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PHOSPHORIC ACID TREATMENT OF CARBONACEOUS MATERIAL PRIOR TO ACTIVATION

RELATED APPLICATIONS

[0001] This patent application claims the benefit of U.S. Provisional Patent
Application No. 61/756,951, filed January 25, 2013, the disclosure of which is incorporated

herein by reference.

FIELD OF THE INVENTION

[0002] The present disclosure relates to treated and/or activated sorbents, and

methods for treating and/or activating sorbents.

BACKGROUND

[0003] Activated carbon (“AC”) may come from a plurality of sources. AC from
certain sources may not have sufficient microporosity or mesoporosity to adsorb small
molecular weight impurities. This may leave certain ACs at a disadvantage in applications

that require removal of small molecular weight impurities.

SUMMARY

[0004] According to embodiments of the present disclosure, disadvantages and

problems associated with the performance of a sorbent may be reduced or eliminated.

[0005] One embodiment provides a method of producing an activated carbon,

comprising:

applying a solution of at least 10% phosphoric acid (e.g., at least 20%, at least
25%, or at least 50%) by weight at a ratio of from 0.01 pounds to 0.3 pounds of phosphoric
acid solution per pound to a raw material to produce a phosphoric acid treated raw

material; and

direct-activating the phosphoric acid treated raw material via a gas activation

process to produce an activated carbon.

[0006] Another embodiment provides activated carbon prepared according to the

methods disclosed herein.
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[0007] Another embodiment provides a method for removing at least one impurity

from a gas stream (e.g., a flue gas stream or air stream) comprising:

injecting an activated carbon into the gas stream upstream from a collection

device, the gas stream comprising the at least one impurity;

allowing sufficient residence time for adsorption of the at least one impurity

onto the activated carbon;

collecting in the collection device the activated carbon after the activated

carbon has adsorbed the at least one impurity; and

removing the activated carbon and the absorbed at least one impurity from

the gas stream.

[0008] Another embodiment provides a method for removing an impurity from a

liquid (e.g., water, waste stream, or solution), comprising:
combining activated carbon with the liquid;

allowing the impurity to adsorb on the activated carbon to form spent

activated carbon; and
removing the spent activated carbon from the liquid.

[0009] One embodiment provides an activated carbon prepared by one or more of
the methods disclosed herein. In one embodiment, the activated carbon can be used for

removing an impurity from a gas stream or from a liquid.

[0010] Another embodiment provides an activated carbon comprising a phosphate
present in an amount ranging from 0.1 % to 30% by weight, relative to the total weight of
the activated carbon. In one embodiment, the activated carbon has an iodine number
ranging from 670 to 800 and a bromophenol blue number ranging from 140 to 250. In one
embodiment, the activated carbon can be used for removing an impurity from a gas stream

or from a liquid.

[0011] Another embodiment provides an activated carbon having an iodine
number ranging from 900 to 1300 and a bromophenol blue number ranging from 200 to
500. In one embodiment, the activated carbon can be used for removing an impurity from a

gas stream or from a liquid.
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[0012] Inaccordance with one embodiment, a method of producing an activated
carbon comprises selecting a raw material for direct-activation, applying a solution of at
least 10% phosphoric acid (e.g., at least 20%, at least 25%, or at least 50%) by weight at a
ratio of from 0.01 pounds to 0.3 pounds of phosphoric acid solution per pound to the raw
material selected for direct activation to produce a phosphoric acid treated raw material,
and direct-activating the phosphoric acid treated raw material via a gas activation process to

produce an activated carbon.

[0013] In accordance with another embodiment of a method of producing an
activated carbon, the raw material is selected from the group consisting of peat, wood,
lignocellulosic materials, biomass, waste, tire, olive pits, peach pits, corn hulls, rice hulls,
petroleum coke, lignite, brown coal, anthracite coal, bituminous coal, sub-bituminous coal,

coconut shells, pecan shells, and walnut shells.

[0014] In accordance with another embodiment of a method of producing an

activated carbon, the raw material comprises lignite.

[0015] In accordance with another embodiment of a method of producing an
activated carbon, the method further comprises, after direct-activating the phosphoric acid
treated raw material, washing the activated carbon with a solution comprising a second

acid.

[0016] In accordance with another embodiment of a method of producing an
activated carbon, the solution comprising the second acid comprises at least 1%

hydrochloric acid by weight.

[0017] Inaccordance with another embodiment of a method of producing an
activated carbon, the applying the solution of at least 10% phosphoric acid (e.g., at least
20%, at least 25%, or at least 50%) by weight at a ratio of from 0.01 pounds to 0.3 pounds of
phosphoric acid solution per pound to the raw material comprises spraying the solution on

the raw material.

[0018] In accordance with another embodiment of a method of producing an
activated carbon, the gas activation comprises exposing the raw material to steam at a

temperature of at least 600°C.
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[0019] Another embodiment provides an activated carbon for the removal of an
impurity, the activated carbon being prepared by a process comprising applying a solution
of at least 10% phosphoric acid (e.g., at least 20%, at least 25%, or at least 50%) by weight at
a ratio of from 0.01 pounds to 0.3 pounds of phosphoric acid solution per pound of a raw
material to produce a phosphoric acid treated raw material, and direct-activating the
phosphoric acid treated raw material via a gas activation process to produce an activated

carbon.

[0020] Another embodiment provides an activated carbon for the removal of an
impurity, wherein the raw material is selected from the group consisting of peat, wood,
lignocellulosic materials, biomass, waste, tire, olive pits, peach pits, corn hulls, rice hulls,
petroleum coke, lignite, brown coal, anthracite coal, bituminous coal, sub-bituminous coal,

coconut shells, pecan shells, and walnut shells.

[0021] Another embodiment provides an activated carbon for the removal of an

impurity, wherein the raw material comprises lignite.

[0022] Another embodiment provides an activated carbon for the removal of an
impurity, wherein the activated carbon is prepared by a process further comprising, after
direct-activating the phosphoric acid treated raw material, washing the activated carbon
with a solution comprising a second acid. In accordance with another embodiment, the

second acid comprises at least 1% hydrochloric acid by weight.

[0023] Another embodiment provides an activated carbon for the removal of an
impurity, wherein the activated carbon is prepared by a process wherein applying the
solution of at least 10% phosphoric acid (e.g., at least 20%, at least 25%, or at least 50%) by
weight at a ratio of from 0.01 pounds to 0.3 pounds of phosphoric acid solution per pound

to the raw material comprises spraying the solution on the raw material.

[0024] Another embodiment provides an activated carbon for the removal of an
impurity, wherein the activated carbon is prepared by a process wherein the gas activation

comprises exposing the raw material to steam at a temperature of at least 600°C.

[0025] In accordance with another embodiment, a method for removing an
impurity from a flue gas stream comprises injecting an activated carbon into a flue gas

stream upstream from a collection device, the flue gas stream comprising at least one
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impurity suitable for adsorption, allowing sufficient residence time for adsorption of the at
least one impurity onto the activated carbon, collecting in the collection device the
activated carbon after the activated carbon has adsorbed the at least one impurity, and
removing the activated carbon and the absorbed at least one impurity from the flue gas
stream, wherein the activated carbon is prepared by a process comprising selecting a raw
material for direct-activation, applying a solution of at least 10% phosphoric acid (e.g., at
least 20%, at least 25%, or at least 50%) by weight at a ratio of from 0.01 pounds to 0.3
pounds of phosphoric acid solution per pound to the raw material selected for direct
activation to produce a phosphoric acid treated raw material, and direct-activating the
phosphoric acid treated raw material via a gas activation process to produce an activated

carbon.

[0026] Another embodiment provides a method for removing an impurity from a
flue gas stream, wherein the activated carbon is prepared by a process wherein the raw
material is selected from the group consisting of peat, wood, lignocellulosic materials,
biomass, waste, tire, olive pits, peach pits, corn hulls, rice hulls, petroleum coke, lignite,
brown coal, anthracite coal, bituminous coal, sub-bituminous coal, coconut shells, pecan

shells, and walnut shells. In another embodiment, the raw material comprises lignite.

[0027] Another embodiment provides a method for removing an impurity from a
flue gas stream, wherein the activated carbon is prepared by a process further comprising,
after the activation process, washing the activated carbon with a solution comprising a
second acid. In one embodiment, the second acid comprises at least 1% hydrochloric acid

by weight.

[0028] Another embodiment provides a method for removing an impurity from a
flue gas stream, wherein the activated carbon is prepared by a process wherein the applying
the solution of at least 10% phosphoric acid (e.g., at least 20%, at least 25%, or at least 50%)
by weight at a ratio of from 0.01 pounds to 0.3 pounds of phosphoric acid solution per

pound to the raw material comprises spraying the solution on the raw material.

[0029] Another embodiment provides a method for removing an impurity from a
flue gas stream, wherein the activated carbon is prepared by a process wherein the gas

activation comprises exposing the raw material to steam at a temperature of at least 600°C.
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[0030] Inaccordance with another embodiment, a system to remove an impurity
from a flue gas stream comprises a flue gas stream comprising at least one impurity suitable
for adsorption, an injection point operable to facilitate the injection of an activated carbon
into a flue gas stream, the flue gas stream comprising at least one impurity suitable for
adsorption, and a collection device operable to collect the activated carbon after the
activated carbon has adsorbed the at least one impurity, and facilitate removal from the flue
gas stream of the activated carbon and the absorbed at least one impurity, wherein the
injection point is upstream from a collection device so as to allow for sufficient residence
time for adsorption of the at least one impurity onto the activated carbon, and wherein the
activated carbon is prepared by a process comprising: applying a solution of at least 10%
phosphoric acid (e.g., at least 20%, at least 25%, or at least 50%) by weight at a ratio of from
0.01 pounds to 0.3 pounds of phosphoric acid solution per pound to a raw material to
produce a phosphoric acid treated raw material, and direct-activating the phosphoric acid

treated raw material via a gas activation process to produce the activated carbon.

[0031] In accordance with another embodiment, a method to produce lignite-
based activated carbon comprises applying a solution of at least 10% phosphoric acid (e.g.,
at least 20%, at least 25%, or at least 50%) by weight at a ratio of from 0.01 pounds to 0.3
pounds of phosphoric acid solution per pound to the lignite to produce a phosphoric acid
treated lignite, and activating the phosphoric acid treated lignite via a gas activation
process, the gas activation comprising exposing the phosphoric acid treated lignite to steam
at a temperature of at least 600°C, and optionally washing the resulting material with a

solution comprising at least 1% hydrochloric acid by weight.

[0032] In accordance with another embodiment, a method to produce walnut
shell-based activated carbon comprises applying a solution of at least 10% phosphoric acid
(e.g., at least 20%, at least 25%, or at least 50%) by weight at a ratio of from 0.01 pounds to
0.3 pounds of phosphoric acid solution per pound to walnut shell pieces to produce
phosphoric acid treated walnut shells, and activating the phosphoric acid treated walnut
shells via a gas activation process, the gas activation comprising exposing the phosphoric
acid treated walnut shells to steam at a temperature of at least 6002C, and optionally
washing the resulting material with a solution comprising at least 1% hydrochloric acid by

weight.
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[0033] Certain embodiments of the present disclosure may provide one or more
technical advantages. A technical advantage of certain embodiments may include
increasing the adsorptive capacity characteristics of an AC. Increasing the adsorptive
capacity characteristics, for example, increasing the microporosity or mesoporosity of the
AC, may improve the performance such that the AC may be used in applications requiring
microporosity and/or mesoporosity, such as applications requiring the removal of small
molecular weight impurities. Using an AC treated in accordance with certain embodiments
may have economic, processing, performance, logistical, safety, environmental, efficiency,
sourcing, and/or other desirable advantages. An additional technical advantage of certain
embodiments may be a reduction or elimination in facility corrosion or damage caused by
phosphoric acid, and may additionally or alternatively provide additional economic, safety,
logistical, or other advantages. An additional technical advantage of certain embodiments
may be a reduction in facility infrastructure or operating costs, because raw materials
treated with phosphoric acid that are commonly reagglomerated, such as coals, peat, wood

chips, and waste tire, may not need to be ground and reagglomerated prior to activation.

[0034] Certain embodiments of the present disclosure may include some, all, or
none of the above advantages. One or more other technical advantages may be readily
apparent to those skilled in the art from the figures, descriptions, and claims included

herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] Reference is now made to the following description, taken in conjunction

with the accompanying drawings, in which:

[0036] FIGURE 1A illustrates one embodiment of a system for a phosphoric acid

treatment of a sorbent;

[0037] FIGURE 1B illustrates one embodiment of a system for the injection of a

sorbent treated with phosphoric acid into a flue gas stream;

[0038] FIGURES 2A and 2B illustrate a relationship between certain phosphoric

acid treatment conditions (e.g., % acid dose) and lodine Number, among other properties;
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[0039] FIGURES 3A, 3B, and 3C also illustrate a relationship between between
certain phosphoric acid treatment conditions (e.g., % acid dose) and lodine Number, among

other properties;

[0040] FIGURES 4A and 4B illustrate a relationship between a hydrochloric acid

wash and lodine Number, among other properties;

[0041] FIGURES 5A and 5B illustrate a relationship between certain phosphoric

acid treatment conditions and lodine Number, among other properties;

[0042] FIGURE 6 illustrates a relationship between certain phosphoric acid

treatment conditions and lodine Number and Abrasion Number, among other properties;

[0043] FIGURES 7A and 7B illustrate the relationship between certain phosphoric
acid treatment conditions and lodine Number, among other properties, for a high ash
lignite-based AC;

[0044] FIGURE 8 illustrates the influence of activation temperature for a high ash
lignite-based AC;

[0045] FIGURE 9 illustrates a comparison of properties between a wood based AC

and a phosphoric acid treated, lignite-based AC;

[0046] FIGURE 10 illustrates a relationship between certain phosphoric acid

treatment conditions (e.g., % acid dose) and mercury capacity, among other properties;

[0047] FIGURES 11A, 11B, and 11C illustrate the relationship between certain
phosphoric acid treatment conditions, activation yield, and lodine Number, among other

properties;

[0048] FIGURE 12 schematically illustrates a mercury removal system containing a

slipstream for a coal-fired power plant;

[0049] FIGURE 13 is a plot of mercury removal efficiency as a function of feed rate

for the pilot trial of Example 1;

[0050] FIGURE 14 is a plot of mercury removal efficiency as a function of feed rate

for the pilot trial of Example 2;
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[0051] FIGURE 15 is a plot of mercury emission rate as a function of SO;

concentration for the full scale trial of Example 3; and

[0052] FIGURE 16 is a plot of mercury removal efficiency as a function of feed rate

for the full scale trial of Example 4.

DETAILED DESCRIPTION

[0053] Embodiments of the present disclosure and its advantages are best

understood by referring to FIGURES 1 through 16 of the drawings.

