105138 A1 | IO 0000 A0 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
5 October 2006 (05.10.20006)

(10) International Publication Number

WO 2006/105138 Al

(51) International Patent Classification:
COIB 33/12 (2006.01) F23G 5/00 (2006.01)

(21) International Application Number:
PCT/US2006/011372

(22) International Filing Date: 30 March 2006 (30.03.2006)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
11/094,669 30 March 2005 (30.03.2005) US
(71) Applicant (for all designated States except US): IN-
TERNATIONAL SILICA TECHNOLOGIES, LLC
[US/US]; 230 Spring Hill Drive, Suite 310, The Wood-

lands, TX 77386 (US).

(72) Inventor; and

(75) Inventor/Applicant (for US only): SHIPLEY, Larry, W.
[US/US]; 3312 Windover Garden Circle, Jonesboro, AR
72401 (US).

(74) Agent: LEMOINE, Joseph, L., Jr.; 406 Audubon Boule-
vard, Lafayette, LA 70503 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KN, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV,
LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI,
NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG,
SK, SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ,VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: PROCESS FOR RECOVERING USEFUL PRODUCTS AND ENERGY FROM SILICEOUS PLANT MATTER

B (57) Abstract: In the process disclosed herein, siliceous plant matter is steeped in water, soaked in an aqueous solution containing
& a selected amount of a solute which solubilizes inorganic oxides, soaked in an aqueous solution containing an oxidizing solute,
& rinsed, dried and then thermally pyrolyzed to produce amorphous silica of high porosity, low content of carbon, water and inorganic
impurities. Practice of the process also yields usable energy, does not produce carbonization of the atmosphere and is of lower
nitrogen oxide and sulphur emission than currently used processes. Lignin, hemicellulose and cellulose derived sugars may be
recovered from the steep water. By varying steps of the process herein disclosed amorphous silica of desired porosity, carbon, water

=

and inorganic impurities may be selectively controlled.



WO 2006/105138 PCT/US2006/011372

PROCESS FOR RECOVERING USEFUL PRODUCTS AND
ENERGY FROM SILICEOUS PLANT MATTER

BACKGROUND OF THE INVENTION
1. Field of the Invention: "

The invention disclosed and claimed relates to a method for recovery of useful
products and energy from siliceous plant matter by an environmentally sound process.
With more particularity the invention herein set forth relates to recovery of products
such as amorphous silica, lignin, hemiceﬂulose, cellulose derived sugars and heat
energy from the renewable resource of siliéfeous plants, including rice hulls, stalks and
leaves, by a process which avoids a net in"lcrease of carbonization of the atmosphere
and has decreased nitrous oxide and sulphﬁr emissions. In addition, by varying certain
steps of the invention, a practitioner thereof is able to selectively control the “quality”
(namely with greater or lesser carbon content, more or less inorganic residue and more
or less porosity) of the amorphous siliéa produced by the disclosed invention.
Furthermore, the invention herein may be used to produce amorphous silica of greater
purity (substantially free of elemental carbon, organic and inorganic impurities) and
porosity (larger surface area per unit of weight) not previously able to be extracted by
pyrolysis from siliceous plant matter. |
2. Description of Related Art: b

Amorphoussilicais currently manufé'ctured, marketed and utilized for numerous

purposes. However, except for U.S. Patent No. 6,406,678 to Shipley, the processes by
which amorphous silica are presently madé}‘result in consumption of substantial energy
from externally supplied sources, introdui;'::e substantial carbon, nitrogen oxide and
sulphur emissions into the atmosphere and/or employ the use of strong, polluting
chemicals (see background information 'Sfet forth in U. S. Patent No. 6,406,678 to
Shipley and U. S. Patent No. 6,375,735 to Stephens et al for discussion of various other
art used for production of amorphous silicé). Furthermore, as found in siliceous plant
matter amorphous silica exists in a lattice-like structure, intimately interlaced with
various organic compounds, such as cellulose, lignin, hemicellulose and various
inorganic compounds including salts, gel?, hydrates and oxides of iron, Apotassium,

calcium and sodium. Removal of these organic and inorganic compounds by pyrolysis
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(thereby producing usable heat energy), so as to leave substantially pure amorphous
silica having high porosity (as it exists in the plant matter) has been problematic.
Removal of carbon and organic impurities is commonly incomplete if the plant matter
is pyrolyzed at low temperature. Pyrolysis at greater temperatures causes fluxing of
the lattice-like structure of the silica, reducing its porosity (the effective surface area
per unit of weight) and entrapping impuritigas within said structure. Pyrolysis at even
higher temperatures causes undesirable érystallization of the silica. Pyrolysis alone
does little to remove inorganic impuritiés. Post-pyrolysis removal of inorganic
impurities from the silica is problematic if the silica was fluxed during pyrolysis.

