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[57] ABSTRACT

A process for production and recovery of hydrocar-
bons from hydrocarbon-containing whole plants in a
form suitable for use as chemical feedstocks or as hy-
drocarbon energy sources which process comprises: (a)
pulverizing by grinding or chopping hydrocarbon-con-
taining whole plants selected from the group consisting
of Euphorbiaceae, . Apocynaceae, Asclepiadaceae,
Compositae, Cactaceae and Pinaceae families to a suit-
able particle size, (b) drying and preheating said parti-
cles in a reducing atmosphere under positive pressure
(c) passing said particles through a thermal conversion
zone containing a reducing atmosphere and with a resi-
dence time of 1 second to about 30 minutes at a tempera-
ture ‘within the range of from about 200° C. to about
1000° C., (d) separately recovering "the condensable
vapors as liquids and the noncondensable gases in a
condition suitable for use as chemical feedstocks or as
hydrocarbon fuels.

14 Claims, 1 Drawing Figure
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PLANT HYDROCARBON RECOVERY PROCESS

BACKGROUND OF THE INVENTION

This invention relates to a process for the production
and recovery of hydrocarbon chemical feedstocks and
hydrocarbon fuels from renewable plant sources using
whole plants.

In the prior art, industrial, farm and household wastes
have been taught as sources for recovery of organic
compounds by heating in the presence or absence of
oxygen. The presence of oxygen causes the reactor
product to contain significant amounts of carbon diox-
ide and water. If oxygen is not used to maintain combus-
tion, an indirect method of heating typically is used
with consequent problems of heat transfer. For exam-
ple, U.S. Pat. No. 3,639,111 teaches a method and appa-
ratus for destructively distilling kraft black liquor, gar-
bage, and organic wastes at an elevated temperature and
a controlled amount of oxygen insufficient for complete
combustion, the elevated temperature being above a
critical temperature zone, thereby reducing or cracking
gases from the material to stable end products, the tem-
perature being maintained to preclude recombination of
intermediate products. The cracking products are hy-
drogen, carbon monoxide and methane. Sulfur com-
pounds are scrubbed out as hydrogen sulfide. U.S. Pat.
No. 3,718,446 teaches the pyrolysis of kraft black liquor,
garbage, and organic wastes at a sufficiently high tem-
perature (of 800° C. to 1,200° C. or higher) and for a
sufficient length of time (of from 1 to 30 seconds) to
prevent recombination reactions and produce stable
products such as aromatic phenols, hydrogen, carbon
monoxide, carbon dioxide and methane. Gaseous emis-
sions from the pulping operation are the source of oxy-
gen. U.S. Pat. No. 3,729,298 teaches a process for dis-
posing of solid refuse by thermally decomposing it in a
shaft furnace with temperatures on the order of 3000° F.
and simultaneously producing a fuel or synthesis gas
primarily containing over 50% carbon monoxide by
combusting the char and hydrogen. A gas containing at
least 40% oxygen is fed into the furnace to create a
thermal driving force in excess of 1600° F. A reducing
atmosphere in the hearth is taught to prevent over-oxi-
dation of the char to CO; and oxidation of the metallic
components of the refuse although the process can be
operated under mildly oxidizing conditions. U.S. Pat.
No. 3,843,457 teaches a process for microwave pyroly-
sis of wastes to recover vaporizable organic compounds
such as organic acids and aldehydes from nominally
solid organic wastes by comminuting the wastes and
mixing them with a gas stream at a pressure substan-
tially less than atmospheric. The gases are preferably
reducing gases, particularly hydrogen. The commi-
nuted wastes are subject to microwave discharge which
effects molecular decomposition and the vaporized
components are thereby removed from the gas stream.
U.S. Pat. No. 3,983,009 teaches the destructive distilla-
tion of solid organic wastes to reduce volume and pro-
duce usable products such as oils, pyroligenous liquor,
methanol, acetone, combustible gases, and a high car-
bon char without environmental pollution. The hot
gases are fractionally distilled to remove useful prod-
ucts and are then recycled into the destructive distilla-
tion process with additional combustion air. U.S. Pat.
No. 4,002,438 teaches a method and a device for the
flash pyrolytic conversion of organic materials into
gaseous or liquid fuels comprising methane, hydrogen,
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2
ethane with some light oil fractions in a single self-con-
tained vessel wherein problems of clogging, coke for-
mation, and sludge formation are substantially avoided
by use of a mixture of dense, hard abrasion-resistant
material which is recycled with recycled product gas
and combustion air. U.S. Pat. No. 4,078,973 teaches a
closed loop pyrolysis process for organic solid wastes
wherein the heat is supplied by inert particles which are
heated in a separate combustion zone. The residence
time during pyrolysis is generally less than 10 seconds.
The pyrolysis temperature is between 600° F. and the
introduction temperature of the inert particles to the

Jpyrolysis zone which can be between 600° F. to about

2,000° F. The carrier gases are oxygen-free. The prod-
ucts are carbon-containing char, pyrolytic oils of an
oxygenated nature and gases primarily of the oxides of
carbon and light hydrocarbons. U.S. Pat. No. 4,153,514
teaches a process for recovery of chemical values from
waste solids wherein shredded waste. solids are inter-
mixed with hot char and a carrier gas and passed
through a pyrolysis zone under turbulent conditions at
temperatures of from 300° F.to 2000° F.