[0054] Sorbents may be used to adsorb liquids or gases. Activated carbon (“AC”) is
a commonly used sorbent. Raw material made to create AC may come from a plurality of
sources. Certain raw materials may result in ACs with less microporosity and/or
mesoporosity than other ACs, which may make these ACs with lesser microporosity and/or
mesoporosity unlikely to be purchased for or used in applications requiring removal of small
molecular weight impurities. Developing a method to increase the microporosity and/or
mesoporosity of these ACs may reduce or eliminate this disadvantage and increase the

marketability of ACs produced from these raw materials.

[0055] Phosphoric acid (HsPO,4) treatment of a raw material before activation may
be an effective means to increase microporosity or mesoporosity of the resulting AC, where
increasing the microporosity increases the number of pores with a diameter of less than
approximately 2 nanometers and increasing the mesoporosity increases the number of
pores with a diameter between approximately 2 nanometers and 50 nanometers. In one
embodiment, treating a raw material prior to activation with small or low doses of
phosphoric acid may alter its adsorptive capacity characteristics. Treating a raw material
with a low dose of phosphoric acid in accordance with some embodiments may include
applying a solution at a rate ranging from approximately 1% by weight to approximately
30% by weight (solution:raw material), where the solution contains at least 10% phosphoric
acid by weight (e.g., from approximately 10 wt% phosphoric acid to approximately 100 wt%
phosphoric acid) to the raw material prior to activation. This effect may be magnified when
phosphoric acid treatment is combined with hydrochloric acid washing. Phosphoric acid
treatment prior to activation may additionally allow any of these raw materials that

commonly require or undergo agglomeration or grinding and reagglomeration prior to
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activation to be direct-activated, where the raw material enters a kiln for activation without
being ground into powder and reagglomerated into pellets. Raw materials that may be
appropriate for treatment with phosphoric acid may include, without limitation, peat, wood,
lignocellulosic materials, biomass, waste, tire, corn hulls, rice hulls, petroleum coke, various
coals, such as lignite, brown coal, anthracite coal, bituminous coal, and sub-bituminous coal,
various nut-shells, such pecan shells and walnut shells, and material from various drupes,

such as coconut shells, olive pits, and peach pits.

[0056] The micro- and mesoporosity of an AC are important for a variety of
reasons. Physically, ACs adsorb impurities by van der Waals force or London dispersion
forces, which become stronger as the distance between adsorbates and pore walls
decrease. Consequently, for an AC to be effective in physically adsorbing an impurity or
pollutant, the AC should possess a substantial volume of pores sized appropriately to adsorb
the impurity. Generally, a pore should be 1.5 to 3 times larger than the size of the impurity
to adsorb. Smaller pores may not allow for adsorption and larger pores may not be able to
retain, or “grip,” the impurity. An AC’s level of microporosity and mesoporosity has a
significant impact on its adsorption performance with respect to small sized impurities.
Without phosphoric acid treatment prior to activation, certain ACs may have limited
microporosity. For example, lignite-based AC typically has a pore volume of approximately
0.1 mL/g for pores with diameters less than 2 nanometers. Bituminous coal-based AC
typically has approximately three times this pore volume, i.e., 0.3 mL/g, in the same
diameter range. Wood- and peat-based AC typically have pore volumes of 0.3 mL/g or more
for pores with diameters less than 2 nanometers. The ability to increase the volume of this
pore size range for ACs is valuable, because this pore size range has a proven importance in
adsorption performance in certain markets, including, for example in the treatment and
purification of water, in the purification, production or treatment of chemicals,
pharmaceuticals, alcohol, and food products, such as sugar, for odor control, as a carrier of
other catalysts, and/or in the purification of air or gas streams, e.g., for the removal of an
impurity, such as mercury, from a flue gas stream. For certain raw materials, it may also be
valuable to maintain microporosity during activation and improve other properties of the

resulting AC, such as the activation yield.

-10 -



WO 2014/116992 PCT/US2014/013013

[0057] Treating a raw material with phosphoric acid prior to activation may be one
way to achieve these changes. Phosphoric acid may affect the activation process through
multiple pathways. In certain embodiments, phosphoric acid applied to a raw material prior
to activation may serve to reduce catalysis of the steam-carbon reaction. In this way the
phosphoric acid slows the activation process and allows the development of increased
macro- and/or mesoporosity with respect to macroporosity. Phosphoric acid may also
catalyze bond cleavage reactions and crosslink formation (through cyclization,
condensation, etc.). This reaction, combined with the ability of phosphoric acid to react
directly with organics present in the raw material, may allow for the formation of phosphate
and polyphosphate bridges that connect cross-linked pore structure fragments, and thus,
allow for the restructuring of porosity both before and after activation. Nuclear magnetic
resonance (“NMR”) studies of certain phosphoric acid treated ACs suggest that the majority
of the phosphate structures formed are directly bound to the carbon lattice via carbon
bonds, or Carbon-Oxygen-Phosphorous (“C-0O-P”) bonding. Many of the C-O-P bonds may
be non-reactive and integral to the carbon lattice. Changes related to phosphoric acid
treatment of a raw material, e.g., the slowing of the activation process, crosslink formation,
and/or a change in the rate of oxidation of volatiles and coal tar pitch, may result in the
ability to direct-activate the raw material without agglomeration or grinding and

reagglomeration prior to activation.

[0058] Evaluating an AC with and without phosphoric acid treatment prior to
activation allows for an indication of the impact of the treatment on microporosity and/or
mesoporosity. lodine Number may be used as an indication of microporosity and
Bromophenol Blue (“BPB”) Number may be used as an indication of mesoporosity. lodine
Number may be determined in accordance with ASTM Standard D4607 or similar
procedures. BPB Number may be determined by calculating the amount of BPB adsorbed
per unit of a sorbent at 90% removal of BPB in accordance with the procedure generally
explained here: A fixed concentration of BPB in a buffered aqueous solution is contacted
with powdered sorbent at room temperature. The sorbent is removed from the solution by
filtration and the residual BPB concentration is determined using spectrographic analysis.
The residual concentration is used to calculate the amount of BPB adsorbed per gram of

sorbent at 90% removal of BPB from the original solution. The BPB Number may be

-11 -
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calculated by multiplying the test volume of BPB Solution (L) and the 90% BPB concentration

removed (mg/L) and dividing by the weight (g) of the powdered sorbent sample.

[0059] The micro- and mesoporosity is known or may be determined for many of
the raw materials suitable for treatment in accordance with various embodiments. For
example, lignite-based AC prepared without a phosphoric acid treatment may have certain
microporosity and mesoporosity characteristics, for example, untreated lignite-based AC
may exhibit an lodine Number generally ranging from 400 to 650 and a BPB Number ranging
from 70 to 140. In certain embodiments, phosphoric acid treated lignite-based AC,
depending on the activation conditions and amount of phosphoric acid applied to the
lignite, demonstrates an increase in lodine Number and/or BPB Number in comparison to
untreated lignite-based AC. For example, lodine Number may range from 670 to 800 and

BPB Number may range from 140 to 250.

[0060] When a phosphoric acid treated lignite-based AC is washed with
hydrochloric acid in accordance with various embodiments, lodine Number and/or BPB
Number may increase again. For example, lodine Number may range from 900 to 1300 (e.g.,
from 900 to 1220) and BPB Number may range from 200 to 500. Increases in mesoporosity
and macroporosity may be valuable in markets where microporosity, mesoporosity or both
are critical to performance, for example, in the treatment and purification of water, in the
production of chemicals, pharmaceuticals, alcohol, and food products, such as sugar, in the
purification of air and/or gas streams, as a carrier for catalysts, and/or for odor removal.
Additionally, in certain embodiments, phosphoric acid treated lignite-based AC may also be
able to retain the characteristically high macroporosity of untreated lignite-based AC, as
measured by Molasses Relative Efficiency (“ Molasses RE”). Molasses RE may be calculated
by determining the relative efficiency for decolorization purposes of a test sorbent, and is
expressed as 100 times the ratio of the color removed per unit weight by the test sorbent to
the color removed per unit weight by a standard activated carbon, at 90% decolorization of
a blackstrap molasses solution, measured by decolorization of standard solutions with

different amounts by weight of activated carbon.

[0061] FIGURES 1A and 1B illustrate an embodiment of systems related to a
sorbent treated with a phosphoric acid treatment. FIGURE 1A illustrates an embodiment of

a system for the application of phosphoric acid. System 100 comprises components for the

-12 -
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production of phosphoric acid treated (“PAT”) activated carbon from a raw material. Raw
materials that may treated in system 100 include, without limitation, peat, wood,
lignocellulosic materials, biomass, waste, tire, corn hulls, rice hulls, petroleum coke, various
coals, such as lignite, brown coal, anthracite coal, bituminous coal, and sub-bituminous coal,
various nut-shells, such as pecan shells and walnut shells, and materials from various
drupes, such as coconut shells, olive pits, and peach pits. Raw materials may vary in

composition. For example, lignite is available with a range of ash contents.

[0062] In certain embodiments, the desired raw material particle size distribution
may vary depending on the raw material used in system 100. System 100 may be used to
create PAT ACs from raw materials of a variety of particle sizes. For example, particles
suitable for treatment with phosphoric acid in system 100 may have a diameter ranging
from less than or equal to 1 micron to 5 inches on a weight basis, e.g., from 1 micron to 400
mesh, from 400 mesh to 100 mesh, from 100 mesh to 30 mesh, from 30 mesh to 18 mesh,
from 18 mesh to 16 mesh, from 16 mesh to 12 mesh, from 12 mesh to 8 mesh, from 8 mesh
to 6 mesh, from 6 mesh to 4 mesh, from 4 mesh to 3.5 mesh, from 3.5 mesh to 0.5 inches,
from 0.5 inches to 0.75 inches, from 0.75 inches to 1.0 inches, from 1.0 inches to 1.5 inches,
from 1.5 inches to 3 inches, and/or from 3 inches to 5 inches. The average particle size and
particle size distribution, based on particles having one or more of the sizes listed above,
may be adjusted using techniques known to those of skill in the art to achieve a desired
average size and distribution. For example, a raw material may be ground and/or classified
(i.e., sorted and selected based on size) to achieve a desired average particle size and

particle size distribution.

[0063] FIGURE 1Aillustrates the use of system 100 to create a PAT AC through the
production of PAT lignite-based AC 150 from lignite 102. While the description below refers
to lignite 102, the processes laid out in connection with FIGURE 1A and elsewhere herein,
including the various operational parameters, are equally applicable to the other raw
materials discussed herein. Lignite 102 travels along step belt 112 and enters lower feed bin
114. From lower feed bin 114, lignite 102 travels along incline belt 116 and enters upper
feed bin 118. After leaving lower feed bin 114, lignite 102 travels toward kiln 130. Lignite
102 may travel through the components of system 100 at any suitable rate. In various

embodiments, the initial feed rate of lignite 102 may be approximately 2000 to 20000
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pounds per hour, for example, from 2000 to 4000, from 4000 to 6000, from 6000 to 8000,
from 8000 to 10000, from 10000 to 12000, from 12000 to 14000, from 14000 to 16000,
from 16000 to 18000, or from 18000 to 20000 pounds per hour depending on the size of the
kiln and the composition of the raw material. In certain embodiments, density
measurements, such as 6x20 Vibrating Feed Density, may be a useful guiding process
control. Density may be evaluated in accordance with ASTM Standard D2854 or similar

procedures.

[0064] Before reaching kiln 130 for activation, lignite 102 is treated with solution
120, which is an aqueous solution of at least 10% (e.g., 85% phosphoric acid) by weight. The
concentration of phosphoric acid in the solution may be any concentration suitable to
support an improvement in the treated lignite, e.g., an increase in activation yield, an
increase in micro- and/or mesoporosity, and/or obviating reagglomeration processes. In
certain embodiments, the concentration of phosphoric acid may be at least 10% by weight,
e.g., range from 10% to 100% by weight, from 10% to 15%, from 15% to 20%, from 20% to
25%, from 25% to 30%, from 30% to 35%, from 35% to 40%, from 40% to 45%, from 45% to
50%, from 50% to 55%, from 55% to 60%, from 60% to 65%, from 65% to 70%, from 70% to
75%, from 75% to 80%, from 80% to 85%, from 85% to 90%, from 90% to 95%, or from 95%
to 100%. In some embodiments, lignite 102 may be treated with a solution of phosphoric
acid of at least 10% by weight, at least 20% by weight, at least 25% by weight, at least 30%
by weight, at least 35% by weight, at least 40% by weight, at least 45% by weight, at least
50% by weight, at least 55% by weight, at least 60% by weight, at least 65% by weight, at
least 70% by weight, at least 75% by weight, at least 80% by weight, at least 85% by weight,
at least 90% by weight, or at least 95% by weight.

[0065] Solution 120 may be applied with a sprayer, atomizer, or any suitable
applicator that allows solution 120 to be sprayed or deposited on lignite 102 at a relatively
constant rate. Alternatively, solution 120 may be dripped onto lignite 102. In one
embodiment, solution 120 may be sprayed so as to provide a relatively low dose of
phosphoric acid to lignite 102, for example, at a dosing rate of approximately 10%, i.e., at a
rate sufficient to achieve a ratio of approximately 0.1 pounds of solution 120 per pound of
lignite 102. An adjusted dosing rate of solution 120 may be employed to achieve desired

absorption properties in the PAT lignite-based AC 150. For example, in various
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embodiments the dosing rate may range from 1% to 30% (i.e. from 0.01 pounds to 0.3
pounds of solution 120 per pound of lignite 102), for example, from 1% to 1.5%, from 1.5%
to 2%, from 2% to 2.5%. from 2.5% to 3%, from 3% to 3.5%, from 3.5% to 4%, from 4.5% to
5%, from 5% to 5.5%, from 5.5% to 6%, from 6% to 6.5%, from 6.5% to 7%, from 7% to 7.5%,
from 7.5% to 8%, from 8% to 8.5%, from 8.5% to 9%, from 9% to 9.5%, from 9.5% to 10%,
from 10% to 11%, from 11% to 12%, from 12% to 13%, from 13% to 14%, from 14% to 15%,
from 15% to 16%, from 16% to 17%, from 17% to 18%, from 18% to 19%, from 19% to 20%,
from 20% to 21%, from 21% to 22%, from 22% to 23%, from 23% to 24%, from 24% to 25%,
from 25% to 26%, from 26% to 27%, from 27% to 28%, from 28% to 29%, or from 29% to
30%. In one embodiment, the dosing rate may be at least 1%, at least 5%, at least 10%, at

least 15%, at least 20%, or at least 25% by weight.

[0066] In various embodiments, the sprayer or other applicator may be oriented in
a manner to direct the solution primarily toward lignite 102, so as to ensure contact
between solution 120 and lignite 102 and to reduce unnecessary contact between solution
120 and components of system 100. In certain embodiments, the applicator may spread the
solution on lignite 102. Solution 120 should be applied to the lignite as uniformly and
evenly as practically possible in order to avoid some portions of lignite 102 being overdosed
with solution 120 and/or other portions receiving no contact at all. As solution 120 is
applied to lignite 102, moderate blending of lignite 102 may increase the uniformity with
which the phosphoric acid comes into contact with lignite 102. For example, in certain

embodiments, blending of the lignite 102 may be facilitated by a screw conveyor.

