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BIOCHARS AND BIOCHAR TREATMENT PROCESSES

CROSS-REFERENCE TO RELATED APPLICATIONS

[601] This application claims priority to US Provisional Application Serial No.
02/058.445, titled Methods, Materials and Applications for Controlled Porosity and Release
Structures and Applications, which was filed on October 1, 2014 and US Provisional
Application Serial No. 62/058,472, titled High Additive Retention Biochars, Methods and
Application, which was filed on October I, 2014 and which 1s a continuation-in-part of US
Patent Application Serial No. 14/385,986, filed on May 29, 2012, which is a 371 filing of
international application PCT/UIS12/39862, which claims priority to UJS Patent Application
Serial No. 13/154.213, filed on June 6, 2011, now U.S. 8,317.891.

FiELD oF INVENTION
[002] The invention relates to porous carbonaceous structures, materials and compositions
having a variety of varied and complex pores, pore properties, and pore morphologies, as well
as, methods to treat, process and affect the properties of those structures, materials and
compositions. In particular, certain implementations of the present inventions relate to treated
biochars having increased capabilities to retain additives for use in applications, including, but
not limited to. agriculture applications.
BACKGROUND

[003] Many types of muterials have pores and porous morphologies.  Such materials
can be worgasic, organic-inorganic, and organic, and cormbivations and varintions of these.
Recently, much attention has been divected toward controliing the properties of these
materials through affecting the nature of thelr porous strucwures, jocluding, among other
things, the natwre of the pore swrfaces. In spite of these effors, the solutdons that have been
devetoped are largely limited in scope and applicable only to a specific or narrow type of
matertal

[004] For example. much attention has been focused on the use of porous carbonaceous

materials, such as brochars, in conjunction with controlling and regulsting the growth of

Date Regue/Date Received 2021-10-29



CA 02963444 2017-03-31

WO 2016/054431 PCT/US2015/053583

plants and vegetation, e.g., crops. Although such uses of biochar have generally been
known for a considerable amount of time, their commercial and widespread adoption has not
occurred. It is believed there are several reasons for these failures.

[005] Porous carbonaceous materials, and in particular biochar, come from many
varied and different sources. As a result, biochars have very inconsistent and unpredictable
properties.  These inconsistencies and lack of predictability make their use difficult and in
many cases problematic. Jeffery et al. in Agriculnae, Ecosvstems, and Environment (2011)
("leffery”) recently compiled the results from several biochar field trials from around the
glebe. The trials show at best a modest improvement with biochar applications and the
application rates reguired to achieve these modest results is significant. (See Jeffery, at page
175 and figure 1) In Lehmann, et al, Biochar for Envirommental Management (2006)

1

{("Lehmann") Lehmann, 2 pioneer researcher, is quoted about biochar, "...but variability is
high and it is not yet clear under what soil and climatic conditions high or low yields can be
expected.” (Lehmano, Chp. 12, at page 207} It is believed that these inconsistencies and
{ackluster outcomes are common among biochar work. It is indicative that one ordinarily
skilled in the art does not produce a biochar with predictable properties and outcomes. Thus,
the use of these materials, e.g., biochar, can have Hmited, sporadic or little to no bensficial
effect and may be problematic and detrimental, e.g., lower crop vield, and in some situations
death of the crops.

[006] Similarly, these porous carbonaceous materials, eg., hiochar, can be made by
many varied and different processes and conditions for those processes, which in turn result
in materials that have very inconsistent and again unpredictable properties. These processes
and processing related inconsistencies are in addition to, and typically compound, the
problems  arising from the material's source.  Because of these inconsistencies and
unpredictabilities, the substantial potential and anticipated benefits from using biochar and
other carbonaceous porcus materials, has not been realized. As a result, biochar has at most
been a scientific curiosity, not found wide spread use, not found large scale commercial
applications, and at most been relegated to small niche applications, Thas, prior io the
present inventions, it is believed that methods and systems to produce a biochar for

applications with predictable, controllable, and beneficial results had not been obtained.
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[007] In general, the art has focused on the failings, and problems, of biochars by
atterapting to refine the process to roake the biochar, or the selection of starting material
from which a particnlar biochar is made. Typically, these attempis were done with the hope
that increased process control, material selection and refinements would overcome  the
unpredictabilities, inconsistencies, and harmful effects found with existing biochars. It is
believed that these atternpts have been to a lesser or greater extent failures. It is believed
that to date, and prior 1o the present inventions, there has not existed a widely available
biochar having predictable properties; nor, prior to the present inventions, has there existed
a process for making such biochars.

[008] The present inventions go against the teachings and direction of the art. Rather
than focus on the manner in which a particalar bilochar is made, or selecting a particular
starting material for a biochar, embodiments of the present inventions directly address the

long-standing and unsolved problems with biochars’ lack of consistency and predictability.
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SUMMARY

[009] The present invention relates to treated biochar and methods and systems for treating
the biochar. The present invention teaches treating the biochar in a manner that forces,
accelerates or assists the infusion of liquid solutions into the pores of the biochar, thereby
allowing for at least part of the surface of the pores of the biochar to be washed, cleaned and to
have physical properties (such as usable pore volume) or chemical properties (such as pH)
adjusted. It optionally allows for the impregnation or inoculation of the pores of the biochar
with additives, which can be beneficial for the intended use of the biochar or can be effective in
further adjusting the physical and/or chemical properties of the biochar.

[010] In one example of an implementation of the present invention, the method for
treating the biochar includes placing porous carbonaceous materials in a tank or chamber;
adding a washing liquid to the tank; and changing the pressure in the tank by, for example,
placing the contents of the tank under a partial vacuum. In this example, the washing liquid
may be added to the tank either before the pressure change is applied or while the pressure
change is being applied. The washing liquid may be water, may be an acid for adjusting the pH
of the surface of the pores or may include other additives. Thereafter, the moisture content of
the biochar may be adjusted to remove excess liquids and/or to dry the biochar, as desired. The
biochar may also be subject to further treatment, for example, inoculating the pores with an
additive. The pores of the biochar may be impregnated with an additive in the same manner as
the pores were washed with the washing liquid or by using a surfactant solution as further
described below. Through the above treatment method, at least 10% and, in certain
implementation, 50% or more of the pore volume of the pores of the porous carbonaceous
material may be filled with the washing liquid and/or the additive.

[011] In another example of an implementation of the present invention, the method for
treating the biochar includes placing the porous carbonaceous material in a tank; adding a
surfactant solution to the tank; and mixing the surfactant with the porous carbonaceous material.
In one example, the surfactant solution is a liquid solution containing 0.1 - 20% surfactant,
which may, for example, be a yucca extract. The liquid solution may further include an
additive. As in the previous example, the moisture content of the biochar may be adjusted to

remove excess liquids and/or to dry the biochar, as desired. The biochar may then be subject to
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further treatment, for example, inoculating the pores with an additive. The pores of the biochar
may be impregnated with an additive by using a surfactant or a vacuum to force the infusion of
the additive into the pores. Through the above treatment method at least 10% or more of the
pore volume of the pores of the porous carbonaceous material may be filled with solution. In
certain implementations, 50% or more of the pore volume of the pores of the porous
carbonaceous material may be filled with solution.

[012] As explained further below, treatment, in accordance with the present invention,
can (i) repurpose problematic biochars, (i) handle changing biochar material sources, e.g.,
seasonal and regional changes in the source of biomass, (iii) provide for custom features and
functions of biochar for particular soils, regions or agricultural purposes; (iv) increase the
retention properties of biochar, (v) provide for large volumes of biochar having desired and
predictable properties, (vi) provide for biochar having custom properties; (vii) handle
differences in biochar caused by variations in pyrolysis conditions or manufacturing of the
“raw” biochar; and (viii) address the majority, if not all, of the problems that have, prior to the
present invention, stifled the large scale adoption and use of biochars.

[013] Other devices, apparatus, systems, methods, features and advantages of the invention
are or will become apparent to one with skill in the art upon examination of the following
figures and detailed description. It is intended that all such additional systems, methods,
features and advantages be included within this description, be within the scope of the

invention, and be protected by the accompanying claims.
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BRIEF DESCRIPTION OF THE FIGURES

[014] The invention may be better understood by referring to the following figures. The
components in the figures are not necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention.

[015] Figure 1 illustrates a cross-section of one example of a raw biochar particle.

[016] Figure 2a is a SEM (10KV x 3.00K 10.0um) of a pore morphology of treated
biochar made from pine.

[017] Figure 2b is a SEM (10KV x 3.00K 10.0um) of a pore morphology of treated
biochar made from birch.

[018] Figure 2c¢ is a SEM (10KV x 3.00K 10.0pum) of a pore morphology of treated
biochar made from coconut shells.

[019] Figure 3 is a chart showing porosity distribution of various biochars.

[020] Figure 4 is a flow chart process diagram of one implementation of a process for
treating the raw biochar in accordance with the invention.

[021] Figure 4a illustrates a schematic of one example of an implementation of a biochar
treat processes that that includes washing, pH adjustment and moisture adjustment.

[022] Figure 4b illustrates yet another example of an implementation of a biochar
treatment processing that includes inoculation.

[023] Figure 5 is a schematic flow diagram of one example of a treatment system for use in
accordance with the present invention.

[024] Figure 6 is a chart showing the water holding capacities of treated biochar as
compared to raw biochar and sandy clay loam soil and as compared to raw biochar and sunshine
potting soil.

[025] Figure 7 illustrates the different water retention capacities of raw biochar versus
treated biochar measured gravimetrically.

[026] Figure 8 is a chart showing the retained water in vacuum impregnated biochar over
other biochars after a seven week period.

[027] Figure 9 is a chart showing the weight loss of treated biochars versus raw biochar

samples when heated at varying temperatures using a TGA testing method.
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[028] Figure 10 illustrates the plant available water in raw biochar, versus treated biochar
and treated dried biochar.
[029] Figure 11 is a graph showing the pH of various starting biochars that were made

from different starting materials and pyrolysis process temperatures.
[030] Figure 12 is a chart showing various pH ranges and germination for treated biochars.
[031] Figure 13 is a Thermogravimetric Analysis (TGA) plot showing the measurement of

water content, heavy organics and light organics in a sample.

[032] Figure 14 is a chart comparing examples of biochars.
[033] Figures 15, 16, 17 are charts comparing different examples of biochars.
[034] Figure 18 is a chart showing the plant biomass of cucumber plants grown in standard

soil, soil enhanced with raw biochar and soil enhanced with treated biochar.

[035] Figure 19A is a chart showing results for a celery shoot biomass yield results from
a field trial incorporating treatments without and with biochar treated in accordance with the
present inventions.

[036] Figure 19B is a chart showing results of root biomass growth for a celery field
trial incorporating treatments without and with biochar in accordance with the present
inventions.

[037] Figure 20A is a pictorial of a photograph showing the results of a strawberry trial
in accordance with growers’ standard conditions.

[038] Figure 20B is a pictorial of a photograph showing the results of a strawberry trial
using a growers’ standard conditions in which biochar produced in accordance with the
present inventions was added at 3ton/acre to the soil.

[039] Figure 20C is a pictorial of a photograph showing the results of a strawberry ftrial
in accordance with a growers’ standard at a reduced water application rate.

[040] Figure 20D is a pictorial of a photograph showing the results of a strawberry trial
using biochar in accordance with the present inventions with a reduced water application
rate.

[041] Figure 21 is a chart showing the yield of fruit for an untreated soil compared to

two applications of biochar treated in accordance with the present inventions.
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[042] Figure 22 is a chart showing the decrease in soil fungal species Sclerotinia and
Botrytis Necrotrophic count in soils treated with biochar produced in accordance with the
present invention.

[043] Figure 23 is a chart comparing the soil bacterial species count for a control soil
compared to a soil incorporating biochar produced in accordance with the present
inventions.

[044] Figure 24 is a chart showing nutrient levels comparing examples of the present
invention, compared to untreated soil, in accordance with the present inventions.

[045] Figure 25 is a chart showing the increase in nutrient retention for examples of
treatments and biochars in accordance with the present inventions.

[046] Figure 26A is an SEM (10KV x600 50J.1m) of a biochar pore morphology and
roots in accordance with the present invention.

[047] Figure 26B is an SEM (10KV x200 150J.1m) of a biochar pore morphology and
roots in accordance with the present invention.

[048] Figure 26C is a SEM (10KV x80 0.38mm) of a biochar pore morphology and

roots in accordance with the present inventions.

[049] Figure 27 is a schematic flow diagram of one example of an implementation of the
invention.
[050] Figure 28 is schematic flow diagram of another example of an implementation of

the invention.
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DESCRIPTION OF THE INVENTION

[051] As illustrated in the attached figures, the present invention relates to treated biochar
and methods for treating biochar having varied and complex pores, pore properties, and pore
morphologies. The treatment processes of the present invention are able to affect the
properties of the biochar structures creating biochar having enhanced abilities to retain
additives useful for an end application. Generally, for agricultural applications, such
enhanced abilities could include holding water, and nutrients, e.g. fertilizer. Further, these
treated biochars may have the ability to take up and hold materials from a location or process,
which materials need to be removed and may be undesirable, such as heavy metals or other
contaminants.

[052] For example, through treatment, the properties of the raw biochar can be moditied
to significantly increase the biochar’s ability to retain water and/or nutrients while also, in many
cases, creating an environment beneficial to microorganisms and providing structure to the soil
to allow for pockets of air necessary for efficient root operation. In addition to nutrients, other
material additives, e.g., herbicide, pesticide, can be utilized and benefit from the increased
holding and retention capacities of the treated biochar. The processing of the biochar can also
ensure that the pH of biochar used in the present application is suitable for creating soil
conditions beneficial for plant growth, which has been a challenge for raw biochars.

[053] Generally, treated biochar of the present invention can be used throughout the
world, in numerous soil types, agricultural applications, horticultural, large and small scale
farming, organic farming, and in a variety of soil management applications and systems, and
combinations and variations of these. Examples of these applications include for example,
use in acidic and highly weathered tropical field soils, use in temperate soils of higher
fertility, use in large commercial applications, use for the production of large scale crops
such as, soybean, corn, sugarcane and rice, in forestry applications, for golf courses (e.g.,
greens, fairways), for general purpose turf grasses, wine grapes, table grapes, raisin grapes,
fruit and nut trees, ground fruits (e.g., strawberries, blueberries, blackberries), row crops
(e.g., tomatoes, celery, lettuce, leafy greens), root crops (e.g., tubers, potatoes, beets,
carrots), mushrooms, and combinations and variations of these and other agricultural

applications. As discussed in more detail below, biochar treated in this way may also be
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used in other applications, such as animal feed, composting, water treatment, and heavy
mectal remediation, to name a few.

[054] For purposes of this application, the term “biochar” shall be given its broadest
possible meaning and shall include any solid carbonaceous materials obtained from the
pyrolysis, torrefaction, gasification or any other thermal and/or chemical conversion of a
biomass. For purposes of this application, the solid carbonaceocus material may include, but
not be limited to, BMF char disclosed and taught by U.S5. 8.317.891.

