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During the First World War, the need to secure a domestic supply
of nitrate compounds necessary to the manufacture of explosives caused
the federal government to undertake an extensive program of research
and development of industrial nitrogen fixation processes. .

These

government activities were to have far-reaching consequences for the
development of the American chemical industry.

At the outbreak of

the war, Congress passed legislation appropriating $20,000,000 for the
construction of plants which would produce nitrates for wartime use.
Extensive study and review by various government agencies of currently
available industrial nitrogen fixation processes led to the decision
to build a synthetic ammonia plant using an exoerinental process
developed by the General Chemical Company.

The construction of a

second plant was later authorized to use the process of the American
Cyanamid Company.

These two plants were. constructed near Florence,

Alabama, and were completed just as the war ended.

Three research

facilities were established durinq the war by the Army Nitrate

Division, at Laurel Hill, New York, at Sheffield, Alabama and at
Arlington Farms, Virginia.

These three experiment stations did

industrial research aimed at improving the synthetic ammonia process
at Plant #1, and succeeded in making a number of significant niodifi-

cations in that process before the plants and these laboratories
were closed at the war's end.

While Congress argued about the disposi-

tion of these plants, the War Department established the Fixed Nitrogen
Research Laboratory in Washington D.

C.

to perfect the synthetic

ammonia process, and to find a peacetime use for the product of the
cyananiid plant.

This laboratory operated until 1926.

Although congressional battles prevented the plants from benefiting from the Laboratory's research during its existence, that research
was of major importance to the American fixed nitrogen industry.

Due

to the wartime research done on its process, the (eneral Chemical
Company was able to become the largest producer of ammonia in the
United States within a few years.

An improved ammonia synthesis

catalyst was developed by the Fixed Nitrogen Research Laboratory,
and a large body of data on all aspects of the ammonia synthesis
reaction was collected which was then used in the following decade for
theorectical studies of catalytic action.

The Laboratory served as a

training school for industrial chemists, and as a model for the kind
of project-oriented team research which has since characterized
industrial research activity.

Thus, rather than serving only to

provide an assured supply of explosives; as had been intended, the
fixed nitrogen activities of the government proved to have their
greatest effect in the improvement of the American nitrogen fixation

industry, and the economic growth of the country.
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THE FEDERAL GOVERNMENT AND THE FIXED NITROGEN INDUSTRY, 1915-1916

CHAPTER I
INTRODUCTION: SCIENCE AND GOVERNMENT IN
THE FIRST WORLD WAR

Science and War

It has often been assumed that there exists some sort of symbiotic
relationship between science and war.

Science can provide the technical

advances which make new and better methods of waging war possible, while

war can provide the motivation, chiefly economic, for the research which
will bring about these advances in war technology.

As it often happens,

the advances are not confined only to war technology, but may have unexpected benefits for the peacetime economy of the state as well.
historical examples of the latter can be cited.

Many

Alexander the Great

is said to have taken with him on his Persian and Indian campaigns men
skilled in the study of nature to collect specimens of new plant and
animal species, and to observe and record the wonders of his new lands.
Napoleon, who was an eager patron of the sciences and amateur scientist
himself, fancied himself a new Alexander, and took into Egypt a company
of scientists and engineers, not just to observe and collect, but to
attempt to establish a technological base which would enhance the economic potential of that land.

The invention of new implements of war,

especially the cannon, prompted the study of ballistics, which contributed to the new theories of motion during the sixteenth and seventeenth centuries.

The discovery of gunpowder provided the necessity

for improvement in techniques of purification of salts, and led to the
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formulation of new models of combustion.

In modern times, war research

has developed the atomic bomb and nuclear energy, radar, DDT and
penicillin, and made possible the exploration of the moon.1
In modern times the practice of science has become a costly enterprise, especially in the twentieth century as its tools became more complex, and its investigations more specialized.

Those who have under-

taken it must have access to funds, and increasingly have turned to
large foundations, to industry or to the government for support.

This

necessity brought about the decline, at the time of the First World
War, of what had been up to that time the American tradition in science,
the independent amateur scientist/inventor in historical progression
from Benjamin Franklin to Thomas A. Edison.

Thus, the practice of

scientific research in the United States, under the pressure of economic
necessity, turned toward the industrial or academic research team.

This

transition was hastened by the organization of American research scien-

tists during the war into research teams under government sponsorship.
Government, for its own part, has two major concerns in which science is able to participate:

economic growth and national defense.

Any government tends to view its investment in scientific research in
this light, and naturally expects a return for support in the form of
some concrete evidence that this investment is indeed contributing to
either economic growth or national defense.

In the case which is the

subject of this study, the War Department's nitrogen fixation research

during the First World War, the war ended just at that moment at which
the government would have been able to begin to utilize for defense the
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fruits of its investment in nitrogen fixation research.

Rather than

providing an assured supply of explosives as had been intended, the
war research actually proved to have its greatest benefit in the developing of the American chemical industry.

Thus economic growth ultimately

was the primary benefit of this support for science.
It was not until the forced separation of the United States and
Germany during the European War that American scientists began to realize the danger of their dependence upon Germany for leadership in chemical manufacturing.

It was at this time that American chemical indus-

tries began to develop independent of the German industries which had
to that point been the suppliers of chemical products to the world.
The government, for its part, did its best to foster this new national
self-confidence by making foreign patents available through the Alien,
Properties Custodian and the Chemical Foundation, and by making available to the new chemical industries, the information that had been
derived from the wartime research done in government facilities.

A less concrete benefit was also derived from the success of the
wartime scientific research and the resulting growth of the American
chemical industry, and this was the enhancement of national prestige.
For more than a century, the world had regarded the United States as
trailing far behind Europe in terms of intellectual and cultural con-

tributionsto Western civilization.

American intellectual life was

dependent upon England and France for cultural leadership, and upon
German for scientific education.

In 1831, de Tocqueville had accused

the United States of being too concerned with material progress to have
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the leisure necessary to the development of an independent intellectual
tradition.

The flourishing of the new chemical industry in the United

States as a result of the First World War caused American chemists to
realize that they were no longer required to take second place to the
European scientific establishment.

Although a symbiotic relationship between science and war means
that both members of the association benefit in some way, the urgency of
the needs of national defense usually overrides any immediate benefit
that science may derive from the association.

In fact, the takeover

of scientific activity during wartime by the government can have a
deterrent effect on the progress of science as well as a beneficial one.
If scientific manpower and research are completely diverted to the
problems of national defense, as they often are in times of crisis,
other less functional research, even though it may be of greater theoretical significance, must be set aside.

Thus, in times of total war

involvement, basic research tends to go by the board in favor of what
is generally called applied science.

It is the kind of science that

is routinely done by scientists working at a problem where the theoretical structure already exists:

would call "normal science."2

in a situation that Thomas S. Kuhn

War research, for the most part,

generates a body of applied knowledge, a number of technological advances, in a short period of intensive effort.

It is precisely this

kind of advance whichwas favored by the wartime conditions during the
First World War.

Time was of the essence and considerations of economy

were set aside in favor of rapid development of the desired processes
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and products.
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Since applied science is the kind of science which is done

during wartime, the major impact of this war research will be in the
realm of applied science.

Any history of war research, therefore,

tends to deal with the development and advancement of technology, and
with its resulting effect upon society rather than with any great
advancement in theory or in scientific ideas in the abstract sense.
The most recent trend in the history of science has been to look
at science

as a part of the human experience during a historical

period, and to view it as something unique to and interrelated with
the other facets of the culture of that time.
this study has been done.

It is in this spirit that

The history of science in America is,for

a good part, the history of its technology, its inventions and its industry.

American science has been applied science for most of its

existence.

Until the middle of the twentieth century, the additions to

the body of theoretical science by American scientists have been few,
but there are few historians who would deny that applied science in

America has shaped the American culture to a greater degree than any
other intellectual discipline.

The approach which has been taken in

this study is to look first at the social forces which brought about

this particular set of scientific activities, namely, the pressures of
national defense during World War I, and second, to see the effect that
this scientific activity had on postwar American society, that is,

how this particular body of research was then applied in the industry
to create something new and important:
industry.

the American fixed nitrogen

This study contributes, therefore, not the understanding
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of the development of a scientific theory, but to the understanding of
how normal American science during the World War I period was affected
by the pressures of the culture in which it existed, and how, in turn,
it contributed to the further modification of this culture.

Science and the Federal Government

At several times in its past, the government of the United States
has turned to the American scientific establishment, inviting cooperation and coordination of research efforts in order to assist in the
maintainence of national defense.

The official cooperation began

during the Civil War with the establishment of the National Academy
of Sciences, for the purpose of being available to the government to
"investigate, examine, experiment and report upon any subject of
science or art, the actual expense of such investigations, examina-

tions, experiments and reports to be paid from appropriations which
may be made for the purpose."3

Academy members, were, however to

receive no pay for their services to preclude political influence
on their work.

Buring the Civil War, the various committees of the

Academy went to work on problems chiefly associated with maintaining
and operating iron

warships, and on investigations of steam engines.

Unfortunately, no solid
tions.

results arose from any of these investiga-

The Academy continued as an elite but relatively non-produc-

tive body for the fifty years that passed before the next major war.4
Within the military itself, scientific branches were established
even before the Civil War.

The exploration of the West in the l840s

Page 7

and after was assisted by Army surveying corps who were also concerned
with gathering geological information.

Naval scientists accompanied

Perry to Japan; and Army, Navy and civilian scientists were employed
under the aegis of the Treasury Department in the Coast survey.

The

Naval Observatory concerned itself not only with astronomical charts
and ephemerides, but prepared marine charts of winds and currents as
well.

By the beginning of the twentieth century, there was a solid

tradition of scientific research, or at least fact-gathering, within
the military, and a tradition of military cooperation with civilian
bodies such as the National Academy of Sciences, and with the scien-

tific branches of the various bureaus of civil government.5

The need

for such cooperation had been rather slight, however, in the fifty
years since the Civil War, and the practice of scientific research
within the military had declined, but the tradition still remained.
The National Academy, itself had sunk into a moribund state, a "small,

exclusive and relatively uninfluential body" made up of elderly and
well-established scientists.6
In 1914, war broke out in Europe.

It soon became evident that

this wasanew kind of war, almost a state of mutual seige that was not
a test of military strategy, but a case of sitting in one well-

fortifed position and shooting at the enemy who occupied an equally
impregnable position.
of two ways:

The end of this kind of war could come in one

sooner or later, one of the combatants would run out of

food, munitions, fuel or men, or one of the sides would develop a

superior weapon which would break the stalemate and give them the
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advantage.

Preparation for this kind of war involved stockpiling

essential materials, improving the efficiency of their production,

and directing research toward the development of new and better
weapons.

While the land war was virtually at a standstill in the trenches,

the Germans seemed to have an advantage at sea:
submarine

the submarine.

The

was useful for destroying military targets such as warships,

but it also was efficient in a more devastating way, in The destruction

of the supply ships upon which isolated countries such as Great Britain
relied for food and war material.

As the war progressed, it appeared

that Germany might also have the weapon which would give them the advantage in the trenches.

This was poison gas.

Thus, three areas of

scientific research emerged as important to defense:

improvement of

methods of industrial production of essential products, submarine
detection and destruction, and poison gas protection and production.
Official United States foreign

policy at the outbreak of the war,

under the administration of Woodrow Wilson, dictated strict neutrality
and non-involvement.

This policy was deplored by Republicans led by

Theodore Roosevelt, and as German attacks on ships carrying American
citizens increased in number, it became obvious that American noninvolvement could not last much longer.

The German torpedoing of

the English channel steamer the Sussex in March 1916, on which three
Americans were injured, stirred a wave of indignation across the
country, and finally prompted the National Academy of Sciences to
action.
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George Ellery Hale, the eminent American astronomer and director
of the Mount Wilson Observatory, had found himself one

of the youngest

members, at thirty-five, upon his election to the Academy.

Seven years

later, in 1910, he was appointed its Foreign Secretary, and his contact
with the European scientific academies made him aware of the shortcomings of the American institution.

Hale determined to do what he

could to improve the situation, by reforming it from within.

Within

a very short time, he had succeeded in having the rules changed to
increase the membership to three hundred, and, in keeping with the
strong tradition of. applied science in the United States, to institute

an engineering section of the Academy.7
It was Hale who at the April 1916 meeting of the Academy proposed

a resolution offering the services of the Academy to the President, in
The resolution was unanimously accepted, even though

the event of war.

it was an unprecedented move for the conservative Academy to offer its
services before it was asked.

President Wilson accpeted the offer,

and Hale was appointed chairman of an organizing committee of rela-

tively young men who would set the direction that the Academy's
efforts would take.8
Research Council.9

The result was the establishment of the National

This body was to be composed not only of Academy

members, but was also to include representatives from scientific
divisions of civil and military government, from scientific and industrial societies, and from educational and research institutions.

The original group consisted of sixty members, but this number was
soon increased.

At the first meeting in September, 1916, Hale was
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elected permanent chairman.

Charles D. Walcott, Secretary of the

Smithsonian Institution, and Gano Dunn, President of the J. G. White

Engineering Corporation were named vice-chairmen.°

A few months

later, Robert A. Millikan was also promoted to vice-chairman.

11

Millikan and Hale both left their jobs in California to go to
Washington to give their full effort.to the running of the National
Research Council

,12

The purpose of the National Research Council, as stated in its

charter, was to be a coordinating body for the research efforts of
all of those institutions which would be doing war research.

It was

charged with preparing a national inventory of scientific equipment
and manpower, acting as a clearing house for research projects,

promoting interinstitutional cooperation, and promoting fund-raising
efforts on behalf of private institutions, as well as encouraging
war research.13

The membership was divided into various committees

and divisions which during the war years underwent continuing metamorphoses of title and function.

Each committee was asigned some

aspect of war research to oversee and coordinate.
not always successful in fulfilling

these charges.

The committees were
To cite an example

significant to this study, a nitrogen fixation committee was
established in the chemistry division in August of 1917.

In October

of that year, its name was changed to the Sub-committee on Nitrates
and Ammonia, and by July of 1918, it had turned into the committee on
Nitrate Investigations.

Ii spite of this

continuing group, all of

the policy and plans for the government's nitrate program were made by
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the War Department, with little input other than suggestions, which
were more often than not disregarded, from the NRC.
group

(This nitrate

was discontinued at the end of the war.)14
One of the primary achievements

of the National Research Council

acting by itself was the setting up of the Research Information Service.
Funds were received for this project through the Council of National
Defense.

Offices were established in London and Paris with the task

of keeping up with and reporting European military research.'5

In this

way, contact with the European scientific tradition, which had been
so important to American scientists, was maintained.

The National Research Council was effective as a clearinghouse
and as a channel of personnel assignments.

In itself, it did not pro-

duce the large research projects for which the war was to become
famous.

These were the products of military research, and even

though the National Research Council gave abundant advice on these
problems, it was regarded for the most part, by those who were
actually doing the research, as being out of touch with the real
problems.

The National Research Council was not the only body to be concerned with the coordination of research.

In October, 1915, the Navy

Department had established a civilian body, under the chairmanship
of Thomas A. Edison, to examine new devicesarid inventions whichw.ould
improve naval operations.

This. group came to be known as the Naval

Consulting Board, and its members were chosed by the presidents of
eleven engineering and technical societies.

Its twenty-three mem-
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bers were divided among twenty sub-committees, each concerned with a
different technical problem.16

The two organizations, the National

Research Council and the Naval Consulting Board may be considered to
represent the two facets of science, academic-theoretical and industrial-technical.

The federal government felt that a central executive body was nec-

essary for the purpose of coordinating all aspects of defense, and so
it established the Council of National Defense in August, 1916, made

up of the Secretaries of War, Navy, Interior, Agriculture, Commerce
and Labor.17

Its original purpose was to prepare for a war supposedly

still in the distant future.
immanent and inevitable.

Within six months, that war had become

In February of 1917, both the National

Research Council and the Naval Consulting Board were annexed to the
Council of National Defense, the former as its department of science
and research and the latter as its board of invention.'8

Another

influential body, the War Industries Board which controlled the

economic aspects of industrial preparation, emerged as a part of this
structure under the direction of Bernard Baruch.19

Thus, at the

beginning of American involvement in the War in April 1917, the bureaucratic structure was ready.

It remained to be seen what kinds of

results would be produced.

Wartime Research

Although war research was carried on in many institutions and on
many fronts, only the most scientifically and industrially significant
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projects will be summarized here.2°

These include submarine de-

tection, optical glass research, poison gas research, and of course,
nitrogen fixation research.

This will give an overall view of the

scope of the activities in the physical sciences being engaged in
by the various bureaus and research laboratories.

The British had considered the German submarine to be the most
important problem of the entire war.

Britian, more than any other

country involved in the war, was in a

geographic situation that

demanded essential supplies to be brought in by ship.

When German

submarines began systematically sinking all supply, ships bound to

Britain, there was serious danger that food and munitions would simply
run out, and Britain would be forced to surrender.
tion was thus of primary importance.

Submarine detec-

Three groups began working on

this problem in the United States, the Navy Bureau of Steam Engineering, the Naval Consulting Board and the physics section of the National
Research Council headed by Millikan.

The Navy finally set up a joint

committee to incorporate these separate efforts, and Millikan gradually
assumed the directorship of the project.

It was later considered to

be one of the major achievements of the National Research Council.

The problem proved to be an extremely complex one, whose real solution
did not come until the Second World War.

Under Millikan's direction,

however, a binaural stethescope device was developed which could be

used by trained listeners and vuld operate with some degree of
accuracy.

The submarine problem a.ctually came to be controlled in a

somewhat different manner, the use of the convoy system, but the Navy
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took over the research on instrumental submarine detection after
the war, and continued to work on the problem.2'
While the physicists busied themselves with submarine detection,

various methods of distance estimation, and signalling, the chemists
were confronted with problems uniquely their own.

American chemistry,

until the beginning of the War had had strong and long-standing ties
with Germany.

In spite of the attempt to establish scientific gradu-

ate schools in the United States during the latter part of the nineteenth century, it was an almost unshakeable assumption that any young
chemist who wished to rise in the profession would go to Germany for
his doctoral or at least post-doctoral research.

The American indus-

tries were dependent upon imported German dyestuffs, optical glass,

pharmaceuticals and photographic chemicals, to name those most
important.

German corporations also held the patents for the ammonia

synthesis process and the cyanamid

process.

During the early

years of the war, the foreign patents were respected, and research
groups went to work on those products which had military importance-optical glass and synthetic ammonia--in an attempt to duplicate
these products in a manner that would not encroach upon the patents.
After the United States entered the war, the patents were simply confiscated by the Alien Property Custodian.

After the War, in 1919,

Wilson set up the Chemical Foundation to hold these patents in the
United States, and to control their use.

The Foundation sold non-

exclusive licenses to these patents, which included processes,
apparatus and products, to American manufacturers, and used the fees
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to sponsor chemical education and research projects.

The availability

of the foreign patents gave an enormous assist to the formation of
the American dyestuff, photographic and drug industries.

The war

served to sever the bonds between the American and German chemical

and educational institutions, and forced the development of American
science and industry in the chemical field.

Research on optical glass was done by the Bureau of Standards and
the Geophysical Laboratory of the Carnegie Institution.
tually no

There was vir-

knowledge of this craft in the United States, and the German

glass recipes

were closely-guarded secrets.

The first task of the re-

searchers was to analyze the German glass to determine its chemical
composition, and then to attempt its duplication.

This effort was so

successful that by 1918, American glass companies were able to meet
the needs of the military with ease.22

The most publicized of the chemical war research projects was the
poison gas investigationsof the Chemical Warfare Service.

The Germans

began the use of poison gas in 1915, and it was feared that this
would prove to be the weapon which vould turn the tide, if counterweapons or adequate defenses could not be found.

American concern for

gas warfare began with American involvement in the war in 1917.

The

Bureau of Mines had been working with gases in connection with mine
disasters for several years, and was the only government agency with
any expertise in the field.

University in Washington D.

A laboratory was set up at the American
C.

in the fall of that year.

When the

research became too diversified for the Bureau of Mines to handle
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alone, it was felt that a broader administrative structure was needed.
In 1918, the Chemical Warfare Service

of the Army was established, and

its Research Division took over the gas research and laboratories.

The work done by the Americans centered around the discovery of
effective filtering agents for gas masks, with duplicating the gases
used by the Germans, and with the development of new types of gases.23
The Chemical Warfare Service was not the only research organization of the Army.

In 1917, a special branch of the Army Ordnance

Office was set up to coordinate and oversee the nitrogen fixation
activities which had been authorized by Congress.
Division.

This was the Nitrate

The research done by that division proved to be the most

far-reaching of all the chemical research done by the wartime government agencies.

Although it is the purpose of the remainder of this

paper to describe and assess the work done by the research facilities
of the Nitrate Division, it will also be useful to summarize here the
important effects of that activity.

The federal government began its drive to secure a domestic supply of nitrates for explosives by building two large factories during
the war period, and spending about $100,000,000 in doing it.

In order

to be able to build one of these factories, it was necessary for the
government to subsidize the development of a nitrogen fixation pro-

cess, actually an ammonia synthesis process, which was the property
of an American firm and was still in the experimental stages.

Although modeled on the Haber process in use in Germany, it had been
modified in such a way as to circumvent the German patents.

The
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war ended eighteen months after the United States entered it, and in
this period the factories were constructed, their completion conciding with the war's end.

The War Department was not willing to abandon

the nitrate plants, which had a twofold usefulness, as sources of muni-

tions in any future war, and as potential producers of fertilizers
which were badly needed in the South..

It therefore established a

government operated research facility, the Fixed Nitrogen Research
Laboratory in Washington D. C., to carry

out research on two projects:

first, to continue industrial research on the synthetic ammonia
process which was still far from satisfactory, and which would have
to be improved before the plant could be put into full-time operation.

Second, the Laboratory was given the charge to find a peacetime use
for the products of these plants, probably as fertilizers.

Although

the adminsitration of the Laboratory was transferred to the Department

of Agriculture when the Nitrate Division of the Army was discontinued
in 1921, research on these two fronts continued for as long as the

Laboratory had an independent existence, until 1926.

The wartime and post-war support that the government gave to
nitrogen fixation research had far-reaching consequences for the
American chemical industry.

In a sense, the government support

served to establish the American nitrogen fixation industry on a
firm footing.

The millions of dollars spent on basic industrial

research, and the amount of manpower devoted to it could only have
come from the government.

The new firms were still struggling to

to stay in existence, and could not afford the luxury of unlimited
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expenditures on research.

Seeing the success of the government's

undertaking gave the industrial produce
to forward and to expand.

the confidence they needed

The government laboratories served as

training ground for future industrial chemists, and as models for
industrial laboratories and for project-oriented research done by teams
of scientists.

This was the pattern which was to be adopted by the

industrial research laboratories which had been established

immediate-

ly before, or as a result of the war.

Strictly within the area of nitrogen fixation, the government research facilities produced large quantities of data for every aspect of
the ammonia synthesis reaction, which was made available to the industry as soon as the wartime secrecy rules were relaxed.

This data not

only led to immediate improvement of industrial processes, but it provided an experimental basis for the extension of catalyst
which was to be done during the next twenty years.

theory

The last real

chemical problem to be associated with the ammonia synthesis reaction,
that of finding the most efficient combination of chemical substances
to catalyze the reaction, was thoroughly investigated, and solved

so successfully that the catalyst. discovered at that time is still
in use today.

A number of improvements were made in the apparatus

of the ammonia synthesis reaction, and using those engineering improvements and the information which had been discovered about the

catalyst, the Fixed Nitrogen Laboratorywas able to develop their
own small scale apparatus for ammonia synthesis which was successfully adopted by several private producers in the pre-depression
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years.

Finally, fertilizer research which began during these years

at the Laboratory became the nucleus for the continued research
which has been carried on since that time at the Department of
Agriculture laboratories, and under the auspices of the Tennessee
Valley Authority.

These achievements certainly justify the character-

ization of the federal government's nitrogen fixation activities as
the most far-reaching of the wartime chemical research projects.
'Because of the widely publicized activities of the Chemical Warfare Service and the Nitrate Division, the First World War is some-

times called "the chemists' war"24 (The physicists had to wait another
twenty years for a war to call their own.)

It was the first war in

which chemical research was to play a major role as part of the
Army's activities.

It was also the first war in which chemists were

to be regarded as specially valuable personnel.

In 1917, prompted by

the waste of scientific manpower in Europe, as evidenced by Henry
Moseley's death in battle, the American Chemical Society began its
census of chemists, encouraging all chemists to register with them
so that upon their enlistment into the armed services, the military
would be able to put their services to the best possible use.

The

government was reluctant at first to approve of this activity, but
with the establishment of the Army research units

and the need for

qualified personnel to staff them the census was found to be a useful
project.25

Chemists with advanced degrees were generally commissioned

as officers, and courses of, study were set up to train technicians.

In more ways than one, this was truly the "chemists' war."
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The government-sponsored chemical research done during the First
World War was of benefit to American science.

It did not serve so

much to advance basic, theoretical science as to make possible the
establishment of an independent American chemical industry after the
war.

In order to see how this came about, particularly in the fixed

nitrogen industry, this study will examine in detail the nitrogen
fixation activities of the United States government as they occurred

from the beginning of the preparedness effort in 1915 to the closing
of the Fixed Nitrogen Research Laboratory in 1926.

This will

demonstrate the ways in which federal economic support and research
gave a solid foundation upon which the postwar American nitrogen
fixation industry was built.
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CHAPTER II

THE PREWAR DEVELOPMENT OF INDUSTRIAL NITROGEN FIXATION PROCESSES AND
THE REALIZATION OF THEIR IMPORTANCE TO NATIONAL DEFENSE

The Importance of a Nitrate* Supply in Wartime

The nitrogen fixation activities of the federal government which

were pursued during the First World War were prompted by a desire to
secure a domestic supply. of the nitrogen compounds which are essential

to the manufacture of gunpowder and other explosives.

These com-

pounds include saltpeter (potassium nitrate) or Chile saltpeter (sodium nitrate) for the manufacture of gunpowder; ammonium nitrate, a

component of some explosives; and nitric acid which can be derived
from the oxidation of ammonia or of other nitrogen-containing compounds and which is used in the manufacture of nitrocellulose, or
gun-cotton.

Before the development of synthetic nitrogen fixation processes,
it was necessary for countries to rely upon natural mineral deposits

of nitrogen compounds, most of them in the form of sodium or potassium
nitrate.

These mineral deposits are not abundant in the European

countries, existing only under limited conditions of temperature
and humidity.

Nitrates are extremely soluble, and are easily dis-

*Those outside of the chemical profession, for example, politicians,
journalists and members of the military made little distinction in
their use of chemical terms.
"Nitrate," "fixed nitrogen," "nitrogen,"
or "nitric acid" were used interchangeably, and could mean any of
the compounds mentioned, or ammonia, calcium cyanamide or anything
else containing nitrogen in a combined state.
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solved from the soil by frequent rain.

Throughout the centuries

since the introduction of gunpowder to the Western world in the
thirteenth century, therefore, there was always competition among
nations for the limited supplies of nitrate compounds.

In India,

the arid climate and warm, even temperatures had favored the formation of nitrate compounds in the soil surrounding native villages
where organic wastes were dumped.
main source of supply.

This became the British Empire's

Other countries sometimes attempted to

recreate these favorable conditions utilizing stableyards, and
establishing saltpeter "plantations" to encourage the formation of
nitrate compounds from organic waste.

In times of extreme emer-

gencies, even earth from cemeteries was utilized for this purpose.

