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INTRODUCTION

The tar used in this study was produced by the Texas Power & Light Com-
pany from a Texas lignite carbonized at about 500° C in a fluidized bed. The
pitch, as used in this research program, is the tar distillation residue boiling
above 350° C. This pitch is about 40 to 50 percent of the crude tar. Pitch is a
complex resinous mass of polymerized and polyéondensed compounds (1). It is
an amorphous solid material and quite brittle at room temperature. The pitch
analyses average 84 percent carbon, 8 percent hydrogen, 5 percent oxygen, and
1 percent each of nitrogen and sulfur. It is chemically similar to the tar from
which it is prepared, ‘being mainly mixtures of the higher homologs of the com-
pounds contained in the distillable fractions of the tar.

The pitch is potentially useful as a binder in the manufacture of products
such as roofing cement, metallurgical electrodes, asphalt paving, and pitch fibre
pipe, if its characteristics can be modified by physical and chemical techniques to’
approximate those of. asphalt and bituminous binders (3).

Researchers of the Bureau of Mines, U. 5. Department of the Interior, have
investigated three methods for changing the lignite pitch characteristics.

Air-blowing, which is used successfully to treat bituminous pitch by lower-
ing the hydrogen content and increasing the softening point and the penetrability,
was not too effective with lignite pitch (1, é).

Catalytic dehydrogenation (é) was found to be effective in redu.cing the
hydrogen content of the pitch, but catalyst cost per pound of treated pitch is high,
and the catalyst recovery cost would be prohibitive.

Thermal cracking has proven to be the most effective in changing the pitch
characteristics. This report covers the preliminary work done on thermal crack-
ing of pitch and shows the variety of products that may be obtained.

Thermal cracking is widely used in the petroleum industry, particularly for
the production of olefins. Thermal cracking has also been used in the treatment
of coal tar’ (i, 5), but seldom has been used in the treatment of pitch. The success-
ful treatment of pitch by this process could upgrade the pitch into metallurgical
coke, binders, oxidation feedstock for phthalic and maleic anhydrides, and gases
such as hydrogen, methane, and ethylene.

The binding ability of the cracked pitch and oil distillation-.pitch can be
determined by the quality of metallurgical electrodes produced using the pitches
as binders. Many factors affect the binding properties of the materials being
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used as binders, with different producers and consumers using entirely different
standards, so-the electrode quality tests were used to help evaluate the effective-
ness of thermal crackmg of the lignite pitch.

EQUIPMENT

The thermal cracking system is shown in figures 1 and 2. The feed tank
(figure 2, A) is made from a 13-in. length of 10-in. diameter schedule 40 pipe,
to which a cone has been added for the bottom. The tank is heated by commercial
electric heaters. The feed pump (B) is a small gear pump with a variable speed
drive. The thermocracker (D) is a 4-1/2 ft-length of 2-1/2-in. diameter schedule
40, type 3‘04, stainless-steel pipe, heated by external electric heaters. The
heaters are controlled by outside surface thermocouples welded to the reactor.
The receiver (E) is a 20-in. length of 4-in. diameter schedule 40 pipe. The
receiver is flanged so that it can be bolted to the bottom of the reactor. The con-
denser (F') is a 30-in. length of 6-in. diameter pipe, swaged at the bottom end to
1-in. diameter and flanged at the top. The top flange supports a water-cooled
tube which inserts into the condenser body in the manner of a cold finger. The
knockout {G} is a 34-in. length of a 2-in. diameter pipe having a tangential gas
inlet about 8-in. from the bottom. The scrubber (H) is a 30~in. length of a 4-in.
diameter pipe having a water-spray nozzle near the top. The water from the
scrubber drains into a standpipe water-seal tank {(I}. The water-seal tank is a
piece of 6-in. diameter pipe. The gas meter (J) is a laboratory-type wet-test
meter capable of metering 1, 000 cu ft of gas at standard conditions.

PROCEDURE

. Lignite pitch at 200° C was pumped from the feed tank through electrically
heated lines into the top of the thermocracker. .The temperature of the thermo-
cracker was maintained at.approximately 790° C as indicated by the outside
surface thermocouples. At the end of a run, the flow of pitch was stopped and the
pump was flushed with a low-boiling tar fraction to keep the impeller of the pump
from freezing. Reactions within the cracker produced coke, cracked pitch, oil,
and gas. Both the top and bottom of the cracker were removed, and coke was
removed from the sides and weighed. Cracked pitch caught in the receiver was
weighed and analyzed. The oil removed by the condenser and knockout chamber
was weighed and then distilled to 400° C, leaving a pitch residue. This pitch
residue was analyzed and, if found to have the desired carbon-to-hydrogen atomic
ratio (1. 20 to 1.80), was used as a binder for electrodes. Distillate from the oil
may be oxidized to phthalic and maleic anhydrides or separated into acids, bases,
and neutral oils. Gas from the cracker was cooled and scrubbed, then metered,
sampled, and analyzed by gas chromatography.

RESULTS AND DISCUSSION .

Reéults of the thermal cracking tests are given in tables 1 to 4. Of the four
major products obtained. from the pitch--coke, cracked pitch, oil, and gas--the
coke averaged about 15 to 25 percent of the feed to the cracker, the cracked pitch
amounted to about 20 to 40 percent, the oil was about 20 to 30 percent, while the
balance of the feed to the cracker consisted of gas.
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Distribution and yield rates of products (figures 3 to 6) are as expected con-
sidering the reaction within the cracker at different crﬁde'pit‘ch*feed rates. As
the pitch is heated it begins to vaporize, and.the turbulence of the vapors splashes 4
some of the fluid onto the hot wall where it sticks and is coked. If enough heat is
available, the rest of the pitch is vaporized and cracked. = As the cracked
materials leave the hot zone, heavy high- boiling materials condense immediately
and collect in the receiver-as cracked pltch the 0il and gas vapors pass on to the
condenser. I there'is not enough heat available to vaporize all of the pitch fed to
the cracker, the unvaporized portion flows throdgh the hot zone and into: the
receiver without being completely cracked. Such is the case when the crude pitch
feed rate is high, the residence time in the cracker being shorter and less time.
being available for heat to penetrate the interior of the pitch mass. High crude -
pitch rates also lower the temperature inside the cracker, reducing the amount 6f
coke formed. '

Figures 3 and 4 appear to reflect these effects. The coke rate increases .
more slowly and the cracked pitch rate increases more rapidly than does the \
crude pitch feed rate. Since the gases are formed by several reactions, each
related to the degree of cracking and cok)ng, the gas production rate decreases

with the increase in crude pitch feed rate-{figure 5). Gases are produced by cok- \
ing of pitch adhering to the cracker wall, then these gases are cracked to produce
hydrogen and olefins. In addition to gas produced from coke, other gases are pro- \
duced by devolatilization and thermal cracking of ‘the pitch and are also subjected B
to further cracking. Ajgsignificant amount of ethylene was produced in the cracker. x
Oil produced in the cracker, upon distillation, yielded a pitch residue poten- N
tially useful as electrode binder, paving material, pitch fibre pipe, or roofing "
material, along with a distillate that can be further treated to give valuable chemi-
cal intermediates. Table 3 gives characteristics of the pitch residue and some ’
\

preliminary data on electrodes made with the pitch as binder. The decrease in
carbon-to-hydrogen atomic ratio of the pitéh residue in relation to the crude pitch

feed rate (figure 7) again reflects the 1nhlb1t10n of cracklng by relatlvely high
crude pitch feed rates.

-

e

The oil is produced in two ways--by cracking of the pitch, the most desirable
method, and by devolatilization of pitch without cracking. This is the reason why
the oil production rate can increase approximately in proportion to the crude pitch
feed rate (figure 6). However, the quality of the oil decreases with decrease in
degree of cracking, as is shown by the drop in the carbon to- hydrogen atomic
ratio. : b

o

P

CONCLUSIONS N , A :

Thermal cracking of low-temperature lignite tar pitch converted the pitch
into a material that served as a satisfactory binder in the manufacture of carbon )
electrodes. Compressive strength and electrical resistivity of the resulting ' \1
electrodes fell within acceptable ranges. Crude pitch feed rate to the thermo-
cracker significantly affected the rate of formation of produgts and the composition
of the pitch residue from ‘distillation of oil produced in the cracker.
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used as binders, with different producers and consumers using entirely different
standards, so-the electrode quality tests were used to help evaluate the effective-
ness of thermal crackmg of the lignite pitch.
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. Lignite pitch at 200° C was pumped from the feed tank through electrically
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RESULTS AND DISCUSSION .

Reéults of the thermal cracking tests are given in tables 1 to 4. Of the four
major products obtained. from the pitch--coke, cracked pitch, oil, and gas--the
coke averaged about 15 to 25 percent of the feed to the cracker, the cracked pitch
amounted to about 20 to 40 percent, the oil was about 20 to 30 percent, while the
balance of the feed to the cracker consisted of gas.
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Distribution and yield rates of products (figures 3 to 6) are as expected con-
sidering the reaction within the cracker at different crﬁde'pit‘ch*feed rates. As
the pitch is heated it begins to vaporize, and.the turbulence of the vapors splashes 4
some of the fluid onto the hot wall where it sticks and is coked. If enough heat is
available, the rest of the pitch is vaporized and cracked. = As the cracked
materials leave the hot zone, heavy high- boiling materials condense immediately
and collect in the receiver-as cracked pltch the 0il and gas vapors pass on to the
condenser. I there'is not enough heat available to vaporize all of the pitch fed to
the cracker, the unvaporized portion flows throdgh the hot zone and into: the
receiver without being completely cracked. Such is the case when the crude pitch
feed rate is high, the residence time in the cracker being shorter and less time.
being available for heat to penetrate the interior of the pitch mass. High crude -
pitch rates also lower the temperature inside the cracker, reducing the amount 6f
coke formed. '

Figures 3 and 4 appear to reflect these effects. The coke rate increases .
more slowly and the cracked pitch rate increases more rapidly than does the \
crude pitch feed rate. Since the gases are formed by several reactions, each
related to the degree of cracking and cok)ng, the gas production rate decreases

with the increase in crude pitch feed rate-{figure 5). Gases are produced by cok- \
ing of pitch adhering to the cracker wall, then these gases are cracked to produce
hydrogen and olefins. In addition to gas produced from coke, other gases are pro- \
duced by devolatilization and thermal cracking of ‘the pitch and are also subjected B
to further cracking. Ajgsignificant amount of ethylene was produced in the cracker. x
Oil produced in the cracker, upon distillation, yielded a pitch residue poten- N
tially useful as electrode binder, paving material, pitch fibre pipe, or roofing "
material, along with a distillate that can be further treated to give valuable chemi-
cal intermediates. Table 3 gives characteristics of the pitch residue and some ’
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preliminary data on electrodes made with the pitch as binder. The decrease in
carbon-to-hydrogen atomic ratio of the pitéh residue in relation to the crude pitch

feed rate (figure 7) again reflects the 1nhlb1t10n of cracklng by relatlvely high
crude pitch feed rates.
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The oil is produced in two ways--by cracking of the pitch, the most desirable
method, and by devolatilization of pitch without cracking. This is the reason why
the oil production rate can increase approximately in proportion to the crude pitch
feed rate (figure 6). However, the quality of the oil decreases with decrease in
degree of cracking, as is shown by the drop in the carbon to- hydrogen atomic
ratio. : b
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CONCLUSIONS N , A :

Thermal cracking of low-temperature lignite tar pitch converted the pitch
into a material that served as a satisfactory binder in the manufacture of carbon )
electrodes. Compressive strength and electrical resistivity of the resulting ' \1
electrodes fell within acceptable ranges. Crude pitch feed rate to the thermo-
cracker significantly affected the rate of formation of produgts and the composition
of the pitch residue from ‘distillation of oil produced in the cracker.
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A-Feed tank
B-Thermocracker
C’-Receiver .
D-Condenser
E-Scrubber .

FIGURE 1. - Pitch Thermal Cracking Apparatus.

i

* A-Feed tank

B-Pump and drive

C-Pump flush tank

D-Thermocracker

E-Receiver

F-Condenser

G-Xnockout

H-Scrubber Yent
i-Water-seal tank.
J-Wet-test mater”

Cooling

FIGURE 2. - Thermal Cracking System.
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COAL DEASHfgé AND HIGH=-PURITY COKE

Ward J. Bloomer ,-The'Lummus Company, Newark, N, J, and

A

i

J

T

F, L, Shea, Great Lakes Research Corp.,, Elizabethton, Tennesgee 1
{

In:roductiol

In 1957, The Lummus Company and Great Lakes Carbon
Corporation began a joint investigation into the use of coal N
as a source of high=purity coke, The process involved the pro=-
duction of a lowwash, low-sulfur Jdeashed coal solutdon from
high volatiie bituminous coal, and the conversion of this coal
solution into coke using a modification of the Lummus delayed
coking operation,

Experimental work on a bench scale was initiated in
1958 and completed in 1961, The experimental stope was expanded
to include .the production of deashed coal as well as the high-
purity coke in either combined or alternate operatiens,

o

Bench programs were carried ot on several scales of
operation, A continuous (block operation) pilot plant was

built and operated to confirm the bench work, This unit was cap- ,
able of processing coal continuously at approximately 200 pounds N
per hour through the filtration step., At this point, the filtrate ’
was stored for further continuous processing to either deashed \
coal product (performed in 150-200 pound quantities) or high- hS
purity coke (500 pound quantities). '
Summarv N\
A process has been developed to upgrade the quality of t
coal to a low-ash, low~sulfur, low=-chloride product, As a fuel, ~
this material would result in reduced capital and operating costs ,
for power stations, Investment costs would be reduced, due to v
the higher heating value and cleaner fuel, Operating costs would L
be reduced by charges assocliated with the transportation of ash,
ash handling and disposal costs, lower maintenance costs, and fly \
ash removal costs. The substantial reduction in sulfur, ash; and ,
volatile matter would greatly minimize air pollution, AN
\

Other potential applications are for use in gas turbines,
as a reductant, as a raw material for synthesis gas, as an ingredien&&
in preparing coal blends for metallurgical coke, or for high-purity
coke,

The economic potential of the process in its present stage
of development is covered in Table 5, The process has certain S
aspects requiring sustained demonstration efforts to obtain firm
economic bases,
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Process Description

Figure 1 shows a schematic flowsheet for the production of
either deashed coal or high-purity coke as investigated in this pro=-
gram, : :

. |

Deashed Coal ~ Crushed, ground and dried raw coal is fed to
agitated premix tanks where it is mixed with warm solvent, The
slurry is pumped through an extraction heater and thence through
either in~line reaction tubes or to agitated digestion tanks, Diges=-
tion was investigated over the temperature range of 650 to 850°F and
over a pressure range of 75 to 135 psig. Residence times varied from
three minutes to two hours, Solvent-to=-coal ratics were varied from

‘1:1 to 4:1

From the digestion tanks, the coal dispersidd is fed to a
rotary pressure precoat filter designed for operating at ‘100 psig
and 700°F° Washing provisions are included.

The filter =ake (2)44 discharged into a cake receiver,
Filtrate and wash are collected and fed to the product and solvent
recovery operations, Vapors from the filtrate receiver are compressed,
heated and recycled to maintain pressure on the feed side of the fil=
ter drum,

Filtrate flows‘thrqugh the filtrate heaters into a vacuum:-
product recovery unit, Vapors from this unit pass to a flash tower
where the bottom stream is all solvent for recycle, A side stream
is taken off and in part is used for solvent make-up with the re=
mainder processed for by-product recovery, ‘

Overhead vapors from .the flash tower are condensed, and a
low boiling fraction recovered as a by=-product, Vapors flashing
from the filtrate receiver are condensed and introduced as reflux into
the bottom section of the flash tower,

Filter cake 1is calcined and the spent cake used as fuel for
the process. Gas and distillate vapors from the kiln combined with
gases from the filtrate receiver and flash tower overheads are passed
into a light oil scrubber, The absorption oil -- the intermediates
cut from the flash tower -=- 18 stripped in the flash tower, Light
oil fractions leave the system from a decanter on the flash tower
overhead stream, Gas from the light o1l scrubber is used for process
heat, ' ‘

High-Purity Coke - For coke product the same flow pattern
prevails through the filtrate receiver. The filtrate is pumped to -
a coking heater and thence to coke drums. Overhead vapors from the
coke drums pass to a combination tower where recycle solvent and by=-
product fractions are recovered. Overhead vapors from the tower pass
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Zovownh 4 coadenser, pas separator, and thence to a light oil sctubber.1

Ine abave operations were investigated on both a bench .
lct piant scale with the exception of cake calcining which was
ormed only on bench scale, Variables investigated are discussed

foliowing sections, : l

N

Praucess and Operating Variables for Denshed Coal

A review of our work on solvent deashing indicated the
operating conditions necessary to optimize the process. These
nhy be briefly summarized: ~

1. The development of a stable, higheextractive-efficiency
ivent capable of essenctially complete recovery in the vacuum recove
un1t to vie.d deashed coal was accomplished by special treatment

Aigh-botling coal tar distillate,” The required solvent having
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e¢llent vemperature stabilicy and high solvent power was attained
refraciozizing the high=-boiling coal tar distillate, employing N\
cycie thermal decomposition and fractionation to eliminate the less
cfractory and low-boiling consctituents, Gratuitously, these are the “
Lcss cffective extraction components,

2. Recovery of from 88 to 95 weight percent of the avail-
able carbonaceous matter at extractor pressures in the range of 5 to 8
atmospheres and with solvent-to-coal ratios in the range of 2 or 3:1°
vas achiaved using the refractorized solvent with a boiling range of .
600 to 900°F. Typical extraction conditions were 750°F, 75 psig, at .
& soivent=to=coal zatio of 3:l. (.

=

2, Extraction at residence times of 5 to 20 minutes in a
sulutlzer vessel or, preferably, in continueus in-1line \
solutzon acating coils which would permit a direct circuit from the
scivent=~coai mixing tank through a conventional heater with a disg=
charge to either a rotary pressure precoat filter or a suitable +
hydrcoz lone. ¢2) Bench extractions were successfully conducted at N
hold:ing times of as low as 3 minutes., These were duplicated in a \
piloc fuvnace heater coil discharging the hot coal solution continu-
ously through en expanded section of the transfer line to the filter y
charge tank, : A

4 Ash removal from the coal solution was accomplished at R
iitration rates of 200 to 300 lbs/hr/sq. ft. of filter surface,
celininary rates of 200 to 250 were secured in the pilot rotary \\
secoat pressure rilter at low pressure differentials. Small-scale

runs Oon cake washing and calcining were performed to obtein closed-
cycle data on soivent and distillate distribution, It was antici-

pated that the filter cake would be washed with a light oil, calcined

anc the spent cake used as steam fuel for the process in a full-gcale
plant, ’ Y
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The bench and pilot plant operations in general closely
approached the goals set at the start of the work for the deashed
coal production phase of the program, In Table I, there are pro-
vided examples of the data relative to the composition of the raw
coal, coal-to=-solvent ratios, temperatures and pressures and analyges
of the coal extract solutions, Yields are shown on the basis of
both raw and ash-free coals, Typical coal deashing results are
shown in Table 2,

Available Coal Charpe Stocks

Extraction of coal with phenanthrene by earlier workers
related the degree of extraction to the rank of the coall4) Thus,
about 95 percent of the organic material in bituminous coal was
dispersed as compared to 27 percent for subbituminous coal and 23
percent for ligrnite. Bench studies using a preprocessed coal tar
distillate solvent matched these extraction efficiencies for the
bituminous coal and lignite studied,

The coals extracted ranged Iin ash content from 5 to 20
weight percent and in sulfur values from 1 to over 4 percent, 'In
each case, it was possible to secure excellent removal of the ash
and a substantial portion of the sulfur, chlorides and other con-
taminants.

Sulfate and pyritic sulfur were fully eliminated with the

"ash and the organic sulfur forms were noticeably reduced. It was

also possible to reduce the volatile matter contents from original
values of near 40 percent to around 15 to 25 percent by distillation
or by solvent precipitation (5) of the deashed coal solutiom,

Improvement of Solvent for Coal Deashi ng

The wide~range heavy anthracene oill fraction originally
used in the coal solution studies boiled between 600°F and 1050°F.,
Bench -delayed coking of the deashed coal solutions gave solvent
losses ranging as high as 30 to 60 volume percent through polymer=-
ization of the heavy ends and decomposition of the less refractory
components of the solvent,

Accordingly, studies were initiated to produce a more
stable solvent, As a result, the efficiency of the coal solvent
was improved to a point where 85 to better tham 907 solution is
achieved of the total extractable carbonaceous material of the coal
(i.e., excluding the nonsoluble fusain).

This preferred polvent, freed of easily polymerizable
material,is capable of essentially complete recovery from either
the coal solution by vacuum stripping or from the delayed coking
operation at reduced pressurec
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' Ssivent upgrading 1s the result of two important factors.
First, thé'sdlvehtAPOLllnn range has been narrowed and, secondly,
the solvent has been scabiiised by removal of 1its less refractory
{(readi'ly cracked, components. Continued use and recycle of this
solvent improve 1ts stability. -

B e, T e N

A brief discussion of the variables in coal ‘solution and R
coking of 1ts deasned solution will outline the reasons for the
improvements sezured by the chanpes in solvent boiling range and
composition noted above: ;

it 1s known chat 'the effective solvents for coal are
those that Jhave an angula(,confinurnt}on of the rings, and that’ N
ho1l above 300°C (5/2°F).{®*) Nonangular, or linear, condensed’ N

ring svstems have a preatly reduced selective solvent action on

the comsticeents of coai that act as binding agents for the -

micellar poction ot the coal. It 15 this removal of the binding <
material that ieads to the complete disintegration of the colloidal

nature of the c¢oal, and peptization of the micelles in the solvent. -

Because of the temperatures at which coal dissolution
and subsequent recovery of deashed products are effected, it was N
found that certain high boiling fraztions polymerized and were
lost from the originai: solvent. TheBe viscous fractions also
decreased filtration rates. They were, therefore, helpfully

removed 1n the zourse of refractorizing the solvent. x

The narrow zange solvent first prepared by distillation \
and emploved for solution yielded 83.9 percent of the original \
ash-free coail, However, by successive heatings of the recovered )
solvent and redistillations to the original narrow boiling range, N
the extractive efficiency was Increased to 89 to 93%Z in subsequent 7

extractions.

n

Use of Other Refractory Aromatic Solvents-

Numercus refinery stream fractions such as, for example,
thermal-cracked, cat-cracked heavy cvcle oils are rich in condensed
ring aromatic compounds and their alkylated homologues. For example,
a 700° to 1000°F clilarified.,slurry oil has been reported as containing
in excess of 70% condensed ring -aromatics. Furthexr; thermal cracking
of this clarified oil .increased the concentration of these aromatics)
to over 90% and these are predominantly condensed ring types. It isﬁ
considered that these cracked refinery tars, after further refrac-
torizing, could provide a low-cost coal solvent of high solution
efficiency comparable to that of the coal tar solvents.

+

L

Removal of Ash

The efticiency of coal solution deashing has been a
function of ash part:icle size distribution rather than of total \
\
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ash content of the initial high volatile bituminous coal. Thus,

it has been repeatedly demonstrated in the bench and pilot solvent
deashing studies on coal samples with ash contents varying from 5
to 20 weight percent that final ash values of 0.1 to 0.3 could be
obtained in the treated coal extracts.

Lisewise, inorganic chlorides have been iargely eliminated
with the ash. Coals containing 0.25 and :0.15 weight percent chlorine
were reduced to values-of 0.004 to 0.003, respectively. It is
assumed that coals of considerably higher inorganic chloride contents

‘could be reduced to similar low values. The harmful corrosive

effects of ash and chlorides on furnace operation are well known and
their effective reduction 1is obviously very desirable. -

.Sulfur Reduction

The degree of bituminous coal desulfurization by solvent
deashing has proven to be a function of the original ratio of .
inorganic sulfate and pyritic sulfur to the organic forms. Original
total sulfur contents of 1 to 4 percent are reduced to values of
0.4 to 1 weight percent in the extracts. -

It is known that this ratio increases with coals of
increasing total sulfur content, i.e., in the lower grade coals of
correspondingly higher ash. The final sulfur of the deashed coal
therefore relates to the original organic sulfur which is only
partially removed in the process, whereas the inorganic sulfur is
removed substantially quantitatively.

) Thus, in Table 1, complete elimination of the pyritic
and sulfate sulfurs has been achieved with an accompanying 26
percent reduction in organic sulfur, for an overall sulfur reduct-
ion of about 50 percent. :

Delayed Coking

The original 1957 concept of the coal deashing process
was to prepare a coal solution which, after filtration for removal
of its ash, sulfur and other contaminants, would be charged to the
conventional Lummus delayed petroleum coking process. The coke
drum vapor would pass to the combination fractionation tower for
separation of gas and light and medium distillate from a. tower
bottom cycle o0il which would be re-used for fresh coal solution.

The bench and pilot coking of the deashed coal solution
proved to be almost routine. This charge stock resembled in many
of its characteristics a low temperature carbonization pitch.
Lummus had previously in bench scale and pilot plant delayed coking
apparatus successfully coked both low and high temperature carbon-
ization pitches as well as Gilsonite and Athabasca tar sand pitches.
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The range of temperatures and general operating character-
1stics proved similar to those employed for the stocks noted above,
Reduced pressure is necessary for high solvent (600-900°F) recovery,
Thus, 1t is anticipated that full scale plant operation would
produce cokes with volatile matter contents approaching those

normally encountered with pectroleum stocks. Such cokes would be of
low ash and satisfactory sulfur contents and would be secured at
high yields. . N

The product distribution on coal solution and on coal are
summarized. in Table 3, based on a 2:1 solvent to coal ratio. It N
was found on examination of the coker total liquid products that
the extraction solvent had been recovered without significant chnage.
The properties of the coker feed and product coke are listed 1in R
Table 4,

An alternate mecthod of producing high purity coke utilizes \
the pure coal extract as the raw material. This may be pulverized
in a ball and ring or ring roller type mill, such as is used for
powdered coal burners., The milled pure coal is then used to form a >
slurry with a refractory recycle stock, having a boiling range of
about 500-700°F, The boiling range of this stock will vary somewhat,
depending upon conditions in the hezter, the coke drum, and the ratio
of solids to liquid, but 1s selected so that sufficient liquid phase
remains in the heater coils so as to convey the milled pure coal
without coke build-up in the heater,

e

-

~

A third method of pure coke production considered,
particularly where production of pure coke from coal would be
conducted in conjunction with the operation of a refinery, involves
utilization of petroleum coker feedstock as the liquid in which the
slurry of pure coal is formed. Where a low coke yleld feedstock is

_1

used, the coke produced would be predominantly from pure coal. A
Howvever, the proportion might be varied, depending upon the type of
coker feedstock employed and the ratio of solids to liquid in the N
slurry charged to the delayed coker. . <
Alternate Processes for Coal Extract Recovery \
As an ‘alternate to the recovery of coal extracts of \

original or decreased volatile matter contents by distillation, as

noted in Tables 1 and 3, it was determined that these products could

be recovered readily from solution by precipitation with hydrocarbon .

solvents, Thus, a paraffinic solvent yielded the complete deashed

coal extract, whereas it was possible to recover a deashed coal with \\

a volatile matter content 60 weight percent below that of the original

coal with control of intermediate product values by manipulation of

the aromaticity of the solvent blends. \
\
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TABLE 4 .

. DELAYED COKING OF DEASHED COAL SOLUTION

RESULTS OF COKER TEST RUN DC-13

Coke Drum

Properties of Feed-(l) No, |
Specific Gravity, 100/60°F © o 1.1928
Softening Point, °F (R&B) 158

Benzene Insoluble, Wt. % 22.2

Properties of Coke

Benzene insoluble, weight percent-21.0

Wt, Percent of Feed 25.7 22.3
Density, 1bs/ft3 .

By Weight of Volume 50.1 38,5

Occupied in Coke Drum

By Weight of Water 66.7 51.3

" . Displaced by Sample
Volatile Matter, Wt. % 9,17 10.06
Fixed Carbon, Wt.% 90,22 89.28
Ash, Wt, % 0.61 0. 66
Sulfur, Wt. % _ 0.37 0.38
Heating Value, BTU/1b,. 14,520
(1) Weight percent coal extract -26.2
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TABLE 5 o
FCONAMIC STUDY - DEASHED COAL PRODUCT -

Tlant Capacity, Tons ‘vear 750,000 I 1.soo.vooo ,

Plant Cost 1$13,400,000 - . s, ooo.ooo
Cost/Ton  ¢/MMBTU  Cost/Ton " é’MM a'ru
Product . Product : N

Raw Material (Cocl) Cs6.50 21.6 $6.50 . 216
Labor, Supesvision, 114 ‘ 3.8 e iz

& Overieac ) :
Ttilities . 1,30 4.3 . . 1.30 ;  4.3
Depreciztion o c 119 - 3.9 T 1,06 35
\aistcnince _ _ . .54 © .8 48 _ 1.6
!'nsur;'..-—.cc % lnterest - : . R9 - - 2.9 ” . .80 © Z._7‘
Sales Jasts ) _ - ___1_5_. - .'5 . .. _;_1.5_ S _5.

Crose Operating Costs $11. 71 | 38.8 Csi27 ___?'- 37.4
.By-Pracuct Credits C(2.60) (8.6) . (2.60) o (8.6).:‘

Net Cacrating Costs C89.11 R T$8.67 . 28.8
"’.-’c-::-;: Tavestment Return 2.24 7.4 .2.00. 6.6:‘
Sales Trices ’ oS3 . 37,6 $10.66 - ."35.3

\"'.,a‘§4’)0tor‘ . o : )
Siies Prices . $9.72 31,9 Cs9.03 0 29.6

!Csal @ §3,00 /ton) , . N i

Nguwes: 1, Plantisa 'grass-rcots’ facxhty cnpable of hahdhng run-o f-rmne coal

from stockpile. . )
=, Labor - $5.00/man hour mcludmg supervunon and overhead. o

3. Ut\l\txes - Electricity - m g, 006 /KWH

Steam : '.“s .50/M 1bs.

Cooling Water @$.02/M Gallons
4, Deoreciation - Straight Line over 15 year period. -
5. Maintenance - 3% of investment. . e
6. Insurance & Interest - 5% of.Plant cost. ' . o
7. By-Product Credits - $.01 {pound aveuge for net exceu dutllllte. i -
8, Pay-Out -~ 8 Years. . _ - VR, T

4
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THE HEAT OF REACTIONia% HYDROGEN AND COAL
A. L. Iee, H. L. Feldkirchner, F. C. Schora,and J. J. Henry*

Institute of Gas Technology
"Chicago, Illincis

I TTRODUCTION |
This investigation is a part of the study conducted at the Institute
of Gas Technology (1,2,4,5,6,7,9,10,11) to obtain the necessary infor-
mation for designing an efficient coal hydrogasification plant. A thor-
ough literature search reveals that there is no reported data on the )
heat of reaction of hydrogen .and coal. Therefore, two calorimeters were
designed, constructed, and operated, one to measure the heat of reaction
and ,the other to measure heat capacity by the drop method. The heat-of-
reaction calorimeter can be operated at temperatures up to 1500°F and
pressures up to 1500 psia; the drop calorimeter operates at atmospheric
pressure and temperatures up to 1500°F. This paper reports the results
of the following investigations: C '

1. The heat of reaction of hydrogen with coals
and coal chars after various degrees of gasi-
fication. .

2. The heat of reaction of coal pretreatment.

2. The heat capacity of coals and coal chars.

- APPARATUS

The heat-of-reaction calorimeter built by Dynatech Corporation is
shown in Figure 1. The sample is placed in the upper portion of the
neck' which is cold. The calorimeter body is filled with hydrogen and
heatéd. The temperature of the calorimeter body is measured by four
thermocouples and two platinum resistance thermometers. The sample is
lowered: into the body after the temperature has remained steady for 2
hours. "The change in temperature due to a reaction is then measured as
a function of time. )

The drop calorimeter, which was also built by Dynatech, is shown in
Pigure 2. The sample is placed in the top furnace until it reaches the
desired temperature. It is then dropped into the copper receiver, and
the heat capacity of the sample is determined from the temperature rise
and heat capacity of the copper receiver.

EXPERIMENTAL RESULTS

The major problem encountered in determining the heat of coal reac-
tiocns at high temperature and high pressure is prereaction, since coals
decompose when heated. Meaningful results can be obtained only if the
czal and hydrogen react at conditions at which the desired temperature
and pressure are stabilized. Therefore, the method of introducing the
sample to the reaction conditions is critical. The coal must not react
befocre the conditions are set, and the pressure must not be disturbed
when the coal 1s introduced.

* Dynatech Corp., Cambridge, Massachusetts. .



The present method is to keep the sampl€ at room temperature inside
the calorimeter drop tube so that the reaction will not take place Pre-
maturely. Convection shields are installed to prevent -a large heat loss
“ryn convection and to ensure that the sample is in a c¢old zone while
tlc celorimeter is being stabilized at the reaction conditions.

390 | | : 3
|

Establishing a heat balance around the calorimeter was necessary in
order to calculate the heat of reaction from experimental data. The

neat balance is best expressed by: \
Mig + by = (mcpdr)calorimeter + (meAT)shield + (mcpdr)chain \
+ (ML) acret + (MCROT) 0q1 (1) \
where:  ffip = heat of reaction _ A
' hﬁn = heat input from the neck heater
m = mass

Cp = heat capacity I

AT = temperature change

Erch term in Equation 1 nmust be either established by calibration or Y
accurately measured. The heat capacity of the calorimeter metal was de-
termined in the drop calorimeter. These data are shown in Figure 3. SN

The effective mCp of the reaction calorimeter was calibrated by a
constant-heat-input technique in a hydrogen atmosphere at 1000 psia and
semmeratures from 840° to 1460°F. The results are presented in Figure 4. -
Alter the cslorimeter constants were determined, the effective (meAT)'s {
of the convection shield, the chain, and the empty sample basket were
calibrated in the calorimeter to determine the change of heat input with
time, as shown in.Equation 2:

K(g) = (2

o (meAT)”"" an = rg L(h;y ,_ (meAT)Shield

cslorimater

- (meAT)chain - (mcpAT)basket)] de (2)

\‘

/

\

\

{

wvhere: K(a) a constant dependent only on time i
q time \
o ‘

\

€

(

t

N

i

Y

§

Combihing Equations 1 and 2, we have: .