On the other hand, production of ene:{’gy fromsiliceous plant matter, such as rice
hulls (see, for example, U.S. Patent No. 3,959,007 to Pitt), has certain disadvantages.
Namely lignin, hemicellulose, cellulose derived sugars and other useful organic
compounds that might have otherwise beé‘n recovered are destroyed in combustion.
Combustion of these organic compounds;f: results in increased nitrogen oxide and
sulphur emissions. In addition thereto ::?isurfaces (such as water tubes of steam
generating boilers) which come into contadi: with combustion products tend to become
coated with glass, reducing the efficiency of such boilers to recover heat energy.
Moreover, the resulting siliceous ash contains substantial quantities of carbon, organic
and inorganic impurities, causing such ash to be of limited utility. While such silica may
be dissolved into water-glass, then rela’fively pure amorphous silica precipitated
therefrom, such process utilizes substantiai quantities of energy, employs use of harsh
and polluting chemicals and the resuiting amorphous silica retains too much water to
be suitable for use in various applications isuch as silicone rubber products intended
for delayed curing at room temperature).

The invention herein disclosed broﬁdes a means by which amorphous silica of
selected characteristics (including the ar‘iﬁount of carbon, inorganic impurities and
porosity), may be extracted; lignin, hemicel]hlose, cellulose derived sugars and useable
energy may also be extracted, from siliceous plant matter, such rice hulis, straw and
leaves, by means whichis environmentailyffi?iendly (does notcarbonize the atmosphere,
has decreased nitrogen oxide and sulphm{femissions and does not involve the use of
strong, polluting chemicals).

Objects of the Invention:

A chief object of the invention is i‘.o provide a process whereby renewable
siliceous plant matter, which is now frequéhtly considered a waste by-product of food

production, may be used for beneficial pdg‘poses, namely both for the production of
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useful physical products, such as silica, particularly highly pure amorphous silica
having large porosity, lignin, hemicellulose and cellulose derived sugars, and for the
production ofusable energy. Another chieff}bbject ofthe invention is to provide a means
for the production of said physical products and useful energy in a manner which is
environmentally friendly, namely does not é_arbonize the atmosphere, does not rely on
use of harsh, polluting chemicals and has lé§s nitrous oxide and sulphur emissions than
currently used means. A further object of the invention is to provide a process by
which the quality (namely the amount of cafbon, inorganic compounds and porosity) of
the amorphous silica resulting from the iﬁrocess may be selectively controlled as
desired. ‘

Summary of the Invention:

The process herein described is diig‘ected to beneficial use of siliceous plant
matter, such as rice hulls, straw and leaves, to produce a variety of products, such as
silica, lignin, and hemicellulose, cellulose derived sugars and usable energy, by means
which does not carbonize the atmosphere},‘ has decreased nitrous oxide and sulphur
emissions and does not employ the use of Harsh, polluting chemicals.

Thesiliceous plant matter may be, aéi:ording to the nature and quality of the end-
products desired, subjected to steeping;'f’,in water, separation of steep-water and
processing of the solids to cause reduétion of hydrocarbons and/or removal of
inorganic compounds prior to pyrolysis. If.fignin, hemicellulose and cellulose derived
sugars may be recovered from water Qse':d to steep and/or soak the siliceous piant
matter. Pyrolysis of the solids in the presence of oxygen yields a siliceous ash. By
varying the steps prior to pyrolysis and the temperature of pyrolysis, the resulting
siliceous ash may selectively contain more 6r less amorphous or crystalline silica, more
or less carbon, more or less inorganic resfdue and have desired porosity.

Treatment prior to pyrolysis may seléctively include: steeping in water; removing
the steep-water; reducing organic compmjnds of the solids by soaking in an aqueous
solution containing an oxidizing solute;, soli;bilizing inorganic compounds of the solids
by soaking in an aqueous solution containiﬁg chelating agents, mineral and/or organic
acids; and, rinsing and drying said solids. The remaining solids are then exothermically
pyrolyzed inthe presence of oxygen, typical;!y atatemperature below thatwhich causes
crystalline silica to form. Heat from pyr&lysis may be captured for beneficial use
thereof, including the generation of electricél energy. Following pyrolysis, the resulting
siliceous ash, (comprising amorphous silicé) inay be washed with water and/or subject
to a variety of chemical rinses for 'rer})oval of even more impurities. Lignin,
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hemicellulose and cellulose derived sugaf§ may be recovered from the steep water.
By removing lignin, hemicellulose cellulosg‘e; derived sugars prior to pyrolysis, nitrogen
oxide and sulphur emissions resulting fromioyrolysis arereduced. By varying the steps
of the processes v herein disclosed, silic? of different grades can selectively be
produced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of the steps, some of which are optional,