The world's seemingly limited supply of nitrate deposits was
multiplied millions of times by the discovery in the early nineteenth
century of the great sodium nitrate beds of northern Chile.

Mining

and exportation of this mineral began within ten years of its discovery, and this soon became the main source of the world's nitrate
supply.26

Although the Chilean reserves seemed to be nearly endless,

at the time of their discovery, the fact that they were separated
by large expanses of ocean from the countries that utilized them
made military strategists aware that it would be comparatively easy
for a hostile nation with a large navy to control the supply lines
for this essential war material.

Thus, the ideal situation for

any nation would be an unlimited supply of nitrates within its own
borders.

Page 23

Ironically enough, each nation did have such a potential supply,
existing as the unconibined nitrogen and oxygen of the atmosphere.

With air having a composition of 78 per cent nitrogen gas, each acre
of ground was covered with an estimated 33,800. tons of nitrogen.
If some cheap and efficient method could be devised to combine this
unreactive nitrogen gas with oxygen or some other element, some

method, that is, which did not rely upon the slow action of nitrogenfixingbacteria in soil, this serious military problem could come
to a happy solution.

The Arc Process

The search for an industrial method of combining atmospheric,

nitrogen with other elements began almost as soon as nitrogen had
been isolated from air.

In 1755, Priestley noted that nitrogen

compounds were formed when electric sparks were passed through air.27
In 1785, Cavendish published a paper in the Philosophical Transactions

of the Royal Society outlining his experiments with passing electrical sparks through air.28

He noted that an electric spark produced

a greater diminuation on the volume of air than simple burning and
that no "fixed air" (carbon dioxide) was formed.

Upon repeating

this experiment, he came to the conclusion that the "phlogisticated
air" (nitrogen) was able to combine with the "dephiogisticated air"
(oxygen) to form "nitrous acid" (oxides Of nitrogen, either as the
reddish gas, or dissolved in water).

This observation was to lead,

ultimately, to the first of the methods to be developed which would
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fix atmospheric nitrogen in a commercially useful way:
to be known at the arc process.

what came

In 1800, Humphry Davy found that

he could produce nitric oxide by passing air over a platinum wire
heated by an electric current.29

Further experimentation showed that

long discharges gave better results than short ones, and that the
air should be in motion.

In 1870, Berthelot demonstrated that an

electric arc could be used instead of the spark
with even better yields of the nitrogen oxides.3°

Several unsuccess-

ful attempts at finding an economically useful arc process were made
in the latter part of the nineteenth century, as represented by
patents in 1859 by Mme.L. J. P. B. Lefébvre, for a process for the

manufacturing of nitric acid by means of induction sparks; in 1894
by Siemens and Halske for the production of nitric acid from nitrogen
and oxygen by dark electric discharge; in 1896 by Bonna, Le Royer
and Van Berchem for an apparatus in which air gases could be subjected
to electrical discharge; and in 1899 by MacDougall and Fallowfield
and in 1900 by Marsten for the production of oxides of nitrogen by
discharges through air.31

The first commercial-scale arc process was developed in 1901
by the American inventors Charles S. Bradley and D. B. Lovejoy,
employees of the Ampere Electro-chemical Conipany.32

They formed

the Atmospheric Products Company to exploit their process, and
built a pilot plant at Niagara Falls, New York, in 1902.

Their

apparatus consisted of an iron shell surrounding a revolving
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cylinder, in which spark points were connected to both cylinder and
shell.

The cylinder rotated rapidly, giving a nearly continuous

arc which filled the space between cylinder and shell.

This arc

oxidized the nitrogen in the air which was forced through the chamber.
The effluent was then treated chemically to remove the oxides of nitrogen as nitric acid.33

In spite ofthe abundant supply of elec-

trical power, the nitric acid yield at this plant was too low to
be commercially successful.

After a two-year test period, the plant

was closed down in l9O4.

At about the same time, Christian Birkeland of Oslo, while
studying the effect of magnetic fields on a high tension arc, noticed
that an alternating current arc could be flattened out to form a

This seemed to be a more

disc by applying a suitable magnetic field.

effecient way to heat air to high temperatures for oxidation of
nitrogen than by using the ordinary thin arc.

Working in association

with Samuel Eyde, a commercial process was developed by Birkeland,
which utilized this disc-shaped arc.

Water-cooled copper electrodes

were placed between the poles of an electromagnet, producing an arc
at right angles to the magnetic field.

Th.e arc chamber was a short

cylinder, six feet in diameter and six inches in length.

The arc

was spread out to fill this chamber completely as possible.

The

air leaving this furnace was about one per cent nitric oxides.35
An experimental unit using the Birkeland-Eyde process was built at
Ankerlokken near Oslo in 1904.

Full-scale plants were constructed

at Vasmoen in 1904, and Notodden in 1905.

By 1908, the Notodden
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plant was producing 7,000 tons of nitric acid per year.36
The Badische Ariiljn.-und-Soda-Fabrjk (BASE) firm of Germany

had begun arc experiments in the late 1890's.

By 1905, it had

built a plant using a process which was a modification of that of

Birkeland and Eyde at Ludwigshafen in Germany.

In 1906, they merged

with the Norwegian conipany toshare their expertise.

The new cor-

poration built several arc plants in Europe before 1912, when the BASF
withdrew from it, their interest having turned to a synthetic ammonia
process being perfected by Fritz Haber in conjunction with several
BASE employees.37
A number of modified arc processes were patented during the
first decade of the twentieth century.

In 1912, the Southern Electro-

chemical Company, a subsidiary of the Southern Power Company, built
a small Pauling process (a modified arc process) plant at Nitrolee,
South Carolina.
In 1915, the E.

This plant was abandoned as unsuccessful in 1916.38
I. DuPont de Nemours Company acquired the American

rights to the Birkeland-Eyde process.

DuPont proposed to build

an arc plant in the United States if Congress would grant that company free water-power rights.39

At that time, strict conservation legislation was in effect,
restricting the private development of water power sites, so although
a bill was presented authorizing a 50-year lease to DuPont for a
hydroelectric site, the bill died in committee.

Due to the high cost

of hydroelectric power, therefore, and congressional reluctance to
permit commercial exploitation of water-power sites, the arc process
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never gained as much popularity in the United States as it did in
Europe.

The Cyanamid* Process

A different process for fixing atmospheric nitrogen grew out

of attempts to produce cyanides of the alkaline earth metals as
a substitute for the more costly alkali metal cyanides.

Adolf Frank

and Nikodem Caro, two German chemists working on this problem in
1895, tried direct nitrification of barium and calcium carbides,

on the assumption that they were intermediates in the cyanideforming reaction.

At high temperatures this gave mixtures of

cyanides and cyanamides.

With calcium carbide, the product was

almost pure calcium cyanamide.41

Caro and Frank did not immediately

turn their attention from the cyanide problem.
the Cyanidegesellschaft of Berlin.42

In 1899 they organized

In 1901, Albert Frank, Adolf's

son, suggested that the calcium cyanamide might be used as a
fertilizer.

case.43

He did tests which indicated that this was indeed the

Although the power requirements were rather high, there was

not economic incentive for comercial development of the cyanamid
producing process.

-

Eventually, the German firm amalgamated with an

Italian company, and the Societa Generale per la Cianamide, as the

new firm was called, became the licensing company for the Caro-Frank
patents.44

*In the terminology of industrial chemistry, hcyanamidu refers to
calcium cyanamide.
'Cyanamide' is hydrogen cyanamide.
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The cyanamid process is essentially simple.

It consists

of combining calcium carbide with nitrogen at high temperatures to
form calcium cyanamide.

Limestone is first burned to form calcium

oxide, which is then fused in an electric furnace with carbon to fOrm
the calcium carbide.

This step requires extremely high temperatures,

which are best achieved in an electric furnace.

The nitrogen gas

is obtained by fractional distillation of liquid air, and must be
99.8 per cent pure.

A charge of carbide is heated in a nitrogen

atmosphere for several hours,

and the resulting calcium cyanamide

is treated to remove unreacted carbide.

The cyanamid process was introduced to the United States by a
man who was to become one of the outstanding figures in the effort to
establish an American fixed nitrogen Industry.

Frank Sherman

Washburn (1860-1926) was born in Centralia, Illinois.

45

He received

a civil engineering degree from Cornell in 1883, and after a year of
post-graduate work in economics, history and politics, went to work
for the Chicago and Northwestern Railroad.

He was a successful

engineer, but resigned after five years with the railroad to go into
water works construction.

It was also at this time that he married

Irene Russell of a prominent Southern family.

He spent several years

in South and Central America, where he became involved in nitrate
operations, and eventually returned to the United States with a
reputation as a fine engineer and business analyst.

After a few years as chief engineer of the Bay Cities Water
Company in San Francisco, where he developed a line of mining

Page 29

machinery,Washburn acquiesced to his wife's desire to return to her
home in the South.

In 1900, they moved to Nashville, where he became

an associate of Whitford

Cole, his wife's nephew.

Cole had just

left the family railroad business for coal, coke and blast furnaces,
and began to be interested in water power development as a source of
electrical energy.

Washburn was sentto investigate a site near

Sheffield, Alabama at the Muscle

Shoals on the Tennessee River.

During the time that he had worked with Cole, he had organized the
Birmingham, Montgomery and Gulf Power Company and the Little River

PowerCompany, and had become the first president of the Alabama
Power Company.

As the outstanding leader in development of water

power facilities in the south, he had examined all possible new sites,
and recognized Muscle Shoals as being the best potential site in the
territory.

There, the Tennessee River drops 150 feet in 30 miles,

but the rapids presented a serious threat to navigation.

The govern-

ment had made minor improvements by building canals for small boats,
but navigation of the shoals was still impossible for larger vessels.

Washburn saw that improving navagability would also provide a
dam that could be used for water power.

He drew up plans, enthu-

siastically supported by the State of Alabama, whereby the government would build canals, government and private enterprise

u1d

build dams, and private corporations would build power plants and
transmission lines.

Federal support was essential, given the

magnitude of the task.
electric Power Company.

He thus formed the Muscle Shoals HydroRepresentative Richardson of Alabama intro-

Paqe 30

duced a bill to provide federal support for the project.

The bill

dragged through several sessions of Congress, opposed by conservationists left over from the (Theodore) Roosevelt Era, and by supporters
of President Taft, who wanted comprehensive water power legislation, rather than having to deal with each individual developer.
Discouraged by congressional foot-dragging, the Alabama Power Company turned to other projects, and put ten million dollars into
improvement of the Coosa River.

Washburn realized that he needed a big industrial consumer for
his proposed Muscle Shoals development.

The agricultural nature

of the South and the proximity of the Tennessee phosphate fields,

as well as his experiences with nitrate production in Chile, led him
to consider fertilizer manufacture.
to investigate the arc process.

He thus sailed to Europe in 1905

When he discovered that its cost

would be prohibitive in the United States, he gave up the idea of
building an arc plant.

cyanamid

process.

In Germany, however, he discovered the

Notin

that it used only moderate amounts of

power, coke and limestone, all of which were available in Tennessee,
he immediately began negotaition with the Societa Generale per la
Cyanamide for the American rights to the process.
the American Cyanami d

Company was i ncorpora ted.

On July 22, 1907,

46

By the time Washburn had returned to the United States, the
Muscle Shoals bill had been killed by Congress, and Washburn was
without a site for his cyanamid

plant.

water power source in the United States:

He turned to the greatest
Niagara Falls.

However,
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carbide, aluminum, carborundum and graphite manufacturing were already
the entire base load of the American power company there.
had more success on the Canadian side.

Washburn

The Ontario Power Company

gave him a 25-year contract for $10.50 per horsepower, far lower
rates than he could have obtained anywhere in the South.

The plant

was constructed, and the first product shipped out in December, 1909.
At its peak, the plant produced 12,000 tons of cyanamid per year.47
Its technicians maintained close contact with the parent company
in Germany until the outbreak of the war when the German government
confiscated all nitrogen fixation equipment, including that which
was being built for the American Cyanamid Company.

American

Cyanamid personnel in Germany managed to smuggle out most of the
newly-developed equipment for oxidation of cyanamid to ammonia
which was being constructed for them by the German cyanamid plant.
They were able to do this before the United States became involved
in the War.48

Thus, at the outbreak of the First World War, the

only major American nitrogen fixation plant was located in Canada.

Synthetic Ammonia

It is generally accepted that the development of the third

major nitrogen fixation technt.que, the synthesis of ammonia from
its elements, was a primary factor in enabling Germany to pursue
her military goals.

Without a steady supply of nitrogen compounds,

made possible by the discovery of the Haber process, World War I
would have been impossible, or at least considerably shorter.49
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The rate at which hydrogen combines with nitrogen to form
ammonia is extremely slow at ordinary temperatures and pressures,

and a mixture of the two reactant gases will come to equilibrium
with the product to give a mixture of gases which is 98 per cent
uncombined elements and 2 per cent ammonia under standard conditions
of temperature and pressure.

This nonreactivity of hydrogen and

nitrogen when placed together had been noticed by chemists, such
as Cavendish, in their early experiments on gases.

It had also been

discovered, however, that if an electric spark were passed through
a mixture of nitrogen and hydrogen gases, a trace of ammonia would
be formed.

It was also noted that an electric spark passed through

ammonia resulted in the formation of its elements, nitrogen and
hydrogen.

Thus, experimentation on this reaction went off in two

opposite directions.

One group of experimenters concerned themselves with the
ammonia decomposition reaction.

The fact that the equilibrium con-

centration lies so far toward the unreacted state meant that a
spark passed repeatedly through a quantity of ammonia would eventually
produce a mixture of hydrogen and nitrogen gas with a volume very
close to double that of the

original ammonia.

The experimenters

dealing with this reaction, mostly British, came to the conclusion
that the decomposition of ammonia was irreversable, and this became
widely accepted as fact during the late 1880's and 90's, even though
it was pointed out repeatedly that the ammonia was never completely
decomposed.5°
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French and German experimenters, on the other hand, were

concerned with the ammonia synthesis reaction, and its obvious
commercial applications.

In the latter part of the nineteenth

century, a number of patents were granted for catalysts for this
reaction.

Several of these catalysts contained coke or charcoal,

and their developers did not real ize that these organic substances

were themselves the source of the ammonia which was supposed to have
been synthesized.5'

By 1901, Le Chatelier had worked out the theoretical pressure,

volume and temperature relationships of the ammonia synthesis for high
pressures and temperatures, but lack of success with experiments in
this area caused him to abandon them as unsuccessful.52

In 1904,

Fritz Haber and G. Van Oordt published their results of a series
of experiments on the ammonia synthesis reaction.53

By using a

porcelain tube and iron as a catalyst, they reached equilibrium
with 0.012 per cent ammonia at 1 atmosphere pressure at 1020° C.
Waither Nernst, who at that time was gathering data to test his

recently developed heat theorem, noted that Haber1s results did
not agree with the predictions of that theorem.

He repeated Haber's

experiments, using several pressures up to 70 atmospheres, and in
1907, published the results of his own experiments, which were more
in accord with his theorem.54

Later in the same year, Haber and LeRossignol published data
representing experiments with the ammonia synthesis equilibrium
at 1 atm. pressure between 700 and 1,000° C, and in 1908, data for
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pressures varying up to 30 atm.

55

By the end of 1908, there were

in print a significant amount of data for the ammonia synthesis
reaction over a wide range of temperatures, pressures and external
conditions.

Haber had also been doing considerable work toward

finding an effective catalyst for the reaction.

The commercial possibilitiies of this reaction were becoming
more evident.

In 1908, The BASF decided to finance Haber's work,

and to develop an industrial process based upon it.

By the end of

that year, Haber had taken out his first patent, on the method for

recirculation of the unreacted gases.56

In the follwing year, he

patented osmium and uranium/uranium carbide catalysts.57

By 1909,

he was producing six per cent yield of ammonia with the osmium
catalyst.

58

The actual commercial development of Haber's process was done
by Carl Bosch and Alvin Mittasch of the BASE during 1909-10.

A

cheaper catalyst was developed in place of osmium, which was very
rare and thus costly.

Soft iron, promoted with small amounts of

potassium, magnesium, aluminum and calcium was found to give
satisfactory results.

Reaction chambers had to be designed which

would withstand high pressures, yet not be subject to oxidation by
hydrogen at high temperatures, as was high-carbon steel.

An exper-

irnental plant was built at Ludwigshafen in 1910, and construction

was begun on a full-scale plant at Oppau in 1911.

The Oppau plant

was completed in 1913, and production soon reached 30 tons of
ammonia per day.

Maximum production during the war was 60,000
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tons per year.

An even larger plant was built at Leuna during

the war, which began by producing 130,000 tons of ammonia per year,
and by 1928 had increased its capacity to 400,000 tons.59
All of the early synthetic ammonia processes had several basic
steps in common.

later chapter.)

(They will be discussed in greater detail in a

Hydrogen was obtained from water gas, a mixture

of carbon dioxide, carbon monoxide and hydrogen gas obtained by
passing steam over hot coke.

It was necessary to separate the

hydrogen from all traces of carbon monoxide, carbon dioxide and
water vapor, as all of these were poisons
Nitrogen was obtained from the air.

to the ammonia catalyst.

The purified gases were mixed

in a 3-parts-hydrogen to 10-part-nitrogen ratio, and introduced
into the catalyst chamber at generally high temperatures and pressures.

Finally, ammonia was removed from the system, and the

unreacted gases were recirculated to the catalyst chamber.6°
At the eighth International Congress of Applied Chemistry in
New York in 1912, H. A. Bernthsen of the BASE read a paper on the
Haber process, announcing that a Haber plant was being constructed
in Germany.61

He approached a number of American ammonia producers

at that time to try to interest them in the American rights to the
Haber process, but it was generally felt that the temperatures and
pressures required were too high and would require too great a
capital outlay for the relatively small American ammonia market.62
The ammonia was used primarily for refrigeration.
The General Chemical Company, whose founder and president,
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William Henry Nichols (1852-1930) was also one of the founders of
the American Chemical Society, was already working on a modification
of the 1-laber process.

Several of the General Chemical employees

had had close associations with the BASE, and most of the BASE
process was on record in the patent offices, except for the catalyst,
which remained secret.

In the summer and fall of 1915, patents

were issued to F. W. deJahn of General Chemical, for the preparation
of a new ammonia synthesis catalyst.63

This catalyst, and the

other modifications made to the Haber process at General Chemical,
were to play an integral role in the government's involvement in
the nitrogen industry.

At the outbreak of the war, therefore, the

only synthetic ammonia plants in the world were in Germany, and the
heart of that process, the catalyst, was secret.

The Bucher Process.

A fourth, and relatively minor, process was being developed
in the years immediately preceding the war.
Bucher process.

This was the so-called

Synthesis of cyanides had been a subject of concern

for over one hundred years, but none of the reactions investigated
had been adapted to commercial production until 1914, when John
E. Bucher of Brown University began patenting aspects of a method
for producing sodium cyanide by passing heated nitrogen gas over
briquets of finely divided sodium carbonate, charcoal, and iron,
in an iron retort.

The product could then be autoclaved (exposed to

steam) to produce ammonia.

The process did not require great
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amounts of energy.

64

The Nitrogen Products Company, a subsidiary

of Mathiesen Alkali Works, was formed to undertake the commercial

development of this process, and a pilot plant was erected at Salt-

yule, Virginia in 1917.65

In the same year, Bucher read a paper

outlining his process at the annual meeting of the American Institute
of Chemical Engineers, where it attracted the attention of American
chemists who were responsible for insuring a supply of
nitrates.

A small government plant was built using this process

during the latter part of the War, but the process proved to be,
in spite of its reduced energy requirements, as costly as the
cyanamide process to operate.

It was thus never utilized much on

a commercial scale.

The Nitrate Supply Crisis:
Supply and Demand in the United States in the Prewar Period

In the middle of the nineteenth century, a peacetime use for
nitrates had been discovered.

Synthetic fertilizers had been

introduced by Justus von Liébig and others who were interested in
scientific farming.66

It was discovered that the application of

these chemical substances could increase the yield of an acre of
ground that had been farmed for several years to a remarkable degree.
An example given in 1898 cited an instance in which a field yielding
12.7 bushels of wheat per acre, upon the application of 150 pounds
of sodium nitrate per acre, increased its production to 20 busheTs.67
This remarkable increase in productivity had encouraged the use of
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mineral fertilizers, and created a great demand for Chilean nitrates
all over the world.

The example cited above comes from Sir William Crookes' presidential address before the 68th Annual Meeting of the British Asso-

ciation for the Advancement of Science.

This particular address was

to capture the attention of scientists in Britain and America, and
was widely quoted for the next twenty years, in spite of the fact
that Crookes' conclusions were shortly shown to be overly pessimistic.

Crookes demonstrated that the Chilean nitrate reserves, if used simply
for fertilizers, would be depleted within four years, if they were
to be applied, over all the cultivated ground on the earth in the

optimum quantities for crop yield.

If nitrates continued to be

used only at the rate of 1898 export, the Chilean supply would last
only twenty to thirty years and the entire world supply would be
gone within a half century.68

He recommended renewed efforts in

the development of synthetic nitrogen fixation processes as a solution
to this difficulty.

It became almost obligatory, it seems, to preface any discus-

sion of the development of nitrogen fixation techniques with the
reminiscence of Crookes' pessimistic predictions.

estimated in 1903 that Chilean nitrates would b

A Chilean official

exhausted by 1938.69

As so often happens in foretelling the future, however, in the early
l900!s, new nitrate deposits were discovered in the Antofagasta and
Atàcama provinces, and a process was discovered for utilizing lowgrade ores.

By 1908, estimates had been reevaluated, and it was
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decided that Chile could go on supplying the world with nitrates for
another three centuries.70

The spectre of a nitrate shortage did not depart, however, and it
was compounded by another fear which beset military strategists.

In

spite of the few attempts which had been made to establish an American

fixed nitrogen industry in the early years of the century, the greater
amount of the United States' nitrate supply was still imported from
Chile.

The sole domestic production of fixed nitrogen in the prewar

years came in the form of ammonia which was recovered as a byproduct
from coke ovens.

Moreover, the use of nitrogen compounds in the

United States was increasing yearly.

In the period from 1900 to 1905,

the peacetime use of nitrogen compounds increased by 40 percent.71
(See Table I for the increase in use of nitrates by specific industries.)

Domestic production could supply less than 25 percent of

peacetime demand.
Table II.

(See, for example, the figures for. 1911-1915 in

These data are displayed graphically in Figure I.)

It

became obvious to military leaders that were a war to break out and
should her supply of Chilean imports be cut off, the United States

would not be able to supply more than a fraction of the nitrates
necessary for munitions manufacture.

In 1909, Charles E. Munroe, an authority on explosives, presented
a paper to the U.S. Naval Institute outlining the current state of the

nitrogen fixation industry in the United States, and projecting the
needs of the country in case of war.

He noted that the domestic

supply of nitrates was inadequate to supply the country during a war,

Page 40

and recommended that the government assume the responsibility for

fostering and "in a measure supervise these domestic manufacturing
operations, and to look to it that plants for these purposes are
so strategically located throughout the country as to be reasonably
well protected from attack, so that they may serve the military
establishment in case of foreign invasion from any quarter or of
internal uprisings in any locality."72

There is no indication that

Munroe's suggestion for government supervision of the fixed nitrogen
industry was taken seriously by the government at that time, but it
was an example of the growing concern which was beginning to surface
in the popular and scientific press.

This concern was intensified

by the beginning of the European War, in 1914, as it appeared.that

eventually the United States might be called upon to enter that war
on behalf of its European allies.
evident at this time.

The real nitrate crisis became

The American fixed nitrogen industry consisted

of the American Cyanand plant at Niagara Falls, capable of producing
at maximum, 14,000 tons of ammonia per year;73 the coke by-product
ammonia which might possibly expand production to 100,000 to 140,000
tons of ammonia yearly;74 a moribund arc process plant at Nitrolee,

South Carolina, and the General Chemical Company synthetic ammonia
process, still in its developmental stages.

The combined production

capacity of these facilities would leave a deficit of nearly
200,000 tons of the nitrates which it was estimated
per year during wartime.75

would needed

This deficit could either be supplied by

imports, which were unreliable during time of war, or from some new
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and as yet nonexistent domestic source.

It was this supply deficit

which caused the members of the War Department to begin to consider
government intervention in the development of the American fixed
nitrogen industry.
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TABLE I

CONSUMPTION OF SODIUM NITRATE
76
IN THE UNITED STATES, 1900 and 1905

Use

Number of short tons consumed
1900

1905

19,518

42,213

223

261

General chemical industry

35,900

38,048

Glass industry

10,770

11,915

Explosives industry

88,524

133,034

Sulfuric, nitric and other
acids manufacture

27,406

29,301

Total:

182,431

254,772

Fertilizer

Dyestuff industry

TABLE II

PRODUCTION AND CONSUMPTION OF FIXED NITROGEN IN THE UNITED STATES, 1911-192O.

1912

1911

1913

1914

1915

(tons of nitrogen)
Production:
by-product ammonia, domestic
fixed atmospheric nitrgoen

24,805

29,367

39,330

38,470

46,273

0

0

0

0

0

0

37

0

1,667

4,241

Imports:
Chilean nitrate

95,201

other imports

20,816

84,975
14,475

109,351
18,884

94,658
21,565

134,918
13,584

140,822

128,760

167,565

153,016

190,498

17.6

22.9

23.4

25.1

24.2

Exports:

Total consumption:
Percentsupplied by domestic
production:

1916

Production
by-product ammonia
fixed atmospheric nitrogen
Exports:

1917

1918

1919

0

66,882
300

77,936
300

84,852
300

140,545
300

9,441

12,216

8,516

5,768

24,720

212,867
8,838

269,630
11,206

322,371
9,805

71,200
13,067

230,966
14,835

59,383

1920

Imports:

Chilean nitrate
other imports

TABLE II CONT'D

Total Consumption:
Percent supplied by domestic
production:

271,647

335,802

401,896

163,651

325,926

21.9

20.0

19.4

52.0

32.2
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CHAPTER III

INITIAL EFFORTS TO ENSURE A DOMESTIC NITRATE SUPPLY

Early War Department Activities

The outbreak of the war in Europe in 1914, along with the

grow-

ing anticipation that. in spite of President Wilson's isolationist

stance, te United States wculd eventually enter that war, brought a
new urgency to the drive to make the United States independent of
foreign sources of nitrate supply.

It became apparent that Germany

had been enabled to wage war on a large scale, in spite of British
blockades of the shipping lanes to the Chilean nitrate fields, by
the construction of its large Haber process ammonia plants at Oppau
and Merseberg.

By the end of the war these were producing up to

300,000 metric tons of fixed nitrogen per year.79
The first public statement of the War Department on the matter of
nitrate supply came in the annual report of General William Crozier,
Chief of Ordnance, to the Secretary of War on June 30, 1915.

Some of

the pertinent points of that report are summarized as follows.

The United States, Crozier said, depended upon imports for its
supply of sodium nitrate, which is essential to the
gunpowder and other explosives.

manufacture of

This material had to be brought in

by sea from Chile, and in time of war, the nation would be in danger
of being cut off from its source of supply.

The amount of nitrate

being stored for emergency use was inadequate to supply the increased
need which would arise in time of war.

It was, Crozier stated,

Page 46

advisable

to inquire into the possibility of establishing a domestic

source of nitrates.

Several European countries had already put

atmospheric nitrogen fixation plants into successful operation.

These

plants required large amounts of cheap electrical power for economical
operation.
plants.

This power was generally obtained from hydroelectric

It might be possible to provide such power in the United

States from steam-operated plants, but the expense would be so great
as to prohibit the operation of such a plant in peacetime.