[0067] After lignite 102 is treated with solution 120, it enters kiln 130. Activation
occurs through selective oxidation of the lignite with steam such that it develops additional
internal porosity. The time between treatment with solution 120 and entering the kiln may
not impact the lodine Number of lignite 102. In testing of lignite as a raw material, times
ranging between 0 and 120 minutes were tried between the treatment of lignite 102 with

solution 120 and the time lignite 102 enters kiln 130 without impact.

[0068] In certain embodiments, during the time between treatment with solution
120 and entering kiln 130, lignite 102 may be dried. Lignite 102 may exhibit increased
adhesive and/or cohesive properties following treatment with solution 120 that may make it

more difficult to move the lignite into the kiln. Thus, in various embodiments, compressed
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air may be added to facilitate drying and/or to aid conveyance of the treated lignite into kiln
130. A modified screw conveyor or modified paddle conveyor may also aid conveyance of
the lignite or other raw materials into kiln 130. Lignite 102, following treatment with
solution 120, is suitable for direct-activation; that is, lignite 102 does not need to be ground
to a powder (either before or after treatment with solution 120) and reagglomerated into

pellets prior to activation.

[0069] Lignite 102, treated with solution 120, enters kiln 130 for activation by a
steam treatment. Once lignite 120 enters kiln 130 it is heated, without steam, up to
approximately 6502C to 7009C, causing the volatilization of various volatile hydrocarbons,
e.g., methane, butane, etc., from lignite 102. These gases may form a inert gas layer that
serves to protect the lignite and prevent it from combusting. This is often referred to as
carbonization or charring. Air may then be introduced into kiln 130 to combust the volatile
hydrocarbons, and to generate heat in the kiln. In one embodiment, inert gases, such as

nitrogen or argon, may be introduced into the kiln to facilitate charring.

[0070] Low pressure steam 128 is introduced into the kiln in the primary activation
stage. In various embodiments, compressed air 124, often known as process air, is
introduced as well. Kiln burner 132 combusts fuel, typically natural gas 136, to fire kiln 130.
Kiln 130 may be fired to any suitable temperature sufficient to achieve activation. In certain
embodiments, kiln temperatures may range from 600°C to 1050°C, e.g., from 600°C to
650°C, from 650°C to 700°C, from 700°C to 750°C, from 750°C to 800°C, from 800°C to
850°C, from 850°C to 900°C, from 900°C to 950°C, from 950°C to 1000°C, or from 1000°C to
1050°C. In one embodiment, the kiln temperature may be at least 600°C. Kiln activation
temperatures may be generally 100°C to 300°C higher than required for activation of
untreated lignite. Lignite 102 may remain in kiln 130 for any suitable time sufficient to
achieve activation. In certain embodiments, lignite 102 may be activated to any suitable
density as measured by Vibrating Feed Density. In various embodiments, the residence time
of lignite 102 in kiln 130, or the time it remains in kiln 130, may vary, ranging from an hour
or less, for example between approximately 30 to 60 minutes, to more than an hour, for
example between approximately 4 to 24 hours, for example, from 4 to 6 hours, from 6 to 8
hours, from 8 to 10 hours, from 10 to 12 hours from 12 to 14 hours, from 14 to 16 hours,

from 16 to 18 hours, from 18 to 20 hours, from 20 to 22 hours, or from 22 to 24 hours. In
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certain embodiments, activation occurring during the steam treatment is where the
majority of AC porosity develops. The factors that determine the amount of porosity
developed in lignite-based AC treated with phosphoric acid (assuming that at least some
amount of steam is introduced) include the kiln temperature and time duration of this
activation stage. In various embodiments, the optimal temperature and activation time may
vary moderately according to the composition, density, and level of organization of the
carbon of the raw material being activated. Additionally, in certain embodiments, gas
activation may occur using carbon dioxide or an inert gas, such as nitrogen or argon, instead
of steam. The residence time may vary depending on the particle size of the raw material;
this, along with the operating parameters of the conveying systems into and within kiln 130,
may be varied by the skilled artisan to change the residence time to achieve a desired extent
of activation. The porosity, as measured, for example, by the Molasses RE and lodine
Number, may be varied by adjusting the operating parameters of the kiln to achieve a
desired Vibrating Feed Density in the resulting activated carbon product. In general, higher
porosity materials will have a lower density. Kiln 130 may be a horizontal kiln in various

embodiments and may be a multihearth furnace in some embodiments.

[0071] Exhaust gases generated during activation exit kiln 130 through kiln hood

140. Fly ash hopper 142 removes fly ash and exhaust gases are vented to a boiler.

[0072] Following activation, PAT lignite-based AC 150 exits kiln 130. In the
embodiment shown in FIGURE 1A, PAT lignite-based AC is then washed with an acid solution
160 (e.g., hydrochloric acid). A hydrochloric acid wash is not a necessary step, and may be
omitted in accordance with various embodiments. The term “PAT activated carbon” or
“PAT AC” encompasses the material that is washed with an acid solution or remains
unwashed. Washing with hydrochloric acid 160 may include a traditional, plant scale acid-
washing process or, in certain embodiments, may include a spray application similar to the
phosphoric acid application described previously. In various embodiments, solution 160
may include hydrochloric acid at a range of concentrations, for example, from 1% to 12%
hydrochloric acid by weight, for example from 1% to 2%, from 2% to 3%, from 3% to 4%,
from 4% to 5%, from 5% to 6%, from 6% to 7%, from 7% to 8%, from 8% to 9%, from 9% to
10%, from 10% to 11%, or from 11% to 12%. In one embodiment, solution 160 may include

at least 1% hydrochloric acid by weight, at least 5% hydrochloric acid by weight, at least 7%
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hydrochloric acid by weight, or at least 10% hydrochloric acid by weight. Alternatively or in
addition, solution 160 may include other washing agents, including without limitation

sodium hydroxide.

[0073] Washing the PAT lignite-based AC 150 with hydrochloric acid solution 160
may increase its microporosity. Increases in microporosity may be demonstrated by an
increase in lodine Number or Butane Number. Butane Number may be determined in

accordance with ASTM Standard D5742 or similar procedures.

[0074] Improvements in one or more of these measurements may be significant
enough to indicate that the hydrochloric acid washed activated PAT raw material is suitable
for applications requiring high microporosity, an area from which lignite-based AC has
traditionally been excluded. Once washing with hydrochloric acid solution 160 is complete,
the process is complete and results in a finished product of PAT, hydrochloric acid washed

lignite-based AC 170.

[0075] As stated previously, system 100 may be used to create PAT ACs from a
variety of raw materials. For example, system 100 may be used to treat peat with
phosphoric acid prior to activation. In various embodiments, peat may be treated with an
aqueous solution of phosphoric acid, with a concentration of phosphoric acid ranging from
10% to 100% by weight, for example, from 10% to 15%, from 15% to 20%, from 20% to 25%,
from 25% to 30%, from 30% to 35%, from 35% to 40%, from 40% to 45%, from 45% to 50%,
from 50% to 55%, from 55% to 60%, from 60% to 65%, from 65% to 70%, from 70% to 75%,
from 75% to 80%, from 80% to 85%, from 85% to 90%, from 90% to 95%, or from 95% to
100%. In some embodiments, peat may be treated with a solution of phosphoric acid at
least 50% by weight, at least 55% by weight, at least 60% by weight, at least 65% by weight,
at least 70% by weight, at least 75% by weight, at least 80% by weight, at least 85% by
weight, at least 90% by weight, or at least 95% by weight. Further, in certain embodiments,
the dosing rates may range from 1% to 30% (i.e. from 0.01 pounds to 0.3 pounds of solution
120 per pound of lignite 102), for example, from 1% to 1.5%, from 1.5% to 2%, from 2% to
2.5%. from 2.5% to 3%, from 3% to 3.5%, from 3.5% to 4%, from 4.5% to 5%, from 5% to
5.5%, from 5.5% to 6%, from 6% to 6.5%, from 6.5% to 7%, from 7% to 7.5%, from 7.5% to
8%, from 8% to 8.5%, from 8.5% to 9%, from 9% to 9.5%, from 9.5% to 10%, from 10% to
11%, from 11% to 12%, from 12% to 13%, from 13% to 14%, from 14% to 15%, from 15% to
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16%, from 16% to 17%, from 17% to 18%, from 18% to 19%, from 19% to 20%, from 20% to
21%, from 21% to 22%, from 22% to 23%, from 23% to 24%, from 24% to 25%, from 25% to
26%, from 26% to 27%, from 27% to 28%, from 28% to 29%, or from 29% to 30%. In one
embodiment, the dosing rate may be at least 1%, at least 5%, at least 10%, at least 15%, at
least 20%, or at least 25% by weight. In system 100, peat is sprayed with a solution of 75%
phosphoric acid at a dosing rate of 5% prior to activation. Peat is then activated by
exposure to steam in kiln 130 at an activation temperature that generally ranges from 6002C
to 10509C, e.g., from 600°C to 650°C, from 650°C to 700°C, from 700°C to 750°C, from 750°C
to 800°C, from 800°C to 850°C, from 850°C to 900°C, from 900°C to 950°C, from 950°C to
1000°C, or from 1000°C to 1050°C. Retention time in kiln 130 may range from an hour or
less, for example between approximately 30 to 60 minutes, to more than an hour, for
example between approximately 4 to 24 hours, for example, from 4 to 6 hours, from 6 to 8
hours, from 8 to 10 hours, from 10 to 12 hours from 12 to 14 hours, from 14 to 16 hours,
from 16 to 18 hours, from 18 to 20 hours, from 20 to 22 hours, or from 22 to 24 hours.
After exiting kiln 130, the resulting activated carbon may be optionally washed with
hydrochloric acid solution 160, which may further increase microporosity. Following
activation in system 100, PAT peat-based AC may exhibit increases in microporosity and
mesoporosity, and activation yield increases of up to 20% in comparison to untreated peat-
based AC, which may result in economic and environmental benefits. Furthermore, the
phosphoric acid treatment may eliminate the need to grind the peat to a powder and
reagglomerate it into pellets prior to activation. Rather, the peat may be used as received
from the supplier or optionally classified to provide a desired particle size distribution prior

to phosphoric acid treatment and activation.

[0076] As another example, system 100 may be used to treat wood-chips with
phosphoric acid prior to activation. In various embodiments, wood-chips may be treated
with an aqueous solution of phosphoric acid, with a concentration of phosphoric acid
ranging from 10% to 100% by weight, for example, from 10% to 15%, from 15% to 20%,
from 20% to 25%, from 25% to 30%, from 30% to 35%, from 35% to 40%, from 40% to 45%,
from 45% to 50%, from 50% to 55%, from 55% to 60%, from 60% to 65%, from 65% to 70%,
from 70% to 75%, from 75% to 80%, from 80% to 85%, from 85% to 90%, from 90% to 95%,

or from 95% to 100%. In some embodiments, wood-chips may be treated with a solution of
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phosphoric acid at least 50% by weight, at least 55% by weight, at least 60% by weight, at
least 65% by weight, at least 70% by weight, at least 75% by weight, at least 80% by weight,
at least 85% by weight, at least 90% by weight, or at least 95% by weight. Further, in certain
embodiments, the dosing rates may range from 1% to 30% (i.e. from 0.01 pounds to 0.3
pounds of solution 120 per pound of lignite 102), for example, from 1% to 1.5%, from 1.5%
to 2%, from 2% to 2.5%. from 2.5% to 3%, from 3% to 3.5%, from 3.5% to 4%, from 4.5% to
5%, from 5% to 5.5%, from 5.5% to 6%, from 6% to 6.5%, from 6.5% to 7%, from 7% to 7.5%,
from 7.5% to 8%, from 8% to 8.5%, from 8.5% to 9%, from 9% to 9.5%, from 9.5% to 10%,
from 10% to 11%, from 11% to 12%, from 12% to 13%, from 13% to 14%, from 14% to 15%,
from 15% to 16%, from 16% to 17%, from 17% to 18%, from 18% to 19%, from 19% to 20%,
from 20% to 21%, from 21% to 22%, from 22% to 23%, from 23% to 24%, from 24% to 25%,
from 25% to 26%, from 26% to 27%, from 27% to 28%, from 28% to 29%, or from 29% to
30%. In one embodiment, the dosing rate may be at least 1%, at least 5%, at least 10%, at
least 15%, at least 20%, or at least 25% by weight. In system 100, the wood chips are
sprayed with a solution of 75% phosphoric acid at a dosing rate of 5% prior to activation.
The wood chips are then activated by exposure to steam in kiln 130 at an activation
temperature that generally ranges from 600°C to 1050°C, e.g.,, from 600°C to 650°C, from
650°C to 700°C, from 700°C to 750°C, from 750°C to 800°C, from 800°C to 850°C, from 850°C
to 900°C, from 900°C to 950°C, from 950°C to 1000°C, or from 1000°C to 1050°C. Retention
time in kiln 130 may range from an hour or less, for example between approximately 30 to
60 minutes, to more than an hour, for example between approximately 4 to 24 hours, for
example, from 4 to 6 hours, from 6 to 8 hours, from 8 to 10 hours, from 10 to 12 hours from
12 to 14 hours, from 14 to 16 hours, from 16 to 18 hours, from 18 to 20 hours, from 20 to 22
hours, or from 22 to 24 hours. After exiting kiln 130, the resulting activated carbon may be
optionally washed with hydrochloric acid solution 160, which may further increase
microporosity. Following activation in system 100, PAT wood chip-based AC may exhibit
increases in microporosity and activation yield increases of up to 20% in comparison to
untreated wood chip-based AC, which may result in economic and environmental benefits.
Furthermore, the phosphoric acid treatment may eliminate the need to grind the wood
chips to a powder and reagglomerate them into pellets prior to activation. Rather, the
wood chips may be used as received from the supplier or optionally classified to provide a

