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[57] ABSTRACT

Cellulosic material is converted to ethanol by hydrolyzing
the cellulosic material in a gravity pressure vessel (50), and
fermenting the product thereof. The gravity pressure vessel
(50) employed is adapted to accommodate a continuous
hydrolysis reaction and maximize the fermentable product
yield on a commercial scale. The gravity pressure vessel
(50) employed is also adapted to maximize the thermody-
namic efficiencies of the hydrolysis reaction, as well as the
entire ethanol producing process.
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APPARATUS FOR HYDROLYZING
CELLULOSIC MATERIAL

This application is a division of application Ser. No.
08/644,401, filed May 1, 1996, now U.S. Pat. No. 5,711,817.

TECHNICAL FIELD

The present invention is generally directed toward a
process whereby cellulosic material is converted to ethanol.
Specifically, the present invention is directed toward an
apparatus and method for the hydrolysis of cellulosic mate-
rial to sugars which may be subsequently fermented. More
specifically, the present invention is directed to an apparatus
and method for the conversion of cellulosic material sus-
pended in a fluid mixture via acid hydrolysis in a gravity
pressure vessel.

BACKGROUND ART

Ethanol is a viable, economical, and relatively clean fuel
substitute or additive. It is easily obtained from the fermen-
tation of grain or other substances containing sugars and
starches. Although grain and other sugar-bearing substances
are in abundance, the conversion of cellulosic material, such
as found in municipal solid waste, to sugar followed by the
fermentation of the sugar has been found useful for the
purpose of obtaining ethanol. The use of such waste cellu-
lose has been particularly attractive in the face of higher
grain costs and concerns about waste disposal.

Cellulosic material generally includes waste paper, agri-
cultural chafe, municipal solid waste residual fluff, and
wood products. These substances are converted to sugar via
hydrolysis. Heretofore in the art, cellulosic material has been
hydrolyzed by first reducing the material to a pulp and
reacting that pulp with sulfuric acid. Upon the introduction
of heat, hydrolysis begins and the cellulosic material is
converted to sugar. The reaction is quenched by rapid
cooling of the mixture, followed by acid neutralization.
Rapid quenching is necessary because the hydrolysis reac-
tion is virtually instantaneous, and over exposure to heat and
acidic conditions will result in the decomposition of the
sugar product thereby reducing yield.

This process, however, is thermally inefficient because the
heat introduced to the system is lost through the rapid
cooling of the system. Furthermore, inefficiencies resulting
from the use of thick pulp solutions of cellulosic material,
which conventionally contains approximately 20% sus-
pended solids, have been recognized. Specifically, these
solutions require screw augers to accomplish the required
mixing of acid and heat. Thus, when a reaction vessel is
1,000 cubic feet, which is the minimum for commercial
quantities, the time to achieve uniform mixing can be as long
as twenty minutes. In addition to the inefficiencies associ-
ated with powering the auger, this process will result in poor
sugar yields as the time required to uniformly mix the pulp
is typically too long, resulting in the decomposition of the
resulting sugar.

Although the problems associated with the use of thick
pulps can be overcome by simple dilution with water, the
added energy required to handle such liquid results in further
inefficiencies. Indeed, the total energy required to produce
ethanol via such a process is greater than the heat of
combustion of the resulting ethanol.

Thus, a need exists to convert cellulosic material to sugar
for the purpose of obtaining ethanol in an efficient manner.
Specifically, to create an economical fuel substitute or
additive, the thermal and chemical inefficiencies associated
with the processes of hydrolysis described hereinabove must
be overcome.
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Numerous methods and reactions for carrying out
hydrolysis are known in the art. For example, Titmas in U.S.
Pat. Nos. 3,853,759 and 4,792,408 discloses a continuously
flowing hydraulic column wherein materials suspended in
water are heated and gravity pressurized to effect hydrolysis.
The heated material is forced upward by column pressure
and thereby cooled and depressurized. Although this process
could handle large quantities of cellulosic material, poor net
sugar yield would be obtained because there is no means to
control or manipulate the length of the hydrolysis reaction,
nor is there any means to abruptly and specifically control
the quenching of the reaction. To achieve satisfactory sugar
yields, the hydrolysis reaction must be stopped part way
through the normal coarse of chemical events. This has not
been accomplished heretofore in the art.