The plant

would thus stand idle when not in use for production of munitions
during time of war.

A better solution to the problem would be to

construct hydroelectric plants for power.

In this way, nitrate

plants could continue operation in peacetime, competing successfully
with imported nitrates, and the power generated by the hydroelectric
facilities could be utilized as well by other industries.80
On July 22, 1915, General Crozier wrote to Frank S. Washburn of
the American Cyanamid Company, noting that he had seen a picture of
the American Cyanamid Ontario plant in Leslie's Illustrated Weekly
for July 1, 1915, and believed that Washburn could give advice on the
possibility of building a cyanamid

plant in the United States, and the

feasability of utilizing existing water power facilities.81

Crazier's choice of Washburn was certainly fortuitous, if indeed
it was by chance, given Washburn's consuming interest in water power
development.
30.

Washburn sent a lengthy reply to Crazier's letter on July

He was able to give information on the German cyanamide industry,

having recently been closely associated with it.

To his knowledge, the
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German government was producing nitric acid from ammonia which they
obtained from the oxidation of cyananiid.

Since the beginning of the

war, the German government had taken over their entire nitrate industry, as well as confiscating the machinery which American Cyanamid
had had on order there,and had further prohibited the export of any
information.

Washburn was certain that the American Cyanamid Company

would continue to develop the process whereby ammonia could be
oxidized to nitric acid, which would make cyanamid a useful source
of nitrates.

He was in favor of the United States establishing a

source of domestic supply, and offered to share with Crozier any
information about the cyanamid

process that would be desired, with

the understanding that it be kept confidential.82
This exchange of letters was the beginning of a long association
between Washburn and Crozier, who remained Washburn's support and
defender in the military and Congressional squabbles over nitrate
plants which were yet to come.

Washburn, for his part, must have

regarded Crozier's interest (and thus the U.S. Government's, which
had to this point been concerned only with rejecting Washburn's plans
for development of Muscle Shoals) as an answer to prayer.
November 6, 1915 brought a proposal from Washburn that the Ameri-

can Cyanamid Company would build two cyanamid plants, using their
process to supply nitrates to the government if the government would
supply the water power facility.

Washburn felt that the government

would view the fact that the cyanamid process was less expensive to

operate than the arc processas a point in its favor.

The proposal
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details can be summarized as follows:
1)

Two facilities would be constructed, one to be completed
on January 1, 1917, the other on January 1, 1921.

These facitilites would be constructed well within the
interior of the country, in a convenient location for
continued peacetime operation.

The plants would have a capacity of 180,000 tons per
year of 91-96% nitric acid.

20,000 tons per year would

go to the government in peacetime, and as much of it as
was needed in time of war.

The government would pay

the manufacturer at a rate that would include a reasonable profit.

The plants would also produce sulfuric acid.

The government would be responsible for building a
water-power facility, up to the substructure of the
powerhouse.

This could be financed as an improvement

in the river for the sake of navigation.

The government should pay for the installation in the
plant of any equipment which could not be used in
peacetime operation.

Washburn estimated

that this plan would costthe company $24,000,000

and the government $1,000,000 for a 100,000

horsepower dam and

$6,000,000 to $10,000,000 for ammonia and nitric acid conversion
plants, which American Cyanamid would not use after the war.83
Although Crozier found the offer attractive, no government action,
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could be taken on this proposal at that time, because funds for such a
project had not yet been allocated by Congress, and as the United
States was not yet

at war, there were no emergency funds available.

In mid-December 1915, Leo Baekeland, chairman of the Ordnance and

Explosives Committee of the Naval Advisory Board, recommended in his
report to the Secretary of the Navy, Josephus Daniels, that the government consider constructing a nitrate plant.
a plant could be constructed in a year.

It was estimated that such

Baekeland was apparently

considering an arc process plant, as he pointed out that German plants
were operating regardless of cost, and that in the United States, the
cost of production would be too great to attract private commercial

developers so that the construction and operation would have to be
the responsiblity of. the government.

Baekeland's advice was against

reliance on coke-oven ammonia, as fully forty percent of this ammonia
went for refrigeration needs in peacetime.

He also recommended that

the United States begin to develop water power sites to sell to private
concerns, and warned against allowing important chemical processes to
become tied up in bureaucratic red tape.84
Public attention was gradually being directed to the question of
securing an adequate nitrate supply.

Editorials in the New York Times

on December 23 and December 28 outlined the reports of Crozier and
Baekeland, and a front-page story on December 29 reported that two
United States companies were ready to turn out nitrates:

the Southern

Electrochemical Company, operating on the Pauling arc process, and an
unnamed firm in New Jersey (probably the General Chemical Company)
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which had been experimenting with a process similar to Haber s.

85

Further news items in the Times during the winter months indicated
a growing public concern.

On December 30, it was reported that prices

of imported sodium nitrate had nearly doubled since the beginning of
the war in Europe, and it was to be hoped that a synthetic nitrate
plant would help to alleviate this condition.86

Early January

brought a two-page article in the Times Magazine, giving a popular
resume of the arc and cyanamid

processes and encouraging the

government support of synthetic ammonia research, as well as the
building of an arc plant.87
In early March, 1916 another report was sent from the Naval
Consulting Board to the Secretary of the Navy.

This report, authored

by Willis R. Whitney of the General Electric Laboratories, chairman
of the Committee on physics and chemistry recommended that before
the war began, the government should build a plant for fixation of
atmospheric nitrogen; lay in a sufficient store of Chilean nitrate, and
investigate possible United States nitrate deposits.

It was further

reported that two "financial interests," probably American Cyanamid
and DuPont, were ready to undertake the building of the plant in
return for certain government concessions:

free use of government

water power or coal fields.88

The National Defense Act

The pressures of these suggestions soon made themselves felt in
Congress, and on March 6, 1916, early in the first session of the
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Sixty-fourth Congress, the bill which was colloquially known as the
"Army Bill" was introduced in the House as HR12766.89

This bill,

which provided primarily for the expansion and re-organization of the
army, contained a rather vague paragraph allocating money for the
construction of a nitrate plant:
Section 82.

That to provide for, the fixation of atmospheric
nitrogen by the development of water power, or any other
means necessary to supply an adequate supply of nitrogen,
the appropriation of such sum or sums of money to cotruct
the necessary plant for such purposes is authorized.

In general debate in the House on March 23, 1916, this provision was

voted down almost without discussion, due to the indefiniteness of its
wording and opposition by conservationists to the idea of uncontrolled
water power development.

The bill itself was passed by the House on

the same day, and sent to the Senate.

A further attempt was made in

the House to set up a commission to investigate the feasibility of a
nitrate plant, but this plan was also rejected.91

The Senate had also begun to consider the question of a nitrate
plant.

On March 10, Senator Ellison D. Smith of South Carolina

introduced a bill, S4971, which authorized the construction of both a
water power facility, and a nitrate plant by the government.
features of this bill were as follows:
The President could at any time declare any waterpower site for development by the United States.

The President could withdraw any lands from public
use which could be used for power, or which have
natural resources suitable for nitrate production.

The
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The Secretary of Agriculture would select sites, under
the approval of the Secretary of War.

The Secretary of Agriculture was empowered to lease whatever nongovernment lands might be necessary.

The products of the plants to be built would be subject
to requisition by the government for war use and the
surplus could be sold by the Secretary of Agriculture.
$15,000,000 was appropriated to allow the Secretary to

carry out the purposes of the act.92
The bill was referred to the Senate Committee on Agriculture and
Forestry where hearings were held on the bill from March 12 to March
30, 1916.

Frank S. Washburn and Leo Baekeland gave the most important of the
presentations before this committee.

Washburn had testified earlier

before the House committee considering Section 82 of HR12766, and

repeated to the Senate committee much of what he had said there.

In

his opinion, the cost of hydroelectric power in the United States was

too great to permit the use of the arc process, moreover, anyone
wishing to make cyanamid
by American Cyanamid.

vould have to use the processes patented

He recommended Muscle Shoals as a site for the

plant, and estimated that the government could expect to spend
$15,000,000 for water power development there, and an additional
$5,000,000 for a nitrate plant.

The government could then sel.1 the

power, and make enough money to run the plant.

Industry woild be

encouraged to build fertilizer plants there, once the water power had
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been developed.93
as, ideally, a

Washburn always viewed the nitrate plant project

combination of government and private effort, with

the government building the dams, and the private sector building the
plants.

The committee members did not hesitate to accuse Washburn of having a more than ordinary interest in this project, as it was his com-

pany that stood to profit by any government involvement in cyanamid
manufacturing, or indeed, even from the governmentts building of dams
at the Muscle Shoals site.

It was pointed out by a committee member

that he was either a director or a founder of seven different power

companies in the Tennessee-Alabamaarea.

Washburn, however, stated

that he had resigned from all butone of these positions since the
nitrate legislation hac been introduced, and continually maintained
that his interests lay only with nitrate manufacture, not with the

potential for water power development, or with the advantage which
would accrue to the fertilizer industry.94
Baekeland's testimony centered around the various methods of
nitrate manufacture.

He maintained a general neutrality towards which

process should be chosen.

Other speakers were concerned with possible

sites for the proposed plant.

(One ingenious suggestion was that a

dam be built above Niagara Falls.

During the night hours, water would

be diverted through the power facility, providing seven and one half
million horsepower of electricity, while during the day the water
would be allowed to flow down the Uiagara River as usual, providing
edification and amusement for the tourists).95

Events in the Senate
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were, however, to curtail these hearings rather abruptly.

On March 30, 1916, Senator Saulsbury of Delaware read a letter
from Pierre S. DuPont to Secretary of War Newton D. Baker.

DuPont

had just secured the American rights to the Birkeland-Eyde arc process,
and was offering to build an arc process plant in the United States,

instead of in Canada as he had planned to do, if water power were to be
made available to his company.

Saulsbury presented S5136, a bill which

would provide DuPont with a fifty year lease for the necessary water
power in return for supplying the government with nitrates.96
During debate on HR12766, later on that same day, Senator Under-

wood of Alabama proposed an amendment to it which vuld authorize the
investigation of possible construction of governmentowned nitrate
plants, to supply nitrates for explosives in wartime, and fertilizers
in peacetime, with the water power facilitiesnecessary to the plants'
operations.97

Debate on this

amendment immediately brought out what

were to be the main points of contention with respect to nitrate
legislation:

there was general agreement that the government should

manufacture anything necessary for its own defense, if only to "take
the profit out of war," as Bernard Baruch was to put it; but when
it came to running a fertilizer plant and selling its products in
peacetime, great controversy arose.

Government operation of a

commercial enterprise such as this was a thing completely foreign to
American tradition, and was viewed with dismay not only by the conservative lawmakers, but by the manufacturers who would be forced to
compete with the government plants, as well.
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Underwood rejected this objection stating that in the House
the objections to the original amendment had come from Republicans
and conservationists, and accusing the nitrate companies of lQbbying
against the proposal.98

This brought strong letters of denial from

Underwood and DuPont, claiming that they were only attempting to
utilize fully their own processes, which they could not do without
water power.99

Debate in the Senate continued on the amendment for nearly two
weeks.

On April 7, Smith of South Carolina proposed S4971, which his

committee was studying, as an amendment to the Army Bill in place of
the Underwood amendment.

It was his contention that S4971 had the

advantage of having been thoroughly studied by the Committee on
Agriculture and Forestry.

Debate then shifted to this bill.

Senator

Lodge of Massachusetts was the first to question in general debate
Frank Washburnts role in the effort to bring about nitrate legislation.

Since Washburn had played the key role in the unsuccessful attempt to
secure funds for the government development of Muscle Shoals, a
number of senators and representatives saw his new association with
the nitrate legislation as another example of Washburnian opportunism.
Once again, it was pointed out that as the guiding force behind all

of the Alabama power compaines as well as the American Cyanamid Company, it was he who would ultimately benefit from any government
activity at Muscle Shoals.

100

The press had been following the debate carefully.

On

April

10th, an editorial in the New York Times stated that the nitrogen
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plant scheme was being pushed by the land owners around Florence,
Alabama, who were interested in increasing property values in that area.
101

It was recomended that the amendment be dropped from the bill.

The Senate agreed to limit debate, and to vote on the
no later than April 18.

amendments

On April 12, two further modifications of

the Underwood amendment were proposed:

one to omit any reference to

the peacetime production of fertilizers, which was defeated by a vote
of 47 to 24, and one, offered by Underwood himself, to authorize
the government to acquire rights to a nitrate process, and to allow
it to lease its plants and process for fertilizer production in
peacetime.102

On April 14, the original Underwood amendment, with all

of its modifications, was rejected by a vote of 48 to 12.

The Smith

amendment (originally S497l) was accepted 43 to 22, to become Section
122 of the Army Bill.103

On April 18, 1916, the senate passed the

Army Bill, as amended by the addition of section 122.

104

Section 122 provided:

that the president might designate any site on any
navigable river for the construction of hydroelectric
facilities for the use of the government,

that the president might designate any federal lands as
waterpower sites or plant sites,

that the Secretary of War should investigate and recommend
to the President suitable water-power sites for construction of plants,

that the Secretary of War was enabled to acquire such land,
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materials, processes and patents necessary to the construction of the plants,

that the products of the plants were to be used for
military purposes, and any excess be sold or disposed
of by the Secretary of Agriculture,

that $15,000,000 be appropriated for these purposes, and
that the plants should be constructed and operated solely
by the government, and not in conjunction with any other
industry or private capital.'°5
Because the bill had been

amended, it was necessary to return it

to the House for approval of the amendment.

On April 25, a general

discussion in the House showed that sentiment was against Section 122.

Representative Nicholas Longworth of Ohio, the chief opponent of
Washburn's Muscle Shoals plan, accused the Muscle Shoals lobby as
being the moving force behind the Smith amendment.

Longworth stated

that the use of hydroelectric power to produce nitrates was obsolete.106

The House set May 8 as the date for debate on the section.

On that day, Representative Hay of Virginia, the original author of
the Army Bill, moved to reject Section 122, and to substitute a nitrate
plan amendment of his own, as Section 124.

This proposal would pro-

vide $20,000,000, and would construct a plant to be owned and operated
exclusively by the government, in association with no private manufacturers, on a site to be selected by the president.107

Hay's

obstructionist tactics drew upon himself the anger of President Wilson,
who had been satisfied with the Senate amendment, and an unfavorable

Page 58

response from the press, who with the general public manifested an
eagerness

to have the matter resolved quickly.108

Nevertheless, the

I-louse accepted the Hay amendment, and a conference coninittee was set

up to work out a compromise with the Senate.

This committee produced

a compromise amendment very similar to the Senate amendment, and it
was reluctantly accepted by the Senate, after a lengthy debate on

impending socialism on May17.'°9
by the House on May 20.

The conference report was accepted

The bill was presented to President Wilson on

May 24, and finally signed into law as the National Defense Act on
June 3, 1916.110

Section 124:
Nitrate Supply
The President of the United States is hereby authorized
and empowered to make or cause to be made such investigations as in his judgment is necessary to determine the
best, cheapest and most available means for the production
of nitrates and other products for munitions of war and
useful in the manufacture of fertilizers and other useful
products by water power or any other power as in his
judgment is the best and cheapest to use, and is also
hereby authorized and empowered to designate for the exclusive use of the United States if in his judgment such means
is best and cheapest, such site or sites upon any navigable
river or rivers or upon any public lands as in his opinion
will be necessary for carrying out the purposes of this
act; and it is further authorized to construct, maintain,
and operate at or on any site or sites so designated,
dams, locks, improvements to navigation, power houses
and other plants and equipment or other means than water
power as is in his judgment the best and cheapest
necessary or convenient for the generation of electrical
or other power and for the production of nitrates or other
products useful in the manufacture of fertilizers and other
useful products.
The President is authorized to lease, purchase or
acquire by condemnatjon, grant or devise such lands and rights
of way as many be necessary for the construction and operation
of such plants and to take from any lands of the United States
or to purchase or acquire bycordemnation materials, mineral
and processes, patented or otherwise, necessary for the construction and operation of such plants for the manufacture
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of such products.
The products of such plants shall be used by the
President for military and naval purposes to the extent
that he may deem necessary and any surplus which he shall
determine is not required shall be sold and disposed of
by him under such regulations as he may prescribe.
The President is hereby authorized and empowered to
employ such officers, agents or agencies as may in his discretion be necessary to enable him to carry out the purpose
herein specified and to authorize and require such officers,
agents and agencies to perform any and all of the duties
imposed on him by the provisions thereof.
The sum of $20,000,coo is hereby appropriated out of
any moneys in the Treasury not otherwise appropriated, available until expended, to enable the President of the
United States to carry out the purposes here provided for.
The plant or plants provided for under this act shall
be constructed and operated solely by the Government and
not in conjunction with any otj
industry or enterprise
carried on by private capital.

Section 124 differed only very

slightly from Section 122,

It placed

ultimate responsibility for choosing the process, selecting the
site, and disposing of the products upon the President, rather than
the Secretary of War, although it provided for delegation of this
authority.

The allocation was increased by $5,000,000, and the

congressional desire to prohibit any involvement with private
industry was reiterated.

The whole problof government nitrate plant construction had
generated an unpleasant dilemma.

On the one hand, the government

could, in a sense, subsidize private capital in the construction of
plants, in the construction of hydroelectric plants for industrial

use, and in permitting private corporations to construct and own
plants whose products would be sold to the government.

This was

viewed by many congressmen as undesirable, in that it implied
government support of ubig business," and was also contrary to the
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spirit of the conservationist legislation which had prohibited the
uncontrolled development of water resources for industrial purposes.
On the other hand, the alternative choice was for the government itself to construct, operate and own the nitrate facilities.

This was equally repugnant to some congressmen, involving as it did
the government ownership of a commercial operation, a situation
which was viewed by many as a first step toward socialism.

It

is interesting to note that the option which was chosen as the lesser
evil was governmental ownership of the plant.

The spirit of

opposition to "big business" which had characterized the Roosevelt
administration was still apparently very much alive.

The Nitrate Committees

Early in 1916, the Secretary of War had requested the president
of the National Academy of Sciences to assemble a committee, in
conjunction with the American Chemical Society, to determine the
best, cheapest and most available methods for obtaining nitrate
materials.

This committee consisted of:

Arthur A. Moyes, NAS, Massachusetts Institute of Technology, Chemist, Chairman

Leo H. Baekeland, Naval Consulting Board,

Cheiiiist

Gano Dunn, President, 3. G. White Engineering Co., New

York, Energy Research Foundation, Chemist
Charles H. Herty, President of American Chemical Society,

Professor of Chemistry at North Carolina State University
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Warren K. Lewis, Professor of Chemical Engineering,

Massachusetts Institute of Technology
Michael I. Pupin, NAS, Professor of Electromechanics,
Columbia University
Theodore W. Richards, NAS, Harvard
Elihu Thomson, NAS, Gsneral Electric Laboratories,
Schenectady, New York

Willis R. Whitney, NAS, Director, General Electric

Laboratories, Schenectady, New York.2
The preliminary report of this committee was submitted to the
Secretary of War, Newton D. Baker on June 2, 1916.
clusions were:

Their con-

first of all, the government could not put a

plant into operationfor at least one and one half years, therefore
a two-year supply of Chile saltpeter should be purchased and
transported to the United States immediately.

Secondly, it

was felt that ammonia was already produced in the United States
in large quantities, as a by-product of coke ovens, and this
should be used in combination with nitric acid oxidation techniques.

Third, the multiplicity of synthetic nitrate processes

needed to be thoroughly investigated before it would be expedient
to build a plant.
cyanamid

,

Descriptions of the Pauling, coke oven,

Haber, Serpek, cyanide and Ostwald processes were

included.113

This report only duplicated information that Crozier

had received from other advisors, and told the War Department
nothing that it did not already know.
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As congressional debate on the nitrate question continued,
the War Department was proceeding on its own course of action.
In April 1916, The Secretary of the Interior offered to aid the
Secretary of War in any way possible to further the war effort.

This help was personified in Charles L. Parsons, chief chemist
of the Bureau of Mines, an expert on nitrates who was loaned to
the War Department as an advisor.

Charles Lathrop Parsons (1867-

1954) was one of the mainstays of the American Chemical Society
during his lifetime.

He was born in New Marlboro, Massachusetts

and educated at Cornell.

After several years of teaching in the

chemistry department at New Hampshire College, he went to work for
the Bureau of Mines, where he was one of the prime movers in the
government nitrogen fixation planning.

He acted as Secretary of

the American Chemical Society from 1907 to his retirement in 1945,
and from 1931 was also its business manager.

He was also instru-

mental, during the First World War, in organizing the census
of American chemists, and during the Second World War, in lobbying
He was a recipient of the

to keep chemists from being drafted.

Nichols Medal, the Priestleyfvledal and countless honorary degrees

and honorary membership appointments.
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Upon his transfer to the War Department, Parsons immediately
began a study of the current state of the nitrate industry, and
in an extensive report to Crozier on June 3, 1916, summarized his
findings.

There were, he stated, three processes currently in

commercial operation:

arc, cyanamid

,

and synthetic ammonia.
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The arc process, at the existing rates for electric power, would
cost $90,000,000 per year to produce 200,000 tons of nitric acid.
The cost would thus be prohibitive.

W. T. Landis of American

Cyanamid had estimated it would require $30,000,000 a year to
produce the same quantity of nitric acid by their process.

The American Cyanamid Company had stated themselves to be willing
to run such a plant for the government, adding at their own expense
a facility for the conversion of the product to fertilizer
during peacetime, if the government would build a dam and
hydroelectric facility at Muscle Shoals.

Persons also reported

that the General Chemical Company of Long Island, New York which
had had rather close ties with the BASF, German developer of the
Haber process, before the war, was now reportedly working on a
synthetic process of their own.

The fact that they had declined

to purchase the American rights to the Haber process, and rumors
that General Chemical had developed their own

superior catalyst

led Parsons to the conclusion that this process must be nearly
ready for use.

Nevertheless, General Chemical had made no offers

to the government.

Parsons' recommendations were to consider all of the processes
for nitrogen fixation carefully, especially the synthetic ammonia
process.
1)

He further recommended:

building a power plant of 120,000 horsepower capacity for exclusive government use during time of war,
building a cyanamid

plant large enough to supply the
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Army and Navy needs during peacetime,
3)

building an

nionia oxidation plant, and conserving

the platinum needed as catalyst, in order to use byproduct ammonia as a source of nitrates in wartime,
and

if need should arise before these would have been
completed to buy Chile saltpeter.
In Parsons' opinion, the twenty million dollars appropriated by Con-

gress was entirely inadequate.115
In August of the year, the Secretary of War suggested that qualified representatives be sent abroad to study nitrogen fixation processes in use in Europe.

The Secretary of the Interior designated

Parsons as one of the investigators, and reconinended Eysten Berg
as the other.

Very little information is available on Berg.

He

was. apparently a foreign national, probably Norwegian, who had

considerable familiarity with the workings of the European nitrate
plants, especially the arc process plants in Norway.

Both of these

men were given appointments as chemical engineers in the Ordnance
Department for the remainder of 1916, and during October, November
and December, they visited plants in France, italy, England, Norway
and Sweden, and during this time, gathered a considerable amount

ofinformation.116
While Berg and Parsons toured Europe, the War Department
continued to collect information.

A cable to Norway asking for

information about, the arc process received the reply that the DuPont
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Company, the holders of the American patent rights, could answer

all questions.7

Washburn of American Cyanamid sent a copy of his

report to the Nitrate Supply Committee of the National Academy of
Sciences to General Crozier with a private letter stating that, in

his opinion, the Haber process was relatively worthless.'8

In

December, Crozier asked the State Department to obtain some information about the Haber process from the BASE in Germany:

cost of

operation of Haber plants, number of plants, yearly output, and so
on.119

Amazingly enough, in January 1917, the Secretary of State

replied that the desired information was being sent by the BASE to

the American embassy in Berlin.20

The absence of any such infor-

njation in the War Department records, however, would seem to

indicate that growing German-American tension during these last
months before war was declared prevented the information from ever
leaving the country.

The information collected by Parsons and Berg was made avail-

able to the National Academy of Sciences Nitrate Committee, and this
committee issued a report based upon it on January 6, 1917.

Their

recommendations were siniiliar to those presented in their first
report:

Congress should apprpriate enough money to purchase

immediately a year's supply -- 300,000 tons -- of Chile saltpeter.

A sma11 plant should be erected for the purification of coke-oven
ammonia, and the government should provide for the development of
nitrogen fixation processes in as large a scale as possible, in the
event of Chilean supplies being cut off.

This preparation wculd take
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the form of building as many hydroelectric facilities as could be
constructed with the available money.

Two years before their com-

pletion, the sale of these facilitiesshould be negotiated with
those companies which had developed the best nitrogen fixation plans.

In the meantime, the government should establish a commission to
study ongoing nitrogen fixation research.

This tu1d, in five to six

years, make possible the building of a plant large enough to provide
350,000 tons of fertilizer, or 300,000 tons of nitric acid per year.121

The committee's final report, issued two weeks later on January 20,
was essentially the same.122

There was general dissatisfaction in the War Department with
the recommendations of this report.

Deteriorating conditions in

Europe made it clear that there would not be five to six years avail-

able for the private development of nitrogen fixation techniques.

The National Academy of Sciences Nitrate Comittee recommendations
were essentially conservative, and seemed to take no notice of the
accelerating apporach of war.

They manifested a curious reluctance

to advocate the immediate construction oP plants.

Several committee

members, Whitney and Baekeland among them, were outspoken in their
criticism of the government's intention to construct the plants.

The committee recommendations did represent a logical and scientific
approach to the problem, but it was an apprOach that was suited to
peacetime rather than to a state of impending war.

Berg's report, entitled "The Nitrogen Industry" was presented

to the War Department ofJanuary 15th.123

Berg described himself
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as "of long acquaintance with the leading men of the nitrogen
industry and

.

.

.

experience in a number of factories in Europe."124

Berg's report was extensive, outlining each of the major processes
in use in Europe, providing details of their operations, and photographs of the arc process plant at Notodden.

He also estimated the

cost of construction and operation of the various types of processes.
Berg's recommendations were:

It was not advisable to establish a nitrate industry
in the United States under government operation for
wartime use only.

This should be done in connection

with existing explosive and fertilizer companies.

Development should begin by building both arc and
cyanamith plants.

Heat developed in the arc process

could be used to activate the cyananiid

reaction.

The arc process could be built in areas where
already existing power facilities could be used

in

off-peak hours.

The problem of developing nitrogen fixation processes
should be left to the initiative of private industry.

The coke by-product industry should continue to
increase.

Explosives manufacturers should be

encouraged to make fertilizers in peacetime, and
cooperation in research between all forms of
nitrogen fixation should be fostered.
This report was never make public, arid was circulated only within
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the War Department, at Berg's request.

Parson's reports, on the other

hand, were both published in the Journal of Industrial and Engineering
Chemistry,125

and commented upon widely in other publications.

Parsons' preliminary report was submitted to the War Department
on January 27.
detail.

Its factual content was similar to Berg's, in less

Parsons' recommendations were that nitric acid be obtained

through the oxidation of ammonia.

He had been impressed with reports

of the efficiency of the German Haber and Ostwald processes.

He

suggested that, considering the limited amount of the National
Defense Act appropriation, the government should not devote it to
building cyanamid

plants which would soon be obsolete after the

release of the Haber process details after the war.

Parsons sug-

gested the immediate purchase of 200,000 tons of sodium nitrate,
purchase of ammonia on the open market, and conservation of platinum
(the Ostwald catalyst).

