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Ithough Michael Faraday is best known for his con-

tributions to electromagnetism, he made a number

of important contributions to areas which are now
included in the academic programs peculier to chemical
engineering departments, but the usual teaching of chemical
engineering gives little weight to its historical roots. This is
unfortunate since it leaves most graduates with no under-
standing of the thought processes leading to the more pro-
found developments.

In evaluating historical accomplishments, a good place to
begin is with the contributions of Michael Faraday."' His
contributions during his active research period between 1814
to 1862 included the development or refinement of the test
tube and prototypes of the electrical motor, transformer, and
generator. From 1816 to 1830, however, most of his work
was in applied chemistry and its related technology It in-
cluded a number of studies which either led to industrial
processes or were academic research which are now compo-
nents of the chemical engineering core curriculum.

The first study by Faraday (which appears in his diary)
was on the chemical luminescence of glow worms. While
there are two or three of these early reports in his role as
assistant to Sir Humphrey Davy, the first paper written only
by Faraday was "On the Native Caustic Lime of Tuscany,"
published in 1816.

The first truly significant papers published by Faraday
(coauthored by Stodart) appeared in 1818 and 1820 and
dealt with the production of stainless steel. The most impor-
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tant of the studies prior to 1821 concerned the systematic use
of photochemistry to enhance the rate of reaction, the chlori-
nation of ethylene (which historically was one of the
key studies in the development of the theory of substitution
and additional chemical reactions), and in the manufacture
of rust-free steel.

Two studies, liquefaction of substances which were gases
at normal temperatures (1823) and the discovery of mag-
netic rotation (1821) established Faraday's reputation as a
leading chemist and physicist in Europe. Then, beginning in
1830 with the discovery of induction there were a number of
results—induction, electrolysis, di and para magnetism, the
dielectric constant—that established his reputation as the
world's leading scientist. This period of seminal discoveries
lasted until 1850.

From 1850 to 1862 the frequency of great discoveries
declined and Faraday concentrated on more speculative stud-
ies: the interrelation of gravity and electro-magnitism, the
discharge of gases in vacuum, the regelation of ice, the effect
of small particles and thin metal layers on light. During this
period several series of lectures were transcribed and pub-
lished, including the six-lecture series Natural History of a
Candle. His last published work (1862) was a report on an
unsuccessful experiment examining the effect of magnetic
fields on the spectral lines. The experiment was repeated by
Zeeman with better instrumentation (e.g., diffraction gradi-
ents rather than lens) and with positive results more than
thirty years later.

It is not inappropriate to characterize Faraday as one of the
founders of chemical engineering. (Six contributions, dis-
cussed in this paper, are of particular relevance to chemical
engineers.) Moreover, the specific research areas (liquefac-
tion and cryogenic behavior of gases, colloids and aerosols,
hydrocarbon mixtures, kinetics and catalysis, industrial pro-
cesses, and rubber and polymers) fit into chemical engineer-
ing better than they do into any other academic discipline.
The six papers in the rank order that I have selected are:

4 '"Liquefaction and Solidification of Bodies Generally Existing

as Gases," in Experimental Researches in Chemistry and
Physics, 96 (1845)
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4 "Experimental Relations of Gold (and Other Metals) to Light," in
Experimental Researches in Chemistry and Physics, 391 (1857)

4 "On New Compounds of Carbon and Hydrogen ...," in Experimen-
tal Researches in Chemical and Physics, 154 (1825)

4 "On the Power of Metals and Other Solids to Induce the Combina-
tion of Gaseous Bodies," in Experimental Researches in Electric-
ity, 564 (1834)

4 "On the Manufacture of Glass for Optical Purposes," in Experi-
mental Researches in Chemistry and Physics, 231 (1829)

4 "On Pure Caoutchouc," in Experimental Researches in Chemistry
and Physics,, 174 (1826)

The original versions of most of Faraday's papers are readily
available in Experimental Researches in Chemistry and
Physics,”” and the three-volume series Experimental Re-
searches in Electricity."”!