comprehended by the invention disclosed, for recovery of silica, lignin, hemicelluiose,
cellulose derived sugars and heat energy ffom siliceous plant matter.
PREFERRED EMBODIMENT OF THE INVENTION
While the present invention will be described with reference to preferred
embodiments, it will be understood by thése who are skilled in the art that various

changes may be made and equivalents may’}be substituted for elements thereof without
departing from tﬁe scope of the invention. lri addition, many modifications may be made
to adapt a barticular situation or materiaif’ to the teachings of the invention without
departing from the essential scope thereq%. It is therefore intended that the present
invention not be limited to the particular embodiments disclosed as the best mode
contemplated for carrying out this invenfjon, but that the invention will include ali
embodiments and legal equivalents thereof which are within the scope of the appended
claims. 3
The work product of the invention Ti‘s siliceous plant matter. While rice huils,
- stalks and leaves are preferred because of their high content of amorphous silica, other
siliceous plant matter, including bamboo, ‘élephant grass and/or diatomaceous algae
may be processed by the invention herein Elisclosed.

FIG. 1 is a schematic representatid’"fn of the various steps, some of which are
optional, which the invention comprehe;nds;ffor processing of siliceous plant matter; to
produce silica, lignin, hemicellulose, cellul&se derived sugars and heat energy; without
reliance on external sources of energy, wiihout carbonizing the atmosphere, without
use of harsh, poliuting chemicals and w;ith decreased nitrous oxide and sulphur
emissions. ‘ .

lllustrated as Step 1 in FIG. 1, the flrst preferred step of the invention will be to
clean the siliceous plant matter to remove ffé)reign matter such as rocks, clumps of dirt,
sand and other extraneous matter. In the é"ase of rice hulls, this is preferably done by
screening and washing. Because watéﬁ' is relatively inéxpensive, washing will
preferably be done with water. The water lﬁay contain a surfactant to aid in removal of

i
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extraneous matter. Depending on the naf‘ure of the siliceous matter and resources
available at particular locations, other means for cleaning siliceous plant matter will be
known to persons skilled in the art. :

Asisillustrated by Step 2 of FIG. 2, the second step of the preferred embodiment
of the invention is to divide the siliceous plant matter into small particles by means
which does not substantially contaminate the plant matter. Smaller particles are more
readily wetted, soaked, penetrated by cherrijcal bearing liquids and thermally pyrolyzed
in later steps of the invention. Persons skil'li‘ed in the art will recognize various means,
including pulverizing, crushing, shredding',i milling and the like, for dividing siliceous
plant matter without introduction of cor';tarr:iinants.

Shéwn as Step 3 in FIG. 1 the thirdi step of the preferred embodiment of the
invention is to steep the plant matter in ;\;Nater which is preferable at an elevated
temperature over an effective length of tirﬁ;je. While no expreéss claim can be made as
to exact manner in which the beneficial effe‘fcts of steeping the siliceous plant matter in
water take place, the following effects are believed to thereby result: wetting and
expanding the structure of the smceous plant matter (thereby making it more
penetrable by water borne chemical treagments to follow); removing water soluble
inorganic compounds (preventing them frbm fluxing the silica during pyrolysis and
constituting contaminants of the end proauct silica, resulting from pyrolysis); and
suspending or dissolving certain organic compounds such as lignin, hemicellulose and
cellulose derived sugars from the sullceous plant matter, into water suspension or
solution (which makes the siliceous structure of the plant matter more penetrable to
chemical baths tofollow), produces steep V\fater from which useful organic substances,
such as lignin, hemicellulose and cellulose?derived sugars may be separated; and, by
removal of -at some organic compounds ﬁrior to pyrolysis, fewer nitrous oxide and
sulphur emissions resultfrom pyrolysis). Wi%ile no express claimis madein said regard,
it is believed that amorphous silica existimj in siliceous plant matter in a lattice-like or
honeycomb-like structure, which is mtlmately penetrated by long chain organic
substances, such as lignin and cellulose, and various inorganic substances (such as
iron, potassium, calcium, sodium and otheﬁr metallic gels, hydrates and the like). An
object of the invention is to provide a meitfhod to remove non-siliceous organic and
inorganic compounds from the siliceous plént mattér by means with does not cause the
amorphous silica of the plant matter to flux and thereby “close” (become of less
porosity). in general, this is done by pre—pyiiolysis chemical treatments of the siliceous