Pyrolysis is generally defined as a thermochemical
decomposition of organic material at elevated temperatures in the absence of, or with reduced
levels of oxygen. When the biochar is referred to as “treated” or undergoes “treatment,” it
shall mean raw biochar that has wndergone additional physical, biological, and/or chemical
processing.

[055] As wsed herein, unless specified otherwise. (he termis “varbonaceous’, “cawbon
based”™, “carbon containing”, and sitollar such terms are o be given their broadest possible
meaning, and would include materials containing carbon in various states, erystallinities,
forms and compounds.

[056] As used herein, unless stated otherwise, room temperature is 23°C. And,
standard temperature and pressare is 253°C and 1 atmosphere. iTnless stated otherwise,
generally, the term “about” is meant to encompass a variance or range of +10%, the
experimental or instrument error associated with obtaining the stated value, and preferably
the larger of these.

[057] A, Bischors

[058] Typically, biochars include porous carbonaceous materials, such as charcoal, that
are used as soil amendments or other suitable applications. Biochar mest comunonly is created
by pyrolysis of a biomass. In addition to the benefits to plant growth, yield and qguality, etc.;
biochar provides the benefit of reducing carbon dioxide (CO2CQ-) in the atmosphere by
serving as a method of carbon sequestration. Thus, biochar has the potential to help mitigate
climate change, via carbon sequestration. However, to accomplish this important. yet
ancillary benefit, to any meaningful extent, the use of biochar in agricultural applications must

become widely accepted, ¢.g., ubiquitous. Unfortunately, because of the prior failings in the

Date Regue/Date Received 2021-10-29
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biochar arts, this has not occurred. It is believed that with the solutions of the present
invention may this level of use of biochar be achieved; and more importantly, yet heretofore
unobtainable, realize the benefit of significant carbon dioxide sequestration.

[059] In general, one advantage of putting biochar in soil includes long term carbon
sequestration. It is theorized that as worldwide carbon dioxide emissions continue to mount,
benefits may be obtained by, controlling, mitigating and reducing the amount of carbon
dioxide in the atmosphere and the oceans. It is further theorized that increased carbon dioxide
emissions are associated with the increasing industrial development of developing nations,
and are also associated with the increase in the world's population. In addition to requiring
more energy, the increasing world population will require more food. Thus, rising carbon
dioxide emissions can be viewed as linked to the increasing use of natural resources by an
ever increasing global population. As some suggest, this larger population brings with it
further demands on food production requirements. Biochar uniquely addresses both of these
issues by providing an effective carbon sink, e.g., carbon sequestration agent, as well as, an
agent for improving and increasing agricultural output. In particular, biochar is unique in its
ability to increase agricultural production, without increasing carbon dioxide emission, and
preferably reducing the amount of carbon dioxide in the atmosphere. However, as discussed
above, this unique ability of biochar has not been realized, or seen, because of the inherent
problems and failings of prior biochars including, for example, high pH, phytotoxicity due to
high metals content and/or residual organics, and dramatic product inconsistencies.

[060] Biochar can be made from basically any source of carbon, for example, from
hydrocarbons (e.g., petroleum based materials, coal, lignite, peat) and from a biomass (e.g.,
woods, hardwoods, softwoods, waste paper, coconut shell, manure, chaff, food waste, etc.).
Combinations and variations of these starting materials, and various and different members of
each group of starting materials can be, and are, used. Thus, having the large number of
vastly different starting materials, each of which potentially leads to a biochar having
different properties, begins to frame the substantial nature of one of the problems that the
present inventions address and solve.

[061] Many different pyrolysis or carbonization processes can be, and are used, to create

biochars. In general, these processes involve heating the starting material under positive
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pressure, reduced pressure, vacuum, inert atmosphere, or flowing inert atmosphere, through
one or more heating cycles where the temperature of the material is generally brought above
about 400°C, and can range from about 300°C to about 900°C. The percentage of residual
carbon formed and several other initial properties are strong functions of the temperature and
time history of the heating cycles. In general, the faster the heating rate and the higher the
final temperature the lower the char yield. Conversely, in general, the slower the heating rate
or the lower the final temperature the greater the char yield. The higher final temperatures
also lead to modifying the char properties by changing the inorganic mineral matter
compositions, which in turn, modify the char properties. Ramp, or heating rates, hold times,
cooling profiles, pressures, flow rates, and type of atmosphere can all be controlled, and
typically are different from one biochar supplier to the next. These differences potentially
lead to a biochar having different properties, further framing the substantial nature of one of
the problems that the present inventions address and solve. Generally, in carbonization most
of the non-carbon elements, hydrogen and oxygen are first removed in gaseous form by the
pyrolytic decomposition of the starting materials, e.g., the biomass. The free carbon atoms
group or arrange into crystallographic formations known as elementary graphite crystallites.
Typically, at this point the mutual arrangement of the crystallite is irregular, so that free
interstices exist between them. Thus, pyrolysis involves thermal decomposition of
carbonaceous material, e.g., the biomass, eliminating non-carbon species, and producing a
fixed carbon structure.

[062] As noted above, raw or untreated biochar is generally produced by subjecting
biomass to either a uniform or varying pyrolysis temperature (e.g., 300° C to 550° C to 750°
C or more) for a prescribed period of time in a reduced oxygen environment. This process
may either occur quickly, with high reactor temperature and short residence times, slowly
with lower reactor temperatures and longer residence times, or anywhere in between. The
biomass from which the char is obtained may minimize debris, such as bark, leaves and small
branches. The biomass may further include feedstock to help adjust the pH and particle size
distribution in the resulting raw biochar. In some applications, it is desirous to have biomass
that is fresh, less than six months old, and with an ash content of less than 3%. Further, by

using biochar derived from different biomass, e.g., pine, oak, hickory, birch and coconut
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shells from different regions, and understanding the starting properties of the raw biochar, the
treatment methods can be tailored to ultimately yield a treated biochar with predetermined,
predictable physical and chemical properties.

[063] In general, biochar particles can have sizes ranging from less than % to less than %2
of an inch. By way of example, the biochar particles can have particle sizes as shown or
measured in Table 1below. When referring to a batch having % inch particles3/4, the batch
would have particles that will pass through a 3 mesh sieve, but will not pass through (i.e.,

are caught by or sit atop) a 4 mesh sieve.

Table 1
U.S. Mesh Inches Microns Millimeters

(i.e., mesh) (um) (mm)
3 0.2650 6730 6.370
4 0.1870 4760 4.760
5 0.1570 4000 4.000
6 0.1320 3360 3.360
7 0.1110 2830 2.830
8 0.0937 2380 2.380
10 0.0787 2000 2.000
12 0.0661 1680 1.680
14 0.0555 1410 1.410
16 0.0469 1190 1.190
18 0.0394 1000 1.000
20 0.0331 841 0.841
25 0.0280 707 0.707
30 0.0232 595 0.595
35 0.0197 500 0.500
40 0.0165 400 0.400
45 0.0138 354 0.354
50 0.0117 297 0.297
60 0.0098 250 0.250
70 0.0083 210 0.210
80 0.0070 177 0.177
100 0.0059 149 0.149
120 0.0049 125 0.125
140 0.0041 105 0.105
170 0.0035 88 0.088
200 0.0029 74 0.074
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230 0.0024 63 0.063
270 0.0021 53 0.053
325 0.0017 44 0.044
400 0.0015 37 0.037
[064] For most applications, it is desirable to use biochar particles having particle sizes

from about 3/4 mesh to about 60/70 mesh, about 4/5 mesh to about 20/25 mesh, or about 4/5
mesh to about 30/35 mesh. It being understood that the desired mesh size, and mesh size
distribution can vary depending upon a particular application for which the biochar is
intended.

[065] Figure 1 illustrates a cross-section of one example of a raw biochar particle. As
illustrated in Figure 1, a biochar particle 100 is a porous structure that has an outer surface
100a and a pore structure 101 is formed within the biochar particle 100. As used herein,
unless specified otherwise, the terms "porosity”, "porous”, "porous structure”, and "porous
morphology" and similar such terms are to be given their broadest possible meaning, and
would include materials having open pores, open and closed pores, and combinations of these,
and would also include macropores, mesopores, and micropores and combinations, variations
and continuums of these morphologies. Unless specified otherwise, the term “pore volume”
is the total volume occupied by the pores in a particle or collection of particles; the term
“inter-particle void volume” is the volume that exists between a collection of particle; the
term “solid volume or volume of solid means” is the volume occupied by the solid material
and does not include any free volume that may be associated with the pore or inter-particle
void volumes; and the term “bulk volume” is the apparent volume of the material including
the particle volume, the inter-particle void volume, and the internal pore volume.

[066] The pore structure 101 forms an opening 121 in the outer surface 100a of the
biochar particle 100. The pore structure 101 has a macropore 102, which has a macropore
surface 102a, and which surface 102a has an area, i.e., the macropore surface area. (In this
diagram only a single micropore is shown. If multiple micropores are present than the sum of
their surface areas would equal the total macropore surface area for the biochar particle.)
From the macropore 102, several mesopores 105, 106, 107, 108 and 109 are present, each

having its respective surfaces 105a, 106a, 107a, 108a and 109a. Thus, each mesopore has its
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respective surface area; and the sum of all mesopore surface areas would be the total
mesopore surface area for the particle. From the mesopores, e.g., 107, there are several
micropores 110, 111, 112, 113, 114, 115, 116, 117, 118, 119 and 120, each having its
respective surfaces 110a, 111a, 112a, 113a, 114a, 115a, 116a, 117a, 118a, 119a and 120a.
Thus, each micropore has its respective surface area and the sum of all micropore surface
areas would be the total micropore surface area for the particle. The sum of the macropore
surface area, the mesopore surface area and the micropore surface area would be the total pore
surface area for the particle.

[067] Macropores are typically defined as pores having a diameter greater than 300 nm,
mesopores are typically defined as diameter from about 1-300 nm, and micropores are
typically defined as diameter of less than about 1 nm, and combinations, variations and
continuums of these morphologies. The macropores each have a macropore volume, and the
sum of these volumes would be the total macropore volume. The mesopores each have a
mesopore volume, and the sum of these volumes would be the total mesopore volume. The
micropores each have a micropore volume, and the sum of these volumes would be the total
micropore volume. The sum of the macropore volume, the mesopore volume and the
micropore volume would be the total pore volume for the particle.

[068] Additionally, the total pore surface area, volume, mesopore volume, etc., for a
batch of biochar would be the actual, estimated, and preferably calculated sum of all of the
individual properties for each biochar particle in the batch.

[069] It should be understood that the pore morphology in a biochar particle may have
several of the pore structures shown, it may have mesopores opening to the particle surface,
it may have micropores opening to particle surface, it may have micropores opening to
macropore surfaces, or other combinations or variations of interrelationship and structure
between the pores. . It should further be understood that the pore morphology may be a
continuum, where moving inwardly along the pore from the surface of the particle, the pore
transitions, e.g., its diameter becomes smaller, from a macropore, to a mesopore, to a

micropore, e.g., macropore 102 to mesopore 109 to micropore 114.
[070] In general, the biochars have porosities that can range from 0.2 cm¥em” to about

0.8 cm*cm?® and more preferably about (.2 cm’/em® to about 0.5 cm’em’. (Unless stated
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otherwise, porosity is provided as the ratio of the total pore volumes (the sum of the
micro+ meso+ macro pore volumes) to the solid volume of the biochar. Porosity of the
biochar particles can be determined, or measured, by measuring the micro-, meso-, and
macro pore volumes, the bulk volume, and the inter particle volumes to determine the solid
volume by difference. The porosity is then calculated from the total pore volume and the
solid volume.

[071] As noted above, the use of different biomass potentially leads to biochars having
different properties, including, but not limited to different pore structures. By way of
example, Figures 2A, 2B and 2C illustrate Scanning Electron Microscope (“SEM”) images of
various types of treated biochars showing the different nature of their pore morphology.
Figure 2A is biochar derived from pine. Figure 2B is biochar derived from birch. Figure 2C is
biochar derived from coconut shells.

[072] The surface area and pore volume for each type of pore, e.g., macro-, meso- and
micro- can be determined by direct measurement using CO2 adsorption for micro-, N2
adsorption for meso- and macro pores and standard analytical surface area analyzers and
methods, for example, particle analyzers such as Micrometrics instruments for meso- and
micro pores and impregnation capacity for macro pore volume. Mercury porosimetry, which
measures the macroporosity by applying pressure to a sample immersed in mercury at a
pressure calibrated for the minimum pore diameter to be measured, may also be used to
measure pore volume.

[073] The total micropore volume can be from about 2% to about 25% of the total pore
volume. The total mesopore volume can be from about 4% to about 35% of the total pore
volume. The total macropore volume can be from about 40% to about 95% of the total pore
volume. By way of example, Figure 3 shows a bar chart setting out examples of the pore
volumes for sample biochars made from peach pits 201, juniper wood 202, a first hard
wood 203, a second hard wood 204, fir and pine waste wood 2035, a first pine 206, a second
pine 207, birch 208 and coconut shells 209.

[074] As explained further below, treatment can increase usable pore volumes, which

leads to increased retention properties and promotes further performance characteristics of the
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biochar. Knowing the properties of the starting raw biochar, one can treat the biochar to
produce controlled, predictable and optimal resulting physical and chemical properties.

[075] B. Treatment

[076] Testing has demonstrated that if the biochar is then treated, at least partially, in a
manner that causes the forced infusion and/or diffusion of liquids into and/or out of the
biochar pores (through mechanical, physical, or chemical means), certain beneficial properties
of the biochar can be altered or improved through treatment over and above simply contacting
these liquids with the biochar. By knowing the properties of the raw biochar and the optimal
desired properties of the treated biochar, the raw biochar can then be treated in a manner that
results in the treated biochar having controlled optimized properties and greater levels of
consistency between batches as well as between treated biochars arising from various
feedstocks.

[077] The basis for treating biochar is that given the large pore volume of biochars, the
physical and chemical properties of biochars can be altered, mitigated or enhanced by altering
pore surface properties. In particular, effective treatment processes can mitigate or remove
deleterious pore surface properties and modify anywhere from between 10% to 99% or more
of pore surface area of a biochar particle. By modifying the pore surfaces through treatment,
the treated biochars exhibit a greater capacity to retain water and/or other nutrients while at
the same time providing structure to the soil to allow for pockets of air necessary for efficient
root operation. Through the use of treated biochars, agricultural applications can realize
increased moisture control, increased nutrient retention, reduced water usages, reduced water
requirements, reduced runoff, reduced nutrient needs, reduced nutrient usage, increased yields,
increased yields with lower water requirements and/or nutrient requirements, and any
combination and variation of these and other benefits.