It is known also that pyrolysis of municipal waste
containing cellulose can produce olefins. When finely
divided cellulose-containing waste is rapidly heated to
700° C., olefins: are reported as being the dominant
product with a relatively dilute system and short resi-
dence times. ‘Aromatic tars or oxygenated organics
form if the reaction continues (Chemical & Eng. News,
Oct. 1, 1979, p. 37).

In the prior art, processes have been taught for recov-
ery of hydrocarbons from sources other than waste
materials. The crushing of oil seeds to obtain vegetable
oils is well-known as is also the distillation of pine
stumps to obtain naval stores. Crushing combined with
water extraction as well as catalytic processes are
known. For example, U.S. Pat. No. 1,740,079 teaches
the extraction of rubber from plants such as guayule.
The guayule plants are reaped and dried, then crushed
by rolls or other suitable machinery so as to open up the
pith seams and break the bark. The crushed plants are
cut into short pieces and soaked in water until the bark
and pith are soft. The entire mass of material is then
introduced into a water-filled ball mill and subjected to
the action of such mill until the bark and pithy material
are separated from the hard woody material. The bark
and pithy material are reduced to a pulp. The rubber
particles are freed from the rest of the material and are
agglomerated to rise to the surface of the water for
removal. As for processing the rubber from the guayule
plant, it has been reported (Chemical Engineering, May
8, 1978, p. 100) that a major problem is that about 25%
in unwanted resins normally comes out with the raw
rubber, Another extraction process for recovering hy-
drocarbon values from whole-plant feedstock crops
employs rolling mills that shear and compress plant
material between dissynchronous rollers. The action of
the rollers ruptures cellular material to facilitate down-
stream .extraction with solvents in contrast to the con-
ventional process in use which is wet milling (Chemical
Engineering, Sept. 11, 1978, p. 101). Catalytic processes
also have been developed. Hydrolyzed wood chips are
converted directly to an oil by means of a sodium car-
bonate catalyst and biomass is converted to hydrogen,
carbon monoxide and olefins to paraffinic fuels by use
of a Fischer-Tropsch-type catalyst (Chemical & Eng.
News Oct. 1, 1979, p. 35). Methods have been suggested
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to recover certain useful hydrocarbons from plant crops
such as solvent extraction of organic materials (Science,
198, Dec. 2, 1977, 942-944), pyrolysis of tree bark to
obtain benzene compounds (7r. Sib. Tekhnol Inst.,
1970, No. 43, 30-33; CA77:90240v), hydrolysis of car-
bohydrates in plant biomass to sugars for further pro-
cessing (Chemical & Eng. News, Apr. 3, 1978, 31).

Accordingly, the prior art teaches processes wherein
solid waste and waste products are used as sources of
organic compounds, by decomposition, by cracking or
by destructive distillation. Crushing and extraction pro-
cesses have also been taught. However, prior art pro-
cesses have not dealt with the problem of obtaining
hydrocarbons from hydrocarbon-containing plants
wherein the said hydrocarbons are recovered from a
crop in liquid and gaseous form suitable for use as fuel
or as chemical feedstocks.

An object of this invention accordingly is to provide
a process for production of chemical feedstocks and
hydrocarbon fuels from plant sources which permits the
effective utilization of whole plant biomass as a raw
material source. Another object of this invention is to
provide a process for the production of liquid and gase-
ous hydrocarbons from plant biomass in quantity. An-
other object is to provide increased production of liquid
and gaseous hydrocarbons from renewable natural re-
sources. Another object is to maximize production of
liquid and gaseous hydrocarbons with value as chemical
feedstocks and as fuels.

These and other objects and advantages of the pres-
ent invention will become clear from the following
specification.

SUMMARY OF THE INVENTION

A process for production and recovery of liquid and
gaseous hydrocarbons from hydrocarbon-containing
whole plants which are suitable as chemical feedstocks
or as fuels wherein pulverized plant biomass is ther-
mally converted in an autothermic furnace at a tempera-
ture within the range from about 200° C. to 1000° C. for
1 second to 30 minutes, the resulting liquid and gaseous
hydrocarbons are recovered in a condition suitable for
use as chemical feedstocks or as hydrocarbon fuels.

DETAILS OF THE INVENTION

The invention relates to a process for producing and
recovering liquid and gaseous hydrocarbons from
whole plants which are rich in hydrocarbons. Examples
of these plants are Euphorbia heterophylla, Euphorbia
lathyrus, Euphorbia marginata, Asclepias syriaca, Calotro-
pis procera, and Apocynum sibiricum. The invented pro-
cess is not limited to these plants and can be applied to
any hydrocarbon-containing plant including those in
the Euphorbiaceae, Apocynaceae, Asclepiadaceae,
Compositae, Cactaceae and Pinaceae families.