plant matter, hereinafter more fully desfj:ribed, which: a) removes the inorganic
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compounds of the matter which convert into compounds (such as metal oxides) which
cause amorphous silica of the matter to flu"}? during low temperature thermal pyrolysis
in the presence of oxygen, and b) reducin‘?g naturally occurring organic compounds
(which are not volatilized low temperature thermal pyrolysis in the presence of oxygen)
of the matter into other organic compounds (which are volatilized, chiefly as carbon
dioxide, by low temperature pyrolysis in tli’e presence of oxygen). Step 3, described
above is primarily directed to preparing the siliceous plant matter so as to facilitate
these chemical treatments. Whatever the precise manner in which steeping the
siliceous plant matter in water does so, it i |$ observed that steeping the siliceous plant
matter for approximately 1 or more hours,fat a temperature near the boiling point of
water accelerates and improves the resulte: of the subsequent chemical treatments.

A by-product of this step is the crea';tiion of a steep-water which contains useful
organic compounds such as lignin and i'v’;hemicellulose; which may be recovered
(illustrated as Step 10 of FIG. 1) from the sf’eep-water by filtration, centrifuging and/or
other means know to persons skilled in the art. In addition removal of lignin and
hemicellulose and water-soluble organic compounds before thermal pyrolysis, results
in decreased nitrogen oxide and sulphur emissions during pyrolysis.

Steps 4 and 5 (illustrated in FIG. 1) ofthe preferred embodiment of the invention
are to soak the remaining solids in an adueous solution which solubilizes metallic
compounds and other such inorganic impfirities (Step 4) and/or soak said material an
aqueous solution which contains an oxidii%ng solute. Each of these two steps of the
invention may be combined with Step 3 of the invention (described above), with each
other or (although not preferred) performed inreverse order. Namely, for instance, the
water of Step 3 of the invention may contam by way of example only, a solute of citric
acid, which citric acid solubilizes metalhc compounds (as specified by Step 4) by
chelation, thereby simultaneously accompllshes the step of “steeping the siliceous
plant matter” (Step 3) and “solubilizes metel compounds of the siliceous plant matter”
(Step 3) of the invention. By way of further efxample an oxidizing solute (such as by way
of example, peracetic acid) might be added’?as a solute (thereby satisfying Step 5 of the
invention), thereby Step 3, 4 and 5 of the fifnventiorlw simultaneously accomplished by
steeping the siliceous plant matter in waterﬁ:containing citric acid (a solubilizing agent)
and peracetic acid (an oxidizing agent). :

Despite the fact Steps 4 and 5 of thefﬁi)nvention might be combined, and either or
both of those steps combined with Step 3 o}f the invention, it should be understood that
Steps 4 and 5 ofthe invention have differenticmrposes, and accomplish different results.
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By understanding the purposes and results of each of these steps it will become
apparent to persons skilled in the art that modification of each of these step might be
done to selectively produce different end' products, and end “products of different
qualities.

In the first instance it is noted tl{at if Steps 3 and 4 of the invention are
accomplished simultaneously, sequentially?joutwithout removal of the steep water, then
the acid of Step 4 at appropriate temperature will hydrolyze the hemicellulose of the
steep water into cellulose derived sugars, ‘gs is illustrated by Step 11 of FIG. 1.

It is also noted that Step 4, namely solubilizing metallic compounds of the
siliceous plant matter by aqueous solutioﬁ (which solution dissolves the solubilized
compounds) has other functions. Nar‘nelg removal of metallic compounds prior to
pyrolysis of the siliceous plant matter in?:reases the porosity of amorphous silica
resulting from pyrolysis, allows pyrolysis {"to be conducted at a higher temperature
(without fluxing of the amorphous silica) aﬁd results in a more pure amorphous silica
(having less inorganic impurities).