[078] Treatment further allows the biochar to be modified to possess certain known
properties that enhance the benefits received from the use of biochar. While the selection of
raw biochar and/or pyrolysis conditions under which the biochar was manufactured can make
treatment processes less cumbersome, more efficient and further controlled, treatment
processes can be utilized that provide for the biochar to have desired and generally sustainable

resulting properties regardless of the biochar source or pyrolysis conditions. As explained
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further below, treatment can (i) repurpose problematic biochars, (ii) handle changing biochar
material sources, e.g., seasonal and regional changes in the source of biomass, (iii) provide for
custom features and functions of biochar for particular soils, regions or agricultural purposes;
(iv) increase the retention properties of biochar, (v) provide for large volumes of biochar
having desired and predictable properties, (vi) provide for biochar having custom properties,
(vil) handle differences in biochar caused by variations in pyrolysis conditions or
manufacturing of the “raw” biochar; and (viii) address the majority, if not all, of the problems
that have, prior to the present invention, stifled the large scale adoption and use of biochars.
[079] Treatment can wash both the interior and exterior pore surfaces, remove harmful
chemicals and properties, and alter certain properties of the biochar and the pore surfaces.
This is in stark contrast to simple washing which generally only impacts the exterior surfaces
and a small percentage of the interior surface area. Treatment can further be used to coat
substantially all, or all of the biochar pore surfaces with a surface modifying agent or
impregnate the pores with additives or treatment to provide a predetermined feature to the
biochar, e.g., surface charge and charge density, surface species and distribution, targeted
nutrient addition, magnetic modifications, root growth facilitator, and water absorptivity and
water retention properties.

[080] Figure 4 is a schematic flow diagram of one example treatment process 400 for use
in accordance with the present invention. As illustrated, the treatment process 400 starts with
raw biochar 402 that may be subjected to one or more reactors or treatment processes prior to
bagging 420 the treated biochar for resale. For example, 404 represents reactor 1, which may
be used to wash the biochar. The wash may be a simple water wash or may be an acid wash
used for the purpose of altering the pH of the raw biochar particles 402. The wash may also
contain a surfactant or detergent to aid the penetration of the wash solution into the pores of
the biochar. The wash may opticnally be heated or may be used at ambient temperature or
less. For some applications, depending upon the properties of the raw biochar, a water and/or
acid/alkaline wash 404 (the latter for pH adjustment) may be the only necessary treatment
prior to bagging the biochar 420. If, however, the moisture content of the biochar needs to be

adjusted, the washed biochar may then be put into a second reactor 406 for purposes of
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reducing the moisture content in the washed biochar. From there, the washed and moisture
adjusted biochar may be bagged 420.

[081] Again, depending upon the starting characteristics of the raw biochar and the
intended application for the resale product, further processing may still be needed or desired.
In this case, the washed moisture adjusted biochar may then be passed to a third reactor 408
for inoculation, which may include the impregnation of biochar with beneficial bacteria,
microbes, fertilizers or other additives. Thereafter, the inoculated biochar may be bagged
420, or may be yet further processed, for example, in a fourth reactor 410 to have further
moisture removed from or added to the biochar. Further moisture adjustment may be
accomplished by placing the inoculated biochar in a fourth moisture adjustment reactor 410 or
circulating the biochar back to a previous moisture adjustment reactor (e.g. reactor 406).
Those skilled in the art will recognize that the ordering in which the raw biochar is processed
and certain processes may be left out, depending on the properties of the starting raw biochar
and the desired application for the biochar. For example, the wash and inoculation processes
may be performed without the moisture adjustment step, inoculation processes may also be
performed with or without any washing, pH adjustment or any moisture adjustment. All the
processes may be completed alone or in the conjunction with one or more of the others.

[082] For example, Figure 4a illustrates a schematic of one example of an
implementation of biochar processing that includes washing and both pH and moisture
adjustment. Figure 4b illustrates yet another example of an implementation of biochar
processing that includes inoculation.

[083] As illustrated in Figure 4a, raw biochar 402 is placed into a reactor or tank 404. A
washing or treatment liquid 403 is then added to a tank and a partial vacuum, using a vacuum
pump, 405 is pulled on the tank. The treating or washing liquid 403 may be used to clean or
wash the pores of the biochar 402 or adjust the pH level of the surface, or both, among other
things. The vacuum can be pulled after the treatment liquid 403 is added or while the
treatment liquid 403 is added. Thereafter, the washed/pH adjusted biochar 410 may be
moisture adjusted by vacuum exfiltration 406 to pull the extra liquid from the
washed/moisture adjusted biochar 410 or may be placed in a centrifuge 407, heated or

subjected to pressure gradient changes (e.g., blowing air) for moisture adjustment. The
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moisture adjusted biochar 412 may then be bagged or subject to further treatment. Any
excess liquids 415 collected from the moisture adjustment step may be disposed of or
recycled, as desired. Optionally, biochar fines may be collected from the excess liquids 415
for further processing, for example, to create a slurry, cakes, or biochar extrudates.

[084] Optionally, rather than using a vacuum pump 405, a positive pressure pump may
be used to apply positive pressure to the tank 404. In some situations, applying positive
pressure to the tank may also function to force or accelerate the washing or treating liquid 403
into the pores of the biochar 402. Any change in pressure in the tank 404 or across the surface
of the biochar could facilitate the exchange of gas and/or moisture into and out of the pores of
the biochar with the washing or treating liquid 403 in the tank. Accordingly, changing the
pressure in the tank and across the surface of the biochar, whether positive or negative, is
within the scope of this invention.

[085] As illustrated Figure 4b, the washed/pH adjusted biochar 410 or the washed/pH
adjusted and moisture adjusted biochar 412 may be further treated by inoculating or
impregnating the pores of the biochar with an additive 425. The biochar 410, 412 placed back
in a reactor 401, an additive solution 425 is placed in the reactor 401 and a vacuum, using a
vacuum pump, 405 is pulled on the tank. Again, the vacuum can be pulled after the additive
solution 425 is added to the tank or while the additive solution 425 is being added to the tank.
Thereafter, the washed, pH adjusted and inoculated biochar 428 can be bagged. Alternatively,
if further moisture adjustment is required, the biochar can be further moisture adjusted by
vacuum filtration 406 to pull the extra liquid from the washed/moisture adjusted biochar 410
or may be placed in a centrifuge 407 for moisture adjustment. The resulting biochar 430 can
then be bagged. Any excess liquids 415 collected from the moisture adjustment step may be
disposed of or recycled, as desired. Optionally, biochar fines may be collected from the
excess liquids 4135 for further processing, for example, to create a slurry or biochar extrudates.
As described above, both processes of the Figure 4a and 4b can be performed with a
surfactant solution in place of, or in conjunction with, the vacuum 405.

[086] While known processes exist for the above described processes, research
associated with the present invention has shown improvement and the ability to better control

the properties and characteristics of the biochar if the processes are performed through the
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infusion and diffusion of liquids into and out of the biochar pores. One such treatment
process that can be used is vacuum impregnation and vacuum and/or centrifuge extraction.
Another such treatment process that can be used is the addition of a surfactant to infused
liquid, which infused liquid may be optionally heated or used at ambient temperature or less.
[087] Since research associated with the present invention has identified what physical
and chemical properties have the highest impact on plant growth and/or soil health, the
treatment process can be geared to treat different forms of raw biochar to achieve treated
biochar properties known to enhance these characteristics. For example, if the pH of the
biochar needs to be adjusted to enhance the raw biochar performance properties, the treatment
may be the infusion of an acid solution into the pores of the biochar using vacuum, surfactant,
or other treatment means. This treatment of pore infusion through, for example, the rapid,
forced infusion of liquid into and out the pores of the biochar, has further been proven to
sustain the adjusted pH levels of the treated biochar for much longer periods than biochar that
is simply immersed in an acid solution. By way of another example, if the moisture content
needs to be adjusted, then excess liquid can be extracted from the pores using vacuum and/or
centrifuge extraction or by using various heating techniques. The above describes a few
examples of treatment that result in treated biochar having desired performance properties
identified to enhance soil health and plant life.

[088] Figure 5 illustrates one example of a system 500 that utilizes vacuum impregnation
to treat raw biochar. Generally, raw biochar particles, and preferably a batch of biochar
particles is placed under a vacuum, e.g., ranging from 750 Torr to 400 Torr to 10 Torr or less.
The biochar is maintained under vacuum ("vacuum hold time") for anywhere from seconds to
1 minute to 10 minutes, to 100 minutes, or possibly longer. By way of example, for about a
500 pound batch of biochar, a vacuum hold time of from about 1 to about 5 minutes can be
used if the reactor is of sufficient size and sufficient infiltrant is available. While under the
vacuum an infiltrant may then be introduced into the vacuum chamber containing the biochar.
Alternatively, the infiltrant may be introduced into the vacuum chamber before the biochar is
placed under a vacuum. Optionally, treatment may also include subjecting the biochar to

temperatures during vacuum treatment from ambient to about 250 °C.
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[089] The infiltrant is drawn into the biochar pore, and preferably drawn into the
macropores, the mesopores and the micropores. The infiltrant can coat anywhere from 10%
to 50% to 100% of the total pore surface area. The infiltrant can fill and/or coat anywhere
from 10% to 50% to 100% of the total pore volume and/or pore surface area, including
mesopore and macropore surface area and/or volume.

[090] As described above, the infiltrant can be left in the biochar, with the batch being a
treated biochar batch ready for packaging, shipment and use in an agricultural or other
application. The infiltrant may also be removed through drying, subsequent vacuum
processing, centrifugal force (e.g., cyclone drying machines), with the batch being a treated
biochar batch ready for packaging, shipment and use in an agricultural application. A second,
third or more infiltration, removal, infiltration and removal, and combinations and variations
of these may also be performed on the biochar with optional drying steps between infiltrations
to remove residual liquid from the pore structure if needed. In any of these stages the
infiltrant may contain organic or inorganic surfactants to assist with the penetration of the
infiltrant.

[091] As illustrated in Figure 5, a system 500 for providing a biochar, preferably having
predetermined and uniform properties. The system 500 has a vacuum infiltration tank 501.
The vacuum infiltration tank 501 has an inlet line 503 that has a valve 504 that seals the inlet
line 503. In operation, the starting biochar is added to vacuum infiltration tank 501 as shown
by arrow 540. Once the tank is filled with the starting biochar, a vacuum is pulled on the
tank, by a vacuum pump connected to vacuum line 506, which also has valve 507. The
starting biochar is held in the vacuum for a vacuum hold time. Infiltrant, as shown by arrow
548 is added to the tank 501 by line 508 having valve 509. The infiltrant is mixed with the
biochar in the tank 501 by agitator 502. The mixing process is done under vacuum for a
period of time sufficient to have the infiltrant fill the desired amount of pore volume, e.g., up
to 100% of the macropores, mesopores and micropores.

[092] Alternatively, the infiltrant may be added to the vacuum infiltration tank 501
before vacuum is pulled on the tank. In this manner, infiltrant is added in the tank in an
amount that can be impregnated into the biochar. As the vacuum is pulled, the biochar is

circulated in the tank to cause the infiltrant to fill the pore volume. To one skilled in the art, it
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should be clear that the agitation of the biochar during this process can be performed through
various means, such as a rotating tank, rotating agitator, pressure variation in the tank itself,
or other means. Additionally, the biochar may be dried using conventional means before even
the first treatment. This optional pre-drying can remove liquid from the pores and in some
situations may increase the efficiency of impregnation due to pressure changes in the tank.
[093] Pressure is then restored in the tank 501 and the infiltrated biochar is removed, as
shown by arrow 541, from the tank 501 to bin 512, by way of a sealing gate 511 and removal
line 510. The infiltrated biochar is collected in bin 512, where it can be further processed in
several different ways. The infiltrated biochar can be shipped for use as a treated biochar as
shown by arrow 543. The infiltrated biochar can be returned to the tank 501 (or a second
infiltration tank). If returned to the tank 501 the biochar can be processed with a second
infiltration step, a vacuum drying step, a washing step, or combinations and variations of
these. The infiltrated biochar can be moved by conveyor 514, as shown by arrow 542, to a
drying apparatus 516, e.g., a centrifugal dryer or heater, where water, infiltrant or other liquid
is removed by way of line 517, and the dried biochar leaves the dryer through discharge line
518 as shown by arrow 545, and is collected in bin 519. The biochar is removed from the bin
by discharge 520. The biochar may be shipped as a treated biochar for use in an agriculture
application, as shown by arrow 547. The biochar may also be further processed, as shown by
546. Thus, the biochar could be returned to tank 501 (or a second vacuum infiltration tank)
for a further infiltration step. The drying step may be repeated either by returning the dry
biochar to the drying apparatus 516, or by running the biochar through a series of drying
apparatus, until the predetermined dryness of the biochar is obtained, e.g., between 50% to
less than 1% moisture.

[094] The system 500 is illustrative of the system, equipment and processes that can be
used for, and to carry out the present inventions. Various other implementations and types of
equipment can be used. The vacuum infiltration tank can be a sealable off-axis rotating
vessel, chamber or tank. It can have an internal agitator that also when reversed can move
material out, empty it, (e.g., a vessel along the lines of a large cement truck, or ready mix
truck, that can mix and move material out of the tank, without requiring the tank's orientation

to be changed). Washing equipment may be added or utilized at various points in the process,
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or may be carried out in the vacuum tank, or drier, (e.g., wash fluid added to biochar as it is
placed into the drier for removal). Other steps, such as bagging, weighing, the mixing of the
biochar with other materials, e.g., fertilized, peat, soil, etc. can be carried out. In all areas of
the system referring to vacuum infiltration, optionally positive pressure can be applied, if
needed, to enhance the penetration of the infiltrant or to assist with re-infusion of gaseous
vapors into the treated char.

[095] As noted above, the biochar may also be treated using a surfactant. The same or
similar equipment used in the vacuum infiltration process can be used in the surfactant
treatment process. Although it is not necessary to pull a vacuum in the surfactant treatment
process, the vacuum infiltration tank or any other rotating vessel, chamber or tank can be
used. In the surfactant treatment process, a surfactant, such as yucca extract, is added to the
infiltrant, e.g., acid wash or water. The rate at with the surfactant is added to the infiltrant
may vary depending upon the surfactant used. For example, yucca extract can be added at a
rate of between 0.1 - 20%, but more preferably 1-5% by volume of the infiltrant. The infiltrant
with surfactant is then mixed with the biochar in a tumbler for several minutes, e.g., 3-5
minutes, without applied vacuum. Optionally, a vacuum or positive pressure may be applied
with the surfactant to improve efficiency, but is not necessary. Additionally, infiltrant to
which the surfactant or detergent is added may be heated or may be ambient temperature or
less. Similarly, the mixture of the surfactant or detergent, as well as the char being treated
may be heated, or may be ambient temperature, or less. After tumbling, excess free liquid can
be spun-off in the same manner as described above in connection with the vacuum infiltration
process. Drying, also as described above in connection with the vacuum infiltration process, is
an optional additional step.