desired particle size distribution prior to phosphoric acid treatment and activation.
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[0077] As another example, system 100 may be used to treat waste tire with
phosphoric acid prior to activation. In various embodiments, tire may be treated with an
aqueous solution of phosphoric acid, with a concentration of phosphoric acid ranging from
10% to 100% by weight, for example, from 10% to 15%, from 15% to 20%, from 20% to 25%,
from 25% to 30%, from 30% to 35%, from 35% to 40%, from 40% to 45%, from 45% to 50%,
from 50% to 55%, from 55% to 60%, from 60% to 65%, from 65% to 70%, from 70% to 75%,
from 75% to 80%, from 80% to 85%, from 85% to 90%, from 90% to 95%, or from 95% to
100%. In some embodiments, tire may be treated with a solution of phosphoric acid at least
50% by weight, at least 55% by weight, at least 60% by weight, at least 65% by weight, at
least 70% by weight, at least 75% by weight, at least 80% by weight, at least 85% by weight,
at least 90% by weight, or at least 95% by weight. Further, in certain embodiments, the
dosing rates may range from 1% to 30% (i.e. from 0.01 pounds to 0.3 pounds of solution 120
per pound of lignite 102), for example, from 1% to 1.5%, from 1.5% to 2%, from 2% to 2.5%.
from 2.5% to 3%, from 3% to 3.5%, from 3.5% to 4%, from 4.5% to 5%, from 5% to 5.5%,
from 5.5% to 6%, from 6% to 6.5%, from 6.5% to 7%, from 7% to 7.5%, from 7.5% to 8%,
from 8% to 8.5%, from 8.5% to 9%, from 9% to 9.5%, from 9.5% to 10%, from 10% to 11%,
from 11% to 12%, from 12% to 13%, from 13% to 14%, from 14% to 15%, from 15% to 16%,
from 16% to 17%, from 17% to 18%, from 18% to 19%, from 19% to 20%, from 20% to 21%,
from 21% to 22%, from 22% to 23%, from 23% to 24%, from 24% to 25%, from 25% to 26%,
from 26% to 27%, from 27% to 28%, from 28% to 29%, or from 29% to 30%. In one
embodiment, the dosing rate may be at least 1%, at least 5%, at least 10%, at least 15%, at
least 20%, or at least 25% by weight. In system 100, tire is sprayed with a solution of 75%
phosphoric acid at a dosing rate of 5% prior to activation. The tire is then activated in kiln
130 at an activation temperature that generally ranges from 6002C to 6509C, from 6502C to
7002C, from 7002C to 7509C, from 7502C to 8002C, from 8002C to 8502C, from 8502C to
9002C, from 9002C to 950°C, from 9502C to 10002C, or from 10002C to 1050°C. Retention
time in kiln 130 may range from an hour or less, for example between approximately 30 to
60 minutes, to more than an hour, for example between approximately 4 to 24 hours, for
example, from 4 to 6 hours, from 6 to 8 hours, from 8 to 10 hours, from 10 to 12 hours from
12 to 14 hours, from 14 to 16 hours, from 16 to 18 hours, from 18 to 20 hours, from 20 to 22
hours, or from 22 to 24 hours. After exiting kiln 130, the resulting activated carbon may be

optionally washed with hydrochloric acid solution 160, which may further increase
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microporosity. Following activation in system 100, PAT tire-based AC may exhibit increases
in microporosity and mesoporosity, and activation yield increases of up to 20% in
comparison to untreated tire-based AC, which may result in economic and environmental
benefits. Other raw materials may be treated with phosphoric acid prior to activation to
achieve similar or other improvements. Furthermore, the phosphoric acid treatment may
eliminate the need to grind the waste tire to a powder and reagglomerate it into pellets
prior to activation. While the waste tire material is derived from tires that have been cut
into smaller pieces, such pieces may be used as received from the supplier or optionally
classified to provide a desired particle size distribution prior to phosphoric acid treatment

and activation.

[0078] In one embodiment, the activation time and temperature may vary
depending on the raw material used in system 100. As discussed herein, the activation
temperature for an AC treated with phosphoric acid ranges approximately from 6009C to
10509C. Activation temperatures for PAT ACs may generally be approximately 1002C to
3002C higher than is required for activation of untreated ACs. Retention time in kiln 130 for

PAT ACs ranges from 30 minutes to 24 hours.

[0079] In one embodiment, system 100 may utilize regulators, pressure valves,
valves, heating elements, process controls, and other components as appropriate. System
100 may be configured in any suitable or necessary way to treat a raw material with
phosphoric acid. For example, various embodiments may employ a batch treatment
process. Certain embodiments may include additional or different components, or may
exclude or alter certain components or functionalities. For example, some embodiments

need not include a hydrochloric acid wash.

[0080] Technical advantages of using system 100 or similar processes to produce
PAT AC may include an increase in microporosity and/or mesoporosity. In certain
embodiments, microporosity of a PAT AC may be assessed by lodine Number. An increase
in lodine Number may indicate improved microporosity. Mesoporosity may be assessed by
BPB Number. Anincrease in BPB Number may indicate improved mesoporosity. A decrease
in water soluble content, a measure of purity in water applications, may be an additional
advantage in some embodiments. Water solubles may be evaluated in accordance with

ASTM Standard D5029 or similar procedures. Treating a raw material with phosphoric acid
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prior to activation may also improve the activation yield of the material. Technical
advantages of using system 100 to treat a raw material prior to activation with phosphoric
acid may alternatively or additionally include the ability to direct-activate raw materials that
may otherwise require agglomeration or grinding and reagglomeration prior to activation.
Certain embodiments of PAT AC may exhibit one, more than one, or all of these advantages.

Various embodiments may exhibit additional or different advantages.

[0081] An additional advantage may include a reduction or elimination of facility
corrosion or damage in various embodiments that utilize a spray application to apply the
phosphoric acid solution. In one embodiment, using a low dose, i.e., a low acid to carbon
ratio, e.g., approximately equal to or less than a 30% by weight application of solution
containing phosphoric acid, as described herein, may prevent severe corrosion to
manufacturing infrastructure that would necessitate the continuous repair and replacement
commonly associated with a high dose chemical activation of wood. This low dose
application of a phosphoric acid solution may additionally or alternatively reduce exposure
to facility personnel. Using a spray applicator to apply the phosphoric acid solution may also
reduce the time necessary for cleaning or other decontamination processes before a kiln or
other system components may be used for a non-PAT process. In one embodiment,
applying low doses of phosphoric acid solution may also provide economic benefits by
avoiding costs associated with higher doses of phosphoric acid. Economic benefits may also
arise from the ability to use a low cost raw material like lignite and still achieve desired
absorption performance as will be discussed in conjunction with the data provided in
FIGURES 2 through 10. Additional economic benefits may arise from the ability to improve
the activation yield of a raw material like walnut shells without sacrificing microporosity as

will be discussed in conjunction with the data provided in FIGURES 11A, 11B, and 11C.

[0082] FIGURE 1B illustrates a system for the injection of a sorbent treated with
phosphoric acid into a flue gas stream. System 180 provides a simplistic overview of a

treatment process for flue gases.

[0083] Flue gas 182 results from the combustion of a raw material such as coal.
Due to air quality and emissions regulations, utility plants that burn coal must often treat
any flue gas to ensure it contains only certain levels of regulated compounds, such as

nitrogen oxides (NO,), sulfur oxides (SOy), and particulate matter (“PM”), and heavy metals,
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such as mercury. In this embodiment, flue gas 182 contains at least mercury at a level

requiring emission control.

[0084] Sorbent 184 is prepared in a process similar to the process described in
conjunction with FIGURE 1A. Specifically, sorbent 184 is sprayed with a solution of 85%
phosphoric acid, is then activated via a steam treatment, and, following activation, is
washed with hydrochloric acid. Sorbent 184 is injected into the steam of flue gas 182 at an
injection point 186. Upon injection, sorbent 184 adsorbs mercury contained in flue gas 182.
In various treatment processes, there may be an air preheater, which heats the flue gas
stream. The sorbent injection point may be upstream, i.e., on the cold side, or downstream,
i.e., on the hot side, of the air preheater, or in certain treatment process, there may be

multiple injection points.

[0085] Downstream of injection point 186, flue gas 182 encounters particulate
collection device 188. Particulate collection device 188 filters out particulate matter from
flue gas 182. Particulate collection device 188 also collects sorbent 184. Particulate
collection device 188 may be any collection device suitable to collect particulate matter
and/or spent sorbents, i.e., sorbents laden with impurities or pollutants adsorbed from the
flue gas stream, including, for example, an electrostatic precipitator or a fabric filter (i.e.,
baghouse) application or other the devices listed by the United States Environmental
Protection Agency in its module on “Air Pollutants and Control Techniques.” See Module 6:
Air Pollutants and Control Techniques - Particulate Matter - Characteristics, U.S.
Environmental Protection Agency,
http://www.epa.gov/apti/bces/module6/matter/control/control.htm (last visited Jan. 11,
2013). Flue gas 182, once scrubbed by particulate collection device 188, is vented to the

atmosphere. In certain treatment processes, this venting may occur through a stack.

[0086] Particulate collection device 188 is constructed such that collected
particulate matter, often in the form of fly ash, and spent sorbent, illustrated as collected
PM and sorbent 190, may be removed for disposal. Removing sorbent 184 from particulate
collection device 188 effectively removes sorbent 184 and any absorbed impurities from

flue gas stream 182.
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[0087] In various embodiments, sorbent 184 may be an AC created from a variety
of raw materials including peat, wood, lignocellulosic materials, biomass, waste tire, corn
hulls, rice hulls, petroleum coke, various coals, such as, lignite, brown coal, anthracite coal,
bituminous coal, and sub-bituminous coal, various nut-shells, such as pecan shells and
walnut shells, and materials from various drupes, such as coconut shells, olive pits, and

peach pits.

[0088] Asone skilled in the art will understand, ACs prepared in a manner similar
to the process described in FIGURE 1A, i.e., from raw material treated with phosphoric acid
at a relatively low dosing rate prior to activation, may develop a greater amount of
microporosity and mesoporosity than raw material that is not treated with phosphoric acid.
As a result, treated ACs may be appropriate for other applications in addition to the system
for removing mercury from flue gas described here. For example, other applications that
require the removal of small molecular weight impurities include the removal of
trihalomethanes and/or chloramines in potable water, or the removal trace impurities in the
preparation of fine chemicals or pharmaceuticals. Using a AC treated with phosphoric acid
prior to activation may produce improved removal rates when compared to other untreated
ACs and/or may provide improved economic indicators given the low cost associated with
certain raw materials, such as lignite, and the reduced cost associated with a low dosing rate
of phosphoric acid. These additional applications may use a PAT AC in any suitable form, for

example, the AC may be in a powdered form or a granular form.

[0089] One embodiment provides an activated carbon comprising a phosphate
present in an amount ranging from 0.1% to 30% by weight, relative to the total weight of
the activated carbon, e.g., an amount ranging from 0.1% to 25%, from 0.1% to 20%, from 1%
to 30%, from 1% to 25%, from 1% to 20%, from 5% to 30%, from 5% to 25%, from 5% to
20%, from 6% to 30%, from 6% to 25%, or from 6% to 20% by weight, relative to the total

weight of the activated carbon.

[0090] In one embodiment, the amount of phosphate can be determined by acid
extraction with boiling dilute HCI, where the extracted fraction is analyzed for phosphate.
The amount of phosphate can be reported as “acid extractable phosphate.” Acid
extractable phosphate can be determined according to NSTM 1.02. In another

embodiment, substantially all of phosphoric acid added to the raw material is retained in
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the activated carbon as a phosphate. Accordingly, one of ordinary skill in the art can
approximate the amount of phosphate present in the activated carbon based on the
amount of phosphoric acid added. In one embodiment, the phosphate is present as a

phosphate network.

[0091] Previous phosphoric acid treatments of AC raw materials involved the
addition of significantly greater ratios of phosphoric acid per pound of raw material,
compared to the amounts disclosed herein. As a result, a substantial phosphate coating (or
phosphate blocks) formed around the activated carbon that would require removal to
access the activated carbon. Typically, phosphate is removed with an acid wash, which
under typical industry conditions would remove substantially all of the phosphate such that

the phosphate coating was less than 0.1% by weight.

[0092] Another embodiment provides an activated carbon having an iodine
number ranging from 670 to 800 and a bromophenol blue number ranging from 140 to 250.
In one embodiment, the activated carbon is a mesoporous activated carbon. In another
embodiment, the activated carbon is a PAT activated carbon that has not been subjected to

an acid wash (“unwashed activated carbon”).

[0093] Another embodiment provides an activated carbon having an iodine
number ranging from 900 to 1300 (e.g., ranging from 900 to 1220) and a bromophenol blue
number ranging from 200 to 500. In one embodiment, the activated carbonis a
microporous actcivated carbon. In another embodiment, the activated carbon is a PAT

activated carbon that has been subjected to an acid wash (“washed activated carbon”).

[0094] In one embodiment, the activated carbon (e.g., a lignite-based activated
carbon) having an iodine number ranging from 900 to 1300 has an abrasion number ranging
from 60 to 100, e.g., ranging from 60 to 95, from 60 90, or from 60 to 80. Abrasion number
indicates a material’s resistance to abrasive wear, particle size degeneration, and dust
creation, with higher numbers indicating superior resistance. This characteristic is
important in fixed granular bed applications, were particle breakdown may cause pressure
drop and material handling issues. Standard lignite-based activated carbon possesses an
abrasion number in the 40-60 range. The PAT process appears to increase the abrasion

number to greater than 60, depending on level of porosity. Bituminous-based activated
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carbon typically possesses an Abrasion Number in the 85-95 range. Thus PAT activated
carbon samples, in certain cases, can have an abrasion number similar to that of

bituminous-based products.

[0095] FIGURES 2A and 2B illustrate a relationship between phosphoric acid
treatment and lodine Number, among other properties. FIGURE 2A includes Table 200 and
FIGURE 2B includes Graph 250. Table 200 provides data corresponding to a series of lignite-
based AC samples activated in a batch activation process for 60 minutes at the same

activation temperature.

[0096] Columns 202 through 208 provide data on Samples 2-1 through 2-4,
respectively. Sample 2-1 is an untreated lignite-based AC that was activated in a batch
process. Samples 2-2, 2-3, and 2-4 are lignite-based AC samples that were treated with
phosphoric acid in a batch treatment process, in which, similar to the process described in
conjunction with FIGURE 1A, a solution comprising phosphoric acid was sprayed onto the

samples prior to activation by exposure to steam.

[0097] Row 210 provides the phosphoric acid dose applied to each treated sample:
2.5% by weight for Sample 2-2, 5.0% for Sample 2-3, and 10.0% for Sample 2-4, where the
weight percentage indicates the ratio of the aqueous solution containing the phosphoric
acid with respect to the raw material, not the proportion of the phosphoric acid in the
solution. Row 212 provides the activation yield, which increases with phosphoric acid dose.
Row 214 provides water solubles for each sample and shows a significant reduction in water
solubles for Samples 2-2 through 2-4. In various embodiments, the decrease in water
solubles may occur because the phosphoric acid reacts with the mineral ash constituents in
the lignite to form phosphates (primarily calcium, sodium, and potassium phosphates) that
are sparingly soluble. This may mean that a lesser amount of water soluble compounds may
wash off the treated AC in water based applications, potentially reducing scaling and purity

issues in certain applications.