The present invention is directed to a process for the
thermal conversion of pulverized biomass in a reducing
atmosphere at 200° C. to 1000° C. wherein increased
yields of liquid and gaseous hydrocarbons are obtained.
The reducing atmosphere is obtained and sustained by
the hydrocarbon content of the plant raw material, the
oxygen input and the reaction of char with oxygen in
the char oxidation zone to produce and maintain the
required temperature. Excess oxidation of the hydro-
carbon products to less valuable materials is controlled
by the presence of the reducing atmosphere. The liquid
and gaseous hydrocarbons produced can be used as fuel
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gases or as feedstocks for chemical manufacture. The
excess char is removed to serve as fuel.

FIG. 1 is a schematic illustration of the invention
according to which the biomass is thermally converted
in a reducing atmosphere to produce hydrogen, meth-
ane, acetylene, ethylene, butene, carbon monoxide, etc.,
and liquids composed of aliphatic, aromatic and func-
tionalized compounds containing nitrogen and oxygen.
FIG. 1 depicts a gravity autothermic furnace.

The cracking zone and conversion zone reactions are
moderated and controlled by the amount of oxygen
introduced into the furnace and the amount of char
which is removed. Any suitable amount of oxygen can
be used from about 0.1 up to approximately 1 to 2
pounds of oxygen (as molecular oxygen) per pound of
char oxidized. Excess quantities of oxygen over the
amount required to obtain the required temperature will
diminish or eliminate the reducing atmosphere and af-
fect the yield of desired products.

Referring to FIG. 1, the whole-plant biomass is intro-
duced by line 1 to the chopper or grinder 2. Chopped
and pulverized material is fed by line 3 to a moving bed
furnace 4. The entry to the moving bed furnace 4 by the
pulverized biomass is through an airlock feeder 5. The
chopped biomass encounters the drying and preheating
zone 6 wherein a reducing atmosphere is present at a
temperature within the range of from about 100° C. to
about 700° C. upon entry into the furnace 4. Air entry
into zone 6 is restricted by the compacting of the bio-
mass and the positive pressure developed within the
body of the furnace 4, thus maintaining the reducing
atmosphere. The dried and heated biomass gravitates
into the thermal conversion zone 7 wherein carbon
monoxide, methane and other reducing gases as well as
carbon dioxide from oxidation zone 8 are present at a
temperature within the range of from 200° C. to 1000°
C. The product gases from the thermal conversion zone
7 rise through the drying and preheating zone 6 and are
removed by line 9. The product gases are passed to a
condenser 10 for collection of liquids. Oxygen is intro-
duced into the oxidation zone 8 by line 11. The oxida-
tion zone temperature is within the range of from about
500° C. to about 1000° C. Char and ash are removed by
line 12 through an air-lock discharge 13. A positive
pressure gradient is maintained within the furnace rela-
tive to the exterior of the furnace to prevent entry of air
into the furnace and to maintain the reducing atmo-
spheres in the preheating and thermal conversion zones.

The present invention accordingly is directed to a
process for the thermal conversion of biomass in a re-
ducing atmosphere wherein increased yields of liquid
and gaseous hydrocarbons are obtained from whole
plants which contain hydrocarbons at a temperature
within the range from about 200° C. to about 1000° C.

Although non-hydrocarbon containing plants can be
used as the feed biomass, it is preferred that hydrocar-
bon containing plants selected from the group consist-
ing of Euphorbia heterophylla, E. lathyrus, E. marginata,
Asclepias syriaca, Calotropis procera and Apocynum sibiri-
cum and other hydrocarbon-producing plants in the
Euphorbiaceae, Apocynaceae, Asclepiadaceae, Com-
positae, Cactaceae and Pinaceae families be utilized as
the feed material. Substantially larger quantities of lig-
uid hydrocarbons and gases are produced from these
hydrocarbon-containing plants than from non-hydro-
carbon containing plants by the invented process.

An essential element of this invention is an autother-
mic furnace wherein the pulverized whole-plant bio-
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mass feed is exposed to temperatures of from 200° C. to
about 1000° C. in the thermal conversion zone for a
period of from about 1 second to 30 minutes, preferably
for a period sufficiently long enough to convert the
hydrocarbons contained. in the plants to liquids and
gaseous products. The furnace is defined as an autother-
mic furnace wherein combustion of part of the feed-
stock with preferably oxygen (and less preferably—air)
supplies precisely the amount of heat required for ther-
mal conversion of the hydrocarbons contained in the
biomass to liquid and gaseous products. The autother-
mic furnace can be of the moving bed type wherein
gravity causes the biomass to progress from one zone to
another as a moving bed feed stream. A continuous
moving bed furnace dependent upon a rotating bed can
also be used.