[096] C. Benefits of Treatment

[097] As illustrated above, the treatment process, whether using vacuum or surfactant
treatment, may include two steps, which in certain applications, may be combined: (i)
washing and (ii) inoculation of the pores with an additive. When the desired additive is the
same and that being inoculated into the pores, e.g., water, the step of washing the pores and

inoculating the pores with an additive may be combined.
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[098] While not exclusive, washing is generally done for one of three purposes: (i) to
modify the surface of the pore structure of the biochar (i.e., to allow for increased retention of
liquids); (ii) to modify the pH of the biochar; and/or (iii) to remove undesired and potentially
harmful compounds or gases.

[099] 1. Increases Water Holding Capacity/Water Retention Capacity

[0100] As demonstrated below, the treatment processes of the invention modify the
surfaces of the pore structure to provide enhanced functionality and to control the properties
of the biochar to achieve consistent and predicable performance. Using the above treatment
processes, anywhere from at least 10% of the total pore surface area up to 90% or more of the
total pore surface area may be modified. In some implementations, it may be possible to
achieve modification of up to 99% or more of the total pore surface area of the biochar
particle. Using the processes set forth above, such modification may be substantially and
uniformly achieved for an entire batch of treated biochar.

[0101] For example, it is believed that by treating the biochar as set forth above, the
hydrophilicity of the surface of the pores of the biochar is modified, allowing for a greater water
retention capacity. Further, by treating the biochars as set forth above, gases and other
substances are also removed from the pores of the biochar particles, also contributing to the
biochar particles’ increased water holding capacity. Thus, the ability of the biochar to retain
liquids, whether water or additives in solution, is increased, which also increases the ability to
load the biochar particles with large volumes of inoculant, infiltrants and/or additives.

[0102] A batch of biochar has a bulk density, which is defined as weight in grams (g) of 1
cm’ of loosely poured material that has or retains some free space between the particles. The
biochar particles in this batch will also have a solid density, which is the weight in grams (g) of
1 em3 of just particles, i.e., with the free space between the particles removed. The solid
density includes the air space or free space that is contained within the pores, but not the free
space between particles. The actual density of the particles is the density of the material in
grams (g) of 1 cm® of material, which makes up the biochar particles, i.e., the particle material
with pore volume removed.

[0103] In general, as bulk density increases the pore volume would be expected to decrease

and with it, the ability to hold infiltrant, e.g., inoculant. Thus, with the infiltration processes, the



CA 02963444 2017-03-31

WO 2016/054431 PCT/US2015/053583
26

treated biochars can have impregnation capacities that are larger than could be obtained without
infiltration, e.g., the treated biochars can readily have 10%, 30%, 40%, 50%, or most preferably,
60%-100% of their total pore volume filled with an infiltrant, e.g., an inoculant. The
impregnation capacity is the amount of a liquid that a biochar particle, or batch of particles, can
absorb. The ability to make the pores surface hydrophilic, and to infuse liquid deep into the
pore structure through the application of positive or negative pressure and/or a surfactant, alone
or in combination, provides the ability to obtain these high impregnation capabilities. The
treated biochars can have impregnation capacities, i.e., the amount of infiltrant that a particle
can hold on a volume held/total volume of a particle basis, that is greater than 0.2 cm’/cm’ to
0.8 cm’/cm’.

[0104] Accordingly, by using the treatment above, the water retention capacity of biochar
can be greatly increased over the water retention capacities of various soil types and even raw
biochar, thereby holding water and/or nutrients in the plant’s root zone longer and ultimately
reducing the amount of applied water (through irrigation, rainfall, or other means) needed by up
to 50% or more. Figure 6 is a chart showing the water retention capacities of soils versus raw
and treated biochar. In this example, the raw and treated biochar are derived from coconut
biomass. The soils sampled are loam and sandy clay soil and sunshine potting soil. The charts
show the retained water as a function of time.

[0105] In chart A, the bottom line represents the retained water in the sandy claim loam soil
over time. The middle line represents the retained water in the sandy clay soil with 20% by
volume percent of unprocessed raw biochar. The top line represents the retained water in the
sandy clay loam soil with 20% by volume percent of treated biochar (pH adjusted and
inoculated biochar). Chart B represents the same using sunshine potting soil rather than sandy
clay loam soil.

[0106] As illustrated in Figure 6, the treated biochar has an increased water retention
capacity over raw biochar of approximately 1.5 times the raw biochar. Similarly, results are
shown with treated biochar derived from pine, also showing an approximate 1.5 times increase
in water retention capacity over raw biochar. With certain biochar, the water retention capacity

of treated biochar could be as great as three time that of raw biochar.
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[0107] “Water holding capacity,” which may also be referred to as “Water Retention
Capacity,” is the amount of water that can be held both internally within the porous structure
and in the interparticle void spaces in a given batch of particles. While a summary of the
method of measure is provided above, a more specific method of measuring water holding
capacity/water retention capacity is measured by the following procedure: (i) drying a sample of
biochar under temperatures of 105 °C for a period of 24 hours or using another scientifically
acceptable technique to reduce the moisture content of the biochar to less than 2%, less than
1%; and preferably less than .5% (ii) placing a measured amount of dry biochar in a container;
(iii) filling the container having the measured amount of biochar with water such that the
biochar is completely immersed in the water; (iv) letting the water remain in the container
having the measured amount of biochar for at least ten minutes or treating the biochar in
accordance with the invention by infusing with water when the biochar is a treated biochar; (v)
draining the water from the container until the water ceases to drain; (vi) weighing the biochar
in the container (i.e., wet weight); (vii) again drying the biochar by heating the biochar under
temperatures of 105 °C for a period of 24 hours or using another scientifically acceptable
technique to reduce the moisture content of the biochar to less than 2% and preferably less than
1%; and (viii) weighing the dry biochar again (i.e., dry weight) and, for purposes of a
volumetric measure, determining the volume of the biochar.

[0108] Measured gravimetrically, the water holding/water retention capacity is determined
by measuring the difference in weight of the biochar from step (vi) to step (viii) over the weight
of the biochar from step (viii) (i.e., wet weight-dry weight/dry weight). Figure 7 illustrates the
different water retention capacities of raw biochar verse treated biochar  measured
gravimetrically. As illustrated, water retention capacity of raw biochar can be between 100-
200%, whereas treated biochar can have water retention capacities measured gravimetrically
between 200-400%.

[0109] Water holding capacity can also be measured volumetrically and represented as a
percent of the volume of water retained in the biochar after gravitationally draining the excess
water/volume of biochar The volume of water retained in the biochar after draining the water
can be determined from the difference between the water added to the container and water

drained off the container or from the difference in the weight of the wet biochar from the weight
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of the dry biochar converted to a volumetric measurement. This percentage water holding
capacity for treated biochar may be 50-55 percent and above by volume.

[0110] Given biochar’s increased water retention capacity, the application of the treated
biochar and even the raw biochar greatly assists with the reduction of water and/or nutrient
application. It has been discovered that these same benefits can be imparted to agricultural
growth.

[0111] Treated biochar of the present invention has also demonstrated the ability to retain
more water than raw biochar after exposure to the environment for defined periods of time. For
purposes of this application “remaining water content” can be defined as the total amount of
water that remains held by the biochar after exposure to the environment for certain amount of
time. Exposure to environment is exposure at ambient temperature and pressures. Under this
definition, remaining water content can be measured by (i) creating a sample of biochar that has
reached its maximum water holding capacity; (ii) determining the total water content by
thermogravimetric analysis (H,O (TGA)), as described above on a sample removed from the
output of step (i) above, (iii) exposing the biochar in the remaining sample to the environment
for a period of 2 weeks (15 days, 360 hrs.); (iv) determining the remaining water content by
thermogravimetric analysis (H,O (TGA)); and (v) normalizing the remaining (retained) water in
mL to 1 kg or 1 L biochar. The percentage of water remaining after exposure for this two week
period can be calculated by the remaining water content of the biochar after the predetermined
period over the water content of the biochar at the commencement of the two week period.
Using this test, treated biochar has shown to retain water at rates over 4x that of raw biochar.
Testing has further demonstrated that the following amount of water can remain in treated
biochar after two weeks of exposure to the environment: 100-650 mL/kg; 45-150 mL/L; 12-30
gal/ton; 3-10 gal/yd3 after 360 hours (15 days) of exposure to the environment. In this manner,
and as illustrated in Figure 8, biochar treated through vacuum impregnation can increase the
amount of retained water in biochar about 3x compared to other methods even after seven
weeks. In general, the more porous and the higher the surface area of a given material, the
higher the water retention capacity. Further, it is theorized that by modifying the
hydrophilicity/hydrophobicity of the pore surfaces, greater water holding capacity and

controlled release may be obtained. Thus, viewed as a weight percent, e.g., the weight of
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retained water to weight of biochar, examples of the present biochars can retain more than 5%
of their weight, more than 10% of their weight, and more than 15% of their weight, and even
more than 50% of their weight compared to an average soil which may retain 2% or less, or
between 100-600 ml/kg by weight of biochar.

[0112] Tests have also shown that treated biochars that show weight loss of > 1% in the
interval between 43-60 °C when analyzed by the Thermal Gravimetric Analysis (TGA) (as
described below) demonstrate greater water holding and content capacities over raw biochars.
Weight loss of > 5%-15% in the interval between 38-68 °C when analyzed by the Thermal
Gravimetric Analysis (TGA) using sequences of time and temperature disclosed in the
following paragraphs or others may also be realized. Weight percentage ranges may vary from
between > 1% - 15% in temperature ranges between 38-68 °C, or subsets thereof, to distinguish
between treated biochar and raw biochar.

[0113] Figure 9 is a chart 900 showing the weight loss of treated biochars 902 versus raw
biochar samples 904 when heated at varying temperatures using the TGA testing described
below. As illustrated, the treated biochars 902 continue to exhibit weight loss when heated
between 40-60 °C when analyzed by the Thermal Gravimetric Analysis (TGA) (described
below), whereas the weight loss in raw biochar 804 between the same temperature ranges levels
off. Thus, testing demonstrates the presence of additional moisture content in treated biochars
902 versus raw biochars 904.

[0114] In particular, the treated biochars 902 exhibit substantial water loss when heated in
inert gas such as nitrogen following treatment. More particularly, when heated for 25 minutes
at each of the following temperatures 20, 30, 40, 50 and 60 °C the treated samples lose about 5-
% to 15% in the interval 43 - 60 °C and upward of 20-30% in the interval between 38- 68 °C.
The samples to determine the water content of the raw biochar were obtained by mixing a
measured amount of biochar and water, stirring the biochar and water for 2 minutes, draining
off the water, measuring moisture content and then subjecting the sample to TGA. The samples
for the treated biochar were obtained by using the same measured amount of biochar as used in
the raw biochar sample, and impregnating the biochar under vacuum. Similar results are

expected with biochar treated with a treatment process consistent with those described in this
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disclosure with the same amount of water as used with the raw biochar. The moisture content is
then measured and the sample is subjected to TGA described above.

[0115] The sequences of time and temperature conditions for evaluating the effect of
biochars heating in inert atmosphere is defined in this application as the “Bontchev-Cheyne
Test” (“BCT”). The BCT is run using samples obtained, as described above, and applying
Thermal Gravimetric Analysis (TGA) carried out using a Hitachi STA 7200 analyzer under
nitrogen flow at the rate of 110 mL/min. The biochar samples are heated for 25 minutes at each
of the following temperatures: 20, 30, 40, 50 and 60 ° C. The sample weights are measured at
the end of each dwell step, at the beginning and at the end of the experiment. The analyzer also
continually measures and records weight over time. Biochars treated with vacuum infiltration
to enhance water holding or retention capacities typically exhibit weight loss of > 5% in the
interval between 38-68 °C, > 1% in the interval between 43-60 °C. Biochars with greater water
holding or retention capacities can exhibit > 5% weight loss in the interval between 43-60 °C
measured using the above described BCT.

[0116] Lastly, as illustrated in Figure 10, plant available water is greatly increased in treated
biochar over that of raw biochar. Figure 10 illustrates the plant available water in raw biochar,
versus treated biochar and treated dried biochar and illustrates that treated biochar can have a
plant available water percent of greater than 35% by volume.

[0117] “Plant Available Water” is the amount of unbound water in the biochar available for
plants to uptake. This is calculated by subtracting the volumetric water content at field capacity
from the volumetric water content at the permanent wilting peoint, which is the point when no
water is available for the plants. Field capacity is generally expressed as the bulk water content
retained in at —33 J/kg (or —0.33 bar) of hydraulic head or suction pressure. Permanent wilting
point is generally expressed as the bulk water content retained at -1500J/kg (or -15 bar) of
hydraulic head or suction pressure. Methods for measuring plant available water are well-
known in the industry and use pressure plate extractors, which are commercially available or
can be built using well-known principles of operation.

[0118] 2. Adjusts pH

[0119] With regard to treatment for pH adjustment, the above described vacuum infiltration

processes and/or surfactant treatment processes have the ability to take raw biochars having
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detrimental or deleterious pHs and transform those biochars into a treated biochar having pH
that is in an optimal range for most plant growth, and soil health. Turning to Figure 11, a graph
1100 is provided that shows the pH of various starting raw biochars that were made from
different starting materials and pyrolysis process temperatures, including coconut shells 1104,
pistachio shells 1101, corn at 500°C 1105, corn at 900°C 1102, bamboo 1103, mesquite 1106,
wood and coffee 1108, wood (Australia) 1109, various soft woods 1110, 1111, 1112, 1113,
1114, 1115, 1116, 1117, red fir at 900°C 1107, various grasses at 500°C 1118, 1119, 1120,
grass 1121, and grass at 900°C 1123. The vacuum infiltration process, among other processes,
can alter the pH from the various undesirable pH levels and bring the pH into the preferred,
optimal range 1124 for most plant growth, soil health and combinations of these. Figure 12 is a
chart 1200 showing percentage of germination for lettuce plants for particular pHs, and an
desired germination range 1201. A control 1204 is compared with an optimal pH range 1202,
and a distribution 1203 of growth rates across pHs is shown.

[0120] If treated for pH adjustment, the treated biochar takes a few days after treatment for
the pH to normalize. Once normalized, tests have proven that pH altered biochar remains at a
stable pH, typically lower than the pH of the raw biochar, for up to 12 months or more after
treatment.

