli coutaius the ammeonia catalyst, syuthesis takes place,
resulting, at 300 atmospheres aud 475° C, in the effluent
gases containing 20 per cent of ammonia. 17 is the control
patiel coutaining pressure gauges, temperature recorders
and purifier and converter control.  From the converter the
gas mixture (N, + 3H, + 20% NH,) flows through con-
densers 18, where a small amount of ammonia is liquefied
but not removed. Due to friction in passing through the
catalyst mass and subsequeut equipment, the gas pressure
has dropped and so must be boosted up to the original oper-
ating pressure in order that the uncombined gases may be
recirculated through the converter. As this gas is at this
stage pure and dry, it is desired not to contaminate it by ad-
mitting oil or other such lubricant to the circulating or boost-
ing pump. This mixture of (N, + 3 H, + gaseous NH, +
liquid NH;) from the condensers 18 is admitted to the cir-
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culatinng pump 19, where the liquid ammonia acts as the lu-
bricant. The flow is then through the condensers 20 to re-
ceiver 21, where the liquid ammonia is collected while the
uncombiued gases pass on to meet the make-up gas at the
entrance to the converter. From receiver 21, the liquid am-
monia is unloaded to receiver 22, from which it is unloaded
to the low-pressure storage 23. From this storage, a part
of the ammonia goes to accumulator 24, which maintaius the
level of the ammonia in the condensers 20. The expanded
ammonia from the condeusers and the surplus ammouia iu
the storage is then piped off to the ammonia conversion or
utilization plaut. 25 denotes water pumps for the supply
of cooling water to the burner condenser 6, compressors 10
and coudensers 13 and 18.

The hydrogen-air burner shown in the model as 3 is
shown in cross sectional detail in Figure VI.  Hydrogen
and air are admitted separately, as shown, and meet at a
point about midway of the length of the body of the burner.
Here by means of a spark jumping from an extended lead of
a spark plug, the hydrogen-oxygen mixture is ignited. The
spark of course is necessary only on starting up, after wliich
burning continues unaided and the nitrogen of the air, to-
gether with the excess hydrogen, is collected. Each volume
of oxygen combines with two volumes of hydrogen to torm
water, which is removed in the condenser following the
burner. The gas mixture from the point of combustion
flows down iute the mixing chamber aud up through the
cracked porcelain aud shredded copper or copper turnings
heated to an elevated temperature by the heat of combus-
tion, and out. The burner operates under 2 pounds pressure
which is supplied by positive pressure-blowers. The hydro-
gen blower should preferably be liquid sealed. Hydrogen
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and air are adniitted to the burner in such volumes that the
efluent gas mixture is iu1 the ratio of 3 parts of hydrogen to
1 part of nitrogen. These volumes will be in the ratio of
1 volume of air to 2.55 volumes of hydrogen.

The mixture in the buruer is controlled by regulating the
volume delivered by the hydrogen and air hlowers.  Since
a defiuite mixture of hydrogen and air at standard conditions
of atmosplieric barometer and temperature is required, Ven-
turi meters may be placed before the blowers.

The gas densities of various parts of the system are of
interest and importance to the designing engineer. If con-
ditious of operation are such that of 100 volumes of gas
leaving the converter, 20 volumes are ammouia and that 1
volumes of ammonia are removed by refrigeration there wilt
then be 80 volumes of the gas mixture (N. + 3 H.) plus 3
volumes of ammouiia to be recirculated. Since it requires 2
volumes of (N. + 3 H.) gas to make one volume of ammo-
wia (NH,) the 15 volumes of ammonia removed must be
replaced with 30 volumes of make-up gas. The gas enter-
ing the converter will then be 115 volumes, made up of
(80 + 30) or 110 volumes of (N. -+ 3 H.) gas and 5 vol-
umes of NH; gas.

Density = % (68° F aud 14.7 pounds) or (20° Cand 1 atm.)

Where P = pressure in pounds per sq. ft. = (14.7 X 144) =
2116.8
V = volume in cubic feet
R = 766 for hydrogen
T = temperature, ® Abs. = 460 + 68 = 528.
The densities of the separate gases are as follows:

2116.8 X 1
Hg H d =
(F.) Hydrogen 766 X 528

= 0,00523 pouuds per cu. ft,
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(Ne+3H.) = 4.25 X 0.00523 = 0.02223 pounds per
cu. ft.

(NH;) = 8.7 0.004§23 = 0.04446 pounds per cu. ft,

Gas en tering couverter

110 Vols. (N, + 3 H:) = 95.6 per cent

¢ Vols. (NH;) = bt e«
I00.0 )

95.6 X 1.25 + 4.4 X 8.5
100

X 0.00§23 = 0.02320 pouuds per

cu. ft.
Gas leaviug converter
80 Vols. (No 4 3 Hy) _ 80 X 425+ 20 X 8.5 o
20 Vols. (NHj) 700 9953
0.02667 pouutls per cu. ft.

The deviation of these gases at high pressure from the
perfect gas or Boyle's law is also of interest and must be
taken into account. Figure ¥HI*shows the compressibility
factor for pure hydrogen, pure nitrogeu and 75 per cent hy-
drogen plus 25 per cent nitrogen for pressures from atmos-
pheric to 1,000 atmospheres.

If these gases obeyed the perfect gas laws, the compressi-
bility factor curves would be simply straight. horizontal

lines, through the point 1.0 and lfg for 300 atmospheres
100

would equal 1 and =— = 1. P,V, = 300. However, actu-
oYo

ally for the (N, + 3H,) mixture 53‘;’0

One volume of the nitrogen-hydrogen mixture in synthesis
proportions at 300 atmospheres pressure will expand to
only 254 volumes at atmospheric pressure.

= r.1gand PoVo = 254,

4 Bartlett, Jour. A Chemn. Soe. 49, 687 (1927).
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Fle. VII

The following outline of calculations for a 4 stage com-
pressor will give an idea of the effect of these variations
from Boyle's law on the proportioning of stage cylinder
diameters for a (N, + 3 H.) mixture discharging at 300
atmospheres.

£f
: /300
Pressure ratio, R = %/3— = 4.16
I

P, = pressure of atmosphere = 14.7 pounds per square inch.
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Py, Py, Pg, Py = pressure at end of 1st stage, 2nd stage, etc.
T'1, Ty, Ts, Ty = teinperature at end of 1st stage, 2nd stage,
etc.
Pi=R X P, = 416 X 147 = 61.2 pounds per
sq. In. = 4.16 atnu.
P,=RXPr= 416X 61.2
$q. hl. = 17.3 atm.
P; = RXP,= 416X 255 = 1060 pounds per
$q. In. = 72.0 atnl,
Py = R X P;= 416 X 1058.3 = 4410 pounds per
$q. In. = 300 atnl.
From Tigure VII it is found that the gas volumes are for

255 pounds per

4-16 atmi. = 4.36
17.3 atm.= 17.3
72.0 atm.= 70.7
300.0 atm. = 2§4.§
Ty, T, Ts, T before intercooler = 4.16029 X £20 = 786° Abs.

= 326° k.

It will be assumed that the intercoolers and aftercooler
bring the temperature of the gas in each stage down to the
temperature of the inlet. Then, if Boyle's law held, the
diameter of the cylinders for the different stages would vary
as R, and thie work of compression would be the same for
each stage. Since the gas does not obey Boyle's law and
since it is desired to equalize the work of the several stages,
it will be necessary to proportion the cylinder according to a
new ratio, R’, based on the volumes for the pressures shown
above. The effect of this will be to increase the diameter
of the last two stages. If such precautions for equalizing
the work were not made, the pressure ratio of the first stages
would have been increased, thereby lowering the volumetric
efficiency and increasing the temperature rise in that stage.
The corrected ratios will then be
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R'i= R =R =4.16
R = 97 _ 4.c8
17.3
R, = 2545 3.60
70.7
Fora delivery of 215 cubic feet of gas per minute (equiva-
lent to 3 tons of ammonia per 24 hours) at standard condi-
tions, 30 inches barometric pressure and 60° F, a piston
speed of 380 feet per minute, single acting, will be cousid-
ered. A clearauce volume of § per cent would give a volu-
metric efficiency of 1 — 0.08 (4.16 — 1) = 75 per cent. To
provide for leakage at packings, etc., for these higher pres-
sures, a volumetric efficienicy of 70 per cent will be assumed.
Tlie compressor should be equipped with clearance pockets,
which will take care of over-capacity resulting from a pos-
sible higlier volumetric efficiency. The piston diameters
then are:

Pistoa area (less rod) X 380 216
I44 X 2 0.70

215 X I44 X 2
380 X 0.70

Piston area (less rod) = = 233 sq. in.

Area of 2.375 inch pistou rod = 4.43 square inches
Total area of piston = 237.43 square inches

Diameter of 1st cylinder = d; = 0.252‘3:.;3416 = 17.4 inches,
say 17.5 inches.
Diameter of and cylinder = dy = ——33— = 172 _
0.25 X 3.1416  4.16
4.16

8.43 inches, say 8.5 inches.
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Diameter of 3rd cylinder = d, = ﬁ:%gf = 4.17 inches, say
4.25 inches. ¥

Diameter of 4th cylinder = dy = 3‘5%% = 2.20 mches, say
2,25 inches.

With an assumed stroke of 17 inches, the revolutions per
ntinute will be:

I
R.p.m. X T?:z_ X 2= 380 R.p.m. = 133,

A suggestion for the ammonia couverter is shown in Fig-
ure VIII. The cool gas entering at the bottonu of the con-
verter shell travels up through the narrow anuular space in
immediate contact with the inner surface of the pressure-
sustaining shell, to the top of the shell and through a series
of holes in the baffle cylinder, as shown in the upper left-hand
corner of the drawing. The flow then continues down
around the outside of the coiled tubing of the heat inter-
changing, where it picks up the heat of the liot outgoing
gases within the tubes, through the small openings at the
bottom of the exchanger, into the heating element well,
down around the heating element, and into the catalyst cham-
ber. The gas, after passing up through the catalyst mass,
passes out of this chamber through the inside of the tubes
of the heat interchanger, where it gives up its heat to the
incoming gas, and finatly, relatively cool, passes out through
the common take-off in the head.

The catalyst space required per ton of ammonia daily pro-
duction, considering the efluent gases from the converter
to contain 20 per cent of ammonia, of which 75 per cent is
removed, as previously set forth, and assuming a 20,000
space velocity, is
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L15 . 90,000

39 24
20,000

= 0.72 cubic feer

in which 115 — volumes entering converter. 30 = volumes
99,000

as ammonia, and — volumes of (N, -+ 3 H.) mix-

ture per hour.

The pressure-sustaining vessel s made up of a steel shell
closed by means of a liead made gas-tight with a flat copper
gasket, und held in place by the ring and bolts as shown.
The buttress threads of the ring and shell are interrupted so
that in dismantling it is ouly necessary after loosening the
bolts to give the ring a one-twelfth circumferential turn in
order to disengage the threads and relieve the head. so that
it may be lifted out.

The material for the shell might preferably be of the 2.5
per cent chromium, 0.18 per cent vanadium, 0.30 per cent
carbou type of alloy steel especially for such parts as come
in contact with the hot reducing ammonia gases. The bolts
and bolt ring may be of a 3 per cent nickel steel. As the
teusile streugth of steels and alloy steels decreases markedly
as the temperature is increased from 300° C, it is advisable
to keep the converter shell below this temperature. It is
for this reason that the cool gas in the case of the converter
shown is brought into immediate contact with the inner wall.
In cases where it has not been practicable to keep the tem-
perature of the shell down, it lias been found necessary to
use a nickel-chromium alloy of §o per cent to 85 per cent
nicket and 20 to 15 per cent chromium.

The converter as shown is 16 inches inside diameter by
about 6 feet tall. The wall thickness of the shell ts 3 inches.
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For figuriug such thick-walled tubes, the use of a formula

ro=ry ( 3?;‘-{-1*; l}worked up in 1880 by Clavarino as a modi-
ﬁcationdof tl'Te formula deduced by Lame in 1833, is still
good practice. In this formula r, = outside radius, r, = in-
side radijus, T = tangential stress, and R = unit {uternal
pressure. For 300 atmospheres operating pressure and an
allowable stress of 15,000 pounds per square inch, the wall
thickness should be 2.80 inches.

The gasket is a flat, uuconfined copper ring, 0.125
inches thick. The theoretical normal load, L. required
to keep the gasket from blowiug aud to seal the inter-
nal gas pressure from leakiug out with friction, F = o.15
would be the gas pressure against the edge of the gasket

: P
divided by twice the friction, 2F, or L = v It has

been found experimentally that a constant C = 2,5 must be
introduced for regular " close finish "’ machining, because of
the practical impossibility of machining absolutely perfect
the surfaces between which the gasket is squeezed. This

formula then becomes L. = r X 2.5. To form a positive

0.3
gas seal, a small V groove, equivalent to a continuous tool

mark, is cut into the surfaces between which the gasket is
compressed. The width of the gasket is such that the load
applied by means of the bolts is at least 60,000 pounds per
square inch causing the copper to flop and the groove is
then filled with the flowing copper.

‘The gasket for the converter is hgured as follows:

[ = 449C X 0.125 X 2.5 _ 4580 pounds per inch of internal
0, X 0.1§ [ength.
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T'o this must be added the [oad require] to counterbalance
the interuial gas pressurc agaiust the head, as the gasket is
made up before pressure is put on the vessel.