In several of the following sections I have included short tables
showing studies which can be regarded as especially noteworthy
within their genre."!

LIQUEFACTION OF GASES (1844)

In my opinion, shared by others,” the liquefaction of gases is
the most significant of the studies listed here.The work is con-
tained in three papers, two of which were published in 18237
and the last having been published almost twenty years later"’.
Arguably, the earlier papers are of greater historical significance,
but it is the later paper which fits more closely the style of
contemporary academic chemical engineering papers. A sub-
stantial body of data is presented, a new instrumental design
is developed, and provocative conjectures are proposed. One
could argue that this paper set the agenda and the metho-
dology for the liquefaction of gases for the next seventy years,
that it was the first truly significant paper on cryogenics, that it
linked for the first time the critical point with gas liquefaction,

TABLE 1
Key Historical Development in Gas Liquefaction
Year Researcher Accomplishment
1822 Cagniard de la Tour Discovered critical point
1823 Faraday Liquefied chlorine and eight other gases
1835 Thilorier Production of solid CO, in bulk
1844 Faraday Lower temperature by evaporation, vapor
pressure data
1868 Andrews Continuity of gas and liquid states
1873 Van der Waals Equation of state
1877 Pictet, Cailletet Liquefaction of oxygen

1895 Linde, Hampson
1895 Olszewski

Commercial liquefaction of air
Liquefaction of Argon, critical pressure of H,

1898 Dewar Liquefaction and solidification of hydrogen
1908 Kammerlingh-Onnes Liquefaction of helium
1926 Keesom Solidification of helium
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and that it influenced the subsequent studies of Andrews!"”
and Van der Waals."" If one paper can be credited with
establishing contemporary chemical engineering science,
this is that paper.

The 1823 Faraday papers were the first important stud-
ies in gas liquefaction (Faraday subsequently reviewed
possible liquefactions before 1820""%'). They were the first
to definitively establish that materials which are gases at
normal temperatures could be liquefied, the first to couple
simultaneous pressurization and cooling in a general ap-
proach, and the first to present limited data (the density of
the liquid and one pressure-temperature pair). The lique-
faction of nine gases with critical temperatures in the
vicinity of 100°C was reported.

The 1844 paper describes the liquefaction of six new

" gases and the freezing of seven previously liquefied gases.

In addition, data are presented of the vapor pressure of
eleven materials as a function of temperature. The re-
ported values for the melting point stand up well with the
values which are currently accepted. Essentially, the work
in this paper dealt with liquefaction of gases with critical
temperatures in the range of -10°C to 10°C.

All three papers are clearly written and can be given to
undergraduates with only a few caveats: before 1850
there was no standardized nomenclature, so carbonic and
sulfurous acid are CO, and SO,, respectively; also, Fara-
day defines an atmosphere not in the absolute sense used
now but as the reciprocal of the compressed volume. The
1844 paper is, I believe, well suited for supplemental
reading in an undergraduate thermodynamics class.

In the twenty-year interim between the papers, there
were two technology developments of great importance
(see Table 1). Thilorier produced large quantities of
solid CO, and developed the CO,-ether bath allowing
one to reach temperatures of -100°F; secondly, Cagniard
de la Tour'™ discovered the critical point with ether
at elevated pressures.

The key to the 1844 paper is a clever procedure for
reducing the temperature to much lower temperatures.
The trick that Faraday used was to pull a vacuum on the
ether-CO, mixture. Since evaporation of the ether lowers
the temperature of the bath, he was able to lower his
operating temperature by 60°F to -166°F. To obtain higher
pressures, the glass tubes were replaced with metal tubes,
and reciprocal volumes of up to 50 Amagats (labeled as
atmospheres in the original paper) could be obtained.