[0121] For example, the treatment process of the present invention can remove and/or
neutralize inorganic compounds, such as the calcium hydroxide ((CaOH)2), potassium oxide
(K20K20K,0), magnesium oxide (MgQ), magnesium hydroxide (Mg(OH) ,), and many others
that are formed during pyrolysis, and are fixed to the biochar pore surfaces. These inorganics,
in particular calcium hydroxide, adversely affect the biochar's pH, making the pH in some
instances as high as 8.5, 9.5, 10.5 and 11.2. These high pH ranges are deleterious, detrimental
to crops, and may kill or adversely affect the plants, sometimes rendering an entire field a loss.
[0122] The calcium hydroxide, and other inorganics, cannot readily and quickly be removed
by simple washing of the biochar, even in an acid bath. It cannot be removed by drying the
biochar, such as by heating, vacuum, or centrifugal force. It is theorized that these techniques
and methodologies cannot reach or otherwise affect the various pore surfaces, e.g., macro-,
meso- and micro- in any viable or efficacious manner; and thus cannot remove or otherwise

neutralize the calcium hydroxide.
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[0123] Upon modification of the pore surface area by removal and/or neutralization of the
calcium hydroxide the pH of the biochar can be reduced to the range of about pH 5 to about pH
8, and more preferably from about pH 6.4 to about 7.2, and still more preferably around 6.5 to
6.8, recognizing that other ranges and pHs are contemplated and may prove useful, under
specific environmental situations. Thus, the present treated biochars, particles, batches and
both, have most, essentially all, and more preferably all, of their pore surfaces modified by the
removal, neutralization and both, of the calcium hydroxide that is present in the starting biochar
material. These treated biochars have pHs in the range of about 5 to about 8, about 6.5 to about
7.5, about 6.4 to about 7, and about 6.8. Prior to and before testing, biochar is passed through a
2mm sieve before pH is measured. All measurements are taken according to Rajkovich et. al,
Corn growth and nitrogen nutrition after additions of biochars with varying properties to a
temperate soil, Biol, Fertil. Soils (2011), from which the IBI method is based.

[0124] There are a wide variety of tests, apparatus and equipment for making pH
measurements. For example, and preferably when addressing the pH of biochar, batches,
particles and pore surfaces of those particles, two appropriates for measuring pH are the Test
Methed for the US Composting Council ("TMCC") 4.11-A and the pH Test Method
promulgated by the International Biochar Initiative. The test method for the TMCC comprises
mixing biochar with distilled water in 1 : 5 [mass : volume] ratio, e.g., 50 grams of biochar is
added to 250 ml of pH 7.0 = 0.02 water and is stirred for 10 minutes; the pH is then the
measured pH of the slurry. The pH Test Method promulgated by the International Biochar
Initiative comprises 5 grams of biochar is added to 100 ml of water pH= 7.0 + 0.02 and the
mixture is tumbled for 90 minutes; the pH of the slurry is measured at the end of the 90 minutes

of tumbling.
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[0125] 3. Removing/Neutralizing Deleterious Materials

[0126] Further, the treatment processes are capable of modifying the pore surfaces to
remove or neutralize deleterious materials that are otherwise difficult, if not for all practical
purpose, impossible to mitigate. For example, heavy metals, transition metals, sodium and
phytotoxic organics, polycyclic aromatic hydrocarbons, volatile organic compounds (VOCs),
and perhaps other phytotoxins. Thus, by treating the biochar in accordance with the treatment
processes set forth and described above, the resulting treated biochar has essentially all, and
more preferably all, of their pore surfaces modified by the removal, neutralization and both,
of one or more deleterious, harmful, potentially harmful material that is present in the
starting biochar material.

[0127] For example, washing can reduce the total percentage of residual organic
compounds (ROC), including both the percentage of heavy ROCs and percentage of VOCs.
Through treatment, the total ROC can be reduced to 0-25% wt.%, percentage heavy ROC
content can be reduced to 0-20% wt.% and VOC content can be reduced to less than 5%
wt.%. For purposes of this application, “Residual organic compounds™ (ROCs) are defined as
compounds that burn off during thermogravimetric analysis, as defined above, between 150
degrees C and 950 degrees C. Residual organic compounds include, but are not limited to,
phenols, polyaromatic hydrocarbons, monoaromatic hydrocarbons, acids, alcohols, esters,
ethers, ketones, sugars, alkanes and alkenes. Of the ROCs, those that burn off using
thermogravimetric analysis between 150 degrees C and 550 degrees are considered light organic
compounds (volatiles or VOCs), and those that burn off between 550 degrees C and 950 degrees
C are heavy organic compounds. It should be noted that there may be some inorganic
compounds which also are burned off during TGA analysis in these temperature ranges, but
these are generally a very low percentage of the total emission and can be disregarded in the
vast majority of cases as slight variations. In any of these measurements, a gas chromatograph /
mass spectrometer may be used if needed for higher degrees of precision.

[0128] The percent water, total organic compounds, total light organic compounds (volatiles
or VOC) and total heavy organic compounds, as referenced in this application as contained in a
biochar particle or particles in a sample may all be measured by thermogravimetric analysis.

Thermogravimetric analysis is performed by a Hitachi STA 7200 analyzer or similar piece of
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equipment under nitrogen flow at the rate of 110 mL/min. The biochar samples are heated for
predetermined periods of time, e.g., 20 minutes, at a variety of temperatures between 100 and
950 °C. The sample weights are measured at the end of each dwell step and at the beginning
and at the end of the experiment. Thermogravimetric analysis of a given sample indicating
percentage water in a sample is determined by % mass loss measured between standard
temperature and 150 degrees C. Thermogravimetric analysis of a given sample indicating
percentage of residual organic compounds is measured by percentage mass loss sustained
between 150 degrees C and 950 degrees C. Thermogravimetric analysis of a given sample
indicating percentage of light organic compounds (volatiles) is measured by percentage mass
loss sustained between 150 degrees C and 550 degrees C. Thermogravimetric analysis of a
given sample indicating percentage of heavy organic compounds is measured by percentage
mass loss sustained between 550 degrees C and 950 degrees C. Figure 13 is an example of a
Thermogravimetric Analysis (TGA) plot outlining the above explanation and the measure of
water, light organics and heavy organics.

[0129] 4. Impregnation and/or Inoculation with Infiltrants or Additives

[0130] In addition to mitigating or removing deleterious pore surface properties, by
treating the pores of the biochar through a forced or rapid infiltration process, such as those
described above, the pore surface properties of the biochar can be enhanced. Such treatment
processes may also permit subsequent processing, may modify the pore surface to provide
predetermined properties to the biochar, and/or provide combinations and variations of these
effects. For example, it may be desirable or otherwise advantageous to coat substantially
all, or all of the biochar pore surface with a surface modifying agent or treatment to provide
a predetermined feature to the biochar, e.g.., surface charge and charge density, surface
species and distribution, targeted nutrient addition, magnetic modifications, root growth
facilitator, and water absorptivity and water retention properties.

[0131] Accordingly, after washing, pH adjustment and/or moisture modification, the
biochar may be subject to further treatment, using the same methods to inoculate the pores of
the biochar with an additive. For example, the pores may be substantially filled or completely
filled with agents to provide enhanced performance features to the biochar, such as increased

plant growth, nutrient delivery, water retention, nutrient retention, disadvantageous species
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control, e.g., weeds, disease causing bacteria, insects, volunteer crops, etc. By infusing liquid
deep into the pore structure through the application of positive or negative pressure and/or a
surfactant, alone or in combination, provides the ability to impregnate the macropores of the
biochar with soil enhancing solutions and solids. The soil enhancing agent may include, but not
be limited to, any of the following: water, water solutions of salts, inorganic and organic liquids
of different polarities, liquid organic compounds or combinations of organic compounds and
solvents, mineral and organic oils, slurries and suspensions, supercritical liquids, fertilizers,
plant growth promoting rhizobacteria, free-living and nodule-forming nitrogen fixing bacteria,
organic decomposers, nitrifying bacteria, phosphate solubilizing bacteria, biocontrol agents,
bioremediation agents, saprotrophic fungi, ectomycorrhizae and endomycorrhizae, among
others.

[0132] Fertilizers that may be infused into the biochar include, but are not limited to, the
following sources of nitrogen, phosphorous, and potassium: urea, ammonium nitrate, calcium
nitrate, ammonium sulfate, monoammonium phosphate, ammonium polyphosphate, potassium
sulfate, or potassium chloride Similar beneficial results are expected from other additives, such
as fungicides, insecticides, nematicides, plant hormones, beneficial microbial spores, or
secondary signal activators, which may also be added to the biochar in a similar manner as a
fertilizer. Additionally, beneficial macro- and micro- nutrients such as, calcium, magnesium,
sulfur, boron, zinc, iron, manganese, molybdenum, copper and chloride may also be infused
into the biochar.

[0133] Examples of compounds, in addition to fertilizer, that may be infused into the pores
of the biochar include, but are not limited to: 2,1,3-Benzothiadiazole (BTH), an inducer of
systemic acquired resistance that confers broad spectrum disease resistance (including soil
borne pathogens); signaling agents similar to BTH in mechanism or structure that protects
against a broad range or specific plant pathogens; biopesticides; herbicides; and fungicides.
[0134] In one example, a 1000 ppm NQO3™ N fertilizer solution is infused into the pores of
the biochar. As discussed above, the method to infuse biochar with the fertilizer solution may
be accomplished generally by placing the biochar in a vacuum infiltration tank or other
sealable rotating vessel, chamber or tank. When using vacuum infiltration, a vacuum may be

pulled on the biochar and then the solution may be introduced into the tank. Alternatively, the
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solution and biochar may both be introduced into the tank and, once introduced, a vacuum is
pulled. Based upon the determined total pore volume of the biochar or the incipient wetness,
the amount of solution to introduce into the tank necessary to fill the pore of the biochar can
be determined. = When infused in this manner, significantly more nutrients can be held in a
given quantity of biochar versus direct contact with the nutrients alone.

[0135] When using a surfactant, the biochar and fertilizer solution may be added to a tank
along with 0.1 - 20% of surfactant, but more preferably 1-5% of surfactant by volume of
fertilizer solution. The surfactant or detergent aids in the penetration of the wash solution into
the pores of the biochar. The same or similar equipment used in the vacuum infiltration
process can be used in the surfactant treatment process. Although it is not necessary to pull a
vacuum in the surfactant treatment process, the vacuum infiltration tank or any other rotating
vessel, chamber or tank can be used. Again, while it is not necessary to pull a vacuum, a
vacuum may be pulled. Further, the surfactant can be added with or without heat.

[0136] Beneficial bacteria includes, for example, plant growth promoting rhizobacteria,
free-living and nodule-forming nitrogen fixing bacteria, organic decomposers, nitrifying
bacteria, phosphate solubilizing bacteria, biocontrol agents, bioremediation agents, archea,
actinomycetes, and combinations and variations of these. Beneficial fungi include, for
example, saprotrophic fungi, ectomycorrhizae, endomycorrhizae, and combinations and
variations of these.

[0137] Biochar may be infused in the same manner as described above with nutrients,
vitamins, drugs and/or other supplements, or a combination of any of the foregoing, for
consumption by either humans and/or animals.

[0138] Thus, treated biochar can have a microbial community in its pores (macro-, meso-,
micro-, and combinations and variations of these), on its pore surfaces, embedded in it,
located on its surface, and combinations and variations of these. The microbial community
can have several different types, e.g., species, of biologics, such as different types of
bacteria, or fungi, or it may have only a single type. A primary purpose, among many
purposes, in selecting the microbial population is looking toward a population that will

initiate a healthy soil, e.g., one that is beneficial for, enhances or otherwise advance the
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desired growth of plants under particular environmental conditions. However, the microbes
may also be targeted towards increasing animal health.

[0139] Typically the prior art teaches placing biochar on soils without ‘precharging’ with
bacteria or combining the biochar with compost and using this mixture as a soil amendment.
The nature of the microbial population in this compost mixture is poorly disclosed by the
prior art. Thus, through impregnation of the biochar particles, one can achieve a
predetermined and controllable amount of a microbial community, e.g., population, into the
soil. This integration of a microbial community with a biochar particle, and biochar batches
provides the ability to have controlled addition, use and release of the microbes in the
community. This integration further enhances, promotes and facilitates the growth of roots,
e.g., micro- roots, in the biochar pores, e.g., pore morphology, pore volume.

[0140] One manner in which the population of a microbial community can be determined
is by PLFA (Phospholipid-derived fatty acids) analysis. Biological cell membranes are
composed of a phospholipid bilayer with fatty acid side chains that are unique to certain
families of organisms. PLFA analysis extracts the fatty acid side chains of phospholipid
bilayers and measures the quantity of these biomarkers using GC-MS. An estimate of the
microbial community population can thus be determined through PLFA analysis. The
microbial activity may also be inferred through PLFA analysis by monitoring the
transformation of specific fatty acids. Next generation sequencing of the conserved
ribosomal RNA regions of the bacteria and fungi may allow for more direct and accurate
measurements than PLFA.

[0141] Treated biochars can have a mixture of bacteria and fungi. For example, a
preferred functional biochar, can have a preferred range for bacterial population of from
about 50-5000000 micrograms/g biochar; and for fungi, from about 5 to 500000
micrograms/g biochar.

[0142] Compared to a biochar that has been bathed with a compost tea, which may have
a relatively short, e.g., a few days for the life of the microbes, the impregnated populations
of examples of the present treated biochars, are stable over substantially longer periods of
time, e.g., at least an 8§ week period and in some cases 1 year or more as measured by

PLFA. Thus, the impregnation of the biochar with a microbial population provides for
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extended life of the microbes by at least 5x, 10x, or more. In fact, some microbes may be
better suited to surfactant infiltration versus vacuum infiltration and vice versa and this may
impact the shelf life, penetration, viability, or other characteristics of the microbes.

[0143] Figure 14 shows the total fungi/bacteria ratio for two biochars derived from
different biochar starting materials, e.g., feedstocks. Each biochar was loaded with different
levels of moisture, and the total fungi/bacteria ratio was monitored during the first week.
Biochar A 1401 showed a constant total fungi/bacteria ratio of 0.08 across moisture levels
ranging from 15% to 40%, while Biochar B 1402 showed a constant total fungi/bacteria ratio
of 0.50 for moisture levels ranging from 30% to 40%. It is theorized that, a fungi/bacteria
ratio between 0.05 and 0.60 is an effective prescription for a stable biochar composition.
This composition allows a commercially viable product, which has sufficient shelf life that it
can be delivered to storage houses waiting for the proper planting window.

[0144] As used herein, unless stated otherwise, the stable shelf life of an example of a
biochar product having a microbial population is the period of time over which the product
can be stored in a warehouse, e.g., dry environment, temperature between 40°F- 90°F, with
a less than 50% decrease in microbial population.

[0145] It is theorized that the difference in the observed total fungi/total bacteria ratios of
may also be explainable by the structures of the biochars. Biochar's having an open pore
structure, e.g., more interconnected pores, promotes more bacteria formation; while closed
pores, e.g., relatively non-connected nature of the pores, tends to promote fungi formation.
Biochars with differing microbial communities may be beneficial for specific applications in
commercial agriculture. Thus, custom or tailored loading of the microbial population may
be a desired implementation of the present invention.