The gravity autothermic type is preferred. Char from
the biomass progresses downward and is removed from
the gravity autothermic furnace and can be used as a
fuel source. If the temperature and or/residence times
are too low, the conversion of hydrocarbon content of
the plants is incomplete. When the temperature and/or
residence time are too high, the products are thermally
degraded and give low yields of usable chemical feed-
stocks or hydrocarbon fuels because of degradation.
Use of excess oxygen results in production of carbon
dioxide. An essential element of the present invention
accordingly is control of the oxygen feed to maintain a
reducing atmosphere at a temperature within the range

of from about 100° C. to 1000° C., i.e., from about 100°

C. to about 700° C. in the preheating zone and from
about 200° C. to about 1000° C. in the thermal conver-
sion zone. .

Condensable liquids obtained in thermal conversion
of hydrocarbon-containing whole plants are complex

mixtures of at least 50 components. They are composed:

of aliphatic, aromatic and functionalized compounds
containing oxygen and nitrogen. In general, these or-
ganic liquids are soluble in solvents of moderate polar-
ity and are less soluble in very polar or nonpolar sol-
vents. Elemental composition of organic liquids ob-
tained in thermal conversion of hydrocarbon-contain-
ing whole plants (i.e.; E. marginata, E. lathyrus and C,
procera) has been determined as being as follows: carbon
70-84(wt)%;  hydrogen - 5.9-6.8(wt)%; oxygen
10-17(wt)%; nitrogen 2.0-4.1(wt)%. In.contrast to the
above analyses, nonhydrocarbon-containing whole
plants (i.e., sudangrass) have analyzed as follows: car-
bon 56(wt)%; hydrogen 7.6(wt)%; oxygen 31(wt)%,
and nitrogen 1.2(wt)%.

By moving bed feed stream is meant a stream of bio-
mass particles flowing downward through the preheat-
ing temperature zone of about 100° C. to about 700° C.
and the thermal conversion temperature zone of about
200° C. to-about 1000° C. wherein the contained hydro-
carbons are thermally driven from the biomass, are
cracked and flow upwards through the incoming pul-
verized biomass feed. The char is partially combusted to
serve as a source of heat. The remaining char and ash
progress through the furnace (downward in-a gravity
type) to be removed through an air lock discharge.

The invented process can be carried out in either a
batch or continuous type operation. The continuous
process is preferred and is as described in the following
specification. For continuous operation various reactor
designs could be used but use of a vertical shaft moving
bed furnace is preferred.
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In general, the process of the instant invention in
operation is as follows. Whole plant biomass which has
been chopped and pulverized to a particle size wherein
the cell walls have been ruptured is preheated at a tem-
perature of from about 100° C. to about 700° C. to fully
dry the material, if water is present, and to permit con-
trol of the chemical reaction in the thermal conversion
zone which follows, thereby obtaining optimum desir-
able product distribution. The dried whole plant bio-
mass is thereupon thermally decomposed in an auto-
thermic furnace (gravity or rotating bed) in a reducing
atmosphere with a residence period of 1 second to 30
minutes at a temperature within the range of from about
200° C. to 1000° C. Field-dried whole plants which have
been sun-dried to approximately 10-20 (wt) ‘percent
water can be used. A higher moisture content can be
reduced by lengthening the preheat and drying zone. If
sun-drying is not feasible, suitable drying equipment can
be used.

The biomass char serves as fuel. The excess char and
ash are removed as bottoms from the moving bed fur-
nace vessel. The overhead comprising ethylene and
other hydrocarbon gases and liquid condensables is
transferred to a condenser wherein the condensable
liquids were removed for use as they are or for further
thermal cracking to low molecular weight hydrocar-
bons.

An alternative embodiment utilizes solvent extraction
of the whole-plant biomass wherein hydrocarbon-con-
taining biomass is chopped or ground to a suitable parti-
cle size for solvent extraction, the particles are perco-
lated in a solvent suitable for solvent extraction such as
acetone, butanol, etc. The solvent extract containing
hydrocarbon resins is evapoated to dryness, the solvent
being recovered. The hydrocarbon resin is thereupon
pulverized and fed to the moving bed furnace. The
advantage of using hyrocarbon resin extracts as feed is
that the amount of usable chemical feedstock such as
ethylene and propylene, can be increased as is indicated

in the following table. Individual plant biomass can

result in differing results. An externally fired reactor
(coker) can also be used.

TABLE 1

Thermal Conversion of E. Lathyrus
Plants - Plant Extracts and Whole Dried
Plants at 850° C. Under Helium

Plant Whole
Acetone Extracts " Dried Plants
) % (wt) % (wt)
Char . 18.3 320
Liquid : 13.3 17.6
Carbon Monoxide 5.8 8.0
Hydrogen 0.8 1.5
Methane 5.0 57
Ethylene ' 16.7 5.0
Ethane : 25 0.9
Propylene 5.8
Benzene 4.2 . 1.0
Carbon Dioxide 27.5 27.8
Acetylene — 1.0
Total 100 100

" The raw materials for the process of this invention
can be, as stated, the ground or chopped pulverized
whole-plant biomass of hydrocarbon-containing plants
or the extracted hydrocarbon resins of these plants. The

ground or chopped biomass before drying can have a

water content varying up to about 98%, the water con-
tent of fresh plant materials being about 70 to 98% by
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weight. For use in the process of this invention the feed
materials fed to the autothermic furnace preferably are
pulverized wherein the cell walls are ruptured.