While no express claim is made as:fto the exact manner in which solubilizing
metallic compounds of the siliceous plant f'h'latter prior to pyrolysis thereof results in
amorphous silica which has a higher porosi%y (higher surface area per unit weight) than
amorphous silica produced without said st‘fép, it is believed that siliceous plant matter
contains may metallic compounds, such as gels and hydrates, which on pyrolysis are
converted to metallic oxides, and said q‘kides act as fluxing agents which cause
structure of the amorphous silica of the p‘fant matter (which in natural state is quite:
porous, commonly exceeding several hund}‘ed square meter per gram) to flux at fairly
low temperatures (below 800°C), become at least partially “closed”, thereby less
porous. By removing at least some of thesia metallic compounds (solubilizing them in
aqueous solution which then dissolves thé&n) this fluxing is lgelieved to be avoided or
reduced at particular temperatures andlcz’g~ delayed to a higher temperature (which
higher temperature increases the efficienc;‘;yy of recovering heat energy resulting from
pyrolysis). In addition thereto, metallic cor;pounds.' will generally be considered to be
an undesirable impurity of the amorphous sf;fiilica resulting from pyrolysis, their removal
desired, and Step 4 provides a means todo so before pyrolysis (resulting in a more pure
amorphous from pyrolysis).

For instance, by way of example 6nly, amorphous silica resulting from pyrolysis
of rice hills has been noted to increase fl’OI%‘I about 20 to 40 square meters/grams to as
much as 300 to 400 square meterslgrémé when treated according to Step 4 of the
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invention prior to pyrolysis. In some caseé, it may not matter if the amorphous silica
resulting from pyrolysis is of low porosityf{ If so, this step of the invention might be
eliminated or mitigated by use of a weakenij'solution, or at a lower temperature or over
a shorter period of time. l

In the preferred embodiment of the invention, citric acid is the preferred
solubilizing solute of Step 4 of the mventnon. However, other water-soluble chelating
agents, including ethylenediamine, ethyliﬂenediaminetetracetic acid (“EDTA”) and
dimercaprol, as well as other water-solubl'ef chelating agents known to those skilled in
the art, may be used. Alternatively, mineral:and/or organic acids which do not dissolve
silica may be used in lieu of or in addition td chelating agents. Care should be taken to
select organic or mineral acids that do not in themselves constitute an undesirable
contaminate the final silica product or change the silica surface chemistry thereof.

The exact concentration of solute fo be used cannot be specified for various
siliceous plant matter, as the amount of inorganic compounds contained in various
siliceous plant matter varies according to plant species, soil and other growing
conditions but will generally be one halfto d‘ne mole of chelating agent (some chelating
agents capture more than a mole for mole rgtio of impurities) for each mole of inorganic
compound to be removed from the siliceous plant matter before pyrolysis thereof. For
highest chemical purity and porosity of the resultmg ‘amorphous silica, atleast one mole
or more of solute, in the case of citric acid; would be used for every mole of inorganic
oxide present in the siliceous plant matter If less chemucal purity and porosity are
desired or permissible, aless concentrated ‘solution would be used, used over ashorter
period of time or used at a lower temperatti‘re

Two other beneficial effects are noted to resuit from removal of inorganic
compounds as aforesaid. Namely, thermal pyrolysis may be conducted at a higher
temperature (which is typically more efflqlent for recovery of heat energy) without
fluxing of the amorphous silica, and the”?:}resulting end product (amorphous silica)
contains less impurities to be dealt with by"post-pyrolysis treatments.

Step 5, as illustrated on FIG. 1, of the invention will not be discussed. Step 5 of
the invention is directed to reducing organuc compounds of the siliceous matter which
are not readily volatilized by pyrolysis in the presence of oxygen at fairly low
temperatures (500°C to 900°C) to compour’ids which are readily volatilized (mostly as
" carbon dioxide) by pyrolysis in the presenée of oxygen at such temperatures. To this
end Step 5 involves soaking the siliceous plant matter in an aqueous solution containing

a oxidizing solute prior to pyrolysis. While'no express claim is made in the manner in
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which soaking the siliceous plant matterin én agueous solution containing an oxidizing
solute prior to pyrolysis results in removal of organic compounds during pyrolysis, itis
believed that the oxidant of the solution acts like “chemical scissors” which “cut” longer
_chain hydrocarbon compounds of the plant matter into shorter chain hydrocarbon
compounds which facilely volatilize, mainly as carbon dioxide, during pyrolysis of the
plant matter in the presence of oxygen. Whlle any effective oxidizer appears effective
in reducing the long chain hydrocarbon compounds of the biogenic material into
compounds which are more easily volatuhzed during thermal pyrolysis in the presence
of oxygen, care should be employed in choosmg a solute which is economical, relatively
safe, easy to use and does notitself contribute undesirable chemical residue to the end
product (amorphous silica) which remains"“following thermal pyrolysis. Accordingly,
many chlorates, perchlorates, mtrates, permanganates and certain peroxide
compounds (such as Fenton’s reagent), whlle comprehended by the invention, are not
preferred. Peracetic acid is a preferred oxldlzmg solute because the acetic acid
thereof catalyzes the hydrogen peroxide and its residue is easily removed by rinsing.
However, hydrogen peroxide is the most preferred oxidizer because after it is spent,
water is its only remainder. If the peroxnde is not completely spent in processing the
hulls, as will typically be the case so as to ebsure full reduction of the organic material
of the plant matter, the remaining oxygen spfontaneously evolves over a short period of
time, which evolution may be accelerated by heating, mechanical agitation, electrolytic
or various other known means. ; , ’