Also, Pavilon, U.S. Pat. No. 5,135,861, discloses a
method of producing ethanol from an aqueous slurry of
biomass. The carbon dioxide resulting from fermentation is
captured and used to catalyze the hydrolysis of the biomass.
Pavilon, however, fails to efficiently utilize the heat needed
for hydrolysis to catalyze further hydrolysis reactions, and
thus the energy needed to convert the biomass to ethanol is
greater than the resulting heat of combustion of the ethanol.

Thus, there remains a need for a method and apparatus for
the conversion of cellulosic material to ethanol. Specifically,
there remains a need for a method an apparatus for the
efficient hydrolysis of cellulosic materials which includes
improving sugar yield and capturing the heat needed for
hydrolysis to further additional hydrolysis which will in turn
result in a process that is both cost effective and thermody-
namically efficient.

DISCLOSURE OF THE INVENTION

It is therefore a primary object of the present invention to
provide a method for the hydrolysis of cellulosic material to
sugar.

It is a further object of the present invention to provide a
method for the hydrolysis of cellulosic material, as above,
that has improved chemical and thermal efficiency.

It is still a further object of the present invention to
provide a method for the hydrolysis of cellulosic material, as
above, that is continuous and capable of hydrolyzing large
volumes of cellulosic materials.

It is a further object of the present invention to provide a
method for the hydrolysis of cellulosic material, as above,
whereby a significant portion of the fluid temperature is
internally recovered.

It is another object of the present invention to provide an
apparatus for the hydrolysis of cellulosic materials.

It is yet another object of the present invention to provide
an apparatus, as above, that efficiently recovers and utilizes
the heat needed for hydrolysis to initiate further hydrolysis
reactions.

It is still another object of the present invention to provide
an apparatus, as above, that effectively provides for a
predetermined reaction time and acidity level so as to
maximize sugar yield.

At least one or more of the foregoing objects of the
present invention together with the advantages thereof over
existing methods and apparatus for hydrolyzing cellulosic
materials, which shall become apparent from the specifica-
tion which follows, are accomplished by the invention as
hereinafter described and claimed.

In general, the present invention provides a method of
hydrolyzing cellulosic material including the steps of pro-
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cessing the cellulosic material into a liquid stream, feeding
the liquid stream to the top of a hydraulic downdraft column,
conducting the liquid stream from the bottom of the hydrau-
lic downdraft column into a reaction area, heating the liquid
stream and lowering the pH of the liquid stream within the
reaction area, thereby hydrolyzing the cellulosic material to
form sugar within the liquid stream, and conducting the
liquid stream containing the sugar from the reaction cham-
ber to the top of a hydraulic updraft column.

The present invention further provides a method of con-
verting cellulosic material to ethanol including the steps of
processing the cellulosic material into a liquid stream,
reacting the liquid stream within a gravity pressure vessel
thereby converting the cellulosic material to sugar, and
fermenting the sugar thereby forming ethanol.

The present invention also provides an apparatus for
hydrolyzing cellulosic material within a continuous liquid
stream which includes a first vertical passageway for receiv-
ing the liquid stream near the top thereof. A reaction area
communicates with the first vertical passageway for receiv-
ing the liquid stream near the bottom of the first vertical
passageway. Means are provided for delivering a gaseous
material to the liquid stream, and in addition, means are
provided for delivering heat to the liquid stream. A second
vertical passageway communicates with the reaction area
and receiving the liquid stream near the bottom thereof and
delivers the liquid stream near the top thereof.

A preferred exemplary apparatus and method for the
continuous conversion of cellulosic material to ethanol,
which incorporates the concepts of the present invention, is
shown by way of example in the accompanying drawings
without attempting to show all the various forms and modi-
fications in which the invention might be embodied, the
invention being measured by the appended claims and not
by the details of the specification.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of the overall process and
system for producing ethanol from cellulosic material.