In his opinion, development of hydroelectric

sites was desirable, but not essential, as the Haber process did

not demand large amounts of electric power.126
It was apparent that whatever route was eventually chosen, at

some point, a nitrate plant or hydroelectric facility would be
constructed.

Therefore, on January 15, 1917, President Wilson

established the "Interdepartmental Board," composed of the Secretaries
of War, the Interior and Agriculture, to act as a site selection
committee.

This committee spent most of the spring of 1917 touring

the Southeast, examining potential sites and holding hearings.

The

War Department had listed specifications for this site in the latter
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part of 1916:

it should be in the interior

from the possibility
mountains.

of

of

the country, away

coatal attack, preferably shielded by

It should be near supplies of coke and limestone,

provided with potential water power, and near an existing railway
line.127

Muscle Shoals, Alabama, always conscious of its position

as a very likely choice, presented President Wilson with an elaborate lithographed brief on January 23, 1917, extolling the virtues
of their location and its advantages as a potential nitrate plant
site.
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Public response to the announcement that the government would
build a nitrate plant was varied.

Those involved with the coke

industry maintained that by-product ammonia in that process went

largely unreclaimed,and its complete utilization would obviate the
need for building any plant.129

In July 1916, the American Elec-

trochemical Society had gone on record as opposing any governmental
subsidy of the nitrate industry, or government ownership of any
processes.

A copy of this statement, signed by W. R. Whitney, Leo

Baekeland, and Lawrence Addicks among others, was sent to President
Wilson.
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The War Department was inundated with letters from

would-be inventors willing to give or sell to the government their
processes, mostly untried, for extracting nitrogen from the air.131
The spring of 1917 brought declaration of war with Germany,
and the necessity for an immediate solution to the nitrate supply
problem.

On February 3, German ships began attacking American ships

headed for Britain.

On March 10, Wilson announced that American
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ships would henceforth be armed, and on April 7, the formal declaration of war was given by Congress.

The National Academy of Sciences Nitrate Supply Committee
report and the reports of the various other researchers differed
so greatly in information and suggestions, that the War Department
felt that it was necessary to discontinue the original committee
and reorganize its forces.

Thus on March 9, 1917, the Nitrate Supply

Committee of the Ordnance Office was created.

Its membership was

similar to the original committee, with the addition of several

military representatives, and the deletion of four members who were
perhaps felt to be more academically than industrially oriented.
The committee members were:

Brigadier General William M. Crozier, Army Chief of Ordnance

Rear Mmiral Ralph Earle, Navy Chief of Ordnance
Brigadier General William M. Black, Army Chief of
Engineers

William F. Hillebrand Department of Commerce, Bureau
of Standards

Charles A. Parsons, Department of the Interior, Bureau
of Mines
F.

W. Brown, Department of Agriculture, Bureau of Soils,

and former committee members:
Leo H. Baekéland
Gano Dunn

Chr1es H. Herty
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Arthur A. Noyes
Willis R. Whitney.132
Parsons' final report was submitted to General Crozier on April
30.

It was actually a supplement to his preliminary report, with a

most important addition.

Parsons had, since his first report in

January, been in contact with the General Chemical Company.

As

he says:

The outbreak of the war convinced the officials of the
General Chemical Company, headed by Dr. William I-I.

Nichols, Chairman of the Board of Directors, that they
should place at the disposal of the Government, the
results of their investigations. Accordingly, when the
Bureau of Mines requested information regarding the
conpresent status of their operations, a prelimin
ference was arranged in Washington on April 4. "
The General Chemical Company had a well-developed experimental

process, and complete plans for the erection of a pilot plant, even
including having obtained bids for the major construction.

The

advent of the war had caused them to postpone any building plans
for its duration.

Parsons felt that the main deterrents to construc-

tion experienced by General Chemical, that is, inability to secure
raw material, or to obtain machinery, would not be a problem to the
government, were it to take over the building of the plant.

At

a meeting with Crozier on April l4,Nichols offered the free use of
the General Chemical process, and the full assistance of the General
Chemical Company in installing and operating it.

On April 20,

Parsons and several other committee members visited the General

Chemical offices and looked at plans for the proposed plant, and
visited the experimental unit then in operation.

It was on this day
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that a proposal from General Chemical was presented to Parsons for
delivery to Crozier.

Although this proposal was not acceptable to

the government, it was not rejected out of hand, but returned for

modification)34
Parsons' final report of April 30 thus offered the following

recomendations:

2.

3

That $3,500,000 be made available to build an initial
plant which will produce 60,000 pounds of ammonia
per day by the synthetic ammonia process, as offered
by the General Chemical Company.
That the offer of the General Chemical Company be
accepted with some subsidiary arrangement whereby a
maximum royalty per ton of nitrogen, when the product is to be used for commercial purposes shall
be inserted.
That the construction of the initial plant be
started at once at some point to be selected by the
War Department in southwest Virginia or adjoining
territory in West Virginia, reasonably near the
sulfur, sulfuric acid, and coal supplies of that
region.
The plant should be so situated that it is
near to plenty of good water and that the land is
available for the later erection of an ammonia
It
oxidation and nitric acid concentration plant.
should be so located
t a powder plant may be
later erected nearby. '

Parsons had also been impressed by the Bucher process for pro-

ducing sodium cyanide, as operated by the Nitrogen Products Company
of Virginia.

Committee members had also visited the Bucher process

pilot plant at Saltville, Virginia, and although the company offered
their process to the government, Parsons was not entirely convinced
that it was ready to go into commercial production.

Nevertheless,

he suggested:
4.

That a sum not to exceed $200,000 be set aside
for the active experimentation on a large scale
on the Cyanide process.
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That experimentation on the Cyanide process be
conducted at Saltville, Virginia, where nitrogen,
soda and coal are available and where the present
plant of the Nitrogen Products Company may be
studied and utilized.136
Parsons' report proved to be the springboard needed by the
Nitrate Supply Committee, who produced their own report on May 11,
1917.

Having considered the previouscomittee reports, Berg's

report, Parsons' reports and all the other information which had been
gathered by various agencies, they submitted the following recoin-

mendations to the Secretary of War:
That, appreciating the offer of the General Chemical
Company, the Government enter into negotiations to
acquire the rights to use the synthetic ammonia
process of that company.
That contingent upon satisfactory arrangements with
the General Chemical Company, out of the $20,000,000
nitrate supply appropriation, such sum as may be
needed, now estimated at $3,000,000 be placed at
the disposal of the War Department to be used in
building a synthetic ammonia plant, employing the
said process of the General Chemical Company, and
of a capacity of 60,000 pounds of ammonia per 24hour day, said plant to be located in a region where
land, water, coal, and sulfuric acid are cheaply
available, where good transportation facilities
exist, and where the proposed new powder plant of
In the
the Government can be properly located.
opinion of this committee all of these conditions
just enumerated are best fulfilled by a location
in southwest Virginia or contiguous region.
That out of the$zo,000,000Nitrate Supply appropriation
an amount now estimated at$'.000,0000r as much as may
be needed, be placed at the disposal of the War
Department to be used in building a plant for the
oxidation of ammonia to nitric acid and the concentration of the nitric acid, of a capacity equivalent
to 24,000 pounds of 100 per cent nitric acid in a
24-hour day, said plant to be located in the neighborhood of the aforesaid synthetic ammonia plant
and the proposed. new powder plant of the Government.
That the War Department proceed at the earliest
practical date with the construction of the oxi-
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8,

9

dation plant and contingent upon a satisfactory
arrangement with the General Chemical Company,
also with the Synthetic Ammonia plant, and that
the Government give such priority orders as will
secure from contractors prompt delivery of the
materials and rapid construction of the structure
and machinery needed for these plants.
The Committee appreciating the offer of the
Nitrogen Products Company granting, in this country
to the Government under certain conditions the
right to use the so-called Bucher process for the
production of sodium cyanide and ammonia, recommends:
That a form of contract, drawn with the advice of
the legal authorities of the Government, such as
to give that company no guarantee or exclusive rights
in the process, or in its future development,
beyond those which the company's own patents give to
it, be entered into with the Nitrogen Products
Company and that experimentation looking toward
the industrial development of the Bucher process
for the production of ammonia be at once proceeded
with.
And further that, contingent upon a satisfactory arrangement with the Nitrogen Products
Company, a sum not to exceed $200,000 be allotted
for this purpose out of the $20,000,000 nitrate
supply appropriation.
That out of the $20,000)000 nitrate supply appropriation $100,000 be made available for the prosecution of investigations of processes for the industrial production of nitrogen compounds useful in
the manufacture of explosives or fertilizers, and
that these investigations be planned and supervised by the War Department.
That, in order to increase the production of ammonia
and toluol, the government promote the installationof by-product coke ovens by directing that
priority be given in the production, delivery
and transportation of the materials and parts
needed in their construction.
That the decision as to more extensive installation of nitrogen fixation processes and water
power development in connection with them, be
postponed until the plants above recommended are
in operation or until further need arises.
While the preceding recommendations include all
the measures that can now judiciously be taken
for the fixation of nitrogen and the oxidation
of ammonia, it is the opinion of the committee
that the immediate accumulation and the permanent
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maintenance of an ample reserve, not less than
500,000 tons of Chile saltpeter, is the measure
most urgently necessary.13/
On June 5, a year after the signing of the National Defense Act, the
General Chemical Company submitted their second offer,

This proposal

allowed the government the use of the processes and apparatus for

synthesizing ammonia from its elements developed by that company.
No royalties were to be charged as long as the products were used
for war materials.

If the processes were used to prepare fertilizers,

the government would pay the company $5 per ton.

All of the General

Chemical staff was placed at the disposal of the government as was
all of the information pertaining to the process.

In return, the

government was to turn over to General Chemical any modifications
or improvements in the processes or apparatus which they might make
in the course of using the process.138
On July 6, the Interdepartmental Board recommended to President
Wilson that he accept the first six suggestions of the Nitrate Supply
Committee for immediate implementation.

Wilson approved these on

July 13, and the next day the General Chemical Company was informed
that its proposal had been accepted by the government.

On July 21,

a separate branch of the Ordnance Department, Division 1, the Nitrate
Division, was established, with Col. J. W. Joyes as its head.139

After

more than two years, the planning stage was ended, and implementation was about to begin.

Congress and the War Department, in deciding to build a nitrate
plant, had made a commitment which was to have far-reaching con-
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sequences for the American chemical industry,

The choice of the

General Chemical synthetic ammonia process, still in its experimental

phases, demonstrated an awareness that synthetic ammonia, with its
relatively small energy requirements, as compared to the other
processes, was destined to be the most economically successful of
all the nitrogen fixation processes.

In making this chOice, the

government had made it possible for the General Chemical Company
to go on to become, in the years after the war, the major American
producer of ammonia.
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CHAPTER IV

THE UNITED STATES NITRATE PLANTS AND GOVERNMENT RESEARCH, 1917-1919

Introduction

During the war research on nitrogen fixation was conducted at
three experiment stations under direction of the Nitrate Division of
the War Department.

These were located at Sheffield, Alabama, Laurel

Hill, New York and Arlington Farms, Virginia.

The research which was

done at these laboratories was characterized by its limited scope,
as the goal was primarily the improvement of the synthetic ammonia
process being used at Nitrate Plant #1,

Atthat time, the pressures

of putting nitrate plants into operation as soon as possible pre.This

vented more theoretical problems from receiving consideration,

was very much in keeping with the spirit of all war time research,
and consistent with the other chemical research that was being done
at government research facilities.

The synthetic ammonia process which had been chosen for Plant
#1 was relatively unknown to the government personel concerned with
the nitrate supply problem.

Since 1915, their chief source of infor-

mation on nitrogen fixation had been Frank Washburn of American
Cyanarnid.

General Chemical had not publicized the development oftheir

process, which was modelled on the Haber process as is was utilized
at the BASF plant at Oppau, Germany.

The original Haber process had

been adapted to industrial use in prewar Germany, and General

Chemical

personnel were familiar with the basic operation of that process, if
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not with all of the details.

Before the war, realizing that the

synthetic ammonia process was destined to become the most economically successful of the nitrogen fixation processes, the directors
of the General Chemical Company had two options:

to apply for the

American rights to the BASE patents, or to develop their own process
with enough modifications to circumvent the patents.

They chose the

latter option, and went quietly to work on the development of this
modified process in 1913-15.

This culminated in the construction

of a pilot plant at Laurel Hill on Long Island in 1915-16.

It was

not until Charles Parsons went to Europe in the fall of 1916 that
he realized the importance of the synthetic ammonia process.

Inves-

tigating the possibilities of ammonia synthesis in the United States,
he discovered the General Chemical process, and was probably able

to convince W. H. Nichols, its president and longtime associate of
Parsons in the American Chemical Society, to offer the process t
the government.

The government accepted the General Chemical offer on Parsons'
recommendation, judging the process ready to be put into large-scale
operations.

As often happens in such cases, however, the transition

from small to large scale was more difficult than had been anticipated.
The problems which were encountered in the construction of the largescale plant were handled on site at two government laboratories
established for that sole purpose.

The wartime research done at these

laboratories, as a result of the problems encountered in the con-

struction of Plant #1, as well as a description of the operation of
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the plants and the research problems which were generated for solution
after the war, are the subject of this chapter.

U. S. Nitrate Plant #1, Sheffield, Alabama

With the formation of a firm commitment to build a nitrate plant
using the General Chemical synthetic ammonia process, it became necessary for the President of the United States to choose a site from
among those presented by the Interdepartmental Board.

The site

selection committee had begun with a list of about thirty locations
in Virginia, West Virginia, Kentucky, Tennessee, Georgia and Alabama.
Parsons, in his reports, had recommended Virginia or West Virginia,
near sulfur and coal supplies, and the greatest number of tentative
The sites were rated according

choices lay in thesetwo states.

to safety from enemy attack, topography, suitability of community,
availability of raw materials, cost of land and construction and
estimated operating cost.14°

The nine sites selected by the corn-

mittee in order of decreasing merit were:

North Chattanooga, Tennessee (two other sites near
this city were also rated choices 5 and 6)
Knoxville, Tennessee
Sheffield, Alabama
North Birmingham, Alabama
Elizabethton, Tennessee
Kingsport, Tennessee
9.

Spring City, Tennessee.

141
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Sites closer to the Atlantic seaboard had been rejected as too
near the coast, and thus to possible enemy attack.

Colonel Joyes

submitted this list to General Crozier on September 19, 1917, who sent
it on to Secretary of War Baker on September 20.

On September 28,

President Wilson announced that he had chosen Sheffield, Alabama
as the site for the first United States Nitrate Plant.t42

The

engineering firm chosen to undertake the engineering and construction work was the J. G. White Engineering Corporation of New York,'43
of which Gano Dunn of the Nitrate Supply Committee was president.

The site, which was on the Tennessee River near Muscle Shoals,
eventually comprised about nineteen hundred acres, and included the
property and buildings of abondoned pipe foundry.

It was hoped that

the foundry buildings would be utilized in some way as part of the
plant.

The General Chemical Company had developed their processes to the
point that they had been able to construct a small experimental
plant at Laurel Hill on Long Island.

General Chemical had already

contracted for some equipment for a proposed new plant whose capacity
would be about seven and one half tons per day of ammonia.

The

government agreed to take over all of these orders at their cost to
General Chemical.

The plant to be built was named United States

Nitrate Plant #1.

The original plan specified that a plant be built

to utilize the General Chemical synthetic amiiionia process, and that a

process also be developed there for the oxidation of ammonia to nitric
acid, and its further concentration.

The plant was to have a pro-

Page 81

duction capacity of thirty tons of ammonia per day, of which four
tons only were to be converted into nitric acid,

No provision had

been made for the disposal of the nitric acid, or for the utilization
of the remaining ammonia.

Therefore it was decided, early in 1918

to combine the two products into ammonium nitrate; the nitric acid
concentration unit would remain as only an experimental adjunct.144
Construction began in late October 1917, and included the building
of housing for nearly 1100 construction workers.

Construction pro-

ceeded as planned, with some difficulty being experienced in obtaining
the forged steel cylinders which were to house the high-pressure parts
of the process.

In January, construction began on the nitric acid

recovery p1ant, which was to take care of the oxidation of ammonia,
and concentration of nitric acid.

Because the plant was to continue

operation in peacetime, a permanent housing facility for employees
was also constructed.

Work on a steam operated power plant was begun

in February and completed in June.

The oxidation plant was completed

in early July, and the concentration facility two weeks later.

The

first synthetic ammonia was produced on September 16, and finally,
on November 12, 1918, the day after the signing of the Armistice, the
first amnionium nitrate was produced.

in a remarkably short time.

The plant had been constructed

The end of the war however, saw a

relaxation in the drive to complete the plant.

The work force was

reduced to two hundred men, and work time was reduced to one eighthour shift per day.
been $l3,000,000.145

At that time, the total construction cost had
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Putting the General Chemical Company's process into actual

operation was not as easy as this brief account of the plant!s construction might suggest.

On August 14, 1917, Colonel Joyes of the

Nitrate Division and staff members visited the General Chemical

experimental plant at Laurel Hill, and were shown the process in
Their

operation by F. W. de Jahn, the inventor of the process.146
impressions gained on this visit were not very favorable.

Several

junior officers were detailed to make a study of the process, and
were dismayed by the lack of definite operating data.

It began to

appear that the process was not as well-developed as had been hoped

by the Company, and that considerable revision and testing would have
to go on before it could be expected to operate efficiently.

The

first of the Nitrate Division research facilities, the Sheffield Exper-

iment Station was established for the purpose of improving the General
Chemical process in October of 1917.

This laboratory was funded from the $100,000 that the Nitrate
Supply Committee recommendations of May 1917 had set aside for active
investigation of processes for the industrial production of nitrogen

compounds useful in the manufacture of explosives or fertlizers, under
the supervision of the War Department.

It had first been intended

that these funds be used to establish a laboratory in Washington D, C.,

but the amount of money available would not permit this.

It was there-

fore decided to convert the foundry buildings on the Sheffield reservation, using these funds,147

The laboratory was staffed with military

personel who were trained chemists.
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With the exception ofa few civilian chemists who were (and
during the war, continued to be) employed by the Bureau of Soils at
the Arlington laboratory, the wartime personnel of these laboratories
were military.
time.

They were also some of the outstanding chemists of the

During the First World War, no provision was made for the hir-

ing of civilian personnel to do war research.

Therefore, these

scientists were commissioned in the Army, if they had advanced degrees,

while assistants and non-technical personnel were assigned from the
ranks of enlisted men.

Many of these were identified through the

census of chemists carried out by the American Chemical Society.

Therefore, the funding for the research done at government facilities
during the War came from the National Defense Act appropriation,
and salaries for personnel were part of the Army payroll.
In January, 1918 the Sheffield Laboratory was placed under the

command of Major Harry A. Curtis, an

industrial chemist who was to go

on after the war to become one of the outstanding chemists in the
fixed nitrogen industry, and who, in later years would write the
standard reference work on industrial nitrogen fixation.

During the

months from October 1917 to January 1919 when the laboratory was in
operation, an

average of 23 persons were engaged in research at the

Sheffield Laboroatory.

The laboratOry was closed permanently in

January 1919 at the time that the plant was closed.
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At about the same time, a Nitrate Division experiment station
was also set up at the General Chemical pilot plant at Laurel Hill.

At the time of Colonel Joyes' visit to this plant in August of 1917,
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it was decided that several chemists and chemical engineers frOm the
Nitrate Division would be sent to Laurel Hill to work with the General

Chemical personnel on the improvement of the process when it became
apparent that the process as it was in operation at Laurel Hill was not
as successful as it had been represented to be by the General Chemical
Company.

Men were assigned to the Laurel Hill laboratory at the rate of
about one or two per month beginning in November 1917.149
was among the first to be sent there.

Harry CurtiS

Upon arrival, the men were given

a five week course in the mechanical and chemical aspects of the plant.

Laurel Hill was not formally established as arindependent laboratory
until January, 1918.

At this time, with Curtis' transfer to Sheffield,

Major Hardee Chambliss became commanding officer.

The Nitrate Division

men worked with the General Chemical research personnel, bUt the
greatest need, as perceived by the commanding officer, was for additional men.

In early March, 1918, the total research staff, including

General Chemical personnel, was only twelve men.

At least twice that

number could have been kept busy, but as the construction work con-

tinued at the Sheffield site, engineers and chemists were needed there
to work on the problems which were arising with the construction of
the plant.

During the spring of 1918, it was decided to consolidate

all of the research at the Sheffield installation.

By the middle

of May several of the military staff had, been moved to Sheffield,

reducing personnel at Laurel Hill to seven, and by the end of June,

all of the experimental work had been either completed or transferred
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to the Sheffield laboratory.'50

The Synthetic Ammonia Process at Sheffield

In order to appreciate the type of research which was done at the
Nitrate Division laboratories, it is necessary to consider in some de-

tail the nitrogen fixation processes as they operated at the various
plants.

In the case of the Sheffield plant, it is also necessary to

understand the original Haber process as it was developed in Germany.

The General Chemical Company process differed from the BASE process in
only a few details, but these differences were important, in that they
were the cause for many of the difficulties which were encountered in,
the construction of the plant.

In making modifications in the BASE

process, it was necessary for General Chemical to incorporate into
their process techniques which had been tried by the German company
and found to be unsatisfactory.

In order to circumvent the BASF

patents, the General Chemical Company hoped to be able to adapt these
less satisfactory techniques into their new process.

This often

demanded a considerable amount of industrial research.
The Haber process is based upon the ammonia synthesis reaction,
3H2 + N2 == 2NH3.

The formation of the product in this reaction is favored by high pres-

sures, and although the reaction is exothermic, at the moderate
pressures at which the process was operated (less than 500 atm) not
enough product is formed to liberate the amount of heat energy
needed for activation.

Therefore, heat must be supplied to the
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reaction.

A catalyst is also necessary to accelerate the reaction rate

to one that is commercially feasable.

Although on paper the reaction appears to be a simple matter of
combining hydrogen and nitrogen in the presence of a catalyst, making
this into a commercially feasable manufacturing process proved to
be difficult.

susceptable to

As the catalysts used in the reaction are highly
poisoning it was desirable to begin with hydrogen and

nitrogen which were as pure as possible.

Pure hydrogen could be

obtained by the electrolysis of water, and pure nitrogen from the distillation of liquid air, but both of these processes are costly, and
not well-suited to the production of the large amounts of these gases
For

needed for the successful operation of a large chemical plant.

this reason, the reactant gases were obtained from less expensive
and more abundant sources, and required extensive purification.
In both the German and American synthetic ammonia processes,

hydrogen was obtained from the action of steam on heated coke, as
a component of what was called water gas.
many years as an illuminating gas.

This gas had been used for

The reaction

H20+CH2+CO
produced a mixture of gases which was typically about 50 percent
hydrogen.

It was discovered that the: hydrogen content of this mix-

ture could be enhanced slightly by adding more steam in the presence
of a catalyst, which would oxidize the carbon monoxide to carbon
dioxide:

CO + H20 == CO2 +
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Although this step increased the hydrogen content by only 2 to 3 percent, it served to transform most of the carbon monoxide to a form in
which it could be more easily removed from the mixture by dissolving
it in water.

The cheapest source of nitrogen was ordinary air, with or without
its oxygen removed.

The BASF process removed most of the oxygen by

combination with carbon.

The air was passed over hot coke, and the

oxygen combined with the carbon to form carbon monoxide.

The General

Chemical process did not remove the oxygen, and thus suffered some loss
of hydrogen by oxidation.

After purification, the gases were introduced into the ammonia
synthesis catalyst chamber, the resulting ammonia was removed, and the
unreacted gases were recirculated to the reaction chamber.

152

A more

detailed consideration of each of these steps in the German and Anierican processes., and a description of the research that was done to
improve them at Sheffield, follows.

Production of Reactant Gases

At Oppau, water

gas was produced with a composition of 4 percent

carbon dioxide, 43 percent carbon monoxide, 49 percent hydrogen and
*

4 percent nitrogen.

Nitrogen was obtained from 'lean" or "producer"

gas, made by passing air over hot coke, which reduced the oxygen and
and gave a gas composed of 5 percent carbon dioxide, 30 percent carbon

*

These and subsequent percentages of gas composition are by volume.
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monoxide, 15 percent hydrogen and 50 percent nitrogen.

The water

gas and producer gas were combined, and any deficit in nitrogen concentration was made up by adding pure nitrogen, derived from the distillation of liquid air.

At Sheffield, only water gas was manufactered.

The original plan

had been to inject air into the gas generator during the coke burning
process, thus producing a water gas with a high nitrogen content, and
generating the reactant gas mixture in a single step.

it was dis-

covered, after the process was put into operation that it was necessary
to add more air to the carbon monoxide converters to maintain their
high temperature, so that eventually all of the nitrogen came to be
added at this step, as forced air.

This was a basically inefficient

procedure, as the introduction of air at this stage resulted in the
oxidation of about 25 percent of the hydrogen and carbon monoxide,
whereas, in the original plan, this

uld not have occurred.

During

the brief period of operation at Sheffield, no pure nitrogen was
needed for gas composition adjustment.

There were indications, how-

ever, that had operation continued, and production rate been increased,
this probablj' would have been necessary.

Sheffield was similar to that at Oppau:

The water gas composition at
4 percent carbon dioxide,

44 percent carbon monoxide, 50 percent hydrogen and 2 percent nitrogen.153

A small amount of experimental work on these problems was

done at the Sheffield laboratory.

Carbon Monoxide Conversion

The water gas-lean gas mixture at Oppau was 4 percent carbon
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dioxide, 39 percent carbon monixde, 38 percent hydrogen and 19 percent
nitrogen.

To this was added a large excess of steam, as the mixture

passed over a catalyst bed.
chromium oxide promoter.
lower temperature.

The catalyst was iron oxide with a

Two catalyst beds were used, the second at

This reaction has an equilibrium which is favored

at lower temperatures, but the reaction rate is very slow.

So, if

most of the reaction can be carried out at high temperatures, the
remaining carbon monixde can be converted by the low temperature
catalyst bed.

At Oppau, all but 1.5 percent of the original carbon

monoxide was converted in this process.

The resulting gas composition

was 29.5 carbon dioxide, 1.5 percent carbon monoxide, 53 percent hydrogen and 16 percent nitrogen.

At Sheffield, as construction and modification to the process
progressed, the carbon monoxide conversion step
increasingly similar to that at Oppau.

of the process became

The original plan had been

to inject superheated steam into the catalyst beds, relying on the
steam to maintain their high temperatures.
inefficient and wasteful process.

This proved to be an

It was modifed by injecting air,

and burning the gas mixture in the catalyst chamber.

This served

the purpose of maintaining temperature, and also became the source of
the reactant nitrogen, but as stated previously, it also resulted
in the consumption of 25 percent of the hydrogen gas.

At the end of

the carbon monoxide conversion process,the composition of the emerging gas mixture was 29 percent carbon dioxide, 3 percent carbon monoxide, 51 percent hydrogen and 17 percent nitrogen.

It will be noted
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that the hydrogen and nitrogen concentrations were at this point in
the desired three to one volume ratio.'54
Most of the modifications in the carbon monoxide conversion process were made as a result of experiments done at the Laurel Hill
station.

Part of the apparatus at that station was a large carbon

monoxide converter, similar to the ones which vuld be installed at
Sheffield, and a number of the problems which Laurel Hill personnel
worked on involved this apparatus.

There was only one carbon monoxide catalyst chamber in the
Sheffield system.

Considerable difficulty was encountered with the

catalyst itself, which was prone to crumbling and packing.
originally been planned to pack it all into one deep bed.