16375 X /4 X 4400 _ 18,000 pouuds per inch of inter:al
16.375 X 7 length of gasket.

The total load per inch length of gasket theu beconivs
4580 - 18,000 ~ 22,580 pounds and the width of gasket is

22,680

———— = 0.3% inch. The width of the gasket will adjust
60,000 e

itself to any applied load greater than 60,000 pounds per
square inch by flowing, thus increasing its surface area and
reaching the equilibrium point of 60.000 pounds per square
inch. It is well, for purposes of figuring the bolts aud
ring, to consider the gasket as beiug somewlat wider than
the actual hgured width. If the width is takeu as o.;
inch, the gasket area from the new diameter of 16.37¢ + 0.5
= 16.875 inches is 16.875 X . X 0.5 = 26.5 sq. 1L
At 60,000 pounds per square inch of surface area, the
bolts must be able to stand 26.5 X 60.000 = 1,590,000
pounds collectively. If fourteen bolts 2.25 inches in
diameter with buttress threads are considered, each

1,590,000 .
holt must take ————— = 114,000 pouuds, equivalent
14
114,000 : :
t0 —————— = 35,200 pounds per square inch compression
324

at root of thread. This stress is trausmitted by means
of the bolts to the ring and from this into the shell

The condensers for such a plant might be of the overflow
type in which the hot gases pass downward thirough several
pipe coils in parallel, while water or some other cooling
medium entering at the bottom of the container surrounding
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the coils overflows at the top. They might also be of the
flood type ammonia expansion in which liquid ammonia
which surrounds the coils boils off at the surface, the gaseous
ammonia being carried to the utilization plant.

The foregoing are a few of the more important design
considerations for a direct synthetic ammonia plant, regard-
less of the method of operation.

In Germany, where the process was first put to commer-
cial use, operation is carried on according to the original
pateuts of Haber. Hydrogen is produced by the water-
gas catalytic method previously described, and often re-
ferred to as the Bosch process, after its inventor. The two
large German plants, one at Oppau and the other the
" Leuna-Werke " at Merseburg, are known as operating the
Haber-Bosch process.

At the Leuna-Werke which is located in the province of
Saxony, about 1oo miles southeast of Berlin, operation is
carried out at 200 atmospheres pressure, ammonia is re-
moved by water scrubbing and the uncombined gases are re-
circulated back to the original catalyst for syuthesizing,

When this plant was producing in 1923 at the rate of ap-
proximately 220,000 tous of fixed nitrogen annually, there
were employed, including the personnel necessary for the
coal mining operations, 11,000 laborers, 2,500 operators,
and 150 supervising chemists and engineers. Power was
produced from brown coal from the company’s mines nearby
and about 9,000 tons were required per day. At that time
coke was used for the production of the hydrogen-nitrogen
mixture and about 1,500 tons were required daily. The
large quantities of water required, several thousand tons per
day, were taken from the Saale River, about a mile distant.

In this plant, 2 volumes of water gas were mixed with 1
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volume of producer gas, giviug a mixture of approximately
3§ per cent hydrogen, 20 per cent nitrs)gen. 40 per cent car-
bon monoxide and 5 per cent carbon divxide. methane, etc.
This mixture was theu treated as previously nieutioned to
convert tlie carbon monoxide with steam to carbon dioxide
and hydrogen, after which the composition was approx:-
mately 17 per ceut uitrogen, 52 per cent hydrogen, 39 per
cent carbon dioxide, and 2 per ceut carbon monoxide. “T'he
bulk carbon dioxide was removed by water scrubbing at
2 5 atmospheres pressure and the carbon monoxide by scrub-
bing with cuprous ammonium formate solution at 200 at-
mospheres. The traces of carbon dioxide reniaining were
removed by scrubbing witl caustic solution.

The catalyst used to effect the synthesis of ammonia is the
iron base promoted type. 'The converters are about 32
feet in diameter by 40 feet higli. Tlie steel casing g inches
thick is perforated radially with 1§ inch holes spaced about
a foot apart to release gases diffusing through the close fit-
ting steel liner, whiclt serves to protect the pressure vessel
from the action of the gases. The effluent gases of the con-
verter contain about § per cent of ammonia.

The ammonia 1s removed by scrubbing the gas mixture
with water. The uncombined gases are then returned to
the converter by means of a circulating pump for another
pass through the catalyst bed.

In the Claude method operation is at goo atmospheres,
and synthesis takes place at about 700° C. There are ;3
catalyst tubes or converters, arranged with 2 in parallel,
series with 3 others in series. After each converter there
is a condenser for the removal of the ammonia. If 1t is
considered that 5o per cent of the gas mixture is converted
into ammonia at each pass and that 200 volumes of gas is
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used, this zo0o voluntes will be split, 100 going to each of the
two converters i parallel.  If 5o per cent of each 100 vol-
umes is converted into ammonia, there will remain after the
ammonia removal 100 volumes of the gas mixture to pass
through the next converter. Likewise after the removal of
the ammonia from this converter number 3, there will be 5o
volumes entering converter number 4 aud then 2§ volumes
entering couverter number 5. With 5o per cent of these
gases being removed as ammonia, 12 4 volumes of the origi-
nal 200 volutlies remain to be returned tu the hydrogen
purification apparatus.

The compressor for attaining the pressure of goo atmos-
pheres is of 8 stages arranged § on one side aud the 3 high
pressure stages on the other, of a tandem drive arrange-
ment. Such a compressor for a § ton ammonia unit re-
quires a 290 horsepower drive.

The converters are about 6 feet loug and 1 foot outside
dianieter.  (Actually 2 meters high by 100 millimeters 1n-
side diameter.) They are wound on the outside with nich-
rome wire for temperature regulation and lagged on the
outside. Here again an iron base catalyst is used; it has
a life of ouly 300 hours.

The steel tubing for the conveyaiice of the gases of a
5 ton unit at this pressure, goo atmospheres, is of a size such

—
O

that — = where d = inside diameter and D = outside

D

diamcter.

The Casale method of operation is based upon thermal
control of the ammonia converter. I1u order to effect this
control a certain percentage (supposedly one-third) of the
ammonia formed is left in the gases returning to the catalyst,
thus retarding the rate of conversion and in turn holding
down the generation of heat. Operation is carried on at a

28]
28]
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pressure within the range of 6oo atmospheres to 900 atmos-
pheres aud at about 500° C. At 600 atmospheres, 5007 C
and 12,000 space velocity, the efluent gases of the con-
verter coutamed 15 pev cent of amunonia.  The catalyst
which is of the iron base promoted type has a life of about
40 days. The converter which for a 715 metric ton or 8§14
et ton unit is about 20 feet lugh by 1.4 inches inside diam-
eter coutains about 10 cubic feet of catalvst disposed in an
amular ring about 3 inches thick by 18 feet deep. The gas
entering the converter through the bottom passes up aloug
and in contact with tlie iner surface of tlie sliell and at the
sanle time in lieat exchauge contiguity with the hot cutgoing
gases. It then passes down over an electrical heater con-
tained in the core of the shiell, up through the annular space
of catalyst and down in heat exchange contact with the in-
coming gases, and out.

Another European development is that of Engineer Gia-
como Fauser. This Fauser method developed in Italy fol-
tows very closely the Haber operation, differing principally
in some mechanical features. At 250 atmospheres pres-
sure and 550° C to 600° C, 4 per cent of animonia is ob-
tained as measured iu the gases leaving the catalyst. This
ammonia 18 removed by scrubbing with aqua ammonia,
which scrubbing medium 1s also used as the circulatiig pump
lubricant or seal.

There are a number of other developments. Al how-
ever, are essentially modifications of the Haber method
of operation of the direct synthesis ammoua process. In
the United States it is understood that all the companies
operating the direct synthetic ammonia process are
ticensed to operate under the original Haber patents
which are controlled by the Chemical Foundation Incor-
porated.
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ECONOMIC CONSIDERATIONS

THE probability of fixed atmospheric nitrogen products
being able to compete successfully with Chile uitrate and
more recently of Chile nitrate being able to maintain a posi-
tion of importauce in the face of the competition from the
newer sylithetic ammeonia products have been questions of
great conceril not otly to the nitrogen products industries,
but to banking institutions as well.  Bain and Mulliken, in
Trade Informatiou Bulletin No. 170, January 1924, ad-
vise, "' It may be stated here that the present price of $48
f.0.b. American Seaboard could, by abaudonment of taxes
(upon which the Chilean Government i1s dependent), by
improved methods, and by thie narrowest margin of profits,
be reduced to about $35 per ton. This is not given as a
probability, but the ultimate base figure which our fixed ni-
trates must meet before the Chilean industry will cease to
function,”

There is no doubt but that the fixed atmospheric nitrogen
mterests have given this serious consideration and are satis-
fied of being able to offer competing products at an equiva-
lent or even better price than this $35 figure. It is often
argued that the new Guggenheim process which has been
put into operation recently in Chile will so affect production
costs as to restore Chile to its former position of importance
in the nitrogen industry. However, it is reported that
$30,000,000 was expended on this venture in Chile, for a
producing capacity of 600,000 tons of nitrate per year.

88
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This is equivalent to a capital investment nf &30 per 2nnanal
ton, which at 18 per cent capital charges for interest, amor-
tization, taxes and surance adds $9 per ton to the cost
of production. Taxes and insurance at 2 per cent would
amount to $1 per ton, which might also be considered the
charge for tliese items i the older officinas.  As the invest-
ments in these officinas have already been amortized, inter-
est and amortization items need uot necessarily be carried.
The new method then will be at a lisadvantage of 28 per
ton of exportable nitrate from the start and must produce
at a cost of $§ less per ton before production by this method
can compete evenly with the older officinas.  Any reduction
in cost greater than $§ per ton will be that much to the ad-
vantage of the new method. I‘rom: this it can be seen that
not too great an advantage for Chile nitrate is to be ex-
pected from tiew methods of operation even though the old
methods seem very crude.

Perhaps the greatest advantage would be the reducing or
total abandonnient of tlie export tax of $12.30 per long ton
of 96 per cent nitrate. Through this tax the world has
supported the Chilean Government during the past 50 years
to the extent of $900,000,000. [t cannot be assunied,
therefore, that in the event this tax was removed, nitrate
would benefit to the extent of $12.30 per ton. Chile would
have to make up this loss of revenue in some way, perhaps
through increased import duties or other taxes which would
affect nitrate production as well as other industries, so that
abandonment of the export tax would not benefit nitrate to
the full amount of the tax, and probably at best only to a
small percentage of it.

A comparison of some of the economic features of the
atmospheric nitrogen fixation processes, the products of
which are replacing Chile nitrate, will be of interest,
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ECONOMIC CONSIDERATIONS ax

A glance at this chart shows that not only has industrial
development in the art of fixiug atmospheric nitrogen beeu
in the direction of lower power consumption, but alsc in
thie direction of lower plant cost. This it would sernt is a
natural course of development aud indicates that the Gxation
of atmospheric nitrogen is developiny alony sound e£0nomic
principles.

Because of the large power requirements of the arc proc-
ess, developments of this process iave been in the vicinity of
large hydro-electric power sources. It is natural then that
this process shiould be giving way te the direct synthetic
ammonia process utilizing hydrogen produced by the elec-
trolysis of water. With the electric power requirements for
the fixation of one ton of nitrogen by tlie arc process. four
tons can be fixed by the direct synthetic ammonia process,
while the plant cost per annual ton of nitrogen is less than
half that of the arc process. In addition, the product of the
direct syithetic ammonia process is of wider use than that of
the arc process, inasmuch as nitric acid, the product of the
latter process, can be produced hy conversion methods from
the ammonia of the former process, while this conversion
cannot be reversed. It is because of these considerations
that the Norsk-Hydro of Norway is replacing its arc ca-
pacity with direct synthetic ammonia capacity. It is expected
that the total arc capacity will be abandoued and that such
nitric acid as is required will be produced through ammonia
oxidation. Nitric acid it is estiniated can be produced at a
lower cost by such a method than directly by the arc process.
Thhis synthetic ammonia development in Norway which 1s
now under way, is apparently sounding the death knell of
the arc process.

In a like manner the cyanamide process 13 beginning to
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undergo replacemelit by the direct synthetic ammonia proc-
ess. In Sweden, the Stockholms Superfosfat Fabrik, the
company operating the cyanamide process, is erecting a
Fauser synthetic ammonia plant. Another Fauser direct
syntlietic ammonia installation has been erected and 1$ in
operation at the cyanamide plant of the Mitteldeutsch
Stickstoff Werke at Plesteritz, Germany. In Japan, the
cyanamide process has already been replaced by both Claude
and Casale synthetic ammonia plants.

There will undoubtedly be some cyanamide production
for some time to come, but the increase in capacity will be
according to the direct synthetic ammonia process, resulting
in a continually smaller percentage of the fixation according
to the cyanamide process.  Such shifts in [ocation as the re-
erection in Russia of the cyanamide units dismantled in
Sweden to make room for synthetic ammonia capacity will
tend to create the impression for a time of increase it capac
ity, but the actual trend is a decrease.

The reason for this shift to synthetic ammonia is a purely
economic one, Nitrogen can be fixed in utilizable forms at
a lower cost according to the direct synthetic ammonia proc-
ess than by the other processes.

If capital charges alone are considered, one advangage of
the direct synthetic ammomia process over the other proc-
esses can be seen immediately.  If capital charges are ;@.ken
at 18 per cent, these charges for the arc process amount to
$108 per ton of nitrogen fixed, while for the direct synthetic
ammouia process this charge would be $43.20 per ton, or
$46.80 per ton according to the source of hydrogen. This
is a disadvantage for the arc process of $62 to $65 per ton
of nitrogen fixed. In like manner, cyanamide would be at
a disadvantage of $26 to $29 per ton of nitrogen fixed.
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The effect of synthetic ammouia in the United States is
very marketl. Before the advent of the direct synthetic
ammonia process, liquid anhiydrous ammonia was selling in
the Hastern states at 32 cents per pouud iu eylinders. In
addition, it was the practice for the dealer to receive a
deposit for the cylinder so that his investment was tied up
only in those cylinders which were idle at his plant or ware-
houses. At the present time this ammonia is being purchased
by the Government on contract with the Mathieson Alkal
Works at 10} cents per pound in 100 pound cylinders.
delivered to point of consumption, aud no cylinder deposit
is required. In bulk, 1t has sold for as low as 6 ceuts per
pound.