[0098] Row 216 provides the final percentage of ash by weight for each Sample.
All three PAT Samples demonstrate a slight reduction in final ash, although this effect is not
linearly correlated to phosphoric acid dose. In various embodiments, this effect may be

caused by the phosphoric acid reducing the activation reaction rate and reducing the carbon
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burn-off rate, in addition to the development of macroporosity. If less carbon is burned and
blown out as fine particles by the development of macrospores, ash may be a smaller
percentage of the final remaining mass. Additionally, ash reduction may not have been
observed for phosphoric acid doses greater than 2.5%, because the development of
macroporosity may not be further significantly slowed, as evidenced by the plateau in

Molasses RE.

[0099] Row 218 provides Molasses RE and Row 220 provides BPB Numbers, which
both drop considerably for Samples 2-2, 2-3, and 2-4 in comparison to Sample 2-1. The
increase in activation yield, and simultaneous decrease in Molasses RE, may indicate that
PAT lignite-based AC needs additional activation in order to develop further mesoporosity

and macroporosity.

[0100] Row 222 provides lodine Number, which appears to correlate strongly with
the increase in phosphoric acid dose. Under these activation conditions, the most
significant improvement in lodine Number occurs with the 10% phosphoric acid dose.
Graph 250 illustrates the generally linear relationship between phosphoric acid dose and

lodine Number: as phosphoric acid dose increases so does lodine Number.

[0101] FIGURES 3A, 3B, and 3C also illustrate a relationship between phosphoric
acid treatment and lodine Number, among other properties. FIGURE 3A includes Table 300,
FIGURE 3B includes Table 340, and FIGURE 3C includes Table 370, which collectively provide
data corresponding to a series of lignite-based AC samples activated in a batch activation
process at an activation temperature approximately 1002C to 3002C higher than the

samples described in FIGURES 2A and 2B.

[0102] Table 300 provides data for samples activated for 30 minutes. Columns 302
through 312 provide data on Samples 3-1 through 3-6, respectively. Row 314 provides the
phosphoric acid treatment dose for each Sample. Sample 3-1 is a baseline sample that is
not treated with phosphoric acid. Samples 3-2 through 3-6 are treated with increasing

doses of phosphoric acid, from 1.0% to 10.0% by weight, respectively.

[0103] Row 316 provides the activation yield, which increases with increasing
phosphoric acid treatment doses. Row 318 provides the Vibrating Feed Density, which

generally increases with increasing phosphoric acid dosage. Row 320 provides final ash by
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weight, which remains relatively unchanged with increasing acid dose. Ash levels in
activated carbons may be determined in accordance with ASTM Standard D2866 or similar
procedures. In various embodiments, final ash may remain relatively unchanged under
these activation conditions (in contrast to the decreasing ash levels associated with 60
minutes of activation as discussed in conjunction with FIGURE 2A), because enough carbon
burn-off may occur during mesoporosity development, even with phosphoric acid
application, to produce a final ash concentration in the AC that is similar to the final
concentrations found in ACs that have not been treated with phosphoric acid prior to

activation.

[0104] Row 322 provides the pH of each Sample. As expected, pH decreases with
increasing phosphoric acid dose, because the application of acid neutralizes the basic
mineral constituents of the AC. Row 324 provides water solubles, which also decrease with
increasing phosphoric acid dosage. Row 326 provides final phosphates by weight
percentage. Phosphates do not increase with additional acid dosage. This may be
important, because an increase in extractable phosphate could restrict the use of ACs in
certain water treatment applications. To evaluate phosphate levels, a sample of activated
carbon is boiled in distilled water to remove water soluble phosphate salts. The slurry is

filtered, and a portion of the filtrate analyzed for phosphate content by a standard method.

[0105] Row 328 provides Molasses RE, which decreases consistently with
increasing acid dose. Row 330 provides BPB Number, which drops in comparison to Sample
3-1 with the initial acid dose, but then increases with increasing acid dose from Sample 3-2
to Sample 3-6. Sample 3-6, with 10.0% acid dose, has a BPB Number of 101, slightly below
that of the 106 BPB Number of untreated Sample 3-1. Even though macroporosity does not
recover, it appears that with a 10.0% phosphoric acid dose, mesoporosity as measured by
BPB Number may recover to a level similar to that of Sample 3-1. This recovery of BPB
Number may be due to an alteration in the activation process that facilitates more
mesopore development as more acid is applied. Phosphoric acid slows down the activation
reaction rate, which may allow more micropores to develop than what is normally observed
in untreated AC, before some of these micropores are converted to mesopores. Building on

this, the slowed reaction rate may allow more mesopores to develop than may be normally
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observed in untreated AC, before some of these mesopores are converted to macropores.

The end result is an increase in microporosity and mesoporosity as acid is added.

[0106] Row 332 provides lodine Number, which increases with acid dosage,

confirming an increase in microporosity.

[0107] Table 340 (FIGURE 3B) provides data for samples activated for 45 minutes.
Columns 342 through 348 provide data on Samples 3-7 through 3-10, respectively. Row 350
provides the phosphoric acid treatment dose for each Sample. Sample 3-7 is a baseline
sample that is not treated with phosphoric acid. Samples 3-8, 3-9, and 3-10 are treated at

increasing doses, from 5.0% to 10.0% by weight, respectively.

[0108] Row 352 provides the activation yield, which generally increases with
phosphoric acid treatment. Row 354 provides the Vibrating Feed Density, which drops with
acid treatment in comparison to untreated Sample 3-7, but increases slightly with increasing
acid dosage. Row 356 provides final ash by weight, which decreases significantly with acid
treatment in comparison to untreated Sample 3-7, but remains generally constant for all
acid doses. These activation conditions reduce the untreated lignite to 75.29% ash, which
explains Sample 3-7’s decreased adsorptive capacity values described below. The ash levels
of the treated Samples may also be elevated in comparison to other non-treated ACs, and
this increase may be due to the development of more porosity along a greater range of

pores, thus allowing more carbon to burn-off in the treated samples.

[0109] Row 358 provides water solubles, which slightly increase with acid dose.
Yet, as water solubles levels generally remain low, presumably this AC would actually have a
greater effective purity, at least concerning certain water based applications. In one
embodiment, with less material leaching off the AC into the water, fewer contamination
issues may occur. For example, there may be a reduction in scaling tendencies, because the
reduced pH value of the treated lignite-based AC, due to acidification, may reduce the
scaling potential of the calcium component of the AC. In addition, water soluble calcium
components that are bound to the carbon structure of the acid treated lignite-based AC as

insoluble phosphates are less likely to be released into the water to cause scaling.

[0110] Row 360 provides Molasses RE, which drops slightly across treated Samples

3-8, 3-9, and 3-10, in comparison to untreated Sample 3-7. Row 362 provides BPB Number,

-30 -



WO 2014/116992 PCT/US2014/013013

which significantly increases for treated Samples 3-8, 3-9, and 3-10, in comparison to
untreated Sample 3-7. Row 364 provides lodine Number, which also significantly increases
for treated Samples 3-8, 3-9, and 3-10 in comparison with untreated Sample 3-7. Overall,
the acid treated AC under these activation conditions appears to have performance
characteristics similar to bituminous coal-based AC, which may have economic and/or

logistical benefits in various applications.

[0111] Table 370 (FIGURE 3C) provides data for samples activated for 60 minutes.
Columns 372 through 378 provide data on Samples 3-11 through 3-14, respectively. Row
380 provides the phosphoric acid treatment dosage for each Sample. Sample 3-11isa
baseline sample that is not treated with phosphoric acid. Samples 3-12, 3-13, and 3-14 are

treated at increasing dosages, from 5.0% to 10.0% by weight, respectively.

[0112] Row 382 provides the activation yield, which significantly increases for
treated Samples 3-12, 3-13, and 3-14 in comparison to untreated Sample 3-11. Row 384

provides the Vibrating Feed Density, which drops for treated Samples.

[0113] Row 386 provides the final ash by weight. These activation conditions
essentially reduce the untreated lignite to ash. Sample 3-11 is 99.23% ash, explaining the
adsorptive capacity characteristics of Sample 3-11, which are even lower than the values of
untreated Sample 3-7 discussed in conjunction with Table 340. Again, the ash values of
treated Samples 3-12, 3-13, and 3-14, similar to the treated samples discussed in
conjunction with Table 340, have elevated ash levels over certain non-treated ACs. This
increase in ash may be due to the development of more porosity along a greater range of
pore sizes, especially since significant macroporosity may be developed, thus more carbon

may be burned off than for non-treated ACs.

[0114] Row 388 provides water solubles, which decrease generally from the levels
in untreated ACs (note, no value for Sample 3-11 is available). This decrease in water
solubles may maintain effective purity of the AC in relation to various water based

applications.

[0115] Row 390 provides Molasses RE, which decreases for treated Samples 3-12,
3-13, and 3-14 in comparison to Sample 3-11. The Molasses RE and Vibrating Feed Density

values produced by acid treatment is similar to other non-treated ACs, confirming that the
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use of acid treatment may not preclude the development of significant macroporosity in

various embodiments.

[0116] Row 392 provides BPB Number and Row 394 provides lodine Number.

Both significantly increase with acid dose.

[0117] FIGURES 4A and 4B illustrate a relationship between a hydrochloric acid
wash and lodine Number, among other properties. FIGURE 4A includes Table 400 and
FIGURE 4B includes Table 450. Table 400 provides comparative data on AC samples.
Columns 402 through 406 provide data on Samples 4-1 through 4-3, respectively. Sample 4-
1is an AC that has not been treated with phosphoric acid. Sample 4-2 was treated with
phosphoric acid, in a process similar to process discussed in conjunction with FIGURE 1A,
and was activated for 60 minutes at approximately the same temperature as the samples
described in FIGURES 3A, 3B, and 3C. Sample 4-3 was similarly treated with phosphoric acid
and activated. Following activation, Sample 4-3 was washed with a 7% hydrochloric acid
solution, similar to the washing process discussed in conjunction with FIGURE 1A. As Row

410 indicates, neither Sample 4-1 nor Sample 4-2 were exposed to hydrochloric acid.

[0118] Rows 414,416, and 418 provide adsorptive capacity measures, Molasses
RE, BPB Number, and lodine Number, respectively. Comparing Sample 4-3 to Sample 4-2
and to Sample 4-1, it is evident that hydrochloric acid washing results in improvements
when compared to phosphoric acid treatment alone in each adsorptive capacity category—
macroporosity, mesoporosity, and microporosity—and significant improvements when
compared to traditional, non-treated AC. Washing a phosphoric acid treated AC with a
hydrochloric acid solution may also result in a very low Tannin Value, an adsorptive capacity
measurement linked to performance in the water treatment market. Tannin Values may be
determined in accordance with American Water Works Association (“AWWA”) Standard

B600-78 or similar procedures.

[0119] Following hydrochloric acid washing, Sample 4-3 had a Tannin Value of
approximately 100. Tannic acid has been said to be representative of large organics
normally found in water sources. Sample 4-3’s Tannin Value is better than that typically

found in many varieties of wood-based AC, which often have Tannin Values over 100. The
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improvement in Tannin Value may not be seen in lignite-based ACs that are not treated with

phosphoric acid and/or hydrochloric acid.

[0120] Table 450 (FIGURE 4B) provides additional comparative data on
hydrochloric acid washing . Column 452 provides data on Sample 4-4, a conventional,
chemically activated, wood-based AC sample. Column 454 provides data on Sample 4-5, a
lignite-based AC treated with 10% phosphoric acid, activated, and then washed with
hydrochloric acid. Sample 4-5 has lower acid soluble ash and water soluble content,
including phosphates and higher porosity than Sample A. Rows 460, 462, and 464 provide
acid soluble ash, water soluble content, and water soluble phosphates, all of which are
purity indicators. Each demonstrates an improvement for the phosphoric acid treated,
hydrochloric acid washed lignite-based AC in comparison to the activated, wood-based AC
sample. Rows 466, 468, and 470 provide Molasses RE, lodine Number, and BPB Number,
which, as described previously, measure adsorptive capacity. These measures also indicate
an improvement for the PAT, hydrochloric acid washed lignite-based AC in comparison to
the wood-based AC. These improvements demonstrate an increase in porosity—
macroporosity, mesoporosity, and microporosity, respectively—that may make it possible to
use this or similar PAT, hydrochloric acid washed ACs in high-value markets traditionally
occupied by wood-based ACs, for example the sugar, alcohol, pharmaceuticals, and/or
chemical markets. Additionally, in various embodiments, PAT, hydrochloric acid washed
lignite-based ACs may demonstrate improved abrasion resistance, which may make these or

similar ACs appropriate for usage in gas and/or air purification markets.

[0121] FIGURES 5A and 5B also illustrate a relationship between phosphoric acid
treatment and lodine Number, among other properties. FIGURE 5A includes Table 500 and
FIGURE 5B includes Graph 530. Table 500 provides data corresponding to PAT lignite-based
AC samples, treated and activated in a process similar to the process discussed in
conjunction with FIGURE 1A. Activation temperatures were similar to the activation
temperature of the samples described in FIGURES 2A and 2B. Columns 502 through 508
provide data on Samples 5-1 through 5-4, respectively. Samples 5-1 through 5-4 were each
taken for testing directly from a kiln, similar to the kiln described in conjunction with FIGURE
1A. Testing of samples taken from the same kiln prior to the testing of any PAT lignite-based

AC samples established a kiln-specific, average lodine Number of 485.
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[0122] Row 510 provides kiln hood temperatures, similar to the activation
temperature of the samples described in FIGURES 2A and 2B, which varied over about 50°C.
Row 512 provides phosphoric acid doses, which also remain relatively constant between 8%
and 9%, with a slight variation for Sample 5-4 at 6.3%. Row 514 provides activation yields,
which vary from 11.5% to 15.4%. Row 516 provides BPB Numbers, which vary from 201 to
144. Row 518 provides lodine Numbers, which remain consistently above the non-PAT
value of 485, varying from 713 to 744. These measurements were made at the time directly
after the samples were removed from the kiln. In various embodiments, the values may
provide an even greater change from the baseline value of 485, because there may be a
delay in time before a kiln product, the activated sorbent, exhibits the full effect of

phosphoric acid treatment and activation.

[0123] Graph 530 illustrates the change in average lodine Number between non-
PAT AC activated in this kiln and the average lodine Number of Samples 5-1 through 5-4.
The average of Samples 5-1 through 5-4, approximately 740, is almost a 53% increase in
lodine Number over the established baseline. In various embodiments, PAT doses as low as
2.4% may still produce a significant lodine Number increase from the kiln non-PAT baseline.
In certain embodiments, PAT doses over 8% produce significant increases in lodine Number

as well.