It had

When this

was tried at the Laurel Hill laboratory, it was discovered to be
very unsatisfactory and it could be anticipated that even more
trouble would arise due to this type of packing in the larger catalyst
chambers planned for the Sheffield installation.

It was discovered

that efficiency of the catalyst increased when it was reduced to
half its depth.155

(The Oppau method of packing the catalyst into

shallow layers on grids was even more efficient).

There was no secondary catalyst chamber at Sheffield as there was
at Oppau.

One

of the original research problems at Laurel Hill had

been to test the efficiency of such a system, using two carbcn monoxide converters in series with the second at a lower temperature
from the first.156

Work on this problem was postponed until late in

the construction process because of the need for construction of
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apparatus, and the results were inconclusive, although had the operation of the Sheffield plant continued for a longer time, the adoption
of such an apparatus might have proved to be justified.157
Other experiments in this area at Laurel

Hill

included finding a

method for standardizing the carbon monoxide catalyst, work which continued after the laboratory was moved to Sheffield.'58

Hill

The Laurel

laboratory did a considerable amount of work on the improvement

of the carbon monoxide catalyst.

Soon after it had been decided to

use the General Chemical Process at Plant #1, General Chemical had
offered to build at Laurel

Hill

a small plant for the production of

the carbon monoxide catalyst, the ammonia catalyst, and the sodamide
that would be needed at the Sheffield plant.

These units were

completed early in 1918, and the production of the carbon monoxide
catalyst began immediately.

At the end of March, it was reported

that about 1000 pounds of carbon monoxide catalyst had been prepared,
and was ready for shipment to Sheffield.

The material was very fra-

gile, and it was necessary to take great care in its transporation.159
The carbon monoxide conversion experiments at Laurel

Hill

a great deal to improve that aspect of the Sheffield process.

did

One of

the most useful suggestions was to have an extra carbon monoxide
converter built into the line at Sheffield.

Carbonmonoxide conver-

sion was an essential step in the process, and experience at Laurel

Hill

had shown it also to be prone to breakdown, in which case, none

of the rest of the process could be operated.'6°
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Purification of Gases

Besides carbon dioxide and carbon monoxide, at this point

in the

process, the gas mixture still contained small amounts of water vapor,
oxygen and traces of other gases.

Most of the excess steam from the

previous step had been removed by condensation at the end of the
carbon monoxide conversion.

Because carbon dioxide is relatively

soluble in water, the easiest method for removing it was by water
scrubbing.

At Oppau, this was done at 25 atm for the catalyst chamber.

This removed about 99 percent of the carbon dioxide, as well as other
water soluble gases such as the oxides and hydrides of sulfur.

It also

removed from 7 to 8 percent of the hydrogen and nitrogen.

At Sheffield, the pressure was increased to the 100 atm used in
the catalytic reaction before the scrubbing took place.

The original

plan had been to do water scrubbing in three stages, with fresh water
being used at each stage.

Because the amount of carbon dioxide absorb-

ed is a function of the partial pressure of carbon dioxide rather than
of the concentration of already dissolved gas, this feature was
discovered to be unnecessary.

Very little more carbon dioxide was

removed by the additional scrubbing, but a significant amount of
nitrogen and hydrogen dissolved.
therefore eliminated.

The extra scrubbing stages were

Additional modification of the packing in

the scrubbing towers was also made, in order to provide maximum
turbulence in the gas flow.

The carbon dioxide released in this

process represented a considerable quantity of gas.
reclaimed for further use later in the process.

At Oppau it was

At Sheffield, it was
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simply allowed to escape into the air.

The effluent gas contained

only carbon dioxide after scrubbing.

The remaining carbon monoxide was removed, at both facilities,
by scrubbing with a cuprous solution.

At Oppau, the solution used

was ammoniacal cuprous formate, at operating temperatures.
solution could be regenerated by heating.

The

The gases given off by

this solution were, during the war, taken away to be used in the
manufacture of poison gases.

Removal of the carbon monoxide was

very complete, down to afew hundredths of one percent.

At Sheffield, the carbon monoxide removal system went through a
great deal of modification.

The original plan had been to remove most

of the carbon monoxide through scrubbing with hot, concentrated caustic
solution, finishing with scrubbing with a cuprous solution.

The equip-

ment necessary for this high-pressure, high-temperature scrubbing

was very complicated and costly.

Trial runs accomplished at those

few times when the whole system could be caused to operate properly
showed that 75 percent of the carbon monoxide was removed by hot
caustic scrubbing.

The difficulties with the operation of this system

proved to be insurmountable.

Hot caustic scrubbing was finally

abandoned, and all of the carbon monoxide removed by scrubbing with
cuprous solution.

The caustic scrubbing system was allowed to remain

as part of the process, cold, and served to remove residual carbon
dioxide and hydrogen sulfide after the water scrubbing.

The solution

used was cuprous ammonium carbonate, which gave the same results as the
formate, but which had an unfortuante tendency to precipitate metallic
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copper while in use, and to break down during regeneration.

This step

had been intended to be followed by refrigeration of the gas to condense water.

After discarding the hot caustic system, it was decided

to extend the refrigeration to the cuprous scrubbing step, which gave
an effluent gas of higher purity, having only a few hundredths of one
percent of carbon monoxide.

At Oppau, the gases were sent through a caustic scrubber for final

purification, this acting as a back-up system for the other purification systems.
chamber.

The gases were then sent to the ammonia catalyst

No additional purification was done, although water vapor

and small quantities of the oxides of carbon still remained.

The

Sheffield catalyst was too sensitive to poisoning to use gas of this
quality, therefore, at Sheffield refrigeration and dessication with
soda lime followed.'6'

Most of the experimentation on the gas purification systems was
done at Laurel Hill.

The Laurel Hill facility was supplied with a

water scrubber, a caustic scrubber, a cuprous ammonium carbonate
scrubber and a dry purification system all similar to those that
would be installed at the Sheffield plant.

Several research projects

were proposed in this area when the laboratory was established:
investigation of the effect of increasing the caustic scrubbing
pressure to 14,000 pounds; improving the gaskets on the caustic
scrubbing apparatus, which had a tendency to leak at high pressures;
and investigating the effect of heating and moistening the gas before

it entered thot caustic scrubber)62

Page 96

Considerable difficulty was experienced with the operation of the
It tended to become plugged due

hot caustic scrubber at Laurel Hill.

to too rapid heating of the caustic solution, and had to be cleaned
out at regular intervals.

As operation of the experimental plant

continued, the scrubber became plugged at increasingly short intervals.
The scrubber solution, moreover, had to be replaced whenever the
dissolved carbon monoxide reached 0.5 percent, about every second
week.163

It was these circumstances that forced the eventual

abandonment of the hot caustic system.

The small scale plant was shut down for nearly seven weeks of the
Laboratory's eight-month existence in conjunction with one of the
experimental projects mentioned above.
caustic scrubbers were installed.

During this time, high-pressure

This proved to be a successful

modification, and gave an increased scrubbing efficiency.

The other

experiments on the caustic scrubbing apparatus were not as dramatic,

and resulted only in minor modifications of the apparatus.164
Several of the Laurel Hill experiments were concerned with the
residual carbon
cuprous ammoniuni carbonate scrubber for the removal of
monoxide.

This process had originally been planned as a back-up sys-

tem to the hot caustic scrubbing.

When the hot caustic system was

modified to cold caustic, it no longer removed the carbon monoxide.
Nevertheless, it was left in the system to remove residual carbon
dioxide and sulfides.

This left the entire burden of carbon monoxide

removal to cuprous car1onate system.

This solution could be regen-

again.
erated by removal of the carbon monoxide, and used over
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A number of experiments were concerned with discovering the best
method for regenerating the solution.

Finely divided nickel was

suggested, but correspondence with W. R. Whitney of the General

Electric Laboratories indicated that this would not be an effective

method)65

A search for a different packing material for the scrubbing

tower yielded no good results.

The analytical division, on the other

hand, was able to come up with a successful method for the quantitative
analysis of hydroxide, carbonate and formate in the presence of each
other.166

A study of gas flow in the scrubbing towers showed that

it was more efficient if the gas flowed down through the tower rather,
than

Additional work was done on many of these problems at Sheffield.
In the scrubbing system, a tower packing was developed which increased
the turbulence of gas flow, and provided better absorption of the
gases.

It had been found to be impossible to maintain leakproof pipe

joints in the hot caustic scrubber, as well as to overcome the plugging problem at Laurel Hill, so it was very encouraging for the
Sheffield researchers to discover that the efficiency of carbon
monoxide removal was nearly as great with cold caustic and cuprous
solutions as it was with the hot caustic.168

The modified system for

the removal of gaseous imparities was not perfect, but it was adequate
to the successful operation of the process.

The Ammonia Synthesis

The purified gases were then passed into the catalyst chamber for
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synthesis of ammonia, which took place at high temperatures and
pressures.

At Oppau, the catalyst chamber was carefully constructed

of layers of forged steel and refractory brick.

Special precautions

were taken to prevent the steel from being attacked by hydrogen and
ammonia.

The Haber catalyst was known during the war years to be

composed of pure iron with aluminum oxide and potassium oxide promoters.

This catalyst was relatively rugged, yielding atout 4 to

5 per cent ammonia, less than the equilibrium quantity predicted
for that operating temperature and pressure, but little impaired
in its behavior by the presence of residual impurities.'69

The

synthesis reaction is exothermic, but the small percentage of ammonia
formed was not enough to maintain the operating temperature, so a
heat source was needed, which was provided by hydrogen and oxygen
burning in the reaction chamber.

The predicted equilibrium concen-

tration for a pressure of 200 atm. and 5000 C. under the conditions
at Oppau is about 10 per cent.

The presence of water vapor in the

catalyst chamber reduced this yield by one half.170
The ammonia converter at Sheffield was simple in construction
compared with that at Oppau.

No arrangement was made to protect

the bomb from the action of the gases, or to cool it.

The gases

were heated by an external heater just before they entered the
reaction chamber.

The heating process proved to be very inefficient.

It was estimated that even electrical heating could not have been
more expensive, under these conditions, than the steam superheating
method that was used.'71
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The most important body of research that was carried out with
respect to the ammonia synthesis itself was the attempt to discover
an improved catalyst.

The catalyst prepared by the General Chemical

Company was a spongy iron into which metallic sodium and sodamide
were incorporated in the molten state.

The process by which this

catalyst was prepared was complex, and subject to many problenis.

Jt

was claimed that this catalyst was more efficient than that used in
the Haber process at Oppau.

However, because of its highly reactive

nature, the General Chemical catalyst was subject to attack by
oxygen, water vapor, and the oxides of carbon..

In the intermittent

operation of the Sheffield plant, the desired gas purity was never
attained, so it is not known if this catalyst actually was superior
to the Haber catalyst.

Because steady operating conditions were

never attained at the plant, no reliable figures are available to
indicate the percentage of ammonia which actually was produced by
this catalyst.

Some catalyst experiments had been planned for both Laurel Hill
and Sheffield.

Laurel Hill had available three ammonia converters,

but the experimental plant there was not in continuous operation
for a long enough period of time to allow any of the planned-for
experiments to be performed.

It will be recalled that the General

Chemical Company had built at Laurel Hill a catalyst preparation
plant for the production of both the carbon monoxide and the ammonia
catalyst.

Production of the ammonia catalyst was begun in the spring

of 1918, although the first batch of that catalyst was not shipped
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to Sheffield until July, due to production difficulties.'72

The

Laurel Hill facility was closed shortly after that, and the catalyst
production facilities moved elsewhere.
The most important work on the Ger,e'ral Chemical Company catalyst

for use at the Sheffield plant was done at the Arlington Farms experimental laboratory.

For two or three years prior to the United States' entry into the
war, the Bureau of Soils of the Department of Agriculture had operated
an experimental unit at Arlington Farms, Virginia, where some ammonia
sythesis research had been carried on under the direction of Dr.
R.

0.

E. Davis of the Bureau of Soils.

The amonia synthesis work,

which had been begun in July 1917, was done by L. H. Greathouse under
Davis' supervision, and was concerned with the electrolytic oxidation
of ammonia in solution.

It was discovered that passing an electric

current through a solution of ammonia or ammonium salts xuld give
amnionium nitrate in solution at the anode, where nitrate was produced

by the oxidation of the ammonia nitrogen by the oxygen which was
generated there.

At the cathode, hydrogen gas was generated.

It

was hoped that an industrial procedure could be worked out utilizing
this process which could serve a double purpose:

to convert ammonia

to nitrate with greater ease than by the Ostwald oxidation process,
and to be a source of pure hydrogen gas to be used in the ammonia
synthesis.

Work on this project continued through the spring of

1918, but was eventually given up as unsuccessful.173
In July 1918, the Nitrate Division took over the laboratory,
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with its personnel and facilities, in order to conduct tests on
catalysts being developed for the Sheffield plant.

In August, after

the Laurel Hill detachment had been moved to Sheffield, it became
apparent that the Laurel Hill catalyst plant, which had been built
to supply Sheffield, was not going to be able to provide enough of

the amonia catalyst to maintain that plant in operation.

Therefore,

a small catalyst manufacturing plant was constructed there, and began
operation in October, 1918.174
This laboratory thus had two major functions:

general research

on ammonia oxidation, and catalyst manufacture and testing.

Dr.

Davis continued as supervisor of research until he was replaced by
Major Harry Curtis, who came to the Arlington laboratory in February
1919, after the closing of the Sheffield plant.

The primary work done during the winter of 1918 was on the
improvement of the General Chemical ammonia synthesis catalyst.

The

General Chemical catalyst was prepared by dissolving iron in nitric
acid, which was then neutralized with ammonia, causing iron hydroxide to precipitate.

Kaolin was added as a binder, the solids were

mixed, filtered and dried.

This mixture was then placed in a

reduction furnace, where the iron oxide was reduced to metallic iron
with hydrogen.

As a last step, molten sodium and sodamide were

added, to become incorporated into the spongy iron-kaolin mass.175
This process proved to have many difficulties when attempted on a
large scale.

The main one was the length of time that it took to

produce a batch of catalyst.

The iron dissolved very slowly in the
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nitric acid; it was almost impossible to get a uniform mixture of the
iron and the kaolin, and it took four days in the reduction furnace
Another problem arose in

to reduce 80 per cent of the iron oxide.
the addition of the molten sodium:

if it wereadded too quickly

at too high temperatures, it would react with the aluminum and silicate
of the kaolin with explosive speed.'76
slow, and costly.

The process was cumbersome,

Priority was therefore given to the improvement of

this process. Initially, concern was with finding a new base material
for the catalyst.
caustic soda.

A first attempt used a mixture of iron oxide and

When this mixture was ignited, a mixture of iron oxide,
This was then reduced

iron ferrite and caustic soda was produced.

with hydrogen to a spongy iron base into which the molten sodium
and sodamide was incorporated.177
it proved to be unsatisfactory.

Even though this method was cheaper,

The caustic soda was not evenly

distributed, and could cause problems later.

When the sodium was

added, it liberated hydrogen from ammonia which reduced the sodium
ferrite.

Moreover, the base material was not porous enough to

incorporate enough sodium to allow efficient operation of the catalyst.178

Several solutions were proposed:

to prepare spongy iron

by electrolysis, to try new binders such as calcium oxide or sodium
silicate, to prepare a new base material by ignition of solid iron
nitrate or a mixture of iron hydroxide with ammonium nitrate.179
Research on the catalyst centered around these three objectives.
A listing of the research reports presented during the winter
of 1918-19 gives a fairly good idea of the thrust of research
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during this period:
December 30, 1918.

Methods for Measuring Gas Flow in

Catalyst Preparation Plant.
December 30, 1918.

Chemical Analysis of Reduction

Products in Catalyst Preparation Plant.
December 26, 1918.

Review of Work Done on Preparation

of Catalysts at Catalyst Preparation Plant.
December 28, 1918.

Power facilities and Mechanical

Features of the Catalyst Testing Plant.
January 4, 1919.

Results Obtained and Difficulties

Encountered in Operation of Catalyst Testing Plant
with Program for Further Experimental Work on Catalyst
Preparation.

December 14, 1918.

Chemical Control Methods used in

Catalyst Testing Plant.
December 24, 1918.

Description of Various Parts of the

Catalyst Testing Plant.

180

At the beginning of February 1919, after the closing of the
Sheffield laboratory, the enlisted personnel were discharged, and
Harry Curtis took over the directorship of the Arlington laboratory.

In his first report, Curtis noted that seventeen catalysts had been
tested during the first months of the laboratory's operation, but no
records remained of what these were, or how they were prepared.

He

also expressed dissatisfaction with the inadequacies of the gas purification system.

At this time, he proposed to close down the catalyst
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preparation plant, as with the closing of the Sheffield plant there
was no further need for the production of large quantities of catalyst.
He recommended that catalyst testing should go into twenty-four hour
operation, and that particular attention should be given to those
catalysts in use in Europe.181

The remaining life of the laboratory

was to be short, however, as in March 1919

it was reorganized into

the Fixed Nitrogen Research Laboratory, and moved to Washington
0.

C. and the Arlington Experiment Station was returned to the Bureau

of Soils.

Removal and Conversion of Ammonia

In the BASF process, the ammonia was removed from the system
by water scrubbing, and the resulting solution stored as aqua ammonia.

The gases were then recirculated into the stream leading to the
catalyst chamber.

It can be seen that due to this removal process,

as well as to the heating process within the catalyst bomb, the
reactant gases always contained a quantity of water vapor which
impaired the catalytic reaction.

At Sheffield, the sensitivity of

the catalyst to water would not permit this method of removal of the
ammonia.

The original plan specified gas removal by refrigeration,

which would not introduce any impurities into the circulating stream.
It was discavered that the refrigeration system which had been
installed was not adequate, and so the compressors which had orig-

inally been intended for the second and third units at the plant all
had to be installed on the first unit.

A second problem encountered
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was removing the liquid ammonia, which condensed as a fine mist upon
refrigeration of the gases.

This was done by inserting a vertical

metal plate into the horizontally-flowing stream of gas, but this
method proved to be very inefficient, and the problem became a
subject for research.

In both the Haber and General Chemical proces-

ses, after the removal of the ammonia, the unreacted nitrogen and
hydrogen were re-circulated to the catalyst bomb.

A theoretical

problem which never required a solution was inherent in the buildup of inert gases in the recirculated gas.

As it happened, unavoid-

able leakage in the system was so great that it never became necessary to confront this difficulty)82

Because the desired product for explosives manufacture was nitric
acid, an experimental unit for the oxidation of ammonia to nitric
acid was constructed in conjunction with the synthetic ammonia process
at Sheffield..

This unit was a modification of the Ostwald oxidation

process, which utilized a platinum catalyst.

Much of the experi-

mental work planned for the Sheffield laboratory was concerned with
the nitric acid unit.

Some of the original objectives of Major Curtis

when he took over command of the Sheffield laboratory in January 1918.
had been:

to put the experimental ammonia oxidation unit into

operation; to construct and operate a small laboratory tower system
to determine if nitric oxide could be converted to nitric acid in
a saturated solution of ammonium nitrate; to find a catalyst to speed
up the above reaction.'83

In the following months, several additional

research problems involving the nitric acid converter were added:

Page 106

effect of platinum gauze wire mesh size on its effectiveness as an
ammonia oxidation catalyst, absorption of nitrose (sic) gases, tests
on acid-proof materials, effect of nitric acid on aluminum, and preparation of mixed acids.184

Work continued on these projects until

the closing of the laboratory and the plant in January 1919, and
contributed to the improvement of the ammonia oxidation unit.
In summary, then, except for a different catalyst, and a few
minor technical modifications, the synthetic ammonia process of the
General Chemical Company was the same as the BASF process.

This

is understandable, if one considers that the aimof the General Chemical Company had been not so much to develop an entirely new method
of synthesizing ammonia, if indeed such a thing would be possible,
as to modify the Haber process, with which their technicians were
already familiar, in such a way as to avoid having to pay the high
royalties which were attached to the use of the BASF patents.

In

doing so, they were obliged at several points to adopt techniques
that the Germans had tried and found to be unsatisfactory.

Thus,

there were many areas in which further research and refinement of
the process was necessary, and which inspired research at the Nitrate
Division laboratories.
It can be seen that the experimentation that went on at the

wartime laboratories was exclusively directed toward the improvement
of the synthetic ammonia process as it was being constructed at Sheffield.

Although the Sheffield plant was not reopened after it was

shut down in 1919, the research nevertheless had a very great value
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to the General Chemical Company.

They had come to the government

with an experimental and untried process, and at the end of their
association with the government at Laurel Hill and Sheffield, the
process had been improved to such a degree that it could be immediately
utilized on a commercial scale by that company.

Other research problems of an engineering nature were also given
consideration at the Sheffield and Laurel Hill laboratories.

For

a complete listing of the research projects done at these two laboratories, see Appendix II.

Disposition of Plant #1

The original plan for the Sheffield facility had been to con-

struct there three independent units, two of 7.5 ton per day capacity,
and one of 15 ton per day capacity.
only one was actually completed.

Of these three projected units,

Units 2 and 3 were partially

completed.

At the time of the Armistice, Unit 1 had been in intermittent
operation in various of its components.

Construction at the plant

site continued at a reduced level after the end of the war, until
January 1, 1919.

The plant was converted to standby status until

modifications could be made in the process which would guarantee its
more efficient operation.

About $19,000,000 had been spent in con-

struction and operation of the plant, but only $53,000 of that had
come from the National Defense Act appropriation.

The construction

of the nitric acid concentration facility and the ammonium nitrate
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production sections had made it elegible for other armament and
defense funds.

U. S

Nitrate Plant #2

Very soon after beginning the construction of Plant #1, it

became apparent that the plant wouldnot be completed with the speed
which had been anticipated.

There was growing concern in the War

Department that Chilean imports would be cut off, leaving the United
States without a source of nitrate supply.

In October of 1917

War Department personnel anticipated a serious deficiency in the
supply of explosives, and an urgent need for ammonia.

The War

Department turned to the only currently operating fixed nitrogen manufacturer in the Untted States:

the American Cyanamid Company.

American Cyanamid not only held a monopoly on the patent rights to
the process, it also had the only cyanamid plant, and all of the
personnel experienced in the operations of that process, on the North
American continent.

American Cyanamid obviously had advantages in the negotiations
which followed, but there was one seemingly insuperable obstacle:

the

money authorized by Congress under the National Defense Act was
specified for the government construction of government owned and
operated plants.

All of Washburn's previous proposals had been

directed to the construction of a plant which would eventually become
the property of American Cyanamid, and he was reluctant to change that
stance.'87

Meetings of General Crozier and members of the Ordnance
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Department with Washburn and Bernard Baruch and other members of
the War Industries Board finally led to an agreement reluctantly
accepted by all parties concerned.

The American Cyanamid Company, unwilling to commit all its assets
unconditionally to this project, created a subsidiary, the Air Ni-i

trates Corporation, which would design and construct the plant, paying
their parent company one fourth cent per pound of ammonium nitrate
produced.

The government would then pay Air Nitrates a fee equi-

valent to 3.5 per cent of the cost of the plant, or $1,000,000, which-

ever was less, for designing and constructing the plant, and one
fourth cent per pound of ammonium nitrate produced for operating the

plant88

Because this involved construction of. the plant by private

industry, the funds would have to come from some source other than
the nitrate appropriation.

They were ultimately supplied from a

general appropriation which had been made to cover munitions manufacture.

Included in this construction was to be a steam-powered electrical
plant and a facility for conversion of cyanamid to ammonia.

At the

same time, the War Department gave approval to the construction of
a dam and hydroelectric facility at Muscle Shoals, which, as it was
not associated with private industry in the way that Plant #2 was,
could be built using National Defense Act funds.

In 1917, $500,000

was allocated from the National Defense appropriation for dam con-

struction, to be followed by an additional $12,600,000 the next
year.

It was realized that this dam could not be completed for five
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to six years, and by the time the plans had been completed, it was
obvious that the war would not continue much longer, so active work
was not begun on it until after the Armistice.'89

Washburn thus

saw the accomplishment of that for which he had worked for so long,
but not in the way he had anticipated.

It was to be as a govern-

ment owned and operated facility that a nitrate plant would rise at
Muscle Shoals.

His Alabama Power Company was to derive some

benefit from the construction of the plant.

Operation of the plant

was estimated to require 90 megawatts of power.

The steam gener-

ating plant would only be able to supply 60 megawatts on completion.
Additional power would be purchased from local suppliers.

In December

1917, the Alabama Power Company agreed to build a power transmission
line from its Warrior station on the Black Warrior River in return
for the government's building a new steam generating plant at that
site.

The government would then pay the Alabama Power Company 6.5

mills per kilowatt hour of power received)90
Construction on the plant complex began as soon as possible,
which was after the extension of a railway track into the plant site
in January 1918.

It continued throughout the winter of 1917-18, in

spite of difficulties caused by unusually severe weather and the
influenza epideniic.

At the peak of the construction effort, 19,000

men were at work on the site organized into three eight-hour shifts
per day.

By the end of October 1918, the plant was sufficiently com-

pleted to permit one fifth capacity operation.

The Warrior substation

power facility was not completed until early in 1919.

Once again,.
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the first finished product was not manufactured until after the
signing of the Armistice.

It was decided at the war's end that Plant

#2 should be completed, and that was done, although reducing the
number of men on the site, and working one eight hour shift per day.
The plant was completed in the summer of 1919.

Each part of the

process was given a two-week test run, and the plant was then placed
in stand-by condition.

The Muscle Shoals power generator was

finally completed in August 1919, and was operated for a few months
during 1920 as a test, the power being sold to the Alabama Power
Company.'91

The Cynamid Process at Plant #2

The basis for the cyanamid process is the combination of
calcium carbide with nitrogen,
CaC2
to form calcium cyanarnide.

+

N2

=

+

CaCN2

C

As with the synthesis of ammonia, the

industrial application of this reaction is not as simple as it
appears on paper.

of calcium carbide.

The process involves, first of all, the production
This is usually done by burning limestone to

form calcium oxide, and fusing the calcium oxide with carbon in an
electric furnace to form calcium carbide.192
At Muscle Shoals, limestone was at first obtained from a nearby
commercial quarry.

Later when it appeared that more limestone would

be needed than could be supplied there, the government purchased its
own quarry.

The limestone was crushed and heated to a temperature of
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11000 C in a rotating kiln, during which process carbon dioxide was
lost.

Carbon was provided in the form of coke.

The carbide forming

step,

CaD

+

3C

=

CaC2

+

CO

requires high temperatures, not just for activation, but because it
is an endotherniic reaction, requiring 121 kilocalories of energy per
mole of carbide formed.
an electric furnace.

This high temperature is best provided by

The lime fuses and reacts with the carbon to

form molten calcium carbide, which can then be removed through the
bottom of the furnace.

Power consumption at Muscle Shoals was 3630

Thecarbide was then

kilowatts per hour per ton of pure carbide.

ground to a very fine powder, first in a ball mill, then in a tube
mill, and catalyst was added in the final stages of grinding to form
an intimate mixture.

Because the carbide reacts with water to form

acetylene, which is explosive when mixed with air, all of the processes
after the coarse crushing were carried out in a nitrogen atmosphere.

Nitrogen was obtained, at a required purity of 99.8 per cent by the
distillation of liquid air in a Clau4e apparatus.

The original

cyanamid process had utilized producer gas as a source of nitrogen,
which was purified by passing it through heated copper/copper oxide,
followed by water scrubbing.

The nitrogen gas is brought into contact with the finely ground
calcium carbide which has been heated to about 1000° C.
is:

CaC2

+

N2

=

CaCN2

+

+

97.8 kcal.