Probably because it is a relatively new industry, the com-
mercial fixation of atmospheric nitrogen has been sought
out as the solution of various problems. Some of these
problems, most of which can be answered from the purely
economic situation, follow:

(1) "I have 50,000 cubic feet of hydrogen per day go-
ing to waste; will it be profitable for me to install a synthetic
ammonia plant in order to utilize this otherwise waste
material ? "

Particularly in the earlier period of commercial develop-
ment of the direct synthetic ammonia process this question
was very frequently presented. There were a number of
plants producing oxygen by the electrolysis of water and
wasting the resultant hydrogen. These plants were all rel-
atively small, so that while the total of such waste hydrogen
would have been sufficient for a fair sized synthetic ammonia
plant, the hydrogen available at any one point was sufficient
for only from 14 ton to 1 ton of ammonia per day. The
figure of 50,000 cubic feet given is perhaps a fair average
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and is sufficient for 14 ton of ammonia. A plant for the
production of 14 ton of ammonia would entail very nearly
as great u capital outlay as would a 1-ton plant. It would
require the same operating labor as for instance a §-ton
plant, while the handling and sale of the product would be
exceedingly expeusive, making the whole proposition thor-
ouglily impracticable. Hydrogen obtained as a by-product
of tle electrolytic manufacture of caustic soda is being used
aud to good ecouomic advantage, but not in such small
quautities. The Roessler and Hasslacher Chemical Come
pany is operating a 3-ton unit at Niagara Falls on waste
hydrogen. The product is consumed in other operations
of tle company. This compauy is also erecting a 6-ton ad-
dition to its present plaut to utilize the by-product hydrogen
of the Hooker Llectrochemical Company formerly em-
ployed by the Niagara Ammonia Company. The Mathie-
son Alkali Company is operating very successfully a 1o to
12 tout unit at Niagara Falls, on by-product hydrogen. The
smallest plant is a 1-ton unit operating on by-product hy-
drogen at the plant of the Great Western Electrochemical
Compauty, Pittsburg, California. This unit, however, is
one of the original more or less experimental units of the
Mathieson Alkah Company. It is believed the capacity of
this plant will be increased. The Commercial Solvents Cor-
poration erected a plant at Peoria, Illinois, of a capacity of
15 tons of ammonia per day, which plant is now operating
for the production of methanol. The hydrogen is secured
as a by-product of the fermentation of corn.

While there might be certain locations of unusual condi-
tions which might make such a plant feasible, it can be said
definitely that in general the erection of a synthetic am-
monia plant merely to utilize 50,000 cubic feet of hy-
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drogen which would otherwisc be waste, is commercially
impracticable.

(2) " I am operating a liquill air unit for the production
of oxygen; will it be profitable for me to utilize the waste
nitrogen for the production of ammounia ?"

This question hias undoubtedly been brought up because
of the name, fixed nitrogen, probably indicating uitrogen as
the item ot cost rather than the fixation. The actual cost
of the nitrogen is so small a part of the total cost that it
can have 1o weight in the decision on the erection of a plant
unless all other cousiderations are at least equal. It is
then of such small iniportance in the consideration of the
question that generally speaking it would be wliolly imprac-
ticable to erect a plunt for the operation of the direct syn-
thetic ammouia process, in order to utilize otherwise waste
nitrogen.

(3) " Can I operate profitably a plant for tle fixation
of atmospheric nitrogen on 10,000 horsepower which I
have available at very little cost for 12 hours per day, or on
20,000 horsepower which I have available coMinuoust for
6 months per year? "

The question of off-peak or seasonal power for use it the
fixation of atmospheric nitrogen is very frequently dis-
cussed. Botlt the arc and direct synthetic amynoma proc-
esses must be considered here but the answer is the same
for each. With operation for 12 hours per day or opera-
tion for 6 months continuously out of each year, a two-ton
plant would be required to produce an average of one ton
per day or the investment per anuual ton of ammonia would
be just doubled. If the arc process is considered first and
power is taken as having a value of $10 per horsepower
year, which is certainly high for sach use, it can be seen that
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the saving through the use of free power figured at this
rate would he approximately $100 per ton of nitrogen fixed.
The plant, however, would cost $1,200 per annual ton of
nitrogen fixed, which at 18 per cent would amount to $216,
as against $1o8 for a plant operating continuously. Such
a plant, in order to utilize free power which could uot have
a value for this purpose even continuously of over $10 per
liorsepower year, would pay $108 for this advantage of a
maximum of less than $100. In addition, labor costs would
be doubled or nearly so. This proposition then must be
considered as being commercially impracticable.

The same auswer presents itself from a consideration of
the direct synthetic ammonia process. It would not be at
all practicable to operate this process 12 hours per day. It
might be possible to produce hydrogen 12 hours and con-
vert it with nitrogen into ammonia during 24 hour or con-
tinuous operation. This would necessitate large hydrogen
storage, however, which would be very nearly if not equally
as expensive as the additional plant required for 12 hour
operation. The cost of the plant per annual ton of ni-
trogen fixed as ammonia would be $520, twice that for a
plant which would operate continuously; at 18 per cent the
capital charges would amount to $93.60 per ton rather than
the regular $46.80, while the advantage from the use of
free power which might have a full value for this purpose
of a maximum of $15 per horsepower year would be $35.
Labor charges would be excessive lere too.

These considerations indicate rather clearly that under
ordinary conditions at any rate the processes for the fixation
of atmospheric nitrogen are more or less continuous proc-
esses and not well adapted to the use of off-peak or seasonal
power,
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(4) ““I have a Delco unit on my farm which gencrates
8,000 kilowatt hours of electrical energy per dav in excess
of my requirements; can I usc this for the production of at-
mospheric nitrogen fertilizers for use on my farm? ™

The auswer to the question of using such small power as
might be available from a farm Deleo light unit can be
found i the previous considerations. It is most certainly
not economically practicable. The electrical energy cited
in this case as being available is about enough for the pro-
duction of 1% ton of ammonia per day, which could be trans-
formed into 2 tons of sulphate of ammonia per day for iu-
stance. However, tlie actual cost of this material, if all
costs were considered, would be nearly twice that of the
equivalent material on the market delivered at the same
site. The investment for the necessary plant would be
approximately $roo,000. The ouly justification for such
production, it would seem, would be to provide an
occupation of interest where cost considerations were of no
consequence.

(5) “Is it economical to utilize the hydrogen of the
natural gas wells for the fixation of atmospheric nitrogen? "

This question is one which has had and indeed 1s now
having considerable time and study devoted to it. The
principal wells now being considered are those of the Ther-
matomic Carbon Company at Sterlington, near Monroe,
Louisiana. This company is cracking the natural gas for
the removal of carbon as carbon black, thereby releasing to
the atmosphere millions of cubic feet of gas of an approxi-
mate composition of 92 — g4 per cent hydrogen and § — 6 per
cent methane with slight other impurities. This it would
appear is a source of hydrogen for the production of syn-
thetic ammonia, which is of great value. However, there
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are several drawbacks which have undoubtedly prevented
industrial interests from using this gas. In the first place,
the removal of the methane is an unsolved problem indus-
trially, and secondly, there is no certainty of supply. Any
or all of the wells of this field might shut off almost over
night. It might be argued that a water-gas plant could
theu be erected while the advantages of the natural hy-
drogen would have been enjoyed as long as the supply
tasted. The difficulty there is that a water gas plant would
naturally be erected at a site near low priced coal and coke,
which site or sites may 1ot be in close proximity to the gas
well.  Such is the case at Monroe.

This question is far from settled, liowever, and this hy-
drogen may yet be utilized. A report later denied was
published to the effect that the I. G. Dyestufts Corporation
of Germany liad secured an option to a lease or purchase of
the properties at Mouroe. It is known that several groups
of technicians of these German interests, of which the Ba-
dische Anilin und Soda Fabrik was foremost, made a very
detailed study of tlie situation and it 1s believed that some
of the members of the commission reported favorably on
the project.

(6) "Is it economically feasible for the city gas com-
panies to utilize their ofi-peak gas producing equipment for
the production of hydrogen for the fixation of atmospheric
nitrogen as ammonia ? "

A pamphlet of the American Gas Association shows that
there are large city gas production units which are idle
about 11 months of the year in order to take care of the
peak load of the year, the period from Thanksgiving to
Christmas. Consideration has been given by this associ-
ation to the feasibility of utilizing this off-peak equipment
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for the production uf hvdrbgen for, amoug other materials,
the production nf syuthetic ammuunia.

A study of the situation, however, iliscloses thut the
equipment available at a city gas warks for use 1a the svi-
tliesis of ammouia represents only 16 per cent of the totat
cost of a new plant built from the ground up. A plant
utilizing this off-peak equipnient could theu by operuting ga
per cent of the time just break even with a complete new
plant operating 100 per cent of the time. The advantage
would be that the iuvestment iu this gas equipment would be
taken care of during the time it would otherwise be idle.
However, there are a uumber of conditious such as unsuit-
able plant location, perhaps, and certain operationat d:fh-
culties from such dual use of equipnient which would un-
doubtedly offset this advautage and render the use of such
equipment impracticable. Here agiin there might be cer-
tain local conditions in a few iustances which would render
this attractive but generally speaking it can be considered
as not commercially feasible.
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AMMONIA CONVERSION PRODUCTS

THr preceding chapters indicate that from the present
viewpoint at least the unitrogen source of the future will
be the direct synthetic ammonia process for the fixation
of atmospheric nitrogen. Chile nitrate, the arc process -
and the cyanamide process are all gradually but neverthe-
less effectively being displaced as sources of supply by the
synthetic ammonia process.

Sir Max Muspratt, a director of Imperial Chemical In-
dustries, Ltd., recently made the statement in London that
the “ fixation of atmospheric nitrogen through the inter-
mediate stage of ammonia seems to have established itself
as definitely superior to other methods of fixation.”” He
advised furtlier that the production of cyanamide is ' cer-
tainly waning,” and that the natural nitrate of soda from
Cliile has the greatest difficulty it competing with fixed ni-
trogen of synthetic origii,

In view of this condition, then, it is of the greatest im-
portance to those interested in the fixation of atmospheric
nitrogen to consider the conversion products of ammonia,
the immediate fixed nitrogen product of the direct synthetic
ammonia process. Although ammonia is used as such in
reffigemtiou and the chemical industry, its greatest use at
this time 1s undoubtedly as the nitrogen carrier for various
fertilizer salts. As was mentioned carlicr, these salts may
be formed by the neutralization of various acids with
ammoitia.

100
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In Figure VIII are shown diagrammatically the fnw
charts for the materials ammouium sulphate, urel. nifric
acid, ammonium nitrate aud ammouium phosphate.  These
are the mauterials of perhaps most immediate concern and
from which various corubinations can be preparell.

Although sulphate of ammoua is very widelv produced
at this time and it is felt in sonte quarters that the market
is supersaturated, it is believed thut hrcause the sulphate is
so well knowu to the fertilizer trade. it will be giveu serious
cansideration as a cousumer of further iicreases in svn-
thetic ammouiia production.

Utiliziug sulphuric acid, ammoniuin sulphate mav be pro-
duced by either the cold or hot method.

In the first method, usually emnployed at the by-product
coke ovens, thie gas containing 1 to 2 per cent of ammonia
as it comes from the ovens is partly cooled and passed
through the tar extractor to the ammounium sulphate satu-
rator containing dilute sulphuric acid. The resulting salt is
ejected from the saturator to the drain tables or settling
boxes, while the gas minus its ammouia passes out through
an acid trap.

The saturator in this case is maintained at about 60° C
(140° F). The excess water introduced with the sulphuric
ncid and as wash water is carried off with the large volumie
of gas passing through the saturator.

In the hot method, which will be discussed here, tlie am-
monia is introduced as practically 100 per ceut ammonia
gas and the saturator maintained at 105° C (221° F).
The excess water in this case passes off as steam.

The flow for this operation 1s shown i the diagram.
From an acid supply the 60° Be. sulphuric aad flows by
gravity through a measuring box to the tower distributor,
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over the checkered packing of the ubsorption tower, and
ito the saturator.

Ammonia gas brouglt in through a nmain cuters the sat-
urator through the ammonia dJdistributor. from which it
bubbles up througl the fiquor which absorbs it.  Any am-
mania not absorbed passes out inte the tower. where it is
picked up by the descending acid sprav and returned to the
saturatdr.

By means of the steam ejectors, the resulting cryseal-
laden liquor is ejected to the trough serving the settling
boxes. In these boxes the crystals are permitted to build
up while the liquor drains off to the return trouglt and is re-
turned to the saturator. Wheun sufficient crystals have col-
fected in the settling box, they are raked to the centrifugal
drier, where they are wrung free of the larger part of the
liguor. Final drying takes place in the rotary drier, from
which the sulphate may be removed to storage.

Because the size of the crystals decreases as the acidity
of the saturator is increased, it is very importait to maintain
this acidity at a low concentration. In plants using by-
product coke-oveu gas, the acidity is maintained at about 2.5
per cent. This is possible because this gas. as previousiv
mentioned, is relatively low in ammonia. It would not be
practicable when utilizing 100 per cent ammonia gas, how-
ever, to drop this acidity below 4 per ceut, the range being
usually 4 to 7 per cent sulphuric acid. For the present pur-
pose, the acidity of the saturator will be considered as beiug
7 per cent.

The reaction with heats of formation per mol from the
elements, for the substance in the state indicated is:

> NHs (gas) + HeS0; (790) = (NE4)250, (aq.)

23,780 cal. 209,680 cal. 281 000 cal.
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The heat evolved, therefore, is 47,540 calories per mol of
sulphate. In addition there is evolved a heat of dilution
of acid, 77.67 per cent (60° Be.) sulphuric acid to 7 per ceut
of 8,660 calories per mol. The total heat evolved, then,
is 47,540 + 8,669 = 56,209 calories per mol of sulphate.