Faraday suggested that temperatures lower than the
critical point may be necessary to liquefy the gases and
indicated his failure to liquify H,, O,, N,, CH,, CO, and
NO. To liquefy these gases became the primary objective
for cryogenic studies. The method Faraday developed
was generalized by Pictet'¥ to isolate liquid oxygen for
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the first time (1877) and by Olszewski'*'® to obtain liquid
Argon and possibly liquid hydrogen (in the 1890s). Eventu-
ally the Joule-Thomson effect was exploited to obtain
liquid hydrogen by Dewar and in commercial liquefaction
processes by Linde and others. It is difficult to argue with
the conclusion that Faraday's three papers constitute
the most significant cryogenic work of the first half of the
19th century.

In the cryogenic engineering literature, cryogenic work is
conventionally defined as being at temperatures of 120°K.
Using this definition, the cryogenic era begins with the stud-
ies of Caillet!"” and Pictet, but their virtually simultaneous
studies produced only mists of liquid air. It was more than
ten years later before sufficient liquid oxygen or nitrogen
was produced so that their properties could be determined. I
believe that both Thilorier and Faraday have stronger claims
for initiating cryogenic studies—Thilorier reached a tem-
perature of 200°K (but produced large amounts of solid
CO,) and Faraday made measurements at temperatures as
low as 165°K.

PREPARATION OF COLLOIDAL SOLUTIONS (1856)

The second paper I have selected is "Experimental Rela-
tions of Gold (and Other Metals) to Light,""® and it can be
regarded as the first significant paper discussing colloids.
The study reported in this lecture occupied almost all of
Faraday's research time during 1856. Colloids and aerosols
generated by the methods described in this paper were later
used by Mie'"”' to examine the optical properties of dispersed
particles, and the subsequent studies on light scattering of
colloids and aerosols followed from this study. From the
perspective of the late 20th century, however, the paper
seems incomplete since interpretation of the experiments
was left for Tyndall®, Mie, and Graham,*"! among others,
to complete. But the methods Faraday developed for gener-
ating aerosols and colloids are still the methods of choice
today. Perhaps as much as half of the patticulate aggregates
pictured in the recent literature on fractals are generated
using Faraday's method. Similarly, use of the "exploding
wire" technique for generating aggregated aerosols had its
origin in this paper.

Although the paper is comparatively long, it is quite com-
pact since six to ten different studies, each with many varia-
tions, are compressed into it. The paper presents four major
contributions:

@ Small particles of gold scatter and transmit light of different
colors depending on their size. The same optical laws are
applicable for gold produced by (a) beaten golden leaves, (b)
aerosols from exploding gold wires, (c) films of gold produced
from [AuCl,] solutions, (d) colloidal particles of gold in
aqueous solutions, (f) metal stains in animal tissue, and (e)
colloidal particles which were produced in gels.

@ The particles in all cases were established as finely divided
gold. In the case of the film and solutions it was shown that no
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other forms of gold remained in solution for all the gold was
in the form of fine particles consisting of elemental gold and
not gold compounds. Faraday conjectures that the color in the
ruby glass developed in 1674 by Kunckel® is due to finely
divided gold analogous to the color which he produced in
gels.

& The transmitted color was established as a property of the size
of the particles as the transmitted color changed from ruby to
blue as the particles aggregated. The finer particles (e.g.,
those that transmitted light as ruby) were the slowest to settle,
remaining in suspension for months. It is interesting to
examine the experimental results with the Mie theory
calculations reported by Van de Hulst* which provides a
striking verification of light scattering theory.

@ The effect of the five types of suspended gold particles on
polarized light was examined and a number of special
experimental techniques were developed. These included
procedures for producing the gold colloids in aqueous
solutions and gels, the procedure for producing the gold films,
and the preparation of supports for the gold leaves, aerosols,
and films.

This is an impressive array of results, especially since each
of the preparation methods are completely independent. Al-
though the paper misses the bold, sweeping conclusions
typical of Faraday's best work, it is far more than a bag of
tricks. The paper clearly distinguishes between the light
transmitted, the light reflected at 90°, and the light reflected
at 180°. The relationship between wavelength and particle
size is implied, but not definitively stated.