Mip = (@Cpam)calorimeter + (mebT)coal — K(a) (3)

Equation 3 was used to calculate the heat-of-reaction data reported in
this paper.
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Design of a hydrogasification %ﬁént requires data on the heats of

[ reaction of raw coal in the coal pretreatment process, the pretreated
Ycoal in the low-temperature gasifier, the residue from the low-tempera-
:;tpre zasifier ih the high-temperature gasifier, and the residue from

] t2e high-temperature gasifier (4,6). The heat-of-reaction and heat capa-
! city measurements are given in Tables 1 and 2. Figure 5 shows the -tem-

] perature and pressure profiles of a typical experimental run. ‘

- DISCUSSION '
Until now, the heat of the coal hydrogasification reaction has only

been determined by calculation. These calculations have become more

s Precise as more data became available, but no measurements were made

, to check the validity of the calculated data. :

)

/ Initially (in the absence of accurate pilot plant yield data), the

, heat of reaction was estimated by assuming that coal and carbon were .

v equiva%en? agd that the hydrogasification reaction could be .approxi- .
mated by (2, ’ )

V ' " G+ 2Hp - CHy - )

’ This approach, of course, is very crude and could not be expected to
give a reliable answer, but it could be useful for comparing the ther-
/mal efficiencies of various gasification processes. R

) The next approach, using pilot plant data (7), was to calculate the
/heat of reaction from the heats of combustion of the reactants and pro-
,'ducts. The heats of combustion of various coals could be obtained by
a Parr-bomb calorimeter or calculated by the modified Dulong formula.
,/But if one attempts to calculate the heat of reaction of hydrogen and
/coal from heats of combustion, there are two drawbacks. First, be-
‘. cause the calculation involves taking the differences of large numbers
© of the same order of magnitude, chemical analyses of all reactants and
~products must be very accurate and pilot material balances must be quite
) close to 100 percent or else the balance must be forced. If this is
Ynot the case, large errors can be made in this calculation. This makes
the calculated heat of reaction dependent on the quality of the analy-
tical data and on the method used to force the balance. The second
~drawback is that the calculated heat of reaction is determined for 25°C,
', 80 no information is obtained on the reaction heat at actual reaction
“ temperatures. :
v
Of ccurse, 1f the heat of reaction could be determined at one tem-
- perature, the heat of reaction at various temperatures could be cal-
/culated from heat capacity data. Some heat capacity data are avail- ,
~able in the literature for coals and cokes, but none are avallable for
" the particular coals used here. Moreover, the measurement methods
‘jdsed.so far are not very accurate. In most cases the gaseous decom-
’position products were allowed to escape from the calorimeters during
1 coal heatup, and, consequently, the heat capacity data are rather
, doubtfiul.
\

t

) A comparison of the heats of reaction of hydrogen and coal obtained

from the heat of formation data for C + 2H, - CHs and the pilot plant
Jdata with that obtained from the calorimetry studies is shown in Fig-
Jure G. Note that the pilot plant data were based on a 77°F reference
: :

)
3
7

DR N




. . o6
terperature, while the present expgfimental data were obtained at op-
eretins conditions. DMoreover, the experimental data were obtained from
coals at four different stages of reaction: raw coal, pretreated coal,
lcw-temperature gasification residue, and high-temperature gasification

residue. Ash balances were used to put these results on a common basis.

The ash balance calculations gave the percent of carbon gasified in
each coal or char. Raw coal was assumed to have 0% carbon gasified.
Tus Figure 6 shows the general trend of the heat of reaction.

Accurate heat-of-reaction data are given in Table 1. Although the
pilot plant data are considerably scattered, the average value is not
too different from that obtained by the other methods. The calorime-
try data also show some scattering, which is due to the heterogeneous
" nature of the coal, and the characteristics of the calorimeter and the
sensing instruments. Examinations of the temperature measurement, the
pressure measurement, the temperature distribution in the calorimeter,
the total mass balance, and the calibration results obtained from the
censtant-heat-input method and experimental runs on hydrogen and n-
decane reactions indicate that the data reported in Table 2 should not
nave = deviation zreater than 10%.
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ANAI¥SIS OF COAL AND COAL CHARS

{
{
1
[

High-temp residue 1300

>

Raw Pretreated Iow-Temp  High-Temp
Coal Coal .. Residue ' Residue
Proximate Analy51s, wt % _ [
Moisture 1.3 . .05 0.6 0.6
Volatiles 346 23.3 4.6 - 3.3 \
“Fixed Carbon 52.0 63.5 77.6 71.6 N
Ash . - 12.1 12,7 17.2 2h,5 :
Total T60.0 T00.0 166". 0 . T60.0 N
Ultimate Analys1s, wt % . , : : N
Carbon 71.2 70.1 ¢ 76, 9 72.6
Hydrogen 5.14% 4 2.70 - 2.05; 1.08
Nitrogen 1.23 o 137 1.01 0.54 N
 Oxygen 6.03 T 8.30 0.865 - 0.00
Sulfur . %19 ¢ 3.80 2.09 1.2k
Ash . 12‘21 12.73 17.30" 24,62
Total 100.00" 100. 00 © 100.00 100.-00
Reaction Temperature,~ F "1300 1300 1300 1300 \‘
Reaction Pressure, psia 1000 1000 .1000 1000
Coal Reacted 49,7 47,2 27.% 28.8 \
Carbon Gas1fied %Avg), % 50.6 §1.0 29.5 26.0
Avg Hp, Btu/lb coal - } A%
réacted 1817 . 2919 2432 3078 - 3
- . N : 2, ) ! \
Table 2. HEAT OF REACTTON OF COAL. " ‘
n . N
: [ Temperature, Pressure, Coal  Carboh AR, Btu/1b’
Material °F psia . Reacted,% Gasified, % coal’ reacte
Raw coal 1000 1000 41.5 ; - 1300 s
Raw coal 300 1000 52,4 ‘50.75 - 19%1 \
Raw coal . 1300 1000 52.2 “52.0 1723 .
Rav coal 1300 1000 h8.1 55.6 1788 \
Raw coal 1300 1000 6.1 Ly, 2 1807 N
Raw coal 1400 1000 51.7 52.3 - 1775
Pretreated coal 1300 1000 4.1 37.6 1935 - \
Pretreated coal 1300 1000 47,3 1.2 1717
Pretreated coal 1300 1000 h7.3 .5 1844
Pretreated coal 1300 1000 47.1. k0.0 2476 -
Pretreated coal 1300 $000 48,3 45.0° 1625 \\
Iow-temp residuye 1300 1000 27.3 29.5 2432
Ilow-temp residue 1300 1000 .. - -- 2566 .
1000 28.8 26.D0 3078 L
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HYDROGEN CYANIDE PRODUCED FROM COAL AND AMMONIA : o

G. E. Johnson, W. A, Decker, A. J. Forney, and J. H. Field = ="
Pittsburgh Coal Research Center, U. S. Bureau of Mines,
4800 Forbes Avenue, Pittsburgh, Pennsylvania 15213

: |
INTRODUCTION

Hydrogen cyanide (HCN) has been one of the country's strongest growth

petrochemicals in rec¢ent years. U. S. production has increased from 174 million

pounds in 1960 to 350 million pounds in 1964, a 100-percent increase over the
4-year period. The growth of production of hydrogen cyanide has been directly

"related to the expansion in production of synthetic textiles from acrylonitrile,

Relative growth and productlon of hydrogen cyanide and acrylonitrile is as
follows:*

Production of Hydrogen Cvanide and Acrylonitrile

Hydrogen cyanide,éj Acrylonitrile,

Year million lb million 1lb

1960 174 229}8;

1961 211 25073

1962 266 36010

1963 293 45518

1964 350 59310

1965 ——- 371 (6 months)2!

About 50 percent of the total output of hydrogen cyanide goes into the
production of acrylonitrile; most of the remainder is use? in production of
adiponitrile and the manufacture of methyl methacrylate.—’ However, in recent
years acrylonitrile and adiponitrile are being produced by processes which
generate hydrogen cyanide as a byproduct.Z’ The bulk of acrylonitrile is
used in production of acrylic fiber (Orlon, Acrilan, Dynel, Zefran, etc.),—
a smaller amount in productlon of nitrile rubber, the adiponitrile in manu-
facture of Nylon. ’

The manufacture of sodium cyanide utilizes about 7 percent of hydrogen
cyanide production. The remaining hydrogen cyanide goes to a large number of

relatively small uses including ferrocyanides, acrylates, ethyl lactate, lactic

acid, chelating agents, optical laundry bleaches, and pharmaceuticals.

‘The Andrussow process is the major commercial process used for producing
hydrogen ryanide. It involves the reaction of methane, ammonia, and air over
a platinum catalyst at 1,000° to 1,200° c.3/ The platinum catalyst is usually
alloyed with rhodium (10 to 20 percent). '

Conversion by the Andrussow process in a 51ngle pass is limited to about
69 percent of the ammonia (about 75 percent with gas recycle) and 53 percent
of the methane. A typical analysis of the reaction gases leaving a catalytic
reactor is as follows in volume-percent: Nitrogen 56.3, water vapor 23.0,
hydrogen 7.5, hydrogen cyanide 6.0, carbon monoxide 4. 4, ammonia 2.0, methane
0.5, carbon dioxide 0.2, and oxygen 0.1.

a/ Reference to trade names is made for identification only and does not imply

endorsement by the Bureau of Mines.
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In the catalytic Degussa process which is not in general use but is similar
to the Bureau of Mines method in that heat is provided externally, the offgas
from the ammonia-methane reaction contains more than 20 percent hydrogen:éyanide.
Utilization of methane and ammonia are reported as 91 and 85 percent, respect-
ively.

In its search for new uses for coal the Bureau of Mines has béen investi-
gating the production of hydrogen cyanide from cpél. Although hydrogen cyanide
is present in coke oven gases, and at one time was recovered as a byproduct,
this source of the gas has not been commonly used in the United States since the
development of the newer methane-ammonia processes. Although the production of
hydrogen cyanide ‘from coal is technically feasible, production in yields that
could be competitive is a problem of major concern. ’

EQUIPMENT AND PROCEDURE

Figure 1 is a flowsheet of the experimental unit. Coal ground to minus 300
mesh is dropped in free-fall through a heated reaé¢tion zone in the presence of
ammonia at rates up to 1.10 lb/hr. - A revolving-disk feeder especially designed-
by the Bureau of Mines to feed coal at low rates was constructed; it deélivered
to within + 5 percent of the desired feed rate. '

A special coal feed system is used to prevent agglomeration and possible
plugging of the reactor by heating the coal rapidly through its plastic range
(about 400° C).

The reactor itself is a 4-foot length of vitreous refractory mullite,
1-1/8 inches ID and 1-3/8 inches OD, jacketed with two electrical resistance
heaters. The top heater (maximum temperature 850° C) is 12 inches long and is
wound with Nichrome wire. It serves as preheater for the coal and gas. A
Kanthal heater (Al-Cr-Co-Fe alloy, maximum temperature 1,250° C) encloses the
center 20 inches of the tube, or the reaction zone. The bottom section of
the reactor is exposed to the atmosphere for rapid cooling of the product gases.

The bottom of the reactor tube fits into a 4-liter side-arm flask or char
receiver in which the heavier solids are collected. The fine solids and carbon
black produced are collected in an electrostatic precipitator. After the
product -gases leave the precipitator they pass through a cooler, then they are
either metered or sent through absorbers to remove the hydrogen cyanide for
analysis.

All of the piping and vessels are stainless steel or glass in order to
counteract the corrosive nature of the gases. Since the gases are toxic, the
unit is completely enclosed, and the enclosure is well ventilated to prevent
any accumulation of escaped gases. The whole structure (6 ft x 6 ft x 15 ft
high) is covered with steel sheeting. It has an exhaust blower (400 cfm) on the
roof and access doors at both ground and 8-foot levels. Figure 2 shows the
exterior of the unit and figure 3 shows its interijor.

Product gas can be recycled to the top of the reactor adjacent to the
cooled feed tube along with part of the feed gas. This flushes away any tar
vapors which might adhere to the walls and cause plugging. The remainder of
the feed gas (0 to 10 scfh) enters the reactor with the coal. Ammonia, helium,
methane, nitrogen, or air, or mixtures of these gases fed from cy11nders have
been used as feed gas.
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Before startup, the system is purged with inert gas. After the reactor
has been heated to 1,250° C the desired flows of coal and gas are started.
Ammonia and nitrogen or helium are the gases usually used. The gas flow is
generally split, part entering the top of the reactor adjacent to the cooled
feed tube, and the remainder entering with the coal.

The ‘powdered coal is fed through a steam-jacketed tube (5/16Linch 0D) which
extends into the preheat zone of the reactor. The coal leaves the end of the
feed tube which is at the temperature of the steam to enter the preheat zone of
850° C. The temperature of the coal rises very suddenly to 850° C because of
the high heat-transfer rate to the small particles. The carrier gas (usually
helium, an inert gas) fed with the coal keeps the particles in motion and helps
prevent agglomeration as the coal rapidly passes through its plastic range.

. . an2a b/ .

Proximate and ultimate analyses are made of the char and heavier
solids collected in the char receiver and of the lighter solids collected by
the electrostatic precipitator. Mass spectrometric and chromatographic analyses
are made on spot samples of the product gas. For cyanide determinations,
metered amounts of product gas are bubbled through two scrubbers in series
containihg solutions of sodium hydroxide. Titration with silver nitrate solu-
tion determines the total cyanide pre ent.l :

EXPERIMENTAL RESULTS AND DISCUSSION

The initial tests were made with a metallic reactor tube, but because of
low yields of hydrogen cyanide and failure of the metal at the temperatures
employed, the metal tube was replaced by a ceramic reactor tube.

In all the tests of this report with hvab coal, Pittsﬂﬁrgh seam coal from
Bruceton, Pa., was used. Its ultimate analysis is as follows inﬂpercept:
Carbon 75.6, ash 8.4, oxygen 8.0, hydrogen 5.1, nitrogen 1.6, and sulfur 1.3.

The effect of varying the coal-ammonia feed rates is illustrated in table 1.
Hydrogen cyanide yields were computed from the wet-chemical method of analysis
which is considered the more reliable method since it was determined from pro-
portionated gas samples taken continuously throughout the test (sample volume
of 0.2 to 2 cu ft). Only spot gas samples (sample volume 0.0l cu ft) were used
for the chromatograph and mass spectrograph analyses.

In test C-241 the coal-feed rate.was 0.37 lb/hr and the ammonia-feed rate
was 1 cu ft/hr. (All process gas volumes reported are corrected to standard
‘conditions of 0° C and 760 mm mercury pressure.) A hydrogen cyanide yield of
0.6 cu ft per cu ft of ammonia reacted was obtained, corresponding to about
12 percent hydrogen cyanide in the product gas. -

In test C-243 the hvab coal-feed rate was reduced to 0.19 lb/hr, while the
ammonia-feed rate was increased to 2.3 cu ft/hr. A yield of 0.4 cu ft hydro-
gen cyanide per cubic foot of ammonia consumed was obtained, corresponding to
about 13 percent hydrogen cyanide in the product gas.

‘The yield of hydrogen cyanide per pound of coal was approximately doubled
when the coal-feed rate was halved and the ammonia-feed rate doubled (tests
C-241 to 243), while the hydrogen cyanlde yield per cubic foot of ammonia con-
sumed decreased by one-third,
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Table 1.- Data from Tests with hvab Coal and Ammonia with Helium at 1,250° C

Product. gas, percent o .
Test HCNl/'Hgs NHz  Hp 0> N> CO'" €O CHsy CzHy "CaHg CgHip

0.0 77.7 0.1

c-241 11.8 0.0 6.7 9.6 0.3 5.1 0.41 0.1 0.0
C-243 13.1 .0 " 17.5 68.6° .9 6.8°- 4.0 .1 1.0 .0 -.0 1.I
C-239 13.2 .1 .5 75.9 .1 4.4 10.6 .5 6.9 .6 .1 .3
c-198 5.4 .3 .0 78.3 .3 3.5 11.1 .3 5.7 .5 .0 .0
,Feed . . - ~ _.Yield,.cu ft

TTotal N S P .
. Coal - off gas Length . HCN/cu HCN/cu

He,’ NHs , " feed, He-free, of run, "HEN/lb ft NHa ft NHs

cu ft/hr cu ft/hr 1lb/hr  cu ft/hr min coal feed consumed .

C-241 1.00 1.00 0.37 5.06 30 1.59 0.60 0.60
C-243 0.49 2.35 .19 . 4.90 30 . 3.31 .27 .40
c-239 .98 1.00 .73 5.59 15 1.01 74 .76

c-198 2.12 0.20 .37-.40 3.6l 15 0.51 .98 .98

l/ Wet-analytical method of analysis for HCN only; other components are the
average of 2 chromatograph and 2 mass spectrometer analyses, HCN-free basis.

In test C-239 (table 1) the coal-feed rate was increased to 0.73 1b/hr,
while the ammonia flow was maintained at 1 cu. ft/hr. A hydrogen. cyanide yield

"of about 0.8 cu ft- per cubic foot ammonia reacted was obtained, equivalent to

about 13 percent hydrogen cyaride in the product gas.

In the next listed test, C-198, the coal-feed rate was 0:.37.to 0.40 lb/hr,
while the ammonia flow was only 0.2 cu ft/hr. The hydrogen cyanidé content in
the product gas was only 5 percent, table 1, but conversions of about 100
percent of the ammonia were obtained with 1 cu ft of hydrogen cyanide formed
per cubic. foot of ammonia used. This yield of hydrogen cyanide approximates
the stoichiometric yield according to the following reactions: -

v C + NHg = HCN + Hp
. '.CHq + NHg — HCN + 3H,.

In typical commercial units using catalysts for the methane-ammonia re-
action, the ammonia conversion attained is about 75 percent. Yield values
include ‘the slight - amount of hydrogen cyanide that may be formed when coal is
heated to high temperatures without adding ammonia. '

‘In general, the tests of table 1 indicate that an excess coal feed is
desirable in order to attain maximum utilization of the ammonia since the
ammonia is by far the more expensive raw material.
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Tests: With Coals -of Different Rank

In addition to the hyab coal, lignite, subbituminous, low-volatile bi-
tuminous, and anthracite coals, coal char, and activated carbon were tested as
raw materials for producing hydrogen cyanide. It is thought that the volatile
matter in coal reacts with the ammonia to form hydrogen cyanide, therefore
coals with higher volatile content should produce more hydrogen cyanide. The
volatile-matter contents on a moisture-free basis of the various materials
tested are as follows: I

Volatile
- " matter,
Test Identification of coal Source of coal percent
C-123, 124, Hvab, Pittsburgh seam Bruceton, Pa. 34.0
125, 198, :
239, 241,
243
Cc-207 Activated carbon, Union Carbide and 2.0
Grade SXWC " Carbon Corp.
c-210 - Anthracite Anthracite Research 7.6
Center, Schuylkill
Haven, Pa.
C-246 Subb, Laramie seam Erie, Colo. 38.5
C-249 Lvb, Pocahontas #3 seam Stepheson, W. Va., 17.5
C-252 Lignite, unnamed seam Beulah, N. Dak. 41,1
C-254 Pretreated hvab,l/ Bruceton, Pa. 32.6

Pittsburgh seam

1/ Treated with air at.200° C.

e

Table 2 shows the results of these tests. Lignite with 41 percent volatile
matter produced the most hydrogen cyanide, 0.4 cu ft per cubic foot of ammonia
consumed; activated carbon, containing the least volatile matter (2.0 percent),
produced the least hydrogen cyanide, 0.007 cu ft per cubic foot of ammonia
consumed.

The chemical nature.of the volatile matter -and the oxygen content of the
coal may also affect the hydrogen cyanide yield. The ratio of Hy to CO in the

off gases varied from 2.3 to 1 for subb coal and 2.4 to 1 for ligaite te 7 to 10

to 1 for hvab. The higher carbon monoxide valiues obtained with subb coal and

lignite are due to the higher oxygen contents of these coals, being 17.1 and 20.3

percent, respectively, compared with 8.0 percent for the hvab coal.
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Table 2.- Data from Tests with Various Coals and Ammonia with Helium at 1,250° C

Product gas, percent

Test HeNL/ oS NHs  Hp 0. N»  CO  COp CHy CoHy Calg
g T
C-246 Subb 5.4 0.0 0.0 64.2 0.0 4.9 28.0 0.5 2.4 0.0 0.0
C-249 Lvb 4.2 .0 .0 78.9 1- 14.2 3.6 .0 3.0 .2 tr.
C-252 Lignite 6.4 tr. .0 64.6 .1 6.1 26.3 50204 .0 .0
C-254 Pretreated, hvab 3.8 .1 .0 72.3 .8 10.6 14.3 .0 1.9 .0 .0
C-210 Anthracite - 0.2 .0 .0 73.4 .3 21.4 2.9 40 1.5 .0 .0
C-207 Activated carbon: .25 .0 .0 70.0 0 23.0 6.6 .1 0.3, .0 .0
Feed
Total
Solids off gas ‘Length
He, NHs, -feed, He-free, of run,

cu ft/hr cu ft/hr ‘1b/hr cu ft/hr min -
C-246 Subb 0.91 1.00 0.42 6.88 30
C-249 Lvb ) .97 1.00 W47 3.92 30
C-252 Lignite 1.06 1.00 .37-.40 6.38 15
C-254 Pretreated, hvab 1.04 1.00 .35 5.80 30
C-210 Anthracite 1.02 1.15 .37-.40 4,15 15
C-207 Activated carbon 1.06 1.15 .62 3.23 15

~Yield, cu ft
: HCN/cu ft NHs HCN/cu ft NHg .

HCN/1b coal feed consumed
C-246 Subb - 0.88. 0.37 0.37
C-249 Lvb .34 16 .16
C-252 Lignite . 1.05 .41 W41
C-254 Pretreated, hvab .63 .22 .22
C-210 Anthracite .0212/ .007 . .007

C-207 Activated carbon .013— .007 - ‘ .007

1/ Wet-analytical method of analysis for HCN only; other components are the
average of 2 chromatograph and 2 mass spectrometer analyses, HCN-free basis.
2/ Per pound of carbon. S

Tests With Air in the Feed Gas

Tests were made to determine the effect that oxygen in ‘the treating gas
would have on the yield of hydrogen cyanide. It was thought that the heat for
raising the temperature of the reactants to reaction temperature could be supplied
by direct contact with a hot flue gas containing oxygen instead of by electric
heating (table 3). 1In test C-125, a maximum yield of hydrogen cyanide was pro-
duced for tests with air in the treating gas--0.12 cu ft of hydrogen cyanide per
cubic foot of ammonia consumed, or 9.2 percent hydrogen cyanide in the product
gas. When more than 0.5 percent air was fed into the reactor, moisture condensed
on the walls of the solids-collection flask; the yield of hydrogen cyanide de-
creased. The moisture could have been absorbing the hydrogen cyanide since
hydrogen cyanide is highly soluble in water. This approach was abandoned.
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Table 3.- Product Gas Analyses and Yields of Hydrogen Cyanide from
Tests with hvab Coal, Ammonia, and Air at 1,250° C

Product gas, percent Length Feed
1/ ) ) : of run, NHz, Air, Coal,

Test HCN™ CHy NHs Hp No co min cu ft/hr  du ft/hr  1b/hr
c-123 10.3 1.1 10.2 62.8 16.2 9.7 20 5.90 0.52 .0.17-0.20
C-124 10.9 0.6 6.9 62.1 17.2 13.2 20 2.96 .53 .17- .20
C-125 9.2 4 9.6 48.4 31.5 10.1 20 3.08 1.08 .17- .20

Total Yield, cu ft

- off gas, HCN/cu ft HCN/cu ft NHs

cu ft/hr  HCN/1b coal NHz feed consumed
Cc-123 4.18 '2.30 0.073 ) 0.078
C-124 3.05 1.77 112 .120
Cc-125 3.70 1.82 .110 .123

1/ Wet-analytical method of analysis for HCN omly; other components are the
average of 2 chromatograph and 2 mass spectrometer analyses, HCN-free basis.

Tests With Methane and Ammonia

Tests were made without coal feed but with ammonia and methane to determine
the resulting hydrogen cyanxde yields for comparison. 1In one series of tests
2.0 cu ft/hr of methane was reacted with ammonia in flows varying from 0.3 to
2.5 cu ft/hr at 1,250° C. As illustrated in figure 4, yields of 0.18 to 0.61
cu ft of hydrogen cyanide per -cubic foot of ammonia consumed were obtained,
equivalent to 1.2 to 13.8 percent hydrogen cyanide in the product gas. The
yield of hydrogen cyanide reached a maximum at a feed ratio of methane to ammonia
of about 1 to 1.

A series of tests was made in which the methane and ammonia flow rates
were maintained at 2 and 1 cu ft/hr, respectively, while the reactor temperature
was increased from 1,000° to 1,275° C. Hydrogen cyanide yields are plotted
with temperature in figure 5, indicating increased hydrogen cyanide yields with
increased temperature. ' Maximum yields of about 0.6 cu ft of hydrogen cyanide
per cubic foot of ammonia consumed were obtained at the higher temperatures,

while at 1,000° C only 0.07 cu ft of hydrogen cyanide per cubic foot of ammonia
consumed was formed.

To explore the use of coal-derived gases in the formation of hydrogen
cyanide from ammonia, synthetic mixtures of a low-temperature carbonization
gas, a coke oven gas, and a producer gas were'pfepared and reacted with ammonia
at 1,250° €. Gas flows were adjusted to give a minimum methane-to-ammonia
ratio of 1 to 1. 1In figure 6 the hydrogen cyanide yields obtained are plotted
with the methane’contents of the coal gases. Increasing hydrogen cyanide yields
were produced with increasing methane contents of the feed gas.
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ECONOMIC EVALUATION

The Bureau of Mines Process Evaluation Group, Morgantown, W. Va., made a

‘ preliminary cost study of an integrated plant to produce hydrogen cyanide

| by reaction of ammonia with coal. The cost study was based on exPerimental
results including a yield of 0.6 cu ft of hydrogen ¢yanide per cubic foot of
ammonia. Electrical heating was assumed as in-the bench-scale tests; a plant
capacity of 40 million pounds per year was chosen. . The total estimated

] capital investment was $12,930,000 including costs for power generation.

Based on a coal cost of +$4.00 per ton and an ammonia cost of $100.00 per
s ton, the operating costs before profit and taxes would be 5.82 cents per

pound of hydrogen cyanide product allowing byproduct credit. Addition of
Y 12-percent gross return on investment would give production costs of 9.7 cents
per pound of product when $4.00 per ton coal is used The current market
price is 11.5 cents per pound

~

Credit has been allowed in the cost figures for a 7.6-percent yield of
carbon ‘black and the excess char. produced in the process. Some of the char.
and the scrubbed product gas (containing about 75 percent hydrogen) are
consumed in the steam plant for power generation. Electrical heating, which
was used in the test unit and also in the cost figures, is one of the most
expensive types of heating, accounting for greater than 40 percent of the
capital costs in the estimate., If cheaper conventional heating.could be used,
production costs would be lowered considerably.

~-

CONCLUSIONS
" Hydrogen cyanide has been produced from coal and ammonia at 1,250° C.in
bench-scale studies, The use of a metal reactor was unsuccessful because the
metal failed at the temperatures required, and the yield of hydrogen cyanide
was low. The yield was improved greatly when a refractory ceramic reactor .was
used. - : . : - : C

N TTTT
~ 3

Hydrogen cyanide yields approximating stoichiometric of 1 cu ft of hydrogen

At higher ammonia flows, ammonia conversion of about 75 percent was obtained,
which is the usual conversion aCta1ned in commercial units using natural gas
and a platinum catalyst.

MmN T TN

The low-volatile coals gave low yields of hydrogen cyanide; the high-
volatile coals gave the best yields. The results indicated that the hydrogen
cyahide is produced by reaction of ammonia with the hydrocarbons in the coal.

" Yields of hydrogen cyanide from reaction of ammonia with gas mixtures con-
taining methane are directly related to the methane content of the gas. -

=

-~

Cost studies indicate that hydrogen cyanide can be produced from coal
and ammonia at a price approximating the posted sales price.

AN T g
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cyanide per cubic foot of ammonia reacted were obtained at low flows of ammonia.
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Figure 3. Hydrogen cyanide reactor.
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MOSSBAUER SPECTROSCOPY OF IRON IN COAL
John F. Léfelhocz*, Robert A. Friedels, and Truman P. Kohmani

§ *Department of Chemistry, Carnegie Institute of Technology
Pittsburgh Coal Research Center, Bureau of Mines, U.S. Department of the Interior
Plttsburgh, Pennsylvania 15213

INTRODUCTION

Metallic elements (Na, Mg, Al, Si, K, Ca, Ti, Fe) which occur abundantly in

the ash obtalned from the combustion of coals are present in the original coals
partly as inorganic constituents or minerals. The identification of minerals
present usually does not account gquantitatively for several of these elements, and
it is supposed that some sort of organic bonding with the coal is involved. The
nature of this bonding in most coals has not been determined. Changes in the infra-
red spectra of lignites and brown coals following acid and alkali treatment indicate
the presence of metallic salts of carboxylic acids (1,2,3). For higher rank coals,
little or nothing 1s known about the structures of the metallic elements

organicallj bound" . In the case of iron, for example, it has not been determined
whether the so-called "organic" iron is in the ferrous or ferric state, to what
ﬁlement or elements the 1r09 1; bonged, or whether there is more than one form of

organic” 1iron. The term organic must be interpreted with care; the nature of
the bonding is uncertain; and presumably could be ionic, coordinate, or organo-
metallic.

Mineral components containing iron can often be identified petrographically.
Pyrite (FeS») is common, both as distinct nodules and as veins, often intertwined
with carbonaceous macerals. An elec¢tron microprobe study of several coals (L)
revealed, however, many examples which lacked a correlation between Fe and S
distributions. In some cases Fe was distinctly associated with Si and Al,
suggesting incorporation in an aluminosilicate gel or kaolinite. A strong
parallelism of Fe and Ca (but not Si, Al, K, or S) in one specimen suggested the
presence of Fe as carbonate or possibly oxide. In some cases the Fe showed
fairly uniform distribution with no apparent correlation with other ash-forming
elements. This presumably could be organic iron.

MOssbauer spectroscopy has been employed to study the chemical properties of
iron in a great variety of natural materlals: oxides and oxyhydroxides (5,6),
sulfides. (7,8), numerous silicate minerals (5,6,9,10,11,12), ilmenite and related
titanium minerals (5,13), siderite (6), jJarosites (5,1&), lollingite (15), ordinary
chondrite meteorites (16), carbonaceous chondrites (17), an achondrite (16), and
several tektites (11). .

Recent general articles on Mossbauer spectroscopy (18,19,20,21,22) discuss
the interpretation of spectra in terms of the chemical state of iron, including
its oxidation state, bonding, and environmental symmetry. The isomer shift (8),
quadrupole splitting (A), line width (T'), line intensities, and a comparison of
the spectra obtained at room temperature and at liquid-Np tempergture are useful.

We have undertaken Mossbauer studies to characterize non-mineral iron in
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coal. A major advantage of the Mossbauer technique is that the iron is observed
without altering its chemical state cr enviromment. The relatively low atomic
nunber of the major elements present 1akes it possible for small amounts of iron
to be observed in rather large amounts oi' coal. Samples of whole coal and vitrain
as free as possible from minerals were selected in crder to winimize mineral-iron
interZference, and a iew samples whose chemical analysis indicated "organic" iron
were included. |

EXPERIMENTAL PROCEDURES

Nine specimens, vitrain or whole-coal, of seven coals with rank from lignite
(725 C) to anthracite (93 C) were used. Their designations and geographic origing
are given in Table 1, in order of increasing carbon content.

Table 2 is a compilation of the analytical data for C, H, N, S, Fe, ash, and
0 (by difference) on samples of these materials, as -determined by the Coal Analysis
group at the Bureau of Mines. The total iron in the coal was determined by ash
analysis. HCl-soluble iron was determined by treating a separate powdered sample
with 235 HCl to extract any iron present as carbonates, oxides, sulfates, etc.
Pyrite iron was then removed by treating the HCl-leached coal with 25 HNOs to
dissolve the iron combined with sulfur; the extract was evaporated to dryness to
expel oxides of nitrogen, and the residue was dissolved in HCl. In each case the
iron was reduced with SnCl,, the slight excess of which was eliminated with HgCl,.
The reduced iron was titrated with potassium dichromate. "Organic" iron was then
calculated by subtracting the two acid-soluble iron contents from the total iron.
The resulting iron contents are listed in Table 2 as: total, HCl-soluble, pyrite,
and "organic'. ’

Mossbauer spectra were obtained on coal samples that were ground in a mortar
and pestle. A cylindrical cell, cpen on one end with a circular aperture of
7.1k cm®, was wade by gluing a sheet of lucite 1/32" thick with Duco cement to
the bottom of a circular wall made from a paper card. A 3.50-g sample was then
placed into this cell. The top window, also 1/32" lucite, was then cemented in
place. The sample mass per unit area was thus held oonstant at 0.490 g em™2,
Inorganic iron compounds and mineral samples were ground and mounted either
between two lucite sheets held together with Duco cement, or by mixing the solid
with acetone and Duco cement and allowing this mixture to harden on a lucite sheet.
This latter method was used only when the sample would not interact with acetone
or the cement. The area for these samples was also 7.1k em®.. All of the materials
used in this investigation contained natural iron with presumably 2.19 atom % Fe57.