Let it be consilered that all this heat is utilized in con-
verting water at 20° C to steam at 100° C.  Each gram of
water vaporized will consume 80 4 538.7 (latent heat of
vaporization) or 618.7 calories. 56,209 calories per mol

of sulphate are equivalent to §6,209
132
Then 428 X454 2000

618.7X 454 8.4
may be evaporated per ton of sulphate produced.

One ton of sulphate of ammonia is the equivalent of 515
pounds of ammouia aud 1,912 pounds of 60° Be. sulpluric
acid. Allowing for loss of acid, 1t can be considered that
one ton of sulpliate requires one ton (2,000 pounds) of 60°
Be. sulphuric acid. A ton of this acid contains approxi-
mately 447 pounds or 53 gallons of water. The difference
betweeu the 164 gallons of water whicli may be evaporated
and the §3 gallons brought in with the acid, or 111 gallons,
1s the quantity to be admitted to the system as wash water.

Although this wash water should be hot as used, perhaps
80° to 90° (, and so enter the saturator at something over
20° C, yet the recirculated water loses some of its heat in
circulating from the saturator through the troughs, settling
boxes, and centrifuge back to the saturator and enters the
saturator at something below 100° C. These two diver-
gences from the assumed conditions can be considered

as approximately balancing each other, leaving the result
uiichanged.

or 426 calories per

gram. = 164 gallois of water



AMMONIA CONVERSION PRODUCTS icy

If it is considered that a centrifuge wheu loaded contains
the equivalent of 250 pounds of drv sulphate, then each
wringing of a batch ot sulphate may be washed with approxi-
mately 14 gallpus of water. s the centrifuge oprrator.
however, 1eed not be skilled, but rather mechauically
trained to this operatiow. and as the sulphate is not weighed
into thie centrifuge nor the wash water measured, this figure
of 14 gallous serves merely as a guide.  Actually, a careful
check of conditions within the saturator must be main-
tained. It 1s very casy to adniit too much water, requiring
additional acid to keep up the acidity. aud thus build up
the quantity of liquor beyond tlie capacity of the saturator.

The quantity of sulphate as centrifuged would build up
a cake 6 to 8 inches thick round the inuer periphery of the
basket. During loading the centrifuge should be rotated
so as to build up a cake of uniform thickness. At the
same time, however, rotation should be slow enough to pre-
vent excessive lose of sulphate through the holes in the basket
and also to prevent splashing beyond the confules of the
centrifuge of the bot liquor. A maximum speed of 130
r.p.m. has beeu found satisfactory while loading after
which for dryiug purposes this speed should be increased
to 350 r.p.m. aud maintained at that speed for approxi-
mately 5 minutes.

With an acidity of the saturator of 7 per cent, the result-
ing sulphate crystals are very small. More rapid rotation
of the basket than 350 r.p.m. packs the cake so tight as to
render it difficult to remove. Because of a rotation of only
350 r.p.m., however, the sulphate discharged from the
centrifuge contains about 3 per cent of moisture, necessita-
ting further drying, as by the rotary drier sliown in the
diagram, to less than the allowable limit of 0.5 per cent.
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In both Germauy aud Englaud, at the synthetic ammonia
plants of the Badische Anilin and Soda Fabrik aud the Syn.
thetic Ammonia and Nitrates, Ltd., respectively, sulphate of
ammonia is produced from syuthetic ammouia through the
use of gypsum (calcium sulphate), rather than sulphuric
acid. While there are large deposits of gypsum in Germany,
there are no importaut sources of sulphuric acid.

In this method of production, gypsum is ground to a very
fine powder and treated while in suspension in water with
ammouia and carbou dioxide in a closed vessel for 6 to g
hours. The reaction is expressed by the equation

CE'.I.SO4 -+ Hzo -0 NH3 -+ COg = Cﬂ.COs L4 (N—H,QQSOJ

Both calcium carbonate and ammonium sulphate are formed.
The precipitate of calcium carbonate is filttered off and the
solution of ammonium sulphate evaporated to obtain the
solid salt, In the Merseburg plant in Germany, 2,300 tons
of gypsum were being consumed daily in this operation in
1923, for the production of 2,000 tons daily of sulphate of
ammonia. The gypsum is obtained from the company’s
own mines in the Harz Mountains, abont 6o miles south-
east of the plant.

The disposal of the calcium carbonate studge is some-
what of a question. It is for the most part run out onto
thie ground, forming large puddles or lakes. Some small
quautity of it has been disposed of as a chalk or lime for
soil conditioning and an attempt is now being made by the
English compauy to reduce the hygroscopicity of ammonium
nitrate by mixing the two in such a proportion, nearly ton
for ton, that the resulting material will contain 15.6 per
cent nitrogen, as does Chile nitrate. It is understood that
the Badishche company experimented with this some years
ago and found it to be rather uusuccessful.
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The gypsum method of sulphate of ammonia production
is rather well adapted to that form of the synthetic ammo-
nia process which utilizes bydrogen froni water gas, as the
necessary carbon dioxide is a waste gas in tlie production of
hydrogen from water pas.

It is the availability of carbon dioxide in such ammonia
productionn that makes the synthesis of wurea attractive.
The general fow for this formation is shown in the dia-
oram.

Lu practice, ammouia and carbon dioxide either separately
or a mixture are compressed to about 100 atniospheres
and admitted to au autoclave. The mixture of these gases
foruts atmmouiuwn carbainate, a very corrusive haterial,
which is the reason for admitting the gases under pressure
separately to the autoclave for mixing. The autoclave,
which may be lead liued, is maintained at about 13507 C for
two hours, after which a mixture of ammonium carbonate,
ammotiium carbamate, urea and water 1s discharged. This
autoclave operation may be more or less continuous with
the compressed ammonia and carbon dioxide entering at
the bottom and the resulting materials discharged at the
top. This mixture is then treated in a still at about 80° C,
where the ammonium carbonate and carbamate are broken
down to gaseous ammouia and carbon dioxide. These
pasesare then separated in a column and returned sepa-
rately for recompression and treatment. The solution of
urea is discharged and the water evaporated from it, leav-
ing the solid.

Urea is the most highly concentrated of the nitrogen
solids, containing about 46 per cent nitrogen. Because of
this high concentration, it is very well suited for small gar-
den plot fertilization, and is generally appled in solution,
a teaspoonful in a gallon of water. It has not, however,
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proven very attractive to the fertilizer trade, although at-
tempts were made through cost concessions to introduce it.

There are two general forms of nitrogen in the fertilizer
trade, ammonia nitrogen and nitrate nitrogen. A[though
it was once considered necessary to supply the bulk of the
nitrogen in the nitrate form, this idea has gradually changed
with the increased supply of ammonia nitrogen, uutil it is
conceded that the proper balance may be maintained with
at least 60 per cent of the nitrogen in the ammonia form.
The remaining 40 per cent, however, must be a nitrate ni-
trogen, which, if the nitrogen is fixed as ammonia, must be
a conversion product of the ammonia.

The flow for the oxidation of ammonia to form uitric
acid is shown in the diagram. The process consists in pass-
ing a mixture of air and 10 per cent of ammonia through a
catalyst at a temperature of about §00° C, resulting in the
formation of nitric oxide and water esseutially as shown by
the equation

4NH3+502= 4NO+6H20.
As in the arc process, the nitric oxide thus formed is oxi-

dized and absorbed in water, produciug nitric acid of 50 per
cent HNO, strength, according to the reactions

2 NO + Oz =2 NOQ.
3 NO; + H:O = 2 HNO; + NO
The catalyst in general use to effect the oxidation of am-
monia is platinum drawn to fiie wire and woven into a fine-
mesh gauze. Theoretically there is very little loss of plati-
num, so that the gauze is simply a capital charge in the cost
of the nitric acid. Actually, however, there is a mechanical
loss of platinum which must be considered in the cost of the
nitric acid. The platinum should be free from iron and all
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other Impurities except that a small amount of iridium, per-
haps less than 1 per ceut, 1s not harmful. The gauze is often
woven with an iridium wire selvage edge to add streugth.
The gauze used in the oxidizers at the U. S. Nitrate Plants
was of 80 mesh, woven of 0.003 inch wire.

There are two types of oxidizers, that requiring a flat
rectangular gaunze, and that requiring a circular gauze.
The flat gauze is heated electrically to the reaction tem-
perature, 700° C to 1000° C, while the circular type needs
no heating or even preheating of tle gases. The heat of
oxidation maintains the gauze at proper temperature. The
electrically heated catalyzer, liowever, has good tempera-
ture control, which enables it to work successfully on im-
pure ammonia gas. The flat type is held along all four
edges, while the circular type is held along only two selvage
edges, which are tlieil inactive. In the United States, flat
gauzes 13 inches by 27 inches with an exposed area of 12
inches by 24 inches and circular gauzes of 13 inches by 114
inches, rolled in a cylinder of 4 thicknesses of gauze, each
with an exposed area 11.5 inches by ¢ inches iu diameter, or
a surface area of 11.5 inches by 28.3 inches, have been used.
At the higher temperatres, the platinum has much greater
capacity for oxidiziug ammonia than at lower tempera-
tures and is much less affected by catalytic poisons.

Base metal catalysts have been used but not with the
success achieved with platinum. Furtlier work is now be-
g done at various places on base metal catalysts and ex-
cellent progress is bcing made in this direction. Attempts
are also being made to carry out the reaction with oxygen
rather than air in order to facilitate absorption of the ni-
trogen oxides formed or to enable the product to be ob-
tained in the form of liquid nitrogen tetroxide. This liquid
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has been studied with a view ta its utilization in the direct
nitration of organic compounds, and in the production of ni-
trogenous fertilizers by absorption in various carriers.

The development of high chromium steel alloys for use in
tower and tubing construction for the absorption svstein
has made possible economies iu the operation of amumonia
oxidation. Instead of the former massive brick towers.
smaller circular towers of this 17 per cent chromium steel
are now used.

The hot gases coming from the oxidizers are cooled in
the gas cooler constructed of chromium steel ani then pass
to the oxidation and absorption towers. 'The number and
size of the towers varies with local couditions and the capac-
ity of the plant. These towers are usually operated under
atmospheric pressure and are packed with spiral tower pack-
ing rings. The gas passing through these towers in series
passes countercurrent to the supplied water, which is added
at the end of the system, so that the strongest acid meets the
most concentrated gases and the weakest gases are scrubbed
with nearly pure water,

The 5o per cent acid obtained may be concentrated
through the use of stroug sulphuric acid. A tower similar
to the absorptioun tower is supplied with strong sulphuric
acid and the weak nitric acid which trickles down over
the tower packing and is treated with steam introduced at the
base of the tower passiug counter current to the flow of the
acid mixture. The distilled concentrated nitric acid is drawn
off ear the top of the tower and condensed in the condenser
tubes, while the sulphuric acid is drawn off at the bottom,
coicentrated and nsed over again.

Parsons® gives a cost comparison of nitric acid from

1 1nd. Eng. Chem. zg, 789 {1927).
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ammonia oxidation and from Chile nitrate, as follows:

I From Awmmonsa: Per Tou HNQO, (100 per cent)
As NO gas $3.00 + costof 564 1b. NH,
As 5o per cent HNO;, 10.60 + cost of 531 Ib, NH,
As g3 per Celt HNO, 23.60 -+ cosl of 606 1b. NH,

1. From Chifean Nitrate:
As 9g per cent HNOq $32.00 + cost of 2840 Ib. N.NO,

If the cost of ammonia is considered as beiug as high as
6 cents per pound and Chile nitrate taken at the present
quotation of $2.25 per 100 pounds, the cost of 95 per cent
nitric acid as worked out from this table is $59.96 per ton
tlirough ammonia oxidation and $63.90 through Chile
nitrate.

In the production of ammonium ititrate through the neu-
tralization process as shown in the diagram, ammonia gas
is passed iuto nitric acid and the solution evaporated until
practically all of the water has been eliminated. The re-
action involved is essentially as expressed by the equation

HNOS + NHB == NH4N03.

Ammonia gas and nitric acid are continuously fed into
the inclosed neutralizing tank, the feed being so regular
that a practically neutral solution is obtained. This solu-
tion overflows into a tank where it is adjusted to neutrality.
The temperature in the neutralizer rises to about 100° C,
due to the heat of neutralization. The steam thus gener-
ated, together with unabsorbed ammuonia, passes out through
the top of the neutralizer into a cooler iv which the moist-
ure is condensed and drains back into the neutralizer. The
unabsorbed ammouiia is recovered in an absorbing tower in
which it is scrubbed out with acid. The solution adjusted
to neutrality is evaporated until it contains less than 3 per
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cent of water, and is theu crystallized in jacketed grainers
by coutinuous stirring for several liours while its tempera-
ture is properly coutrolled by admitting steant or cold water
to the jacket. The grained product is discharged from
the grainer after it reaches a temperature of about 70° C.

Although ammouium nitrate gives excellent results as a
fertilizer, it unfortunately is extremely hygroscopic, which
renders it very difficult to handle. Because it is a concen-
trated material containing 35 per cent of nitrogen and is
such a good fertilizer material, much work has been done
on the developmeut of a treatinent to counteract its livgro-
scopic nature. Inasmuch as means sucli as graining and
mixing with other salts have beeu developed for reducing
this hygroscopicity, aud since itis a nitrate form of uitrogen,
it is believed it will be given serious consideration for use
in this country.

Ammonium phosphate, because it is a concentrated ma-
terial containing two plant foods, is sure to become an im-
portant fertilizer salt in this country. It is already occupy-
ing atteution in Europe and is being produced in Germauy.
The American Cyanamid Company has beeu producing it
111 this country under the trade name of " Ammo-Phos,” one
grade of which is a mixture of ammonium sulphate and phos-
phate obtained by neutralizing a mixture of phosphoric and
sulphuric acids with ammonia. Itis produced in two grades,
one of 14 per cent ammoria and 47 per cent P,0O,, and the
other 20 per cent ammeonia and 20 per cent P.O; The reg-
ular mono-ammounium phosphate contains 14.7 per cent am-
monia and 61.7 per ceut P,Ox.