[0146] For example, as shown in Figures 15, 16 and 17, Biochar A 1501 shows that it
has a greater population of, e.g., is inhabited by, more gram negative, gram positive and
actinomycetes than Biochar B 1502. Thus, for example, Biochar A would be more
applicable for use with certain agricultural crops in which plant growth promoting
rhizobacterial (PGPR) species in the actinomycetes, gram (-)pseudomonas, and bacillus
groups are used for nutrient utilization and uptake. Many vegetable and short cycle row

crops such as tomatoes, lettuce, and celery form mutualistic relationships with bacteria that
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lead to the formation of biofilms on root hairs that function not only in nutrient uptake but
also in plant pathogen resistance. The presence of biofilms in Biochar A would consequently
promote bacterial colonization of plant root hairs as they encounter the biochar in the soil.
[0147] It is further theorized that, in general, biochars with greater fungal development
may be better suited for perennial crops such as grapes, almonds, blueberries, and
strawberries in which symbiotic relationships with arbuscular mycorrhizal fungi (AMF) are
favored over PGPRs. The presence of high concentrations of AMF spores in biochars can
therefore rapidly promote fungal colonization of plant root hairs leading to extensive
mycelial development. Increased plant root associations with mycelial filaments would
consequently increase nutrient and water uptake.

[0148] In general, bacteria communicate via the distribution of signaling molecules which
trigger a variety of behaviors like swarming (rapid surface colonization), nodulation
(nitrogen fixation), and virulence. Biochars can bind signaling molecules and in particular it
is believed can bind a major signaling molecule to their surface. This binding ability can be
dependent upon many factors including on the pyrolysis temperature. This dependency on
pyrolysis temperature and other factors can be overcome, mitigated, by the use of examples
of the present vacuum infiltration techniques. For example, a signaling molecule that is
involved in quorum sensing- multicellular-like cross-talk found in prokaryotes can be bound
to the surface of biochars. Concentration of biochars required to bind the signaling molecule
decreased as the surface area of biochars increased. These signaling molecules may be added
to the surface of a biochar and may be used to manipulate the behavior of the bacteria. An
example of such a use would be to bind the molecules which inhibit cell-to-cell
communication and could be useful in hindering plant pathogens; using techniques in the
present invention signaling molecules may be added to the surface of a biochar to engineer
specific responses from various naturally occurring bacteria.

[0149] Further, a benefit of examples of biochars of the present inventions is the ability
to provide an environment where bacteria communities can flourish. Bacterial communities
can shift their morphology to increase nutritional access and decrease predation. One such
modification is that the bacteria may attach to surfaces, such as those found in biochar, in a

densely compacted community. In this compacted form they may form an extracellular
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polymeric substance (EPS) matrix called a biofilm. These communities can contain a few
hundred different species which find shelter under the protective EPS coating from predatory
protozoa, pathogens, contaminants, and other environmental stressors. Thus, examples of
biochars produced in accordance with the vacuum infiltration methods may be used as
carriers for established biofilms; and thus biochars with such films many used in agricultural
settings.

[0150] 5. Batch Treatment/Bulk Production

[0151] As demonstrated above, the treatment processes described above are particularly
well suited for large scale production of biochar. The processes and biochars of the present
invention provides a unique capability to select starting materials and pyrolysis techniques
solely on the basis of obtaining a particular structure, e.g., pore size, density, pore volume,
amount of open pores, interconnectivity, tortuosity, etc. Thus, these starting materials and
processes can be selected without regard to adverse, harmful, phytotoxic side effects that
may come from the materials and processes. This is possible, because the infiltration steps
have the capability of mitigating, removing or otherwise address those adverse side effects.
In this manner, a truly custom biochar can be made, with any adverse side effects of the
material selection and pyrolysis process being mitigated in later processing steps.

[0152] Further, the processes are capable of treating a large, potentially variable, batch of
biochar to provide the same, generally uniform, predetermined customized characteristics for
which treatment was designed to achieve, e.g., pH adjustment. Treatment can result in treated
biochar batches in which 50% to 70% to 80% to 99% of the biochar particles in the batch
have same modified or customized characteristic, e.g., deleterious pore surface materials
mitigated, pore surface modified to provide beneficial surface, pore volume containing
beneficial additives.

[0153] Accordingly, the ability to product large quantities of biochar having a high level of
consistency, predictability and uniformity, provides numerous advantages in both large and
small agricultural applications, among other things. For example, the ability to provide large
quantiies of biochar having predetermined and generally uniform properties will find

applications in large scale agriculture applications. Thus, treated biochar batches from about
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100Ibs up to 50,000+1bs and between may have treated biochar particles with predetermined,
uniform propertics.

[0154] As the treated biochar batches are made up of individual biochar particles, when
referring to uniformity of such batches it is understood that these batches are made up of
tens and hundreds of thousands of particles. Uniformity is thus based upon a sampling and
testing method that statistically establishes a level of certainty that the particles in the batch
have the desired uniformity.

[0155] Thus, when referring to a treated batch of biochar as being “completely uniform”
or having “complete uniformity” it means that at least about 99% (e.g., two nines) of all
particles in the batch have at least one or more property or feature that is the same. When a
treated batch of biochar is referred to as "substantially uniform" or having “substantial
uniformity” it means that at least about 95% of all particles in the batch have at least one or
more property or feature that is the same. When a treated batch of biochar is referred to as
“essentially uniform” or having “essential uniformity” it means that at least about 80% of all
particles in the batch have at least one or more property or feature that is the same. The
batches can have less than 25%, 20% to 80%, and 80% or more particles in the batch that
have at least one or more property or feature that is the same. Further, the batches can have
less than 25%, 20% to 80%, and 80% or more particles in the batch that have at one, two,
three, four, or all properties or features that are the same.

[0156] D. Applications

[0157] Generally, treated biochar of the present inventions can be used throughout the
world, in numerous soil types, agricultural applications, horticultural, large and small scale
farming, organic farming, and in a variety of soil management applications and systems, and
combinations and variations of these. In fact, this particular solution provides the capability to
custom-manufacture biochar for a particular climate, environment, geographical area, soil type,
or application by more precisely controlling key characteristics.

[0158] Examples of these applications include for example, use in acidic and highly
weathered tropical field soils, use in temperate soils of higher fertility, use in large commercial
applications, use for the production of large scale crops such as, soybean, corn, sugarcane and

rice, in forestry applications, for golf courses (e.g., greens, fairways), for general purpose turf
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grasses, wine grapes, table grapes, raisin grapes, fruit and nut trees, ground fruits (e.g.,
strawberries, blueberries, blackberries), row crops (e.g., tomatoes, celery, lettuce, leafy greens),
root crops (e.g., tubers, potatoes, beets, carrots), mushrooms, and combinations and variations
of these.

[0159] Treated biochars and agriculture practices and methods, provide for improved soil
structure, increased water retention capability, increased water holding ability of the soil over
time, reduced runoff or leaching, increased holding ability for nutrients, increase holding of
nutrients over time, and combinations and variations of these, and other features that relate to
the increased holding and retention features and soil aggregation of the present biochars and
processes. It further being understood that in addition to nutrients, other material additives,
(e.g., herbicide, pesticide), can be utilized and benefit from the increased holding and retention
capacities of the present biochars and methods.

[0160] Treated biochar may also be used in other applications, for example, such mixing
with manure in holding ponds to potentially reduce gaseous nitrogen losses, soil remedial (for
example absorption and capture of pesticide, contaminates, heavy metals, or other undesirable,
disadvantageous soil components), ground water remediation, other bioremediations, storm
water runoff remediation, mine remediation, mercury remediation and as a cattle or poultry feed
additive.

[0161] Further, the present invention could be used to clean and/or infiltrate the pores of
biochar with a variety of substances, for a number of purposes, including but not limited to,
infiltrating the pores of biochar with nutrients, vitamins, drugs and/or other supplements, or a
combination of any of the foregoing, for consumption by either humans and/or animals. The
treated biochar may also be applied to animal pens, bedding, and/or other areas where animal
waste is present to reduce odor and emission of unpleasant or undesirable vapors. Furthermore
it may be applied to compost piles to reduce odor, emissions, and temperature to enable the use
of the food waste and animal feed in composting. Biochar can also be applied to areas where
fertilizer or pesticide runoff is occurring to slow or inhibit leaching and runoff. The biochar
may also be treated with additives which make it easier to dispense or apply, such as non-toxic

oils, anti-clumping/binding additives, surface drying agents, or other materials.
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[0162] Biochar may also be used in other applications, for example, such mixing with
manure in holding ponds to among other things potentially reduce gaseous nitrogen losses,
soil remedial (for example absorption and capture of pesticide, contaminates, heavy metals,
or other undesirable, disadvantageous soil components), ground water remediation, other
bioremediations, storm water runoff remediation, mine remediation, mercury remediation,
and as a cattle or poultry feed additive.

[0163] In general, in the agricultural application of biochar to soil, the biochar should be
located near the soil's surface in the root zone, or in or adjacent to the rhizosphere, where the
bulk of nutrient cycling and uptake by plants takes place. Although benefits may be
obtained from the application of biochar in layers above, below, in and combinations and
variation of these, the root zone, for example during landscaping for carbon sequestration, or
if using biochar for moisture management. Layering of biochar at various depths above,
below, in and combinations and variation of these, the root zone, the surface, and
combinations and variations of these, may also be employed. The biochar layers may have
different predetermined properties for each layer, based upon, for example, the depth of the
layer, soil type, geography, crop, climate and other factors.

[0164] Those skilled in the art will further recognize that the present invention can be used
on any type of soil application, including, but not limited to, the following: crops, turf grasses,
potted plants, flowering plants, annuals, perennials, evergreens and seedlings. By way of
example, treated biochar may be incorporated into or around the root zone of a plant. As most
trees, rows, and specialty crops extract large percentage of their water from the first twenty-four
inches below the soil surface, the above applications will generally be effective incorporating
the biochar around the root zone from the top surface of the soil and up to a depth of 24” below
the top surface of the soil, depending on the plant type and species, or alternatively, within a 24”
radius surrounding the roots regardless of root depth or proximity from the top surface of the
soil. When the plant roots are closer to the surface, the incorporation of the biochar within the
top 2-6” inches of the soil surface may also be effective. Greater depths are more beneficial for
plants having larger root zones, such as trees.

[0165] In certain examples of biochar applications, the treated biochar can be applied

in amounts (e.g., rates of addition as measured by weight of treated biochar per area of
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field) of from about 0.001 ton of treated biochar per acre to about 150 tons of treated
biochar per acre, from about 2.5 tons of treated biochar per acre to about 100 tons of treated
biochar per acre, and from about 5 tons of treated biochar per acre to about 70 tons of
treated biochar per acre, although larger and smaller amounts may be used. A dditional rates
of from about 1/2 tons of treated biochar to about 10 tons of treated biochar may be used.
For example, application rates of 1 ton of treated biochar was added per acre to a soil for a
lettuce crop where the soil had a pH of about 7. In another example, about 3 tons per acre of
treated biochar was added to soil for a strawberry crop. In these examples, the plants showed
enhanced growth rates and yields.

[0166] Generally, for conventional field cropping systems, biochar can be preferably
added using existing farm equipment and incorporated into existing farming operations. For
example, treated biochar can be applied and incorporated together with lime, since lime is
often applied as a fine solid, which must be well incorporated into soil. However, it is also
contemplated that the examples of the present inventions may give rise to new equipment
and utilizations based upon the features, performance and capabilities of the present
inventions. Generally, treated biochar may be applied to fields, by way of example through
the use of manure or compost spreaders, lime spreaders, plowing method (e.g., from hand
hoes, animal draft plows, disc harrows, chisels, rotary hoes, etc.), large scale tillage
equipment, including rotary tillers, mulch finishers, draw offset discs, and disc harrows
(such as for example JOHN DEERE DHS1, DHS2F, PC10, RT22, and RC22). Treated
biochar may also be applied by modified large scale nutrient applicators (such as, for
example, JOHN DEERE 2410C, 2510H, 25105 Strip-Till Medium Residue Applicator),
large scale draw dry spreaders (such as JOHN DEERE DN345), large scale no-till planters,
large scale dry fertilizer sub- surface applicators, and liquid slurry surface or subsurface
applicators.  Similar, and various other types of large farming, and earth moving and
manipulation equipment may be used to apply the treated biochar to the field, such as for
example, drop spreaders or drills.

[0167] For example, treated biochar may be applied using banding techniques, which is
an operation involving applying the biochar in a narrow band, using equipment that cuts the

soil open, without disturbing the entire soil surface. Using this technique the biochar can be
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placed inside the soil while minimizing soil disturbance, making it possible to apply biochar
after crop establishment, among other applications.

[0168] In other examples, treated biochar may be mixed with other soil amendments, or
other materials, such as for example manure, sand, topsoil, compost, turf grass substrate,
peat, peat moss, or lime before soil application, which are already scheduled or part of the
existing operations, and in this manner by combining these steps (e.g., biochar application
with existing application step) can improve efficiency by reducing the number of field
operations required. In other examples, treated biochar can also be mixed with liquid, (e.g.,
liquid manures) and applied as a slurry. Finer biochar particles may be preferably used with
this type of slurry application using existing application equipment, and dust problems
associated with these finer particles may be mitigated, managed or eliminated.

[0169] In further examples, treated biochar can be top dressed on perennial pastures or
other perennial vegetation, such as spaces between fruit trees in orchards. Treated biochar
may also be applied with individual plants while transplanting or mixed with topsoil and
other amendments while preparing raised beds. In forestry or similar operations where
replanting of seedlings takes place, treated biochar can be applied by broadcasting (e.g.,
surface application) or incorporation over the entire planting area, it can be added in the
planting holes, and combinations and variations of these. Before or after tree establishment,
biochar could also be applied by traditional and subsurface banding or top-dressed over
perennial vegetation in orchards, but care should be taken to minimize root damage and soil
compaction.

[0170] In other examples of applications, treated biochar can be applied in trenches
radiating out from the base of established trees (“radial trenching”) or in holes dug at some
distance from the base of the tree (*vertical mulching”); biochar could also potentially be
applied to soil using “air excavation tools”. These tools use pressurized air to deliver
material, e.g., compost, under the soil surface and reduce compaction. Alternatively, the soil
around tree roots can be excavated and treated biochar applied before covering with soil.
[0171] While, in some examples, particle size distribution of treated biochar materials
may vary widely depending on the feedstock and the pyrolysis technique used to produce

the biochar, uniformity if required or preferred, can be achieved by various milling and
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grinding techniques that may be employed during processing or during the distribution and
application to soil. When smaller particles are utilized, and in particular for surface
applications, care should be taken to apply the treated biochar in ways that minimize loss
due to wind or water erosion.

[0172] Examples of the benefits of treated biochar on plant growth and in agricultural
applications are demonstrated below in connection with Figures 18-25.

[0173] Figure 18 illustrates one example of the potential benefit of biochar and treated
biochar to plant growth. Figure 18 is a chart showing the plant biomass, measured in grams, of
cucumber plants after twenty-eight days of growth in one soil type and in that soil type with
biochar and treated biochar added to the soil. As illustrated, the soil with the treated biochar
yielded a cucumber plant over 2x the size, in weight, to the plant grown in the soil. The
additional of raw biochar also showed a benefit to plant growth, but not to the same degree as
the soil with the treated biochar.