The reaction
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At best, this reaction was only about 85 per cent efficient, and one
proposed research activity was. to attempt to increase this efficiency.

Some work was done on this at the Arlington laboratory.

The reaction,

which proceeds very slowly with pure substances, is catalyzed by the
addition of one of several inorganic salts.

The first catalyst to

be used was calcium chloride, but its tendency to absorb water was
deleterious to the reaction.

Calcium fluoride was later found to

work equally well, although it did not lower the reaction temperature
as well as the chloride did.

It could however, be used in much smaller

quantities, and exists naturally as the mineral fluorspar.

The nitri-

fication ovens at Muscle Shoals were of a discontinuous operation
type, with a capacity of 1600 pounds of carbide per charge, and a
running time of twenty-four hours per charge.

Because the reaction

is exothermic, it was necessary to supply heat for the first few
hours only.
was:

The average composition of the product at Muscle Shoals

calcium cyanamid,, 61.2 per cent; calcium oxide, 20.0 per cent;

carbon, 12.5 per cent; and other calcium compounds (mostly carbides),
1.74 per cent.

There also remained 4.4 per cent of other impurities.

The presence of unreacted calcium carbide was definitely
objectionable, and in order to remove it, the product was ground
and sprayed with water.

This produced a dusty product, which attacked

the skin, and was also mildly toxic to humans.

A further stepthus

became necessary if the cyanamid were to be stored, or handled to
any extent.

This was generally accomplished by hydrating the cyanamid

with six to seven per cent water, and then spraying it with three
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to four per cent cheap mineral oil.

The material could then be used

in this form as fertilizer with little danger from dut.
For munitions manufacture, it was necessary to convert the
Ammonia conversion was

product to ammonia, and then to nitric acid.

accomplished by treating the cyanamid with steam in an autoclave,
where it underwent the reaction

CaC2

+

3 HO

2 NH3

+

CaCO3.

Addition of a 3 per cent sodium hydroxide solution accelerates the
reaction.

The ammonia was generated mixed with the excess steam,

which was removed by fractional distillation of the liquefied mixture.
At Muscle Shoals, some of this ammonia was further oxidized to nitric
acid, and the remaining ammonia was combined with it to form ammonium
nitrate.

194

Very little research was done on the actual cyanamid process
by governmental personnel.

The cyanamid process was successful in

its operation before it was adopted for the plant at Muscle Shoals.
Moreover, the American Cyanamid Company made it clear that it did not
want its patented processes to be altered, perhaps fearing that the
government might develop a modification of the process that could be
used in spite of the American Cyanamid patents.

What experimen-

tation was done on the cyanamid process was done by the American
Cyanamid personnel.

Nevertheless, the existence of the Muscle Shoals

plant prompted a good deal of research.

The research, however, con-

cerned itself with finding a peacetime use for the calcium cyanamid
which was produced by the plant.

This research was done at the Fixed
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Nitrogen Research Laboratory after the war and will be discussed in
the next chapter.

Nitrate Plants #3 and #4

Repeated German successes in France led the War Department to
increase their estimates of the amounts of explosives which would
be needed to continue to meet the German offensive.

In February 1918,

it was decided that an additional cyanamid plant should be constructed.
A search for an appropriate site began soon after.
new German victories prompted more action.

A month later,

Still another "nitrate

commission" was formed, consisting of A. A. Noyes, General Wheeler,
Admiral Earle, C. L. Parsons, Leland L. Summers, Gano Dunn and W. R.
Whitney, for the prupose of choosing which process would be used in
a fourth nitrate plant.

At the end of March, this commission reported

that the cyanamid process would best be employed, in spite of its
greater cost, as the General Chemical process had proved to be too
unreliable in its current state.

195

Negotiations with Air Nitrates Corporation were begun immediately,
but due to irreconcilable differences of opinion, dragged on for more
than two months, until the government finally stated that an agreement must be reached by June 8.

Air Nitrates approved an agree-

ment similar to the original contract of November 1917.

The govern-

ment had managed to obtain a new clause, however, which allowed more
Nitrate Division control of the actual construction.196

A lack of

this kind of control in the original contract had led to many alleged
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extravangances by the construciton contractors, which tu1d lead
to a congressional investigation in coming years.

The site search committee had settled on Kingsport, Tennessee
as their first choice.197

Meanwhile, a debate was going on in Con-

gress, precipitated by the introduction of a bill to allow the condemnation of land in the Muscle Shoals area which was necessary to the
expansion of Plant #2, but which was being he'd by specualtors.

This

bill was passed by the Senate with little comment, but when it arrived
in the House, it was immediately attacked by Representative Nicholas
Longworth of Ohio, Theodeore Roosevelt's son-in-law and staunch upholder of Roosevelt's conservationist ideals.

Longworth had been a

long-time opponent of the attempted development of Muscle Shoals,
and viewed Washburn's success in getting a major dam and cyanamid
plant built there, because it would be government owned and operated,
as the socialistic camel's nose pushing into the tent.

The bill was

eventually passed in the House after a vigorous debate in which Longworth played a major role.198

Scarcely two weeks later, to the sur-

prise of all, it was announced that the President had chosen sites
for the two new nitrate plants, United States Nitrate Plants #3 and
#4, at Toledo and Cincinnati, Ohio, respectively.199
Construction of Plant #3 began in August 1918.

By the end of

the war, all of the foundations for the permanent buildings had
been completed, and the structural steel for several of the buildings
had been erected.

The same situation existed at Plant #4.

In mid-

November, 1918, all work on the plants was ceased, except for several
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small buildings which were completed and used for storage.

These

plants were eventually turned over to the War Department salvage
board, and disposed of by that department.

Slightly over $7,000,000

had been spent on each of these two plants.200

United States Chemical Plant #4

During the Fall of 1917, an appeal came from the French High
Commission, asking the United States for aid in the production of
cyanide compounds which could be used in the manufacture of poison
gases.

Parsons' reports had recommended the utilization of the Bucher

cyanide process by the government, and $200,000of the National Defense
Act money had been set aside at that time for further research on
that process.

In late December, 1917, the War Department appropriated

$750,000 for the construction of a Bucher process plant near the
already existing experimental plant of the Nitrogen Products Corn-

pany, the originators of the process, at Saltville, Virginia.
Parsons was made director of this project.

Charles

The plant was completed

by November 2, 1918, at a cost of $2,400,000, and was operated for
about a month, producing a total of 7600 pounds of sodium cyanide.

A number of unexpected problems developed during the construction
and operation of the plant which made it obvious that the process
would be too costly for peacetime operation.

The Nitrate Division

and Chemical Warfare Service were left with joint responsibility
for disposing of the plant.

It was finally decided in July1919

to transfer it to the Salvage Board, because no bids had been received
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for its sale.201

The Bucher process involved briquetting a mixture of soda ash,
carbon and iron, feeding these dried briquets into a heated iron
retort with nitrogen gas, where this reaction takes place:
Na2CO3

+

4C

+

N2

=

2NaCN

+

3C0

-

138 kcal.

The product was then removed as cyanide by leaching, or could be
converted to ammonia by the action of steam.
could be re-cycled.
advantages:

The unreacted residue

It was claimed that this process had several

low temperatures, which did not require electrical

energy, low fuel requirement, inexpensive and abundant raw materials,
low capital outlay due to the simplicity of the process, and because
of all of the former, plant locations would not be limited geographically.202

The process, however, did not meet expectations.

One

of the chief problems was with the retorts in which the reaction took
place.

Only iron had the necessary structural strength and heat con-

ductivity, to be used as a container, but at the operating temper-

atures of the reaction the iron was attacked and oxidized by the
mixture of gases, especially the carbon monoxide which was present.
The rate of cyanide production also proved to be much slower than had
been predicted by Bucher, and the resulting long heating period
reduced plant capacity considerably.203

The cost of ammonia pro-

duced by this process was calculated to be 53 cents per pound, much
higher than the cost of producing ammonia from cyanamid.
Bucher process was abandoned after the war.

204

The
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Disposition of the United States Nitrate Plants #2, 3 and 4.

After the completion and trial operation of Plants #1 and #2,
they were both placedin standby condition.

It had become apparent

that the process in use at Plant #1 required a considerable amount
of revision, but Plant #2 had been operated successfully, and awaited
some future governmental use.

The drafters of the orignial legis-

lation had made provision for the manufacture of fertilizer, 'and
other useful products', but the new Congress saw the peacetime operation of the plants by the government as contrary to all principles
of American economic tradition.

The congressional controversy raged

for more than a decade, during which time the plants stood idle,
and the Wilson Dam was completed.

Finally in 1932, after years of

debate on the possibility of selling the plant-dam complex., as opposed

to governmental ownership and operation, Franklin D. Roosevelt, in
one of tie first actions of his administration, made the Muscle Shoals
complex the nucleus and headquarters of the Tennessee Valley Authority.
Plant #2 was remodeled and put into operation.
reactivated.

Plant #1 was never

(For the complete and fascinating history of the Muscle

Shoals controversy after the war, the reader is directed to Preston
J. Hubbard's book, Origins of the TVA.)205

Other Wartime Government Research

Many private and industrial laboratories were also involved in
experiments designed to improve the operation of one or the other of
the nitrate plants.

American Cyanamid Company cooperated in research
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on cyanamid conversion to ammonia.

Cyanide processes were investi-

gated at the government's Greene, Rhode Island experiment station
and at the Bucher process plant and laboratories of the Air Reduction
Company at Jersey City, New Jersey.

Dr. Willis R. Whitney, founder

and director of the General Electric Laboratories, had been a
member of the various Nitrate Committees, and acted as a consultant
for much of the work that went on at Sheffield.

The General Electric

Laboratories also did considerable work on the cyanide process for
the government.

Various research problems were funded at universities and research
institutions.

The Geophysical Laboratory of the Carnegie Institute

did investigations on the production of nitrogen compounds.

A. A.

Noyes, another committee member, supervised investigations on nitrogen
oxide-nitric acid equilibria at Massachusetts Institute of Technology.

The University of Michigan, Columbia University and the University
of West Virginia did various gas studies, and E. C. Franklin of Stan

ford worked on finding amides which could be substituted in the
General Chemical catalyst for sodamide.206

The need to revise the synthetic ammonia process, and to find
some use for the $100,000,000 worth of idle government property led
to one of the most important consequences of the government's nitrate
supply program:

the establishment of the federal Fixed Nitrogen

Research Laboratory, which will be discussed in the next chapter.

There were other significant results from the building of the synthetic
ammonia and cyanamid plants.

The choice of the General Chemical
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synthetic ammonia process represented a choice of American industry
less

over German.

It would have been easier and surely/fraught with pro-

blems to have built only cyanamid plants for wartime needs.
cyanamid process was well-tested and successful.

The

If that hadhappened,

no doubt when the war ended, the Haber process would have become available to the world as the only successful synthetic ammonia process,

and once again American manufacturers would have been dependent upon
the German chemical industry.

As it was, the choice of the General

Chemical synthetic process served to establish an American synthetic
ammonia industry.

Not only did this government support serve to create an American
process for synthetic ammonia, large quantities of government money
were put into the improvement of this process.

Although the wartime

research was strictly utilitarian in nature, it was not insignificant.

It was this research that made the General Chemical Company's

process economically feasable to operate.

By the end of the war,

the Company was able to take its improved process, anduse it to build
a large synthetic ammonia plant in Syracuse, New York.
completed in 1921, was an economic success.

This plant,

General Chemical would

not have been able to build a successful plant so quickly without the
government research which had been done during the war.

General

Chemical had postponed its plans to build a plant using its experi-

mental process at the outbreak of the war because it had been unable
to obtain the equipment necessary to construct and operate the plant.
The government suffered from no such restrictions, and so was able,
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in effect, to build General Chemical a full-scale pilot plant, with no
limitation of expenses or manpower.

It then assigned teams of indus-

trial chemists and engineers to solve the problems in design as they
arose, a course of action which no company acting independently,
would have been able to afford.

This government assistance served

to establish the General Chemical Company as the only viable synthetic
ammonia manufacturer in America at the war's end.

The next phase of research effort at the government laboratories
was concentrated upon improving the existing industrial processes so
that the plants could be put back into operation, either to produce
nitrates in some future war, or to produce fertilizers for peacetime use.

This research involved work of a more theoretical nature

than that done at the wartime research facilities, and was done at
the Fixed Nitrogen Research Laboratory in Washington 0.

C.
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CHAPTER V

THE FIXED NITROGEN RESEARCH LABORATORY, 1919-1926

Postwar Government Nitrogen Research

Although the operation of the nitrate plants was discontinued
at the end of the war, government nitrogen fixation research continued.
The War Department wished to keep the plants for possible use in
future emergencies.

It was therefore desirable to continue research

on the improvement of the synthetic ammonia process, in order that
Plant #1 could operate more efficiently, and to find some market,

or at least outlet for the materials which were produced at both
plants, should they continue to operate during peacetime.

It was

these concerns that inspired the establishment of the Fixe.d Nitrogen
Research Laboratory (FNRL).

The cyanamid plant at Muscle Shoals was complete and fully
operative.

Its brief period of trial operation had demonstrated that

it could successfully produce calcium cyanamideand this could be converted to ammonium nitrate.

If the government wished to continue to

operate this plant in peacetime, it was necessary to find some use
for these products.

The synthetic ammonia plant at Sheffield had

been partially completed, but the process in use there still needed
improvement, in particular, the gas purification system and the
ammonia removal system.

It vtould also be desirable to find a more

rugged, more efficient catalyst than that developed by the General
Chemical Company.

This research had been begun at the Arlington
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Experiment Station and the other Nitrate Division laboratories.

The general tenor of government opinion was favorable toward
establishing a permanent fixed nitrogen laboratory.

Such a facility

had been suggested in the original Nitrate Comittee recommendations.
At soon as the war ended, a reorganization of the administration of
the nitrogen fixation activities was begun, leading to their eventual
demilitarization.

In December, 1918, the War Department had assigned

a civilian consultant, Arthur Graham Glasgow, to survey the nitrate
Glasgow

situation in the United States and allied European countries.

submitted a report to heads of the various nitrate facilities and War
Department personnel in January 1919.207

Government personnel were

impressed with Glasgow's expertise, and in March of that year, the
President appointed him Fixed Nitrogen Administrator, under the
jurisdiction of the Secretary of War.

Glasgow thus became official

head of all government nitrate activities, chief administrator of
the Nitrate Division, and responsible for the disposition of the
Nitrate Plants.208

On March 29, 1919, at Glasgow's suggestion, the

Secretary of War formally established the Fixed Nitrogen Research
Laboratory, to continue the work of the Arlington Experiment Station.

209

At the war's end, the Bureau of Soils indicated that they wished
to have the facilities of the Arlington Experiment Station returned
to their use.

The Nitrate Division, for its own part, was eager to

have quarters for their new laboratory which would be larger, more
versatile, and permanent.

During the war, the American University at
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Washington had donated their campus buildings to the Bureau of Mines
and the Chemical Warfare Service, to be used for research on poison
gases.

At the end of the war, the Chemical Warfare Service research

was moved to Edgewood Arsenal, Maryland, and some of the buildings
which they had occupied at the University were turned over to the
Nitrate Division as a home for the FNRL.21°

The equipment of the

Arlington laboratory was moved there, with those personnel who wished
to remain in the employ of the War Department.

The task of organizing and directing the new laboratory was
given to Arthur B. Lamb, who during the war had worked in the Chemical
Warfare Service laboratory at Washington.
of chemistry at Harvard before the war.
under T.

Lamb had been a professor
His doctoral work at Harvard

W. Richards, and his post-doctoral study in Germany under

Haber and Ostwald made him very well qualified for the position of
director of the FNRL.211

Associate directors were Richard C. Tolman,
At the

and William C. Bray, who had been at the Arlington laboratory.

end of 1920, Lamb returned to Harvard, and Tolman assumed directorship
of the Laboratory.

Lamb continued to act as technical advisor to

the Haber research being done at the Laboratory; however, in the
spring of 1921, the Nitrate Division of the Army Ordnance Office was
dissolved, and on July 21, 1921, the administration of the FNRL was
transferred from the control of the War Department to the Department
of Agriculture.

At this time, F. G. Cottrell was given the position

of acting director, which he held until the closing of the Laboratory
in

1926.212
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The number of persons employed in the Laboratory averaged about
110 during the seven years of its independent existence.

Between

35 and 50 of these were chemists, and the remainder were skilled
technical workers and unskilled laborers in about equal numbers.213

Although the Laboratory was under the jurisdiction of the Nitrate
Division until that division was discontinued, its employees were
civilians.

Those who had been associated with the Arlington labor-

atory as military personnel were discharged from the Army at the war's
end, but continued to work for the Nitrate Division.

There had been

a group of civilian scientists from the Bureau of Soils who had worked
at the Arlington station during the time it was administered by
the War Department.

This group also moved to the FNRL, and continued

to work as a relatively independent group, responsible to the Bureau
of Soils.214

It was only with the understanding that there would be

continued cooperation with the Bureau of Soils that the model synthetic ammonia plant which had been constructed at Arlington was allowed
to be moved to Washington.

This dichotomy of administration was

resolved by the transfer of the Laboratory to the Department of
Agricul ture.

The Laboratory was originally organized into five sections.
Three of these were administered by the Nitrate Division:

cyanamid

research, analytical/technical research, and one flaber section, which
did the catalyst testing.

The other two sections, another Haber

section which was in charge of the experimental Haber plant that had
been moved from Arlington and an arc research section, were made up of
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the Bureau of Soils personnel.215

Harry A. Curtis, the commanding

officer of the Arlington laboratory was chief of one Haber section.
R.

0.

E. Davis, who had directed the Bureau of Soils research at

Arlington, headed the other Haber section.216

Funding for the

Laboratory, whose budget averaged $300,000 per year for the years of
its existence, came from the National Defense Act allocation, for
the first two years, and from the Department of Agriculture for the
remainder.217

The disposition of the Nitrate Plants was the subject of a
lengthy Congressional debate, which had serious consequences for
the existence of the FNRL.

The debate began with a Congressional in-

vestigation of alleged mismangement and waste by the Air Nitrates
Corporation during the construction of Plant #2.218

Hundreds of

pages of testimony were collected on both sides of the question,
and the investigating committee was unable to agree in its decision
as to whether or not there had been mismangement.

Nevertheless,

the inquiry seemed to turn congressional feeling against selling or
leasing the plants to private enterprise.

In 1919, a bill was intro-

duced 'to provide further for national defense, to establish a selfsustaining federal agency for the manufacture, production and devel-

opment of the products of atmospheric nitrogen for military, experi-

mental and other purposes; to provideresearch laboratories and
experimental plants for the development of fixed nitrogen production
and for other purposes " (S3390).2'19

This bill favoredcofltiflUed

government ownership of the nitrate plants, and was intended to
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provide funding for research facilities of the FNRL.

It began a

debate which continued for fourteen years, and culminated only in the
approval of the establishment of the Tennessee Valley Authority by
Franklin Roosevelt as one of the first official acts of his administration.

As long as the debate continued, the Laboratory admin-

istrators were convinced that the research that they were doing was
going to be of benefit to the government plants when they were finally
reopened.

Nevertheless, as the years passed, it became harder to

justify the expenditure of funds on the FNRL, as Congress continued
to disagree on the disposition of the plants.

Finally, in 1926, the

Department of Agriculture discontinued the FNRL as an independent
entity, and absorbed it into its Bureau of Soils laboratories.

Synthetic Ammonia Research at the FNRL

The purpose of the synthetic ammonia research done at the FNRL
was to improve the General Chemical process at the Sheffield plant.

That process had been modelled after the Haber process in use in
Germany.

It is not entirely clear, from the government records of

the time exactly how much of the details of the Haber process was
known to the General Chemical Company before the war, but is is safe
to assume that general details of the gas production and purification

system, the ammonia removal system, and possiblythe general composition of the ammonia catalyst were known.

Any developments of

the Haber process which had occured during the war years were not
known, and thus, there was a great interest in visiting the German
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for the most part, and the Nitrate Division Haber section, which was
responsible for catalyst research.

In discussing the various facets of

synthetic ammonia research, the sequence of the Sheffield ammonia synthetic process will be followed rather than any chronological order
in

which the research was done.

Thus, the discussion will being with

gas purification problems, then consider the catalyst studies, and
finally the ammonia removal work.

Seventy per cent of the cost of the ammonia synthesis process at
Sheffield went toward the production and purification of the reactant
gases.223

It would be economically desirable, therefore, to be able

to improve the efficiency of this part of the process.

One impor-

tant step was to improve the efficiency of the catalytic combination of
carbon monoxide and steam to produce hydrogen and carbon dioxide,
lessening the concentration of the carbon monoxide poison, and in-

f hydroet
creasing the concentration/

One area of research was concerned with

the preparation and testing of carbon monoxide conversion catalysts.
The catalyst traditionally used for this step was iron oxide containing cerium oxide and chromium oxide promoters.

Experiments

showed that the major factor in catalytic effeciency was the method
of preparation of the catalyst rather than its percentage composition.
Fused oxides proved to be of low activity, due to the lower percentage of surface area which they had.

Precipitated oxides provided

more surface, but in many cases, granules which tended to break down
and pack together after a very short time.

It was discovered that

precipitation of iron oxide from a mixture of 5.0 per cent ferric
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solution and 5.8 per cent aqua ammonia, which was then washed, kneaded
with the

promoters, cubed and dried would give a satisfactory catalyst

which could remove all but 1.96 per cent of the carbon monoxide from an
original 50 per cent mixture, under optimum conditions.

224

At Sheffield, the residual carbon monoxide was then removed by
scrubbing with a solution which would dissolve it.

The most promising

solutions had been established to be cuprous ammonium carbonate and
cuprous ammonium formate, both of which acted as complexing agents
for the carbon monoxide.

Research determined that the amount of carbon

monoxide removed by either of these compounds was equal, but the cuprous formate solution, although more costly than the carbonate, decomposed to a lesser degree to metallic copper over a period of time,
a situation which also occured more rapidly at higher temperatures.
The carbonate also tended to decompose in the regeneration process.
It was also determined that more carbon monoxide was absorbed at lower
temperatures, and that absorption was also augmented by a high
concentration of free ammonia in the absorption chamber.

Thus, the

optimum conditions for carbon monoxide absorption were determined to
be a solution of cuprous ammonium carbonate saturated with ammonia at
00 C.225

As the most efficient use of the ammOnia catalyst demanded a
very pure reactant gas mixture, several methods of analysis for im-

purities such as oxygen, water vapor, carbon monoxide and volatile
hydrocarbons were developed.

It was discovered that passing the gas

through a coil of glass immersed in liquid air would condense water
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in the upper part of the tube and volatile hydrocarbons further
down, which could then be collected and measured.

A method for

determining the percentage of oxygen present was developed, which
involved the heat released when that oxygen combined with the hydrogen in the reactant gas in the presence of a catalyst.

The apparatus

for this test was first calibrated by using a known quantity of oxygen.

The sensitivity extended to percentages as low as 0.001 per cent

of oxygen.226

Ever since Haber's first discovery of iron as a catalyst for
the ammonia synthesis, a general search had been made by those
industrial researchers concerned with this process, for a catalyst
which would be more efficient, and less sensitive to poisoning.
Little was known of the theory of catalytic action at that time so
the experimentation was mostly trial-and-error in nature.

Haber had

discovered that some scarce metals, namely uranium and osmium, gave
a better yield of ammonia than iron, but the entire world supply of
osmium would not have been sufficient to maintain one industrial-.
scale ammonia plant.

The General Chemical Company catalyst of iron!

sodiuni/sodamide had showed theoretical promise, but in practice had

proved to be too sensitive to water and carbon monoxide poisoning.
Before any catalyst testing could go on, it was necessary to
develop apparatus for testing the catalysts on a laboratory scale.

Except for the work which had been done at Sheffield and Arlington
under restricted conditions, no intensive ammonia catalyst testing had
gone on outside of Germany.

It was therefore necessary to develop
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research equipment which would permit doing laboratory investigations
with efficiency and speed.

This also included the need to develop

sources of nitrogen and hydrogen which would not need extensiv.e addi-

tional purification.

Therefore, it was decided to use a method which

had been discovered at Arlington:
ammonia into its elements.

the heat-induced decomposition of

R. 0. E.- Davis and his research group

of Bureau of Soils personnel spent the summer of 1919 working on this
problem.

A small furnace was developed, consisting of a 2.5 inch

diameter iron pipe concentric to a 5 inch iron pipe, with the interior
spaces packed with steel wool which acted as a catalyst.
were wrapped with resistance wire as a heat source.

The pipes

The rate of

decomposition of the ammonia reached 99.7 per cent at the normal
operating temperature of 675° C.

The only difficulty encountered was

an increasing brittleness of the iron pipe under continued exposure
to ammonia.227

Even though the gases were derived from ammonia, traces of
impurities were still present:
residual ammonia.

amines, carbon monoxide., sulfur and

These impurities were removed by a train of puri-

fication chambers which were iron pipes in the high pressure apparatus,
and glass tubes in the low pressure apparatus, packed with various
absorbers:

steel wool for oil and water spray, palladium on asbestos

for oxygen, a water trap, soda lime and calcium chloride for water,
carbon dioxide and ammonia, phosphorous peritoxide and sodamide for

final traces of water and carbon monoxide.

This produced a gas mix-

ture containing less than 0.001 per cent water.228

The first catalyst
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bomb, designed to use about 100 cubic centimeters of catalyst, had a
concentric gun-

construction very similar to the ammonia cracker:

steel tubes with the interior catalyst tube protected by fused quartz
and wound with a nichrome resistance wire.229

A complete description of the Haber research section apparatus
was published by its director, A. 1. Larson, in 1922.230

Apparatus

was set up for testing catalysts on a small scale at atmospheric
pressure, on small scale at variable pressure up to 60 atmospheres,
and on a medium scale at 100 atmospheres pressure.

In the small-

scale testing, the equipment designed by Davis was used.

The catalyst

was introduced into the bomb in the form of an oxide, and reduced to
its metallic form in situ by the hydrogen in the hydrogen-nitrogen mixture.23'

For variable higher-pressure testing, commercial supplies of

nitrogen and hydrogen in pressurized tanks were used.

With the

exception of having to maintain the gas purification and catalyst
chamber systems at higher pressures, the equipment was similar to that
already described.

In this system, it was also possible to introduce

measured amounts of water vapor, carbon monoxide and other catalyst
poisons into the system to determine their effect on the synthesis
reaction.232

The moderate-scale apparatus was that which was originally constructed at Arlington, and moved to Washington.

The 100 atmosphere

pressure chosen for this installation Was the same as that used in the
Sheffield plant.

This apparatus consisted of an ammonia cracker as

source of nitrogen and hydrogen, compressor, purification train as
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described above and a series of eight catalyst bombs which could be
operated simultaneously and independently of each other.233

Each

bomb was attached to its own flowmeter system for analysis of effluent
gases.

The analysis of these gases was assisted by the development of

a "compensating buret" designed by one of the section researchers,

which made possible the direct reading of volume of gas at standard
conditions of temperature and pressure.234

An improved high-pressure

gas regulating valve was also an invention of this section.235
One of the first tasks of the Nitrate Division Haber section
was to make tests on

dll

of the ammonia synthesis catalysts which

had been reported in the chemical literature, including those in use
in Germany.236
unsatisfactory.
at 1

atm

Pure-metal or mixed metal catalysts proved to be
PUre iron was shown to have considerable activity

pressure -- nearly as good as any other of the catalysts

tested -- but in order to obtain yields that would be of economic

significance, it was necessary to operate at high pressures, and the
activity of iron decreased sharply with an increase in pressure.237
Haber had published investigations of uranium, ruthenium, cerium,
manganese and nickel as well as iron and osmium.
ium had showed promise.