" Ammo-Phos " because of its high cost, being produced
with ammonia from cyanamide, has uot been able to find a
market in this country but has been exported chiefly to
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the Orient. The longer the freiglit haul, the greater is the
possibility of sale as one ton of the 14-47 grade is the
equivalent of approximately 344 tons of the necessary am-
monium sulphate and acid phospliate to supply the same
plant food. The freight on 2% tons of material may then
be used to offset any manufacturing cost differential.

The flow for the manufacture of ammonium phosphate
as shown in the diagram is the same as for the sulphate. In
fact, the identical plant could be used, providing concen-
trated phosphoric acid were available. If weak acid such
as results from the wet method of treating phosphate rock
with sulphuric acid 1s employed there is no use for the centri-
fuges. The liquor as it comes from the saturator is led into
tanks where it is adjusted to neutrality. This liquor al-
though very thin is then led into the rotary drier from which
the concained water is evaporated, resulting in the sal,
phosphate of ammonia. Triple effect evaporators have
been tried in the system immediately before the driers, but
in evaporating it is difhcult to maintain the solution neutral
and the acid material quickly eats out the interior of the
evaporator. Inthe rotary drier a protecting cake of phos-
phate is built up on the walls.

The advantage of ammonium phosphate over the sul-
phate sait for instance is in the fact that the aad ammonia
carrier is in itself a plant food.

The foregoing are the principal immediate conversion
products of ammonia. There are, however, a large num-
ber of combinations of nitrogen materials now being worked
up for fertilizer use. The physical properties of most of
the fixed nitrogen products which contain nitrogen as the
only fertilizer ingredient are far from satisfactory in that
they readily absorb moisture from the air, and cake or pos-
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sess otlier properties which greatly interfere with their use
as fertilizer. Considerable attention is being given to meti-
ods for improving the mechanical coudition of these ma-
terials. This might be done by granulation, by coating
with insoluble materials, or by the formation of two constit-
uent fertilizer salts such as the ammoniuni phospliate just
mentioned and potassium nitrate. These substances are
among the least hygroscopic of soluble materials and mix-
tures with each other or with potassium pbosphate will give
a complete concentrated fertilizer.

In addition to the salts ammonium sulphate, ammonium
phosphate, " Ammo-Phos,” and urea previously mentioned,
there are other fertilizer materials containiug fixed atmos-
pheric nitrogen 110w ot the market. The priucipal ones of
these are:

Leuna-salpeter, a double salt of ammonium nitrate and
ammonium sulphate containing nitrogen equivalent to 31.5
per cent ammonia. About one-fourth of the uitrogen is
nitrate and the remainder is ammonia nitrogen. It is
mixed approximately 1,245 pounds of sulphate and 755
pounds of the nitrate per 2,000 pound ton. This material
is produced by the Badische company at the Leuna-Werke
in Germany from which the name is derived.

Nitrate of lime or calcium nitrate is a compoutd of lime
and nitric acid so treated, for mstance by atomizing with arr,
as to give a material suitable for broadcasting. It contains
15.5 per ceut nitrogen and 28§ per ceut lime.

Potassium-ammonium nitrate is a mixture of potassium
and ammonium nitrate containing 15.5 per cent nitrogen,
half as ammonia and half as nitrate nitrogen, aud 27 per
cent potash. This is a very fine fertilizer material of good
physical properties.
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Diammonium phosphate, exploited in Germany, is an-
other ammonium pliosphate containing twice the ammonia
of the monoammonium phosphate and is produced by treat-
ing monoammonium phosphate liquor with additional
ammonia. This material contains 23 per cent of ammonia
and 47 per cent of phosphoric acid.

Leunapheos is also a product of the Leuna plant. Itis a
compound of diammoitium phosphate (diammonphos) and
ammonium sulphate containing 24 per cent of ammonia aud
15 per cent P,O; (phosphoric acid).

Leunaphoska, another material of this plant, is a mixture
of leunaphos and potash salt which contains 13 per cent ni-
trogen, equivalent to 15.7 per cent ammonia, 10 per cent of
phosphoric acid and 13 per cent of potash.

Mauy other materials comprising mixtures of ammonia,
phosphoric acid and potash are being worked on but all of
the above are being commercially exploited.
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STATISTICS

Tur world’s demand for inorganic nitrogen is increasing at
the rate of about 100,000 tous of fixed nitrogen per year
and according to the reports of severa!l individuals thor-
oughly conversant with the situation, of whom Sir Max
Muspratt, previously mentioned, is one, there is no expecta-
tion of any lower rate of increase in sight.

The world figures for the three years ending Jume 30,
1925, 1926 and 1927 are given below.

Tons of Nitrogen for year euding

Fune 30 June 30 June 30
1924 1926 1927
Chile nitrate 421,000 355,000 298,000
By-product ammonia 302,000 330,000 341,000
Fixed atmospheric
nitrogen 495,000 641,000 807,000
Total 1,218,000 1,326,000 1,446,000

From these figures it can be seen that fixed atmospheric
nitrogen not only supplied the increased demaud of 100,000
tons of nitrogen per year, but 1t has also made up
the difference due to the falling off of Chile nitrate. This
decrease in Chile nitrate amounted to over 50,000 tons of
nitrogen per year for the past three years so that the in-
crease in fixed atmospheric nitrogen has beeu approximately
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150,000 tous of nitrogen per year. Even with this large
yearly expansion, it is believed that the saturation point in
cousumption of nitrogen is not yet in sight and that there is
room for all producers now engaged in the industry. Col.
Pollitt, of Nitram, Ltd., of England, has pointed out in a
recent speech in Edinburgh, that for at least 500,000 years
a hunian being very little different from his present form
has inhabited the earth. In all that time up to A.D. 1800,
the world's population had increased from its beginning to
a figure estimated at 800 millions. In the next oo years
from A.D. 1800 to A.D. 1900, it rose to 1,730 millions, or
more than doubled, and this rate of increase or one very
nearly as great, is continuing today. This increase obvi-
ously cannot be continued indefinitely under any circum-
stances, and it cannot go on at all unless the productivity of
the soil keeps pace with it.

For the year ending June 30, 1927, Chile supplied 20 per
cent of the world's inorganic nitrogen consumption, the by-
product coke oveus supplied 24 per cent, while atmospheric
nitrogen fixation processes supplied 56 per cent. This is in
contrast to the situation 30 years ago, the time of the warn-
ing sounded by Sir William Crookes, when the world was
very nearly 100 per cent dependent upou Chile.

Of the 807,000 tons of nitrogen represented by the 56 per
cent from the atmosphere, only 39,000 tons or less than 5 per
cent was fixed by the arc process, 175,000 tons or less than
22 per cent was fixed according to the cyanamide process,
while 593,000 or over 73 per cent was fixed according to the
direct synthetic ammonia process. A comparison of these
figures with those for the previous year leaves no doubt of
the trend of development. Of the 641,000 tons produced
during the year ending Juue 30, 1926, the arc process ac-
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counted for 41,000 toas or 612 per cent, the cyanamide proc-
ess produced 185,000 tons or 29 per ceut, while 413,000
tons Or 64 per cent was produced by the direct sylthetic
ammotia process, Not only did the iucrease of 178,000
tons in the year in direct synthetic ammonia process ciapacity
account for the total increase in fixed atmospheric nitrogen
production, but it also accounted for the decrease in produc-
tion by the arc and cyanamide processes. Thus, the breach
is growing larger from both ends, the decrease in produc-
tion of the two earlier processes and the increase in produc-
tion of the newest process, the direct synthetic ammonia
process,

Fixed atmospheric nitrogen and more especially the direct
synthetic ammonia process is fast approaching the position
once enjoyed by Chile nitrate, but it can never from present
indications actua:ly achieve that position. Ammeonia it is
believed will always be produced as a by-product of the
operation of the coke ovens. Tlie production of by-prod-
uct ammonia will increase, but it is believed its increase will
be very slow.

All statistics point clearly to the fact that the importaut
source of fixed atmospheric nitrogen of the future, as it is
of the present, will be the direct synthetic ammonia process.
The maximum annual capacity of all the plants now operat-
ing is 720,660 tons of nitrogen per year, while there 1s under
actual construction additional capacity of 225,345 tons of
nitrogen, or nearly 1,000,000 tons capacity operating and
under construction.

Germany, of all the countries of the wotld, is by far the
fargest producer and during the year 1926-1927 her pro-
duction exceeded consumption of Chile nitrate even for
1917, the year of greatest consumption. Of §93,000 tons
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of nitrogen fixed in the world for the past year, the plants
of Germany fixed 440,000 tons, divided into 125,000 tons
fixed at the Oppau plant and 315,000 tons at the Leuna-
Werke at Merseburg. In addition to this, the cyanamide
interests of Germauy are erecting a direct synthetic am-
monia plant of the Fauser method at their cyanamide plant
in Piesteritz, which it is expected will be brought into
operation shortly.

The closest competition with Germany at this time, if in-
deed she can be considered as having competition, is from
England. That country, through the Synthetic Ammonia
and Nitrates, Ltd., a subsidiary of the Brunner-Mond and
Imperial Chemicals, Ltd., now operating a direct synthetic
ammouia plant at a capacity of 22,000 tons of nitrogen per
year for fertilizer materials and actively erecting an addi-
tion of 53,000 tons of nitrogen per year, is planning on fur-
ther increasiug capacity by addition of a 75,000 ton unit,
bringing the total capacity of the plant to 150,000 tons of ni-
trogen per year. It is expected that the 53,000 ton addi-
tion will be in operation by the first of the year 1928, Hy-
drogen, here as in the case of the German plants, is secured
from water gas.

In the United States the combined total capacity of the
seven operating direct synthetic ammonia plants is 28,500
tons of nitrogen per year, equivalent to g9 tons of ammonia
per day, while the capacity operating is only 23,000 tons of
nitrogen per year, equivaleut to §o tons of ammonia per
day. All of this production has gone into the refrigeration
and chemical industry, but it has practically completely sup-
plied that demand, having replaced ammonia from the gas
works and coke ovens.

The plants operating in this country, with their capacities
are:
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Rated Daily | ¥rarty
Dazly Operating | itrogen
Name Location Capacity Rate Equiog-
Tons Tuyy fent 1n
Ammonia | Aoz Tons
Atmospheric Nitrogen Syracuse,
Corp. N. Y. 40 10 1t,550
Lazote, Ine. Charleston,
(Dupont subsidiary) W. Va. 2t 15 4350
Mathieson Alkali Works Niagara Falls,
N. Y. lo 10 2,900
Niagara Aimnmonia Co. Niagara Falls,
{Dupont subsidiary) N. Y. 17 8 3,300
Roessler-Hasslachar MNiagara Falls,
Chem. Co. N.Y. 3 3 862
Pacific Nitrogen Corp.
(Dupont subsidiary) Seattle, Wash, 3 3 865
Great Western Electro- Pittsburg,
chemical Co Calif, 1 I 290
Commercial Sclvents
Corp. Peoria, IIL 15 ) o
Totals 114 80 23,120

Of this capacity of 114 tons of ammouia daily, 65 tons or
57 per cent is for operation on water-gas hydrogen, 37 tons
or 32 per cent is for operation on hydrogen, a by-product of
other chemical industries, while only 12 tons or less than 11
per cent is for operation on electrolytic hydrogen. Of the
operating rate of 8o tons per day, ouly 3.7 per cent is on
hydrogen from the electrolysis of water, while 70 per cent
1s on water-gas hydrogen and over 26 per cent on by-product
hydrogen.

The difference of 34 tons between the rated daily capacity
of 114 tons and the daily operating capacity of 8o tons 1s
caused by Lazote diverting 10 tons ammonia capacity to the
production of methanol; by the fact that g tons capacity of
the Niagara Ammeonia Company 1s idle due to the fact that
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it is not economically practicabte in the United States to use
electrical evergy as a substitute for coal in the fixation of
atmospheric uitrogen (the 8§ ton capacity operating utilizes
hiydrogen a by-product of the Hooker Electrochemical Com-
pany chlorine plant) ; and by the Commercial Solvents Cor-
poration couvertiug its 15 ton ammonia unit to the produc-
tion of 4,000 gallons of methanol per day.

The Atmospheric Nitrogen Corporation, now operating
the largest direct synthetic ammonia plant in the United
States, is preparing for the erection of a large plant for this
process for tae production of fertilizer materials at Hope-
well, Virginia. Indeed it is reported that construction has
already started on the Hopewell site and that much of the
equipment has been ordered and the fabrication of some
completed. This plant will mark the entrance of the direct
synthetic ammonia process for fertilizer production in this
country aud it is expected that expansion will be rapid.

The plant of Lazote, Inc., operating at Charleston, W.
Va., is somewhat novel, in that the purification step of re-
moving carbon monoxide from the water gas is accom-
plished by converting it with hydrogen into methanol. Thus
the two syntliesis processes are linked together and the puri-
fication step which used to be a costly one is turned to a
profitable oue. It is reported that large expansion of this
plant in the near future is planned. In fact, it has been
said that the plant will eventually, within the next few years,
be enlarged to a capacity of 300 tons of ammonia per day.
[t is believed that this company is carrying on extensive re-
search looking to the development of new uses for ammonia.

The plant of the Mathieson Alkali Company is operating
on hydrogen which is a by-product from their caustic manu-
facture., It is not believed that there will be much if any
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expansion iu this project, but because of the favorable situa-
tion as regards hydrogen costs this company will always be
able to produce. )

The Niagara Ammonia Company, operating the Casale
process and lately acquired by the Dupont interests, was
erected for operation of about half capacity on hydrogen
obtained by the electrolysis of water aud half on hydrogen
as a by-product of caustic manufacture of the Hooker Elec-
trochemical Company’s plant next door. With the cut in
price of ammonia, however, the electrolytic plant had to be
shut down, as hydrogen produced through the electrolysis
of water, even with the rather favorable power rate pre-
vailing on the older contracts at Niagara Falls, was too
costly. The remaining part of the plant using by-product
fiydrogen has maintained operation.