[0124] FIGURE 6 also illustrates a relationship between phosphoric acid treatment
and lodine Number, among other properties. Table 600 provides comparative data for two
ACs. Column 602 provides data on Sample 6-1, which is lignite furnace product (“LFP”), a
contemporary AC commonly used as a baseline AC for research, that has not been treated
with phosphoric acid. Column 604 provides data on Sample 6-2, which is a phosphoric acid
treated lignite-based AC, treated and activated in a similar way to the process discussed in
conjunction with FIGURE 1A. Row 610 provides water solubles, which drop considerably for
the phosphoric acid treated lignite-based AC. Row 614 provides Molasses RE, which
increases for the phosphoric acid treated lignite-based AC. Rows 616 and 618 provide BPB
Number and lodine Number, respectively, which both increase for the phosphoric acid
treated AC. Finally, row 620 provides Abrasion Number, a measurement of abrasion

resistance (i.e., increased hardness), which also significantly improves for the phosphoric
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acid treated lignite-based AC. A sample’s Abrasion Number may be determined in

accordance with ASTM Standard D3802 or similar procedures.

[0125] The data from Table 600, and other tables discussed herein, demonstrate
anincrease in the lodine Number and BPB Number, and thus, the microporosity and
mesoporosity of a lignite-based AC, when treating the lignite with phosphoric acid prior to
activation. Treating the lignite with phosphoric acid through a process similar to the process
described in FIGURE 1A may also produce significant increases in abrasion resistance and
decreases in water solubles associated with the AC. In various embodiments, manipulations
of the dose of phosphoric acid and the activation yield may impact the quality and/or

performance of the phosphoric acid treated lignite-based AC.

[0126] FIGURES 7A and 7B illustrate the relationship between phosphoric acid
treatment and lodine Number, among other properties, for a lignite-based AC derived from
a higher ash starting material that those discussed in conjunction with FIGURES 2 through 6
and activated as disclosed herein. FIGURE 7A includes Table 700 and FIGURE 7B includes
Graph 750.

[0127] Table 700 provides data on high ash lignite-based AC activated in a batch
activation process for 60 minutes at approximately the same temperature as the samples
described in FIGURE 2A and 2B. Columns 702 through 708 provide data on Samples 7-1
through 7-4, respectively. Row 710 provides phosphoric acid dosage levels. Sample 7-1
does not receive any phosphoric acid treatment. Samples 7-2, 7-3, and 7-4 were treated

with increasing doses of phosphoric acid prior activation.

[0128] Row 712 provides activation yield, which increases with increasing
phosphoric acid dosage. Row 714 provides the Vibrating Feed Density, which increased for
each PAT sample in comparison to Sample 7-1. Row 716 provides final ash, which decreased
for each PAT sample in comparison to Sample 7-1. The reduction in ash may be caused by a
reduction of the activation reaction rate, thus slowing the carbon burn-off rate and slowing
the development of macroporosity. Row 718 provides water solubles, which decrease for
each PAT sample in comparison to Sample 7-1. The decrease in water solubles may occur
because the phosphoric acid reacts with the mineral ash constitutes in the lignite to form

sparingly soluble phosphates (primarily calcium, sodium, and potassium phosphates). This
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may also explain why PAT lignite-based AC may not increase water extractable phosphates
in certain embodiments. Less water soluble compounds may wash off the AC in water

based applications, potentially reducing scaling and ash extractable issues.

[0129] Rows 720 and 722 provide Molasses RE and BPB Number, which both
generally decrease. Row 724 provides lodine Number, which significantly increases with
phosphoric acid dosage. These results are very similar to those seen when PAT was used
with low ash lignite-based AC as discussed in conjunction with FIGURES 2A and 2B,
indicating that high ash content in raw lignite did not prevent PAT from increasing lodine
Number. The results shown in FIGURE 5A demonstrate that increasing the extent of
activation may further increase mesoporosity as measured via the BPB number. The AC
produced with a 10% phosphoric acid dose in both Tables 700 and 200 may be
representative of an AC useful for the water market or the coal fired utility market, for
example in power plants, cement kilns, and other industrial boilers, because the increased

yield would mitigate the cost of using phosphoric acid in the activation process.

[0130] Graph 750 (FIGURE 7B) presents a possible exponential relationship
between lodine Number and phosphoric acid dose from Table 700. Complicating factors
may exist, such as non-productive reaction of the phosphoric acid with impurities in the
lignite rather than with catalyst minerals or the carbon structure itself. Thus a certain
amount of phosphoric acid must be applied to overcome these complicating factors before
enough is left to react in ways that are productive to increased microporosity development.
The use of washing to reduce the ash content of the lignite prior to PAT may reduce these
complicating factors and increase the effectiveness of PAT or reduce the phosphoric acid

dose necessary to achieve lodine Number improvement.

[0131] FIGURE 8 illustrates the influence of activation temperature for a high ash
lignite-based AC. Table 800 provides data on high ash lignite-based AC treated with a 10%
phosphoric acid treatment and activated for 60 minutes in a batch activation process,
which, similar to the process described in conjunction with FIGURE 1A, treats the high ash

lignite-based AC with phosphoric acid prior to steam activation.

[0132] Columns 802 and 804 provide data on Samples 8-1 and 8-2, respectively.

Samples 8-1 and 8-2 underwent similar activation processes, but were activated at different
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temperatures. Sample 8-1 was activated at approximately the same temperature as the
samples described in FIGURE 2A and 2B. Sample 8-2 was activated at approximately 1002C
higher than Sample 8-1. Row 812 provides activation yields, which decrease with increased
activation temperature. Row 812 provides the Vibrating Feed Densities, which decrease
with temperature. Row 816 provides the percentages of final ash by weight, which increase
with temperature, possibly indicating additional carbon burn-off. Row 818 provides water
solubles, which remain relatively unchanged. Row 820 and Row 822 provides Molasses RE
and BPB Numbers, which both increase significantly with temperature, indicating the
development of macroporosity and mesoporosity during activation. Row 824 provides
lodine Numbers, which, like water soluble content, remain relatively unchanged with an
increase in temperature. In various embodiments, as the phosphoric acid reacts with some
portion of the catalytic minerals present in the lignite, converting the minerals to a non-
catalytic or reduced catalytic state, the overall rate of pore development decreases. This
may allow micropores to develop early in the activation process. As the activation process
continues, these micropores may develop into mesopores and subsequently macropores,
while more micropores may continue to develop. In certain embodiments, this reduced
pore development rate may allow for the carbon structure to be more efficiently activated,
without over-rapid burnout and waste of carbon, thus, possibly producing more porosity
overall. These results indicate that increasing the activation temperature may be an
effective means to generate macroporosity in a phosphoric acid treated AC. In certain
embodiments, activating PAT AC produced at an increased activation temperature may
produce a product suitable for certain water treatment markets where a higher cost lignite
AC with superior adsorptive capacity is justified. In various embodiments, an increased
activation temperature sufficient to produce an improvement in BPB number may provide a

benefit to mercury adsorption in the coal fired utility market.

[0133] FIGURE 9 illustrates a comparison between wood-based AC and PAT lignite-
based AC. Table 900 provides data on hydrochloric acid washing, similar to data presented

in Table 450.

[0134] Column 902 provides data on Sample 9-1, which is Norit C-Gran, a
chemically activated, wood-based AC. Column 904 provides data on Sample 9-2, a lignite-

based AC, which was treated with 10% phosphoric acid, activated at approximately the
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same temperature as the samples described in FIGURE 3A, 3B, and 3C, and washed with 7%
hydrochloric acid after activation in a process similar to the one described in conjunction

with FIGURE 1A.

[0135] Row 910 provides data on percentage of final ash by weight, which
increased significantly for Sample 9-2. The ash levels of Sample 9-2 may be elevated in
comparison to Sample 9-1, due to the development of more porosity along a greater range
of pores, thus allowing more carbon to burn-off in Sample 9-2. Row 912 provides average
acid soluble ash, which decreases significantly for Sample 9-2. Further, Row 914 provides
average acid solubles, which remain relatively similar between samples. Acid solubles may
be calculated by determining the weight of material extracted from a sorbent sample as a
percentage of the total weight of the sorbent sample. Acid solubles may be generally
extracted from a sorbent sample by boiling the sample with a hydrochloric acid solution that
is equal parts distilled water and concentrated reagent grade hydrochloric acid, evaporating

the resulting filtrate, and drying the residue an oven.

[0136] The similarity between Samples 9-1 and 9-2 may indicate that in various
embodiments, in addition to performance enhancements, Sample 9-2 or similar samples
may be suitable for many of the same applications where chemically activated wood-based

ACs are currently used on the basis of purity as well.

[0137] Row 916 provides water solubles for each sample and shows a significant
reduction in water solubles for Sample 9-2. Row 918 provides Molasses RE, which are
similar for both samples. Rows 920 and 922 provide lodine Numbers and BPB Numbers,
respectively, which both significantly increase for Sample 9-2. In various embodiments,
based on these adsorptive capacity indicators, Sample 9-2 or similar samples may be used in
applications that currently use chemically activated wood-based ACs. This may provide
economic, logistical, or other advantages, since the production capacity is limited for wood-

based ACs suitable for chemical activation.

[0138] FIGURE 10 illustrates a relationship between phosphoric acid treatment
and mercury capacity, among other properties. Table 1000 provides performance data on
mercury capacity. Column 1002 provides data on Sample 10-1, a standard lignite-based AC.

Columns 1004 and 1006 provide data on Samples 10-2 and 10-3, phosphoric acid treated
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lignite-based ACs. Row 1010 provides the phosphoric acid dose. Sample 10-2 received a 1%
dose by weight and Sample 10-3 received a 7.5% dose by weight of an 85% phosphoric acid

solution.

[0139] Rows 1012, 1014, and 1016 provide data on Molasses RE, BPB Number, and
lodine Number. Sample 10-2 provides at least a minimal increase from Sample 10-1,

whereas Sample 10-3 provides a significant increase for each characteristic.

[0140] Rows 1018 and 1020 provide data on the mercury capture of the samples in
a lab scale, fixed-bed mercury analyzer. In general, the laboratory apparatus includes a
fixed-bed reactor, which is created by mixing 2.5 milligrams of the sorbent sample, in
powdered form, with 5 grams of sized and purified sand and packed into a glass tube
reactor. In order to predict more accurately the likely adsorption of the sorbent sample, the
temperatures of the fixed-bed apparatus and the elemental mercury loaded air are selected
to closely simulate the conditions at which the sorbent is likely to be injected into a flue gas

stream. In this testing, the apparatus was maintained at approximately 3259F.

[0141] The bed is exposed to a simulated air stream containing a known
concentration of elemental mercury (Hg®) using laboratory purified air as the carrier gas.
Mercury in the air outlet stream is converted to elemental mercury by a thermal mercury
converter, operated at a temperature of approximately 1400°F. The inlet and outlet
elemental mercury concentrations are continuously measured by an analyzer operable to
measure the concentration of elemental mercury. Comparing the elemental mercury in the
outlet stream to the elemental mercury in the inlet stream, it is possible to calculate the
total or cumulative amount of elemental mercury adsorbed by a sorbent by integrating the
difference between the inlet and outlet elemental mercury concentration versus time using
the trapezoidal rule. This cumulative value is also known as the equilibrium adsorption

capacity.

[0142] Both Samples 10-2 and 10-3 demonstrate significant increases in mercury
capacity. These improvements may be caused by alterations in the surface chemistry of the
phosphoric acid treated AC, which may aid in mercury capture. As discussed in conjunction
with FIGURES 4A and 4B and FIGURE 9, treating the AC with hydrochloric acid may further

increase adsorptive capacity characteristics important for mercury capacity. These data,
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showing improvements in mercury adsorption in accordance with certain embodiments,
demonstrate that utilizing phosphoric acid treated lignite-based ACs may provide efficiency,
economic, logistical, and other advantages in comparison to other untreated ACs. In certain
embodiments, similar advantages may also be realized from the application of a phosphoric
acid treatment prior to activation to other raw materials, including without limitation, peat,
wood, lignocellulosic materials, biomass, waste, tire, corn hulls, rice hulls, petroleum coke,
various coals, such as brown coal, anthracite coal, bituminous coal, and sub-bituminous
coal, various nut-shells, such as pecan shells and walnut shells, and materials from various

drupes, such as coconut shells, olive pits, and peach pits.

[0143] FIGURES 11A, 11B, and 11Cillustrate the relationship between phosphoric
acid treatment, activation yield, and lodine Number, among other properties. FIGURE 11A
includes Table 1100, FIGURE 11B includes Graph 1140, and FIGURE 11C includes Graph
1170, which collectively provide data corresponding to a series of walnut shell-based AC
samples activated in a process similar to system 100 as described in FIGURE 1A. Activation
in a kiln, similar to kiln 130 described in FIGURE 1A, occurred for 45 minutes at a
temperature approximately the same as the activation temperature for the samples

described in FIGURES 2A and 2B.

[0144] Table 1100 provides data on Samples 11-1 through 11-4, illustrated in
columns 1102 through 1108, respectively. Row 1110 provides the phosphoric acid
treatment dose for each Sample. Sample 11-1 is a baseline sample that was not treated
with phosphoric acid. Samples 11-2 through 11-4 are treated with increasing doses of
phosphoric acid from 1% to 5% by weight, respectively. As explained previously, the
phosphoric acid dose weight percentage is a measurement of the aqueous solution
containing the phosphoric acid with respect to the starting material, and not a

measurement of the weight of the phosphoric acid in the solution.

[0145] Row 1112 provides the activation yield, which increases as the phosphoric
acid dose increases. Row 1114 provides the lodine Number, which is an indication of
microporosity. lodine Number remains relatively constant across all samples. These data
indicate that it is possible to significantly increase the activation yield of walnut shell-based
AC through phosphoric acid treatment prior to activation, without compromising the lodine

Number of the AC.
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[0146] In one embodiment, washing the PAT walnut shell-based AC with
hydrochloric acid may result in additional improvements in the AC’s performance
characteristics. For example, washing Sample 11-4 with a solution of 7% hydrochloric acid

by weight results in an increase in lodine Number to approximately 1129.

[0147] Graph 1140 (FIGURE 11B) illustrates a relationship between activation yield
and lodine Number. Data points 1142 represent a untreated, walnut shell-based AC. As
activation yield increases from 12.5% to 20.7% by weight, lodine Number falls dramatically
from 1083 to 178, respectively. This drop off in lodine Number indicates a significant

reduction in microporosity as the activation yield increases.

[0148] Data points 1144, 1146, and 1148 represent PAT walnut shell-based ACs.
Data point 1144 represents a walnut-shell based AC, treated with a 1% dose of phosphoric
acid prior to activation. Data point 1144 represents a walnut-shell based AC, treated with a
2.5% dose of phosphoric acid prior to activation. Data point 1146 represents a walnut-shell
based AC, treated with a 5% dose of phosphoric acid prior to activation. Despite
improvements above 12.5% in activation yield for each of these samples, lodine Number

remains consistently above 1000.