From our perspective it is clear that this study leads di-
rectly to the exploitation of the Tyndall effect and was a
forerunner to the work of Rayleigh®” and Mie on light
scattering. Similarly, the study of colloidal suspensions
clearly indicates that there is a repulsive force between the
fine gold particles which significantly hinders sedimenta-
tion, that this repulsive force is operable in conducting solu-
tions but not in non-conductors, and that the suspensions can
even be regenerated in the case of gels. Yet the dominant

TABLE 2

Key Historical Developments in Colloids
Year Researcher Accomplishment
1827 Brown Brownian motion
1857 Faraday Gold colloids, size effect on light scattering
1861 Graham Concept of colloids
1869 Tyndall Light scattering of colloids, Tyndall effect
1871 Rayleigh Light scattering of very small particles
1879 Nagelli Concept of micelle

1883 Schulze
1903 Zsigmondy

1905-6 Einstein and
Smoluchowski

1908 Mie Light scattering of colloids
1916 Smoluchowski Coagulation theory

Flocculation depends on electrolyte condition
Development of ultramicroscope
Kinetic theory of Brownian motion
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role played by electrical forces in colloid stability™’ was not

recognized, nor were practical applications of the amount of
light transmitted with concentration and the wave length
dependence of light on particle size exploited”® in the devel-
opment of instrumentation.

The paper is clearly one of the seminal papers in colloid
science (see Table 2). It was cited by Ostwald as one of the
classical papers in colloids and was honored by being repub-
lished as an Ostwald Classic. Among the works published
before 1860 in the development of colloidal science, it is
second only to the discovery of Brownian motion. I believe
it plays an equally key role in chemical engineering. Aerosol
and colloidal science are substantial components in contem-
porary chemical engineering, and light extinction measure-
ments are a mainstay in a number of chemical engineering
processes. Several of the methods developed in this work for
production of aerosols and colloidal dispersions are used
today, almost without change.

BENZENE, BUTENE,
AND HYDROCARBON MIXTURES (1825)

The third paper, "On New Compounds of Carbon and
Hydrogen . . .,"' has more significance to organic chemis-
try than to chemical engineering. It is included in the half
dozen significant papers because it was one of the first
studies of hydrocarbon mixtures which raised the question
as to when and how two key steps in petroleum distillation
arose: when were side streams and reflux introduced in
distillation, and when did methods developed for character-
izing hydrocarbon mixtures according to the temperature of
constant boiling fractures and their aromatic content become
standard practice? The paper includes three contributions:
the discovery of butene, the discovery of benzene, and one
of the earliest studies examining the H:C ratio of different
boiling fraction and the fraction of aromatic and unsaturated
hydrocarbons in mixtures.

From a historical perspective, the most significant contri-
bution in this paper was the isolation of butene, the determi-
nation of its molecular weight, and the determination of its
H:C ratio. Faraday found a liquid density of 0.627, which
was the lightest liquid then known, and formed addition and
substitution compounds with cholorine, but did not obtain
pure chlorocarbons as he had for ethylene. Schorlemmer®
cites the definition of isobutene as one of the key studies in
clarifying the concept of isomerism. Prior to 1932 the term
"isomer" was quite broad and included compounds which
had different crystal structures, compounds with the same
elemental composition but different molecular weights, and
compounds with the same elemental composition and mo-
lecular weight but different properties. Berzelius coined the
expression "polymeric compunds" in 1831 to account for
substances such as butene and ethylene. The designation did
not stick, and in this summary these compounds are charac-
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terized as belonging to the same homologous series.

The second major conbribution of the paper was the dis-
covery and development of benzene. Benzene (as was butene)
was obtained from the fractional distillation of the residual
oil from illuminating gas. Mitscherlich® subsequently pro-
duced benzene from calcium benzoate and studied its reac-
tions, and Kekule™” proposed the ring structure. It is at least
arguable that these contributions are more important than the
results on benzene reported in the Faraday paper.