The Roesster aud Hasslacher Chemical Company, oper-
ating a 3 ton per day ammonia plant on hydrogen, a by-
product of its owu operations, is enlarging its plant. The
ammonia produced at this plant is used in its own operations.

The Pacific Nitrogeit Corporation plant at Seattte, Wash-
ington, is the only plant in the country now operating on
hydrogen from the electrolysis of water. Although the
power rate of $30 per kilowatt year is not particularly at-
tractive for this operation, production is continued economi-
cally because of other sectional conditions.

The Great Western Electrochemical Company is oper
ating a one-ton unit which had formerly operated as some-
what of an experimental unit at the plant of the Mathieson
Alkali Company at Niagara Falls, N. Y. The hydrogen is
a by-product of caustic manufacture. It is reported that
this plant is to be enlarged by the addition of two more one-
ton units.
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The Commercial Solvents Corporation, operating corn
fermentation plauts at Terre Haute, Indiana, and Peoria,
[llinois, for the production of butyl alcohol (butanol) has
been wasting to the atmosphere from this operation about
2,500,000 cubic feet of hydrogen daily. In the interest of
utilizing this valuable gas, a plant of a rated capacity of 15
tons of ammouia per day was erected at Peoria, Illinois.
After operating this plant for the production of ammonia
for a few weeks, the few necessary changes were made to
operate it for the production of methanol according to a
process which permits of the use of hydrogen with carbon
dioxide, another waste gas of the fermentation process,
rather than with the carbon monoxide ordinarily employed.
In view of the fact that it can be readily changed over for
the production of ammeonia again, this plant can be consid-
ered as potential capacity. Whether the product of the
plant will be methanol or ammonia at any time will undoubt-
edly depend on the market conditions.

The development of the industry in Fraice is largely ac-
cording to methods which will permit of the utilization of
coke oven gas.  Although the capacity is made up of rather
a large number of plants, their combined capacity upon the
completion of present construction will be about 125,000
tons of nitrogen per year, equivalent to 153,000 tons of am-
monia. There is one relatively large plant included in this
group, that of the French Governument, at Toulouse, which is
to havea capacity of 57,000 tons of nitrogen per year, Wa-
ter gas is to be the source of hydrogen. Of the remaining
68,000 tons capacity, 63,000 tons are to operate on hy-
drogen from by-product coke oven gas. It will be noted
that in the countries of greatest actual and contemplated
development, Germany, Englaud, France and the United
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States, coal is depended upon as the means of hydrogen
supply.

Although not a large consumer, Italy has been increasing
steadily in nitrogen consumption at a rate of from 15 to 23
per cent each year for the tast 5 years. Domestic produc-
tion has kept pace with this increased cousumptio, so that
through these years, although imports increased, the do-
mestic production for each year amounted to about half the
consumption.

This increase in domestic production has been through
the direct synthetic ammonia process. As Italy has practi-
cally no coal, but has many excellent water-power resources,
hydrogen for these new operations is all being derived from
the electrolysis of water,

Japan like Italy does uot possess extensive coal deposits,
but has large water-power resources, which tend themselves
to low cost development. In freeing herself of dependency
on importation of sulphate of ammonia, Japan is utilizing
these power resources for the production of electrolytic hy-
drogen for the fixation of atmospheric nitrogen according
to the direct synthetic ammonia process. In making this
development, the cyanamide plants are closing down to
make room for this process of lower production costs.

In Norway, the Norsk Hydro Company is replacing its
arc process capacity by direct synthetic ammonia capacity,
utilizing electrolytic hydrogen. By so doing, this company
can utilize the same power now being consumed in the fixa-
tion of 35,000 tons of nitrogen annually to fix 140,000 tons.
The first unit of this replacement is being installed by an
American company, the Nitrogeu Engineering Corporation
of New York.

Sweden is replacing its cyanamide capacity with direct



126 FIXATION OF ATMOSPHERIC NITROGEN

synthetic ammonia capacity and this latter process is also
operating in three plants in Spain and in Belgium to a capac-
ity of 55.000 tons of nitrogen per year, while plants are
projected or actually building in Poland, Czechoslovakia,
Russia, Yugoslavia, Brazil and Australia.

It can be seen that world development is following the
direct synthetic ammouia process and that this process is
rapidly replacing the two older and more costly processes,
the arc aud cyanamide. It will shortly come about that to
speak of the cupacity or of tle production by the direct syn-
thetic animonia process will be tantamount to speaking of
fixed atmospheric nitrogen capacity or production.
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The cost of Chile mtrate, as given by Hobsbawn in the maga-
zine, Chile, Vol. 1, No. 3, p. 205, as one of the better officinas, is a3
follows:

Per fong ton
of g6% witrate

(A) Manufacture of nitrate $11.61
(1) Mining raw material. ... ..... .. . . $3.57
(a) Wages ................ .. %3.00
(b) Explosives ........ ...... . 0.42
(c) Stores ................... 0.15
(2) Transport of raw material .. ... .. ... 2.41
By carts
(a) Wages .................. 0.76
(b) Fodder .................. 0.85
(¢) Stores ...... ... .......... 0.24
By rail
(a) Wages ... ... .......... . 0.28
(b) Fuel stores ............ .. 0.28
(3) Elaboration of raw material
Crusliing, elevating & conveying ... ... .. 5.63
(a) Wages .................. 0.192
(b) Power ........ ... . ... .. 0.07%
(c) Stores ............ e 0.050
Leaching
(a) Wages ................... 1.130
(b) Power ... ............... I1.140
(c) Repairs .................. 0.280
(d) Fuel .................... 2.230
(e) Stores .................. 0.298
(f) Water ... ... .. ... .. .. 0.107
(g) General management . ... .. 1.125
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Per long ton
of 06% wiirote
(B) Baggageandlading ............. ... ... .. 1.86
(C) Railway freight to port ... ... ... ........... 2,70
(D) Export duties ....... ... ..o, 12.30
(E) Shipping charges ..... .......... e 1.06
(F) Commission ......... ... . .. i ... 0.44
(G) Capital charges (investment, $40 per annual ton
of nitrate-producing capacity) .............. 7.6¢
Amortization at § percent .............. 2.00
Interest, taxes, insurance, etC. 9% .. .... 1.60
Repairs, additions, renewals, etc., 5% .... 2.00
Torar, f.a.s. Chile $37.57

If the ocean freight charge is $7.50 per ton, the cost f.a.s. port
of consuming country is $45. It is often necessary to rebag the
material at tlie port of entry. This cost must, of course, be added

to the f.a.s. port of entry cost.



Annual

roz; Rax of

Location Capaoity Production
GERMANY:
Plesteritz ....................... 1 35,000 30,000
Trostberg. ......... ... ... 35,000 35,000
Waldshut. . ..................... 12,000 8,000
France:
Bellegarde . ..................... £,000 3,250
Lannemezan.. ................. .. 15,000 10,500
Marignac ... ..ol L, 6,000 2,500
Brignoud . ........ .. ... ... ... 6,000 3,000
Modane ......... ... ... L, 4,000 1,000
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The locations of the world’s planis for the fixation of atmos-
pheric nitrogen by tlie various processes are zs follosws:

NiTrROGEN FixaTior BY ARC ProcESS

- Annnol { 152y Rate 6f

Location Capaciry l Productiog

Net Tous | Net Tons

Ryjukan, Norway............... ..., 21,000

Notodden, Norway............. ... 8,000 38,000
Rhina, Germany................... 4,500 O
La Roche de Rame, France. ........ 230 250
Patsch, Austria. . .................. 1,000 1,000
Total.......... . .. ... L. 44,750 35,230

INITROGEN FlxaTion BY CYANAMIDE PROCESS
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N1TrROGEN FIxation BY CyanamiDeE Procrss—Continued

. Annual rozy Rate of
Location Capacityt Production
Irary:
Termi.......o.c v 10,000 5,500
Domodossola. .......covveen. ... 3,500 1,000
Ascoli Picetto. . ... .. 2,500 1,000
San Marcel . ... .. ... . 1,000 500
SWITZERLAND:
Martighy. .. covvviiii e 2,500 2,500
Jaran:
Osaka
Hokkaido 20,000 000
Fuchan [ - - oo ’ 5
Mandschurei
UniTED STATES!:
Muscle Shoals, Ala. .............. 40,000 0
CANADA: S
Niagara Falls .. ................. 25,000 2,000
JucosrLavIa:
SebenIco. . ..o 7,000 |
Almissa....... ... ... . ... ..., 7,000 [ 7,000
Poranp:
Chorzow. ...........ccvi..n. 30,000 17,000
CZECHOSLOVAKIA:
Karlsbad . ..... ... ........... 6,000 4,000
Norwav:
Odda......... oo i i 1,000 4,500
Roumania:
Ungar-Altenburg .. ........ ... .. 5,000 3,000
SWEDEN:
Ljunga ....... ... ... .. ..., 3,000 2,500
Alby ... 3,000 2,500
Total. ... ... 315,500 174,250




I¢lectiolytic Hydrogen

Seattle, Wash., 1.5 A.

Soulom, France
Terni, [taly

Nera Montoro, Italy
Dalinazia, Italy
Novara, Italy
Merano, Italy

Mas (Belluno), Italy
Sabinandigo, Spain
Nobioka, Japan
Minamata, Japan

Viege, Switzerland

Ltunga, Sweden

——

Pacific Nitrogen Corp.

Ste. des Engrais Azotes ¢1
Comyioses

Socicta ltaliana Ricerche
Indastriali Sirl

Terni Societd per I'Indastria
& I'Eleciricita

Societd Iraliana Forse
Idraulichic della Dalmazia

Socieca Piemontesst:
Ammonia (Montecatini)

Montecatim

Montecatini

Energia Industrias Aragon-
esas, S.A.

Nippon Chisso Hiryo
Kabushikl Kaisha

Nippon Chisso Hiryo
Kabushiki Kaisha

TUsines Electliques de
la Lonza

Stockholm Superfosfat Akt,

Total

865
15,120
1,345
9,765

12,600

5,000
?—,DOO

35,100
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N1TROGEN FIxATION BY DIRECT SYNTHETIC AMMORNIA PROCESS

Net Tons Nitiogen per Year

Location

Company

1027
O’pe:mtmé
Caparity

7 La“JJw
1.!_, umeler
N LD S

Water-gas Hydrogen

Syracusc, N.Y., I.S.A.
I—[}:)peweli Va., 1.S.A.
Charleston,w Va., U.S.A.

Oppan, Germany
Merscburg, Germany
Billingham, England
Montercau, Fiance
Toulouse, Fiance
Willebrock, Belgium

leoshlma, Japan
Ninjinongorod, Russia

Atmosphenc Nirrogen Corp.

Atmosplieric Nitiogen Corp.

Lazote, Inc.

Badischie Anthin und Soda
Fabrik,

Badische Anilin und Soda
Fabnk.

Syntlietic Ammonia &
Nitrates, Ltd.

Soweté Chimique de la
Grande Parwsse

IFrench Government

Societe Evence Coppe

Suzuki & Compan

Scverny Chimicecky Trust

Total

539,100

J5eCOo

53,000

37000
1,000

-

7:560

181,560
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N1TROGEN FIxaTION BY DIRECT SYNTHETIC AMMONIA PROCESS
(Continued)
rpz27  |te2y Capac-
Locution Company Operating| ity under
Capacity | Construction
(Coke-oven Hydrogen
Bethune, France Compagnie des Mines de
Bethiune 6,000 12,000
St. Etienne, France Houilleres de St. Etiennc 540 3,260
Decazewille, Franee Soclete de Commentry Four-
chanbault et Decazeville 3,000
Henin Lietard, France Ste. des Mines de Dourges 4,725
Pont a Vendin, France Ste. des Mines de Lens 7,000
Henin Lietard, France Cie des Mincs de Vicoigue
Noeux & Drocoim 4s725
Anzin, France Cic des Produits Chimiques
Anzin Kuhlmann 7,000
Catling, France Ste. Honillere de Sorre et
Moselic 4,725
Firminy, Flance Cie des Produits Chimiques
de Roche La Moliere 4,725
Vado, Italy Societa Azopeno 3,000
Ougree, Bclglurn Societe Belge de I’ Azote 4,500
Ostend, Belgium S.A. des I'ours a Coke
Semet Solvay and Plette 7,500
Fylguera, Spain Societe [berica del Nitrogen 3,150
Knurow, Poland Societe Fermicre des Mines
Fiscales de 1°Etat Polonais 3,000
Ignatz, Czechoslovakia Societe Czeclioslovakia
d’Azote r 4,500
Marles, France Societe des Mincs de Marles 7,500
Sclzaete, Belgium Etabilissements Kuhlmann 7,500
Waziers, France Soc. ' Ammoniazue Synthe-
tique 4,350
Total 52,863 49,838
By-pioduct Hydrogen
1S\%rracusc, N.Y. Atmospheric Nitiogen Corp. 3,800
lagara Falls, N, Y. Niagara Ammonia Co. 2,000
Niagara Falls N Y, Mathieson Alkali Works 2,880
Niagara Fallsl N. Y. Roesslei-Hasslacher Chem.
] Co. 865 865
Pittsburg, Calif. Gr, Western Electrochemical 300
Piestcritz, Germany Mitteldeutsch Stickstoff
Werke 2,500
Widnes, England United Alkali Co., Ltd. 3,150
St. Auben, Franee Cie d’Alais Froges et
Camarque 730 3,150
Bussi, Italy Societa Az2ogeno 1,500
Flix, Spain Societeé Iberica del Nitrogeno 700
121775 91605
Grand Total 721,910 | 256,160
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Some uitrogen statistics of domestic production, exports, im
Great Britain, Frauce, Italy and Japan for various years from