Field-dried materials are preferred for economic rea-
sons. However, if field-dried materials are not available
the whole plant biomass can be fed into a drier and the
moisture content lowered therein to less than 15(25)%
and preferably to from 5 to 10(wt)%. It is not essential
to the process of this invention that the materials be
completely dry before introduction into the furnace.

Any well known drying implement capable of the
requirements of the operation can be used within the
scope of the invention. A rotary dryer which can use a
portion of the hot gases from carbonization of the char
produced by the thermal decomposition process is pre-
ferred. This gas can be used to heat the whole plant
biomass to a temperature. of approximately 100° C. to
drive off the contained water.

Accordingly whole-plant biomass or biomass hydro-
carbon resin extract is fed into an autothermic furnace
wherein the preheat temperature is within the range of
from about 100° C. to about 700°. C. and wherein con-
trolled thermal conversion at a temperature of from
about 200° C. to about 1000° C. takes place. The process
uses oxygen because any carbon dioxide in the product
gases can be removed easily. The use of air or a carrier
gas is not preferred as the presence of nitrogen or inert
gases in the product gases dilutes the product gases and
substantially reduces their heating value. Moreover, the
high dilution with nitrogen reduces the potential utility
of the product gases as chemical raw materials.

Control of temperature of the autothermic furnace by
controlling oxygen input is essential to the process. Use
of a high ratio of oxygen to biomass feed creates unde-
sirable conditions within the furnace. With a high oxy-
gen to biomass ratio, the thermal conversion tempera-
ture can exceed required temperature ranges, the reduc-
ing atmosphere is diminished and production of carbon
dioxide and water is maximized. Preferred temperature
range minimizes production of carbon dioxide and max-
imizes a reducing atmosphere and production of or-
ganic liquids and gases suitable as chemical feedstocks
and as fuels. :

An autothermic moving bed furnace is preferred in
the process of the instant invention. A vertical shaft
autothermic moving bed furnace is preferréd as being
simplest in conception and lowest in capital cost al-
though a horizontal autothermic moving bed furnace
can be used. A rotary autothermic kiln can be used but
sealing the discharge and the rotating cylinder from the
stationary feed source can be a problem. In the vertical
shaft autothermic moving bed furnace, the feed material
is fed through the top of the furnace through an airlock.
The moving bed vertical autothermic furnace has a
drying zone in the top portion, a thermal conversion
zone in the middle portion and an oxidation zone in the
bottom portion where the char is burned to produce
heat. The feed material compacts the feed passing
through the airlock and prevents the admittance of air.
Generated product gases pass upward through the shaft
and are removed near the top of the furnace. A char
discharge airlock at the base of the furnace permits
removal of char generated within the furnace. Temper-
ature control is maintained by monitoring the oxygen to
biomass ratio with required instrumentation.

Generated product gases are passed through a con-
denser in order to trap liquid products. Gaseous prod-
ucts.are collected in a container designed for this pur-

20

25

30

35

40

45

50

55

60

65

8

pose. The condenser can use commercially available
techniology with precautions taken to avoid fouling due
to‘tar buildup and with short contact time to stop fur-
ther chemical reactions.

In the alternative embodimént, plant extracts for
which this process can be used include those from the
Euphorbiaceae, Asclepiadaceae, Cactaceae,- Apocyna-
ceae, Pinaceae, and Compositeae families although the
invention is applicable to any plant-derived hydrocar- -
bon resin. Fresh plants are extracted with acetone, cy-
clohexane, benzene or any other solvent of choice. The
solvent is evaporated and the extracts are thermally
converted at temperatures from 200° C. to 1,000° C.
Preheating of the extract at temperatures of 200° C. to
700° C. permits control of the chemical reaction at the
thermal conversion temperature which follows, thus
obtaining optimum desirable product distribution.

The potential of this recovery method is to obtain
gaseous and liquid hydrocarbons such as methane, eth-
ane, ethylene, acetylene, ethane, propylene, benzene, as
well has hydrogen from plants rich in hydrocarbons.
The liquid fraction can be used as is or recycled for
further cracking to low molecular weight products.
Carbon dioxide produced in the process can be easily
removed from the product stream by conventional ab-
sorption technology.

Embodiments of the present invention may be found
in the following examples. Helium was used to maintain
the equivalent of a reducing atmosphere. These embodi-
ments and examples are presented for purposes of illus-
tration only and are not intended to limit the scope of
the invention.

EXAMPLE I

The following example simulates an autothermic
moving bed furnace wherein the feed material pro-
gresses through a drying zone and thence to a thermal
conversion zone.