The Mossbauer spectrometer incorporates a Nuclear Science and Engineering
Corporation Model-B lathe-type drive modified in this laboratory for automatie
operation. The operating mode employs .constant velocit§+ advanced in increments
o .05 mm s~!. The detector of the 1lk4.h-keV Co®7 — Fe>' gamma radiation is a
Reuter-Stokes proportional tube containing 10% methane in krypton, feeding through
& single-channel analyzer set at 11 - 17 keV. Absorbers were mounted on the
moveable table pe;pendicular to the radiation beam. The stationary source consists
of ~ 5 mCi1 of Co® diffused into .chromlum metal. A Baird-Atomic scanning count
integrator and Varian chart recorder plot the number of counts in a constant time
interval at each velocity in succession.

Powdered samples of sodium nitroprusside gave an isomer shift, relative to
the Co%7-Cr source, of -0.11 mm s-!, and a gquadrupole splitting of 1.68 mm s~2.

" With this source a line width of 0.25 mm s~! was observed with an abgorber contain-,

ing 5 mg cm~2 of Fe as K4Fe(CN)g+3Ha0. The estimated uncertainty in the velocity
setting 1s about 29 of the velocity and the estimated uncertainty in derived
spectral parameters is ~ 0.05 mm s-. The counting time at each velocity was ~ 5
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minutes, yielding ~ (00,000 counts and a relative standard deviation < 0.15%.

The velocity region scanned for each sample was.from -2.0C-mm s™t to about
+ 4,00 m s7t,

n g ———

styrofoan was mounted on the moveable table of the instrument for low-temperature

measurements. The sample was placed in this and submerged in liquid Nz. The

spectrum of each coal sample was run twice at room tenperature, oefo&e and after
. the spectrum was taken at liquid-N, temperature.

b Most measurements were made a room temperature. - A cryostat made from
}

- Spectral parameters were generally read from plotted spectra. The data from

{’ sample F(a) were fitted to a double Lorentz curve by a least-squares program using
an IBM 7040 computer. Isomer shifts are reported (in mm s~') with respect to the

, 1lsomer shift of sodium nitroprusside. Quadrupole splittings are reported (in mm s‘l)

as the velocity differences between the minima of two associated absorption lines.

DATA

Room-temperature spectra for the nine coal samples are illustrated in Figure 1.
V/ Bach spectrum shows neither, either, or both of just two components: (1) a close
doublet similar to those of pyrite and marcasite, and (2) a wide doublet similar
to those of many ferrous compounds. Table 3 lists the Mossbauer parameters,
including the fractional peak absorptions, for what we will call respectively the
~ pyrite and non-pyrite resonances. Isomer shifts and quadrupole splittings obtained
/' with our instrument on some powdered iron compounds and minerals which were )
regarded as possibilities for the non-pyrite spectrum appear in Table 4,

// ‘The parameters observed for the pyrite iron are: igomer shift (d) = +0.5k4

mn s™%; quadrupole splitting (A) = 0.58 mm s™ .,  All of the coals having a non-
+ pyrite absorption as shown in Figure 1 have: ¢ = +1.38 mm s'l; A=2.62 ms™t.
/ The computer analysls of sample F(a) indicated both lines in the spectrum had

~ widths () of 0.39 mm s™'; their intensity ratioc is within 5% of unity.

i
N Liquid-N> spectra showed the same absorption peaks as at room temperature,
Y with 8 = +0.65 mn s * and A = 0.58 mm s=! for pyrite and 6 = +1.47 mm s~* and
s b= 2.78 mm s 1 for the non-pyrite iron.

INTERPRETATION

The iscmer shift is a.function of nuclear properties and the electron density

at the absorbing nucleus relative to that of the source or a standard absorber,

such as sodium nitroprusside (23,24). As the electron density at the iron
{> nucleus, due essentially only to s electrons, increases, the isomer shift decreases
/algebraically. Thus, ferrous compounds have a more positive isomer shift than
ferric campounds, as the additional 34 electron of the former increases the
shielding effect on the 3s electrons and thereby decreases their density at the
nucleus (18). For ferric iron, isomer shifts (relative to sodium nitroprusside)
have been observed in the range -0.1 to +l.1l mm s'l, and for ferrous iron from
-0.1 to +1.6 mm s~t. -

1

Quadrupole splitting into a two-line spectrum occurs when the iron nucleus

is in an asymmetric electric field. The field consists of two parts, (1) that.
produced by the electrons of the iron atom, including those shared with adjacent
atoms, and (2) that resulting from charges of the surrounding atoms; each part
can contribute to asymmetry at the nucleus. Ferric compounds show quadrupole
splittings from zero to about 2.3 mm s‘l; here the asymmetry is caused chiefly by
charges of the surrounding atoms. Ferrous compounds show larger values, from zero

to~ 3.3 mm s-. Perrous iron can exist in either a high-spin or a low-spin

T T T T e A N TR IR T T R



Table 3.

Room~tenperature Mdssbauer spectral parameters for coal samples*

Pyrite irom”

Non-Pyrite iron

Sample  Isomer Quadrupole Fragti onal Isomer Quadrupole Fractional
Ho. shifty splitting absorption shiftt splitting absorption
(mm st} (ms™t) (mm s71) (mm s™1) (45)
A (a) - - N.O.% - - ~ N.O.%#
(a) C.ha Cai3 1.5 - - N.0.
C (a) - - N.O. 1.39 2.65 2.3
(b) - - N.O. 1.30 2.63 2.1
D (a) 0.51 0.5% P - - : N.o0.
() 0.53 0.bd 3.6 - - N.O.
E (a) 0.50 0.58 22.7 1.41 ~2.70 2.6
S () 0.0 0.53 2.3 - - N.O.
(c) 0.50 0..3 1.7 - - © N.O.
F (a) - - ~ N.O. 1.38 2.62 11.0
(b) - - N.O. 1.39 2.65 5.5
G (a) - - , N.O. 1.38 2.65 1.5
(b) - - N.O. 1.38 2.65 1.0
H (a) 0.54 c.60 1.3 1.39 2.65 1.5
(b) 0.59 0.6C 1.7 1.36 2.60 1.7
I(a) - - N.O. - - N.O.
(v) 0.56 0.65 1.0 - - N.O.
*

Weighing 3.50 g and distributed evenly over 7.14 cm®.

May include marcasite.

With respect to center of sodium nitroprusside spectrum.

Zero-point uncertain by 0.10 mm s .

1

N.O. = not observed; in general, < 0,5%.
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.state, depending on the strength of the ligand field around the central iron

atom. In the high-spin configuration the large asymmetry of the valence. shell
results in considerable asymmetry at the nucleus; low-spin ferrous compounds have
smaller field asymmetries, which are due chiefly to the external environments only.

Pyrite and marcasite, respectively stable and metastable forms of FeSp, are
low-spin ferrous compounds. Isomer shifts and quadrupole splittings observed in
this laboratory (Table 4).are in agreement with those of Temperley add Lefevre (8).
- The parameters of the two minerals are so similar that the spectra cannot be
resolved when both are present. A comparison of the data in Tables 3 and 4
confirms the conclusions fram petrographic (25) and x-ray diffraction (26) studiles
* that the iron sulfide in coal consists mainly of pyrite.

From the Mossbauer data on the non-pyrite iron observed in several coal
samples (Figure 1 and Table 3), it can safely be concluded that this iron is in a
high-spin ferrous state. Furthermore, the combination of such high values of
both isomer shift and quadrupole splitting has been reported only in octahedrally-
coordinated high-spin ferrous compounds, so it is highly probable that the non-
pyrite iron in coals 1is in octahedral coordination. Neither the analytical nor
the MOssbauer data ylelds a distinction between inorganic or organic minerals or
compounds. - -

: The natural line width (T.) of the FeS7 gamna radiation corresponds to a
velocity difference of 0.0973 mm s™* (27), and the minimum observable line width

(r) in a Mdssbauver spectrum 1s twice this, 0.195 mm s~}. Inhomogeneities in the
source and absorber, instrumental "notse" , unresolved quadrupole splitting, and
atomic spin-spin relaxation effects {22,28,29) increase the apparent line widths,
and further widening occurs with thick absorbers (30). The minimum width we have
cbserved with our instrument 1s:0.25 mm s~* for a very thin absorber. The value

of T = 0.39 mm s~! observed for the strongest non-pyrite iron spectrum (sample F(a))
indicatés that this doublet 1s caused by a fairly well-defined iron.coampound or
mineral, though some inhomogenelty may be present. ' -

A large number of iron compounds have strong Mossbauer absorptions (large
recoil-free fractions) at room temperature. Some ferrous compounds show little
or no absorption at room temperature, but at liquid-N, temperature the intensity
is strongly enhanced (31,32). We have observed this effect with ferrous stearate,
which must be cooled to liquid-N, temperature before resonant absorption is
detected. Herzenberg and Toms (5) have observed that samples of y-Fez03 and
d-FeOOH give nonresonant absorption at room temperature. These would probably
exhibit an effect at liquid-Nz temperature. Lack of such an effect in the coals
1s interpreted to mean that there are no compounds present in significant amounts
that do not have appreciable resonant absorption at room temperature.

Isomer shifts and quadrupole splittings depend on the temperature. A )
second-order Doppler effect (22) decreases the isomer shift as the temperature is
increased. Quadrupole splittings for high-spin ferrous campounds are affected
by temperature much more strongly than those of other iron compounds because the
.population of the de levels of iron in an octahedral field 1s determined by a
Boltzmenn distribution (18,22). For example, FeSO4°TH20 shows a change of ¢
from +1.55 to +1.56 mm 8~' and of A from 3.19 to 3.47 mm s~ in going from room -
to liquid-nitrogen temperature (18). The cbserved change in the non-pyrite iron
spectrum in cosl of & from +1.38 to +1.47 mm 57! and of A from 2.62 to 2.78 mn- 8
is in agreement with our assignment to this class of compounds.

In some iron compounds where the Mossbauer absorption ordinaﬁiy shows é.r
6-line hyperfine structure as a result of a magnetic field at the nucleus, very
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finely comminuted’ samples show Iinstead a two-line pattern at room temperature as a
result of thermml disruption of the macroscopic magnetic domains. Kundig et al.

(33) observed this effect in a-Fe 05 in particles of ~ 50-A dlameter, but at
1iquid-N, temperature the 6-line pattern was observed. The absence of any magnetic
splitting in the coal spectra at room-or liquid-N, temperatures probably rules out
the possibility that the non-pyrite .doublet is caused by a magnetically ordered
material (such as Fe,03, FeaOs, FeCs, FeS, or metal) present. as veryl small particles.

Inequality in the intensity of the components of a doublet may result from
the anisctropy of the absorption cross section relative to the crystal axes when
(1) . a single-crystal absorber 1s oriented preferentially with respect to the
optical axis, or (2) there 1s anisotropy in the recoilless fraction of the split
3/2 state; the latter condition results in unequal absorption even with powdered
samples (Goldanskii effect) (20,21). Most of the samples used in this work were
powdered, so only the second effect could be operative, except for biotite, which
was mounted as a sheet. The essential equality of intensity of the two non-
pyrite coal spectrum lines would eliminate any compounds showing unequal absorption
in powdered samples as possible causes of thls absorption.

At the present state of Mossbauer spectroscopy, the identification of an
unknown compound from its spectrum can only be made by finding a known compound . ,
having the same spectrum and temperature dependence. We have been unable.to find
any published combination of spectral parameters, for either natural or synthetic
iron compounds, which match that of the non-pyrite iron in coal. Ankerite
(Table L), which has not been reported previously, likewise does not match.

/. - In Flgures 2 and 3 we have plotted A versus § for all single- or two-line iron
spectra for which we have been able to obtain data (5,6,8,9,10,11,14,18,31,34,35,
36,37,38,39,40). Attention 1s called to the variations in § and A within isomorphous
silicate serles (olivines, pyroxenes) in which the Fe/Mg ratio varies. Many
silicate minerals show two or more coupled Mossbauer doublets, eliminating from
consideration many points near the coal point on the plots. Biotite gives an
apparent 2-line spectrum with 6 and A similar to the coal spectrum, but with
decidedly unequal intensities (our measurenent ), which persist in powdered samples
(6), and which can be resolved into a coupled doublet (9), whereas the coal
spectrum is symmetrical. Even consldering the compositicnal variations and the
uncertainties of measurement, 1t is apparent that the non-pyrite iron in coal is
distinct from any compound whose Mossbauer spectrum is known. Minerals excluded
include oxides and oxyhydroxides, sulfides and related compounds, the carbonates
siderite and ankerite, titanian minerals, and the many silicates examined.

Some ferrous complexes of pyridines (35) and 1,10-phenanthrolines (37) have
similar though non-matching ¢ and A values. These comparisons suggest that the
non-pyrite iron could be bound to heterocyclic nitrogen aromatic groups in the
coal macerals, or possibly in a clay-like silicate mineral or gel.

An attempt was made to correla.te the Mossbauer absorption intensities in the
coals with the analytical data. Mossbauer spectra were determined on mixtures of
pyrite in carbon, and the fractional peak absorption was plotted against the mass
fraction of pyrite iron. In a few coal samples the Mogsbauer absorption and the
analytically determined amount of iron as "pyrite"” did agree with the above plot,’
but in others the agreement was poor. This may be due to the inadequacy of the
chemical method for determining pyrite iron, and to differing matrix effects in
the coals and the standards. Likewlse, a poor correlation was fou.nd between the
non-pyrite iron absorption in coals and the amount of organic iron deduced from
the chemical analyses, although the sample with the highest "organic" iron,
Jewell Valley coal F(a), showed the strongest non-pyrite Mossbauer spectrum.
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Table 4. Room-terperature isomer shifts and quadrupole splittings for
polycrystalline iron compounds and minerals

Other Work

1.38

This Work

Compound or Mineral %3 A8 %% a§ Ref. (

Pyrite, FeSs 0.5k 0.60. 055 0.61 8
Marcasite, FeS, 0.51  0.50 0.52 0.51 8 .
N

Siderite, (Fe,Mg)COs 1.47 1.78 1.7 1.80 6
Ankerite, (Ca,Mg,Fe)COs - 1.6  1.50 - - - 5

Olivine, (Mg;Fe)25i04 1.39  2.95 1.39 3.06 10
\
: 1.2 241

Biotite, K(Mg,Fe)s(A1513010)(0K)z 1.36  2.50 1.hg 261 9
_ Fe*2 1,19 '2.10 \

Tourmaline, Na(Mg,Fe )aAlg(BOs )3 (Sie01s)(0H)y 1.30 2.38 Fe*2 1.4k 2.61 10
Fe*® 0.99  0.91 1
Ferrous sulfate, FeS04°T7H20 1.56 3.05 1.53 3,19 18 ,
(]
T

Ferrous acetate, Fe(CsHaOz)z 1.Lk5 2.23 - - -
Ferrous stearate, Fe(CisHas0z)2 0.66t 0.70t - - - N

Non-pyrite iron in coal 2.62 - - -

* Respect to center of sodium nitroprusside spectrum.

t+ At liquid nitrogen temperature; no resonant absorption cobserved

§$ Inm s™t.

at room temperature.

:l:-/ -~



e e

S ~———_

Nicl

-
L
LY
-
LS
-

— -
o]

-

an A ]

- -
—_— o

QUADRUPOLE SPLITTING (mm s™*)
T e ——

A =

Tt S e e S e Y

Tigure 2.

¢ = ISOMER SHIFT (mm s7%)

Representative plot of quadrupole splitting versus isomer shift
(relative to sodium nitroprusside) for: ferric compounds (A)
and ninerals (A); =~--- ferrous compounds (O) and minerals (®);
ferrate compounds (x), and the non-pyrite iron found in coal (*).




|+' . f,' ,o/n é i]
. . h 8 \
9 2 f
4 ‘o f
F 6
3.0 4 . A F 8
é
2.37
- 8 1
'T 25 4+
[2]
g 9 \
- 4
5 » |
5 2k " N
15
g P N 1
% \
2.2 4 N
B \
1
b ‘
\
2.0¢
-+ Y
\
1.84 A
& :
1.6%4 ' v . \
, ? . _

+- : } +-C + -4
1.0 T.1 1.2 1.3 1.k "

§ = ISOMER SHIFT (mm s™%)

Figure 3. Enlarged section of Figure 2, showing quadrupole splitting versus iscmer shift {
relative to sodium nitroprusside for two-line ferrous spectra. Lines connect pairs of y
points which are observed together in the same minersl or compound. Dashed lines indicate
that a ferric spectrum is associated with the plotted ferrous point. Synthetic compounds:
l-ferrianite (synthetic mica), 2-synthetic pyroxenes, 3-synthetic olivines, h-welding glass

5-germanium spinel, &-oxy-salts, 7-carboxylates, 8-halides, J-pyridine complexes, 10- \
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CONCLUSION

In summary, several coal samples contain a form of iron which exhibits a
hitherto unobserved Mossbauer spectrum, in addition to the well-known pyrite
spectrum. The non-pyrite iron is ferrous, in a high-spin configuration, in
cctahedral symmetry, and apparently in a rather well-defined state, Comparisons
with known compounds suggest that this iron may be bound in the coal macerals to
heterocyclic nitrogen aromatic groups, though a clay-like silicate mineral or gel
is a possibility. IMossbauer spectrometry can at the very least indicate the
most suitable coal samples for further studies of this iron by chemical and other
methods. . It should ultimately .permit unamoiguous identification of the iron in
coal with synthetic compounds or analogs. We intend to pursue this line of
investigation. - . . :
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REACTIONS OF COAL AND RELATED MATERIALS IN MICROWAVE DISCHARGES IN Hz, HzO AND Ar

e 1

“Yuan C. Fu and Bernard D. Blaustein‘

U. S. Bureau of Mines, Pittsburgh’Coal Research Cehter,
4800 Forbes Avenue, Pittsburgh, Pennsylvania 15213 .

INTRODUCTION ‘ v |

Recent investigations on the reaction of carbon in a high frequency discharge have
shown that it produces methane, acetylene and minor amounts of other hydrocarbons
in the hydrogen discharge, .but ‘produces primarily an H2-CO mixture downstream
from a water discharge.2 Sxmxlar work with respect to coal, however, is almost
non-existent except that carried out by Letort et al. 4/ and by Pinchin.3/ Though
some work on coal in a plasma Jeté_g/ has been reported, the characteristic of
those reactions is generally the thermal decomposition of coal by rap1d heating
to high temperatures in an inert atmosphere. ‘

In a microwave-generated discharge, hydrogen or. water vapor can be excited or
dissociated into atoms, ions and electrons at temperatures much lower than those
attained in.a plasma jet. The present study is concerned with the reactions of
various coals, a polynuclear hydrocarbon, and graphite, in microwave discharges

in Hp, water vapor and Ar. The results are compared in terms of the product yield
and distribution in each type of discharge. Differences observed between the
reactions of the various coals and the other materials suggest that the amount and
type of volatile material, carbon content, and the type of the carbonaceous material,
as well as the type of the gas discharge, are all factors affecting the product yield
and distribution. The difference between coal and graphite in their behavior toward’
water vapor in the microwave discharge. is of particular interest. In the water
discharge, the graphite yields almost no hydrocarbons but only an Hy + CO mixture
while the coal yields appreciable amounts of C;H; and CH, in addition to Hy + CO.
Experiments using D20 and Ar.discharges ‘indicate that the D20 and the water actually
do participate in the reactions with coal to form hydrocarbons. It is also demon-
strated that the CoHp yield from coal in the hydrogen discharge can be drastically
increased by condensing at a low temperature part of the primary products formed
during the discharge reaction.
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EXPERIMENTAL

The experiments were carried out in a static system with the discharge produced by
a Raytheon microwave generator in the air-cooled Ophthos coaxial cavity at 2450 Mc/
sec. Chemical analyses and origins of the vitrains of the different coals used are
given in table 1. All the vitrains were -200 mesh. . Ultra purity spectroscopic
graphite powder (325 mesh, United Carbon) and chrysene. (CjgH;7) were used for
comparison.  As reactant gases, a 9.7:1 H,-Ar mixture, H,0-Ar mixtures and Ar were
used. The Hy and Ar were obtained from cylinders and passed through a liquid N,
trap prior to storage. The water vapor was obtained from distilled water degassed

in high vacuum. -

In the experimental procedure, a known weight of graphite or coal powder was placed
in a cylindrical Vycor tube (ID = 11 mm, vol = 32 ml) and degassed in a high vacuum
at an elevated temperature- (150°C for graphite and 100°C for coal) for a half to
one hour to remove the moisture and the air adsorbed on.the carbon. A known
pressure of the reactant gas or gas mixture measured by a Pace Engineering pressure
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transducer was then introduced into the reactor tube. For the H0-Ar mixture, a
known pressure of the water vapor was first introduced to the reactor containing
the degassed carbon, and then a known pressure of the argon was introduced while
the water was condensed in the end of the tube by dry ice and acetone. 'The portion
of the tube cooled by the dry ice was so small compared to the total volume that no
correction on the pressure reading seemed to be necessary. The discharge wag then

produced with the carbon - -in the dxscharge zone. The gaseous products were analyzed
by mass spectrometer

. . . ‘
The s0lid product obtained from the high volatile bituminous coal in the Hy discharge
was analyzed by infrared spectrometer. The sample was obtained either by scraping
the reactor wail or by solvent (benzene or acetone) extraction. In some instances, a
reactor consisting of a tube divided by a- fritted Vycor disc was used. The coal was
placed on the disc and KBr powder was introduced on the other side of the disc.
During the discharge, the lower end of the tube was immersed in liquid N2, thus
pernmitting the condensable low volatile products to pass through the disc and be
adsorbed on the surface of the KBr powder. This was later removed, pressed into
a pellet, and examined by infrared analysis.

TABLE 1. - Analysis of vitrains (moisture free basis, percent)

) 0 Volatile
C H N S (by diff.) matter
Anthracitel/ 91.06 2.49 0.96 0.83 2.89 1.77 6.1
\ Low volatile ’
~" minous?/  89.57 4.67 1.25 .81 2.17 1.53  20.2
/volatile A ‘
- _ ltuminousd/  81.77 5.56 1.71 ° .97 5.87 2,06 39.2
- Lignited/ 66.45 5.40 .31 1,40 22.84 3.06 44,0

1/ Dorrance Mine, Lehigh Valley Coal Co., Luzerne County, Pennsylvania.

2/ pocahontas No. 3 Bed, Buckeye No. 3 Mine, Page Coal and Coke Co.,
Stephenson, Wyoming County, West Virginia,.

3 Bruceton, Pittsburgh Bed, Allegheny County, Pennsylvania.

4/ Beulah-zap Bed, North Unit, Beulah Mine, Knife River Coal Minimg Co.,
Beulah, Mercer County, North Dakota.

RESULTS AND DISCUSSION

All results were obtained from experiments using 5 mg of the carbonaceous material
in each discharge at 35 watts of power input. PFor consistency, an initial total
pressure of about 25 mm was used for most runs, but in the runs with Hp0 vapor it
was varied in the range of 12 to 25 mm. The time of the discharge reaction was
intended to be 60 seconds in most runs, but the discharge would mot sustain itself
in some runs. It is suspected that the solid product (probably polymuclear hydro-
carbons) formed may tend to draw away the electrons in the discharge to form megative
ions and create a shortage of energetic species in the gas phase. Nowever, under the
experimental conditions employed, a large part of the reaction occurred within 30-60
seconds, and prolonged treatment resulted enly in some change in the product distri-
bution and & little increase in the exteat of the gasification. A few runs were
made. for as long as 3 minutes.

Hydrogen-Argon and Argon Discharges
In preliminary runs with graphite in an Hj discharge, we attempted to imterpret
the data on the basis of the hydrogen balance before and after reaction. It :
appears, however, that appreciable amounts of hydrogen were consumed in the
formation of solid product or were taken up by the carbon. Therefore, to allow

~\



]

AT

e

L o g

Ly

N

4zs
interpretation of the data, Ar was introduced into the reactant gas as an internal

standard. The presence of Ar in the system gives no noticeable effect on product
type or distribution.

‘Table 2 summarizes the results obtained from the reactions of éach material in

microwave discharges in an Hy-Ar (9.7:1) mixture and in Ar.  In the Ar discharge,
coal is partially gasified to give Hz, CO, and C2H2 as the major gaseous products,
CO,, CH;, and minor amounts of other hydrocarbons (C and C3 hydrocarbons,
biacetylene and benzene were detected), in addition to a solid prodhct and residual
char. 1In the Hj-Ar discharge, the percent of carbon forming gaseous hydrocarbons is
increased as compared with the Ar discharge; the total amount of carbon gasified is
also increased. 1In this discharge, CoH2, CO, and CH, are the main constituents of
the gaseous product, and minor amounts of other hydrocarbons are also formed as in
the Ar discharge. Comparison of the several 60-second runs indicated that the net
amount of hydrogen remaining after the reaction was decreased, except for high
volatile bituminous coal and lignite. Besides that converted to hydrocarbons, part
of the hydrogen was probably consumed in the formation of solid product or was
taken up by the coal residue. With high volatile bituminous coal and lignite,
gasification was extensive and resulted in a net increase of hydrogen.

The percent of carbon converted to gaseous hydrocarbons increases with the volatile
matter of coal as shown in figure 1, suggesting that a rapid release of the volatile
matter and its subsequent gas phase reaction in a discharge may be the determining
factors. Figure 1 includes the data for graphite. Lignite, with the highest
volatile matter, however, gave only small amounts of hydrocarbons in both discharges.
The high oxygen content of the lignite results in higher yields of carbon oxides and
water but apparently inhibits hydrocarbon formation. Water vapor, in a discharge,
can reverse the reactions of hydrocarbon fofB7tion by reacting with the hydrocarbon -
species to form carbon oxides and hydrogen.—

Chrysene did not behave particularly different from coal in both discharges; the
extent of gasification was appreciably small, approximately the same as that for
anthracite. Interestingly, the carbon contents of the chrysene and the anthracite
are also close to each other and are much higher than the other coals.

FPor coal in general, the higher the carbon content the lower the volatile matter.
The extent of the reaction of graphite with H; was very much smaller under
comparable conditions, probably due to the absence of volatile matter. The main
products from graphite were CH, and CjH2; however, the hydrogen balance indicated,
for example, that with an initial pressure of the Hy-Ar mixture of 25 mm Hg, the
percentage of the initial hydrogen present in each component of the product is Hy,
77.6; CH,, 9.2; C2H2, 3.3; Cj + C3 hydrocarbons, 1.6; and the remainder (8.3%) was
apparently consumed in the formation of polymer or was taken up by the graphtte.ll/
It is interesting to note that CyHz accounted for 75-92% of the gaseous hydro-
carbons produced from coal in both discharges. Hydrogasification or carbonization
of coal usually gives CH, as the major hydrocarbons. "It has been suggested that, in
a microwave hydrogen discharge system, transport of carbon from the solid to the
vapor phase takes place by bombardment of the carbon by energetic ions and electronms,
and that the gaseous carbon speciés could react with H atoms or CH species to form
hydrocarbons._;é/ A similar mechanism appears to apply to the system containing
coal except that H and CH species would also be evolved from the coal in addition

to gaseous carbon specles, even in the absence of an initial hydrogen. The _
predominance of CoRz, however, 1is also observed in rapid heating of coal by various
high temperature methods such as plasma jet{é:ﬂ laser beaml2/ and flash heating,li/
etc. A comparison_of our experimental results with those obtained with an Ar plasma
jet by Bond et al.l/ indicates that the percentage of carbon converted to CyHy in
our system is somewhat lower, but the effect of volatile matter on the hydrq;arbon
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yleld is quite similar. The conversion of carbon to CoH; for .the high volatile
bituminous coal (VM = 39.2%) in table 2 is 9.2% in the Hy-Ar discharge as compared
to 12.5% in the Ar plasma for a coal of similar volatile matter content.

TABLE 2. - Reactions of coal and related materials
in microwave discharges of H, and Ar

Pressure, ’ 4 Percent of C present as
. mm Time, Yield x 10°, mole/g of solid . Gasebus Gaseous
Material H, Ar sec Ho CHy, CoH2  CO CO; products hydrocarbons
- [
hvab 22,7 2.3 60 63.9 4.7 31.1 21.1 0.2 13.6 10.4
22.7 2.3 60 53.6 10.2 °28.6 20.2 .2 13.1 10.3 N
23.4 2.4 60 12.5 4.5 27.0 23.6 .4 12.8 9.4
22.8 2.4 90 1/ 3.9 29.8 22.2 .2 13.1 9.9 '
21.8 2.3 105 1/ 4,8 21.0 16.9 .2 9.9 7.4
21.9 2.3 10 1/ 3.6 20.0 16.0 .2 9.4 7.0
- 25.7 17 3.3 .1 1.2 7.1 .1 1.5 .4 -\\
- 26,0 60 56.4 .9 13.4 23.0 .2 7.7 4.3
- 23.6 180 44.0 1.1 16.5 22.6 .2 8.7 5.3 ¢
1vb 23.8 2.5 3 1/ 4.1 1556 7.3 .1 6.1 5.1 \
21,6 2.2 60 1/ 3.8 17.5 8.1 .1 6.7 5.6
- 23.5- 60 19.3 .3 3.6 7.7 trace. 2.1 1.1
Lignite 21,6 2.2 60 25.4 2.1 9.3 66.2° 3.5 16.7 4.1 A
22.6 2.3 180 22.9 2.1 7.7 80.3 1.8 18.3 3.4 i
20.7 2.1 180 26.0 2.1 7.3 69.2 1.7 16.1 3.3
- 24,7 32 50.4 7 6.9 61.7 3.2 14.1 2.7 .
- 23.0 60 18.4 .6 5.0 68.4 3.2 15.1 2.1 \K\
Anthracite 21.6 2.2 60 1/ 4.2 8.3. 4.0 trace 3.6 3.1
22.6 2.4 .60 1/ 4.6 9.6 3.0 trace 3.9 3.4 :
- 24.0 60 .3 trace trace 2.0 .1 .3 - )
Chrysene = 22,7 2.4 10 1/ 6.5 12.8 2.0 trace 4.6 4.4 ¢
20,0 2.0 30 1/ 10.4 5.8 trace trace 3.4 3.4 N
- 22.0 30 18.6 .8 2.6 trace trace .9 .9 o
Graphite 22.4 2.3 60 1/ 3.5 2.5 trace trace 1.2 1.2
22,6 2.4 60 1/ 3.4 1.8 trace trace 1.0 1.0 3
= y >
1/ Net decrease of hydrogen was indicated, '
Solid Product . |
The solid product obtained from coal is brownish and is similar to that usually 1
observed from the thermal treatment of coal. No appreciable amount of solid product !
was formed from anthracite or from lignite. Though the extent of the gasification
for the chrysene was not appreciable, the original white powder was instantaneously
converted to a brown solid upon the initiation of both discharges. The infrared
spectra of the solid product and the residual char obtained from the high volatile
bituminous coal in the H2-Ar discharge showed the usual aliphatic C-H bands and
some weak aromatic bands which are typical of pitch and coal ‘
Effect of Cooling by Liquid Nitrogen }

Since the indications are that the water formed can retard the hydrocarbon formation
and that the hydrocarbons produced may undergo further destructive reactions, it can
be expected that a rapid quenching. of the primary products should give a pronounced
effect on the result. Experiments were carried out in a reactor consisting of the
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tube divided by a fritted Vycor disc. The coal was placed on the disc, and was
subjected to reaction in the H2 discharge while the lower end of.the tube was cooled
in liquid N2. Though the process of condensing water and some hydrocarbons at this
temperature is diffusion controlled, the effect is pronounced, as shown in table 3.
For both the bituminous coal and the lignite, the yield of the hydrocarbons, CyH,

in particular, was greatly increased. The amount of Hy remaining and the amount of
CO produced after the reaction were also decreased. Therefore, the increase of
hydrocarbon yield can be attributed mainly to subsequent hydrocarbon formation by
reaction of H, and CO; this hydrocarbon yield is greatly enhanced by rapid removal
of H20 formed.

Water-Argon Discharge

There is a marked difference between the products obtained from graphite and coal in
a water discharge. In the discharge in H70-Ar mixtures, as shown in table 4, graphite
yields hydrogen and CO but practically no hydrocarbons; while the coals yield an
appreciable amount of C,H, and some CHA in addition to H, and CO. The amounts of

Hy and carbon oxides produced in the reaction with graphite were stoichiometric. .
The extent of gasification was also much greater for the coals than for the graphite.
The active hydrogen species produced in the water discharge did not react further
with the graphite or the CO formed from it to produce significant amounts of hydro-
carbons. This is further evidence demonstrating that the presence of water vapor
retards hydrocarbon formation.

For the reaction of a given coal in aH90-Ar discharge, an initial H,0 pressure of
less than 12 mm Hg appears to give the optimum gasification and hydrocarbon
production. Higher initial ;0 pressures cause a decrease in both gasification
and hydrocarbon production. So long as the H20 pressure is not at its highest
values, more hydrocarbons are formed than in the Ar discharge. (Also, with the
higher initial H50 pressures, the discharge could not be initiated readily and
would not sustain itself for as long as. 60 seconds, perhaps due to too large an
increase in the total gas pressure in the reactor.) The data seem to indicate
that 60 seconds may have been too long a period for the maximum production of
hydrocarbons. The formation of the hydrocarbons should be a maximum at the time
when a plateau of the extent of coal gasification is attained, and prolonged
treatment probably allows the remaining H;0 vapor to diffuse into the discharge
zone, giving an adverse effect. It was also noticed that, at an initial H30
pressure of less than 12 mm, the hydrogen content of the products exceeded that
which could possibly be derived from the stoichiometric amount of the Hy0
initially present.