The strength of the oxidizing solute, time and temperature of exposure of the
siliceous plant matter to said solute may bé varied according to the characteristics of
the plant matter (such as plant spemes how finely divided it may be, time and
temperature of pre-soaking, etc.), as wellsas the desired characteristics of the end
product. That is, the step of soaking the snlnceous plant matter in an aqueous solution
is related to the amount of carbon and cqrbon compounds which will remain in the
amorphous silica following the step of thelﬁmally pyrolyzing the siliceous plant matter
which later follows. Therefore, ifa virtuallffcarbon—free amorphous silicais desired as
an end product, a stronger oxidizing sol&tion would be used, used at an elevated
temperature and/or used over a longer perj’i?od of time to assure complete reduction of
the hydrocarbon molecules of the siliceouéf plant matter prior to pyrolysis.

Whatever time, temperature and concentration of oxidizing solution may be
necessary to accomplish sufficient red'uct"iéon of the organic material of the siliceous

matter in particular cases, that may be fac‘iiely determined by placing a small quantity
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of treated hulls onto a heated (approximaté’ly 600°C) metal plate exposed to air. If the
siliceous plant matter oxidizes within secon':‘ds to afine, pure white ash of substantially
carbon free silica, then complete reduction}.‘;)f the hydrocarbons has taken place. Ifany
carbonaceous residue (which can be seen as black “specks” and/or which may be
found by laboratory testing) is detected, then additional reduction is required (if
substantially carbon free amorphous silica:is the desired end product). On the other
hand, if some carbon residue in the amorphous silica is desired or acceptable, then a
weaker oxidizing solution would be used at alower temperature and/or over a shorter
period of time. In fact, if it is not necessary to remove carbon at all from the end
product (amorphous silica), the step of séaking the siliceous matter in an aqueous
solution containing an oxidizing solute may} be eliminated.

As is illustrated as Step 6 of FIG. 1ﬁ{at the conclusion of soaking the siliceous
plant matter as described above it is prefeéfable to rinse the treated matter with water
in order to remove inorganic compounds ré’imaining on the matter or in the steep water
which wets the matter. If very high purity sf’lica is desired as an end product, it may be
preferable, depending onthe water quality aivailable at particularlocations, to flush said
plant matter with water than has been filte?ed de-ionized or even distilled. Following
flushing of the plant matter it is preferably dried (as is illustrated by Step 7 of FIG. 1)
prior to thermal pyrolysis thereof. ¥

It can now be seen by varying Steps 4 and 5 of the invention, practitioner thereof
may selectively control the quality of the afhorphous silica produced according to the
invention. That is, in general, if incomplefé carbon removal from the end product is
acceptable, then the step of soaking the sili‘ceous plant matter in a solution containing
an oxidizing solute may be eliminated or mltlgated by less treatment in said regard (a
weaker solution, at a lower temperature, or overa shorter period of time). On the other
hand, if amorphous silica of relatively low porosaty is an acceptable end product, then
the step of soaking the siliceous plant matter in an aqueous solution which solubilizes
inorganic compounds may be eliminated of;jmitigated by less treatmentin that regards
(using a weaker solution, at a lower te;mﬁ;erature or over a shorter period of time).
While in most cases amorphous silica ‘wh‘i:?ch is substantially free of carbon, of high
porosity and low in organic and morganlc residue will be desired, when this is not
desirable or necessary the process may be varied to produce the particular quality of
amorphous silica desired or necessary. ' ‘

Following treatment as above, the :»ireated siliceous plant matter is thermally
pyrolyzed in the presence of oxygen (illuétrated as Step 8 of FIG. 1) at a controlled
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"temperature (preferably in the 500°C - 9005’0 range, but less than 1,600°C). Pyrolysis
of siliceous plant matter at temperatures Iéss than 900°C will result in a silica which is
amorphous inform. Attemperatures in excess of 1000°C, formation of some crystalline
silica may be expected. In excess of 1 ,600?’0, substantially all the silica is likely to be
crystalized. Silica produced by thermal pyrolysis at any of the above temperatures has
no detectable water content. :

Heat released (in the form of hot gases) during pyrolysis may be recovered by
several means well known to persons skilll.fed in the art. A non-obvious advantage of
removing the inorganic compounds from th;"e siliceous plant matter prior to pyrolysis is
reducing the tendency of these not gases‘ffto coat heat exchanger surfaces that they
impinge on with silica, decreasing the efficiency of these surfaces to exchange heat
(which “glassification” is observed in combusting non-treated siliceous plant matter in
water-tube heat exchangers).