FIG. 2 is a fragmented vertical, cross-sectional view of a
gravity pressure vessel in place within the strata.

FIG. 3 is a sectional view taken substantially along line
3—3 of FIG. 2.

FIG. 4 is an isometric view of a portion of the gravity
pressure vessel exposing the inner reactor casing.

FIG. 5 is an enlarged vertical, sectional view of the
gravity pressure vessel particularly showing the reaction
area.

FIG. 6 is a fragmented vertical sectional representation
illustrating a device for inhibiting the excessive feed of a
higher density fluid into the gravity pressure vessel.

PREFERRED EMBODIMENT FOR CARRYING
OUT THE INVENTION

The overall process and system of the present invention is
best described with reference to the schematic representation
of FIG. 1. It should be understood, for purposes of this
disclosure, particularly with regard to the schematic
representation, that appropriate pumping devices and con-
duits are employed to move material between the various
stages of the system. It should be further understood that the
process which converts cellulosic material to ethanol is a
continuous process, and therefore one of ordinary skill in the
art will understand that various pumping devices and storage
areas will be employed to maintain the process in continuous
operation.
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In one particular use, source material containing cellulo-
sic material is typically obtained from municipal solid
wastes, generally after the extraction of marketable goods.
Source material, however, can be obtained from any of a
number of sources, including but not limited to waste pulp
from paper factories, spent cellulose from paper recycle
plants, and refuse from food processing plants. The material
obtained from municipal solid wastes is commonly referred
to as residual fluff and generally includes paper scraps, lawn
wastes, newsprint and cardboard, packaging wastes, wood,
and food wastes which are usually rich in cellulosic content.
Commonly, persons with such materials will pay for its
removal.

Source material is delivered from source stream 10 to a
water suspension tank 11 where water is introduced. With
the introduction of water, some of the cellulosic material
dissolves while some simply forms a suspension in the
water, or an aqueous slurry. This mixture will be referred to
hereinafter as the liquid stream. Within suspension tank 11,
styrofoam and heavy materials are separated and returned to
the source stream via 14.

From the water suspension tank 11, the liquid stream is
delivered to a fiber shredding station 12 where solids are
reduced to a common small size. When dealing with munici-
pal solid wastes, it is specifically desirable to shred the solid
underwater to preclude explosion of hazardous materials.
This also allows a second opportunity to remove undesirable
materials that were attached to the cellulosic material in the
liquid stream. The shredding station 12 may also be adapted
to separate very dense materials, such as steel bottle caps, as
well as light materials such as a styrofoam. These undesir-
able materials are also returned to the source stream via 14.

The liquid stream is then received by a density separator
13, such as a clarifier, where gravity separation allows for
the separation of supernatant materials lighter than water.
Such supernatant materials typically include polyethylene
plastics, styrofoam and the like, which are floated to the top
and removed for further processing which can include
pelletization such as at by-product preparation stage 15.
Heavier subnatent materials, mostly cellulosic material,
remain in the liquid stream. For purposes of this disclosure,
the steps described above will generally be referred to as
processing the cellulosic material into a liquid stream.

The processed liquid stream is then introduced to a
gravity pressure vessel 50 for hydrolyzing cellulosic mate-
rial. For example, when municipal solid wastes are
employed, the liquid stream delivered from the shredding
station 12 typically includes about five percent solids, and
following density separation at 13 the liquid stream is
concentrated to about nine percent or more suspended
solids.

Within the gravity pressure vessel 50, which will herein-
after be described in more detail, the liquid stream is
subjected to proper conditions for carrying out acid hydroly-
sis. This hydrolysis converts a significant portion of the
cellulosic materials to sugars. It should be appreciated that
the resulting sugars become part of the liquid stream fol-
lowing hydrolysis. For purposes of this description, the term
sugars will generally refer to those products resulting from
the acid hydrolysis of cellulosic materials, typically defin-
able as sugars and starches and derivatives thereof. It should
be appreciated, however, that a very broad spectrum of
resultant materials may result from hydrolysis, even when
closely controlled feed stocks are employed. Thus, when
viewed in light of the fact that a source stream of the present
invention could include more than 10,000 identifiable


