(Expressed 1n net

tgIo lo13 1916 1919
Germany
Domestic Productiun:
By-product ammonia 86,059 124,604 144,200 53,200
Flxed atmosplieric nitlogen 4,108 11,550 166,980 142,768
R Total production. . ....... g0, 167 136,214 311,180 195,968
Exports:
Chilcan nitrate 4112 4,299 o o
By-product ammonia 16,570 17,222 o o
Fixed atmospheric nitrogen o 6,360 o 0
Total exports............ 20,682 27,887 o o
Imports:
Chilean nitrate 128,990 133,179 o] 13,602
By-product ammonia 6,901 7,860 0 34
Fixed atmospheric nitrogen o 11,191 o o
Total impoits.. .. ........ 133,891 152,230 0 13,536
Total consumption. ...... 208,376 260,357 311,180 200,604
] United States
Domestic Production:
Bv-product ammora 22,901 39,330 59,383 86,360
Fixed atmosplieric nitrogen o o o) 276
Total produetion. . ... . ... 22,001 39,330 59,383 87,236
Exports:
Chilean nitrate o o 9,337 2,384
By-product ammonia 119 0 104 12,100
Fixed atmosplieric nitrogen o o) o) o
Total exports.. ... ....... 119 o Oyd 41 14,484
Imgoyts: )

“hilean nitrate _ 2,457 105,351 212,867 71,200
By-product ammonia 19,022 13,481 2,991 542
Fixed atmospheric nitiogen 560 5,403 5,847 12,497

Total imports.. .. ........ 112,039 128,235 221,705 84,239
Toral consumption. .. ..., 134,821 167,505 271,647 156,001
Domestic Produetion: Creat Britazn
By-product ammonia 85,490 50,814 100,004 89470
Fixed atmospheric nitrogen o o 0 o
Total production. ... ..... 85,490 99,814 loo,064 89,470
Expores:
Chilean nitrate ‘ 1,244 1,859 127 38,404
By-product aminonia 65,412 74,510 59,808 24,950
Fixed atmospheric nitrogen o 0 o o)
Total exports............ 66,656 76369 59935 63444



102,401 75,501 97>747 139,550 126,357 123,600
270 200 740 5,910 11,110 13,050
loz2,671 73,701 98,487 145,460 137,407 136,650
3,456 5,765 2,265 9,146 1325 1,587
20,300 21,563 33,831 34,569 27,240 28, 145
0 30 514 1,240 1,620 2150
23,756 29,958 36,610 44,955 30,183 32,212
230,480 66,249 94,581 155,468 17,900 193,920
459 1,075 1,123 813 1,381 2,204
26,500 2,338 0,070 11,814 12,513 27550
260,529 69,662 101,774 168,095 185,796 223,764
339,444 113,405 163,651 268,600 293,078 3255
94,280 59,760 81,600 99,700 93,880 97,500
0 0 0 o 8,000 13,300
04,280 50,760 81,600 §G,700 101,880 110,800
8,283 134 2,176 593 934 830
31,100 26,580 42,380 56,820 56,450 59,402
o o] o] 0 7,500 12,500
39,383 26,714 44,556 57413 64,904 72,732



APPENDIX

e
Ll
IHJ‘

DIX C

ports, and apparent consumption for Germany, Uniteil States,
1910 to 1525, are given below.

tons of nitrogen)

1920 1921 1922 1923 1924 12y
62,000 88,000 90,730 60,500 56,650 +1,150
147,520 206,800 256,300 273,900 300,500 374,078
209,520 204,800 347,050 334-400 357,150 437,828
705 36 90 50 1,366 2647
897 629 589 6980 3,630 19,064
5,164 2,437 3,761 22,240 2t,658 ot.foo
6,766 3,102 4440 29270 26,654 83,511
5,381 41 5,403 1,937 1,985 4,208
32 23 409 73 191 2
374 234 1,420 102 16 436

5,787 298 7,232 2,112 2,192 4
208,541 291,996 349,842 307,242 332,688 369,053



Domestic Production:
By-product ammonia
Fixed atmospheric mtrogen

Total production. . .......

Expoits:
Chilean nitrate
By-ploduct ammonia
Fixed atmosphetic nitiogen

Total exports. ..vocev....

Imports:
Clilean nitrate
By-product ammonia
Fixed atmospheric nitrogen

Total lmporte............
Total consumption.......

Domestic Production:
By-product ammonia
Fixed atmospheric nitrogen

Total production. ........

Exports — None

Imports:
Chilcan nitrate
By-product ammonia
Fixed atmospheric nitrogen

Total imports.. ..........
Total consumption. ......

Tialy

1,025 3,049 3,406 1,482

638 2,966 4,981 3,324
2,263 6,015 8,387 4,806

17 11 o 0

o] O & O

0] o] o} o]

17 II O o]

loy525 11,596 14,732 2,208

4,710 $919 641 1,072

Q Q (9] o]

15,235 16,515 15,373 3,280

17,481 22,519 23,700 8,086
Fapan

253 1,316 8,675 16,905

o 1,386 4,752 o

253 3,202 13,427 16,995

2,422 4-597 7,916 11,275

157764- 25 3 15 1)626 237939

o] 0] ] o]

18,186 20,912 91542 34,214

18,439 33J14 22y 511209
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(Expressed I net

lg1o 1913 1916 1919
Great Brijain
Imports:
Chilean nitrate ) 22,107 24,628 71,515 4,276
By-product ammonia o o 0 o
Fixed atmospheric mtrogen 2,610 5,958 22,113 7,536
Total Impo1ts. ,ovvennn.s - 24,717 30,586 93,630 11,815
Total consumption. ...... 43551 54,031 133759 37,841
) ) Lrance
Domestic Production:
By-product ammonia 13,220 16,917 5,677 lo,197
Fized atmospheric nitiogen 198 1,485 13,800 5,79
Total production. .. ...... 13,418 18,402 25,477 15,996
Exports:
hilean nitrate 807 904 2,028 72
By-product ammonia 190 261 335 67
Fixed atmosphellc nitiogen 110 138 909 2
Total cxports. . vevnen.... 1,107 1,303 3,272 141
Imports:
Chilean nitrate 59,367 55,404 93,001 6,861
By-product ammoma 5,937 " 5,198 4,823 4,998
Fixed atmospheric nitrogen 85 1,652 1,318 1,264
Totalimports.. . ......... 65,389 62,254 99,142 33,123
Total consumption. ... ... 77,700 79353 121,347 48,678



1,318 1,263 1,760 L850 2,130 2,600
5,326 4,233 7,400 9350 13,200 19,800
75144 5,496 9,160 11,200 15,330 22,400
9 94 0 0 21 I2

o] o] o] [0} O (8]

[0} O 4] [0} [a] IIO

g G4 0 Q ar 122
7,440 3,257 6,747 8,895 9,750 11,030
1,599 L, 119 2,493 2,521 3030 4,750
o 0 324 2,064 6,448 8240
939 4,376 9,564 13,480 19,258 24,020
16,174 91778 18,724 24,680 34,588 46,208
18,100 18,373 19,100 19,000 19,560 20,003
11,780 3,545 20,140 21,970 21,450 20,760
29,880 21,918 36,240 40,970 41,010 40,763
21,032 3,123 9,075 11,500 6,925 6,850
16,337 17,952 21,025 33,0lI0 33,130 19,912
0 o 486 2,084 5,800 20,048
317,369 21,075 30,586 46,591 45,945 56,410
67,249 42,448 69,826 90,564 86955 99,363
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tons of nitrogen)

1920 1921 lgz22 1913 1024, 1925
25,713 9,732 7,985 12,603 14,340 144179
O O O O (4]
8,100 1,900 3600 4,200 5,500 45720
33,813 11,632 11,585 16,863 19,540 18,899
88,710 44,678 48,629 59,150 56,616 56,967
11,330 11,783 14,690 20,001 22,530 23,200
3.0C7 3,090 6,710 10630 13050 21,060
14,337 14,873 21,400 30,631 35,580 47,160
4ol 1,194 658 1,707 1,883 536
199 890 2,736 1,499 1,513 1843
224 38 1,065 354 220 785
824 2,122 41459 31560 3,616 3,164
45,430 53,889 27,792 46,263 48,400 56,000
6,912 15,363 17,080 16,682 171400 19,015
2,313 1,460 1,560 4,983 13,322 14,000
54,655 70,712 46,432 67,728 79,122 89,913
88, 168 841463 63,373 04670 11L086 14301l
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BIBLIOGRAPHY

'This bibliography has been compiled with the hope that tlie
readers whose interests have been aroused by the perusal ol the
previous pages may find herein help in seeking reliable articles
giving more technical and more detailed discussions of the various
phases of the subject. It is selective ratlier than cxhaustive, and
when it was necessary to choose between two comparatively
worthy works upon the same subject, in many instances the
general accessibility and the references within the particular arti-
cle have been influential in deciding which one should be included

in this list.

GENERAL REFERENCES
(Dealing with several phases of the subject)

BOOKS

Haper, F. (Translated by A. B. Lamb). “ Thermodynamics
of Technical Gas Reaciions.” Longmans, Green & Co., Lon-
don & New York (1908).

Considers arc process on pp. 265 fi; ammonia process on
pp. 202 ff; and water-gas process on pp. 175 ff and 309 {l.

HackspiLn, Lours. ” L'azote. La Fixation de I'’Azote Atmos-
phérique et son Avenir Industriel.” Massort & Cie, Gauthier
Villars et Cie, Paris (1922).

Review of principal processes, description of technical manu-
facture, constructional details of various operating plants and
an economic review of nitrogen fixation, describing various
ammonium salts.

138
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Kwnox, Josern. " Tle Fixation of Atmospheric Nitrogen.” Van
Nostrand, New York, 2nd Edition, 1921.
Discussion of reactions and thermodynamics involved. De-

scribes commercial processes and furnaces. Good résumé
with bibliography.

Lewis, G. N. and Rawpary, M. ? Thermodynamics.”
McGraw-Hill, New York (1923).

Nitrogen compounds discussed, pp. 556 ff.

MarTin, G. and Barsour, W. “Industnal Nitrogen Com-
pounds and Explosives.” D. Appleton & Co., New York,
ond Ldition, 1917.

General review of whole subject (with references) discussing
manulacture, properties and industrial uses, with numerous
diagrams and photographs of apparatus.

Munitions InvENTIONS DEPARTMENT., © Physical and Chem-
ical Data on Nitrogen Fixation.” H. M. Stationery Office,
London, 1918. See C. A. 13, 1518 (1919).

Compiled for vse in connection with the synthesis and oxi-
dation of ammonia.

NrrraTteE Division, OrpNance OrrFickE, War DeparTaiext and

Fixep Nitrogen Researce LaeoraTory, " Report on tle
Tixation and Urilization of Nitrogen,” No. z041. U. 8. Gov-
ernment Printing Office, 1922.
Comprehensive report discussing world nitrogen situation,
history, chemistry and construction and operating costs of
various processes as well as U. S. Government nitrate plants.
Bibliography for 1917-22.

NITROGEN PRODUCTS Commrrree. " Final Report, 1919." Mu-
nirions Inventions Department (London).
Comprehensive discussion of all phases of the nitrogen
problem,

Norron, T. H. © Utilization of Atmospheric Nitrogen.” Special
Avents Serics, No. 52. Department of Commerce and Labor.
U. S. Government Printing Office (1912).
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Most complete treatise published up to 1912. Supplements
Knox’s book on commercial and technjcal side.

PartincTon, J. R. and Parker, L. H. ? The Nitrogen Indus-
try.” Van Nostrand, New York (1922).
Discusses Chilean nitrate, by-prodiwct and air-ilitrogen indus-
tries. A very readable but somewhat critical book, which
1s prone to digressions. Good section on ammonia oxidation.

U. S, Department oF Commerce. ““ Nitrogen Survey.”
Part I. “The Cost of Chilean Nitrate.” IL T'. Baiu and
H. S. Mulliken. Published as Trade Information Bulletin
No. 170 (1924).
Supply and metliods as well as costs are considered.

Part I1. " General Review of the Nitrogen Situation in the
United States.” H. A. Curtis. Published as Trade Informa-
tion Bulletin No. 226 (1924).

Nitrogen needs of the soil and the army; potential supply,
production and consumption of nitrogen discussed.

Part III. " The Air-Nitrogen Processes,” J. M. Braham.
Published as Trade Information Bulletin No. 240 (1924).
Discusses commercial development, chemistry, costs, nature
of products, and chances for improvement of various proc-
esses; also the conversion of initial products into compounds
suited to agricultural, military and industrial needs.

Part IV. ' The Nitrogen Situation in European Countries,”
H. A. Curtis and F. A. Ernst, Published as Trade Informa-
tion Bulletin No, 270 (1924).

Warser, B. (Translated by Fyleman, E.). ' The Atmospheric-
Nitrogen Industry withl Special Consideration of the Produc-
tion of Ammonia and Nitric Acid.” J. & A. Churchill,
(London), 1926. 2 Vols.

Valuable for world economic statistics on nitrogen and survey
of German industry and for many references to technical
literature and patents, but contains numerous errors.
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ARTICLES

Gieert, C. G. "' Political and Commercial Control of the
Nitrogen Resources of the World” Chem, & Met. Eng. 22,
PP. 443—48; PP. 5014 PP. 5579 (I920).

Economic discussion and review with bibliography.

Hager, F. " Les Prix Nobel en 1919-20.” Stockholm, 1922,
Naturwissenschaften 10, 1041 {1922).
History of nitrogen fixation.

Jones, C. FL. " Muscle Sloals Hydro-Electric Developnient.”
Chem. & Met. Eng. 2., 417-9 (19:0).