These results seem to indicate the following. The active hydrogen species formed
in the H70 discharge participate in the reactions which lead to the formation of
hydrocarbons from (some of) the species derived from the coal. This occurs
despite the retarding effect of Hy0 ‘on hydrocarbon formation. (If the Hp0
pressure is too high, this latter effect decreases the hydrocarbon yield.)
Presumably, the coals when gasified supply enough CH species to allow hydro-
carbons to be formed, even though the active oxygen species present react with
some of the gaseous carbon and CH species. On the other hand, graphite produces
negligible amounts of CH species in a H,0-Ar discharge, and therefore cannot
produce hydrocarbons since the reaction of the CO formed with the active hydrogen
species is retarded by the Hy0 present.

Lignite, with its high volatile matter content, was extensively gasified but gave
a relatively low hydrocarbon yield, presumably due to the inhibition by its high
oxygen content. For lignite, the production of COy was also higher in the H20~Ar
discharge than in the Hy-Ar or Ar discharge. Again, the extent of gasification
for chrysene was rather small. : . :
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Deuterium Oxide-Argon Discharge

It is of interest to obtain further evidence as to whether water is actually:involved
in the reaction with coal to form' hydrocarbons ‘in addition to the production of

H, + CO. The gaseous product obtained from the reaction of the high volatile
bituminous coal in a D20-Ar mixture was analyzed by the high resolution mass
spectrometer. . At a resolution of 1 part in 20,000, precise masses for doublets and
in some instances triplets that occurred at the same nominal masses could be used

to identify completely deuterated, monodeuterated and nondeuterated! species present
in the product. For example, peaks due to C2H2 (mass = 26.0156), C2D (26.0141) and
CN (26.0031) were observed at the nominal mass of 26 and peaks due to CoD2 (28.0282),
N, (28.0061) and CO (27.9931) were observed at the nominal mass of 28. The whole
spectrum up to the nominal mass of 44 contained peaks attributed to all species
present including minor amounts of oxygenated and N-containing compounds, but the
major products were Hpz, HD, D2, C2H2, CoHD, C7D2 and partially deuterated methanes

in addition to D20, DHO, H20 and carbon oxides. Thus it is apparent that D20 1is
initially dissociated into D, OD and possibly an active oxygen species which in

turn recombine to give D20 and D2, or react with the active species derived from
coal such as H, CH, C;, Cp and CO, etc., to give DRO, HD, CO, CO; and deuterated
hydrocarbons. .

CONCLUSIONS

In the microwave discharges of Hy, H70 and Ar, coal is gasified to give gaseous
hydrocarbons and carbon. oxides plus a solid product and residual char. Hydrogen
is also produced either by dissociation of the water vapor or by devolatilization
of the coal in the H70 and/or Ar discharges. But, in most cases in the hydrogen
discharge, hydrogen is consumed rather than produced (except for hvab coal and
lignite). The yield of the hydrocarbons is highest in the hydrogen discharge and

/ that of carbon oxides is highest in the water discharge. Both the hydrogen and

the water discharges give greater extents of gasification and yield more hydro-
carbon products than the Ar discharge, indicating the occurrence of gas phase
reactions of H, OH, and active oxygen species with the active species derived

from the coal. The gasification of coal in the water discharge is of particular
interest because it produces Hy + CO ( ~ 1:1) plus CoH2 and CH;. The high oxygen
content of the lignite results in a higher yield of carbon oxides but apparently
inhibits the hydrocarbon formation in the discharge. The hydrocarbon yield from
the lignite or other coals in the hydrogen discharge, however, can be increased
dramatically by rapidly condensing part of the product species produced, especially
H,0, during the discharge reaction.

CoHy accounts for as much as 92% of the gaseous hydrocarbons produced, and, excepting
for lignite, the amount of the hydrocarbons is related to the volatile matter of coal.
The extent of gasification, however, is increased with the volatile matter content

of coal including lignite. Thus, 1f the hydrocarbons are formed by the recombination
of the species derived from the volatile material and other species present in the
discharge, another interesting study would be to employ a flow system in which coal

is devolatilized by ordimary means and the evolved gases are subsequently reacted

in a discharge.
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CHEMICAL REACTIONS IN A CORONA DISCHARGE 1. BENZENE

M. W. Ranneyl-
Wm. F. O'Connor

Department of Chemistfy
Fordham University
New York, New York 10458

INTRODUCTION |

. Corona discharges (silent) have been used to initiate chemical reactions for
well over 150 years with much of the early work being confined to inorganic gases.2 How-
ever, the only commercially significant development over the years has been the process
for synthesizing ozone by subjecting oxygen to a corona dlscharge (ozonizer). Most early
investigators encountered serious difficulties in studying the interaction of high voltage
electricity with organic molecules. Equipment was unreliable and dangerous, and the
complexity of the reaction product mass precluded definitive performance evaluation. ‘Since
World War 11, technology has advanced to the point where high frequency power can be
generated and controlled at reasonable cost and many new dielectric materials such as
fused quartz, alumina and mica mat are available.? Modern analytical techniques afford
the opportunity to determine the composition of the product mix.

Corona electrons are accelerated by the applied voltage to an energy level of
10-20 electron volts, which is sufficient to break the covalent bond. This represents a very
efficient approach when compared with high energy radiolysis (m.e.v. range) where the
actual chemical work is effected by secondary electrons with an ehergy of 10-25 e,v.,
formed after a series of energy-dissipating steps. Potentially, corona energy can deliver
electrons to the reaction site at the desired energy level to give products which are not -
readily obtainable by more conventional means. The energy available in the corona dis-
charge is somewhat above that commonly encountered in photochemistry (up to 6 e.v. ).

Bertholot reduced benzene to CgHg in 1876 in what appears to be the first
exposure of an aromatic compound to the corona discharge. S Losanitsch obtained the
following products from benzene in an electrical discharge: (C6H6)2, biphenyl, (C72Hgg)

6
and (C6H6) Benzene vapor treated at 300° in an ozonizer tube gave resinous products
with a 6/4 carbon-hydrogen ratio.7 Linder and Davis exposed benzene vapor to 37, 000
volts and found biphenyl, gaseous products and evidence of polymerization.” The early
work with benzene reactions in various tyzpes of electrical discharges is reviewed in
considerable detail by Glocker and Lind.“ Brown and Rippere investigated the hydro-
genation of benzene flowing down the walls of an ozonizer tube and found 1, 3-and 1,4-
- cyclohexadiene, biphenyl, and a resinous mass which gave an infrared spectrum con-
sistent with polystyrene.b

In recent years, benzene has been subjected to direct electrode discharge10
and glow discharges induced by microwave!l and radiofrequency”“ energy. In this paper,
we report some of our observations for the reaction of benzene in a corona discharge.
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The corona reactor system used in this study is shown in Figure 1 and the reactor
‘details are given in Figure 2. The system is designed to run at atmospheric or reduced pres-
sure and, with slight modification, under recycle conditions. The use of the threaded rod
)center electrode affords a more uniform and higher treating potential than is obtained with a
gyllndrlcal electrode. 13 The electrode threads concentrate surface irregularities thereby
‘Ieliminating severe discharge points. The copper electrode serves as a cooling coil and
affords direct observation of the corona. In a typical run, the benzene reservoir temper-
ature is set at 35° the helium is adjusted to 100 ml/min. and after a two minute purge, an
electrical potential of 15, 000 volts is applied. A brilliant blue corona is established, the
,intensity being a-function of helium flow, pressure, benzene content and the applied voltage.
'Benzene traverses the corona reactor as-a vapor and is condensed by the cold water trap
j’nd collected. Yellow solids gradually deposit in the flask at the bottom of the reactor and
eventually adhere to the dielectric surfaces in the reactor. Some benzene and the more
volatile reaction products are condensed in the -70 and -195° traps. See experimental
section for further details.

/

) P

RESULTS AND DISCUSSION

The excitation of benzene vapor in a corona discharge provides an 8.5% con-
’versmn to identifiable products. The major products are a benzene soluble polymer (6%),
a benzene insoluble polymer (0.7%), biphenyl (0.3%), and acetylene (1%). The compo-
sition of the product mix obtained is given in Table 1. The overall yield obtained under
‘our experimental conditions is similar to that produced in a radiofrequency glow discharge
(10%, with longer residence time) and somewhat hxgher than Streitwieser obtained using a
microwave!l induced glow discharge (5%). The corona discharge gives a considerably
higher proportion of polymer than is obtained from these other energy sources. Benzene
substitution products such as toluene, phenylacetylene and ethylbenzene were observed in
r.he microwave discharge but were not noted in this study or in the radiofrequency inves-
nganon. The high yield of fulvene in the radiofrequency discharge is surprising in view of
/lts tendency to polymerize or add oxygen under rather mild conditions. The sum of the
‘carbon and hydrogen analyses for the polymeric fraction obtained by Stille in the glow dis-
'charge of benzene (86-94 per cent) suggests some fixation of oxygen and/or nitrogen during
.discharge or product work-up. 12 The pressure for these electrodeless glow discharge
Jstudies was of the order of 20 mm. or less, while the corona reactor was operated at
ftmospherlc pressure. Schiler, using an electrode discharge in benzene, obtained pro-
d

12

ucts similar to those produced in the microwave glow dlscharge

The reaction products obtained in this study are roughly categorized as the
'benzene fraction, biphenyl fraction and polymeric material for purposes of discussion.
’After initial studies indicated that the components of the -70 and -195° traps were
'similar to those in the benzene trap, these samples were combined. The acetylene
content of the low temperature traps was determined by weight loss prior to mixing
with the benzene. :

p
Benzene Fraction

t .
L The exposed benzene, as collected in the cold traps, is bright yellow. The
following reaction products have been identified in this fraction: 1,3-cyclohexadiene,

1, 4-cyclohexadiene, fulvene and cyclohexene. The approximate per cent yield for each
of these constituents is given in Table 2. The data were determined using a 100 foot
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TABLE 1

" _Product Distribution in the Corona Discharge of Benzene, 15KV

Yield-Per Cent Yield-Per Cent Radiofrequency(c)
Product Benzene Exposed of Product Mix Yield, Per Cent

Benzene insoluble polymer 0.7 8.2 ' N.D, @
Benzene soluble polymer (a) 6.0 70.5 5.0 (®
Biphenyl 0.3 3.5 2.0
©0-. m-, and p-Terphenyl 0.1 1.2 N.D.
Phenyl, benzyl substituted

cyclopentenes (P) 0.3 3.5 N.D.
1,3-and 1,4- Cyclohexadlene 0.1 1.2 N.D.
Fulvene . 0.01 0.1 1.0
Acetylene ' 10 11.8 2.0®

TOTAL 8.5 100.0 10.0

(a) Polymer fraction includes materials from 250 molecular weight and up.

(b) Includes several phenyl and benzyl substituted cyclopentenes 51m11ar to biphenyl and
o-terphenyl in vapor pressure. See discussion. :

() See reference No. 12. :

(d) N. D. -- not determined.

(e) Benzene and toluene soluble polymer,

(f) Acetylene 1%, allene 1%.

support-coated open tubular column with a squalane liquid phase and appropriate calibration
standards (Figure 3). No significant change is noted in the cyclohexane content when
compared with starting benzene. The increase in the methyl cyclopentane peak is ascribed

‘to its higher vapor pressure thus affording some accumulation of this material in the

benzene distillate and a concomitant depletion in the benzene feed stock. Cyclohexene is
produced in very low yield, as expected; because of the degree of hydrogenation required
during its short residence time in this single pass reactor.

The reduction of benzene to the cyclohexadienes is interesting as
1, 3-cyclohexadiene is thermodynamically unstable with respect to benzene, cyclohexene
and cyclohexane.14 The synthesis of 1,3-cyclohexadiene under these conditions is
analogous to the conversion of oxygen to ozone which also represents an energetically
unfavorable process. The momentary energy input and the rapid removal of the activated
species from the reaction zone affords this material in low yield. As expected, the
more ‘stable 1,4-cyclohexadiene is produced in higher yield (3/1). Additionally,
1,3'-cyclohexadiene would be expected to polymerize at a rapid rate under these con-
ditions. The thermodynamic instability of 1,3-cyclohexadiene is demonstrated by its

-gradual disappearance from the sample after a few days standing at room temperature.

The yields of both the 1,4-and 1,3-cyclohexadiene are somewhat higher than pre-
viously reported by Brown and Rippere.9 The yields reported by these workers after

24 hours exposure to a 15 KV corona discharge in a counter-current hydrogen stream
were 0.02 and 0.01 per cent respectively. The major variable in technique which likely
accounts for this difference-in yields is the use of benzene vapor in our work, versus
the hydrogenation of a thin liquid benzene film runmng down the annular dielectric sur-

~ face by Brown and Rippere.
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The ultraviolet spectrum for the benzene fraction was obtained by running
differentially against pure benzene in isooctane. A broad absorption band with a maximum
at 258 mp is ascribed to the 1,3-cyclohexadiene, An additional absorption at 242 mp and
a tailing into the visible region with a broad maximum at 360-370 mpu is also observed.
These spectral features are consistent with those reported for fulvene, the non-aromatic
isomer of benzene.!S Blair and Bryce-Smith found fulvene in the photochemical irradiation
of benzene in what appears to be the first direct conversion of an aromatic hydrocarbon to
a non-aromatic hydrocarbon.16 Fulvene co-distilled with benzene, but could be separated \
‘from benzene using the 100 ft. squalane column (Figure 3). Fulvene prepared by the
method of Meuche gave the same retention time and spectral features. 17 Additional evidence
for assignment of the fulvene peak included its disappearance from the chromatogram after N
the sample was refluxed with maleic anhydride (color disappears) or exposure to a free
radical catalyst. The Diels-Alder reaction product with maleic anhydride was isolated and
hydrolyzed to give the adduct, 7-methylene-5-norbornene -2, 3-dicarboxylic acid. The
melting point and infrared data for this adduct were identical with the sample prepared
using fulvene synthesized from cyclopentadiene and formaldehyde. 12

?4
{
l

N
\
The formation of the 1, 3,5-hexatrienyl diradical has been suggested as an

intermediate in the photochemical decomposition18 and the radiofrequency dischargelz of \

benzene. Material isolated in the photochemical excitation gave a UV spectrum similar

to 1,3, 5-hexatriene, but displaced by 7.5 mu and, more disturbing, the investigators ;

were able to separate the material from benzene by fractional distillation. No experi-

mental evidence was given in the radiofrequency study. In our work, 1,3,5-hexatriene

could not be detected (less than 100 ppm ) in the benzene fraction using the squalane :

column. No spectral evidence was noted in the ultraviolet although the region of in- :

terest is complicated by the presence of 1, 3-cyclohexadiene. 1 \
1

The unidentified peak in the chromatogram (Figure 3) gives 2 negative
test for an acetylenic hydrogen (ammoniacal cuprous chioride solution) and does not

disappear after the sample is subjected to free radical catalysis for several hours. Thus, N
the open chain, acetylenic isomers of benzene, hexa-1, 3-diene-5S-yne, 1,4-hexadiyne, i
1, 5-hexadiyne and 1, 5-hexadien-3-yne do not appear to-account for this peak. The
possibility of valence isomers of benzene such as bicyclo (2.2.0) hexa-~2, 5-diene, ¢
"Dewar benzene', were excluded based on the observation that the peak was stable to {
prolonged heating at 100°.. The valence isomers would be expected to convert to
benzene under such conditions, 20 . N
.
TABLE 2 X
. ’ : a
Product Distribution in Dischangad Benzene Fraction( ) S
) . . y
Product _ Yield % Benzene Exposed v
R . .
1, 3-Cyclohexadiene 0.03 . . ;
1,4-Cyclohexadiene 0.09 )
Fulvene ,' 0.01 1
Cyclohexene 0.01 i
Unidentified : - 0.02 ° .

(@) Quantitative data obtained by GLC usihg squalane column and appropriate calibration
standards. !
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Biphenyl Fraction

The low molecular weight compounds, soluble in isooctane and hot methanol, i
were primarily biphenyl and o-, m-, and p-terphenyl. These products were identified by
gas-liquid chromatography using a silicone gum rubber column (Figure 4) and a Carbowax
20M column with appropriate standards. The peaks were trapped and analyzed by infrared
and NMR spectroscopy for confirmation. Biphenyl was present in sufficient quantity to be
readily detected in the initial infrared spectrum and was isolated by sul!)limation. \
Quantitative data, obtained using the silicone column with appropriate calibration curves
are presented in Table 3. With the possible exception of biphenyl, the yields are very
low considering the overallconversion noted. The o-, m- and p-terphenyl ratio (1/0.4/1)
indicates a preference for the para position beyond that expected for random attack.

If hydrogenation of the polyphenyls by hydrogen radicals generated "in situ"
is to be considered a primary reaction mechanism, one would expect to see components \
corresponding tothe possible hydrogenated species of biphenyl and the terphenyls. This
does not appear to be the case, however, as no significant peak can be ascribed to a
hydrogenated o-terphenyl compound. The small peaks before biphenyl and after o-terphenyl.
in the chromatogram (Figure 4) actually include four or more components present in )
small proportions which have not been completely identified. The first peak, (eluted
before biphenyl) amounting to less than 0.1 per cent of the total yield, was initially
ascribed to a mixture of the possible hydrogenation products of biphenyl. On the Carbowax\
column at lower temperatures this peak is eluted between phenylcyclohexane and 1-phenyl- *
cyclohexene. Initial infrared examination of this peak after trapping indicated an intriguing
similarity with the peak (s) noted after o-terphenyl and with the polymer fractions. The -
possibility that this component was a low molecular weight precursor to polymer formation\
prompted further study. Infrared indicates a phenyl substituted aliphatic compound con-
taining some olefinic unsaturation, and the spectrum is not consistent with the anticipated
phenyl cyclohexenes. Careful examination of the spectrum indicates that the following

phenyl substituted compounds are not present on the basis of the indicated missing N
absorptions - phenyl cyclohexane (1010, 1000, 888, 865 cm'l), l-plienylcyclohexene

(922, 805 cm™!), and 3-phenylcyclohexene (855, 788, 675 cm-1). %! The spectrum .
is consistent with a non-conjugated benzylc yclopentene system with absoxiptions at ‘
1070, 1030, and 960 cm™! and the expected aromatic substitution bands. 1 Two i

additional absorptions are noted, one at 850 cm™! which may be attributed to vinyl
protons and a phenyl substitution band at 730 cm-!, This likely results from biphenyl
contamination, but it is interesting to note that benzylidenecyclopentane has an absorption
at 732 cm~! with the remainder of the spectrum being similar to the benzylcyclopentenes.  \

NMR data provides strong evidence for a rigid ring system (non-olefinic \
protons poorly resolved 1-3 ppm), non-conjugated olefinic protons at 5.7 ppm and phenyl
protons at 7.1 ppm. The olefinic protons are complex;' giving a closely-spaced doublet N\
superimposed on a broad absorption, suggesting the presence of both ring and exocyclic )
unsaturation. Additional sharp proton resonances are noted at 1.2 ppm (methyl) and a
doublet at 2.7 ppm which is attributed to benzylic protons. The lack of olefinic protons
downfield from 5.7 ppm would rule out the benzylidene compounds and likely any sim-
ilar structures wherein the unsaturation is conjugated with the phenyl moiety. The
olefinic protons in cyclopentadiene are found at 6.42 ppm and were not obvious 1n this
fraction. However, absorptions due to a minor component could have escaped detection
because of limited sample size. The difficulty encountered in isolating the components
of this peak precludes definite structural assignments, but the reaction of phenyl
radicals with fulvene followed by H radical termination and hydrogenation to give

< L
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phenyl or benzyl substituted cyclopentenes is clearly indicated.  The followmg. reactlon
scheme is proposed to account for the experimental observatlons
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The inherent complexity of the product mix is. lllustrated by 1V above which
could be 1-, 3-and 4+ -benzylcyclopentene. Preliminary mass spectral data for this sample,
as isolated from the chromatographic separation, indicates m/e values of 156 and 158,
/ corresponding to the cyclopentadienes I, II and the cyclopentenes IV, V. Ring substituted
/ compounds such as III would also have a mass of 156. Mass 91, corresponding to the
benzyl radical is prominent as is mass 77, the phenyl radical, although this would be
,/‘expected to arise from-the biphenyl (154 ) contamination. Other features of the spectrum
are being evaluated. The low yield is reasonable in view of the limited probability for
radical termination and hydrogenation compared with the high reactivity of these olefins
», (or the diene precursors) under the reaction conditions. The glow discharge work of
Schiller indicates the absence of any products with vapor pressure similar to biphenyl
and the other related literature generally does not give details beyond biphenyl analysis
- and gross polymer propertles

(H

The peak after o-terphenyl (Figure 4) actually consists of 3-4 components
when analyzed by varying the chromatographic conditions. This peak has the same retention -
time as diphenyl fulvene and is in the same general range as noted for a commercially '
¢ available hydrogenated terphenyl, Monsanto HB-40. This complex peak was trapped (with .
trace o-terphenyl contamination) as a yellow liquid which gave an infrared spectrum
identical ‘to the polymer fractions and very similar to the peak before biphenyl. Again,
phenylbenzylcyclopentenes are indicated and the spectrum bears little resemblance to
+/ the hydrogenated terphenyl spectrum. The NMR spectrum in carbon tetrachloride showed
aromatic protons at 7.1 ppm, a broadened olefinic proton resonance at 5.7 ppm and non-
olefinic protons from 0.8-3.5 ppm with poor resolution. These extremely complex
Y olefinic and non-olefinic resonances are typical of protons in a fixed ring system such
) as cyclopentene. The integration for these resonances.allows approximation of an
average structure containing a cyclopentene ring system substituted with one phenyl and
one benzyl group. The reactions appear analogous to those responsible for the components
of the peak before biphenyl with termination being with a phenyl radical rather than the
I hydrogen radical. The mass spectrum for this material as trapped from the chromatographic
analysis shows prominent peaks at mass 232 and 234 corresponding to VI and VII below.
The benzyl ‘and phenyl radical peaks are also evident at mass values of 91 and 77
respectively. Evaluation of the find structure details is continuing. The following is
Y believed to be representative of the many reactions which are possible under the
Y experimental conditions, to give a variety. of closely related compounds:

N

Ny e -
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The actual structural definition must await isolation of sufficient quantities -of the com-
ponents for NMR studies under various conditions. The possibility of a hydrogenated
p-terphenyl was carefully considered, but the only structure even remotely consistent
with the infrared and NMR data would require that the center ring of p-terphenyl be
non-aromatic with mono-substituted phenyl groups attached. Such a material could be
formed by preferential hydrogenation of the center ring of p-terphenyl (statistically
unlikely ) or by the reaction of phenyl radicals and 1,3-cyclohexadiene as follows:

¢

' Do Q— Vil

(2)

IX X

This mechanism requires the formation of hydrogenated ortho terphenyl derivatives such
as VI, which were not noted by gas-liquid chromatography or infrared.

TABLE 3

Biphenyl Fraction @)

Yield % Yield
Exposed Benzene % Reaction Products
Biphenyl 0.30 3.5
o-Terphenyl 0.05 0.6.
m-Terphenyl : . - 0.02 0.2
p-Terphenyl ' '0.05 - 0.6
Benzyl and phenyl cyclopentenes (Cj2 ) 0.05 0.6
Phenylbenzylcyclopentenes (Cg) _0.25 2.9
. ) TOTAL T0.72 8.4

(@) Quantitative data were obtained by GLC, using a silicone gum rubber column with
appropriate standard calibration curves based on peak height.

.
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Polymeric Products

The material which adheres to the glass dielectric surface in the reactor is
a high melting solid (> 320°), insoluble in benzene and all common solvents. The infrared
spectrum and the carbon-hydrogen ratio are essentially the same as noted for the benzene
soluble material. The benzene soluble polymer was fractionated into three molecular
weight ranges based on solubility in isooctane. The polymers are all yellow with the in-
tensity increasing as the molecular weight decreases. The ultraviolet sbectrum for the
low molecular weight polymer shows a gradual tailing into the visible region. The
physical property data for the polymeric fractions are summarized in Table 4.

Infrared data indicate that the polymeric fractions are structurally similar
to the low molecular weight products identified as benzyl and phenyl substifuted cyclopentenes.
The infrared evidence already presented for the low molecular weight products is applicable
to the polymeric products and need not be repeated. The data are consistent with an average
repeating unit containing the cyclopentene ring structure substituted with phenyl or benzyl '
groups. NMR data for the polymers were obtained in carbon tetrachloride at the cell holder
temperature (40°). The spectrum obtained for the 300 molecular weight polymer fraction
is presented in Figure 5. The extreme broadening of the proton resonances is associated
with the complex, long range groton coupling in a rigid system and the motional averaging
commonly noted in polymers. 2 Scanning the same sample at 90°in tetrachloroethylene did
not significantly improve the resolution. The NMR spectrum of the polymer in.pyridine
(Figure S) gives some improvement in the high field proton resélution, indicating a doublet
at 2.6 ppm (benzylic protons ) and a complex methyl proton resonance. The spectra are
similar to those obtained for the low molecular weight precursors containing unresolved ‘
ring protons. The NMR spectra generally eliminate polymer formation by.way of phenyl
and hexatrienyl radicals.as suggested for the radiolysis of benzene. 3 The aliphatic
proton portion of the spectrum is very similar to that reported for cyclopentadiene polymers
by Davies and Wassermann.24 The cyclopentadiene polymers had a molecular weight
range of 1200-2300, a A'max.at 320-360 mp and non-olefinic proton to olefinic proton ratio
of approximately 3/1.

The data are consistent with polymer formation by way of phenyl radical
(or excited benzene ) reaction with the fulvene produced to give'phenyl or benzyl substituted
cyclopentadienes which then polymerize to give a polycyclopentene chain with pendant
phenyl and/or benzyl groups. The average non-olefinic to olefinic proton ratio of 2.9
indicates that the many possible structures similar to XI (5/2) predominate over the
alternate type structures, XII (7/0), 24 assuming our analogy to cyclopentadiene type

polymers is valid. .

cHy \ CH, )
X1 X1I

Many similar structures must be considered, including those derived from phenyl attack
on the ring with polymerization thfough the exocyclic vinyl group of fulvene.
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Mechanism

The available evidence is thus not consistent with the generaAlly proposed

|
/

hanism of polymer formation based on the random build-up of a poly {phenyleng ) chain
accompanied by hydrogenation, 9 or the interaction with the hexatrienyl diradical. In the
radiofrequency discharge of benzene, evidence was presented which clearly indicated that
the polymer contained consecutive para linkages suggesting poly (p-phepylenes) as the
predominant structure. 12 Schiiler observed that the polymer (C6H 1.03, M.W, 503) was
a phenyl substituted aliphatic chain based on infrared evidence. 10 patrick and Burton have
demonstrated that hydrogen atoms are not involved to any significant extent in polymer
formation when liquid benzene is irradiated with a 1.5 m.e.v. source.

[
TiClt

In the corona discharge many types of energy transfer are occurring, varying
from photolysis (visible corona) to.relatively high energy electrons responsible for frag-
mentation. The low yield of biphenyl in this single pass reactor suggests that phenyl radical
production through loss of a hydrogen radical is not the primary reaction route leading to
polymer formation. Considerable energy should be available to excite benzene to relatively -,
high vibrational levels which would be somewhat below that energy required to actually
separate the H radical. At any given time the number of these excited benzene molecules
should greatly exceed the phenyl radical population. Fulvene is produced from benzene by

-ultraviolet energy (200 mpu, about 112 kcals, or 4.9 electron volts ).25 Thus, the formation
of this benzene isomer with a resonance energy (11-12 kcals/mole) intermediate between \
benzene and 1,3 cyclohexadiene may be energetically favorable in the corona environment.
Fulvene has been shown to polymerize rapidly under similar conditions with no reversion
to benzene.2% The uniformity of the phenyl (benzyl) - cyclopentene ratio throughout all 1
polymer fractions makes it difficult to accept a mechanism based solely on random attack
by phenyl radicals on the growing fulvene polymer. The initial synthesis of a monomeric
unit comprised of the benzylcyclopentadiene system with subsequent diene type polymer-
ization is consistent with all our observations. The phenyl radical produced in the dis-
charge should collide with the nearest benzene molecule which will be excited toa \
relatively high vibrational energy level. The following reaction sequences are suggested
for the phenyl radical:

©.+ @.-—» o | (5)
©.+ @a——- -—R—.—->+RH (6)
[ax @.__. __, Q;CHZ_CI .

Reaction (5) is the typical termination reaction by radical coupling leading to biphenyl.
The intermediate radical in (6) would be expected to lose hydrogen mzt)ge readily than
it would add to another benzene molecule to give polymer formation. The possibility .
of ring contraction in the excited intermediate, accompanied by an intramolecular shift
of a hydrogen atom is suggested in reaction (7). The benzylcyclopentadiene XV so
obtained would be a very active monomer leading to the polymeric products observed.
Although our data support polymer formation by the mechanism indicated, we cannot \
rule out participation by the cyclohexadienes and acetylene, both of these being noted
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v FIGURE 6 PROPOSED REACTION MECHANISMS
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The relatively low yield and the complexity of the reaction products does not
allow an unequivocal designation of reaction mechanism or of the mode of energy transfer in
the corona environment. However, where possible, we have propo'sed reaction mechanisms
which are consistent with our results to date. These mechanisms are summarized in Figure ;
6. Studies are underway to obtain deuterium exchange data in the corana reactor, and mass
spectral data are being evaluated: Investigation of the utility of corona chemistry will be
extended to other volatile compounds. ! \

‘EXPERIMENTAL

Materials:_ Fisher thiophené-free benzene contained trace quantities of
methyl cyclopentane, cyclohexane and toluene. Chromatogram (squalane) of original
material was used as reference for irradiated benzene evaluation under the same GLC ‘\
conditions, :

Reference materials for chromatographic identification were generally used
as obtained from commercial sources. Most of these materials were of sufficient purity to \
identify the major peak. However, mono-phenyl fulvene, obtained from Aldrich, gave no
peak on the silicone column and infrared indicated extensive hydroxyl and carbonyl ab-

sorptions. 1,3,5-hexatriene from Aldrich gave two major and two minor peaks on the
squalane column. Infrared?” indicated largely the transisomer with only a small cis ab- \
sorption at 818 cem™ 1, \

Fulvene was prepared by the method of Meuche. 17 Infrared (1662, 925, =
890 765 cm™ 1) and ultraviolet (A; = 242 mu, A 2 =360 mu) were in good agreement w1th\
literature values.

Reaction Conditions

The equipment used in these experiments was presented in Figures 1 and
2. Helium was bubbled through the benzene reservoir (55°) at 100 ml/min. to carry 4.2 '
gm.(0. 054 moles ) benzene through the corona reactor per hour. The reactor temperature
was 45° 2°. A total of 101 gm. (1.3 moles) benzene was passed through the 15 KV, 60 X
cycle, corona discharge in 23.7 hours. A small helium purge was maintained throughout
all sampling operations and necessary downtime to preclude oxidation. . N

Product Isolation and Analysis

At the conclusion of the run, the reactor was partially filled with benzene
and refluxed on a steam bath for 2 hours. The berizene soluble material from the column
was combined with the yellow brown solid which collected in the lower receiver. The
insoluble material was swelled by benzene and generally loosened from the glass di-

_electric surface. This insoluble material was filtered off, washed several times with
chloroform and dried overnight at 70°in a vacuum oven. The reactor was cleaned
with.a 5 per cent hydrofluoric acid solution to remove final traces of polymer after -
each run. Benzene insoluble polymer - 0.7 gm. yellow brown color, % C 86.95, %H
7.17, C/H 1.01. .

AAA/\.IY s

The benzene containing all solid products from the reactor and pot \
residue was reduced to 30 ml. volume by vacuum distillation at 50°. Considerable
foaming was encountered, requiring careful control of the distillation. The 30 ml. of ,
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brown benzene solution was added tc 300 mi. isooctane at room temperature. A yellow solid
precipitated immediately and was collected by filtration. After several washings with hot
methanol, the material was dried for 8 hours 'at 70°in a vacuum oven. Benzene soluble
polymer - Fraction 1, 2.3 gm., M. W. 4360, % C 88.32, %H 7.18, C/H 1.02. ’

The isooctane-methanol solution was reduced to 100 ml. volume (all
methanol removed) by vacuum distillation at 60°. The solution was a biilliant yellow
color at this point.. On cooling to room temperature, a small proportion of a deep yellow
polymeric solid precipitated and was collected by filtration. After washing with hot
methanol, this yellow material was dried at 70° for 8 hours in a vacuum oven. Benzene
soluble fraction 2, 0.2 gm., M.W. 1555, %$C 87.26, %H 7.09, C/H 1.03. '

The isooctane-methanol soluble portion was reduced to 20 gm. by vacuum
distillation and sufficient benzene added to insure solubility of all components. The per
cent solids was determined for this sample, being careful tolimit sublimation of biphenyl
(about 2 hours at 70°in a vacuum oven). This sample contains the low molecular weight
products and a yellow resinous polymer. Qualitative analysis for the low molecular weight
components was accomplished by gas-liquid chromatography using the following liquid
phases: silicone gum rubber, Carbowax 20 M, and Reoplex 400. Quantitative data were
obtained on the silicone column (Figure 4) using calibration curves (peak height) pre-
pared from appropriate standards. The concentration of the small peak eluted before
biphenyl was estimated using the biphenyl calibration curve and the peak after o-ter-
phenyl was estimated using a commercial hydrogenated terphenyl mixture (Monsanto
HB-40) as a reference. The F & M 500 gas-liquid chromatograph equipped with a
standard thermoconductivity detector was used for these analyses. These low molecular
weight products (biphenyl, o-, m-, p-terphenyl and phenylcycloalkenes, M. W. up
to -~~250) amount to 0.72 gms. (See Table 3). Peak confirmation was provided by infra-
redand NMR analysis after fraction collection from the chromatographic separation.

The concentration of the low molecular weight resinous polymer was '
determined by subtracting the total biphenyl fraction weight from the total isooctane- )
methanol soluble material. A sample of this material was placed in the vacuum oven
at 100° until the GLC trace indicated negligible biphenyl contént and the molecular
weight was determined. Benzene soluble fraction 3, .3.5 gm., M. W. 305, %C 87.23,
%H 7.09, C/H 1.03. Prolonged heating at 150° in air gives a hard, brittle yellow film.
Infrared analysis indicates oxidation is involved in the drying process.