Only osium and uran-

The Laboratory investigators decided to try

mixtures of iron with similar metals.

Of these, an iron-molybde'jni

combination proved to be relatively efficient, but

,as never commer-

cially used because it was difficult to prepare and more expensive
than other types of catalysts.238

The results of the tests on pure

metal and mixed metal catalysts are summarized in Table 3.
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TABLE ru

Catalyst studies using pure and mixed metals239
All tests were run at 30 atm and 5000 space velocity.
Composition of
catalyst

Percent Amonia
450°C

500 C

Fe (industrial
grade)

4.7

3.5

(analytical
grade)

4.1

3.2

Co

Trace

Trace

Ni

None

None

None

W

0.2

0.5

1.1.

Mo

0.4

0.5

1.0

550 C

0.1

Fe/Mo

1:1

2.5

3.2

2.3

Fe/Mo

6:1

0.9

1.4

2.0

Fe/W

3:2

0.1

0.4

0.9

Co/Mo

1:1

1.1

1.9

2.0

Co/t

3:1

0.1

0.4

1.0

Ni/Mo

1:1

1.4

2.2

2.1
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It had been discovered early by the original Haber manufacturers,
the Badische Analin-und-Soda--Fabrik, that while pure iron was unsatis-

factory at high pressures, iron mixed with small quantities of metal
oxides known as promoters would have its efficiency enhanced.

In 1915,

the BASE took out an American patent (#1148750) on the following metal
oxides, for use as promoters:

magnesium, beryllium, aluminum, cerium,

lanthanum, erbium, neodymium, praesodyrnium, samarium, yttrium, ytter-

bium, potassium, rubidium, cesium, sodium, lithium, strontium, calcium,
uranium, thorium, zirconium, vanadium, niobium, tantalum, chroniium,

manganese, molybdenum and tungsten.

The patent seemed to be in the

nature of a before-the-fact protection.

Very little data was available

in the chemical literature concerning the relative actual worth of
these elements as promoters.

It was decided, therefore, at the Fixed

Nitrogen Research Laboratory, to test each of these elements which was
not so rare as to be commercially valueless.

Each of these elements,

in their oxide form, was tested at 450° and 30 atm
for four hours at
ation.

55Q0

,

and then heated

to determine its resistance to heat deterior-

It was then tested again.

The results are summarized in Table

4.

This series of experiments limited the number of potentially useful promoters to five:

those which had maintained a greater-than-

four per cent yield after prolonged heating.

These were oxides of

aluminum, silicon, thorium, zirconium and cerium.

Further investi-

gations showed that if another oxide were added to the mixture, the
activity of the catalyst would be further enhanced.

Mixtures of
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TABLE IV

Catalyst studies using various oxides as promoters240
Temperature 4500
Pressure, 30 atm

Space Velocity 5000
Equilibrium percent NH3 5.86
Percent ammonia
Initial

Final

Li20

2.3

2.2

Na20

3.2

3.3

K20

2.8

2.9

Cs20

1.3

1.3

BeO

2.5

2.3

MgO

3.9

3.0

CaO

1.6

0.7

SrO

1.3

0.6

BaD

1.6

0.9

B 203

4.3

1.2

Al203

4.7

4.6

La203

3.4

3.3

Si02

4.9

4.3

ThU2

4.9

4.4

Zr02

4.9

4.7

CeO2

4.6

4.3

Promoter
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closely related oxides did nothing to improve efficiency, but if a
second, basic oxide were added to the iron which already contained
an acidic oxide promoter, the efficiency of the catalyst sometimes
underwent a dramatic increase, as illustrated by the data in Table 5.

These investigations had thus disclosed a catalyst which at
normal industrial operating conditions of high temperature and pressure
gave a greater percentage yield of ammonia than any catalyst which had
been used up to that time.

Although the details of the composition

of the catalyst were not revealed until 1926, the work described was
done prior to 1921, and formed the basis for the catalyst studies which
were done after that time.

The catalyst, as it was eventually pre-

pared, contained about 1 per cent potassium oxide and 3 per cent alumina, in an iron matrix.

This combination of materials was similar to

the original Haber catalyst of the BASF.

Increased efficiency had been

obtained by determining optimum proportions of the constituents, and an
improved method of preparation for the iron matrix.

Improving the method of catalyst preparation had been an area of
great concern at the Sheffield and Arlington laboratories.

The ori-

ginal Sheffield catalyst had been prepared by precipitation of the
oxide and its subsequent reduction.

Many problems had been encountered

in this preparation process, and it continued to be a problem of
particular concern at the FNRL.

Much research was done on catalyst

preparation using the precipitation method, but the technique that
gradually emerged as superior to precipitation was one which involved
oxide preparation by

burning iron in oxygen gas to form the fused
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TABLE V

Catalyst studies using two promoters241

Promoters

Percent ammonia
30 atm
100 atm

1.01% Al203

5.02

9.00

0.35% K20, 0.84% Al203

5.83

13.60

O.61%Zr02

4.88

7.72

0.96% K20, 2.76% Zr02

5.43

12.73

0.51% Si02

4.67

7.49

0.57% K20, 0.75% Si02

5.33

10.90
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oxide.

sources.

This was done using various kinds of electrodes as heat
The oxide was then cooled, crushed and mixed with appro-

priate quantities of promoters.

The catalyst mixture was loaded into

the catalyst bombs in the oxidized state, and then reduced in situ
with hydrogen gas.
Once a satisfactory catalyst had been discovered, it was neces-

sary to determine the conditions of temperature, pressure and gas
flow velocity which would maximize the yield of ammonia.

The cat-

alytic activity of the iron/alumina/potassium oxide catalyst began
at 4000, and reached equilibrium at about 450-475° at the normally

employed space velocity of 5000.

The results of a long series of

investigations may be summarized in the following points.
Effect of temperature on activity.

The activity of the

catalyst increases as temperature is increased, up to
about 4500 where it reaches a maximum of about 14.3%

*
efficiency, at 5000 space velocity.

After 475

0

the

activity begins to decline in a straight-line rela-

tionship until, at 600°, it has decreased to about
5% efficiency.

Effect of space velocity on acitvity at 450°.

There

is a straight line decline in efficiency from 14.3%
at 5000 space velocity to 7% at 40,000.

This is

*Space velocity is a measure of the rate of gas flow, and is defined
as the volume of exit gas per hour at standard conditions of temperature and pressure.
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understandable if one considers that the efficiency
of conversion will depend upon the length of time
that the reactant molecules are exposed to the catalyst.

The faster the gas flows through the catalyst,

the fewer gas molecules come into contact with it.
Effect of pressure on activity.

There is a straight-

line relationship between pressure and efficiency.

There is an efficiency of 4% at 20 atm
14.3% at 100 atm.
Principle.

,

rising to

This is predicted by Le Chatelier's

In the reaction which produces ammonia

from its elements, the product has a smaller volume
than the combined reactants.
the formation of the product.

above 100 atm

Thus, compression favors

Testing at pressures

was not carried out, because equipment

was not available, but there seemed to be no indication
that even higher pressures would not give greater
efficiencies.

As a matter of fact, synthetic ammonia

processes (the Claude and Casale processes) which
were developed after the War in Europe utilized ultrahigh pressures to increase percentage yield.
Effect of water vapor concentration on activity.

Water vapor was a poison for this catalyst, but in some
of the industrial processes, it was nearly impossible
to eliminate it from the reactant gas stream, particularly if the ammonia were removed by water scrubbing,
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as it so often was, and the unused gases recirculated into the catalyst chamber.

An interesting

and industrially significant trend was noted in

studies involving theaddition of small amounts
At 4500,

of water vapor to the reactant gases.

the efficiency dropped very, sharply, from 14.3

per cent for pure gases, in a parabolic curve to
about 4 per cent for 0.10 per cent water vapor.

However, at 5000, the decline was a straight line
with a more gradual slope, so that over the same
range of water vapor concentrations, the efficiency
decreased from 10.2 per cent to 6.8 per cent.

At

concentrations of water vapor of more than 0.017
per cent an operating temperature of 5000 actually
was shown to be the more efficient.

This would

indicate that in situations where water vapor

could not be eliminated altogether, a higher
operating temperature would give a greater percentage
yield of ammonia.243

Assimilation of this data made possible the selection of the most
effective combination of physical conditions for varying industrial
situations.

From it an elaborate nomograph was constructed, allowing

the estimation of the ammonia equilibrium concentration at different
conditions of temperature, pressure, diulution by inert gases and
ratio of concentration of nitrogen to hydrogen.

244
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Other experiments done on the physical characteristics of the
catalyst showed that within reasonable limits, grain size or the shape
of the container had no effect of catalyst efficiency, but the method
of preparation was of great -importance.

There was apparently some

significance to the ratio of ferrous to ferric iron in the iron
oxide utilized.

The best results were obtained from an iron oxide

with the same ferrous-ferric ratio as magnetitë.245
The massive amounts of data which were collected at various
conditions of temperature and pressure also permitted the calculation of thermodynamic factors for the ammonia equilibrium.

In

general, equilibrium concentrations for ammonia were calculated
for 10, 30, 50 and 100 atm over temperature ranges of 325° to 5000.

Equilibrium constants were calculated for each of the temperaturepressure combinations.

Study of these indicated a trend for each

of these values to increase with increasing pressure.

Using empir-

ical formulas discovered by Haber and Nernst, the percentage concen-

tration of ammonia at equilibrium was calculated for temperatures
beyond those actually studied, from 5000 to 10000.

Finally,

molecular heats for formation for ammonia were calculated over the
same range of pressures and temperatures used in experimentation.246
Later studies allowed the extension of these calculations for pressures of up to 1000 atm.247

The Haber research group from the Bureau of Soils also worked
on two other problems:

removal of ammonia from the circulating

system, and corrosion tests on various kinds of steel.

The original
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Haber process had used water scrubbing, which of course saturated
the circulating gases with water vapor.

The Sheffield process used

refrigeration, but that proved to be inefficient in the tests which
had been made there.

FNRL researchers investigated the possibility

of using solutions or substances with lower vapor pressure than pure
water to remove the ammonia.

These substances would have to absorb

ammonia readily, give, it up easily, be non-corrosive to the mechan-

ical system and not introduce any poisons to the catalyst.

Materials

were tested by passing a stream of ammonia through them, and observing
results.

In the case of many solid salts, ammonia would combine

with the salt to dissove it, and produce a non-aqueous solution.
The only really satisfactory results were obtained with lithium
nitrate, hydrated calcium nitrate and sodium iodide.

Lithium

nitrate absorbed the most amonia to form a liquid solution with a
relatively low vapor pressure which was not corrosive.

Calcium

nitrate had many of the same properties, but it was necessary in
this case to add small amounts of water to produce a solution which
could be utilized in an industrial process.248
gas-mask charcoal, silica

Four solid absorbents were tested:
gel, ultra-clay and alumina gel.

Efficiency was greatest for the

charcoal, and decreased for the other substances in the order they
are listed.

The amount of ammonia absorbed was not great enough to

make absorption by solids an effective primary method of removal,
but it showed promise of being able to be used to back up other
removal methods such as refrigeration.249
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Some engineering research was also done on the synthetic ammonia
apparatus, resulting in various improvements of that apparatus.

Steel tests were done on twenty-five samples of alloys for possible
use in the catalyst bombs.

Ordinary carbon steel is attacked by

ammonia, rapidly forming iron nitrate at high temperatures.

Pro-

perties of the alloys tested included their tensile strengths,
proportional limit, elongation, reduction of area, strength at
fracture and corrosion by ammonia and hydrogen.

Results indicated

that the chrome-vanadium steel which had been used in construction
of the converters at Sheffield had the most desirable combination
of resistivity and strength.25°
Various other mechanical studies resulted in the development
of liquid level control devices, high-pressure gaskets, highpressure electrical terminals, high-pressure gas valves, heat interchangers, high-pressure sight gauges and needle valves and a largescale 10,000 amp cell for electrolysis of water for producing
large quantities of hydrogen gas.251

All of these represented

improvements in the Sheffield apparatus.

Although the catalyst studies were to have the greatest significance among the projects undertaken in synthetic ammonia
research, the other research which went into the development of
better apparatus was also of importance, in that these improvements
would be utilized in the construction of the FNRL's model ammonia
synthesis plant.

By the time the synthetic ammonia research was

finished, the entire process had been improved to a degree that the
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Sheffield plant could have been returned to successful operation,
should the need have arisen.

Cyanamid and Fertilizer Research

Most of the orignial planning for the work to be done at the

FNRL was concerned with the cyamamidproduced at the Muscle Shoals
plant.

At Plant #2, the cyanamid had been converted into ammonium

nitrate for purposes of explosives manufacture.

However, the ori-

ginal legislation had provided that the plant might also be operated
in peacetime for the production of fertilizers.

Soon after the

formal establishment of the FNRL, its administrative staff met
with Washburn and Landis of the American Cyanamid Company, to discuss
the possible utilization of the Plriat #2 products as fertilizers.

It was most desirable to use the raw cyanamid, but if this were not
possible, the Muscle Shoals plant was able to convert cyanamid into
nitric acid, ammonia or ammoniuni nitrate.

This conversion, would

raise the price of the finsihed product, but the American Cyanamid
personnel estimated that ammonium nitrate could be produced at
prices that would be competitive with other commercial fertilizers.

The plant could be easily converted to produce ammonium sulfate,
at a cost of 1.2 million dollars, or to production of annuomium

phosphate for 20 million dollars.

It would also have been possible

to convert the plant to the production of ammonia, but the peacetime uses of ammonia were limited, and it was felt that synthetic
ammonia processes would doubtless produce ammonia more cheaply
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than could be done by hydrolyzing cyanamid.

The direction of

cyanamid research at the Fixed Nitrogen Research Laboratory was
thus turned to fertilizer production, either of cyanamid or some
derivative nitrate or ammonia compound.252
The conference with the American Cyanamid Company led to the
formulation of a set of cyanamid research problems.

Study of the effect of temperature and pressure on
nitrification of calcium carbide, with an eye to
improving the yield.

Production of ammonium nitrate by direct action
of ammonia on nitrous oxide, as done in England.
Study of chemical properties of cyanamid.
Productioriof granulated cyanamid.

(The product

coming from the plant was in the form of a fine
powder which was hazardous to use, and difficult
to store.)

Preparation of acid phosphates, and conversion of
cyanamid to ammonium phosphate.
Removal of by-products and their utilization.
Study of the safe use of ammonium nitrate.

This

product is explosive and highly flammable, as well
as being inconveniently hygroscopic.

Study of use of cyanamid in amino acid or protein
synthesis reaction.253

These problems became the nucleus for the research which was carried
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out by the Cyanamid section of the FNRL.
The basic step in the cyananiid process is the combination of

calcium carbide and nitrogen to form calcium cyanamide. This product,
incompletely reacted as it comes from the furnaces, generally had
a composition of 60 per cent calcium cyanamidc,l8 per cent free
lime (calcium oxide), 12 per cent carbon and 1.5 per cent calcium
carbide.

Before

It was referred to in this state as "lime nitrogen."

it could be autoclaved to amonia, it was hydrated with a water spray
to destroy the carbide.

This meant that the product which came out

of the furnaces as a sintered mass had to be ground to allow the
water to reach all of the residual carbide.

This produced a very

dusty, hard-to-handle material that, because of its toxicity, was
unsuitable for fertilizer use.

In order to be so utilized, the

product was sprayed with more water, to hydrate the residual lime,
and then with oil to decrease the dustiness.

A considerable

amount of research effort went into the determination of the best
method to use for this hydration technique.254

Granulation of the

product was also desirable as a method for reducing dust.

It was

not found to be possible to leave the product as larger particles
during the preliminary crushing, due to incomplete hydration.

It

was possible, however, to re-form granules by mixing the hydrated
material with water and extruding it through a coarse mesh.

Unfor-

tunately,. excessive quantities of dicyahodianiide (often referred

to simply as "dicyanamide"), a product which has no use as a
fertilizer because of its harmful effects o'nthe soil.255
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Cyanamid itself is not the most desirable material to use as
fertilizer.

It is highly alkaline, not only because of its chem-

ically basic nature, but due to the residual lime present as well.
It was customary to add only about fifty to sixty pounds of cyanamid

to a ton of mixed fertilizer, because cyanamid also had the tendency
to react with any acid phosphate present to convert it into an
insoluble product.

It was decided at the FNRL to attempt to con-

vert the cyanamid to some more desirable compound.

A first attempt

at this was made by adding a large excess of sulfuric acid to the
crude lime-nitrogen, followed by the neutralization of the excess
acid with ground phosphate rock to form soluble phosphate.

It was

supposed that the acid would convert the cyanamid to urea, and the
product was given the name HUrephos.hI

The Laboratory hoped that

this would prove to be a highly successful fertilizer.

Urephos

did not turn out to be the fertilizer panacea it had been predicted
to be.

Much of the cyanamid was converted instead to agricul-

turally useless guanylurea, an

some to ammonia.

was also not as soluble as predicted.

The phosphate rock

The final product contained

only 6 per cent soluble phosphate, and 6 per cent available nitrogen.

Cost estimates indicated that it would be more expensive to

produce than equal ammounts of ammonium sulfate and acid phosphate.

Urephos was abandoned as a potential fertilizer.256

The storage of cyanamid for any length of time was another
problem.

First of all, it tended to form dicyanamide upon standing,

rendering it unsatisfactory as a fertilizer.

Secondly, any lime
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left unhydrated tended to pick up water from the air, causing the
material to swell in size and split the bags that it was packed
in.257

Taking these factors into consideration, it was apparent

that unrefined cyanamid was not very desirable as a fertilizer
material, other than in small quantities.

Cyanamid, however, can be converted to ammonia, which can be
converted further to nitrate through the Ostwald oxidation process.
Both of these compounds are readily useable as fertilizers.

There-

fore, much effort went into finding economically possible ways of
258

converting cyanamid to other nitrogen compounds, among these urea,
ammoniated

superphosphate,259

ammonium phosphate,260

ammonium

nitrate (the original product of the Muscle Shoals plant), calcium
nitrate, ammonium nitrate/ammonium phosphate double salt,261
several other combinations of products.

and

The original product of

the Muscle Shoals plant, ammonium nitrate, was useful as a ferti-

lizer, but it suffered from being very hygroscopic, making it
difficult to store.

For this reason, it was necessary to find

ways to granulate and coat the material before it could have any
widespread use.

Petrolatum was discovered to be an acceptable

coating material.262

The fertilizer preparations were tested in the greehouse of
the Laboratory and in large-scale field tests.

Pot tests were

carried out in cooperation with the Bureau of Plant Industry,
using beans and wheat.

These tests indicated that urea, arnmonium

nitrate, ammoniated superphosphate and cayanmid were acceptable as
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nitrogen fertilizers.

Dicyanamide was shown to be very toxic to

plant growth, destroying nitrogen fixing bacteria in the soil.
Guanylurea sulphate was shown to be toxic in heavy applications,

although not as much as dicyaniide.263

Field tests were done with

the successful fertilizers in the Muscle Shoals area, as it was

anticipated that the major market for government-produced fertilizer
would be in the South.

The crops selected were cotton, and corn,

as representatives of the typical crops of that agricultural region.

About twenty acres were cultivated,with three different soil types
represented.

Sodium nitrate and ammonium sulfate were used as

control standards.

They were shown to be of about equal efficacy on

the cotton and the corn.

Of the new fertilizers tested, ammonium

nitrate gave about as good results as sodium nitrate, although it
tended to deter growth if applied at too high concentrations.

Cyanamid showed variable results, depending upon crop, soil and
climate.

When it was used on corn, it was about equal to the other

fertilizers.

Used on cotton, the results were less good, probably

because the corn could utilize nitrogen in the oxidation state in
which it exists in ammonia, but cotton could not.

Mixed salts

such as potassium chloride and ammonium nitrate, gave only fair
results.
tested.

Urea proved to be one of the most effective fertilizers
It had the further advantage of not leaving either an acid

or basic residue in the soil.

It broke down to ammonia in the soil

and in either form was readily assimilated by the nitrogen-fixing
bacteria.

Ammonium chloride was tested as a potential by-product
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of combined Haber-Solvay plants, but the results were not encouraging.

The chloride ion seemed to have a toxic effect at other than very
low concentrations.

The animonium nitrate/ammonium sulfate double

salt showed results equivalent to ammonium sulfate.

The material

was nearly as hygroscopic as ammonium nitrate, however, and this
decreased its desirability.

Phosphate compounds with ammonia,

ammonium phosphate, ammoniated superphosphate, were equivalent to
mixtures of ammonium sulfate and phosphate.
Some research was also done on the manner in which cyanamid
acted as a fertilizer.

It was discovered that when it was mixed

with soil, it was converted first into calcium acid cyanamide, then
into free hydrogen cyanamide, urea, and finally ammonia.
converted into dicyanamide.

Some was

Of these products, hydrogen cyanamide

and dicaynamide destroy the soil bacteria, and ammonia accumulates
in the soil.

Until the injurious products are dissipated or decom-

posed, the crops experience a retarding effect, which is greater
or less depending upon the ability of the plant to utilize ammonia.

The solution to the retarding tendency was seen to be to mix some
nitrate compound with the cyanamide for use during the initial
period of chemical alteration.

In general, then, it was found

that most of the substances tested with the exception of the chloride
salts and possibly cyanamid were satisfactory as fertilizers, and
there would be an outlet for any of them, should the Muscle Shoals
plant be returned to operation.264

A very limited amount of work was done in the early days of
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the Laboratory on the improvement of the actual industrial cyanamid
process.

There was a possibility of finding a better catalyst for

the nitrification reaction, work on which had begun at Muscle
Shoals before the founding of the FNRL.

Some experiments were done

on this problem, but no conclusive results were obtained.

There

seemed to be little incentive for a government facility to improve
the cyanamid process, as all the patents were closely controlled
by the American Cyanamid Company, and some bad feeling had developed
between the War Department and American Cyanamid due to the congressional investigation of the Muscle Shoals plant construction.

This

is in distinct contrast to the relationship which they enjoyed with
General Chemical.

In that case, research at the Nitrate Division

laboratories during the war had served to improve an unsuccessful

process to the extent that it was able to be used by that company
in a plant built immediately after the war.

In the case of Americah

Cyanamid, the process which they allowed the government to use was
already proved to be successful, and no improvement of it was made
at the Nitrate Division laboratories.

Arc Process Research

The original National Defense Act appropriation had directed
that research be done on all the nitrogen fixation methods, so in
deference to this, it was decided to continue with the arc process
research which had been begun at the Arlington experiment station
by Bureau of Soils personnel before the Nitrate Division came
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there.

Due to the high cost of the electrical power necessary to

operate the arc process, it was not likely to be widely adopted
as an industrial source of fixed nitrogen.

Therefore, thearc

division of the FNRL was never to become an area of major research
activity.
area.

No more than five scientists were ever assigned to this

Farrington Daniels, who was to become a well-known physical

chemist in future years, spent several years working in this section.
It had originally been thought that basic research into the
theory and mechanism of the arc process might lead to modifications
which would demand less electrical power, and thus make that process
more economically feasable.

Because there was no government arc

process plant, the arc research was not given the same kind of
manpower or monetary resources that were assigned to the other
research areas.

Although this work went on as long as the labor-

atory existed as an independent unit, the staff of the section was
never greater than five members, and the typical yearly budget was
$10,000 compared to the $60,000 to $70,000 per year spend for Haber
and cyanamid research.265
The first investigations of this section dealt with the

development of a photographic method for studying corona discharge.
Particles of various kinds and charges were introduced into the air
between a charged central wire and charged flat plates.

By photo-

graphing these particles, their motions in the corona field could
be studied, and the nature of the field determined.

Results indi-

cated that, outside of a small ionizing region, the corona field
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was filled with ions of the same charge as the central wire.

the case of alternating current, the ions match the change in
polarity of the central wire.

These results gave some insights into

the operation of the Cottrell precipitator.266

The arc section was also responsible for experiments on the
gaseous products of the arc discharge through air:
and ozone.

nitrogen oxides

It was discovered that, depending upon the type of ap-

paratus used, there was a relationship between the yield of ozone
and the frequency of the alternating current.267
decomposition was studied.

Nitrogen pentoxide

It was found that the decomposition

reaction was monomolecular when carried out in the absence of light.

The reaction rate was studied at temperatures from 00 to 650

C,

and there was seen to be a 300 per cent increase in temperature
coefficient over each rise of ten degrees in temperature.268

A

photochemical reaction occured in the light, in addition to the
dark reaction.

It was discovered that light of 400 to 460 milli-

microns would accelerate the rate of decomposition, if nitrogen
dioxide were present.269

The reaction between ozone and nitrogen

tetroxide to form di-nitrogen pentoxide was studied in detail.

Because di-nitrogen pentoxide is the anhydride of nitric acid, the
reaction has commercial significance.

If it were possible to

reduce the cost of ozone production, it would be a method of
recovering a useable product from the nitrous fumes from absorption
towers which would otherwise be wasted.270

These di-nitrogen

pentoxide experiments led to the publication of vapor pressures for
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this material in 1920.271

On the whole, the arc process research

did not have the same significance or possibilities for industrial

application as that which was done in the other sections of the
Laboratory.

Achievements of the Fixed Nitrogen Research Laboratory

What was regarded at the crowning achievement of the Haber
section of the FNRL was the development of a modified ammonia
synthesis process of their very own known as the American process,

complete with operating pilot plant with a capacity of 600 pounds
of ammonia per twenty-four hour operating day.

The working out

of this process and its specialized equipment had occupied most of
the Haber section since the completion of the catalyst experiments
in 1921.

By 1924, the process was ready for public unveiling.

Aside

from the improved catalyst, the main feature of this process was
a novel purification system.
In this process, electrolytic hydrogen was burned with air,

the two gases being originally combined in such ratio that the
resulting gas, after the oxygen had been converted to water vapor
was three volumes of hydrogen to one nitrogen.

This mixed gas then

passed to a compressor where the pressure was raised to 300 atm
and from there to the first two catalyst chambers.
catalyst chamber operated at 500°.

The first

It will be recalled that at this

temperature, the catalyst was relatively less sensitive to poisoning.

Only a small amount of ammonia was generated at this step, but the
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step served to purify the gas stream very effectively.

The water

vapor and other poisons which had not been trapped in the catalyst
dissolved in the ammonia as it was condensed in a subsequent step.

The refrigerated gas was by that time at a high degree of purity,
and still in the desired three-to-one ratio.

It passed on into

the main catalyst chamber, which operated at the optimum temper-

ature for maximum yield.

In another innovative step, the pump

which operated the circulation system was lubricated only with
liquid ammonia, preventing any possible contamination by hydrocarbon lubricants.

The gas was once again refrigerated after passing

through the catalyst chamber, the ammonia condensed, and the gases
which had not reacted were returned to the purified gas system.

This process utilized all of the improvements which had been made
in the course of the synthetic ammonia experimentation at the Laboratory.

272

The Department of Agriculture thus found itself the owner of a
synthetic ammonia process with marketable potential.

The catalyst

patents were in the name of the developer, A. T. Larson.273

The

equipment patents had been secured by the Laboratory, with A. B.

Lamb as the trustee, with the agreement that the government have
free use of all patented processes.