[0174] Turning to FIGS 19A and 19B there are provided charts showing the significant
difference between, and improvements over, the absence of biochar and of various examples
of biochar. Thus, biochar increases biomass yields by 25% using the growers’ standard,
typical, nitrogen and water programs. Figure 19A shows celery sheet biomass yields in
grams, with the standard 1901, standard plus biochar 1902, standard plus 25% NPK 1903,
and standard plus 25% NPK and biochar 1904. Figure 19B shows celery root biomass in
grams, with the standard 19035, standard plus biochar 1906, standard plus 25% NPK 1907,
and standard plus 25% NPK and biochar 1908.

[0175] Turning to Figure 20A showing a pictorial of a photograph of strawberry plants
under nitrogen and water deficiencies, when compared against strawberry plants grown
under the same deficiencies, but with the utilization of treated biochar. The strawberries
grown under these deficiencies with biochar are substantially larger, having greater biomass,
as seen in Figure 20B. Similarly, turning to Figures 20C (no biochar) and 20D (with treated
biochar) show that strawberry plants grown under 40% reduced water conditions with
biochar do substantially better, e.g., more biomass, etc., than those without. For example,
Figure 21 shows the increase in the number of fruits present in strawberries from untreated

2101, compared to biochar at 10% 2102, and biochar at 30% 2103.
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[0176] Figure 22 provides a chart showing an example of the treated biochar decreasing
Sclerotinia and Botrytis necrotrophic fungal plant pathogens. Thus, the pathogen count for
soil with biochar 2201 (count of 38) is substantially lower than the count 2202 (count 1147)
without biochar. Because Sclerotinia and Botrytis can cut harvests by typically 30% to 40%,
but may be as high as 100%, when mitigating these pathogens, using treated biochar has the
ability to substantially increase harvests.

[0177] Figure 23 shows another example of biochar increasing the amount of beneficial
bacterial species. Thus, the soil with biochar is shown with cross hatching 2320, and the
control sample with cross hatching 2330. Thus, as seen in Figure 23, Nitrospira 2301,
Bradyrhizobium 2302, Pseudomonas 2303, Lysobacter 2304, Bacillus 2305, Gemmatimonas
2306 all show increases with the use of biochar.

[0178] Turning to Figure 24 there is shown a chart showing the amount of nutrient
(nitrogen in the form of NO3) that has leached below the root level and thus, is no longer
useable or beneficial to the plants in the field. Thus, as illustrated in Figure 24, samples of
soil at 40 cm depths were measured for nitrates over time. The soils having 1 ton/acre (of
the present biochar) and 3 ton/acre (of the present biochar) shows that substantially less
nutrients were leached (e.g., lost) from the root zone into lower levels of the soil.

[0179] Thus, farming using the present biochars can provide for, where a 100 acre or
more field, a 200 acre or more field, a 500 acre or more field, a 1,000 acre or more field, and
a 10,000 acre or more field, retains over time, e.g., a growing cycle, or set period, (e.g.,
about 3 to 9 months, or more depending on climate, crop and location) a substantial amount
of the added nutrients, e.g., fertilizer, in the root zone, and an amount greater than untreated
fields, or fields treated with prior biochar. Similarly, these methods can reduce leaching of
nutrients from the root zone or other layers of the soil by at least a substantial amount and an
amount greater than untreated fields or fields treated with prior biochars, over a growing
period or set time. Thus, the present invention provides the ability to greatly reduce the
amount of nutrients that migrate to unneeded and undesirable locations, e.g., runoff. It being
understood that longer and shorter periods of time may be used for these analysis and
measurements, and that larger and smaller agriculture activities can benefit from and utilize

these practices.
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[0180] Turning to Figure 25 there is shown amount of NO3 that can be absorbed by
utilizing treated biochar. Thus, biochar BC-1 untreated 2502, treated 2501, shows about a 4x
increase, biochar BC-2 untreated 2504, treated 2503, shows greater than a 4x increase,
biochar BC-3 untreated 2506, treated 2505, shows about an increase, and biochar BC-4
untreated 2508, treated 2507 shows an increase.

[0181] E. Examples of Various Implementations

[0182] The following examples are provided to illustrate various examples of, among
other things, porous carbonaceous structures, materials and compositions, methods to treat,
process and affect the properties of those structures, materials and compositions, and
applications for these structures, material and compositions. These examples are for
illustrative purposes, and should not be viewed as, and do not otherwise limit the scope of
the present inventions.

[0183] EXAMPLE 1

[0184] By way of illustration, 2000 pounds of a starting biochar are processed in the
system of Figure 5. The starting biochar is made up a biochar obtained from coconut shells
(pH 7.4). The biochars are vacuum infiltrated with 0.23 molar acetic acid, and held for an
infiltration time of S minutes. The biochar is then vacuum infiltrated with a bacteria solution
and held for an infiltration time of 5 minutes. The infiltrated biochar is dried to less than
25% moisture, to provide a treated biochar having a substantially uniform pH of 6.8, with
less than 1% of particles having a pH greater than 7.5. The acid infiltration process and
drying may also reduce phytotoxins from the starting material biochar particles, and their
pore morphology and their pore surfaces. Thus, the pore surfaces may be substantially free
from any phytotoxic materials.

[0185] EXAMPLE 2

[0186] Figures 26A, 26B, 26C show scanning electron photomicrographs (SEMs) of
treated biochar with a uniform pH at or below 7 that has had lettuce micro root growth
2600a, 2600b, 2600c throughout and into the biochar pore morphology 2600. Root hair or
micro root growth that is integral with the pore morphology provides water and nutrient
uptake. The growth of the root hairs into and throughout the pore morphology is one of the

many advantages and benefits of biochars in the soil and may promote plant growth and
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increase yields. The pockets of gas and water space in the biochar pores may allow for both
gas exchange and nutrient uptake as well as plant- microbial signaling to occur.

[0187] EXAMPLE 3

[0188] The process of Example 1 is performed using organic (OMRI (Organic Materials
Review Institute) or other certification body) acetic acid, e.g., vinegar, instead of an
industrial acid, and only fresh water is used, e.g., no grey water, no recycled or reprocessed
waste water is used. The treated biochar may be a certified organic product that can be used
in organic farming and the production of organic crops.

[0189] EXAMPLE 4

[0190] Turning to Figure 27 there is provided a schematic flow chart of one example of
a process for making biochar batches having predetermined and uniform properties. The
process has a fluid system 2700 and a solids system 2701. The fluid system 2700 has a
source of city water 2702, an acetic system 2703, a granular activated carbon bed 2704, a
R/O (reverse osmosis) Deionized water system 2705, a compost extraction system 2706, an
inoculant preparation system 2708, infiltrant makeup and delivery system 2707 for infiltrant
containing acid and inoculant. The dry system 2701 combines the infiltrant with the starting
biochar. The dry system 2701 has a source of starting biochar 2720, a vacuum infiltration
system 2709, pH adjusted and infiltrated biochar 2721, a centrifugal dewatering system
2710, dewatered treated biochar 2722, packaging and post processing system 2711. Fines
and waste from the centrifugal dewatering system 2710 may be processed by a belt press
2712 to provide for disposal or sale permeate 2713, and cake 2714.

[0191] EXAMPLE 5

[0192] In operation, in the process of Example 4, the vacuum tumbler is used in the
vacuum infiltration system 2709 to draw water, acid and microbial inoculant into the starting
biochar pores (preferably into the macro-, meso- and micro pores) by placing the biochar
under vacuum and tumbling it. It is theorized that water renders the pore surfaces
hydrophilic, increasing water holding and nutrient retention capacities of the treated
biochar. The dewatering step of the process of Example 4, removes excess water from the
biochar. This dewatering step may also reduce or substantially removes the inorganic

compounds such as sodium, magnesium, and calcium from the pores, e.g.. the pore
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morphology. These compounds above certain concentrations can be toxic to soil microbes
and plants, and contribute to the undesirably high pH seen with starting biochar.  The
process of Example 4, and in particular, the dewatering and the acid treatment, may serve
to reduce the pH of the biochar from inside out. This reduction in pH can adjust the pH to a
level that is more suitable for microbial and plant growth. The dewatering system 2710 may
have the capability to reduce the moisture content of the treated biochar, e.g., infused and
pH adjusted biochar, to moisture levels that may be more suitable for use in existing farm
implements, with minimal or no modification to those farm implements. Typically, the

moisture contents may be less than 10%.
[0193] EXAMPLE 6

[0194] A treated biochar batch from the following process: (i) 2200 lbs of starting
biochar; (ii) 0.8 molar acetic acid infiltration, at vacuum of 0.4 atm for vacuum hold time of
60 seconds; (iii) drying to moisture content of 20-30%; (iv) vacuum infiltration with
inoculant containing compost liquid extract, at vacoum of 0.4 atm for vacuum hold time

of 60 seconds; and (v) drying to moisture content of 20-30%.

[0195] EXAMPLE 7

[0196] A treated biochar batch from the following process: (i) 10,000 lbs of starting
biochar; (ii) 0.25 molar acetic acid infiltration, at vacuum of -8 psig for vacuum hold
time of 5 minutes to yield a biochar with a pH of 6.5; (iii) drying to moisture content of
30%; (iv) vacuum infiltration with 65 gallons inoculant containing Bacillus spp, at vacuum

of -8 psig for vacuum hold time of 5 minutes; and (v) drying to moisture content of 20%.
[0197] EXAMPLE 8

[0198] A treated biochar batch from the following process: (i) 10,000 Ibs of starting
biochar; (ii) 0.25 molar acetic acid infiltration, at vacuum of -8 psig for vacuum hold

time of 5 minutes to yield a biochar with a pH of 6.5; (iii) drying to moisture content of

30%; (iv) vacuum infiltration with 65 gallons inoculant containing Bacillus spp. (104
cfu/ml) bacteria known for rapid organic decomposition, at vacuum of -8 psig for vacuum

hold time of 5 minutes; and (v) drying to moisture content of 20%.
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[0199] The biochar was blended with 1000 cubic meters of compost and incubated for
30 days in covered aerated static piles. The Bacillus spp. colony count increased slightly

rather than the expected rapid decomposition.
[0200] EXAMPLE 9

[0201] A treated biochar batch from the following process: A sufficient amount of corn

stovers were pyrolyzed at 400 °C to produce 700 kg of starting biochar. The resulting

biochar exhibited a mean surface area of 250 m2/g with 50% macroporosity. Half of the

resulting biochar was pyrolyzed in a second step to 750 °C to produce a biochar with a mean

2
surface area of 475 m~/g with 37% macroporosity. The biochar with the greater
macroporosity was exposed to a solution of ammonium phosphate nitrate and potassium
sulfate in vacuum system at 0.7 atm. The fertilizer impregnated biochar and the high surface

biochar were mixed in a 50:50 v/v ratio and applied on sandy soil.

[0202] EXAMPLE 10

[0203] A treated biochar batch from the following process: (i) 4,000 lbs of starting mixed
feedstock biochar; (ii) 0.8 molar phosphoric acid and inoculant containing a microbial
fertilizer mixture infiltration, at vacuum of 0.5 atm for vacuum hold time of 2 min; and (iii)

drying to moisture content of 20%.
[0204] EXAMPLE 11

[0205] A treated coconut based biochar batch having the following essentially uniform
properties: (i) pH of 6.7; (ii) particle size of about 5 mm; (iii) processed in accordance
with the present invention and dried to 15 % moisture or less; and (iv) applied to a soil
subsurface using a drill spreader in bands 2-3 inches adjacent to transplant lines and 2-6

inches below the soil surface at a rate of 1 cubic yard/acre for an celery crop.

[0206] EXAMPLE 12

[0207] A treated coconut based biochar batch having the following essentially uniform
properties: (i) pH of 6.7; (ii) particle size of about 5 mm; and (iii) processed in accordance

with the present invention and dried to 15% moisture or less; and (iv) applied to a soil
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subsurface using a drill spreader in bands 2-3 inches adjacent to transplant lines and 2-6

inches below the soil surface at a rate of 6 cubic yard/acre for a strawberry crop.
[0208] EXAMPLE 13

[0209] A treated biochar batch of mixed coconut and pine feedstock: (i) treated to a final

pH of 6.8; (ii) 20 % moisture; (iii) total porosity of 0.380m3/cm3; (iv) inoculant loading
25,000 micrograms of fungi tog of biochar; and (v) nonphytotoxic organic compound of less

than 1% (weight percent).
[0210] EXAMPLE 14

[0211] A treated biochar batch originating from pine having the following substantially
uniform properties: (i) pH of 6.5; (ii) particle size 5 mm to 8 mm; (iii) 20% moisture; (iv)

total porosity of 0.4lcm 3/em3

; (v) inoculant loading 11,000 micrograms of fungi and
80,000 micrograms of bacteria to 1 g of biochar, with an inoculant of compost liquid; and
(vi) stored in a warehouse at ambient conditions of 75 degrees Fahrenheit for 8 weeks has at
time of application 9,000 micrograms of fungi and 90,000 micrograms of bacteria to 1 g of

biochar.
[0212] EXAMPLE 15

[0213] A treated biochar batch from the following process: (i) 6m3 of starting biochar;
(ii) acetic acid solution with pH = 3.0 is infiltrated at vacuum of -8 psig for vacuum hold
time of 5 minutes; (ii) A second vacuum filtration step using a worm casing bio extract
containing fungi and microbes is used to modify the biochar; drying to moisture content of
20%; and stored in ambient conditions for 12 months and appears to still retain substantially

the same microbial activity as before the storage.
[0214] EXAMPLE 16

[0215] Turning to Fig. 4, 4a and 4b, raw biochar 402 pH > 7.0 is treated with pH = 7.0
water via vacuum infiltration 405. After vacuum treatment for 2 minutes the biochar

moisture is adjusted in step 407 and then processed for shipment 412.

[0216] EXAMPLE 17
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[0217] Treated biochars may include a biochar skeletal framework and a microbial
community embedded on the surface of this skeletal framework. The microbial community
may also be on the surface of the biochar, although there is substantially greater area within
the pores than on the surface. Additionally, the pores protect, e.g., hold on to, shield, the
microbial community preventing it from being inadvertently removed. The biochar can be
derived from the pyrolysis of cellulosic or lignocellulosic containing feedstock to create the
skeletal framework upon which the microbial community is contained in, embedded in, on
the surface of and combinations and variations of these. This biochar can be useful as a soil
amendment, soil modifier, soil growth agent, soil conditioner, plant growth enhancer, plant
booster, vegetative plant enhancer, reproductive plant enhancer, flowering plant enhancer or

plant root enhancer.