The benzene fraction was initially examined by GLC using 100 ft.
support coated open tubular columns containing Carbowax 1540 poly (ethylene glycol)
and squalane (Figure 3) as the liquid phase. Quantitative data were obtained at 45°
on the squalane column with a helium flow of 3.0 ml/min, The Perkin Elmer Model
380 gas-liquid chromatograph, equipped with a stream splitting device and hydrogen
flame detector was used for these analyses. Peak identification was by comparison
with commercial standards and the synthesized fulvene. Additionally, the benzene
fraction was refluxed in pressure bottles with maleic anhydride, azobisisobutyronitrile,
and ammoniacal cuprous chloride solution prior to chromatographic analysis to note
peak changes due to adduct formation, polymerization or presence of acetylenic hydro-
gen. Acetylene content was estimated from weight loss of the -70°and -195° traps.
The vapor space above those cold traps and the gas stream directly below the corona
were analyzed by infrared using an 8 cm. gas cell. Although the study was not
exhaustive, several samplings were made and only acetylene was detected.
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Methylacetylene, allene and butadiene were not present in suffic;ie_nt quantity to be detected.

5 The yellow benzene from several runs (1000 ml, ) was fractionated and
900 ml. distillate obtained from 79-80°. The distillate was refluxed with maleic anhydride
until colorless and the benzene removed at reduced pressure. Dilute sodium hydroxide
solution was added and the resulting solution was extracted several times with chleroform.
After acidification with dilute hydrochloric acid, the solution was extracted with ether,
The ether was removed after drying to give a white solid which, on recrystallization from
chloroform and pet ether, gave the adduct 7-methylene-5-norbornene-2, 3-dicarboxylic
acid wlslch melted at 146°-150°. The infrared showed maxima at 1553, 875 and 710 cm'l,
(11t 1355, 874, 712 cm'l). Fulvene was prepared in low yield (less than one per cent)
from cyclopentadiene and formaldehyde with sodium ethoxide catalyst. 17 The adduct was
prepared by adding maleic anhydride to the crude fulvene reaction product in Freon 113
(b.p. 47.6°) and refluxing until colorless. After removal of the solvent, hydrolysis and
recfjrstallization yielded the adduct, m.p. 147-150° which gave properties identical with
the fulvene adduct obtained from the corona discharge. Bryce-Smith obtained a melting
range of 105-110° for this adduct which was likely a mixture of the exo and endo isomers.
Stille prepared the fulvene-maleic anhydride adduct with a melting point of 149-150° which
may be a single isomer. 12

’I‘hrough the courtesy of the Perkin Elmer Company at Norwalk Con-
nectlcut, the discharged benzene was analyzed by combination of gas-liquid chromatography
and mass spectroscopy. The peak attributed to fulyene gave a parent mass of 7% and
fragments at m/e 77, 52, 51, 50 and 39 in good agreement with the literature. Con-
firmation of other assignments was obtained by this technique and the one umdennﬁed
component on the squalane column gave a parent mass of 78.

Molecular weight and carbon-hydrogen determinations were made by
Schwarzkopf Microanalytical Laboratories, New York, New York. Molecular weight
was determined in benzene by vapor pressure osmometry.
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-VAPOR PHASE DECOMPOSITION OF
AROMATIC HYDROCARBONS BY ELECTRIC DISCHARGE

)

Masayuki Kawahata- S . (
!

Research and Development Centér
General Electric Company ‘

Schenectady, New York . ) 3
Introduction
Decomposition of organic compounds in presence of electric dis- N\

charge generally involves fragmentation and polymerization induced by
inelastic collision with high energy electrons. When hydrogen is

added, active hydrogen atoms produced by electric discharge also par- \
ticipate in the decomposition reactions. The reaction mechanisms are
complex involving excited molecules, free radicals, and ions. BN

In this laboratory hydrocracking of coal, coal volatiles and re- \
lated materials by electric discharge in hydrogen was studied. It is
postulatéd by Givenl that coal (vitrinite) molecules contain aromatic
and hydroaromatic structures and probably fused aromatic ring nuclei

"linked together by methylene or ethylene groups forming hydroaromatic
rings. Many of the replaceable hydrogens in the structure are sub- \\
stituted by hydroxyl or carbonyl groups. Short alkyl groups and 1
alicyclic rings may also be attached as side chains. In pyrolysis
at 500 - 600°C., dissociation of hydroxyl groups and dehydrogenation
of naphthenic rings take place. These acts lead to formation of OH
and H radicals which in turn help to break the linkages between aromatic
nuclei, forming smaller, partly aromatic volatile fragments, and at
the same time leaving a more aromatic residual structure behind.

On the other hand, high pressure hydrogenation of coal gives partial’
or complete hydrogenation of the aromatic structure. When this is sub-
sequently cracked, the light products tend to be aliphatic rather than
aromatic hydrocarbons. It was thought that hydrocracking of coal by
electric discharge might be somewhere between pyrolysis and high pressure ;
hydrocracking. 1In the course of study it was thought important to test
this hypothesis by subjecting several aromatic or hydroaromatic compounds -
to electric discharge in a hydrogen stream for better understanding of \
the process. Organic compounds selected were m—cresol,e(—methylnaphthaleq
tetrahydronaphthalene, decahydronaphthalene, and 9, 10-dihydrophenanthrene

\

e

Experimental Apparatus and Procedures

The apparatus consisted of a vaporizer, a preheater, a discharge
reactor, and a product collecting system. The organic compound was fed
into the vaporizer at a certain rate and vaporized. Hydrogen was also.

— e N\

1p 4y Given, presented Am. Chem. Soc., January, ‘1963 in
Cincinnati, Ohio
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fed into the vaporizer at a certain flow rate and mixed with the organic
vapor. The resultant mixture was then fed into the reactor through
the preheater. The liquid products condensed in a water cooler were
collected in a receiver and the gaseous products were collected in a
liquid nitrogen trap. These products were analyzed by mass spectro-
scope and vapor phase chromatograph employing a 6 ft. column of 10%
silicone rubber, SE-30 and 60-80 Chromosorb P.
: |

The discharge reactor was fabricated with quartz and was of a
concentric tube design similar to an ozonizer. The inside of the inner
barrier (40 mm OD and 38 mm ID) and the outside of the outer barrier
(48 mm OD and 46 mm ID) were coated with conductive, transparent, tin
oxide. The former was connected to the high voltage terminal and the
latter to ground. In this arrangement the electric discharge was
sustained in an annular space, 46 mm OD, 40 mm ID, and 200 mm long.

The- inside barrier tube was filled with stainless steel wool and a
thermometer was placed in the center. This thermometer and three therm=
istors attached to the outside electrode were used to determine the
reactor temperature. The reactor was insulated with glass wool, and the
reactor temperature was maintained at approx1mate1y 300°C. for all the
runs. :

The electric discharge power was supplied by feeding the output
of a 10,000 Hertz, 30 kilowatt inductor-alternator to the primary of
a 50 kilovolt transformer and, in turn, to a tuned circuit, to the
reactor and to the high voltage instrumentation. The electric discharge
power was determined by measuring the area of parallelogram on the
osc1lloscope

When making the run, hydrogen was fed into the reactor at a definite
flow rate and the electric discharge was applied to heat the reactor.
When the reactor temperature was stabilized at about 300°C., the feed
of the organic compound was started. The discharge power susta1ned for
the reaction was in a range from 140 to 170 watts.

Experimental Results and Discussions

For cresol-hydrogen mistures, two runs were made using the empty
reactor and three runs were made by filling the reactor space with
porous or activated aluminum oxide grains. For all the runs, the reactor
pressure maintained.at 300 mm Hg. Experimental results, including
product distribution, are listed in Table 1. The principal products
were phenol, toluene, benzene, aliphatic hydrocarbons, carbon dioxide
and water. Among the aliphatic hydrocarbons, acetylene was present in
the largest amount- and about 80% was unsaturates except for Run 5. In
this run the concentration of unsaturates was 55 %. ‘This is probably
due to a higher hydrogen concentration in the feed causing somewhat

2 T. C. Manley, Trans. Am. Electro Chem. Soc. 84 83, 1943
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more efficient hydrogenation. The bond energies of CgHg-CHg and :

C HS—OH are 90 and 73 Kcal/mol. respectively. Despite this, it was ‘

observed that. in the products. phenol was in higher concentration

than toluene. ' . ) 4
{

Use of aluminum oxide packing in the discharge space was intended u
to investigate the possibility of increasing the energy yeild. Narrowing:
the gaseous discharge gap with dielectric packings may cpuse the follow- \
ing two effects on the discharge: (1) increase of discharge current X
for the same discharge power dissipated, and (2) increase of gaseous
space breakdown field strength, if the gap decreases beyond a certain
limit. The exact nature of the electric discharge employed in this studw
is still debatable.3 4 However, it can be reasonably assumed that the \\
primary reaction rate of the organic vapor with either high energy
electrons or active hydrogen atoms may be dependent on discharge cCurrent
density and field strength, if the system pressure and partial pressure
of the reactant are constant. 1In electric discharge product of ozone.
an increase in ozone concentration after filling the discharge gap with '
various dielectric packings is also reported by Morinaga and Suzuki.

In this study for approximately the same concentration of cresol vapor, N
the use of aluminum oxide grains in the discharge space .appeared to in-
crease the energy yield somewhat, but not conclusively.’

In all the runs, the formation of brown saolid films was observed Yy
on the reactor wall or on the surface of the grains. These solid films &
were not analyzed but they were insoluble in methylethyleketone or
toluene. It is presumed that they are indicating possibly highly cross-
linked polymerized products derived from the cresol. The energy yield
for film formation was estimated to be in a range from 30 to 50 g/KWH; &‘
considerably higher than that for the fragmentation products.

Experimental results for the polycyclic compounds are summarized

in Table 2. Methylnaphthalene vapor in hydrogen was tested under pres- '
sures of 760 and 74 mm Hg. The .principal lighter products were aliphatic
hydrocarbons, benzene and toluene. At the higher pressure the concentra-'
tion of the lighter aliphatic hydrocarbons was in the order C2)>C3»C>Cs.
At the lower pressure, however, this order was reversed. In both cases
about 32 - 35% were unsaturates. The energy yield was approximately '
doubled by lowering the pressure. : '

For tetrahydronaphthalene, three experiments were made under dif- \
ferent pressures. Among the lighter aliphatic hydrocarbons produced,
the Co fraction was present in the largest amount, in which ethylene
was in highest concentration followed by acetylene and ethane. The

total percentage of unsaturates increased as the pressure decreased. 3
This increase was essentially due to the increase in Cy and C5 un- ,
saturates. As observed for methylnaphthalene, the energy yeild at ~
70 mm Hg was twice as high as that at 760 mm Hg. A considerably higher
’ ¢

3 R, ¥W. Lunt, Advanced Chem. Series, '""Ozone Chemistry and Technology", )
Am. Chem. Soc., p. 286 (1959) !

7

4 M. Suzuki and Y. Naito, Proc. Japan Academy, 28 469 (1959) ~
' \

5 K. Morinaga and M. Suzuki, Bull. Chem. Soc., Japan 35 429 (1962)
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g energy yield than for the other two runs was observed at the intermediate:
pressure, 300 mm Hg.

When decahydronaphthalene was tested, one experiment was made under
| 760 mm Hg using 6.7% concentration in hydrogen. Another run was made
, junder 300 mm Hg using 67% concentration. In the latter run, a higher
f/energy yield was obtained. The product distribution was richer in the

Cg and C3 fraction and also unsaturate concentration wak higher.

One experiment was made to test dihydrophenanthrene in hydrogen.
/lThe gaseous products were essentially in the C,y fraction; about 50%
being unsaturated. Vapor phase chromatography of the liquid product
showed two peaks. They were not. identified but by the combined results
1 of the VPC and mass spectroscope one of the peaks was temtatively
identified as butlbenzene. Biphenyl, which is a likely decomposition
product, was not found. For the polycyclic aromatic and hydroaromatic
compounds tested in this study, the energy yield from electric discharge

p hydrocarcking for production of the lighter hydrocarbons was in the fol-
lowing order:

C eF-ef <<

As observed in cresol runs, solid films were formed on the reactor wall,
~)but they were not analyzed.

' The number of experiments are not sufficient to permit drawing a
concrete relationship between energy yield and molecular structure.

The resonance energies of benzene, naphthalene, and phenenthrene are

39, 75, and 110 Kcal, respectively. It is reasonable to assume that

the condensed aromatic ring structure absorbs large amounts of energy

and requires high energy for cracking. The radiation effect on various

polycyclic aromatic compounds were studied by Weiss et a1b. They dis-

. cussed correlations between the radiation stability and various struc-

v tural factors. These include resonance energy, electron affinity,

[ and ionization constant. Since there is a close-similarity between
radiation and electric discharge in principle, further information along

/ this line would be helpful for a better understanding of the electric
discharge hydrocracking process.

N .

Elucidation of the reaction scheme in detail is beyond the scope

Jof the this study. However, it was indicated that in electric discharge
hydrocracking of aromatic or hydroaromatic hydrocarbons, dissociation

\ of the side chains and rupture of the rings are followed by secondary
reactions involving the decomposed species; this leads to the formation
of aromatic or aliphatic lighter compounds. Energy requirement to form
these lighter compounds appear to be too high for practical applica-
[ tions. The formation of the solid polymerized products, which takes

b

6 3. Weiss, C. H. Colliné, J. Sucker, and N. Carciello, Ind. Eng. Chem,
Prod. Res. and Development, 3, 73 (1964) i

~ ¢ .
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considerably less energy. Study on the formation of polymer films
starting with various monomers and using the present discharge systenm
presents an extremely interesting problem which is currently under
investigation.

place in parallel with fragmentation, as seen for cresol runs, requires J

(
{
This is a part of the work supported by the Office of Coal Research,
U. S. Department of Interior. The author 'is thankful fpr their generous\g
support. ' ' i
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HYDROCARBONS AND CARBON FROM A ROTATING ARC HEATER
C. Hirayams and D. A. Maniero

Westinghouse Electric Corporation, Pittsburgh, Pa.

INTRODUCTION

A brief description of the rotating arc heater utilized in this work,
and some preliminary hydrocarbon processing data, were described a year
ago.l A more detailed description of the hbéater, and some of the operat-
ing characteristics have also been presented within the past year.2 The
arc heater consists essentially of water-cooled, toroidal electrodes, in
which the arc is rapidly rotated as a result of interaction of the arc
current with a magnetic field. The heater is a high current, low voltage
device with a rating of 3 megawatts into the arc. Both alternating and
direct current power operation are possible with this device. 1In contrass,
most arc devices previously reported3 are .of the long arc, high voltage
type which are operated on d.c. only. : .

We wish to report, herewith, some of the results obtained more recently
in the pyrolysis of methane at atmospheric and at slightly elevated pressures.
EXPERIMENTAL

The feed gas was commercial grade methane of 96 per cent purity which

-was injected into the heater at ambient temperature. The flow rate was con-

trolled by regulating the pressure drop across a sonic orifice.

The arc heater was operated only on a.c. power at electrode separations
of 0.38, 0.75 and 1.0 inch. The arc power with methane ranged from 550 to
2200 kilowatts, with thermal efficiencies between 25 and 76 per cent, de-
pending on operating conditions. For operation at elevated chamber pressure,
the nozzle was choked with a graphite plate which had an orifice of 0.5 or
0.75 inch diameter in the center of the plate. The chamber pressure was as
high as 100 psig.

The heater was operated at two different field coil currents to determine
arc rotation velocity on the degree of reaction.

The products of the reaction were quenched and collected through a
vater-cooled copper probe, 1/8 or 1/hk inch I.D., inserted about an inch
inside of the nozzle. The product from the probe was first passed through
a fiver filter (Purolater Co.) to separate the cerbon, then collected at
appropriate intervals in gas sampling tubes on a manifold, as previously
descrived.l : :

The gas analyses were made mass spectrometrically. A typical composi-
tion of a sample is shown in Table I; Table II shows the approximate material
balance based on the Hp/C ratios of the feed and product gases. The only
variation with operating conditions is in the relative concentration of
the different species. .
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TABIE I. COMPOSITION OF GASEOUS PRODUCT, MOLE PERCENT

Hp co [ CHy CoHp  CpHy  CsHy  CeBp  Celg
T7.68  1.27 0.09 5.8 1358 1.01 0.12 0.32 0.1k

TABLE II. MATERIAL BALANCE OF PRODUCTS IN MOLE PERCENT

Hp 0 CO GO,  CHy  Caliz  CpHy Cally - Ceflz | Colls _C
73.06 1.19 0.08 5.46 12.77 0.95 0.11 0.%0 0.13 15.00

Electron micrographs were obtained on a number of the carbon samples
by replicating an amyl acetate suspension on a carbon film. X-ray spectra
were obtained by packing the soot into a disc-sample holder end irradiating
with Cu K-a radiation. The sample packing and irradiation were kept as
nearly identical as .possible for all of the samples. The d-spacing and line
intensity were compared against AUC graphite measured under identical conditionms.

RESULTS AND DISCUSSION

As shown in Table XY, the product consists of species which are expected
from the high temperature pyrolysis of methane. The primary products are Ha,
CoHs, and carbon, with varying concentration of CHy, depending on the degree
of reaction. The diacetylene and benzene are formed from the polymerization
of the acetylene- the methyl acetylene, although not an intermediate in the
conversion of CE4 to CzHp, is known to be a minor product found in the pyrolysis
-of diacetylene.* The CoHg 18 an intermediate in the CH, —— 5 CoHp reaction.
There is a slight error in the material balance since the hydrogen content
of the soot was not taeken into account because of sampling difficulty. The
soot usually contains about one percent of hydrogen, and the presence of
aromatic constituents is evident from the odor.

Considering the difficulty of obtaining exact experimental parameters
during an experiment, quite good correlation was obtained between the degree
of reaction and arc enthalpy, whereas the correlation was poor with respect
to the net enthalpy increase of the gas. Figure 1 shows the relative degree
of methane pyrolysis as a function of the arc enthalpy.  The curves show the
comparison between runs made at 2500 and 1500 amperes field coil current.
The former effects an arc rotation velocity approximastely 66 percent greater
than that at the 1500 amps field coil current. There is a significantly
steeper slope at higher arc rotation velocity, this result probably arising
from the greater degree of mixing. Note that the curves saturate at high
enthalpies, vhere the system is at equilibrium, or near equilibrium condition.
A minimum just above the critical enthalpy (or initiation temperature).

‘The electron micrographs of the soot, quenched at the heater nozzle,
at 25,500X magnification, Figure 2, shows spherical particles of less than
100 A to approximately 5000 A diameter. The nature of the background is not
knonw at present, but blow-ups of the photomicrographs to approximately
153,000X suggests that the cloud consists of extremely fine, smokey carbon
dust. ’

|
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The d-spacings obiained from the x-ray diffraction of the soot varies

between 3.45 and 3.49 A, compared to 3.35 A for pure, crystalline graphite.

The lower value of 3.45 A was obtained on the carppn collected from the high
pressure runs, where the residence times were up to seven times longer than
the runs ‘at atmospheric pressure. The degree of crystallinity of the soot,
based on the x-ray intensity, varied from two to ten percent of! AUC graphite.
The x-ray crystallinity, as suspected, is a function of the residence time.

It was of interest to plot the major product compositions on a semi-
log plot, as a function of reciprocal arc enthalpy since the latter is pro-
portional to the temperature in the gas. Figure 3 shows that the slopes
for acetylene and hydrogen are approximately the same, whereas the slope for
carbon 1s much steeper. The differénce in slopes for carbon, as compared to
CoHp and Hy, clearly shows the different mechamisms for the formation of these
species.
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Fig. 2, Electron micrographs of carbon at 25,500X
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THE REARRANGEMENT OF METHANE AND METHYL CHLORIDE IN A MICROWAVE
DISCHARGE

J. P. Wightman
Virginia Polytechnic Institute, Blacksburg, Virginia
N. J. Johnston .

NASA - Langley Research Center,.Hampton;AVirginia

I. INTRODUCTION

In a previous paper(l) the rearrangement of a series of
hydrocarbons including methane in a microwave discharge was reported.
The work reported here is an investigation of the effect of the
introduction of a functional group in methane on the nature of both
the gaseous and solid products of rearrangement. Such measurements
should ultimately support a model of the rearrangement mechanism
in a microwave discharge. Methane and methyl chloride were passed
separately in the absence of a diluent through a microwave dis-
charge. :

II. EXPERIMENTAL
A. Materials

Methane (ultrahigh purity grade) was obtained from the
Matheson Co. and used without further purification. The following
analysis was supplied with the methane: CO, - <5 ppm; 02 - 5 ppm;
N, - 19 ppm; C.H. - 14 ppm: C.,H, ~ <5 ppm. Methyl chlOride
(ﬁigh purity grade) was obtaine&d from the Matheson Co. and used
without further purification.

B. Apparatus and Procedure

The rearrangements were carried out in a high vacuum
flow system. The power source for the microwave discharge was a
Raytheon generator (Model KvV-174) and was operated at a power level
corresponding to about 40 r.f. watts at 2450 Mc. The generator
was connected to an air-cooled cavity(Raytheon - KV series) by a.
coaxial cable. Two procedures were used depending upon whether
an analysis of the gaseous products was being made or whether solid

"film was being deposited for subsequent analysis. In the former

case, the parent gas was passed through a variable leak valve
(Veeco - VL). The pressure in a tygicalvexperimental run was 0.15
torr at a mass flow rate of 1 x 107> moles/min. and a linear flow
rate of 20 cm./sec. In the latter case, the parent gas was passed
through a Teflon needle valve(Fischer-Porter). The pressure in a
typical experimental run was 0.50atoerr. Normal deposition time
was 20 min. - .

The gaseous rearrangement products of methane and methyl
chloride were determined using a mass spectrometer (Associated
Electronics Industries - MS-10). The sampling volume was located
about 140 cm. downstream from the discharge. After establishment
of a constant flow rate, the parent gas stream was sampled. An
off-on valve upstream from the discharge allowed the system to
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be pumped dowh without altering the setting of the variable leak..
Between analyses pumpdown resulted in faster attainment of steady
state concentrations of rearrangement products. Flow was again
started and the discharge initiated with a Tesla coil. After
establishment of a constant flow rate the discharged gas stream
was sampled. :

The solid polyermic films were removed mechanically
from the walls of the Pyrex tubing. The infrared spectra of the
films of both gases were obtained using either a Perkin-Elmer
421 or 621 spectrophotometer. The electron spin resonance spectra
of the neat films from both gases were obtained on a Varian ESR 6
spectrometer. Elemental analyses of both films were made by
Gailbraith Labs. '

III. RESULTS
A. Gaseous Products
1. Mass spectra

Selected peaks from the mass spectra of methane and
methyl chloride obtained with the discharge on and off are shewn
in Figures la and 1b. The most signifieant features ig the methane
-spectra(Figure la) were the incrgase in the m/e = 2 (H:) peak and
the decrease in the m/e = 15 (CH,) peak when methane wés passed
through the discharge. Trace quantities of higher molecular weight
hydrocarbons were also noted. The most significant features of
the methy1+chloride spectra(Figure 1b) were the increa;e in the
m/e = 2 (Hz) peak, the appearance of the m/e = 30 (C,H.) peak and
the decreaSe in the m/e =50 (CH,Cl' ) peak when meth§yl chloride "
was passed though the discharge.” Further, HC1l was noted when
the liquid nitrogen cooled trap downstream from the discharge
was opened. ’

B. Solid Films

A solid film was observed to form in the discharge region
when either methane or methyl chloride was passed through the dis-
charge. Both films were characterized in several ways.

1. Elemental analysis

Empirical formulas for the solid films were established
by elemental analysis. The formulas for the solid films formed
form me?hane.and methyl chloride were (CHl.S)x and (CH0.65C10.045)X,
respectively. .

2, Infrared spectra

. The infrared spectrum of the film obtained.from methane
is shown in Figure 2 where a neat sample was used. Peaks ascribed
to the film were noted in the_regi?n of the following frequencies:
2900, 1700, 1450, 1380 and 880 c¢cm ~. The assignments of these
freqguencies follow those given by Jesch et al(2).  The band at 880
cm hay be due to ' rocking vibrgfion of ~CH., in a multiple carbon

atom chain. The band at 12?0-cm is characgeristic of -CH, deforma-

tion. The band at 1450 cm - is characterjstic of - CH, symmetric
scissors vibration. The band at 1700 cm™— was probably due Eg
carbonyl formed on exposure of the film-to air. The 2900 cm ~ band

\
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is due to C-H stretching vibration.

) The infrared spectrum of the film obtained from methyl
chloylde is shomn in Figure 3 where a neat sample was used. The
low intensity peaks were a characteristic of the methyl chloride
films whether run as a neat sample or as a KBr pellet.  Peaks
ascribed to the film: were noted in the region ?f the following

} frequencjes: 2900, 1700, 1580, 1440 and 875 cm . The peak at
1380 cm observed in the methane film is absent in the methyl
chloride film and a new peak at 1580 cm ~is observed in tHe methyl
chloride film.

T —

3. Electron spin resonance

The electron spin resonance spectra of the films pro-

i duced from methane and methyl chloride are shown in Figures 4a
and 4b. A significantly larger free spin concentration on the
order of one thousand times greater was noted in the case of the
methyl chloride film. No fine structure was observed in the case

/  of the methyl chloride film. g-values for both films were
essentially identical to the value for pitch{(g = 2.000).

4. Solubility studies

4/ ) An extensive series of liquids were tested as possible
solvents for the films prior to NMR measurements. Solubility of
the methane film was observed only in the case of hexamethyl-
phosphoamide and concd. H2$04.

' IV. DISCUSSION

Investigations of chlorinated hydrocarbons in a micro-
wave discharge have not been reported in the literature previously.
Swift et .al (3) however have investigated the effect of an rf
discharge on CCl, in the absence of a diluent. A number of
chlorinated gaseodus products were reported in addition to a .

' chlorinated polymer. The present work indicated a limited number
of gaseous products. The results are consistent with the argu-
1 ment that molecules in a microwave discharge are subjected to a
greater degree of fragmentation than in an rf discharge thereby
J limiting both the number ard the complexity of gaseous products.
From the previous work of Vastola and Wightpan (1) the
following postulate could be advanced: if a parent hydrocarbon
has a hydrogen to carbon (H/C) ratio greater than about 1.6, a
hydrogen saturated solid film will be produced on passage of the
hydrocarbon through a microwave discharge in addition to hydrogen.
Conversely, if a parent hydrocarbon has a (H/C) ratio less than about
1.6 a hydrogen deficient film will be produced and no hydrogen
will be observed. ‘ ’
The present work is an attempt to test the validity. of
] this postulate if a functional group in introduced into the hydro-
4 carbon molecule. Methyl chloride was chosen since it represents
a straightforward extension of the methane case. Methyl chloride -
has a (H/C) ratio of 3 and if the Cl is neglected, the formation
4 of a hydrogen saturated film would be predicted. However, HCl
) was observed as a rearrangement product. Hence the Cl can not
J be neglected and yet assuming the limiting case of a 1:1 corres-
‘ pondence between CH,Cl and HCl, the (H/C) ratio of the remaining
/ fragment would be 2. Thus the formation of a hydrogen saturated
film would still be predicted but which in fact was not observed.

~ v
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Instead a hydrogen deficient film was produced. The formation of
a hydrogen deficient film from a parent molecule which has a high
enough (H/C) ratio to form a hydrogen saturated film can be attri-
buted to two factors. In the first instance, Cl preferentially
appears in the gas phase as is indicated by the-low. percentage of
Cl in the film, the absence of a signifi¢ant C-Cl absorption peak
in the infrared spectrum(Flgure 3) and the presence of HCl down-
stream from the discharde. The extension of this work to other
functional groups is anticipated to determine if this is a general
scheme. 1In the second instance, the tendency to form hydrogen in
a microwave discharge is again noted in the case of methyl chloride
as in the case of methane(FPigures la and 1b). Apparently for
hydrocarbons containing functional groups, the formation of hydrogen
is favored even at the expense of the formation of a hydrogen
deficient film. The formation of ethane observed as a product of
the methyl chloride discharge could be due to the recombination
of methyl radicals produced in the discharge.

Films formed in various types of electrical discharges have
not been extensively characterized. The recent work of Jesch et al
(2) described the infrared analysis of a series of films produced
from hydrocarbons in a glow discharge. Direct comparison between
the present results and those of Jesch et al is not possible since
two different types of electrical discharges were used. The type
of discharge used dramatically alters the nature of both the gaseous
and solid rearrangement products as indicated above.

The properties of the film produced from methyl chloride
are similar to those reported previously(l) for the hydrogen
deficient films formed from acetylene, benzene and naphthalene.

The color of the methyl chloride film was dark(brownish-~black)
characteristic of hydrogen deficient films in contrast to the light
yellow methane film characteristic pf hydrogen saturated films.

The high electron spin concentration of the methyl chloride film

had also been owserved for the hydrogen deficient film from acetylene.

The films produced from both methane and methyl chloride
appear to be highly cross-linked as evidenced by the negligible
solubility is liquids used as solvents for other polymeric systems,
The methyl chloride film contains a greater number of free electrons

than the methane film indicative of a significant number of unsaturated

valences in the methyl chloride film. The methyl chloride film
appears to be characterized by a greater degree of unsaturation
than the methane film. Highly unsaturated polymeric systems have
been found difficult to analyze by infrared spectroscopy* which

has also been noted in the present results. Definitive NMR work
would be helpful in elucidating the hature of these polymeric films.

* prlvate communlcatlon with Dr. Vernon Bell (NASA - Langley Research
Center) .
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FATTY ACIDS AND n-ALKANES IN GREEN
RIVER OIL SHALE: CHANGES WITH DEPTH

Dale L. Lawlor and W. E. Robinson

Laramie Petroleum Research Center, Laramie, Wyoming

. |
INTRODUCTION

‘Many papers have been published relating fatty acids to n-alkanes in ancient sedi-
ments. Breger (1) postulated that n-alkanes may be formed in sediments by beta-
keto acid decarboxylation. Jurg and Eisma (5) demonstrated in the laboratory the:
a homologous series of n-alkanes can be produced by heating the Cpp fatty acic ir
the presence of bentonite. Cooper and Bray (2) suggested that odd-carbon-numbered
n-alkanes and odd-carbon-numbered fatty acids may be produced from naturally occur-
ring even-carbon-numbered fatty acids by a free-radical decarboxylation mechanisa.
Mair (7) and Martin and coworkers (8) have discussed the relationship between fa-ty
acids and n-alkanes in petroleum genesis. ' )

1f fatty acids are converted to n-alkanes in sediments, a distributional relation-
ship would likely be apparent between the two compound classes. Such a relatiomnship
would be most relevant if both the acids and the alkanes were indigenous to each’
sample taken from one geological formation. In this respect the Green River Forma-
tion is ideal for study of the relationship between fatty acids and n-alkanes. This
formation represents 6 million years of accumulation of organic debris from a highly
productive Eocene lake which existed approximately 50 million years ago. A 900-foot
core representing 3 million years of the Green River Formation was sampled and the
fatty acids were extracted and analyzed.

An earlier paper (6) presented a correlation between the carbon number distribution
of the fatty acids and the carbon number distribution of the n-alkanes in the
Mahogany zone portion of the Formation. The present paper tests the postulate that
n-alkanes are formed from fatty acids by maturation processes resulting from the
time differential existing between the bottom and the top of the core. The results
showed that both maturation and changes in organic source material explain the dif-
ferences in samples taken from several stratigraphic positions in the formation.

EXPERIMENTAL

Ten oil-shale samples were taken from the Green River Formation, nine from a 900~
foot core (Equity 0il Co., Sulfur Creek No. 10), and one from the Mahogany zone.

The stratigraphic positions and the oil yields of the 10 samples are presented-in
table 1. The samples were the same as those used by Robinson and coworkers (9) in

a study of the distribution of n-alkanes at different stratigraphic positions within
the formation. T

The samples, ground to pass a 100 mesh screen, were treated with 10 percent hydro-
chloric acid to remove mineral carbonates and to convert salts of acids to free
acids. Two-hundred grams of each of the acid-treated samples were refluxed with 400
ml of 7 percent borontrifluoride in methyl alecohol for 6 hours. This reaction con-
verted free and esterified acids to methyl esters. The reaction mixture was cooled,
filtered, and washed with methyl alcohol until the washing was clear. The filtrate
was transferred to a separatory funnel, water was added, and the solution was
extracted with successive portions of carbon tetrachloride until the solvent was
colorless. The carbon tetrachloride solution of the methyl esters was dried ove~ -
night using anhydrous. sodium sulfate. The fatty acid methyl esters were isolated
from the carbon tetrachloride solution by urea adduction.

I - i .
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‘

TA*rLE 1, - Stratigrgghxc;gos;txoa arnd pyrolytic cil
yields of the oil-shale samples

Approximate pyrolytic

Sample Stratigraphic position, oil yield, gallons per
Number feet from surface ton of shale

0 830 60

i 1036-1056 ’ 35

2 1056-1061 34

3 1152-1178 42

4 1236-12:1 ' A

5 1450-1462 ’ 39

6 1597-1628 35

7 1668 -1€9¢6 37

& 1786-1825 28

9

1684-192z4 . 20

Fatty acid methyl esters were further purified by thin layer chromatography using
silica gel. The thin layer plate was developed with a mixture of n-hexane, ethyl.
ether, and acetic acid (90/10/1). The adsorbant zone where esters occur was scraped
from the plate and extracted with a solution of 10 percent methyl alcohol in carbon
tetrachloride. The solvent was removed from the methyl esters by evaporation at

room temperature under a stream of nitrogen. The carbon number distribution of these
isolated fatty acid methyl esters was determined by mass spectrometry using the
intensity parent peak as a measure of the quantity.