[0149] Graph 1170 (FIGURE 11C) illustrates a relationship between activation time
and lodine Number. Data points 1172 represent an untreated, lignite-based AC. Data
points 1174 represent an untreated, walnut-based AC. Data points 1176, 1178, and 1180
represent PAT walnut-shell based ACs. Data point 1176 represents a walnut-shell based AC,
treated with a 1% dose of phosphoric acid prior to activation. Data point 1178 represents a
walnut-shell based AC, treated with a 2.5% dose of phosphoric acid prior to activation. Data
point 1180 represents a walnut-shell based AC, treated with a 5% dose of phosphoric acid
prior to activation. All walnut-shell ACs show a superiority in lodine Number over lignite as
the activation time increase. Additionally, the PAT walnut-based ACs exhibit similar lodine
Numbers to the untreated, walnut-shell based AC after 45 minutes of activation time. This
parity, when considered in combination with the improvements in activation yield for PAT
walnut-based AC, as described conjunction in Table 1100 and Graph 1140, indicates that
treating walnut shells with phosphoric acid prior to activation may provide significant
advantages in yield without compromising performance. These advantages may translate

into important economic, environmental, and logistical benefits.
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[0150] The PAT activated carbon disclosed herein can be used in many applications
as a sorbent for removal of at least one impurity from gases and/ liquids, e.g., for
purification of gases and/or liquids. Gases that can be purified with the PAT activated
carbon disclosed herein include flue gases resulting from the combustion of coal, e.g., in
coal-fired power plants. Liquids that can be purified include water, or solutions containing

sugars, liquors, etc., or other materials as disclosed herein.

[0151] Accordingly, one embodiment provides a method for removing at least one

impurity from a gas stream, comprising:

injecting an activated carbon into a gas stream upstream from a collection

device, the gas stream comprising the at least one impurity;

allowing sufficient residence time for adsorption of the at least one impurity

onto the activated carbon;

collecting in the collection device the activated carbon after the activated

carbon has adsorbed the at least one impurity; and

removing the activated carbon and the absorbed at least one impurity from

the gas stream.

[0152] The gas stream can comprise air, nitrogen, oxygen, waste gas streams, the
gas/air above a liquid waste stream, and other gas streams that require purification. In one
embodiment, the PAT activated carbon suitable for the purification of a gas (e.g., air) stream
has an abrasion number ranging from 60 to 100, e.g., from 60 to 90, or other ranges as
disclosed herein. In another embodiment, the PAT activated carbon suitable for the
purification of a gas (e.g., air) stream has a butane activity of at least 20, e.g., at least 25, as

determined by ASTM D5742.

[0153] With ever increasing EPA Mercury and Air Toxic Standards, there is a
continuing need for the development of new sorbents for mercury removal. Accordingly,
one embodiment provides a method for removing at least one impurity from a flue gas

stream, comprising:

injecting an activated carbon into a flue gas stream upstream from a

collection device, the flue gas stream comprising the at least one impurity;
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allowing sufficient residence time for adsorption of the at least one impurity

onto the activated carbon;

collecting in the collection device the activated carbon after the activated

carbon has adsorbed the at least one impurity; and

removing the activated carbon and the absorbed at least one impurity from

the flue gas stream.

[0154] The impurity to be removed is capable of being adsorbed by the activated
carbon, or it can be converted to another form that is adsorbed by the activated carbon. In
one embodiment, the at least one impurity is mercury, which can be elemental mercury
and/or oxidized forms thereof. For example, the impurity to be removed from the flue gas
stream can be elemental mercury, whereas adsorption of the at least one impurity can
involve adsorption of the oxidized form of mercury (mercuric oxide) by the sorbent (e.g., the

PAT activated carbon).

[0155] The activated carbon injected into the gas stream (e.g., a flue gas stream)
can be a PAT activated carbon prepared by any of the methods disclosed herein. In one
embodiment, the PAT activated carbon is halogenated prior to being used as a sorbent for
mercury removal, e.g., fluorinated, chlorinated, brominated, or iodinated. In one
embodiment, the activated carbon comprises a phosphate present in an amount ranging
from 0.1% to 30% by weight, relative to the total weight of the activated carbon. In another
embodiment, the activated carbon has an iodine number ranging from 670 to 800 and a
bromophenol blue number ranging from 140 to 250. In another embodiment, the activated
carbon has an iodine number ranging from 900 to 1300 (e.g., from 900 to 1220) and a
bromophenol blue number ranging from 200 to 500. In one embodiment, the activated
carbon having an iodine number ranging from 900 to 1300 (e.g., from 900 to 1220) and a
bromophenol blue number ranging from 200 to 500 is obtainable by subjecting to an acid
wash (e.g., at least 1% HCI, such as 1-10% HCl), an activated carbon comprising a phosphate
present in an amount ranging from 0.1% to 30% by weight, relative to the total weight of
the activated carbon. Without wishing to be bound by any theory, it is believed that the
acid wash extracts the phosphate network, e.g., from the inner pores of the activated

carbon, thereby increasing the inner surface area as indicated by iodine number.
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[0156] A mercury removal system of a power plant can be configured according to
the basic system of FIGURE 1B. In another embodiment, the mercury removal system is
outfitted with a slipstream, configured for a portion of the flue gas to bypass the main path
to allow testing to be performed on a smaller scale, as illustrated in FIGURE 12. FIGURE 12
schematically illustrates the configuration for a power plant at the Mercury Research Center
at Gulf Power Company’s Plant Crist Unit 5 in Pensacola, FL. Power plant 1250 comprises a
boiler 1254 from which flue gas is directed to a hot side electrostatic precipitator (ESP) that
can be positioned upstream (hot side ESP 1258a) or downstream (cold side ESP 1258b) of air
heater 1266. Scrubber 1280 is positioned further downstream of air heater 1266 and ESP

1258a or ESP 1258b for removal of other pollutants such as SO, and NO,.

[0157] Unit 1250 is outfitted with a slipstream 1270 (inside dotted outline), form
which flue gas exiting boiler 1254 can bypass ESP 1258a/b and air heater 1266 via hot side
1252a and cold side 1252b bypass pathways that converge to pathway 1252c to generate
flue gas having a temperature that is the average of the hot side and cold side gases. The
flue gas entering slipstream 1270 through converged pathway 1252c optionally passes
through a scrubber 1272, and passes through air heater 1274. Sorbent 1210 can be injected
into inlets 1210a (hot side) or 1210b (cold side) to capture any mercury, where the spent
sorbent is collected downsteam by particle collection device 1276, which includes an ESP or

baghouse.

[0158] SOsis a common impurity in flue gas and can compete with mercury
impurities for adsorption sites on the activated carbon. To determine the efficiency of
mercury removal in the presence of SOs, slipstream 1270 is outfitted with the ability to spike
controlled amounts of SO; 1218, which can be injected on the hot side (1218a) or cold side
(1218b) of air heater 1274. Mercury concentration can monitored be after injection of
sorbent 1210 and SOz 1218 upstream and/or downstream of particle collection device 1276.
Mercury removal can be assessed by a Continuous Emissions Monitoring systems and/or

sorbent trap analysis.

[0159] Another embodiment provides a method for removing an impurity from a

liquid, comprising:

combining activated carbon with the liquid;

-44 -



WO 2014/116992 PCT/US2014/013013

allowing the impurity to adsorb on the activated carbon to form spent

activated carbon; and
removing the spent activated carbon from the liquid.

[0160] The activated carbon can be a PAT activated carbon prepared by any of the
methods disclosed herein. In one embodiment, the activated carbon comprises a
phosphate present in an amount ranging from 0.1% to 30% by weight, relative to the total
weight of the activated carbon. In another embodiment, the activated carbon has an iodine
number ranging from 670 to 800 and a bromophenol blue number ranging from 140 to 250.
In another embodiment, the activated carbon has an iodine number ranging from 900 to

1300 (e.g., from 900 to 1220) and a bromophenol blue number ranging from 200 to 500.

[0161] Inone embodiment, the liquid is water and the PAT activated carbon is
suitable as a sorbent for water treatment or water purification. The water to be purified can

range from a waste stream to potable water.

[0162] The water or liquid treatment process can take many forms, such as adding
the PAT activated carbon (e.g., as a powder) to the water to be treated, with or without
agitation (e.g., stirring, shaking, sonicating). Fluidized beds or cartridges containing the PAT
activated carbon can be used to purify liquid streams (e.g., waste or water streams) by
allowing the liquid to pass through the bed or cartridge. The spent sorbent can be removed
from the liquid by any method known in the art, e.g., filtering. Alternatively, the spent
sorbent can be contained in a cartridge or bed, or other such device, that permits fluid flow

but blocks flow of the activated carbon.

[0163] In one embodiment, the PAT activated carbon disclosed herein can reduce
scaling caused by calcium ions present in the water. One current practice to reduce scaling
is adding orthophosphate powder to an activated carbon that is used for water treatment.
The resulting formation of a discrete crystalline calcium phosphate ties up the calcium and
reduces its scaling capability. However, this excess discrete crystalline phosphate can also
cause aggregation and blending problems. Without wishing to be bound by any theory, the
acidification process that forms PAT activated carbon causes the product to have a lower pH
value (e.g., pH 4-8) compared to the pH of typical lignite-based AC (typically around pH 12).

The higher acidity of the PAT AC can reduce the scaling potential of calcium components
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present in the water or in the activated carbon. Moreover, the phosphate present in the
PAT activated carbon removes the need to add orthophosphate as the phosphate inherent

in PAT activated carbon can combine with calcium to impede its ability to cause scaling.

[0164] Inone embodiment, the PAT activated carbon suitable for water
treatment/purification is lignite-based. Many commercially available activated carbon
samples for water treatment are derived from bituminous coal, which is more expensive
than lignite coal. Moreover, the production process for bituminous-based activated carbon
is significantly more complex than the production process for lignite-based activated carbon.
The “bituminous process” requires milling, blending, and re-agglomeration of the raw
material under oxidizing conditions prior to carbonization/activation in a multi-kiln process.
In comparison, the “lignite process” involves simply loading raw material directly into a
single kiln that performs both carbonization and activation. Thus, a sorbent for liquid (e.g.,
water) treatment based on lignite that has a relatively similar performance to bituminous-

based activated carbon can be beneficial.

[0165] Other liquids that can be purified include solutions containing sugars or
liquors, and precursors thereof. Such purification processes can improve taste, color, or

overall quality of the solution, as described herein.

[0166] Embodiments of the present disclosure may provide one or more technical
advantages. A technical advantage of one embodiment may include increasing the
adsorptive capacity characteristics of an AC, or maintaining the adsorptive capacity
characteristics while increasing the activation yield. Increasing the adsorptive capacity
characteristics, for example, increasing the microporosity or mesoporosity of an AC, may
improve the performance such that the AC may be used in applications requiring
microporosity and/or mesoporosity, such as applications requiring the removal of small
molecular weight impurities. Using an AC treated with phosphoric acid prior to activation in
accordance with certain embodiments may have economic, processing, performance,
logistical, safety, environmental, efficiency, sourcing, and/or other desirable advantages. An
additional technical advantage of one embodiment may be a reduction or elimination in
facility corrosion or damage caused by phosphoric acid, and may additionally or
alternatively provide additional economic, safety, logistical, or other advantages. Technical

advantages of phosphoric acid treatment prior to activation may also include the ability to
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direct-activate raw materials that commonly require agglomeration or grinding and

reagglomeration prior to activation.

EXAMPLES

Example 1: Use of PAT activated carbon for mercury removal (pilot plant)

[0167] This Example describes a pilot plant scale, mercury removal performance of
lignite-based activated carbon Sample A, an unwashed (no acid wash) moderate porosity
PAT sample, and Sample B, an unwashed high porosity PAT sample. Samples A and B were

prepared in a pilot scale activation kiln according to the conditions listed in Table 1 below.

Table 1

Sample A Sample B
Lignite Feed (Ibs/hr) 12974 6267
Kiln Hood Temp (°C) 812 595
% Acid Dose (50-85% H3PO,) 8.9 14.9
Activation Yield (%) 15.4 9.1

[0168] The mercury removal performance of Samples A and B (both brominated)
was compared with that of DARCO® Hg-LH Extra activated carbon, commercially available
from Cabot Corporation - Norit Activated Carbon (“Comparative Sample A”). The properties

of Samples A and B and Comparative Sample A are listed in Table 2 below.
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Table 2
Sample Name Sample A Sample B Comp Sample A
Moisture, % 10.00 11.17 7.43
Ash, % 43.07 49.78 30.40
Density, T.A., Ib/ft? 39.31 39.22 38.52
Water Extraction pH 5.5 5.6 8.1
RFI, drops, db 6 7 6
Acid Extractable 16.0 20.5 -
Phosphate, %
Bromide, % 4.2 4.8 3.5
Molasses RE, ai 39 51 76
BPB Number, mg/g 137 198 79
lodine Number mg/g 632 665 488
Laser PSD, d5, um 4.19 4.82 4.09
Laser PSD, d50, um 14.46 15.88 16.29
Laser PSD, d95, um 71.17 36.00 44.28
BET Surface Area, mz/g 621 615 412
BJH Meso-pore Vol., 0.199 0.277 0.215
mi/g
BJH Micro-pore Vol., 0.247 0.249 0.175
mi/g
BET Ave. Pore Width, 2.865 3.419 3.782
nm

[0169] The Mercury Research Center (MRC) located within Gulf Power’s Plant Crist
(Pensacola, FL.) is a 5 MW equivalent slipstream experimental test facility capable of
adjusting flue gas sulfur trioxide concentration as a test parameter, and is schematically
illustrated in FIGURE 12. All sorbents were injected before the air pre-heater (~673°F,
heater 1274 of FIGURE 12), without sulfur trioxide addition to the flue gas. Particulate
control was by electrostatic precipitator (ESP 1276 of FIGURE 12). Mercury removal was
measured by Continuous Emissions Monitoring systems (CEMs) without sorbent trap
validation.

[0170] FIGURE 13 is a plot of mercury removal efficiency as a function of sorbent
feed rate. As can be seen from FIGURE 13, both Samples A and B display superior mercury
removal efficiency compared to the commercially available Comparative Sample A. Using
0.86 mercury removal efficiency as a reference point bracketed by data points from all
samples and comparing sorbent feed rate, it appears that Sample B requires ~16% less

sorbent and Sample A requires ~20% less sorbent to achieve similar removal.
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[0171] For Samples A and B, the BPB Number and lodine Numbers are significantly
higher than the values for Comparative Sample A. The BET Surface Area and total BJH
micro-pore volume is also higher for Samples A and B. The total BJH mesopore volume is
only significantly higher for Sample A. Without wishing to be bound by any theory,
mesoporosity is currently assumed to be a parameter that can impact mercury adsorption
performance, which may indicate that the residual phosphate network (within the wt%
range of 0.1% to 30%) has an effect on the observed performance improvement, rather than

differences in available porosity.

Example 2: Use of PAT activated carbon for mercury removal (pilot plant)

[0172] This Example demonstrates mercury removal by Sample A in a second pilot
power plant, i.e., The Emission Control Research Facility (ECRF) located within Sask Power’s
Poplar River Plant (Coronach, SK.) is a 1 MW equivalent slipstream experimental test facility.
Unlike the MRC of Example 1, there was no capability of varying the flue gas temperature
due to the lack of a flue gas air preheater. Particulate control was achieved with an ESP, and

mercury removal across the ESP was measured by Tekran® 2537 CEM:s.