[0218] The biochar skeletal frame element can be derived from the pyrolysis of
cellulosic or lignocellulosic containing material in an oxygen starved environmental
temperatures typically ranging from 350°C to 700°C. This process serves to create a porous
cellular structure which provides a skeletal framework for the microbial element. The
cellulosic or lignocellulosic containing material is feedstock typically biomass and includes
any material derived or readily obtained from plant sources. Such material can include
without limitation: (i) plant products such as bark, leaves, tree branches, tree stumps,
hardwood chips, softwood chips, grape pumice, sugarcane bagasse, switchgrass; and (ii)
pellet material such as grass, wood and hay pellets, crop products such as corn, wheat and
kenaf. This term may also include seeds such as vegetable seeds, sunflower seeds, fruit
seeds, and legume seeds. The feedstock can also include: (i) waste products including
animal manure such as poultry derived waste; (ii) commercial or recycled material including
plastic, paper, paper pulp, cardboard, sawdust, timber residue, wood shavings and cloth; (iii)
municipal waste including sewage waste; (iv) agricultural waste such as coconut shells,
pecan shells, almond shells, coffee grounds; and (v) agricultural feed products such as rice

straw, wheat straw, rice hulls, corn stover, corn straw, and corn cob.
[0219] EXAMPLE 18

[0220] One example of a method for making a treated biochar uses a system shown in

Figure 28. A raw biochar 2801 is introduced into a reactor 2802 (Reactor 1) that adjusts pH
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of the incoming biochar. This adjustment may be made through acidification of the biochar
with inorganic or organic acids. Inorganic acids may include nitric, sulfuric, and phosphoric
acids. Organic acids may include formic or acetic acids. After the acidification, the biochar
is dewatered in a reactor 2803 (Reactor 2), such as centrifugal machine. Following the
water removal is the inoculation step in reactor 2804 (Reactor 3), which introduces
microbes, preferably in the preferred ratios and ranges set forth in this specifications,
however other ratios and ranges may be used. This step may be accomplished by a variety
of methods, including a method that introduces vacuum to the entire reactor and then

exposes the biochar to the inoculum.

[0221] After the bio-inoculation step, dewatering step may occur in reactor 2805 (in
Reactor 4), to bring the biochar moisture levels to desired levels for transport, use, and both.

The infiltrated biochar is then bagged by proposing equipment 2806.
[0222] EXAMPLE 19

[0223] An example of a lettuce field application in sandy loam soil can be as follows.

Biochar: pH 7.82, total porosity 0.30 cm3/cm3 , impregnation capacity 0.30 cm3/cm3 J[fixed

carbon 75%, residual organic compounds 17%. The total fungi to total bacteria ratio is
measured as 0.62. A randomized block design within an area of approximately 0.25 acres
has the following treatments: (i) No biochar application at 100% growers’ standard N
application rate; No biochar application at 50% growers’ standard N application rate; No
biochar application at 25% growers’ standard N application rate; Biochar application at
100% growers’ standard N application rate; Biochar application at 50% growers’ standard N

application rate; and, Biochar application at 25% growers’ standard N application rate.

[0224] The three nitrogen fertilizer application rates are 100 lbs nitrogen/ acre, 50 Ibs
nitrogen/ acre, and 25 Ibs nitrogen/ acre. A drip irrigation system with direct injection of
water soluble nitrogen fertilizer along each bed is set up. The application rate of biochar is
30%v/v within each plot measuring 5 ft X 3 ft X 0.33 ft. Special research lysimeters are
installed at two different soil depths (4 inches and 8 inches). Seven sets of lysimeters are

located at different reps of the six treatments.
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[0225] Soil solution samples are collected from the lysimeters along with leaf tissue
samples, soil samples, and water source samples at specific time points during the growing
cycle. Ten romaine green lettuce transplants are placed in each control and experimental

plots along each side of the drip line tapes.

[0226] Sample Collection Timepoints -- Prior to ground preparation and biochar
application of the present invention, soil samples (4) and water source sample (1) are taken.
Soil samples (4) are taken again 10-15 days after biochar application of the instant invention
and (4) after harvest to check physical and chemical properties. There are six lysimeter
sampling periods, one prior to first Nitrogen application and two after each Nitrogen
application to determine nutrient holding capacity against leaching and contribution of
invention biochar. Last samplings are coordinated right before harvest. Each of these
sampling periods will encompass soil solution samples from 2 lysimeters of each monitoring
set.

[0227] Two fertigation events one month apart inject 100, 50, or 25 pounds of soluble
nitrate fertilizer into the drip lines. During the first fertigation event, however, the nitrate
concentrations from the drip lines for the 50 lbs of nitrate fertilizer treatment (S0N) show
concentrations similar to the 100 lbs of nitrate fertilizer treatment (100N). The large dosage
of nitrate fertilizers in the 100N and 50N treatments is reflected in the nitrate concentrations

at the 4 inch and 8 inch soil depths.

[0228] In each of the biochar treatments, total soil organic matter increases significantly
over controls. Analysis of biochar after inoculation with compost liquid extract shows high
levels of total and active bacteria and fungi (data not shown). After the first fertigation event,
total soil nitrogen begins to increase in both the control and treatments. Nitrogen
concentrations, however, in the biochar treatments are greater than the controls, indicating
an increase in nutrient retention. By the end of the experiment, total soil nitrogen
concentrations in the biochar treatments are at least 15% greater than the concentrations
found in the control treatments., In the 25N biochar treatment, the increase in total soil

nitrogen concentration over control treatments is over 20%.
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[0229] Leaf samples collected from the biochar and control treatments at mid- harvest
are analyzed for nitrogen and phosphorous content. Biochar treatments show higher
percentages of both nitrogen and phosphorous in the leaves compared to control treatments.
Biochar in the 50N treatments show a greater difference to controls than in the 100N and
25N treatments. Increase plant uptake of nitrogen and phosphorous in the biochar 50N
treatment compared to the control treatments is attributed to the increase availability of

nitrates in the biochar soil.

[0230] Biochar treatments increase the total yields of lettuce plants at the time of harvest.
In the 50N treatments, biochar increases yield by more than 75% over controls. Reduction

in nitrogen fertilizer rates exhibit a positive effect on control plants.

[0231] In the 25N control treatments, lettuce yields increase by more than 25% when
compared to 100N control treatments. Although 100Nis the standard fertilization rate for
commercial lettuce growers, the soil nitrate concentrations from the lysimeter data show
sufficient nitrate concentrations in the 25N treatments. At the lower nitrogen fertilization
rates, S0N and 25N, biochar treatments increased nutrient uptake and utilization, leading to
increased lettuce yields.

[0232] Thus, in the foregoing example, the application of biochar can increase nutrient
utilization and uptake. Lettuce plants grown in 30% v/v biochar amended soil can show
increase percentages of nitrogen and phosphorous, in addition to a significant increase in
plant yields. Despite reduced nitrogen fertilization rates, the ability of biochar to retain more
nutrients in the rhizosphere can contribute to an increase in plant biomass. The biochar may
also able to promote bacterial and fungal species beneficial for nutrient mobilization and
uptake.

[0233] EXAMPLE 20

[0234] The following sets out one example of characteristics of a treated biochar. It
being understood that other features and broader, and different, ranges of the listed features
are contemplated, and in some applications may be preferred: (i) Bulk density of about 0.04

to about 0.75 g/cm3; solid density of about 0.3 to about 1,200 g/crn3; impregnation capacity

3.3

of about 0.2 to 0.45 cm™/cm™; particle sizes distributions of 95% or more of a batch being
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from 500 microns to 100 microns in size. Particle surface area of about 100 to about 900

m2/g. Total porosity of about 0.2 to about 0.45 cm3/cm3 . Ash content of about 2% to
about 25%. Organic compounds from about 0% to about 35%. Fixed carbon content from
about 55% to about 85%. Water content from about 10% to about 45% (lower moisture may
be preferred in product as shipped and handled by farm implements).

[0235] As set forth above, the treated biochar of the present invention may be used in
various agriculture activities, and the fields of edaphology and pedology, as well as other
activities and in other fields. Additionally, the treated biochar may be used, for example,
with: farming systems and technologies, operations or activities that may be developed in the
future; and with such existing systems, operations or activities which may be modified, in-
part, based on the teachings of this specification. Further, the various treated biochar and
treatment processes set forth in this specification may be used with each other in different
and various combinations. Thus, for example, the processes and resulting biochar
compositions provided in the various examples provided in this specification may be used
with each other; and the scope of protection afforded the present inventions should not be
limited to any particular example, process, configuration, application or arrangement that is
set forth in a particular example or figure.

[0236] Although this specification focuses on agriculture, soil modification and plant
growth, it should be understood that the materials, compositions, structures, apparatus,
methods, and systems, taught and disclosed herein, may have applications and uses for many
other activities in addition to agriculture for example, as filters, additives, and in remediation
activities, among other things.

[0237] It being understood that one or more of these may be preferred for one
application, and another of these may be preferred for a different application. Thus, these
are only a general list of preferred features and are not required, necessary and may not be
preferred in all applications and uses.

[0238] It is noted that there is no requirement to provide or address the theory underlying
the novel and groundbreaking functionality, performance or other beneficial features and
properties that are the subject of, or associated with, embodiments of the present inventions.

Nevertheless, to the extent that various theories are provided in this specification to further
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advance the art in this important area. These theories put forth in this specification, and
unless expressly stated otherwise, in no way limit, restrict or narrow the scope of protection
to be afforded the claimed inventions. These theories many not be required or practiced to
utilize the present inventions. It is further understood that the present inventions may lead to
new, and heretofore unknown theories to explain the functionality, performance or other
beneficial features and properties that are the subject of, or associated with, embodiments of
the methods, articles, materials, and devices of the present inventions; and such later
developed theories shall not limit the scope of protection afforded the present inventions.

[0239] Those skilled in the art will recognize that there are other methods that may be
used to treat biochar in a manner that forces the infusion of liquids into the pores of the
biochar without departing from the scope of the invention. The foregoing description of
implementations has been presented for purposes of illustration and description. It is not
exhaustive and does not limit the claimed inventions to the precise form disclosed.
Modifications and variations are possible in light of the above description or may be acquired
from practicing the invention. The claims and their equivalents define the scope of the

invention.



CLAIMS

1. A method for treating a porous carbonaceous material, the method comprising:

placing the porous carbonaceous material in a vessel, wherein the vessel has an original pressure.
and wherein the porous carbonaceous material comprises a pore;

adding a treating liquid to the vessel; and

changing the pressure in the vessel, wherein during the changing the pressure in the vessel the
pressure reaches an absolute pressure of at least 1333 Pascal to at most 99991.8 Pascal, and wherein the
pressure in the vessel is varied for at least 5 seconds before ceasing the pressure variation and returning

the pressure in the vessel to the original pressure or to atmospheric pressure.

2. The method of claim 1, wherein the adding the treating liquid to the vessel occurs before the
changing the pressure in the vessel, or wherein the adding the treating liquid to the vessel occurs during

the changing the pressure in the vessel.

3. The method of claim 1, wherein the treating liquid adjusts the pH of a surface of the pore.
4, The method of claim [, further comprising adding an inoculate solution to the vessel, thereby

inaculating the porous carbonaceous material,

wherein the adding the inoculate solution to the vessel occurs before the changing the pressure in
the vessel, or wherein the adding the inoculate solution to the vessel occurs during the changing the
pressure in the vessel,

wherein the inoculate solution compriscs an inoculate, and whercin the inoculate is an additive
selected from the group consisting of water, liquid inorganic compounds of different composition, liquid
inorganic compounds of different polarity, liquid organic compounds of different composition, liquid
organic compounds of different polarity, an aqueous selution of a salt, an aqueous solution of an acid, an
agueous solution of a base, an aqueous solution of an organic compound, an aqueous solution of an
inorganic compound, a liquid organic compound, a liquid inorganic compound. a solvent, a mineral oil,
an organic oil, turpentine, olive oil, palm oil, 2 mineral extract, an organic extract, an extract comprising
an organic compound, an extract comprising an inorganic compound, a slurry | a suspension, a slury
comprising a solid phase, a hydroxide, a salt, an organometallic complex, a nano-dispersed solid, a micro-

dispersed solid, a carbon-based cluster, fine particles, and a supercritical liquid.
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5. A method for treating a porous carbonaceous material, the method comprising:

combining the porous carbonaceous material with an infiltrant, wherein the porous carbonaceous
material comprises a pore; and

applying a vacunm or posifive pressure to the environment surrounding the porous carbonaceous
material and the infiltrant for at least 5 seconds, thereby forcing, assisting, or accelerating the movement
of the infiltrant into the pore;

wherein at least a portion of the pore is filled by the infiltrant and remains in the pore after the

VACHUIM Or positive pressure is applied.

6. The method of claim 5, wherein the forcing, assisting, or accelerating the movement of the

infiltrant into the pore is achicved using a surfactant.

7. The method of claim 5, wherein the infikrant comprises an acidic or alkaline based aqueous
solution.
8. A biochar comprising:

a porous carbonaceous material, wherein the porous carbonaceous material comprises:

a pore morphology defining a pore volume,

pores comprising pore surfaces, wherein the pore surfaces have been treated by an
infiltrant infused into the pores by a forced, assisted, or accelerated infusion treatment process,
and wherein the forced, assisted, or accelerated infusion treatment process forces the removal of

solids or liquids out of the pores.

9, The biochar of claim 8, wherein the forced, assisted, or accelerated infusion treatment process is

achieved using a vacuum, thereby forcing the infilirant into the pores.

10, The biochar of claim 8, wherein the forced, assisted, or accelerated infusion treatment process is

achieved using a surfactant to assist the infiltrant into the pores of the porous carbonaccous material.

1. The biochar of claim 8, wherein the infiltrant is an additive selected from the group consisting of
water, lguid inorganic compounds of different composition, lignid inorganic compounds of different
polarity, liquid organic compounds of different composition, liquid organic compounds of different
polarity, an aqueous solution of a salt, an aqueous solution of an acid, an aqueous solution of a base, an

aqueous solution of an organic compound, an aqueous solution of an inorganic compound, a liquid

Date Regue/Date Received 2023-04-05
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organic compound, a liguid inorganic compound, a solvent, a mineral oil, an organic oil, turpentine, olive
oil, paim oil, a mineral extract, an organic exiract, an extract comprising an organic compound, an extract
comprising an inorganic compound, a slurry , a suspension, a sharry comprising a solid phase, a
hydroxide. a salt, an organometallic complex. a nano-dispersed solid, a micro-dispersed solid, a carbon-

based cluster, fine particles, and a supercritical liquid,

12. A methad for treating a porous carbonaceous material, the method comprising:
placing the porous carbonaceous material in a vessel, wherein the porous carbonaceous material
comprises pores;
adding a treating liquid to the vessel;
changing the pressure in the vesscel, thereby infusing the treating liquid into the pores; and
centrifuging the porous carbonaceous material, thereby removing at least a portion of the treating

Hquid that is infused into the pores, thereby adjusting the motsture of the porous carbonaceous material.
13. The method of claim 12, further comprising applying vacuum or positive pressure to the
environment surrounding the pore, wherein the applying vacuum or positive pressure occurs at &
temperature of at most 100 degrees Celsius.

14, The method of claim 12, further comprising modifyimg a surface chemical property of the porous
carbonaceous material and increasing the hydrophilicity of the biochar, wherein the modifying and the

increasing are achieved by the infusing the treating liguid into the pores.

15, A biochar trecated according to the methods of any onc of claims 1, 5, or 12,

Date Regue/Date Received 2023-04-05
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