Following pyrolysis the resulting 'amgrphous silica may be subjected to a variety
of baths and/or rinses (illustrated by Step 9 of FIG. 1) which may contain may contain
chelating agents, ammonia, mineral and Srganic acids or base solutes to enhance
removal of any residue which may remain therem

Several things about the mventlon are hereinafter set forth that may not
otherwise be obvious. Pyrolysis of the S|I|ceous plant matter in the presence of oxygen
is an exothermic process which yields uséble heat energy which is in excess of that
consumed by the process (such as heating'soaking solutions), and thus constitutes a
source of renewable energy independent of fossil fuels or external energy sources. In
addition thereto, this excess energy IS available without net carbonization of the
atmosphere (carbon released into the a"tmf:é’sphere during pyrolysis is withdrawn from
the atmosphere when the siliceous plant matter is re-grown) Therefore, crops such as
rice become not only a food source, but also a source of renewable energy which
produces no net carbonization of the atmosphere. In addition thereto, removal of lignin
and hemicellulose before pyrolysis, in c’i;mbination with pyrolysis at a fairly low
temperature (typically in the range of 500°£) —900°C, but less than 1,600°C), results in
lower nitrogen oxide emissions in combu%ting untreated rice hills in currently used
steam generating facilities. Not only that, but the lignin and hemicellulose recovered
from steep water are in and of themselves d?seful products of independent value. Thus,
from the process herein disclosed and clairﬁed, siliceous plant matter can be employed
to generate a variety of highly useful éroducts, including amorphous silica (of

selectively controllable qualities), lignin, hemicellulose, cellulose derived sugars and

v
;
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heat energy without carbonization of the étmosphere and with lower nitrogen oxide
emissions than those that result from buﬁhing siliceous plant matter not treated as
herein described. f'

While the above description contains certain specifics, these should not be
construed as limitations on the scope of the’ invention, but rather as an exemplification
of one preferred embodiment thereof. Accordingly, the scope of the present invention
should be determined not by the embodi}neﬁt(s) illustrated, but by the appended claims
and their iegal equivalents.
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CLAIMS
What is claimed is:
1. A process for production of amorphBus silica of desired porosity from siliceous
plant matter comprising the steps of:
soaking said siliceous plant matter m an aqueous solution comprising means for
solubilizing a selected amount of water insoluble metallic compounds which is effective
to produce amorphous silica of a desired pprosity;
removing the aqueous solution fromj;said siliceous plant matter; and,
thereafter, thermally pyrolyzing said siliceous plant matter in the presence of
oxygen. , ‘
2. The process of Claim 1 wherein the means for solubilizing water insoluble
metallic compounds is a selected amount of a solute which reacts with a selected
amount of water insoluble metallic componjnds to form water soluble compounds.
3. The process of Claim 2 wherein said; solute is comprised of a chelating agent.
4, The process of Claim 2 wherein said solute is comprised of a mineral acid that
is non-reactive with amorphous silica. '
5. The process of Claim 2 wherein said’solute is comprised of an organic acid that
is non-reactive with amorphous silica.
6. The process of Claim 3 wherein the chelating agent is selected from the group

consisting of citric acid, ethylenediamine, eﬁhylenediaminetetracetic acid (“EDTA”) and

dimercaprol.
7. The process of Claim 3 wherein the chelating agent comprises citric acid.
8. The process of Claim 2 further compi‘ising the step of soaking the siliceous plant

matter in an aqueous solution containiné an oxidizing solute prior to the step of
thérmally pyrolyzing the siliceous plant maiter in the presence of oxygen.

9. The process of Claim 3 further compéjising the step of soaking the siliceous plant
matter in an aqueous solution containinéll an oxidizing solute prior to the step of
thermally pyrolyzing the siliceous plant mafter in the presence of oxygen.

10.  The process of Claim 4 further cbmpn%ising the step of soaking the siliceous plant
matter in an aqueous solution containiné. an oxidizing solute prior to the step of
thermally pyrolyzing the siliceous plant ma::l;ter in the presence of oxygen.