The third significant contribution, less well known but
more directly related to chemical engineering, was the char-
acterization of hydrocarbon mixtures. The illuminating gas
residual was divided into constant boiling fractions. The first
innovation was determining the H:C ratios for each of the
constant boiling fractions, and the second innovation was
attempting to characterize hydrocarbon mixtures by the
amount of hydrocarbon "absorbed" by the sulfuric acid.
Faraday noted the effectiveness of ethylene and benzene in
absorbing sulfuric acid and compared gases from three fuels
where the absorption varied for 3% to 22%.

In summary, this paper played a substantial role in the
clarification of chemical structure and was recognized as
one of the seminal papers in the foundation of organic chem-
istry. Because it first isolated and analyzed two key hydro-
carbons (benzene and isobutene) it is of great historical
significance. Finally, it contains substantial hints to the ori-
gin of key developments in the characterization of petro-
leum-based hydrocarbons—the mainstay of the chemical
engineering profession.

CATALYSIS AND KINETICS (1834)

In conducting his study on electrolysis, Faraday developed
an instrument for measuring the rate of current passing
through electrolytes that worked on the principal of measur-
ing the volume of O, and H, that was liberated. When the
electrodes were platinum the gases slowly recombined at
room temperature. In this paper, Faraday"'! showed that the
reaction was catalyzed by the platinum surface. This was not
the first study of catalyzed reactions but the prior reports
were all qualitative and it was not until 1857 that
Wilhelmy"*** reported the first quantitative measurements
on rates of reaction.

In the first section of the paper, Faraday demonstrated that
the catalytic effect depends only on a clean platinum surface
and carried out experiments which eliminated all other pre-
vious explanations. In the second section he proposed a
mechanism for the catalytic reaction, describing those
experiments that had been reported. And in the third
section there is a discussion of experiments investigating the
suppression of the reaction by trace gases. It is this third
section which has the most direct relation with contempo-
rary chemical engineering kinetics and catalysis. He demon-
strated the poisoning of catalysts, he showed that ethylene
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and carbon monoxide would suppress the reaction, but that
the catalyst was only temporarily deactivated, and he showed
that phosphine and hydrogen sulfide permanently deacti-
vated the catalyst.

The part of this paper which is most clearly in the scope of
chemical engineering is a short section on the effect of trace
gases on the oxidation reaction. Faraday reported three quali-
tatively different effects: several gases had no detectable
effect on the reaction even when the dilutent gas composi-
tion was as high as 80%; several other gases would prevent
the oxidation from occurring if their concentration was suffi-
ciently high; and two gases (PH; and H,S) not only pre-
vented oxidation, but also caused permanent damage to the
catalytic behavior of the plates.

The paper is not usually included in short lists of seminal
papers in kinetics and catalysis, and of the most widely used
kinetics and catalysis monographs written for chemical en-
gineers, only Boudart and Djega-Mariadassou®" references
the paper. It is not easy to explain why the paper did not have
more impact on the history of catalysis. It was one of the
papers published in the Experimental Researches in Elec-
tricity, it is clearly written, and it involves no difficult con-
cepts. I think the explanation is that the time simply was not
right to aggressively pursue catalysis. But notwithstanding
this lack of direct impact on the growth of chemical engi-
neering science, I believe it to be one of the five most
significant Faraday papers related to chemical engineering.

OPTICAL GLASS (1929)

In my opinion, an area neglected in many chemical engi-
neering curricula is an in-depth discussion of an engineering
process. Faraday's paper "On the Manufacture of Glass
for Optical Purposes"™ is by far the most interesting, infor-
mative, and well-written paper on the technology of a chemi-
cal process that I have read. It is most suitable for a
reading list in chemical processes, but would also fit well

into a design course.

The paper outlines the major problems that had to be
overcome before satisfactory optical glass could be made.
They included, but were not limited to: examination of the
compositions of the components used to make the glass
(Faraday developed special optical glasses with twice the
density of normal optical glass); the finding that platinum
worked best for the composition of the liner holding the
glass because it could be easily separated from the glass; a
discussion of how to mix the molten glass without splatter-
ing it over the bottom of the furnace; and a description of the
composition of the earthenware crucibles (how many stu-
dents or faculty would dream that there is a meaningful
difference in the clays used for the melting pots?).