Carboxyl and ester contents were determined for the 10 shale samples by analytical
procedures developed by Fester and Robinson (4).

RESULTS AND DISCUSSION

The fatty acid distribution with depth (table 2), shows that the predominant acid at
various stratigraphic depths within the formation is not constant. The sample number,
percentage, and chain leng*h of the predominant acid of the samples are: No. 0, 16.2,
C3g; No. 1, 14.1, Cy4 s No. 2, 21.7, Cygi No. 3, 9.8, CZB; No. 4? 16.6, C,,; No. 5,

9.2, Cyg; No. 6, 12.8, C14; No. 7, 12.6, Cy4; No. 8, 12.1, Cpg; and No. 9, 23.9, Cyg.
The Cpg acid is the predominant acid in five of the samples, and is among the three
most abundant acids in all the other samples except samples 1 and 4 where it is pres-
ent in small amounts. The Cpp acid content in samples 5 through 9, despite being

more abundant in nature than the Cyg and C2) acids, is less than the Cjg and C3)

_acids in these samples. The C1g acid is quite low in samples 1 and 2 relative to

the other eight samples. The C39 acid is present in large amounts only in sample
No. 0. There appears to be no consistent relationship between the acids of one sam-
ple to that of another sample. This lack of relationship may be' due to differences
in source material or environmental changes rather than maturation changes.

Significant differences are apparent in the .relative distribution of the fatty acids
and the n-alkanes from published data (3,9), shown in figures 1 and 2, where the data
from four samples are plotted for comparative purposes. These particular samples
were chosen because they represent three stratigraphic levels below the Mahogany zone
sample approximately equi-distant from each other. If maturation of sediments causes
decarboxylation of fatty acids to form n-alkanes, a relationship between the distri-
bution of the two components would be expected. Except for sample No. 0, littlc
similarity is evident. Since the distributions correlate poorly, either the original
pos;uiate is untrue and n-alkanes are not produced from fatty acids having one more
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TASLE 2. - Carbon number distributions of fatty acids

Fatty acids, wt percent of total-

Carbon ) Sample number

Number 0 1 2 3 4 5 6 7 8 9
14 5.1 7.1 2.8 6.3 2.3 8.0 12.8 12q6 11.4 6.5
15 3.0 - 3.4 2.8 6.3 2.8 7.2 2.1 6.3 8.1 3.7
16 2.7 7.1 2.4 5.6 4.0 5.8 6.4 7.8 9.4 5.4
17 2.0 4.0 1.9 4.9 2.9 5.1 5.9 4.3 2.4 2,0
18 3.4 2.6 2.1 4,2, 4.2 5.6 8.0 7.4 7.4 6.1
19 2.4 3.4 1.8 3.5 3.8 4,0 4.3 3.6 2.0 2.0
20 2.7 8.2 1.9 2.8 4.5 2.9 4.2 2.9 2.0 1.3
21 2.4 - 7.1 2.2 2.8 5.6+ 3.6 4.8 3.6 2.0 1.7
22 7.4 8.8 3.6 4.9 9.7 5.8 11.6 8.3 10.7 13.0
23 4.7 4.7 4.4 5.6 12.5 5.8 3.8 4.7 3.4 3.3
24 7.1 " 14.1 6.2 6,2 16.6 3.3 8.0 6.3 8.7 12,0
25 3.7 7.6 5.0 3.5 8.3. 2.5 3.8 3.4 2,7 2.6
26 12.1 11.8 13.3 8.4 11.8 6.5 4.9 5.9 4.7 5.2
27 2.7 2.6 8.2 6.3 3.7 8.0 2.7 4.9 3.4 3.7
28 11.1 4.2 21.7 9.8 4.0 9.2 9.8 8.5 12.1  23.9
29 2.7 1.3 5.7 4.2 1.2 4.3 1.5 2.9 2,7 2.4

© 30 16.2 1.3 8.6 7.7 1.1 5.8 2,5 3.2 2,7 2,8
31 1.7 0.4 2.5 4.2 . 0.3 4.0 0.8 1.6 2.0 1.3
32 7.1 0.4 2.9 4.9 0.5 3.3 0.9 1.6 2.0 1.1

carbon atom or other factors are more significant. One factor to consider is that
the fatty acids recovered from the lower portions of the core may not be representa-
tive of the acids originally present since they may be residual acids from selective
maturation.

Groups of even numbered acids vary in abundance as shown graphically in figures 1
and 2. Sample No. O has predominant acid peaks between C2¢ and C3(p, sample No. &4,
between C22 and C2¢, sample No. 6, between C22 ard C2g8, and sample No. 9, between
C22 and C28. The latter two samples show the greatest overall similarity.

The carboxyl content of the shale generally decreases with depth, table 3, beginning
with sample No. O having 23.6 mg of carboxyl per gm of organic carbon and ending
with sample No. 9 having 4.8 mg of carboxyl per gm of organic carbon. This general
decrease in carboxyl content with depth, and a corresponding increase in the n-alkanme
content, as shown by Robinson and coworkers (9), implies that the fatty acids may
have been converted to n-alkanes by decarboxylation.

The ester contert of the samples, table 3, did not show a trend; this is in contrast
to the trend shown by the acids. Random distributions found for the ester samples
reflect more accurately changes in organic source. material than do the acid
distributions, ’

Maturation changes are evident in the decreasing amount of carboxyl content with
depth, the increasing amount of n-alkane content with depth, and the decreasing’
ratio of odd to even-carbon-numbered n-alkanes. Source material or envirommental
changes are evident in the variations in the amount and carbon number of the domi-
nant fatty acids, and n-alkanes and the random distribution of ester content with.
depth. : : o o
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TABLE 3. - Q&Eboxyl and ester contents of the
10 shale samples

Sample Carb;xyl, ~ S Ester,
Number . mg/gm carbon mg/gm carbonl/
0 23.6 _ : 36.6
i 18.3 . . 22.2
2 10. : ' 33.9
g/ (_)_1 ) 3-
4 3.8 26.7
5 6.7 17.9
6 4.0 -37.1
7 4.7 26.0
8 4.9 42,9
9 4.8 29,2

1/ Caiculated as COOH
2/ Insufficient sample.

CONCLUSIONS

The postulate that fatty acids from the organic debris in the Green River Formation
may form n-alkanes of one less carbon atom was found to be subject to question.
Relatable fatty acid and n-alkane distributions were shown to be present in the
younger portions of the Formation but the older portions showed little relation.

Maturation and organic source material differences may account for the chserved dis-
tributions of fatty acids in sections of Green River Formation oil shale. Evidence
of maturation ‘is found in the decreasing amount of odd-carbon-numbered n-alkanes and
in the decreasing amount of carboxyl content with depth. Evidence of organic source
material differences is found in the inconsistent distribution of the predominant
fatty acids from sample to sample.

The ester content is not related to the free-acid content, indicating different ° -
formative histories. '
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ELECTRICAL PROPERTIES OF IODINE COMPLEXES OF ASPHALTENES
Gustave A, Sill and Teh Fu Yen
Mellon Institute
" Pittsburgh, Pennsylvania 15213
INTRODUCTION

_’Pblynuclear aromatic hydrocarbons generally form charge-transfer

. complexes with halogens. Some of the fused aromatic hydrocarbons, e.g.,‘

perylene, violancﬁrene, yield solid complexés'exhibiting extremely good
semiconduction (1,2,3) while others, e.g., éorénene, show 6n1y fair to
poof éemiconductiqn (4). A number of charge-trgnsfer complexes of aromatic
containing polymers have been investigated for possible aifferences in
electrical ﬁroperties (5,6,30). ‘

A pdlymeric dielectric may be. converted to a polymeric semi~
conductor by increasing the aromaticity of the insulator, followed by
éomplex formation with a halogen (7,8). The increase in aromaticity can
be effected by radiat;on--e.g., cyclization of polyethylene anq followed
by dehydrogenation (1); orvby.Heat--e;g., pyrolysis or graphitizationvto
a pyropolymer (8). The resulting products when treated with iodine exhibit
a wide ranée of interesting electrical prope%fies.

From a str;ctu;al standpoinc asphaltenes (9) are considered to
coﬁsist of two-diﬁgnsioned fabiips of condensed aromatic rings, intermingled
with short aliphatic chains and fused naphtheni? ring systems (10). X-ray
diffraction (11,12) and ESR investigations (13) have indicated that these

aromatic systems tend to form stacks of graphite-like layers surrounded

by a disorganized zig-zag chain structure of saturated carbons. Morphologically

they may be considered as a highly associated "multipolymer" (14), the
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molecular weigh; of which can vary from a few thousand (unit or p;rticle
weighe) to a few million (micelle weight) (15). The aromatic centers,
roughly 154 in diameter, are'cénsiderea to be pericondensed (%3,18). It
has been demoﬁstraﬁed that asphaltics can form charge-transfer complexes,
due to the presence of such aromatiq_systems (20).

Mosg polynuclear aromatic compounds form well defined crystals,
the iodine complexés of which aré stable and stoichiometric'in composition,
Asphaltics arevmeéomorphic (17) owing tolthe.random distribution and iso-~
tropic orientation of the(stru;tural units, and i; is to be aﬁtigipated,
therefore, that the conduction mechanism will be different fromvthat of

the crystalline environment (due to diffusion and phonon processes) (16).

Since there is a difference in the conduction mechanism between crystalliﬁe'

and amorphous aromatics, one would like to know whether the mesomorphic
nature of asphaltics would retard or inhibit the conductivity, and if so
to what extent.

The aims of this research were two-fold. The first was simply
to observe where a;phaltengs fall in the conductivity range and to
determine the extent to which conductivity ;anrbe enhanced by iodine com-~
plex formation. Thg second was a more general study of the electrical
properties of asphaitiés as another approach to a better understanding
of their structure. To the authors' best.knowledge, there is no published
work on the electrical charactefistics of these materials. Todine may
be.visualized as a tracer or indicator for condensed aromatic systems,
even when buried in a matrix of paraffinic or cycloparaffinic material.

It was thought, therefore, that iodine complex formation and its effect

-
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on the overall electrical propertics of the asphaltene might yield inde-

pendent information of the size and distribution of the aromatic centers
’ |

" in these multipolymers.

EXPERIMENTAL

Resistance Mcasurements

A Gengrél Radio type -1230A electrometer was used fér specimens
with resistance 1éss than 1012 ohms (ambient temperature), and a Cary
model 31 electrometer was used fér specimené of higher resistance.' In
each.éase a glass vessel equipped withva ball joigt and appropriate . )
electrostatic shielding was coupled to the head of the electrometér(Fig. 1). Each
specimen (approxiﬁately 1 x 0.5 x0.1 cm) was pelieted with a Beckman Kﬁ;
press at 7.09 x 103 kg/cm2 between two pieces of 52 mesh platinﬁm screen.
The pellet was degassed fAr eight hours and the electrical measurements
m;de.iﬁ a vacuum of 5 x 1074 Torr. Using the high resistance leak method,
a standard resistof served as calibrating reference (21); data were taken
under conditions of both falliﬁg and rising tempéréture, a minimuﬁ of 30
minutes being allowed for equilibration at 10° levgls: Upon completion
of the temberature depenaence measurements, the physical aimensions of
the specimen block were obtained with a travelling microscope'(IOX) with
an‘x,y micrometer attachment (O.QOOl cm precision).

Preparation of Sample

The asphaltene sample was prepared by our standard procedure (9).
Two native asphaltenes were investigated, one from the Boscan crude oil

from Venezuela (Sample VY), the other from the Baxterville crude from
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Mississippi (Sample GS). Stock solutions in benzene of iodine and of the
individudl asphalctenes were made up in fixed concentration and sa&ples
. S :
of varied composition prepared by mixing appropriate éuantities of these
stock solutions at room temﬁerature and lyophylizing at red;ced pressure
to yield powdered solids with a homogeneous iodine dist?ibucion. These
samples were analyied before and after the electrical measu?emegés for
v %I by ignicion‘in-oxygen, reduction with hydrazine sulfa;e; and pofeniometric
titration of the resulting iodide with AgNOa‘using avBeckman model K
automatic titrator. Usuaily tﬁere was no observable loss of free iodine
during electrical measurements; 10-15% loss of iodine was found after
degassing. The iodine values uéed in the present work ﬁre those values

obtained.after completion of the electrical measurements for the entire

specimen.

Treatment of Data

- The resistance values along with the corresponding temperature
data and dimensions of the specimen wére key punched on IBM cards and
evaluated on an IBM T090-1401 digital computer system, Given A, the area
of the cross section, and L, the length of the spééimen, the resistivity,
p, can be evaluated'frdm the resistance, R, as follows: p = AR/L. The
temperature dependence of the resistivi£y‘is then evaluated by the relation-
ship; ' )

op = 0o exp (€/2kT),

where k is Boltzﬁan's constant, € is the enmergy gap in eV and Po is ;he
rgsistivity extrapolated to % = 0. By use of a California Computer Products
30-in. plotter (300 steps; 1/500-in, per step) the temperature dependence

data were fitted to straight lines (Fig. 2) as given by the equation
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log p = log pgre/(2kT 1n 10)-
From the digital output), Pogec and € can be obtained. The applied voltage
|

was limited to values under 10 V; in this region Ohm's law was followed.

- The temperature range examined was from ambient to 90°C,

There is error involved in any single measurement of resistance,
owing to systematib errors in the electrometer; errors also enter ih the
measurement of the dimensions of the specimen. That the results were not
influenced by such systematic errors is evident from the two sets of data
for. two different preparﬁtions of an asphaltene (VY)-iodine complex, as
giveﬁ in Table I. The uncertainties in the per cent iodine and sample
sizebmay be judged from the variations in the independent measufemehts.
Despite these variatioﬁs, the resistivity at 25°C and the energy gap are
within ca. 5% of the mean values.

Infrared Analysis

DifferenFial IR spectra were obtained from a scan of an iodine-
containing asphaltene versus a reference asphaltene at equal asphalﬁgne
_concen:ration in CSp (the iodine-containing saﬁple is normalized to 100%
asphaltehé for purposes -of comparison) using a Beckman IR-12 instrument.
A control scan of agphéltene in CSp solucion.against itself also was made
for egcﬁ sample.

X~-ray Diffraccion.

A Norelco x-ray diffractometer equipped with a CuKx radiation
source and a geiéer tube detector was used to study the asphaltene-iodine
system, In qrder to record the shift of the d-spacing due only to cﬁange
in mass absorption coefficients, adamantane was added to an asphaléenei‘
iodin; complex (24% I) and to the original asphaltene. Strong (111) and

(200) reflections due to the adamantane mixed with the VY asphaltene were
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found at 5..7 and h.9§; for the VY asphaltene~iodine complex shifts were

obscrved to 5.5 and h;?ﬁ, respectively. The spacing is reproducible to
. : ’ . |

+0, 24,

Electron Spin Resonance

ESRfspectra were taken with a Varian V-4502 x-brand EPR spectrometer
system in conjunction with a 12-inch magnet and a_"Fieldial.“ The relative
intensity observed was used as a guide for the spin concentration of the

asphaltene (VY)-iodine complexes and native. asphaltene (VY) (13).

RESULTS

All asphaltene-iodine samples studied gave repeatable linear
relations in the temperature range investigated as shown iﬁ Fig. 2. The¥e
is no significant deviation from Ohm's law through the range 2.5 to 97 V
as indicated by'Fig. 3 ia the temperaturé interval 313° to 372°K,

The native asphaltenes (Points 1, Fig. 4) fall-generally in the
insulator range. iUpon the addition of iodine the resistivi;y fills, a to
b, then increases sharply, b ﬁo ¢, and finally dréps, c to d, as iodine
content rises. Both complexes appear to yield curyeé'of similar shape.
The gap eﬁergy values for the asphaltene-fodine.complexes are plotted
versus their iodine contents (Fig; 5). The smallest energy gap measured
iﬁ each case was ~0,5eV, but the absolute minimum is uncertain. These
minima (pgints b) cofrespond to the sharp transitions of resistivity shown
in Fig. k.

Scanning in the far IR region revealed no c-1 scfeCching frequencies
for those iodine complexes for which p was determined. However, ghe dif;

ferential IR measured in the 700-1200 cm™1 did show an additional band at
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1080 ¢w™3 (Fig. &), and freehly prepared asphaltene-iodine ceﬁplexeé‘in
CSz al§o exnibited an enhantement in absorptién in the reéion of 1000 to
lljd ém‘l) which is generaiiy'ascrihed to complex formatien.

The x-ray spcccroérams in'the region 20 = 2 - 42° oi the asphaltene
(VY)-iodinefsystem yielded an emorpneus pattern with broad ﬁaloe as shown
in Fig. 7. For samples Qrth an iodincvcontent of less than 5 per cent,
the 5.5; band still appeared as a shoulder. in'thc neantime a new bénd
was formcd-at areund 8.74. At niwhertiodine contents (>10%) the 3, 53
band. has appartntly dlsappearecvand the 8. 7A band became clearly v151ble.
T.e re is a general overall decrease of total intensity as %I increases
since the iodine itself absorbs an 1ncre351nély large fractlon of the
dxlrracted x-rays. In the present case, the noise level coupled with the

intensity reduction has nade the disappearance of the 3‘53 shoulder dif-

ficult to detect.

In general, the ESR spectra obtained from, the asphaltene-iodine

samples indicated an increase in free radical concentration with increase

‘in iodine content. The increase in relative intensity for an asphaltene

(vY)-iodine complex contalnlng 20% 1 over the correspondlng native asphal-

tenes is about ) 8 fold

DISCUSSION
In all the samples studied, including both native asphalcenes
and their iodine adducts, a negative temperature coefficient of resistivity
was optained. The linearity of log p vs. reciprocal T-is substantiated
b& the plots shown 'in Fig. 2. The resistivity 1s inversely related to
the concentration of the charge carriers (holes and electrons), but the
fact that the numbexr of chaxge-carriers increases exponentially with tempera-

ture does not enable a choice to be made between electronic or ionic conduction
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mechanisms. However, the voltage dependence for the current at a relatively
low eleccric‘field is linear, indicating that.Ohmfsvlaw is valid (Fig. 3).
This adherence to Ohﬁ's law supports the bel#ef that the conducéion is
electronic (19). |
The fact that the asphaltene—iodinevsample exhibits (Fig. 6)

strong enhancement of absorption near 1080 cm~1 suggests éhat an godihe
quecule forms aldonor-acéepcor compléx with the aromatic porﬁion of the
asphaltenes. It is known that the iodine mole;ule forms such a charge-
transfer complex with benzeﬁé and other alkylated benzenes, and that

these éomplexes, in general, exhibit bands from 992 cm™1 to 1200 cm™2
(24,25). Aréuing from analogy, if is plausible that the complex assumes
_the axial model (model A of Mulliken) while~the acceptor molecule is sitting
perpendicular to the plane. of the aro&agics (26). Further, our failure -

to locate any C-I stfetching freqﬁencies in the 400-600 cm'-:L region sup-
portsvthe view tha;-iodination of the asphaltene samples Aid not occur.

Most charge-trénsfet complexes of iodine with aromatics are

crystalline. An exception fo this is the violanthrehe;iodine system,

which x-ray diffraction indicates to be‘amorphous (2).

X-ray results also ihaidate a low degree of order for the asphaltene-
iodine complexes. 1If the acceptors (12)‘a;e homogeneously distributed in
the host matrix (asbhaltene), these systems may be considered analogous

to the impurity or valence-controlled semiqqnduégo; systems. Disappearance
of theij.SR'spacigg of the (002) band means that the layered structure of
asphaltene must have been altered (Fig. 7). The 4.6& y-band, due to the

saturated carbon in the structure, did not change in the complexing process.
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The new band at 8.7& then may be duce to the expansion of the aromatic
interplanar, distance to allow fof complexing by the iodine molecule. In
. N . '

the case of the perylene-iodine systums, the spacing found at 10.73 was
;ntcrprc:ed (3) as the disténce'bctwcen perylene molecules when iodine
molecules were sandwiched between the aromatic layers. The present ob-
served value of 8.73 can be viewed as the sum of the interplanar distance
(5.53) and the iodine 1engthv(h x 1.37A4). The picture of these inter-

linked layers resemples that of an iuntercalation compound of graphite

Referring again to Fig;'u, the room temperature resistivities for
the two nafive asphaltenes are éeen to be in the insulator range (>iOl4 Ohm).
Upon addition of the iodine, theé resistivity decreases about six decades
or a miilion fold. This is essentially the same behavior as ﬁhat observed
for polymeric charge-transfer compléxes such as poly(vinylpyridium TCNQ)
ané its derivatives. These polyﬁeric salts ére dependent upon the TCNQ con-
centration waicn at best increases the conductivity six deeades. Here
we have to point out that it is mnot éasy to preéare afpolymeric charge-
transfer complex with good semiconduction. Slough (5) made a number of
polymeric complexes'from aromatic-containiné polymers, with acceptors such
as- tetracyanoethylene, chloranil, etc., and found the conductivities of
these complexes were not measurably higher thgn those of the original poly-
meric donors. These mesomorphic materials may lack the order of the gx-
systems needed té open a path for charge carriers. More likely, the

aromatic systems are too small to form stable charge-transfer complexes.
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For pure‘polynuelcar aromatic hydrocarbons, donor-acceptor com- {
plexes, c#peciall§ the.iodine'compluxos (2,3), exhibit increases in con- |
ductivlty of 12 to 16 decades when compared to.the parentbhydroc;rbon.
‘The enhancement in conduction by the addition of looine can be illustrated
by comparison-of tne complexes with ; valence controlled semiconductor; a typical :
example bexng nickel (II) oxide doped wlth lithium oxide (22). In Fig g a .com-
lparlson is made between thlS system and the aromatic- lodlne complexes.. The N
trends in resistivity with the concentration_of impurity are quite similar.

- Asphaltenes contain fused ring aromatics,.the peripheral hydrogens

of which are substituted heavily by short chain alkyl groups (2}). Owing

N g

to the relatively large porportion of methyl groups (20%) and the large

average layer diameters (L ~ 153) the asphaltic molecule can be viewed

as a typlcal aromatic donor (D); halogens such as iodine can behave as an

acceptor (A). Through charge-transfer by overlapping of the molecular

1

orbitals of the two moieties, the dative structure ‘D A ) should result

in which asphaltene is'the positrve ion. . , C \
Fig. 4 clearly indioates that the increase of conduetivity follows

two dlfferent paths, the first a tozg, is the.path followed for small in- é

crements of iodine,‘terminating at b with fixed composition (vy, 15.5%; : )

GS;, 10.0%); the other, ¢ to d, is for higher percentages of iodine. A\

Line.gg represents>the transition state. The curve cd may be extrapolated

to a resistivity value of 5, 8 x 106 ohm-cm, corresponding to that for pure

=~

Iz (27). The same results were found (23) for VLOIanthrene iodine system with

a m1n1mum corresponding to a 2:1 1od1ne-v101anthrene molar ratio for the . \

i

complex. Apparently b in PFig. 4 corresponds to a stoichiometric ratio of
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a stable complex wnere conductivity is at a maximum, It is assumed that

for iodine contents less than that corresponding to the minimum the amount is
|
insufficient to form the complex., At be the resistivity is highly sensitive

- to the number of iodine molecules. When ¢ is passed, excess iodine acts

as an impurity in the stoichiomctri; complex. The transition at b is also
reflecced by the energy gap-plot in Fig. 5. The same fixed composition
(VY, 15.5%; GS, 10.0%) is obtained in cither plot. At these minima,

the energy gap value is ca. 0. 5¢ev suggesting favorable conditions forv
cohduccion.

A number of aromatic-iodine complexes have been reported (2,3)
and_from their phase diagrams (éither temperature or density vs. mole
per cent of iodine) the complexes are found to be stoichiometrric (29)f
For example perylene-iodine can Eave é:}ior 1:3; pyranthrene~iodine is’
1:2; violanthfene-iodine is 1:2; py;ene-iodine is 1:2. In all cases for
peri?type aromatics the ratio of Iz to aromatic is higher than unity.

Since the diameter of the aromatic system in asphaltics falls in the

range 8-154 (12), the system would be comparable in size to violanthrene

or perylene.

Assuming the composition at the traﬁsition kvg 15.5%; GS, 10.0%)"
is stoichiometric, then for any given ratio of aromatic and iodine,
the molecular weight of the asphaltene can be calculated. We have taken
the liberty of calculating this weight for VY aﬁd GS asphaltenes based
on sample ratios.of I,:asphaltene of 2:1, 3:2 and 1:1. Since all layers
contain the aromatic moieties and the sample is free.of wax contaminatiom,
tﬂe molecular weight obtained is that of the unit sheet weight (weight of an

average sheet containing both aromatic and saturated carbon atoms). These




MMy for VY is 1.27; for GS, 1.T4 (15)).

b98 -
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values are Li#ted in Table II. Néxt, provided aromaticiﬁy is also known
(£53 for VY, 0.35; for GS, 0551); the disk weight (weighé of aroﬁﬁtic
carbon atoms in a single sheét) ;nd-the_layer‘diameter ;150 daﬁ‘be approxi=
mated. These values are also listed in Table II. Experimental values’

‘for the VY and GS asphaltenes.from a previous paper (15) are include@.- iﬁ

is of interest that the unit weigh; values obtained from GPC, mass spectrometry,

'

, x-ray diffraction and the electron microscopic measurements ‘agree in general

magnitude with thé weights obtained by the present method. Deviations of the

disk weight of GS calculatéd from reéistivity from that obtained-by masé‘

speéérometry may by due Fo the polydispersity of the GS gsphalteﬂe (e.g.,'~
From Table II, the asphaltene-iodiﬁe coﬁplexes formed appeaf to.

correspénd fo an Iy:asphaltene ratio of about 1.5:1. This cdmposition_is

shown in model A ;f Fig.‘8. Actuali; arbmatic disks of the size present

;n asphaltenes should be able to accomodate more than ome molecule of lodine.

Finally the increase in the free spins, as demonstrated by the -

EPR spectra, may be indicative of an increase in carrier concentration (2).

‘'The nature of these charge carriers- will have a s;roﬂg bearing.on the

conductioh mechanism and will be the subject of a separate 1nyestigation._

.
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VAT T
PABLE I

Resistivity and Gap Enewgy Measurcments
from Asphaltenc (VY )-Iodine Complexes

,’.)2500 X 10—12

Sampia Yo, @ “‘Iodine A (em) L‘(cql {ohm-cm) e (cV)
25 i7.1 '1.2528 0.0994' 1.75¢ 1. T4
25 16.8 1.2664 0.1033 1.61, 1.825
27 17.2 1.259; 0.119, 1.77s 2,00+
()
v
2k 15.8 1.267s 0.102+ 2.155 1.95%
08 15.7 1.2766 0.051 2.064 1.754
é9 15.8 1. 147, 0.048, 2.254 1.81,

(a) Same numbers used in curves of Fig. 4; Sample Nos. 23, 25, and 27 are from
one preparation; Sample Nos, 24, 28, and 29 are from an-

other preparation.
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SABLE IT

Pavsical dMeithods

Molecular Weight and Aromacic Sheet Size
of Native Asphaltencs by Various

Phvsical Mecheds

Resistivity Cslculation

Io:Asphaltene

01

[ S V]

GPC (MN)S'h

Mass Spe ctroaetrvh

(Mean)
X-~ray Diffraccionl

(La)

Electron Microscope

h,i

(Particle weight)

(a) Weight of a single sheet containing both aromatic and saturated carbon atoms
(see J. P. Dickie and T. F. Yen, A. C. S., Div. Petroleum
Chem., Preprints, Miami meeting, April,
(b) Weight of ‘aromatic carbon atoms in a single sheet.

(c¢) Diameter of aromatic cluster; see T. F. Yen, J. G. Erdman,

Unit WCighta

Y

27704

2080 -

1380
3160

3440

GS

4570
3430
2260

3760

4030

Anal. Chem., 33, 1587 (19561).

(d) Calculated based on 254t"2R (100-c) where R is the ratio of I to asphaltene
and t is the %I corresponding to the transition in resistivity and

gap energy.
(e) Calculacted from i,

(£) Ly =(2.62 cy)i/2,

x (unit weight).

969¢

127
LBl

634

L. . .., Db
Disic Weiwht

VY GS

2330
1750
1170

543

1967)..

Layer Diameter(})€

VY

146"
12.6
10.%

11.9

and S§. S. Pollack,

Cy from dxs& weight without contribution of hydrogens

Gs |

™~

(g) From gel ncrmeation chromatograply data on the native asphaltene, number average
moiecular weight,

(h) EkpyAlDCF:;L dzta from J. P, Dickie and T. F. Yen, A. C. S., Div. Petroleum
Cacm., Preprints, Miami weeting, April, 1967.

(1) 5. p. Dickic and T.

11, 39 (1966).

F. Yen,

& C. S.,

Div, Petroleum Chem., Preprints,
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THE ELECTRON SPIN RESONANCE SPECTRA OF CELLULOSE
CHARS TREATED WITH HALOGENS*

Evidence for Donor-Acceptor Complexes in Coals and Chars

R.M. Elofson and K.F. Schulz

Research Council of Alberta
Edmonton, Alberta

INTRODUCTION

" Coals and low- and medium-temperature chars have been shown to be paramagnetic’
by bulk magnetic susceptibility measurements!,2,3 and by electron spin resondnce studies*:5:%,
If due care is taken to eliminate errors, reasonable agreement in the estimate of the number of
unpaired electrons present can be obtained”. While there is agreement on the existence of
paramagnetic centres in these materials, the origin and nature of these free radicals is not

understood®,2,1°,11,22 |t is the purpose of this article to present new evidence to suggest that
these unpaired electrons arise from donor-acceptor forces present in these materials, :

One way of studying the nature of free radiculs is by observing the behavior of the
electron spin resonance signals when the substrate is treated with adsorbed gases and other reagents,
Early workers in the field found that paramagnetic gases such as oxygen affected only the spin-
lattice relaxation times of chars prepared at from 300° to 500°C. For chars prepared in the 550° ~
to 800° temperature range, however, reversible line broadening occurred with an apparent
decrease in free radical concentration at higher oxygen pressures. Removal of oxygen restored
the original signal, which indicated that the phenomenon was due to physical and not chemical
processes. Halogens were at first found to have no effect on coals and chars and the oxygen
effect was attributed to spin broadening due to the paramagnetism of the oxygen molecules.

Similar results to oxygen were obtained with nitric oxide.

In 1963 Wynne-Jones 2 and co-workers found that e.s.r. signals in chars obtained
by heafing polyvinylidene chioride (saran) were affected by adsorption of halogens. These
workers noted that 1Br, ICI, |, Br_, ond Cl caused partial or complete reduction in spin
concentration at constant line width. The original signal was not restored by outgassing in vacuo
at room temperature but could be partially restored by reheating the specimen at 100°C in vacuo.
Since, as mentioned above, no halogen effect had been obtained on coals or more common chars,
these authors attributed the susceptibility to halogens of these saran chars to a high degree of
porosity. Reinvestigation of the interaction of a series of cellulose chars with iodine, bromine
and hydrogen iodide in this laboratory has shown pronouriced effects on the electron spin resonance’
of some.of these materials.

EXPERIMENTAL

Cellulose chars were prepared by first charring cellulose powder (Whatman Cellulose
Powder, Standard Grade) in an autoclave at 195°-200°C under nitrogen. Subsequently this char

* Contribution No. 360vfrom the Research Council of Alberta, Edmonton, Alberta.
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was heated under nitrogen in a Vycor tube to the desired temperature and held at temperature for
one hour. Allquots of the chars were then treated with a large ‘excess of 0. 1 M solutions of iodine
or bromine in carbon tetrachloride. - After standing in the solutions for twenty-four hours, the
samples were washed once with carbon tetrachloride and dried. Samples for e.s.r. measurements
were placed in 3 mm. o.d. glass tubes and evacuated.

Samples to be treated with hydrogen iodide were placed in open 3 mm. o.d. tubes
placed in the cavity of the spectrometer and purged with purified nitrogen. Gaieous hydrogen
iodide (Matheson) was passed directly over the sample in the cavity. Excess hydrogen iodide was
removed after treatment by subsequent purging with nitrogen.

Electron spin resonance measurements were performed with a Varian Model 4500

electron spin resonance spectrometer fitted with a TE102 cavity and a 100 Ke modulation attachment.

Saturation phenomena were avoided by working at 10 db attenuation and checks for saturation were
made.  Line widths and spin concentrations were measured from first derivative curves, generally-
by direct inspection but in the case of very wide and very narrow signals resort was made to
graphical integration. A standard 500° cellulose char, used for calibration, was standardized
against DPPH, CuSO, and a Varian Standard char. The amount of sample was always less than

10 mg. and asymmetric line shapes were not observed, indicating the absence of serious skin effects.

RESULTS

In Figures 1 and 2 are summarized the results of iodine and bromine treatment on line
width and spin concentration as measured at room temperature. The untreated chars prepared at
625° and 650° show a marked decrease in line width as compared with those prepared at higher
or lower temperature — an effect attributed to exchange*. It is seen that both iodine and bromine
remove this intense narrowing in the 625° and 650° chars. Neither has a significant effect on the
300° to 500° chars but both broaden further the signal from the 700° char. The broadening due to
bromine is not as great as that due to iodine and for the 600° char, in particular, the broadening
effect of the bromine is minimal . The effect on spin concentration shows that line broadening is
accompanied by a considerable drop in concentration in both the bromine and iodine treated chars.

Measurements made at 78°K showed that whereas the signals for the 300° to 500° chars
were broadened somewhat, those from the iodine- and bromine-treated chars in the 400° to 700°
range were narrowed. Washing the iodine-treated chars with cold 0.1 M sodium thiosulfate
solution restored the original narrow signals. This showed that no chemical reaction had occurred
to alter the signals.