1.00 g portion of E. lathyrus was ground, placed in a
boat and inserted into a preheating zone at 630° C. to
remove water present. Helium gas was used to exclude
oxygen, thereby providing a reducing atmosphere to
carry the volatilized and partially thermally converted
material to the reaction zone which was heated to 950°
C. Residence time was 4 seconds. Liquid products were
trapped in a container cooled with dry ice-acetone and
gases were collected in a special plastic container. The
yield of char was 33.3 percent and the yield of liquid
products was 4.5 percent. The gaseous mixture was
analyzed by mass spectroscopy and the yields calcu-
lated from the total amount of gases collected. The
yield of carbon monoxide was 8.3%, carbon dioxide
19.8 percent, methane 6.4 percent, acetylene 1.1 per-
cent, ethylene 6.1 percent, and benzene 1.4 percent
among other gaseous products. Total hydrocarbon
yield was 21.0 percent based on dry weight of the start-
ing plant material. The carbon dioxide produced was an
indication of oxygen in the plant biomass feed.

EXAMPLE II

‘A 1.0 g sample of dried E. marginata was thermally
converted as-described in Example I employing a tem-
perature of 950° C. the yield of char was 31.1%, liquid
products 12.6%, carbon monoxide 13.3%, carbon diox-
ide 17.7%, methane 3.9% acetylene 1.1%, and ethylene
4.0%. Total hydrocarbon yield was 21.6%.
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EXAMPLE III

A 1.0 g sample of dried 4. syriaca was thermally
converted as described in Example I employing a tem-
perature of 950° C. The yield of char was 27.7%, liquid
products 7.7%, carbon monoxide 5.7%, carbon dioxide
8.5%, methane 6.0%, acetylene 0.8%, ethylene 4,5%
and benzene 0.5%. Total hydrocarbon yield was 18.2%.

EXAMPLE IV

A 1.00 g sample of dried Sudangrass was thermally
converted as described in Example 1 employing a tem-
perature of 950° C. The yield of char was 32.0%, liquid
products 6.5%, carbon monoxide 14.2%, carbon diox-

ide 12.9%, methane 3.6% and ethylene 3.2%. Total

hydrocarbon yield was 14.4%.
EXAMPLE V

A 1.00 g sample of dried corn stovers was thermally
converted as described in Example I employing a tem-
perature of 950° C. The yield of char was 28.3%, liquid
products 8.9%, carbon monoxide 16.8%, carbon diox-
ide 13.5%, methane 3.8% and ethylene 3.3%. Total
hydrocarbon yield was 17.1%.

EXAMPLE VI

1.00 g samples of hydrocarbon-containing plants of E.
lathyrus, G. Squarrosa, E. marginata, A. syriaca and C.
procera were thermally converted as described in Exam-
ple I. 1.00 g samples of nonhydrocarbon containing
dried plants of S. sudanense, H. tuberosus and corn sto-
vers were also thermally converted. The results are
shown in Table II. The data are averages of two runs.

TABLE II

Hydrocarbon-Containing and Non-Hydrocarbon
Containing Plants - Thermal Conversion
at 950° C. Under Helium

Organic = Hydrocarbon Total

Liquids Gases Cols.
Hydrocarbon Char wt % wt % A&B
Containing . wt % (A) B wt %
E. lathyrus C326 6.3 140 . 203
E. marginata 28.9 12.6 9.0 21.6
G. squarrosa 28.6 9.1 10.2 19.3
A. syriaca : 27.7 7.8 10.5 18.3
C. procera © 317 11.0 7.5 185
Averages 29.9 9.5 10.6 19.83
Non-Hydrocarbon
Containing
S. sudanense 315 - 6.8 79 14.7
H. tuberosus - 37.2 1.9 ) 6.9 14.8
Corn Stovers 27.3 8.2 8.2 16.4
Averages 320 - 7.6 7.7 16.0

Calc.*
. Total
Total Calc.* BTU/ft?
Hydrocarbon Cols. A& B Total Gaseous
Containing : wt % BTU/1b Products
-E. lathyrus : 20.3 : 15,100 595
E. marginata 21.6 13,000 —_
G. squarrosa 19.3 — 593
A, syriaca 18.3 — 573
C. procera 18.5 13,900 —
Averages 19.8 ) 587
Non-Hydrocarbon '
- Containing

S. sudanense 14.7 10,450 515
H. tuberosus 14.8 — -
Corn Stovers™ . 16.4 — 506
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TABLE II-continued

) Hydrocarbon-Co‘méining and Non-Hydrocarbon
Containing Plants - Thermal Conversion
at:950° C. Under Helium

Averages " 16.0 510

*Calculated: based on standard heats of combustion, Handbook of Chem., Lange,
10th Ed., McGraw-Hill, N.Y., 1961

"The above data indicate the relative increased yield
of hydrocarbon gases and organic liquids from hydro-

* carbon containing plants versus non-hydrocarbon con-
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taining plants. The data are not considered to be di-
rectly comparable but are considered to indicate ap-
proximate relative yields and increased availability of
products suitable for fuel use as obtained by the instant
process. '

EXAMPLE VII

The following example simulates an autothermic
moving bed furnace wherein the hydrocarbon extract
feed material progresses through a drying zone and
thence to a thermal conversion zone.