Lawvms, W. 8. “Fixation of Atinospheric Nitrogen.”” J. Ind.
IEng. Cliem. 7, 433-8 (1915).
General, but emphasis Is on process of American Cyanamid

Co.

Maxtep, E. B. ? Process of the Nitrogen Industry in 1g25.”
Cliem. Age (London) 13, 6446 (1925).
Important articles and patents of year.

Parsons, C. L. and Committee. Nitrate Supply Committee
Recommendations on Synthetic Nitric Acid for the Govern-
ment with Reports on Various Methods.” J.Ind. Eng. Chem.
9, 82941 (1917).

Summers, Levanp L. " Fization of Atmospheric Nitrogen.”
Trans. Am. Electrocliem. Soe. 27, 339384 (1915).
Comprehensive.

NOTEWORTHY BIBLIOGRAPHIES

Tae Fmrxep Nrmrocen Restarci LasoraTory, Bureau or
CHEMISTRY AND SoILS, DEPARTMENT OF AGRICULTURE, has
compiled a very estensive unpublished bibliegraphy on nitro-
gen fixation which may be consulted in its Library at Wash-
ington, D. C,

Boveg, J. C. " Bibliography on the Production of Synthetic
Nitric Acid and Synthetic Ammonia.” Met. Chem. Eng. 17,
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328-37 (1917). Literature references 1786-1917. Abstracts
of British, German, French and U. S. patents 1859-I917.

CrecuTon, Hexry J. M. " How the Nitrogen Problem has
been solved.” ]. Frank. Inst. 7187, pp. 377—408; pp. §99-610;
pPp. 705-735 (1919).

Elaborate discussion of various processes and their relative
efficiencies. Bibliography of selected references 1786-1919
(19 pages).

Hosmer, Hepen R. " Literature of the Nitrogen Industries,
1912-1916.” J. Ind. Eng. Chem. 9, 42435 (1919).
Critical bibliography.

ARC PROCILSS

BmrkerLanp, Kr. " On 1he Oxidation of Atmospheric Nitrogen
in Electric Arcs.” Trans. Faraday Soc. 2, 98-116 (1900);
C. A. 1, 821 (1907).

Summary of work of others in this field and discussion of
process used at Notodden, Norway.

Evpe, SamueL, " Oxidation of Atmospheric Nitrogen and De-
velopment of the Resulting Industries of Norway.” 8th
Internat’l Cong. Applied Chem. 28, 169-181 (1912); Ab-
stract in J. Ind. Ing. Chem. 4, 7714 (1912).

Harer, F. and Koenig, A. ' Oxidation of Atmospheric Nitro-
gen.” Z. Elektrochem. 16, 11-25 (1910).

Careful review of papers and patents from June 1907 to

June 1900.

Hager, and others in 4 articles. ' Oxidation of Nitrogen in the
High Potential Arc.” Z. Elektrochem. 76, No. 19, pp. 789
826 (1910). Reviewed in C. A. 3, 2033—4 (1911).

HXusser, F. '*Oxidation of Nitrogen in Explosive Gas Mixz-
tures.” Z. Ver. deut. Ing. 56, 1157-64 (1912). Reviewed in
C. A. 6, 2713 (1912).

Discusses his process for fixation of nitrogen by explosion
of coke oven gases.
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Karrer, 3. ' Plienomena in the Electric Arc Process of N

gen TFixation.”
(1925).

Discusses dissociation, ionization, excitation, radiation and
energy transier.

ltro-
Trans. Am. Electrocliem. Soc, 48, 22312

Koentg, A. ' Uber die Elektrische Aktivierung des Stickstoffs.”
Z. Elektrochem. 21, 267-86 (1915%).

Full discussion of subject of active nitrogen and its relation to
nitrogen fixation.

Lewis, G. N. and Eucar, A. ** The Equilibrium between Nitric
Acid, Nitrous Acid and Nitric Oxide.” J. Am. Chem. Soc.
33> 292-9 (1911).

Moscickl, Ienacy. " Preparation ol Nitrie Acid from the Ajr.”
Llectrochem. & Met. Ind. 5, 491—4 (1907).
Describes Moscicld are fuinace.

Scmonmerk, D.  “ The Manufacture of Saltpeter from the Air
by thie Process of tlie B. A, S. I." Trans. Am. Electrochem.
Soc. 10, 131-04 (1909).

Use Schénherr arc furnace at Christianssand.

Scorr, IX. KiLrurn., ' Nitrogen Fixation Furnaces.” Trans.
Am. Electrochemn. Soc. 34, 221-54 (1919).
Classification and review of arc furnaces.

Scorr, I8, Kmeury, ' Manufacture of Synthetic Nitrates by
Llectric Power.” J. Soc. Chem. Ind. 36, 7717 (1917).

Descriptivn and culs al various Iurnaces.
SILBERMANKN, IICARI
(Leipsig. 1922).
Abstract ol German patent literature including arc and silent

discliarge processes for production ol nitric oxide, ammonia
and cyanide.

"' Elelctrisclie Behandlung von Gasen ”

Sreinmerz, C. P. " Tlcoretical Study of Nitrogen Fization by
the Electric Are.”  Chem. & Met. Iug. 22, pp. 299-304;
283—7: 411-07 455-02 (1420).
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VanoereoeL, Jures. " A French Plant for the Fization of At-
mospheric Nitrogen.” Chem. & Me. Eng. 9, 102-3 and
196-8 (1911). Commercial application of Pauling process.

97 " Process and Apparatus for the Electrical Fixation of Ni-
trogen.” Z. Elektrochem. 2z, 211-21 (1914); C. A. 9, 756

(1915).
Patent résumé,

CYANAMIDE PROCESS

Brepig, G., Franker, W. and Wik, E. " On Lime Nitro-
gen.” Z. Elektrochem. 13, 69-75 (1907).
Action of various catalysts on the nitrification of carbide.

Caro, N. "The Cyanamid Iudustries and Related Processes.”
Z. angew. Chem. 22, 117882 (1909); C. A. 3, 2088 (1609).
Frank and Caro processes and effect of impurities in the car-
bide and nitrogen are discussed.

Frank, A. " On the Utilization of the Atmospheric Nitrogen
in the Production of Calcium Cyanamide and Its Use in
Agriculture and Cliemistry.” Chem. News 97, 28¢-92; 303-6
(1908). Also in Trans. Faraday Soc. 4, 99-119.

Frazer, Joun. Y The Muscle Shoals Hydro-Flectric Nitrogen
Fexation Plant.”” Ckimie et industrie g, 615-21 (1923).

Garr, H. " The French Cyanamide Industry.” Chimie et in-

dustrie, 6, 4309 (1921).
Review.

Jacoe, K. D, Krask, H. J., and Bramm, J. M. " Decomposi-
tion of, Calcium Cyanamide on Storage.” Ind. Eng. Chem.
16, 684-8 (1924).

Krase, H. J., and Yes, J. Y. '*The Mechanism and Thermo-
chemistry of the Reaction between Calcium Carbide and
Nitrogen.” J. Am. Chem. Soc. 46, 1358-66 (1924).
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Lanprs, W. S. “The Fixation of Atmospheric Nitrogen.” Met.
& Chem. Eung. 13, 213-20 (1913).
Description of process and plant of American Cyanamid Co.

Laxpis, W. S. “ The Production of Ammonia [rom Cyanamid.”
. Ind. Eng. Cliem, 8, 156-6o (1916).
Chemistry and costs.

Pranke, E. J. " Cyanamide — Manufacture, Chemistry and
Uses.” The Chemical Publisiiug Co., Easton, Pa., 1913,
106 pp.

Prankg, E. J. " The Present State of the Cyanamide Indus-
try.” J. Ind. ng. Cliem. 6, 415-9 (1914).
Consideted from fertilizer srandpoirn.

TrompsoN, M. bEK. and Lomparp, R. H, " LEquilibrium of the
System Consisting of Calcium Carbide, Calcium Cyarlamide,
Carbon and Nitrogen.” Met. Chem. Iing. &, 61720 and
682—4 (1910).

b2

WasesBurN, I. S. “The Cyanamide Process.” Trans. Am.
Electrocliem. Soc. 27, 385—407 (1915). Also in Chem. & Met.
Eng. 73, 30914 (1915).

Compared with other fixation processes.

SYNTHETIC AMMONIA PROCESS

Avon, ‘" Manufacture ol Synthetic Ammonia at Oppau, Ger-
many.” Chem. & Mct. Eng. 24, pp. 305—8; 347-50; 39)1~4
(19271).

I. Preparation aud purification ol liydrogen-nitrogen mix-
ture. II. Synthesis. IIL. Preparation ol ammoniim salts
and plant layout,

Barnirz, H. L. " Electrolytic Production af Hydrogen.” Chem.,
Met. Eug. 14, 391-5 (1910) and z2, 201-G (1,20).
Review and advantages of various types of cells.
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BernTrSEN, H, A. “ Synthetic Ammonia.” Trans. 8th Cong.
Applied Chemistry 28, 182-201 (1912). Also in J. Ind. Eng.
Chem. g, 7607 (1912).

Historical and descriptive review of Haber process.

Craupe, G. " The Manufacture of Hydrogen by the Partial
Liquefaction of Water Gas and Cole-Oven Gas.” ]. Ind.
Eng. Chem. 14, 1118-9 (1922).

His apparatus described.

Craupg, G. " The Synthesis of Ammonia at High Pressures.”
Chimie et industrie 4, 5-18 (1920).

History of Lis process.

ELuis, Carteron. ' The Hydrogenation of Qils — Catalyzers
and Catalysis and the Generation of Hydrogen and Oxygen.”
D. van Nostrand Co., 2nd Edition (1919).

Pages 444603 applicable to ammonia synthesis problems.

Haser, F. " Synthetic Production of Ammonia.” Z. angew.
Chem. 27, 473-7 (1914).

History and thermodynamics of his process.

Hager, F. and LeRossienor, R. " Uber die Techuische Dar-
stellung von Ammoniak aus den Elementen.” Z. Elektro-
chem. 79, §3-72 (1913). Good abstiact in Met. & Chem.
Eng. 11, 2114 (1913).

Fundamentals of the process.

Jowes, C. H. ' Nitrogen Fixation by the Haber Method.”
Chem. & Met. Eng. 22, 1071-5 (1920).

Especially at U. S. Nitrate Plant No. 1.

Keves, F. G. and Browwrer, R. B. " The Thermodynamic
Properties of Ammonia.” John Wiley & Sons, Inc. (1916).

Larsow, A. T, et al. *Contributions to the Study of Ammonia
Catalysts.” (In V parts). Chem. & Met. Eng. 26, 493-7;
555-60; §88-93; 647-54; 083-5 (1922).

Larson, A. T. “ The Ammonia Equilibrium at High Pressures.”
J. Am. Chem. Soc. 46, 367-372 (1924).

450 10 500° C and 300 tO 1000 atmospheres.
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Lueure, M. ' Synthetic \nwowa by the Clauds Process”
Translation in Chem. & Met. IEng. 28, 458-301 {1423).
Cost and yield figures of Claude and Haber processts cam-
pared.

MaxTep, E. B. " The Synthesis of Antitnana and I1s Qxidatizn
10 Nitric Acid.” J. Soc. Chent Ind. 36, 777-52 (1917).

Norrown, F. . “ The Separation of Air into Oxvgen acd Ni-
aogell.” Chem. & Met, Eug. 23, 511-8 (19:20).

Tavror, H. 8. “The Production of Nitrogen and Hy diogen {or
Syntlietic Ammonia Manufacture.” Client. & Aet. Eaz. 27,
12636 (1922).

Discusses various processes.

Teep, P. L. " Chemistry and Manufacture of Hydrogen.” I:1i-
ward Arnold (London), 1919.

Iingineering s1andpoint.

Tour, R. §. " Tlie Germar and American Syntlictic-Ammont
Plants.” T to IV. Chem. Met. Eng. 26, pp. 245-8: 300—11:
350-02; 411-15; 403-5 (1922).

Inclusive descriptions giving costs.

Weaver, E. R. “Production of Hydrogen by tlie Thermal De-
composition of Oil.” Chent. & Met. Eug. 2§, 704-8; 156-43;
to72-5 (1923).

Method, purity and costs given.

Zamveiancul, A. " Fauser Syntlietic Ammomna Process.” Cliem.
Age (New York), 31, 411 (1923).

CONVERSION PRODUCTS

AMMONIA OXIDATION

Awon., '*The Ostwald Process for Making Nitric Acid from
Ammonia.” Chem. & Met. Eng. 71, 438-42 (1913).
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Curtts, H. A, " The Oxidation of Ammonia. Tlie Worlc of the
Shefield Experiment Station.” Chem. & Met. Eng. 27, 699—

703 (1922),

Parsons, C. L. “ Nitric Acid from Ammonia.” J. Ind. Ing.

Chem. 19, 789-94 (1927).
Costs.

Parsons, C. L. “ Commercial Oxidation of Ammonia to Nitric
Acid” J. Ind. ILug. Chem. 1z, 341-52 (1919).
Review of progress.

Perrey, G. A. “ The Catalyst for the Oxidation of Ammonia.”
Chem. & Met. Eng. 22, 125-9 (1920).
Discussion of various types of catalysts.

Perrry, G. A. "*The Commercial Oxidation of Ammonia.” J.
Ind. Fng. Chem. 72, 5-16 aud 119-29 (1920).

Taxror, G. B. “Some Economic Aspects of Ammonia Oxida-
tion.” Cliem. & Met. Iing. 26, 12179 (1922),

Tontoro, CarLo. ““ Absorption of Nitrogen Oxides from Am-
monia Oxidation.” Cliem. & Met. Eug. 34, 92—5 (1927).

Zeisgere, . C. ““The Ostwald Process of Oxidizing Ammonia
to Nitric Acid.” Met. & Chem. Eng. 75, 299-304 (1916).
Review of literature and patents with cost estimates.

OTHER REACTIONS

Errweww, G. “Calcium Cyanamide; A New Starting Point in
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