In 1924, an agreement was made

with the National Ammonia Company of St. Louis and Philadelphia, for
the Fixed Nitrogen Research Laboratory to supervise the construction
of a plant built according to their model, for a National Ammonia
subsidiary, the Pacific Nitrogen Corporation, in Seattle, Washington.
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The Laboratory supervised literally every phase of the construction
process.

The plant operated in a satisfactory manner, and shortly

after, another plant was constructed according to this model for the
Midland Ammonia Company in Midland, Michigan.275

Other plants have

sometimes been supposed to have utilized the FNRL process, but were
actually constructed to employ another synthetic ammonia sodification,
also known as the American Process developed by the Nitrogen Engineering Corporation.

These two processes are not the same.

The Fixed Nitrogen Laboratory American Process did not become
a major industrial success for several reasons.

Most important,

perhaps, was that this was a small-scale process, and necessarily
so, because of its requirement for electrolytic hydrogen.

The

General Chemical Company had built, in 1921, a large synthetic
ammonia plant using the improved process, which had been worked out
at Sheffield, at Syracuse, New York.

By the end of the 1920's,

General Chemical was the largest single American producer of
ammonia.

Smaller producers were unable to meet this competition.

The

European high-pressure processes of Claude and Casale promised
greater yields than the moderate pressure Haber processes.

And

the Haber patents were not available in the United States through the
Chemical Foundation.

The depression of the next two decades saw the

demise of many small-scale ammonia producers.

The Seattle plant

was closed in 1934, dismantled, and sold to a Chinese firm for
re-erection in China.

There seems to be no readily available

record of the fate of the Midland plant.

Dow Chemical, the current
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occupant of Midland, Michigan, claims no records of such a company,
or of the .Fixed Nitrogen Laboratory's

American

Process,275

There would seem to be little doubt that the FNRL research had
been worthwhile.

In synthetic ammonia research, Davis of the

Bureau of Soils group had patented the various aspects of his ammonia
absorption research.

Larson's catalyst was sosuccessful that it

continues to be the catalyst which is used in large-scale synthetic
ammonia processes today, and which has been adopted by the entire
industry.

The immense body of data on synthetic ammonia catalysts

which had been collected at the Laboratory was made available to the
fixed nitrogen industry after the lifting of secrecy restrictions.

Most of the improvements in apparatus were made public as they were
completed, from 1920 onward, and so were immediately available to
the synthetic ammonia industry.

The catalyst research was not

released in its entirety until 1925-26, after the American Process
had been put into successful operation, but at that time it was
made available to the entire synthetic ammonia industry, and was
widely adopted.

The fertilizer research carried on by the cyanamid section
became a part of the continuing research done by the Department of
Agriculture, and had some part in the improvement of American
agriculture.

This research did not end with the closing of the

Laboratory in 1926, but was continued as' a part of the Bureau of

Soils research, both in the Washington area and at the Tennessee
Valley Authority location at Muscle Shoals.

In furthering the ad-
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vancement of American agriculture, this research served to fulfill
one of the original objectives of the planners of the National
Defense Act legislation which had established the Nitrate. Plants.

In a wider sense, the Laboratory had also contributed to the
shaping of industrial chemical research.
project-oriented team research.

The FNRL was a model of

Themen who had made up the FNRL

personnel had come from the chemical industry for the most part,

and so the Laboratory was able to give back to that industry men
trained in the methods of industrial research, who were able to
assist in the growth of that industry in the years ahead.
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CONCLUSION:
THE FIRST WORLD WAR AND
THE AMERICAN FIXED NITROGEN INDUSTRY

The American fixed nitrogen industry, at the beginning of the
European war was small and struggling.

The Arc process had been tried

and rejected, American Cyanamide was operating in Canada because of the
high cost of electricity in the United States.

The General Chemical

Company was experimenting with a synthetic ammonia process which
could circumvent the German Haber process patents.

The greater share

of the nitrates needed for fertilizer were imported from Chile.

The

ammonia needed for refrigeration was obtained from coke oven operation,
as a by-product.

Although Wi1liaii Crookes at the beginning of the

century had predicted a widespread nitrate famine, his figures had been
re-evaluated and his predictions seemed to be exaggeratedly pessimistic
in the light of subsequent discoveries of new nitrate beds.

The matter

had become a subject for intellectual debate rather than action.

The

years before the war had seen little effort to improve domestic nitrate
production in the United States.

The outbreak of war in Europe brought a new urgency to the desire
for

a domestic nitrate supply.

It was suddenly realized that Germany

had first made sure of a domestic industrial source of nitrates before
the war began.

It was also painfully apparent that if the United

States were to enter the war, the German submarines were perfectly capable of cutting off American trade with Chile in the same way that
British shipping had been ended.

Government intervention in the

problem gave an irresistable push to the American effort to establish
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a nitrate industry.

No one can say what might have happened had the

war not intervened.

It is reasonable to assume that an American

nitrate industry would have deve1oped, but with what speed, it is
not possible to guess.

Any industrialized war, and World War I was the first,creates
an industrial boom.

This was being realized by the American industries

even before America entered the war;
a new general demand for both

It was discovered that there was

raw materials and finished products

which had previously been imported, and whose exporters were now
producing war supplies for their own countries.

In the chemical

industry, this included such materials as phenol, barium salts, benzol,
toluol, analine compounds, napthalene, carbon tetrachloride, acids,
alkalis, chlorates, and bichromates; all of which had been imported
from Germany.276

American production of these chemicals either began

with the cessation of German imports, or if such production had existed
before the war, expanded greatly.

Nevertheless, it was also recognized

that wartime conditions, no matter how favorable or qratifying they

mightbe to the chemical manufacturer, would not persist after the
war ended.

Wartime economy is an artificial one.

Expensive processes

which could not be supported by peacetime demand for the product can
be justified during wartime in the name of expediency and national
defense.

It can also be expected that they will also be set aside

once the urgent demand has ceased.

Not only that, it could be expected

that after the war there would be a renewed effort by the major foreign
exporters of these goods to regain their prewar markets, and competi-
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tion would again drive prices down.

Therefore, any industry arising

during a war must have a solid economic base if it

is to survive

the ensuing peace.

What did the burgeoning of the nitrogen fixation industry do for
the war effort?

The wheels of government, like the mills of God, turn

slowly, and by the time Congress had argued out the appropriation bill,
and construction had been completed at the nitrate plants, the war was
over.

In the meantime, military demands for nitrate had been met as

they always had been, primarily by Chilean imports, which contrary to
all fears had never been cut off.

The period of American involvement

in the war was simply too short to permit any direct effect to be felt
from the beginnings of the industrial effort to produce nitrates.

This

cannot, however, be interpreted as a failure of the government nitrate
efforts.

Had the war continued, as it had been expected to do, the

nitrate plants would have gone into operation as planned.
cyanamid

The

process was entirely successful, and judging by General

Chemical's success in building its Syracuse plant in 1921, the ammonia
synthesis process with a few modification was also capable of satisfactory operation.

Furthermore, in spite of the nation's confidence in

having waged and won the "War to End All Wars" there were still more
wars to come, and two decades later, when it again became necessary to
increase the production of nitrates to supply explosives once again,
the technology was ready, and several new plants were successfully
completed and put into operation for this purpose.

Although the most important advancements in nitrogen fixation
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technology came, for the most part, after the war had ended, they
were a direct result of the wartime research and other nitrate activities of the government.

So the opposite side of the question, that is,

wha,t did the war do for the nitrogen fixation industry, has some very
significant answers.

ammonia synthesis.

The most important results were in the area of
Before the war, there was only the General Chemical

Company experimental plant at Laurel Hill.

The War Department, urged

by Charles Parsons, had chosen that company's process as the one which
would be used in their large nitrate plant.

The plant was constructed

at Sheffield, with no restrictions on expenditures, manpower, or
materials, and during the construction process, extensive research was

done to improve the plant, which was not entirely successful.

At the

end of the war,the government was left with a half-completed plant,
still in need of some modification.

The General Chemical Company,

however, had its improved process and its technicians and engineers
had gained a good deal of experience from helping the government to
build their Sheffield plant.

As a result, they were able to take what

they had learned and apply it to the construction of a synthetic ammonia plant at Syracuse, New York in 1921.

The General Chemical

Company eventually became the largest single producer of ammonia in
the United States.

(By the second World War, General Chemical, which

had by then become Allied Chemical, was making forty percent of the
United States' supply of ammonia, and had begun to worry about antitrust action by the government).277
A retired chemist from Allied Chemical, Frank Porter, who was
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associated with the company during its early days, summarized his
evaluation of what cooperation-with the government did for General
Chemical.

Originally, the qualified success of the Sheffield plant

gave General Chemical the confidence that their process would work,
and was economically feasable.

"It was not so much a question," he

said, "as to whether GCC could succeed as it was a question of would
they spend so much money on expensive research."278
had enough

The government

confidence in the process to spend that money itself.

After the war, the demand for ammonia was once again limited to
refrigeration and fertilizers.

General Chemical was able to capture

the refrigeration market when it built its thirty ton per dayplant
at Syracuse, but no

synthetic process of any kind could compete

economically with Chilean nitrates for fertilizer.

By the end of the

twenties, General Chemical decided to build a plant with a capacity
large enough to enter the fertilizer market.

It had been discovered

that costs of the process could be reduced in several ways:

by produc-

ing ammonjum nitrate as a fertilizer rather than sodium nitrate, and by
changing from coke to natural gas as a raw material.

This plant was

built at Hopewell,Virginia in 1928, just prior to the beginning of
the depression.

It proved to be large enough to survive, while many

smaller manufacturers did not.

During the Second World War, two more

plants were constructed, but following this war, research and develop-

ment on the ammonia process was cut back, as government antitrust
action was feared.

It was this reduction in effort toward development

which led to Allied Chemical's missing out on the next important ad-
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vance in ammonia synthesis technology:

the development of improved
These

compression apparatus that could be used on a very large scale.

improvements made possible the construction of plants which could preduce better than a thousand tons per day of ammonia.

It was only after

the M. W. Kellogg Company demonstrated that by using this new equipment
further cost reductions in ammonia production could be effected that
Allied Chemical was convinced to go the large-scale route.

It has

since adopted the Kellogg modifications, but the basic General Chemical
process remains essentially the same as that put into use at Sheffield.279
process:

Indeed, all

large-scale ammonia production uses this general

natural gas is the source of hydrogen, its methane being

catalytically reacted with steam to produce a mixture of carbon monoxide and hydrogen, similar to that found in the water gas of the
original process.

The carbon monoxide is then converted to carbon

dioxide with more steam, producing more hydrogen at this time.

The

carbon dioxide is then removed by alkaline scrubbing, and further
purification of the gases is effected by more scrubbing or by
absorption.

The gas is then compressed to between two hundred and

three hundred atmospheres, and heated in the presence of the catalyst,
which is very similar to the Fixed Nitrogen Laboratory catalyst.

The

efficiency of this system is such that twenty tons of ammonia per pound
of catalyst per day can be produced at a total cost to the manufacturer
of 4.5 cents per pound.28°

It can be seen, therefore, that with the

exception of a few engineering changes, the basic chemical process by

which ammonia is synthesized from its elements remains essentially
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the same as that discovered by Haber, and developed by the American
industrial researchers in the pre-war and wartime periods.
Its possession of two inoperative nitrate plants at the end of
World War.I led the government to establish research laboratories

to provide someplans for the possible future use of these plants.
A

it eventually happened, by the end of the decade following the war,

the possibility of either of these plants actually being used again
was growing more and more unlikely.

If the research laboratories,

particularly the Fixed Nitrogen Research Laboratory, did not achieve

their primary objective, that of getting the government plants into
operation, they did at least do something for the theoretical and
practical advancement of nitrogen fixation.

The earlier laboratories

at Laurel Hill and Sheffield had been limited in scope, and their
achievements were restricted to improvements of the Sheffield process.
The Arlington laboratory, and its successor, the Fixed Nitrogen
Research Laboratory were not limited just to the improvement of the

Sheffield process, but in the words of the Nitrate Committe&s
original recommendation, they were established

.

.for active

investigation of processes for the industrial production of nitrogen
compounds useful in the manufacture of explosives or fertilizers."281
The Fixed Nitrogen Research Laboratory, in the seven years of its
independent existence did do a considerable amount towards achieving
this goal.

Probably the most important of the Fixed Nitrogen Research Laboratory achievements was the development of a more efficient and useful
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catalyst for the ammonia synthesis.

The General Chemical sodamide

catalyst was undesirable because of its extreme sensitivity to
poisoning.

The Fixed Nitrogen Laboratory, therefore, went back to all

of the possible catalytic agents which had been investigatedor suggested by the German synthetic ammonia experimenters, tested each of these
alone and in combination, and discovered the best possible combination
of substances, and the optimum operating conditions for its use.

This

work was so complete that the same catalyst, with only the addition of
a third promoter substance, is still in use.

The catalyst studies

represented the last purely chemical problem to, be solved in the

perfection of the ammonia synthesis process.

Those that remained were

engineering problems, and were eventually worked out by the industry,
with the development, of better high-pressure equipment and more
efficient compressors.

The Fixed Nitrogen Laboratory experiments generated large amounts
of data:

on the operating temperatures and pressures for the catalyst,

on the vapor pressures of the various gases involved, and the equilibrium constants of their reactions, and on the various absorption and
purification techniques in use or proposed.

Although secrecy was

imposed on much of the information during the War Department's adniin-

istration of the laboratory, within five years of the end of the war

this restriction had been lifted, and theresults of the work that
had been done during that time had been published in the chemical and
engineering journals.

Most of the reference works on nitrogen fixation

written during the 1930's cite the work done at the Fixed Nitrogen
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Laboratory

extensively.

In fact, many of these works were written

by Laboratory personnel.

When the Fixed Nitrogen Laboratory synthetic ammonia research
stopped, the laboratory personnel went out into the industrial laboratories.

This was another boon to the fixed nitrogen industry.

The

Laboratory had been a training school for industrial chemists in this
particular field.

Not only was the Laboratory a source of industrial

chemists, but it, and othergornment research facilities were the
prototypes for the industrial laboratories which were beginning to be
established at that time.

These laboratories specialized in project-

oriented research done by teams of scientists solving specific problems,
as done previously at the government laboratories.

This experience in

concerted research effort contributed to the flourishing of the Amencan chemical industry in the period between the wars.
Some of the Laboratory personnel went to academic positions and

more theoretical research, notably Farnington Daniels who became an
eminent physical chemist, and P. H. Emmett whose work on catalytic
theory is a classic in the field.

It was not until the early 1930's

that work began to be done in earnest of the actual mechanisms of
catalytic action, but this work was a direct outgrowth of the Fixed
Nitrogen Laboratory catalyst studies of the 1920's.
The Fixed Nitrogen Laboratory's "American Process" had been a
technical success, but it proved to be an economic failure.
factors seemed to operate against it.

Two

It demanded electrolytic hydro-

gen, which is re1atvely expensive, and it was a small-scale process.
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Small-scale manufacturers found themselves unable to compete with the
lower prices of the large-scale processes, and many of them disappeared
from the industrial scene during the depression.
The brief association of the federal
Cyanamid

government and the American

Company was not as beneficial to the industry as the associa-

tion of government and General Chemical.

The cyanamid

process was

already a proven economic success at the time that the government adopted it for Plant #2, and although some research was planned to make the
process more effective, this research was never completed at the Fixed
Nitrogen Research Laboratory.

The only innovation at the Muscle Shoals

location had been the construction of a nitric acid generating
facility, patterned after the Ostwald process:

the oxidation of

ammonia to nitrate using platinum gauze as a catalyst.

This oxidation

process was later tried on a small scale by American Cyanamid

,

but it

proved to be less desirable at that timethan the commonly used
method involving sulfuric acid.282
Cyanamid

In the opinion of the American

Company, very little technical benefit accrued to that

company through its association with the federal government.283
Cyanamid

proved to be too costly to compete with synthetic

anlflonia as a source of ammonia, and so it was manufactured simply for

its own usefulness as a fertilizer or as a raw material for the
synthesis of related compounds.

In this case, then, government re-

search and support did little to improve or assist an already successful process.

As for the rest of the research done at the Fixed Nitrogen Lab-
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oratory, although some arc process research was done there, the process

itself continued to be too expensive, with its requirement of large
amounts of electrical energy for commercial use.
did nothing for the commercial arc process.

Government research

Fertilizer research

continued to go on at the Department of Agriculture laboratories,
and at Muscle Shoals, but as this is outside of the scope of this
study, and is extensive enough to warrant a whole book of its own, it
will not be considered here.
In conclusion, then, did the First World War benefit nitrogen
fixation chemistry?

What effect did the expenditure of well over one

hundred million dollars of government money have?
gress be purchased in this way?

Can scientific pro-

If one considers true science to re-

side only in the theoretical or model-building domain, then the answer
to these questions would have to be "no"--but the same answer would
probably be given if the question were to be posed about any other

on fiie jyifield of war-inspired research.
Basic theoretical research/is not
tkt5tS3
mOfl
very complex, flowing from an understanding of the principles of
chemical equilibrium.

Most of the work that was done before and dur-

ing the war was on the application of the ammonia synthesis reaction
to an industrial process.

This work was in the cut-and-try tradition,

and resulted in a collection of empirical data.
was successful.

Nevertheless, it

.4 commercially useable synthetic ammonia process was

the result.

The First World War served the American chemical industry by
making it independent of Germany in,a way it had not been before.
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the case of the fixed nitrogen industry, it can be said that the war
and its fixed nitrogen research served to establish this industry on
a firm footing.

The fixed nitrogen research was essentially different

from the other war research such as the poison gas or submarine detection research, in that it had more than military importance.

Nitrates

and ammonia are products which are as essential in peacetime

as in

war.

This difference was realized even before government nitrate

activities began, and resulted in much controversy as to whether or
not the government should involve itself in a venture that would have
peacetime commercial ramifications.

Nevertheless, the government chose

to pursue these activities, to engage in industrial research, and
eventually to make the fruits of this research available to American
industry.

The American nitrogen industry would doubtless have come

to the same ends by its own efforts, but surely not as quickly. With
the assistance

of the wartime research, the Amercian chemical industry

had gotten off to a running start, and the United States was able to
benefit economically from the resulting rapid expansion of this
industry.

In this case, then, as in so many others, it was applied rather
than theorectical science which was furthered by wartime governmentsponsored research.

If, as classical legend portrays, Wisdom is the

child of the Giver of Life, then it is fittina that the death-dealing
god of War should engender not Wisdom, but her more mundane relation,
Craft.
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APPENDIX I

CHRONOLOGY OF GOVERNMENT NITROGEN FIXATION ACTIVITIES
191 5-1 921

1915, June 30

General William Crozier, Chief of Ordnance,
reconiiiends building of nitrate plant

and water-power facility in report to
Secretary of War.
July 22

Crozier writes to Washburn of American
Cyanamid, asking opining on nitrate
plant construction.

July 30

Washburn offesto aid government.

December 23

Naval Advisory Baord recommends building
nitrate plant.

1916, March 6

HR12766 ("Army Bill") introduced in
House, with clause appropriating. $13
million to finance private development
of water power facility and plant.

March 10

S4971 introduced in Senate, authorizing
development of water-power sites for
nitrate production.

March 24

HR 12766 passed by House, without nitrate
plant provision.

March 30

DuPont offers to build U. S. arc process
plant if government will build power
S5l36 introduced to authorize
dam for it.
this construction.
In debate on HR 12766 in Senate, Underwood proposes amendment to it to provide
for nitrate plant construction.

April 7

S497l offered as amendment to HR12766
Would
in place of Underwood amendment.
allocate $15 million for construction
of government-owned plant.
Secretary of Interior offers Charles
Parsons to the War Department.
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April 14

Senate rejects Underwood amendment, and
accepts Smith amendment (S4971) to become
Section 122 of Army Bill.

April 18

Senate passes Army Bill

April 25

House rejects Section 122

May 8

House votes to accept Hay compromise,
Authorizes
which becomes section 124.
$20 million for nitrate plant construction by government.

May 24

HR12766 sent to President Wilson.

June 2

Preliminary report of NAS Nitrate Supply
Comittee presented.

June 3

Wilson signs HR 12766, "National Defense
Act."

June 6

Parsons submits preliminary report to
Crozier.

July

Active search for nitrate plant site
begins.

October-December

1917, January 6

January 15

Parsons and Berg visit France, Italy,
England, Norway and Sweden to view
nitrate plants.

ACS/NAS Nitrate Supply Committee summary
report presented.
"Interdepartmental Board' set up to consider nitrate plant sites.

Berg's report submitted.
January 20

Parsons' First Report submitted.

January-February

Interdepartmental Board tours plant sites
in South and East. Holds hearings.

March 9

War Department Nitrate Supply Committee
established.

Arpil 4

General Chemical offers process to
government.
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April 7

Congress declares war.

April 20

Terms of General Chemical offer rejected
by War Department.

April 30

Parsons' Second Report submitted.

May 11

Nitrate Supply Committee recommendations
submitted.

June 5

General Chemical makes second offer.

July 6

Interdepartmental Board suggests that
Wilson accept the first six recommendations of the Nitrate Supply Committee.

July 13

Wilson accepts Nitrate Supply six
recommendations for implementation.

July 14

Government accepts General Chemical
second offer.

July 21

Nitrate Division of Ordnance Department
established.

August 14

Col. Joyes of Nitrate Division visits
General Chemical pilot plant on Long
Island and is not impressed.

August 18

Engineering firm engaged to build Plant
#1.

September 20

Nine sites for Plant #1 submitted to
Secretary of War.

September 28

Wilson announces Sheffield, Alabama
to be plant site.

October 4

Construction
Survey of Sheffield site.
begins shortly after, continues through
winter and spring.

October

Sheffield Experiment Station established.

October 24

Ordnance Office notifies Nitrate Division
of urgent need for ammonia.

November 13

American Cyanamid offers process to
government.
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November 16

American Cyanamid offer reluctantly accepted
for construction of plant at Muscle Shoals.

November 17

Contracts let for Muscle Shoals construction.

November 26

Department of Interior authorizes
erection of cyanide (Bucher process)
plant.

December 4

1918, January 5

Agreement finalized with American
Cyanamid fr use of process at Plant #2.
Construction beings on Plant #2.

February

Laurel Hill Experiment Station established.

February 4

War Department decides more nitrate
plants are needed.

February 28

Rights to Bucher process aquired by
government.

March 11

Construction begins on U. S. Chemical
Plant #4 at Saltville, Virginia.

March 26

Nitrate Commission established to advise
on plant #3.

March 30

Commission advises using cyanamide process
at Plant #3.

April 12

Bill allowing condemnation of land for
Muscle Shoals expansion passed after
lively debate in Senate.

PLpril 25

Cincinnatti and Toledo chosen for sites
of Plants #3 and #4.

June 4

Steam power plant at Plant #1 completed.

June 8

Agreement signed with Air Nitrates
Corporation for construction of Plants
#3 and #4.

July 1

Nitric acid facility completed at Plant
#1.

July 9

National Research Council Nitrate
Investigation committee formed.
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July

Arlington Farms experiment station
taken over by Nitrate Division for
catalyst testing.

August 12

Construction begins at plants #3 and #4.

August 28

Ammonia synthesis facility completed
at Plant #1.

October

Catalyst plant opened at Arlington
Experiment Station.

October 26

Plant #2 operation begun at 20 per
cent capacity.

November 11

Armistice signed.

November 12

First ammonium nitrate produced at
Construction of plants #3
Plant #1.
and #4 discontinued.

November 19

Conference held in War Department to
determine what to do with nitrate
plants.

November 23

First successful operation of U. S. C. P.
#4.

December 2

Secretary of War announces Plant #2
will be completed.

December 19

U. S. C. P. #4 transferred to Nitrate
Division.

1919, January 1

All construction finished at plant #1.
Operation of plant discontinued.

January 4

Waco quarry site (limestone) purchased
to supply Plant #2.

January 11

Warrior River power station for Plant
#2 completed.

January 15

Sheffield experiment station closed.

March 29

Fixed Nitrogen Research Laboratory
established for Nitrate Division.

April

Arlington experiment station personnel
transferred to FNRL.
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July 10
1920, July

Plants #3 and #4 sold for salvage.

uPlant #1" section of Nitrate Division
established to decide disposition of
Plant #1.

1921, July 21

FNRL transferred to Department of
Nitrate Division disAgriculture.
continued.
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APPENDIX II

RESEARCH PROBLEMS INVESTIGATED AT WARTIME
NITRATE DIVISION LABORATORIES

A.

Sheffield Experiment Station, October 1917-January 1919.

Objectives

of

station:*

To put the experimental ammonia oxidation unit at the
Sheffield plant into operation.
To build and operate a furnace for heating iron pipe in
a neutral gas atmosphere.
To construct and operate a small laboratory tower system
to determine -if nitric oxide could be converted to nitric
acid in a saturated solution of ammonium nitrate.
To find a catalyst for the above reaction.
To train personnel for the Sheffield plant.
Research projects completed by Jonuary 1919:

Materials testing for the construction company, involving
testing of asphalt
brick and cement.
,

Brick testing for furnaces.

Construction of towers for testing various types of tower
packing for scrubbing.
Analysis of producer gas composition.

Analysis of effect of platinum gauze wire mesh size on
its effectiveness as an ammonia oxidation catalyst.
Study of abosrption of nitrose gases.
Tests on acid-proof materials.

*progress Reports, Sheffield Experiment Station, Miscellaneous
Records relating to the U. S. Nitrate Plant #1, Sheffield Alabama,
Inventory #401.
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Tests on effect of nitric acid on aluminum.
Preparation of mixed acids.

B. Laurel Hill Experiment Station, November 1917-June 1918.

Research projects undertaken, and their results as of June 1918:*
Leakage problems in high pressure apparatus had been
solved.

Results of attempts to use two carbon monoxide converters
in series with the second at lower temperature from the
first were inconclusive.
Some attempt had been made to find steel alloys with
This incomplete research
increased ammonia resistivity.
was transferred to Sheffield.
Apparatus had been installed in Laurel Hill plant to
increase the pressure in the caustic scrubber to 1400
pounds.
This had been found to increase the efficiency
of the scrubbing operation.
No conclusive results were obtained in the search for
gaskets which would not be corroded by alkaline solutions.
A study of the past records of the Laurel Hill plant had
been completed, and sent to the Nitrate Division.
It was found to be unnecessary to heat the gases before
they were passed through the caustic scrubber.

A study of various methods of improving ammonia yield
had been proposed, but no work could be done on this project until the Laurel Hill plant achieved stable running
condition, which it did not during the time the Nitrate
Division was working there.

Valve packings in various parts of the apparatus hadbeen
improved.

The possibility of making formic acid from recovered
DeJahnof General Chemical
caustic was suggested.

*progress Report, Laurel Hill Experiment Station, July 19, 1918,
Correspondence and Reports of the Nitrate Division, Inventory
#203.
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believed that his company, rather than the government,
should pursue this research.
Therefore, the project was
not undertaken.

A study of the mechanical aspects of catalyst packing
under the temperature and pressure conditions of the
Sheffield plant led to the conclusion that gas flow in
the carbon monoxide catalyst tower should be down through
the tower rather than up.
It had been suggested that carbon monoxide might be
removed from the cuprous scrubbing solution by action of
finely divided nickel. Correspondence with W. R. Whitney
of the General Electric Laboratories convinced experimenters that this would not be successful.

A search for a different packing for the carbon monoxide
scrubbing tower had yielded no good results.
Standardization studies on the carbon monoxide catalyst
were transferred to Sheffield.
A method was developed for standardizing glass friction
tubes.

A satisfactory method for analyzing mixtures of hydroxide,
carbonate and formate had been developed.