A 1.0 g portion of E. lathyrus cyclohexane extract was
inserted into a preheating zone at 620° C. Helium gas was
used to exclude oxygen-containing gases, thereby pro-
viding a reducing atmosphere, and as the carrier gas.
The reaction zone was heated to 800° C. The volatilized
sample was passed through the reaction zone with a
residence time of 4 seconds. Liquid products were
trapped in a container cooled with dry ice-acetone and
gases were collected. in a special plastic container. The
yield of char was 17.7 percent and liquid fraction was
obtained in' 10.9 percent yield. Collected gases were
analyzed by mass spectroscopy and yields calculated
from the total amount of gases collected. The yield of
carbon monoxide was 6.1 percent, carbon dioxide 18.9

. 'percent, methane 4.7 percent, ethylene 16.5 percent,
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ethylene 16.5 percent, ethane 2.4 percent, propylene 5.6
percent, butenes 2.2 percent and benzene 4.2 percent.

EXAMPLE VIII

A 1.00 g portion of Grindelia squarrosa acetone ex-
tracts was thermally converted as described in Example
VII employing a preheater temperature of 600° C. The
yield of char was 3.7 percent, liquid fraction 25.0 per-
cent, carbon monoxide 2.2 percent, carbon dioxide 13.4
percent, methane 8.9 percent, ethylene 11.7 percent,
ethane 1.9 percent, propylene 4.9 percent, and benzene
1.7 percent.

EXAMPLE IX

A 1.00 g portion of 4. syriaca acetone extracts was
thermally converted as described in Example VII. Pre-
heater temperature was 600° C. The yield of char was
5.5 percent, liquid products 11.4 percent, carbon mon-
oxide 1.5 percent, carbon dioxide 7.9 percent, methane
10.3 percent, ethylene 20.7 percent, ethane 3.0 percent,
propylene 7.6 percent, and benzene 1.3 percent.

Details are shown in Table II of Examples VII-IX.
As shown in Table 11, the amount of char varied from as
low as 4-5 percent for G. squarrosa and A. syriaca to 25
percent for E. tirucalli The yield of liquid products
ranged from 10 to 30 percent. Preheater temperature
was 600° C. Thermal conversion of E. lathyrus extracts
at various temperatures showed increasing yields of
liquid products with decreasing temperatures. The lig-

_ uids are complex mixtures, hydrocarbon in nature, hav-
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ing both aromatic and aliphatic components. The com-
position of gaseous products and yields of gaseous hy-
drocarbons vary from plant to plant. Best yields of ca.
40 percent hydrocarbon gases were obtained from 4.
syriaca extracts. Total hydrocarbon yields (liquid frac-
tion plus hydrocarbon gases) for the plants studied
ranged from 40 to 55 percent.

TABLE II

Thermal Conversion of Plant

Extracts at 4 Seconds
Yield
Hydro-
carbon
Gases
Organic Plus
Liquid Organic
Temp. Char Fraction Liquids
No. Plant (°C) Wt%) (Wt%) (wt%)
115 E. lathyrus 950 17.9 17.1 43.3
116 E. lathyrus 950 17.2 12.9 49.9
117 E. lathyrus 800 19.0 11.5
118 E. lathyrus 800 17.7 10.9 46.5
119 E. lathyrus 600 17.5 32.5
120 E. lathyrus 600 18.1 334 514
137 E. heterophylla 800 18.1 39.9 58.2
138 E. heterophylla 800 16.3 23.6 45.4
140 E. tirucalli 800 24.7 22.5 38.6
141 E. tirucalli 800 26.1 27.7 43.9
142 Grindelia/squarrosa 800 3.7 26.0 55.1
143 Grindelia/squarrosa 800 4.3 23.2 50.6
144 Apocynum sibiricum 800 18.2 12.5 39.2
145  Apocynum sibiricum 800 14.8 11.8 43.2
146  Asclepias tuberosa 800 23.2 20.8 37.6
147  Asclepias tuberosa 800 22.6 25.8 44.2
150 E. marginata 800 18.1 26.0 46.6
151 E. marginata 800 18.8 26.8 47.1
156 A. syriaca 800 4.7 10.0
157  A. syriaca 800 5.5 11.4 54.3
EXAMPLE X

An embodiment of the instant invention is as follows:

E. lathyrus plants are treated in the following manner.

A vertical moving bed furnace is used corresponding
to the diagram in FIG. 1.

E. lathyrus biomass of a moisture content of under 20
(wt) % is ground to a suitable particle size in a separate
grinder or chopper. The ground E. lathyrus biomass is
fed to the moving bed furnace through an airlock at the
top of the furnace. Oxygen in controlled amounts is fed
into the oxidation zone at the bottom of the furnace.
The amount of oxygen fed is controlled by analysis of
the exit gases.

Calculated BTU value of net gaseous products of
moving bed furnace using E. lathyrus as feed is about
590-600 BTU/cubic feet.