‘ Treatment of a series of chars with hydrogen iodide gas for sixty hours resulted in
reduction of the signal strength and broadening of the signals as shown in Table |. The broadening
for the 300°, 400° and 500° chars was moderate but that of the exchange narrowed chars (600°

to 700°) was extensive. Cold 0.1 M sodium thiosulfate produced no further change in the signals
but refluxing for twenty~four hours with thiosulfate restored the original signals14. The restored
signals of the 600°, 625°, 650° and 700° chars were sensitive to air whereas the restored signals
of the 300°, 400° and 500° chars were not. The e.s.r. signals of the untreated chars refluxed
with 0.1 N Na_S_ O, were unchanged.
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TABLE |

Effect of Hydrogen lodide on Free Radical Content of Chars

Electron Spin Resonance Signals

spins/g in vacuo and width in gauss *

Char Untreated HI Treatment . N(:‘,‘SZ‘O3 0.TM
Temperature . 60 hours Refluxed 24 hours
300 . 2.1 x 1028 ©2.0x 1027 8.3 x 1017
’ 4.9 7.9 5.76
400 2.3 x 102° 5.3x 1018 2.6x 10%®
' 6.1 . 8.3 6.3
500 5.1x 101° 3.3x 10%° 5.4 x 10%°
4.8 5.9 4.1
600 1.4 x 102° 1.3x 10° ' 1.4 x 102°
0.45 19.1 0.49
625 1.3 x 102° 1.7 x 10t° 9.8 x 101
: ., 0.40 22.4 0.49
650 1.0 x 102° 4.8x 101° 1.0 x 102°
) - 1.4 41.0 1.2
700 7.4 x 101° 1.2 x 10?® 7.2x102°
1.4 43 . 2,0

* Width measured between points of maximum slope.

DISCUSSION

Two aspects of these results must be considered — the interaction with the halogens
which are typical electron acceptors and the interactions with hydrogen iodide. In agreement
with Wynne -Jones and co-workers, we are of the opinion that iodine, and to a lesser extent
bromine, can form donor~acceptor complexes with the chars and in so doing affect the e.s.r.
signals. Presumably the iodine and bromine act as acceptors and aromatic ring systems of the
char act as donors in these complexes. The low-temperature chars, 300° to 500°, having few
aromatic ring systems as large or larger than four or five rings'®, are not affected by iodine or
bromine. The 600° char apparently has a high enough donor ability — low enough ionization
potential — to interact with iodine but not sufficient to react definitely with bromine, which is a
much weaker acceptor. Both bromine and iodine readily form complexeswith the 625°, 650°
and 700° chars. The fact that the signals of the halogen affected chars are narrowed on cooling
to 79°K is also indicative of donor-acceptor interaction between halogens and aromatic moieties 1€,
It is possible that lack of porosity is sufficient explanation of the failure of the 300° to 500° chars
to be affected by iodinel2, However, the difference between iodine and bromine on the 600°
char suggests that the electrophilicity and not the size of the adsorbed molecule is important.
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The line broadening at 79°K of the 300°, 400° and 500° chars treated with halogens
is not only indicative of no complex formation between halogen and the aromatic system but also
suggests that the initial signals of these chars are due to complexes between quinonoid acceptors
and carbocyclic donors'®. This is further borne out by the effects of hydrogen iodide on these
chars. Treatment of all the chars with hydrogen iodide causes a reversible reduction in the
number of spins/g. Aromatic hydrocarbons would not be expected to show such reversible
behavior7:18, but electron acceptors such as quinones, which have been shown by Given and
Peover® to be present in coals and related materials, would interact with hydrbgen jodide. A
reasonable explanation is that the e.s.r. signals of these chars are associated with acceptor
moieties. These acceptor or quinonoid moieties apparently exist in the 300° to 500° chars as
well as the 600° to 700° chars, since the signals are all reduced reversibly by hydrogen iodide.
Since the halogen treatments suggest that the free radicals of the 600° to 700° chars, and probably
of the 300° to 500° chars as well, are associated with aromatic centres, the presence of both
donor and acceptor moieties associated with free radicals in the untreated chars is indicated.
Hence, we suggest that the free radicals in the 600° to 700° chars are due to donor-acceptor
complexes between aromatic donors and quinonoid acceptors. It is likely that the signals in the
300° to 500° chars are similar in nature but the aromatic cenfres are too small to form complexes
with iodine or bromine.

Russian workersZ! reached similar conclusions, but only by a process of elimination,
in order to account for the free radicals in a series of polyarylene polyacetylenes that had been
heated to various temperatures. They concluded that complexes with charge-transfer were the
only possible explanation after eliminating in tum the presence of paramagnetic ion impurities,
radicals arising in the process of polymerization, and the existence of a triplet ground state. The
first reference to charge-transfer complexes in coals or chars was made by Schuyer?2 to explain
why the molar increment of refractive index per gram of aromatic carbon (1,/C, ) decreases in the -
range between ninety per cent carbon and graphite. Some of the semnconductor properhes of
anthracites and chars were also explained on the basis of such a model.

In order to illustrate the relative importance of charge-transfer complexes in these
chars a plot has been made in Figure 3 of the number of free radicals vs. carbon content. There
has also been plotted the reciprocal of crystallite size in no./g. vs. carbon content calculated
from the work of Hirsch!® and van Krevelen22 assuming that there is an average crystallite height
of three graphitic layers and that there is no unordered material. |t should be noted that the
average height of the crystallites would be somewhat less than three in the low temperature chars
and possibly somewhat greater than three in the higher temperature chars. In any event, it is
seen that in the 600° to 650° range the number of crystallites closely approximates the number of
free radicals, accounting for the results of Schuyer22, In fact these latter chars are apparently
composed of little but charge transfer complexes in close proximity to one another which explains
the intensive exchange narrowing of the e.s.r. signals of these materials. The decrease in free
radicals at higher temperatures is at least in part due to the decrease in number of crystallites
at higher charring temperatures. .

Extending the conclusions on cellulase chars to coal and related materials, suggests
that e.s.r. signals in all these materials result from donor-acceptor complexes which, while
reaching a maximum of importance in anthracites and 600° to 700° chars, may still be of
significance in lower rank coals and humic acids. Such a conclusion finds support from a number
of other aspects of the behavior of coal and humic acids. Charge-transfer forces between coal
and solvent can be used to explain the order of effectiveness of coal solvents, Thus catechol
- and anthracene oils, which are donor molecules, are very effective in extracting or dispersing
coal or humic materials. Charge-transfer equilibria can also rationalize the failure of coal
extracts once dried to redissolve completely in the original solvent used for extraction. Free
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radicals in coals and chars are physically affected by oxygen, as indicated by line broadening of
the e.s.r. signal, but are stable to chemical attack. Such behavior could be explained as due
either to spin-spin coupling of the oxygen molecule with the free electron of the charge-transfer
complex or to formation of new donor-acceptor complexes between aromatic centres and oxygen=*,

The so-called molecular weight of humic acids and coal extracts should be re-examined
in the light of the concept of donor-acceptor complexes. Thus molecular weight determinations
of humic acids in catechol 2%, a substance conceivably capable of breaking up dbnor-acceptor
complexes of humic acids, resulted in a low molecular weight estimate. Determinations on apparently
similar material in sulfolane, a poor complexing ugenf produced very much higher estimates of

. molecular weight2®,

Finally, coals and related materials have a well-known broad absorption band at
1600 cm =1 in the infrared region which has defied interpretation. Donor-acceptor phenomena
have been shown to produce strong and broad absorption in this region7,2° in aromatic systems,
as shown in Figure 4, and hence may be the cause of this band in coal and chars.
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Figure 1,

Effect of 1, and Br_ on line widths of
cellulose chars measured in vacuo at
room temperature.
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NO. FREE RADICALS (A) CRYSTALLITES B/fg

Figure 3.

Comparison of the number of free radicals

with the size of crystallites in cellulose chars.

A. number of free radicals per gram vs.
Carbon content

B.  number of crystallites possible per gram
vs. Carbon content
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INFRARED SPECTRA OF OXYGEN-18 LABELED CHARS
R. A. Friedel

Pittsburgh Coal Research Center, Bureau of Mines,
U.S. Department of the Interior,Pittsburgh, Pa.

R. A. Durie and Y. Sheﬁchyk

Commonwealth Scientific and Industrial Research Organization,
Chatswood, New South Wales, Australia

SUMMARY

Chars of four 0-18 labeled compounds were prepared. Infrared spectra were
examined for isotopic shifts. On the basis of a few published results on pure com-
pounds the shifts for €=018 at 1600 cm~l were expected to be -20 em™l or more. The
observed shifts are less than 5 cm'l; this result may indicate that chelated car-
bonyls are not involved. However, very strong hydrogen bonding as in chelated
conjugated carbonyl structures may be responsible for the small shifts. An Olé-

labeled chelate is being prepared at the CSIRO laboratories in order to investigate
this point.

Introduction

Chars

Since the early work at the Bureau of Mines on carbohydrate charsli2/ the
infrared spectra of chars ( < 500° C) of various chemicals have been studied.3:4,5/
Spectral investigations of structure of chars have included studies of the effect
of elemental constitution; the effect of introducing oxygen into chars of hydro--
carbons indicated that spectral absorption bands, particularly the intense 1600 cm~l
band, were attributable to oxygenated structures.t.%.Z Isotope-labeling of chars:
has been utilized; a successful study of deuterium labeling was carried out by com-
paring infrared spectra of chars of an aliphatié¢ hydrocarbon and a corresponding
deuterocarbon. From this study definite evidence was obtained for assignment of
the 730-910 cm~! absorption bands to CH out-of-plane aromatic vibrations.8,7/ Also
further indications were found that the most intense band in char spectra, 1600 cm™*,
was attributable to oxygenated structures.

A more direct investigation of the specific structures responsible for the 1600
cm”! band seemed desirable. Charring of compounds labeled with oxygen-18 was
judged to be a direct method with good chances for success. Three structures were
considered on the basis of their intense absorption, near 1600 em~l, to be possible
sources .of the 1600 cm~l band in chars:

(1) carbonyl groups in ketones, quinones, or conjugated chelate structures
should show a shift to lew frequency in going from =018 to C=018; (2) aromatic
nuclei should produce no change in spectral frequency§ (3) aromatic nuclei with
enhanced intensities due to oxygenated substituents on the ring should not undergo
any appreciable frequency shift in the 1600 em1 region; a shift should occur in
the C-0 stretch region at 1100 cm-l.
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Coals

Studies of the 1600 cm-l band in char specira may produce information on the
origin of the same band in the spectra of coals. Spectral data from chars of

carbohydrates would be particularly applicable for comparison with coal spe7tra as
2

carbohydrate chars produce spectra nearly identical to spectra of coals.l,2 Unfor-

tunately 0l8.1abeled carbohydrates are not available..

Information on the intense 1600 ecm™! band in coals has been obtained in studies

of absorption intensities for many pure compounds in an effort to determine what
structures could produce the 1600 em-1 absorption.§ The principal type of struc-

- ture. found to have sufficient intensity is the conjugated chelated carbonyl group.
These groups can only produce the 1600 band if all or nearly all of the oxygen in
the coal is in the form of hydroxyl chelated carbonyl groups.

018-Labeled Compounds .

The minimum spectral shift in the infrared spectra for a labeled carbonyl
group (c=018) relative to an unlabeled group (C=016) is -40 ecm~l, on the basis of
the simple ratio of the reduced masses. Hooke's law for the stretching vibra-
tion of €=0l6 is: V¢ = _l;./'_ﬁ_, where

AL

116
me + m016
1 * ———p— ; YV = frequency, cm~l; k = constant;
mema16 )

For C=018 the same equation applies; dividing,

V16. . , H16 = /1.05
V18 /s .

. Vs
or vig = 16
/1.05

For vyg = 1600 em-l, Vg = 1560 cm-l; Av = -40 em~l. If this 1600 cm~l band in a
char or coal spectrum is due to a simple carbonyl structure, the corresponding
labeled carbonyl group should produce an absorption band shifted to 1560 em~ . 1f
the stretching vibration of the carbonyl structure is complex the simple value ob-
tained from the reduced mass calculation will differ somewhat from 40 cm™l. A
ketone investigated by Karabatsos3/ showed an appreciable deviation; 2,3-dimethyl-
3-pentanone-0l8 shows a shift ‘of 31 em~l instead of the expected 40, This shift
is in the neighborhood predicted by Francisl®/ for a mixed vibration composed of
about 80 percent C=0 stretch and 20 percent C-C stretch. With conjugation the
shift does not change for the benzenoid carbonyl compounds: Benzoic acid, two
benzoates, benzophenone, and benzoquinone.

e e

e i
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Av, em-l
Benzoic écid (monomer) - _" T - .; '\‘_--321l/
Methylbenzoate | ) . — E -3lll/
Cinnamyl nitrobenzoate . ' :-30l%/‘
Benzéphenone ‘ . | ;30l§/
p-Benzoquinone » , -30lﬁ/
Benzoylchloride b_ v-ZSLl/
Benzamide ' . ' -2412/

The decreased shift for benzamide is attributable Eg/greater participation of
other groups of the molecule in the carbonyl vibration.== Apparently the same
explanation may be given for the decreased shift observed for benzoylchloride. It
is surprising that the shifts observed indicate no particular increase due to con-
jugation with an aromatic ring. (A large effect due to ring conjugation is observed
by comparison of the spectra of nitromethane-Q and nitrobenzene-018,16,17 )

Future investigations of more aliphatic ketones may produce different results.

The only published indication of the effect of conjugated chelation is on
benzoic acid dimer:

av, em”!
Benzoic acid dimer. =20
Benzoic acid monomer S - =32

. Thus hydrogen bonding is seen to produce a significant decrease in the O18
shift of a conjugated carbonyl system. It was anticipated that the spectra of chars
having carbonyl groups enriched in ol8 may show shifts for the 1600 cm'lvband of

=20 to -30 em~l.  Such shifts in char spectra would.be measurable, even though ab-

sorption bands are broad.

Experimental

On the initiation of this work only three usable 018-1abe1ed organic compounds
were commercially available. They were investigated in the following order:
Linoleic acid, phenol, and benzoic acid; sodium phenate and sodium benzoate-O18
were also prepared and charred. First the unlabeled compounds were charred under
various conditions in order to determine the most favorable condition for produc-
ing intense 1600 cm~l bands. Temperatures required to eliminate the absorption of
monosubstituted benzenes in order to produce coal-like absorption bands in the 730-
900 cm~l aromatic band region were usually so high that other spectral details,
including the 1600 cm”™* band, were weakened.

Samples of ol® compounds were placed in a glass tube or a steel bomb, sealed
or unsealed, in vacuo or under nitrogen. Amounts of sample used were 50-100 mg
because of the scarcity of O 8 samples. Pyrolysis temperatures. were varied from
350° € to 620° C; timés were varied from 1 to 58 hours. '
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Linoleic acid-0L8

Two samples were investigated: (a) A sample of 22 percent 0l8.enriched acid
(kindly given by Dr. A. Miko, of the Yeda Research and Development Co., Rehovoth,
Israel), and (b) a commercial sample of 38 percent enriched acid. The best condi-
tions found for obtaining 1600 cm'; bands were 400° C, 2 hours, under 1 atmosphere
of nitrogen in a sealed pyrex tube. The 22 percent enriched sample was donated,
with the warning that polymerization probably had occurred; -it is also possible
that polymerization occurred in the 38 percent enrlched sample. Yeda has taken
linoleic acid-0*°® off the market

: Phenol-ols, 86 percent

Pyrolysis of phenol of 86 percent 0l8 enrichment was carried out at tempera-
tures near 550° C. for about 18 hours in a sealed tube under nitrogen.

Sodium phenate
"The 018-}abe1ed phenate was not prépared because of iﬁsufficient phen01-018.
Sodium phenate -016 was prepared from ordinary.phenol and charred. - Conditions were

similar to- those used for phenol.

~Benzoic aCid‘Ols; 95.6 percent o .

Conditions were similar. to those used for phenol.

Sodium benzoate-0l8

A nitrogen atmosphere and a temperature of 500° C were used. Pyrolysis times
were about 24 hours.

In all samples except the sodium phenate and sodium benzoate, char was ob-
tained in the form of a thin film on the walls of the sealed tube. These films
~were sufficiently thin to give spectra of good quality directly; data obtained from
such films was qualitative or semi-quantitative as thicknesses of the film varied
consxderably In all cases spectra were also obtained by means of KCl pellets
which were better for quanti;ative:absorption measurements..

Spectra were determined first on gases produced. Then the sampleé were washed
with hexane and/or benzene and the spectra of the soluble products were obtained.
The benzene-insoluble char was then investigated.

. Ultimate analyses of all of the chars are given in table 1.

Results and ,Discussion of Results

Results obtalned on the four substances 1nvest1gated show that the spectral
shifts are very small or negllgible (table 2); no shift was definitely detectable
for any of the chars.. In figure.l the spectra of chars from benzoic acid- ol6 and
-0-8 are given, they are practically identical, including the positions of the
two 1600 cm”l bands. ' '

1600 cm'1 bands were obtained in all ,chars but in no case were they intense
bands. ThlS is a possxble 1nd1cat10n that carbonyl groups may - not have been in-
volved. ' For linoleic acid and benz01c ac1d it is nearly certain that no oxygen-
containing group could be an 1mportant contributor to the 1600 cm~l band, as the

oxygen contents of the chars were found to be neg11g1b1e Hydrocarbon structures
could have produced the weak bands found.

e
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Table 1.- Ultimate analyses of chars

C H 0 State
Benzoic acid 9.2. -+ 3.8 < 0.5 Film
Benzoic acid 70.08 2.86 (6.35)3/ Polrder
Benzoic acid-0l8 195.17°  3.89 1.35 Film
Sodium benzoate 93.00 3.71 3.88 Powder
. 18 ’ 3/
Sodium benzoate-0 91.47 3.22 2.60 Powder—
Phenol ' 71.80 3.35  20.0 Powder
Phenol 93.26 . 3.46° 3.42 Film
Phenol-ol8 91.20 3.81 3.73 Film
Sodium phenate 76.76 2.98 19.4 Powder
Linoleic acidl/ 95.9 . .3.7 0.4 Powder

1/ olB-labeled chars were not analyzed:
2/ Very small sample; oxygen analysis dubious.

3/ Ash, 3.5 percent, apparently due to a trace of glass from

vial opening.

Table 2.- Negative spectral shifts of oxygen-18 labeled chars

Linoleic acid-o!8
(22 and 36 percent)

Phenol-O18 (86 percent)
Benzoic acid-0l8 (95.6 percent)

Sodium benzoate-0l8"

Spectral shift,

cm'l =

<5

<5
<5

<5

1/ Bands were broad. Small shifts were difficult to measure accurately.
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The phenol chars also showed no .shift from 1600 cm’1; even though one char con-
tains 20 percent oxygen. It is not surprising if the pyrolysis of phenol at 550° C
does not produce carbonyl groups. The 1600 cm~l band observed in the spectrum of
the phenol char must be due to aromatic absorption enhanced by oxygen-containing
substituents on the aromatic rings (ethers and phenols).

The char of sodium benzoate also shows a negligible shift. I was the most
likely possibility for producing an isotope shift, as the e€limination of oxygen
encountered in the chars of linoleic and benzoic acid does not occur for the char
of sodium benzoate. The sizeable percentage of oxygen present in the char, 4 per-
cent,. is likely to exist in the char as carbonyl groups of some sort; even so, no
appreciable shift-is observed. ’

The lack of appreciable shift in the spectra of 018-1abeled chars may be attri-
butable to extremely strong association (chelation, or other). With the sizeable
oxygen content of some of these chars there are presumably some carbonyl groups pre-
sent. Unfortunately no O'®-labeled pure compounds having very strong hydrogen- ‘
bonding have been investigated. As mentioned above, the spectrum of benzoic acid-
018 shows a smaller s?ift for the associated dimer acid (-20 cm'l) than for the free
monomer (-32 cm']-).l-Q These results are for a rather weakly associated acid dimer;
the vibration of the C=0 group in the dimer obviously involves participation of
other groups in the molecule. For a more strongly hydrogen-bonded chelate, as
acetylacetone, the participation of other groups in the molecule would be greater
and the shift probably would be less. On this basis the small shifts in .chars are
explainable. Certainly the negligible shift observed for chars does not exclude
the presence of C=0 groups in structures producing the 1600 em~l band. In order to
investigate the effect of strong chelation on the c=0!8 shift preparation of dibenzo-
ylmethane, H5C6-C018-CH2-C018-C6H5, is being carried out at the CSIRO laboratories.
Little or no c=018 shift is expected. If an appreciable shift is observed for this
compound it will be necessary to conclude that chars do not contain strongly chelated
carbonyls.

Further studies will be carried out on labeled chars as other Ols-containing

compounds become available. It is expected that prices of these compound7 will de-
crease greatly, for cheaper methods of preparation are being developed.l§
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Introduction

The recovery of nitrogen bases is of partlcular interest in
chemical plants that operate in conjunction with- coal- -carbonization
facilities. - Tradltlonally, nltrogen bases such as ammonia, pyrldlne, and
. quinoline have been recovered by processes that involve acid extraction
followed by neutralization with caustic soda or lime.l,2)® Such processes
have inherent disadvantages with regard to excessive consumptlon of acids
and bases as well as concomitant waste-disposal problems.

Recently, several processes have been developed for nitrogen-
base recovery by regeneratlve cyclic techniques. For example, recovery
of ammonia from coke-oven gas and pyridine from coke-oven light oil have
been reported_3 ! These processes for recovery of nitrogen bases are
characterized by the use of an aqueous acid solution for the extraction
step followed by a high-temperature stripping, or springing, operation
P' that liberates the nitrogen bases and simultaneously regenerates the a01d
extractant. The selection of an appropriate acid extractant for a
!  particular nitrogen-base system is an important factor in designing or .
K developing a regenerative process. Previously reported studies +5) i
ﬂ have demonstrated that monoammonium .acid phosphate is a suitable extractant
for ammonia recovery, whereas either phosphoric acid or monopyridinium ‘
* sulfate is adequate for pyridine recovery. However, the theory for
selection of appropriate reagents for regenerative nitrogen-base recovery
! has not been developed and, consequently, the general applicability of
this recovery technique has not received significant attention. It is the
object of this paper to demonstrate that readily available thermodynamic
data can be used to determine the fea51b111ty of a regenerative technique
for recovery of particular nitrogen bases. ' The discussion is based on
the behavior of particular acids during the extraction and springing
operations. Data are also presented on the extraction and springing steps
" for recovery of pyridine and quinoline from coal-tar fractions.

-

Discussion- of the Regenerative Technique

RN S

" The general scheme for a regenerative recovery. process for

PN

¢ See References.
v .

l§
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nitrogen bases involves three steps: a) extraction, b) separation, and c)
regeneration. The system can be seen 1in Figure 1 as a generalized flow
diagram. Usually, nitrogen bases are recovered from streams in which L
they are present in low concentrations (about 0.1 to 5%), such as coke-oven
light-oil streams.

- Selection of Reagents for Regenerative Systems

N

The selection of an appropriate acidic extractant for a particular
nitrogen base 1s the initial problem encountered in developing a regeneratlve1
process. Although such factors as solublllty, volatility, decomposition, and
side reactions must be considered, the acid component essentially must be
strong enough to effect efficient removal of the nitrogen base from the hydro%
carbon stream during the extraction step and yet be sufficiently weak to i,
allow decomposition of the resultant acid salt during the regeneration step.
Therefore the values of the equilibrium constants at the springing and
extraction temperatures (Kp, and Kq,) for the following reaction are of
significance in determining whether the regenerative technique is feasible.

'

|
B + H, 0" = ' BH +  H,O ‘ ' NS Y
{

+ . +
3
Free Hydronium Protonated Water
Base Ion Base

The temperature dependence of the equilibrium constant follows
‘the expression

kK, R |\Tp T 4 (@

where
AH = the heat of reaction, and
R = the gas constant.,

{
!
|
. /
- It is desirable that the ratio (KT /KT ) be less than unity for a \
regenerative system (AH, the heat of reactlon, must be negative).

In an effort to develop suitable parameters for the selection of .
reagents for regenerative systems, the ionization equlllbrla of acids and l

bases have been examined.
1

‘In a discussion of acid-base systems, the following equations are }
applicable. Acid extraction of a nitrogen base (B) from a hydrocarbon stream'
involves the equilibrium reaction : : ¢

B + Hy0" = BHY + H,0 ' » (3)

which can be represented by an equilibrium/constant

‘K - (BH'] - N
€ [B][H3O$] . , (9
N
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The ionization constan:t of the.base 1nvolves the equti librium
\ .

B + HyO = BH' + OH~ A (5)

expressed by an ionization constant

. + - . .
A Kp = 1BH 1 [OH ] : (6)
4 |B]
By usina the ionization constant for l,0
K, = (OHT][H307] o : (7}

and combining Equations 4, 6, and 7, the following expression is obtained to
show the concentration of protonated:base 1n an-agueous extract.

ty ' K
[BH ] = Zb +
\ ! K, [(B] [H307} (8)
The dependence of [BH+] on [H3O+] can be represented in terms of
the strength of any acid (HA) by using the equilibrium dissociation constant
of the acid.

HA + H,0 = H30° + A7 ’ 19)
+ _ v . -
[H,0 ] [A ] . o {10)
K. = tf3 1149 1 I
a 3[HA] :
[Hy0") = (;aA] Ka)l/z (11)

Combining (l1) with (8) givég
(But] = Kp K. /2 [HAIl/le] ) ' } (12)

W

Equation 12 indicates that, for a given concentration.|[B] and strength (Kb)
- of base, the concentration [BH'] can be increased by increasing the
strength of acid (Kj).

(BH 1 Kal/z . (13)

4 . A similar discussion of the regeneration step is pertinent. The
; reaction involved is-

~

Bu* + H,0 = B + H30" - Qe

The .equilibrium constant for the reaction can be represented as

(- - [B][H;0"] . ' :

e

N YA
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and can be expressed in terms of thation 8 to give

Ky = Ky = zs;mi ' {
Ky, (BH : (16)
Therefore ' 1/2 ' } '
(B) =(5w /2 (su*)1/2 : | (17) ’
Kb \'\4
(Block, ~1/2 | A (18 ¢

Thus, for a given'concentration [BH+] in the aqueous extract, the concentra-
tion [B] of base is high for bases of low base strength (Kp) . ‘

From Equations 12 and 17, the following generalizations can be
made concerning the selection of an acid and -a base for recovery of nitrogen
bases by a regenerative process. To get good extraction, maximize [BH*] by
using an acid with as large a value for K_ as is possible, consistent with
other requirements of the process. To get good regeneration, max1m12e [B) ‘
(a base with a small Ky value should be involved).

Accordingly, suitable systems appear to involve an acid extractant ;
with a largé K_ value and a nitrogen base with a small Kb value. Consistent
with the above, the ApK was examined as a useful guide in selecting compo- ]
nents for regenerative systems, .

where ' : ‘

pK = ~log K (19)

ApK = (pKp -pK,), and (20)

ApK 1s expressed as the absolute value of (pKy - pKa). It is
anticipated that the larger the ApK of a system, the better it will function!
in a regenerative recovery process.. Therefore it appears that recovery of
nitrogen bases is facilitated by combinations of relatively weak bases and -
relatively. strong acids or relatively strong bases and weak acids.

N

/1
A
.

Systems for Recovery of Ammonia and Pyridine Bases

~ As mentioned above, several processes have previously been
reported for recovery of ammonia and pyridine bases from coke-oven product °
streams. The data on ammonia and pyridine are consistent with the discussiol
presented above, Tables I and II. Experimentally it has been demonstrated
that, although ammonia can be recovered in a regenerative manner using \
monoammonium phosphate, neither phosphoric acid nor sulfuric acid can be ‘
used (H, P04~ is suitable for NHj recovery, whereas H3PO4, HSO4', and H,504

are not applicable).

~\

—_

It has also been shown that pyridine can be recovered successfull
with either- H3PO, or HSO4 ; however, neither H2P04' nor H,804 can be

‘employed.
R

I

P
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The use of the parameter spK does not appear to fit the observed

behavior of all the systems examined. However, the elementary 1onization
ionization equilibrium theory explains certain inconsistencies with ApK
values. For example, in general, (1) systems in which both components have

pK values greater than about 6 are not useful since interaction 1s too weak

~to effect extraction, (2) systems in -which both components have pK values

less than about 6 are not useful since interaction is too strong for
dissociation of the acid-base salt during regeneration, and (3; when either
component is a strong acid or a strong base, the system .s not applicable
because interaction is too strong for regeneration of the reagent.

Recovery of Pyridine and Quinoline from Coal-Tar Fractions

~ A regenerative system for recovery of pyridine from coal-tar
fractions has been examined on the basis of the above consideration of ApPK.
Values of ApK for the pyridine - HSO,  and pyridine - H PO, systems are

6.85 and 6.64, respectively, Table II. Each system was examined to determine

the behavior of these acids in the extraction and regenerative steps. Data
on the quinoline regenerative recovery system are presented for comparison.
Ionization data on quinoline (Ky = 6.3 x 10710, - pk = 9.87) suggest that

either HSO4” or H3PO could be used as the extractant. The respective values
of ApK are 7.95 and 3.22. Since HSO4 gives a larger value of ApK, the

recovery of quinoline with quinolinium acid sulfate solution as the extractant

was examined for comparison.

Exgérimental

Data on the extraction of pyridine and quinoline bases were
obtained by using conventional laboratory equipment consisting of a stirred
1-liter 3-neck flask equipped with a bottom outlet stopcock. Single-stage
extraction tests were conducted over the temperature range 0 to 55 C. The
data on the pyridine —.sulfuric acid system are presented in Table III, and
data on the pyridine - phosphoric acid and the quinoline - sulfuric acid '
systems appear in Tables IV and V, respectively. The extraction data
indicate that the nitrogen bases can be concentrated in the aqueous phase
by the extraction technique.

To examine the vapor-liquid equilibrium data for the pyridine -
phosphoric acid system, the pyridine = sulfuric acid system, and the
quinoline - sulfuric acid system, solutions were prepareéd of various
strengths of acid and concentration of the respective nitrogen bases. Acid
strengths covered the range 20 to 40 percent and base-to-acid mole ratios

varied from 0.6 to 1.9.

_ An Othmer equilibrium still 'was used to determine concentrations
of pyridine and quinoline in the vapor and liquid phases for the various
sample solutions.

Discussion

The Othmer equilibrium data indicate that pyridine concentration
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in the vapor increases with increasing concentration of acid (consistent wit‘
Equation 17) and, at a given level of acid strength, with increasing pyri- 1
dine-to-acid mole ratio, see Figures 2 and 3, Tables VI and VII. !

Although it was expected that quinoline should behave similar to
pyridine, such was not the case. Quinocline was realized in the distillate
~ of the Othmer still; however, the quinoline concentration is significantly
lower than pyridine for a given mole ratio of base to acid. Two factors,
low. vapor pressure and low solubility, cause problems in the quinoline
system. Because of the relatively poor solubility of quinoline in water
*(0.08 g/100 ml at.25 C), recovery of quinoline as a distillate product
depends on the limitations of a steam distillation system. Accordingly,
the distillate composition is a function of the vapor pressure of quinoline \
at the boiling point of the mixed liquid phase. Because of the low volatil-
ity of quinoline, only about 2 weight percent quinoline is realized in the
distillate during the regeneration step. Thus, typical Othmer equilibrium
data are not realized for quinoline.

Therefore, although quinoline can be recovered by a cyclic |
regenerative process, the system is not analogous to the pyridine system.
The quinoline system appears suitable on the basis of ApK data, but other
factors such as solubility and volatility must be considered for practical
application. ‘

Summary

A method for selecting reagents for recovery of weak bases from
hydrocarbon streams has been developed, based on thermodynamic ionization
equilibrium constants. An acid can be selected for recovery of a given
base according to the value of ApK calculated for the system. Experimental
data have been presented on the pyridine - sulfuric acid system, the
- pyridine - phosphoric acid system, and the quinoline - sulfuric acid system
and demonstrate the utility and limitations of the method. S

. . J
The technique should also be applicable to development of systems N
for recovery of acids from effluent streams by extraction with selected
nitrogen base reagents. When it is required to effectively remove nitrogen A
impurities in conjunction with a subsequent refining operation on a hydro-
carbon stream, a regenerative process may also be applicable; however, |
provision must be made for adequate removal of nitrogen bases by using a :
sufficient number of extraction stages. ﬁ
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Table I

Data on Regenerative Recovery Systems'

for Nitrogen Bases?l)

K

Pyridine-H,50,

* ApK Not applicable.

Nitrogen. Bases . Extractant a Kb
NH 3 ' (NH4) HyPOy4 6.23 x 10'8§) 1.79 x 1073
NH3 H3PO, 7.52 x 10‘32’ 1.79 x 10-5
NH; . (NH 4) HSO, 1.20 x 10-22) 1.79 x 1073
: NH 3 H,S04 ) 1.79 x 1072
Pyridine ' (PyH)H,PO, 6.23 x 10“83) 1.71 x 1079
Pyridine , H4PO, 7.52 x 10‘32) 1.71 x 10792
Pyridine : (PyH) HSO, 1.20 x 1072 1.71 x 1072
Pyridine H,S0, - —4) 1.71 x 107°
1) Handbook of Chemistry and Physics, 44th Ed., Chemical Rubber
Publishing Co., Cleveland, Ohio, 1963.
2) K, for second hydronium-ion dissociation.
3} K, for first hydronium-ion dissociation.
4) Completely dissociated.
Table II
ApK Values for Acid-Base Systems
Systems APK Suitability of System
NH3-(NH4)H2PO4 2.46 Yes
NH3-H3PO4 2.63 No
NH 3~NH4HSO4 2.83 No
NH3-H,S0, : * No
Pyridine- (PyH) H,PO 1.55 No
Pyridine-H3POy4 6.64 Yes
Pyridine- (PyH) HSO, 6.85 Yes
* No

|
/
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Table III

With Pyridinium Sulfate solution”

Extraction of Pyridine Bases from Light 0Oil

Mole Ratio of
Pyridine to H,80,

) .