This paper has that rare quality of engaging the interest
and mind of the student as it describes the development of a
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process that overcame the obstacles for a satisfactory glass
product. In my experience in chemical engineering educa-
tion I can recall seeing few analogous descriptions of other
engineering processes, and it is for that reason that I have
included this paper on the list.

MACROMOLECULES AND RUBBER

The comparatively short paper "On Pure Caoutchouc'
reports on an investigation of a tree sap from South Mexico
from which rubber (caoutchouc) could be isolated. Faraday
divided the sap into five components, and the general prop-
erties of three residual products were examined and de-
scribed. He reported that interesting solutions of rubber with
olive oil and with turpentine were made and speculated that
these could be useful in varnishes and adhesives. He showed
that rubber is a hydrocarbon and is credited with first deter-
mining its elemental composition CsHj.

1 [36]

There is no doubt that the paper is regarded as very signifi-
cant in the rubber and (perhaps) the polymer literature. If
not regarded as a seminal paper in the development of
rubber chemistry, it is at least considered as one of the
more important precursors. It is clear that the paper played
a significant role in the early history of polymers in, first,
representing the most accurate determinations of rubber com-
position up to 1860 and second, by clearly serving as a
stimulus to subsequent study

Each of the six papers discussed in this article described a
separate research topic, each of which has an extensive
literature. The criteria I used in selecting the papers were 1)
that they have stood the test of time, 2) that they made a
substantial contribution to chemical engineering science, and
3) that I like them.

I believe that the first three papers have proven to be of the
greatest importance to posterity. The paper on liquefaction
established cryogenics as a research area, set the agenda for
the next half century in gas liquefaction, and permanently
linked the concept of the critical point with gas liquefaction.
Both the cryogenic and gas liquefaction industries can trace
their origin to this paper. The paper on the optical properties
of gold showed that the optical properties of particles are
related to their size, and it led directly to Tyndall's work on
light scattering of finely divided particles, played a signifi-
cant role in our understanding of colloids, and introduced
methods of generating aerosols and monodisperse colloidal
particles. The historical importance of the paper on the hy-
drocarbon products from illuminating gas lies in the first
separation and definition of isobutene and benzene and in
definitively establishing that there are organic compounds
which have the same elemental ratios but different molecu-
lar weights and properties. The paper includes what is, per-
haps, the first attempt to characterize the properties of hy-
drocarbon mixtures.
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The second group of three papers had less impact on
chemical engineering science but are nonetheless important.
The paper on oxidation of hydrogen in the presence of plati-
num showed that the catalytic reaction depends only on a
clean platinum surface and presented experiments showing
the poisoning of catalysts. The first of these has been recog-
nized as one of the seminal results in 19th century surface
science, although the catalytic poisoning study seems to
have played no subsequent role in kinetics and catalysis. It is
a classical example of a paper published "before it's time."
While the paper on the manufacture of glass broke little new
scientific ground, it has value in its thorough and com-
plete description of the manufacture of optical glass in the
early 19th century. It was chosen because it is the best
representative of a generic class important in engineering
education. The last paper, on the other hand, played a key
role in the early work on the structure of rubber, especially
the description of isoprene.

There are other contributions from Faraday of equal or
greater importance to those described here. First in this
regard is the set of papers on electrochemistry,””** and
second are the papers on the development of substitution and
addition reactions.™ Another interesting paper is the study
on conduction of various solids and molten liquids.*” Its
historical importance lies in the fact that this paper reports
the temperature property of semiconductors for the first
time. I also think the paper on the o and 3 forms of naphtha-
lene sulfonic acid,”*! the resistance to flow of gases under
different conditions,'***! and the making of rust-free steel
alloys are historically important. Finally, the Faraday paper [
think is the most shocking and provocative, and worth men-
tioning here, is titled "On the Character and Direction of
Electric Force of the Gymnotus."™*¥
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