11. The process of Claim 5 further comp%'tiising the step of soaking the siliceous plant
matter in an aqueous solution containing{ an oxidizing solute prior to the step of

thermally pyrolyzing the siliceous plant mqiter in the presence of oxygen.
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12. The processof Claim6 further compt;:'ising the step of soaking the siliceous plant
matter in an aqueous solution containiné an oxidizing solute prior to the step of
thermally pyrolyzing the siliceous plant matter in the presence of oxygen.

13.  The process of Claim 8 wherein the:_bxidizing solute is selected from the group
consisting of peroxides, chlorates, perchld‘;'ates, nitrates and permanganates.

14. The process of Claim 9 wherein theloxidizing solute is selected from the group
consisting of peroxides, chlorates, perchld'rates, nitrates and permanganates.

15. The process of Claim 10 wherein thé,\" oxidizing solute is selected from the group
consisting of peroxides, chlorates, perchlo{;rates, nitrates and permanganates.

16. The process of Claim 11 wherein the oxidizing solute is selected from the group
consisting of peroxides, chlorates, perchlo“rates, nitrates and permanganates.

17.  The process of Claim 12 wherein théoxidizing solute is selected from the group
consisting of peroxides, chlorates, perchlcfg'ates, nitrates and permanganates.

18. The process of Claim 13 wherein thé oxidizing solute is comprised of peracetic
acid. ’

19. The process of Claim 14 wherein the oxidizing solute is comprised of peracetic
acid.

20. The process of Claim 15 wherein thé oxidizing solute is comprised of peracetic
acid.

21. The process of Claim 16 wherein‘ thé oxidizing solute is comprised of peracetic
acid. e ,

22. The process of Claim 17 wherein the oxidizing solute is comprised of peracetic
acid. B

23. The process of Claim 2 wherein the siliceous plant matter is pyrolyzed at a
temperature in the range between 500°C té: 800°C.

24. The process of Claim 2 wherein the siliceous plant matter is pyrolyzed at a
temperature less than 950°C. '
25. The process of Claim 2 wherein thfé siliceous plant matter is pyrolyzed at a
temperature less than 1000°C. )

26. The process of Claim 2 wherein the siliceous plant matter is pyrolyzed at a
temperature less than 1600°C. ‘

27. The process of Claim 8 wherein tlié siliceous plant matter is pyrolyzed at a
temperature in the range between 500°C tér 800°C.

28. The process of Claim 8 wherein th“e siliceous plant matter is pyrolyzed at a

temnerature less than 950°C.
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29. The process of Claim 8 wherein the siliceous plant matter is pyrolyzed at a
temperature less than 1000°C.

30. The process of Claim 8 wherein the siliceous plant matter is pyrolyzed at a
temperature less than 1600°C. '
31.  The process of Claim 13 wherein the siliceous plant matter is pyrolyzed at a
temperature in the range between 500°C to 800°C.
32. The process of Claim 13 wherein the siliceous plant matter is pyrolyzed at a
temperature less than 950°C.
33. The process of Claim 13 wherein the siliceous plant matter is pyrolyzed at a
temperature less than 1000°C.
34. The process of Claim 13 wherein the siliceous plant matter is pyrolyzed at a
temperature less than 1600°C.
35. Theprocess of Claim 8 further comprising the step of steeping the siliceous plant
_matter in water prior to the step of soaking the siliceous plant matter in an aqueous
solution containing an oxidizing solute.
36. Theprocess of Claim 35 further comprising the step of recovering lignin from the
steep-water resulting from steeping the siliceous plant matter in water.
37.  The process of Claim 35 further comprising the step of recovering hemicellulose
from the steep-water resulting from steeping the siliceous plant matter in water.
38.  Aprocess for the production of lignin and/or hemicellulose, amorphous silica of
selected porosity and heat energy from siliceous plant matter comprising the steps of:
steeping siliceous plant matter in water;
separating said steep water from said siliceous plant matter;
separating atleast some of the lignin and/or hemicellulose from said steep water;
soaking said siliceous plant matter in an aqueous solution comprising means for
solubilizing an amount of water insoluble metallic compounds which is effective to
produce amorphous silica of said selected porosity; and,
thermally pyrolyzing the siliceous plant matter in the presence of oxygen;
recovering at least some of the heat energy resuiting from said pyrolysis; and,
recovering at léast some of the ash which is comprised of amorphous silica of
selected porosity which results from said pyrolysis.
39. The process of Claim 38 further comprising the step of soaking the siliceous
plant matter in an aqueous solution containing an oxidizing solute prior to the step of
thermally pyrolyzing the siliceous plant matter.
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