What is claimed is:

1. A process using whole-plant biomass for produc-
tion of fuel gases and organic liquids suitable for use as
hydrocarbon fuels and as chemical feedstocks which
comprises:

(a) feeding a ground or chopped whole-plant biomass
of a suitable particle size to an autothermic furnace
containing a heating and drying zone, a thermal
conversion zone and an oxidation zone wherein
said furnace is a moving bed furnace and means are
provided for exclusion of oxygen-containing gases
from the inlet port,

(b) heating and drying said biomass with reducing
gases at a temperature within the range of from
about 100° C. to 700° C.,,

(c) removing said biomass from said heating and dry-
ing zone to said thermal conversion zone wherein a

5

10

20

25

30

35

40

45

50

60

65

12
reducing atmosphere is present at a temperature of
200° C. to 1000° C.,

(d) exposing said biomass in thermal conversion zone
to said temperature for a period of 1 second to 30
minutes,

(e) removing said biomiass from thermal conversion
zone to oxidation zone wherein said biomass is
partially oxidized to'char at a temperature of 500°
C. to 1000° C. in the presence of oxygen-containing
gases selected from the group consisting of molecu-

- lar oxygen and air,

(f) removing said biomass from said oxidation zone
wherein means are provided for exclusion of oxy-
gen-containing gases from the outlet port,

(g) removing product gases from heat and drying
zone,

(h) recovering liquid condensables from product
gases.

2. The process.of claim 1 wherein the ratio of said
oxygen-containing gases to said biomass oxidized to
char is within the range of from about 0.1 to about 2
pounds of oxygen as molecular oxygen per pound of
char oxidized.

3. The process of claim 2 wherein sald oxygen-con-
taining gas is molecular oxygen.

4. The process of claim 1 wherein said autothermic
furnace is a gravity autothermic furnace.

5. The process of claim 1 wherein said autothermic
furnace is a rotating bed aytothermic furnace.

6. The process of claim 1 wherein the said biomass
comprises hydrocarbon-contammg plants selected from
the group of plant families consisting of Euphorbiaceae,
Asclepiadaceae, Cactaceae, Apocynaceae, Pinaceae
and Compositae families.

7. The process of claim 1 wherein said hydrocarbon-
containing plants are selected from the group consisting
of Euphorbia heterophylla, Euphorbia lathyrus, Euphor-
bia marginata, Asclepias syriaca, Calotropis procera and
Apocynum sibiricum.

8. A process for production of fuel gases and organic
liquids suitable for use as’ hydrocarbon fuels and as
chemical feedstocks from hydrocarbon-containing bio-
mass which process comprises:

(a) grinding or chopping hydrocarbon-containing
biomass to a particle size suitable for solvent ex-
traction, '

(b) percolating said particles in a solvent suitable for
hydrocarbon extraction to form a solvent extract of
said hydrocarbon-containing biomass,

(c) evaporating solvent from said solvent extract to
obtain hydrocarbon resin extract,

(d) feeding said hydrocarbon resin extract chopped
or ground to a suitable particle size to an autother-
mic furnace containing a heating zone, a thermal
conversion zone and an oxidation zone wherein
means are provided for exclusion of oxygen-con-
tammg gases from inlet port,

(d) heating said hydrocarbon resin extract with re-
ducing gases at a temperature within the range
from about 100° C. to 700° C

(e) removing said hydrocarbon resin extract from said
heating zone to said thermal conversion zone
wherein a reducing atmosphere is present at a tem-
perature from about 200° C. to 1000° C.,

(f) exposing said hydrocarbon resin extract in- said
thermal conversion zone to said temperature for a
period of from about 1 second to 30 minutes, ’
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(g) removing said hydrocarbon resin extract from
said thermal conversion zone to said oxidation zone
wherein said hydrocarbon resin extract is partially
oxidized to char at a temperature of from about 50°

- C. to about 1000° C. in presence of oxygen-contain-

ing gases selected from the group consisting of
molecular oxygen and air,

(h) removing ash and char from said hydrocarbon
resin extract from said oxidation zone wherein
means are provided for exclusion of oxygen-con-
taining gases from the outlet port,

(f) removing product gases from heating zone,

(i) recovering liquid condensables from product
gases. '

9. The process of claim 8 wherein the ratio of said
oxygen-containing gases to said hydrocarbon resin ex-
tract oxidized to char in said oxidation zone is within
the range of from about 0.1 to about 2 pounds of oxygen
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as molecular oxygen per pound of hydrocarbon resin
extract oxidized.

10. The process of claim 9 wherein said oxygen-con-
taining gas is molecular oxygen.

11. The process of claim 8 wherein said autothermic
furnace is a gravity autothermic furnace.

12. The process of claim 8 wherein said autothermic
furnace is a rotating bed autothermic furnace.

13. The process of claim 8 wherein said hydrocarbon-
containing biomass comprises hydrocarbon-containing
plants selected from the group of plant families consist-
ing of Euphorbiaceae, Asclepiadaceae, Cactaceae,
Apocynaceae, Pinaceae, and Compositae families. -

14. The process of claim 13 wherein said hydrocar-
bon-containing plants are selected from the group con-
sisting of Euphorbia heterophylla, Euphorbia lathyrus,
Euphorbia marginata, Asclepias syriaca, Calotropis proc-
era, Apocynum sibiricum, Grindelia squarrosa, Euphorbia

tirucalli, and Asclepias tuberosa.
* % % % %
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