{» Test No.
J

i

oW N

l.68
1.67
1.63
1.54

_ Washed Light 0il, %

Pyridine 1n

0.15
0.12
0.08
0.05

Pyrida
Extrac

29
29
28
27

. * In each test, light oil containing 0.44 percent of P-bases was
' washed with a lean pyridinium sulfate solution (mole ratio 1.05)

prepared by adding crude P-bases to a

1 acid solution.

Table IV

Extraction of Pyridine.Bases from Light 0il
{30 Percent Phosphoric Acid at 55 C)

f
|
i
\
4
i
}

fest No.

Mole Ratio of
Pyridine to H4POy

{
1a)

a
1 ia;
>4a)
5b)
’
1) One-stage wash.
)} Two-stage wash.

v

——

-

~—

N

Seenl s TR

Pyridine in

Pyridine in

30 weight percent sulfuric

Pyridine in

ne 1in

t, %

Light 0il, % Washed Light 0Oil, % Extract,
5.67 0.44 19.5
2.10 0.40 19.2
4,60 0.24 14.5
4.60 0.59 18.1
4.60 0.58 18.6
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Table V

Extraction of Quinoline from a Tar Fraction

With Sulfuric Acidls2)

Mole Ratio of

Test No. Quinoline to H,504"
1 ‘1.46 1

2 1.41

Quinoline in
Washed 0il,

T

Quinoline in
Acid Extract, %

35.7

1) Tar fraction contained 12.1 weight percent quinoline bases.

2) Extractant contained 30 weight percent: HyS0,.

Table VI

Pyridine Concentrations in Vapor at Equilibrium With

Refluxing H,SO, Solutions - Othmer Still Data

Initial HS04
‘Concentration,
wt %

20.4
19.9
30.9
30.4
30.6
40.3

Mole Ratio of

Pyridine to.H;S504

1.63
1.95
1.60
1.81
1.98
1.60

Pyridine Content

of Vapor, wt %

4.7
21.1
10.4
23.8
41.6
21.3

A ol i
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Table VIII

Pyridine Concentrations in Vapor at Equilibrium With

Refluxing H3PO,4 Solutions - Othmer Still Data

~ Equivalent Ratio of

a)
b)
c)

wt % Pyridine to Acid
10.45 0.60
10. 44 0.80
10. 41 0.98
19.88 0.40
20.42 ©0.60
20.40 0.81
20. 34 0.97
31,20 0.60
30.38 0.80
31.08 0.98
30.98 0.992)
31.06 0.990)

Pyridine contained .23.4 percent picoline.
Pyridine replaced with picoline.
Analyzed as picoline.

Pyridine Content

of Vvapor,
wt %

0.
2.
6.
0.
0.
.72
13.

1.
6.
21.
.92
21.

4

19

54
08
86
0

87

84
11
52
46

65C)



CANDOLBM%NESCENCE

D: M. Mason

Institute of Gas Technology
Chicago, Illinois

s -

INTRODUCTION |

Iuminescence is the emission of noneqguilibrium or nonthermal radiatio
-as opposed to incandescence. A number of materials have been observed
to luminesce when placed in a flame. This phenomenon, called candolu-
minescence, must be distinguished from thermoluminescence — in which
a material 1“’ excited by radioactivity or other means but luminesces
oni;y when rails=c¢c to a higher temperature — and from incandescence and
iuminescence of the flame itself. The blue luminescence of an aerated
methens flams is an example of the latter. Candoluminescence is of
interest from two-standpoints — that of obtaining a better understand-
inm of flames and flame-so0lid interactions, and secondly the possibil-
it¥, though remote, of developing a new method of gaslighting. The
work reprorted here was supported in part by the American Gas Association.

Cuncolumlne°cence has been known and studied for many years. It
was probably first reported by Balmain in 1842 (3) in his description
of the material boron nitride, which he was the first to prepare.
noparbntly the phenomenon was not recognized with other materials until
1y was reportea by Donau in 1913 (5). The subjeﬂt was reviewed by
L. T. #inchin in 1938 (8) and by E.C.W. Smith in 1941 (11).

The materials that luminesce in flames share the characteristics
of phosplicrs generally; that is, they are comprised of a colorless
crystalline host or matrix material into which a small concentration
of foreign atoms or ions, called the activator, is incorporated. The
radiation is typically continuous and extends over only a small wave-
length range, thus having a definite color. The color is usually
characteristic of the activating ion and can also be obtained with
other means of excitation, such as ultraviolet light or cathode rays.

PR

Ixcitation by a hydrogen flame has been used in most studies of
candoluminescence, although Tiede and Buescher reported that, in ad- \
dition to hydrogen, flames of ethyl alcohol, hydrogen sulfide, and
carbon disulfide excited the luminescence of boron nitride (1%). Exci- .
taticon by the flame of city gas has also been reported (9).

The existence of the phenomencn at relatively low temperatures has
not been seriously questioned. The temperature range here is from
the temperature attained when a flame impinges on a thin film of phos-
phor spread on a cool metal support up to a bright red heat. This !
upper limit is based on the observation of Tiede and Buescher (14)
that blue luminescence occurred when a flame touched boron nltrlde in
a carbon boat heated electrically to redness.

N

E: L. Nichols (10) claimed that at much higher temperatures he had
observed light outputs from materials heated in an oxyhydrogen flame Y
that were several times greater than the light output from a blackbody |
at thc same temperature. Apparently this work was inspired by the

~
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limelight which was produced b?hkeating a cylinder of lime with an
oxyhydrogen flame. The fact that a fresh portion of the lime had to
be brought to the flame from time to time was -interpreted to mean
that something other than thermal radiation was involved (8).
Neunhoeffer (9) reports that the natural chalks from which the lime
was prepared contain rare earths. If this were known to Nichols, it
would no doubt have suggested to him that the rare earths were activa-
tors in a luminescence process. However, the work of later investi-
gators indicated that the limelight was similar to the light of the
Welsbach mantle in that both are only excited thermally.

Nichols applied his "phosphors" on ceramic- adjacent to a uranium-
oxide-coated area and heated both areas evenly with an oxyhydrogen

.flame. Observations were made of both areas with an optical pyrometer;

the uranium oxice was taken to behave essentially as a blackbody and
to have the same temperature as the companion material. Many mixtures
of colorless oxides with small amounts of rare earths, or with some
other elements that were also regarded as activators, had a greater
emittance than uranium oxide. E.C.W. Smith (11) repeated some of
Nichols's experiments and obtained similar emittance readings. He
then proceeded to determine or approximate the actual temperature of
the two coatings — a matter of some difficulty. By means of thermo-
couples made of extremely fine wires, he was able to show large dif-
ferences in the temperatures of the two coatings — differences suffi-

~cient to conclude that at incandescence temperatures there was no

emission other than thermal.. This.conclusion has been confirmed by
Sokolov and his co-workers (12), (13). '

In hydrogen flames, at least, recombination of hydrogen atoms is . !
generally accepted as the major source of energy for the low-temper-
ature excitation (1), (7); earlier Donau (5) and Nichols (10% con-
sidered an oxidation-reduction mechanism, and Neunhoeffer (9) thought
that electrons 1n the flame were responsible. Smith, and Arthur and
Townend (1), (2) investigated thls question with phosphors composed
of calcium oxide activated with manganese, antlmony, or bismuth They
found that:

1. Activated oxides that luminesce in hydrogen flames also luminesce
when subjected to the action of hydrogen atoms produced in an elec-
trical discharge. When subjected to the latter action and heated
electrically, the color of the luminescence approached the color
produced in the flame. Presumably, the temperature of the heated
oxides approached the temperature of oxides in the flame.

2. The intensity of hydrogen flame luminescence increases when the
-hydrogen is burned under reduced pressure. This effect was pre-
sumed to be caused by a decrease in the number of three-body
collisions. These collisions remove hydrogen atoms by recombination. -

3. The luminescence i1s strongest in hydrogen, erratic and very faint
- in town gas, and absent 1n carbon monoxide flames. It is also
absent in méthane and ethylene flames tested at pressures from
atmospheric to 10 cm Hg.

4. The luminescence is extinguished when small amounts of hydrocarbon
‘gases or vapors are added to the hydrogen.
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According to recent studies o; flame mechanisms, hydrogen atoms are
present in the methane-air flame as well as in the hydrogen flame (15).
Thus it appeared reasonable to.search for phosphors that candoluminesce |
in tho methanc-air flame. This search and the study of the character-
istizs of this phenomenon were the objectives of our investigatilon.

PROCZTURES
Pravaration of Phosuvhors
s - | '
et orial
. Baterials \
@arths wvere obtained as 92.97 pure oxides from Lindsay {
1 Division of Amcrican Petash and Chemical Corporation. Other 1
1s wera rcesearch grade. g
Calciwn Oxide Phosphors . ‘

- Calcium and rare -earth nitrate solutions were prepared and mixed
in the required amounts. The mixed nitrate solution was slowly poured
inte hot ammonium carbonate solution with stirring. The precipitate
vas ilteored, washed with hot ammonium carbonate solution, dried at
130°C, and ignited at 900°C for 30 minutes. ‘The pure rare earth oxides
vere prepared by precipitation from the nitrate in the same manner. .

OgWo

Yttrium Euro idm Tungstate — .
203.Mo0a

Furopium Molybdate — (Gdo.gEug.p

= and Gadolinium

The required amounts of the oxides (tungstic acid in the case of
tunssten) were mixed, heated in a platinum crucible at 1000°C for 2
hours, xround with mortar and pestle, and reheated at 1000°C for 2
hours. The X-ray patterns of the two products showed that in both a
new phase had been .formed.

Screcning. Tests

Mounting strips about 2 cm wide and 10 cm long were made of insulatingd
fire brick and of copper sheet. Phosphor powder, thick enough to hide ‘
the surface of the strip, was pressed on to it with a spatula. The
nearly vertical face of the strip was observed as it was passed through
a methane-air flame (bunsen burner) and a hydrogen diffusion flame in
a dark room.

Spectra

Three different methods of mounting the phosphors were used in '
obtaining the spectra. When we wished to observe the effect of temper-
ature, the phosphor was applied as a paste to a silicon carblde rod.
Pastes made with monomethyl ester of ethylene glycol seemed to adhere
after drying somevhat better than those made with other liquids. The
silicon carbide rod, about o mm in diameter, was held between two
water-cooled electrical terminals to allow the electrical current
passing between the terminals to heat the silicon carbide rod and the
phosvhor. ’ )

o~

When hydrogen was used as a fuel, the phosphor could be coated dry h\
on the fritted disk of a gas-dispersion tube. The fritted disk was ‘
operated as a porous-plate burner (Figure 1) without primary air. /
Known amounts of other gases could be added to the hydrogen. v

~
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: The phosphor was coatad on a watef-cOoled’boﬁber-plate when a

|

7

thick with two 1/4-in. copper tubes soldered to the back for cooling

{ water. Plating the face with silver was found to be necessary to pre-
‘vent slow polsoning of the phosphor by the copper. The phosphor was

y settled onto the plate from a water suspension. The plate was mounted
‘ facing upwards at about 45° to the horizontal and the flame of a

| Na%iop%l Welding Equipment Co. Type-2A blowpipe was directed downward

sonto it. ’

T —

1 . A Beckman DK-2 spectrophotometer with an IP 28 photomultiplier was

. used to record spectra. The backplate of the lamp housing was removed

"to allow direct entrance of the radiation from the excited phosphor

- into the spectrovhotometer. A slit opening of 0.4 mm without an aux-
iliary light-gathering system gave sufficient energy. Varying light
intensity from the flickering of the flame was troublesome and made 1t
necessary to use the highest time constant and the slowest recording
rate of the instrument. The porous-plate burner gave the steadiest
radiation.

RESULTS

Screening tests to discoever phosphors that candoluminesce in methane-

‘air -filames or in hydrogen flames were run on a number of commercial
vhosphors and on others prepared in our laboratories. The latter were
principally rare earths — pure and in calcium oxide. The phosphors
were spread on fire-brick slabs and on copper strips — the latter to
hold down the temperature of the phosphor at least momentarily — and
tested by impingement in both hydrogen and methane-air flames. 3Sev- -

, eral phosphors that candolumenesce in both flames were found. Detailed
results are shown in Tables 1 and 2. These results should be regarded
as tentative rather than conclusive.

A few additional phosphors not listed in the tables were tested.
Three General Flectric silver-activated zinc sulfides (Nos. 118-2-3,
118-2-11, and 118-3-1) showéd emission in the blue. Their spectra,
obtained with a hydrogen diffusion flame on a fritted glass disk, .
 showed that the emission was the band spectrum of 35 and that no cando-
'luminescence’was present (6). The 32 was undoubtedly formed by decom-
position of the phosphor. Zinc sulfide activated by silver and copper
showed both candoluminescence and the band spectrum of. S (Figure 2).

A boron nitride sample from Carborundum Co., Electronics Division
, showed weak, green luminescence in hydrogen and methane flames. Two
recently developed rare earth phospvhors, (Yo.9 Fup.1)203-W0s and

(Gdo- sEuo- 2)203-MoOs were prepared and tested (4). Both luminesced red
in hydrogen and methane flemes on the fire-brick strip.

Light emission in some of the screening tests may have had a source
other than candoluminescence. The emission from magnesium germanate
ywas probably thermal. This 1s indicated by the color of the emission
(vhite to yellowish wvhite), by the absence of a maximum of emission-
intensity with increasing temperature-of the phosphor, and by equal
/emission when the phosphor is heated to the same temperature with or
wlthout the flame. For this test, the phosphor was mounted on the
electrically heated silicon carbide rod, and temperature equivalence
Jwas indicated by the emission of the phosphor at 2.25 mlcrons. Light

J

methane-air filame was to be used. The plate was 1 in. square x 1/% in.:




Table 1.

- Element

Yttrium

. lanthanum

Praseodymium

/ Neédy'mium .
Samarium:
Gadolinium
Dysprosium
Holmium
Erbium

Ytt erbi um

* Pure oxide.

Atomic
No,

39

57

62

64

67

68

70

Pr

Nd

Ho

9o
Se -
on

on

3re 3o
on

OO
S *
o

on

~O WO
. o *

on on

32 3

Ty O
O ¢
on

ht ssion
21050 5 o
On On On Oon
Cu Fire Cu. Fire
Strip  Buck  Strip  Rrick
Trece Weak N1l Nil
Trace Trace Nil N&l_
Weak Trace Trace N1l
Trace Weak Nil N1l
Trace Weak Nil Nil
" Weak Trace N1l N1l
Trace Strong N1l Strong
Trace Strong Trace Strong
N1l Trace N1l . ‘N1l
Trace Trace N1l Nil
Trace -Weak Nil Nil
Nil Trace N1l NiI
Trace Trace . Trace Trace
Trace Trace Nil - Trace
Nil N1l Nil Nil
Trace Trace N1 N1l
Trace Weak N1l Nil
Strong Strong Trace Weak
Trace Trace’ Nil Nil
Trace Weak N1l Nl
Nil N1l Nil Nl
Trace ‘Trace Nil Nil
Trace Weak Nil Nil
Nil Trace N1l Trace
Trace . Trace N1l Nil
Trace Weak Nil Nil
N1l Trace N1 | Nil
Trace Trace Nil Nil
Trace Trace Nl Trace
Nil Nil N1l Nil

LIGHT EMISSION OF Y‘I‘TRIUM OXIDE AND RARE EARTHS (Pure and
in Ca0) IN HYDROGEN AND METHANE-AIR FLAMES

010,

Violet

Violet

Green
and
Orange

Lavender

Lavender

Green
and

’ Orenge

Red
Red
Red

Vioclet
Lavender
Red

Orange
Orange

Violet '
Vioclet
Red

Lavender
Blue

Aqua to Blue'

Aqua
Red

- Blue

White
Red

Lavender
Red

s
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emission in a few cases may be cgﬁéed by decomposition of the phosphor,
as was shown in the case of the silver-activated zinc sulfides.

The manganese-activated zinc phosphate (Sylvania No. 151) phosphor
appeared to give the most intense luminescence emission in methane-air
flames of any tested, and, accordingly, its light emission was investi- *
zated further. When the phosphor was coated on a fritted disk and the {

cdisk used as a vorous-plate burner, a steady emission was obtained with
a hycroszen diffusion flame.. However, no emission could be obtained in
this manner when the fritted-disk burner was fed with pure methane or .
with a rethane-air mixture. Only when the phosphor was brought into a
Bunsen flame was the light emission observed. We do not know the cause H
of this ¢t A greater concentration of hydrogen atoms in the hydro-

r play a role. The high diffusivity and other properties
snat cause its flame to burn closer to the solild surface i

mar be of squal or greater importance.

Spectra recorded with the Beckman DK-2 spectrophotometer were used
to comvare the light emission of this phosphor in the hydrogen flame
wvith its emission in the methane-air flame. The phosphor was coated
on & silicon carbide rod for this experiment. No significant differ-
znc“ otneg than that of the emission from the flame itself was observed
Figure 2 §

The effect of temperature on the light emission of the phosphor was
investigated by electrically heating the silicon carbide rod. With a
methane-air flame impinging.on the phosphor-coated rod, and with the
spectrophotometer focused on the rod near one of its water-cooled ends,
the light emission increased to a maximum with an increase in electrical -
heating, then decreased to near extinction with further heating. This
agrees with the observation of Neunhoeffer (9) that the hydrogen flame-
candoluminescence of calcium oxide impregnated with various activators '
exhibits temperature maxima.

When the phosphor was heated to & still higher temperature, thermal
emission appeared. When the emission of the phosphor was corrected !
for the emission of the flame, no essential difference in emission at . ‘
high temperatures with and without the flame was evident. These experi- .
ments indicated that the low-temperature light emission experienced
with this. phogphor is candoluminescence, but that candoluminescence is
not involveé in the high-temperature emission. {

This phosphor was the only one of several tested that luminesced in
a carbon monoxide flame. The question of excitation in this flame by '
hlrn -energy species other than hydrogen atoms was not pursued. !

Spectra of the luminescences from several phosphors excited by
hydrogen burnlnb on the surface of a sintered glass disk were obtained, °
ancé the effect of the addition of small amounts of carbon monoxide and
methane to the fuel was observed. The phosphors were calcium silicate 1
activated with lead and manganese (Sylvania No. 290), calcium oxide ’
activated with ytterbium, calcium oxide activated with praseodymium,
ané calciur oxide activated with samarium. The spectra obtained from
the first three of these phosphors when they are excited with pure &
hjdrcgen burning on a fritted disk are shown in Figure 4. The Sylvania
Ilc. 290 phosphor emits with a broad peak in the green. Praseodymium-
activated calcium oxide shows two peaks = one at 595 millimicrons /
(7eliow) and a weaker one at 490 millimicrons (blue-green). Ytterbium- |

—
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activated calclum oxide also shéwg two peaks — one at 375 millimicrons,
which 1s in the ultraviolet. Samarium-activated calcium oxide &lso
emits with a similar peak in the ultraviolet and another at 570 .
millimicrons: (yellow), as shown in Figure.5. .- Ce :

The effect of the addition of small amounts (1 to 10 volume percent)
of carbon monoxide or methane to the hydrogen burning on the fritted
disk was different for each of these phosphors. Luminescence of the
Sylvania No. 290 phosphor was substanitally unchanged with addition of"
as much as 10% of the carbon monoxide or methane. Luminescence of the
praseodymium-activated calcium oxide was not greatly affected by ad-
ditlon of 1% of the carbon monoxide or methane, ‘but decreased rapidly
with greater amounts. Only about 10% of the original. intensity was
obtained with 6% carbon monoxide or 8% methane. The luminescence of

© the ytterblum-activated calcium oxlide was even more strongly quenched

by the addition of carbon monoxlde or methane. With these phosphors,
only the intensity of the luminescence was affected. :

With samarium-activated calcium oxide, the spectral distribution of
the luminescence was also affected, as shown in Figure 5. Upon the
addition of carbon -monoxide, emission by this phosphor in both wave-
length regions decreased in intensity, and, at about 3% carbon monoxide, -
emission in the 375-millimicron region had virtually disappeared. The
570-millimicron peak, however, was replaced by two narrower emission
bands with peaks gt about 5650 and 595 millimicrons. With further addi-
tion of carbon monoxide the intensity of this emission lncreased to a
maximum several times more intense than the original peak emilssion,
then decreased. These effecfs were not observed upon the addition of
methane to the flame. The variation of the intensity of the luminescence

. 1n the two cases is shown in Figure 6.

At a late stage of the work, phosphors'were deposited by settling
from a water suspension. onto a water-cooled copper plate. A few spectra

.were obtained in this way with methane-air excltation.

Enhancement of the luminescence ffdm the manganese-agtivated zine
silicate (Sylvania No. 161) by the cooling of the copper plate was very
pronounced. (Figure 7). » : ' . o
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A RAPID, SIMPLE METHOD FOR THE DETERMINATION®
OF THE THERMAL CONDUCTIVITY OF SOLIDS

Neal D. Smith
Fay Fun
Robert M. Visokey

UNITED STATES STEEL CORPORATION
Research Center |
Monroeville, Pennsylvania

The rational design of equipment such as shaft coolers, heaters,
and rotary kilns for the heating and cooling of solids requires that
the thermal properties of the solids be known. Thermal conductivity is
one of these propertles that to measure necessitates elaborate eguipment
and timg-consuming techniques.

A rapid, simple.method has been developed for determining the
thermal conductivity of solids.’' The solids can be either porous or non-
porous and of either high or low conduct1v1ty. If high-conductivity
materials are tested, then both the thermal conductivity and heat ~capa-

c1ty can be sxmultaneously measured. by the method.

»

The procedure involves preparlng a cyllndrlcal briguette of the

.test solid that has a thermocouple located in the center. This bri-

quette is heated to a constant temperature after which it is suspended .
in an open-end glass tube and cooled by a known flow of nitrogen or any
other nonreactive gas. The thermal conductivity is then computed from

.a digital computer comparison of the cooling curves.for the test solid

versus a reference solid of known thermal properties and similar size
that has undergone the same heating and cooling cycle. The method was
validated by using the known thermal properties of lead, aluminum, and
silver and computing the theoretical cooling curves. The theoretical
curves were in close agreement wlth the experimentally measured cooling
curves for these materials.

Theory

.The mathematical -basis for determining thermal conductivity by
the described method is discussed in a paper by Newmanl) and is sum-
marized as follows. Consider a cylindrical briquette as shown in Figure
1. The differential equation for unsteady state heat transfer by conduc-
tion in the x-direction is (see nomenclature for definition of the vari-

ables):
- 2
557 (52)

For a briquette of thickness 2a, the central plane being at x = 0 and
assuming:' .

gy

1) unlform temperature at the start of coollng of the initially hot
brlquette
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then t = td when 8 = 0 (2)

2) the final temperature of the briquette w1ll be the temperauure of
the surroundings:

therefore t = tg when g = o . (j)

——

3) there is no heat flow across the central plane because of symmetry: '

ot

consequently —k(a )— 0 at x # 0. ‘ L (4)

The heat balance on the briquette surface is made by equating heat trans-
ferred to the surface by conduction with heat transferred from the surfac
by convectlon., In d1fferent1a1 form,’ the heat balance is:

‘k% h (t - tg) at x = +a - (5)

ox/ - ) v
Newmanl) showed that the solution to. Equatlons (1) through (5) expressed
in terms of a dlmenSLOnless temperature ratio P is:

X
= 1 tS 2 Ane (Bn a)
to-ts = o
Ma
where An= 2 2 ) and
(I+8n Ma + Ma) COS Bn )
Bn»are defined as the first, second, third, etc., roots of the trans-
cendental equation: ' ’ '

M

COS(Bp 5) ©(6)

By TAN B - | /Mg =0 | , (7)

The surface to solid thermal resistance.ratio, my, is defined as:

my = k/ha_ (8)
and Xy is defined as: Xq = a8/a° : ' (9)
where the thermal diffusivity is: qa=k/p Cp ' (10)

Similarily, con51der1ng radlal heat transfer, the radial briquett
heat balance is '

_6_1_ - [aaf+laf:| _ (11) 1
e = *|ar’rar . ;

The initial condition equation is:
| t=t, WHEN 8:=0 . a2y !

Thé final temperature quation is:
t=t; WHEN 8= oo (13)

The boundary condition equations are: S {

(14
(a:) 0 AT r:0 | | (14}



557

and k'@—'): h{t-tg) AT r=R~
r - . (13)
Solving Equations (11) through (15) gives:
, .
t-tg oo -(B5 X,) r (16)
to-1g ) n=lAn € Jo (Bna) _- Yr ' .
where ’
A M
- (17)
(1+83M%) [ Jo(Bn)]
and B dqe the first, second, thi;d, etc., roots of the equation:
Bn_J‘(Qn)-i/mrJo(Bn) =0 ' (18}
The surface to solid thermal resistance ratio, m_ is
m,= k/hR - ‘ (19)
and
2
X, = ab/R
‘ 20)
. The complete differential equation for the case shown in Fig. 1
is: . ' )
At (3% .19t 3%
— s tr t 33 (21)
69 ar ar Ox? :
and the solution to Equation (21) 1is:
-t ) )
Yo —2 =YY (22)
‘If the center temperature defined at r = 0, x = 0 is to, then
egn. 22 becomes:
te-ts
Yer T, =YYy ' (23)
. 'where Yy and Yx are evaluated at r = 0 and x = 0.

)
)

§

. The preceding mathematical analysis shows that the rate of cooling,
'or change in center temperature for a cyclindrical briquette is a function
i of, time (8 ), density (@), thermal conductivity (k), the surface heat

} transfer coefficient (h), specific heat (C ) and the briquette dlmenSLQns
|as expressed by Equation (23).

The experlmental technique can now be described in terms of the

} previous discussion. If the change in center temperature with time is mea-
\sured experimentally for a material of known thermal and physical prop-
"erties (standard briquette), the surface heat transfer coefficient can be
calculated from Equation (23), since it 'is the only unknown.
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The surface heat transfer coefficient (h) is a function of the
flow rate of the cooling gas and the geometry and size of the briquette.
It is independent of all other physical, thermal, or chemical properties
of the briquette. Therefore, any other briquette having similar dimen~
sions and cooled at the same flow rate will have the same value for (h).

Once (h) has been determined using the standard briquette, the
thermal conductivity of any test material can be'determiped from Equa-
tion (23) since all other variables are known.

A computor program has been written which through an iterative
process determines the best value of (h) which makesthe calculated
values faor the dimensionless temperature ratio equal to the experimental
values obtained when the standard briquette is cooled.

With (h) determined, another computor program -is run for the test
specimen. Thermal conductivity is now the unknown variable and through
"another iterative scheme, the best value for (k) that makes the calcu-
lated and experimental values for the temperature ratios equal is found.

The input data for both programs consist of density, specific
‘heat, time, brigquette dimensions, and several experimental values for
the temperature ratio. The output from the first program (standard) is
the best value for (h). Using this value for (h), the second program
used to determine the k value for any test material. If a highly conduc~ -
tive material is tested, then it is possible to determine its heat capa-
city since the solid thermal resistance will be small compared to the
surface thermal resistance. A transient heat balance can be written for
the test solid cooling in a stream-of coolant gas. -

ce~. A

VoCp dt = hA (t - tg) : (24)
de _
In the above equation, t = t_ since the thermal gradient in the solid is
neglected. Integrating Equation (24) and using the dimensionless temp-
erature ratio, Y, gives: '

Yo = exp(ha/oC V)6 _ ©(25)
Thus, if the internal solid thermal resistance is neglible, a plot of ;
the experimental Y, versus 6 data on semilog paper should be linear as

" shown by Equation (25). The heat capacity, Cp, can be calculated from
the slope of the line for Y, versus ¢ since (h) is the same as for the
standard briquette and the density, p, and total surface area, A, for

the test material are also known.

P

Materials and Experimental Work

U

A primary advantage of the transient technique for determining
thermal conductivities is the ease and swiftness with which the experi-
ment can be conducted. X : {

In so far as sample preparation is concerned, any solid that can:
be briquetted, cast, or fabricated around a centrally located rigid
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thermocouple (x = 0; r = O) may be tested. Finished test sample cylin-
ders should be approximately one inch in diameter, and one-half inch in
height; however, other dimensions can be used.

Experimental Apparatus

The experimental apparatus (see Figure 2) consists simply of a
3-inch diameter glass tube approximately 3 feet in length. One end of
the tube 'is completely stoppered except for a one-half idch circular
opening through which the coolant gas flows. The other end of the tube
is open to the atmosphere. A small electric furnace is used to heat
the briquette, and an automatic single point temperature recorder con-
nected to the embedded thermocouple is used to measure the center temp-
erature of the briquette. o

Experimental Procedure

The experimental procedure is the same for both the standard and
test briquettes. Either the standard (aluminum was chosen since its
thermal properties are well established), or the test briquette is con-
nected to the temperature recorder by way of the thermocouple leads.

The briquette is heated until the center temperature has reached a con-
stant, predetermined value. The briquette is then quickly removed from
the furnace and suspended in the cooling tube with the cooling gas flowing
at a constant rate. The briquette is usually cooled to the temperature
of the cooling gas within 20 minutes. ‘

Data Processing

For the standard briquette, the experimental dimensionless temp-
erature ratio versus. time data points for the standard briquette along
with the known thermal properties are used to calculate the surface co-
efficient, h, in the following manner. A digital computer program is
written to compute Y, from Equations (6) through (23). By iteration
and assuming various values of (h), the computed values of Y. can be
made to converge on each of selected experimental Y. versus 6 data
points, Thus, for a selected data point, the best experimental (h) is
that which when used in Equations (8) and (19) results in equal values
for the computed and experimental Yc values.

For low conductivity test materials, the same method is used to
determine the best experimental value of k by using the h determined for
the standard and the other properties of the test material. If the test
material is a good conductor as discussed in the theory section, then
experience has shown that h should be computed from the experimental
cooling curve and then this value is used tompute k by the same method
as for low conductivity test materials.
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Discussion and Results

Three briquettes of aluminum, lead and silver were made to

test the validity of the experimental technique since their thermal
properties were available from the literature as shown in Table I.
Sintered, dense hematite (Fe203) and a briquette of porous carbon

made .from a partially devolatized coal were used as test materials

For these materials, all properties except the thermal ¢conductivities
shown in Table I were previously measured. Cooling curves for each
briquette were measured for a nitrogen flow rate of 0.9 scfm. ‘Sur-
face heat transfer coefficients for lead, silver and alumin:i:: were
calculated by the method discussed in the data processing section.

For these materials, the literature conductivity values were used to
calculate the surface coefficient. Table I shows that the calculat-

ed or experimental h values for each metal are nearly identical.

This result is consistent with the theoretical basis .of the exper- )
iment and may be considered as establishing the validity of -the method.
Also as additional evidence, aluminum was choasen as the standard and

k values for lead and silver were calculated using the h value for alu-
minum. Table I shows that the calculated or experimental k values were
within 0.5 percent of the literature values. The conductivities for
- hematite and porous carbon were calculated using aluminum as the stand-
ard. Figure 3 shows the experimental data points with the solid lines
calculated from the theory. Note ‘that the line for the carbon is cur-
ved whereas those for the metals and hematite are linear. As discuss- :
ed previously, a linear cooling curve is obtained if the surface to o
solid thermal resistance ratios are relatively large. Note that for the
metals, lead which has the lowest conductivity and thermal diffusivity
cooled the fastest. This result is explained by examination of eqn.

(25) which shows that for similar gas flows and briquette dimensions,

the rate of cooling for different materials is determined by the heat
content, pC . It can be seen in Table I that the heat content for lead
is the lowegt of all metals tested.

[

q

Summarx

A rapid, simple method for determining thermal conductivity for a solid.
has been developed. The solid can be either porous or non-porous and of
either high or low conductivity. If high conductivity materials are A
tested, then both conductivity and heat capacity can be simultaneously
measured from one cooling experiment.. The method was validated by using
the known thermal properties of lead, aluminum, and silver and the
experimental cooling curves in a comparsion with the computed results.

1

1
!
l
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Nomenclature
Half height of briquétte}»ft'
= Area; ft2

= Coefficient in infinite series solution for temperature distri-
bution in Briquette

= Specific heat; BTU/1lb °F

= Overall heat transfer coefficient; BTU/hr £t2 °F
= éurface heat transfer coefficient; BTU/hr ft2.°F
= Thermal conductivity; BTU/hr £t °F/ft |

= Axial surface resistance; dimensionless

= Radial surface resistahce; dimensionless

= Heat flux; BTU/hr

= Maximum radius of briquette; ft

= Radius of briquette; ft

= Half width of infinite plate; ft

= Temperature; °F

= fTemperature at center of briquette; °F

= Initial temperature of briquette; °F

= Temperature of cooling gas; °F

= Distance of direction; ft
a8
a2

gg- Dimensionless time parameter for radial component
r

Symbol for temperature ratio, axial component; dimensionless

Dimensionless time parameter for axial component

Symbol for temperature ratio, radial component; dimensionless
=(k/€Cp) Thermal diffusivity; ft2/hr

Time; minutes or hours

Density; 1lb/ft3
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" THRERMAL AND PHYSICAL PROPERTIES FOR THE BRIQUETTES

Aluminum-

.01842
.04208
168;50
- .2273
38.30
(experimental) 5.56
(experimental)
(literatufe) 121.7

(experimental) 3.178"

- -
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,Téble I

Silver

.02059

©.04210

655.20
.0578
39.31
5.70

240.3

'240.0

6.113

Average of literature sources

Lead
.01842

.04117

707.43

-.0306

21.65

5.60

18.99

19.00

.8770

Hematite

.01842
.04208
306.00
.2030
63.95
5.58
12.10
ndne

.1892

Porous Carbon

.01958

.0?121

75.0

.2360

17.70

5.58
.0307
none’

.00173
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STANDARD CYLINDRICAL BRIQUETTE
S : Figure 1
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