[0173] FIGURE 14 is a plot of mercury removal efficiency for Sample A and
Comparative Sample A. Sample A shows approximately 20-25% reduced required activated
carbon usage to achieve mercury removal efficiency between 0.80 to 0.85 in comparison to

Comparative Sample A.

Example 3: Use of PAT activated carbon for mercury removal (full scale trial)

[0174] This Example demonstrates the mercury emission rate in the presence of
SO of a nonwashed, PAT activated carbon blend that is concrete compatible (“CC”).
Concrete compatible characteristics are measured by the Relative Foam Index. This
concrete compatible sample is an approximate 1:1 blend of a lignite furnace activated
carbon blended with a low porosity lignite-based activated carbon where the lignite is
treated with 50-85% H3PO, (6-16% dose) at a feed rate of 6,000-13,000 Ib/hr, activated at a
hood temperature of 600-900°C with an activation yield of 9-18% (“Sample C”). Sample Cis
tested along with commercially available, concrete-compatible samples DARCO® Hg-CC

(“Comparative Sample B”) and DARCO® Hg-CC Extra activated carbon (“Comparative
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Sample C”), both samples being available from Cabot Corporation - Norit Activated Carbon.

Table 3 below shows the properties of the three samples.

Table 3
Sample Name Sample C Comp Samples B/C
Moisture, % 6.06 5.79
Ash, % 29.93 46.05
Density, T.A., Ib/ft® 39.64 43.91
Water Extraction pH 7.7 10.8
Acid Extractable Phosphate, 6.4 0.3
%
RFI, drops, db 4 4
Bromide, % 2.4 4.0
Molasses RE, ai 56 53
BPB Number, mg/g 100 57
lodine Number mg/g 625 363
Methylene Blue, g/100g 12.2 6.5
Laser PSD, d5, um 2.84 2.90
Laser PSD, d50, um 21.25 14.15
Laser PSD, d95, um 92.68 41.95

[0175] Comparative Samples B and C differ only in the methods of bromination.
Comparative Sample B was brominated as granulates and subsequently milled, whereas
Comparative Sample C was milled and then brominated with the method described in U.S.
Pat. No. 8,551,431, the disclosure of which is incorporated herein by reference. The
bromination method of Comparative Sample C accounts for its improved mercury removal

performance.

[0176] Full scale trial testing was performed on a 320 MW sub-unit of a Powder
River Basin coal-fired commercial power plant at Ameren’s Joppa Plant (Massac County, IL).
The sorbent injection rate was held constant (5 Ib/MMacf) while the SO; flue gas injection
concentration was varied as a test parameter. Particulate control was by ESP, the sorbent
injection location was upstream of the air pre-heater (750-800°F), and mercury removal
measurement was determined by sorbent trap only. FIGURE 15 is a plot of mercury
emission rate as a function of SO5; concentration. It is well known that SO; competes with
mercury for adsorption sites on the sorbent and can thus negatively impact mercury
removal capability of a sorbent. From FIGURE 15, it can be seen that Sample C shows

improved mercury removal properties even with increasing SO concentration, as indicated
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by a lower mercury emission rate when compared to the commercially available

Comparative Samples B and C.

Example 4: Use of PAT activated carbon for mercury removal (full scale trial)

[0177] This Example demonstrates the mercury removal efficiency of Sample C of
Example 3 as compared with Comparative Sample A (of Example 1) and Comparative

Sample C (of Example 3).

[0178] Testing was performed on a 775 MW sub-unit of a Powder River Basin coal-
fired commercial power plant at Westar Energy’s Jeffrey Energy Center (St. Marys, KS). This
power plant did not possess the capacity to vary SOs flue gas concentration as a test
parameter and the native SO; concentration was relatively low (1-2 ppm). Particulate
control was by ESP, the sorbent injection location was downstream of the air pre-heater,
and mercury removal measurement was performed by both CEMs and sorbent trap. Before
discharge at the stack, the flue gas was further conditioned by a wet slurry Flue Gas De-

Sulfurization system (wFGD).

[0179] FIGURE 16 is a plot of mercury removal efficiency as a function of sorbent
feed rate. Sample C provided a similar mercury removal efficiency to Comparative
Sample A, which is a significant improvement for a concrete compatible product. However,
Sample C also provided significant performance improvement over the concrete compatible
Comparative Sample C, requiring approximately 14% less sorbent to achieve 0.80 mercury

removal efficiency.

[0180] Sample C possesses a significantly higher Acid Extractable Phosphate,
confirming the presence of residual phosphate from the PAT process (an unblended PAT
sample would have an acid extractable phosphate amount in the 15%-20% range). Blending
the standard lignite-based activated carbon with the PAT sample significantly increases the
BPB Number, lodine Number, and Methylene Blue value, indicating increased meso-porosity
and micro-porosity as compared to the standard samples. Additionally, the bromide loading
on Sample C was significantly lower and the Laser PSD significantly larger than that on the
two commercially available samples. Without wishing to be bound by any theory, it may be

assumed that the performance of Sample C would improve relative to the two standard
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products had the bromide loading and Laser PSD been standardized between all three

samples.

Example 5: Use of PAT activated carbon for water purification

[0181] This Example demonstrates the use of PAT activated carbon for waste
water treatment: an unwashed, medium activity PAT activated carbon (“Sample D”), a
washed medium activity PAT activated carbon (“Sample E”), and a washed, high activity PAT
activated carbon (“Sample F”). Sample D was formed by ball milling Sample A of Example 1
to a powder. Sample E was formed by subjecting Sample A of Example 1 to a 1-10% HCI
wash, and Sample F was formed by subjecting Sample B of Example 1 to a 1-10% HCl wash.

The properties of Samples D-F are shown in Table 4 below.

Table 4
Sample Sample D Sample E Sample F
Moisture, % 4.33 3.83 5.24
Ash, % 39.69 16.64 23.28
Molasses RE, 34 45 109
dry basis

BPB mg/g 143 215 432
Methylene Blue, g/100g 17.7 23.7 29.6
lodine Number, mg/g 716 946 1214
Water Solubles, % 1.36 0.65 1.13

pH (water extr.) 5.5 7.2 6.4
Density, TA, lbs/ft3 36.64 27.53 18.99
Phosphates 0.99 0.11 0.33

(water extr.), %
Laser PSD, d5, um 2.37 2.74 2.87
Laser PSD, d50, um 11.67 19.13 16.98
Laser PSD, d95, um 41.38 63.07 53.56
BET Surface Area, mz/g 694 975 1276
BJH Cum. Pore Volume, 0.190 0.319 0.579
1-25nm radius (meso-pores), cm®/g
BJH Cum. Pore Volume, 0.279 0.405 0.550
<1nm radius (micro-pores), cm*/g

BJH Ave. Pore Radius, nm 2.819 3.072 3.338

[0182] Bench scale powdered activated carbon isotherm trials were performed on
an untreated municipal water sample (Orange County Water and Sewer Authority, NC) to
assess the Total Organic Carbon (TOC) removal performance in comparison with a

commercially available sorbent used for water treatment (WPH 1000® activated carbon, a
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bituminous-based product available from Calgon Carbon Corporation; “Comparative
Sample D”). The water samples were dosed with the activated carbon powders, agitated,
and then filtered. The residual TOC content (ppm) was then measured in the filtered water,

the data being shown in Table 5 below.

Table 5
Sample Residual TOC (ppm)
Sample D 2.24
Sample E 1.52
Sample F 1.48
Comp Sample D 1.64

[0183] It can be seen that the PAT activated carbon samples show comparable or
improved performance (lower TOC content) relative to the commercially available
bituminous-based sample. As bituminous coal is significantly more expensive than lignite
coal, and the production process for bituminous-based activated carbon is markedly more
complex than the production process for lignite-based activated carbon, it is beneficial to

provide a lignite-based product for water treatment/purification applications.

Example 6: Effect of PAT process on abrasion number and butane activity

[0184] This Example demonstrates the effect of the PAT process on a material’s
abrasion number and butane activity. Table 6 below compares the abrasion number and
butane activity of Samples E and F from Example 5 are compared with those of a
commercially available chemically activated wood, NORIT® C Gran granular activated carbon
(“Comparative Sample E”), and a lignite activated carbon, HYDRODARCO® 4000 activated
carbon (“Comparative Sample F”), both commercially available from Cabot Corporation -

Norit Activated Carbon.

Table 6
Sample Sample E Sample F Comp Sample E Comp Sample F
Chemically HCl Washed
Type HCl Washed PAT | HCl Washed PAT Activated Wood Activated Lignite
Butane Activity, 26.03 37.59 36.29 13.96
w/w
Abrasion
Number, % 80.0 62.6 41.9 40-60
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[0185] It can be seen that the PAT activated carbon Samples E and F possesses
significantly improved abrasion numbers relative to the commercial samples, Comparative
Samples E and F. The butane activity also has improved butane activity relative to the
lignite-based material. The improved abrasion number (e.g. greater than 60) and butane

activity for Samples E and F may indicate suitability for gas/air purification.

Example 7: Purification of a distillate

[0186] This Example describes the purification of a distillate of grain spirits, a
precursor of whiskey. These precursors typically require purification and decolorization
prior to final processing into whiskey without impacting flavor and taste. A high porosity
washed PAT activated carbon was prepared by treating lignite with 50-85% H3PO,4 (10%
dose) followed by lab-scale activation at 950°C for 60 min. with an 18.1% activation yield
that was then subjected to a 1-10% HCl wash (“Sample G”). The performance of Sample G
was compared with that of DARCO® KB-W) chemically activated wood-based carbon
(“Comparative Sample G”) and Norit® SX Ultra activated carbon, a steam-activated, HCl acid
washed wood-based carbon (“Comparative Sample H”), both available from Cabot
Corporation - Norit Activated Carbon. Properties of the activated carbon samples are shown

in Table 7 below.

Table 7
Sample Sample G Comp Comp
Sample G Sample H

Moisture, % 1.24 11.45 5.81

Ash, % 27.95 4.72 4,98
Molasses RE, ai 174 208 166
BPB Num., mg/g 394 - 197
Methylene Blue, g/100g - 29.4 18.1
lodine Num., mg/g 1044 969 905

[0187] The distillate samples possessed a caramel color in the “as-received” state.
Batch equilibrium tests were conducted by adding the activated carbon samples to the
distillate in a 1g/100g ratio. After agitation with a contact time of 60 minutes, the activated
carbon was filtered and the absorbance of the filtrate was measured. Absorbance at
400 nm was measured via spectrophotometry (scanning UV-VIUs, Genesys 2 from Thermo

Spectronic) in comparison to a blank sample of distillate untreated by carbon. The activated
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carbon samples adsorb the substances that impart the caramel color, while the residual
color imparting substances absorb the light beam at 400 nm generated by the
spectrophotometer, thus allowing measure of reduction of such substances from baseline.

The results are shown in Table 8 below.

Table 8
Sample Color Absorbance at 400 nm
Color remaining Color removed
Blank 0.891
Sample G 0.005 99%
Comp Sample G 0.049 95%
Comp Sample H 0.114 87%

[0188] It can be seen that the PAT activated carbon has noticeably lower
absorbance values and improved color removal percentages relative to the commercially

available samples.

Example 8: Purification of a flavoring agent

[0189] This Example describes the decolorization and purification of a liquid-based
flavor enhancing agent derived from wood char extract by using Sample G of Example 7,
compared with that of Comparative Sample E of Example 6. The properties of the activated

carbon samples are shown in Table 9.

Table 9
Sample Sample G Comp
Sample E
Moisture, % 1.24 14.77
Ash, % 27.95 5.07
Molasses RE, ai 174 145
BPB Num., mg/g 394 207
Methylene Blue, g/100g - 26.1
lodine Num., mg/g 1044 826

[0190] The liquid-based sample (100 g) was dosed with 3.5 g of the activated
carbon samples, stirred for 60 minutes, and filtered. The absorbance of the filtrate was
measured. The spectrophotometry (scanning UV-VIUs, Genesys 2 from Thermo Spectronic)

was conducted on 5 mL filtered samples mixed with 50 mL of distilled water at 510 nm and
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measured at 510 nm and 585 nm in comparison to a blank water sample (“Baseline”). The

results are shown in Table 10 below.

Table 10
Sample Baseline | Sample G | Comp Sample E
Water Miscible No Slightly No No
Absorbance at 510 nm 3.355 0.325 0.569
Absorbance at 585 nm 2.836 0.158 0.302
Color Removal, 510nm A, % 0 90.3 83.0

Example 9: Purification of a sugar-containing solution

[0191] Many corn-based products require de-colorization and foam removal from
maltodextrin (polysaccharide food additive) This Example describes the purification of a
maltodextrin-containing solution. In this Example, the color removal efficiency of Sample G
of Example 7 was compared with that of DARCO® s-51 (“Comparative Sample I”), and a
blend of DARCO® $-51 and DARCO® KB-M, a chemically activated wood product

(“Comparative Sample J”), all available from Cabot Corporation - Norit Activated Carbon.

The properties of the activated carbon samples are shown in Table 11 below.

Table 11
Sample Sample G Comp Comp
Sample | Sample J
Moisture, % 1.24 6.04 6.74
Ash, % 27.95 12.18 13.28
Molasses RE, ai 174 86 148
BPB Num., mg/g 394 111 135
Methylene Blue, g/100g - 12.3 13.8
lodine Num., mg/g 1044 722 658

[0192]

and the color removal efficiency and foam content was analyzed, as shown in Table 12.

The maltodextrin solutions were dosed with the activated carbon samples

Table 12
Sample Sample G Comp Comp
Sample | Sample ]
Color Removal Efficiency 0.889 0.787 0.867
Foam no foam foam no foam
present
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[0193] From the standpoint of color removal efficiency and foam removal, it can
be seen that Sample G exhibits improved performance over the commercially available

Comparative Samples | and J.

[0194] Itis believed that the activated carbon samples remove phenolic
compounds. It can be seen that the PAT activated carbon has noticeably lower absorbance

values and improved color removal percentages relative to Comparative Sample D.

[0195] The use of the terms “a” and “an” and “the” are to be construed to cover
both the singular and the plural, unless otherwise indicated herein or clearly contradicted by
context. The terms “comprising,” “having,” “including,” and “containing” are to be
construed as open-ended terms (i.e., meaning “including, but not limited to,”) unless
otherwise noted. Recitation of ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is incorporated into the
specification as if it were individually recited herein. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language (e.g.,
“such as”) provided herein, is intended merely to better illuminate the invention and does
not pose a limitation on the scope of the invention unless otherwise claimed. No language

in the specification should be construed as indicating any non-claimed element as essential

to the practice of the invention.
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CLAIMS

1. A method of producing an activated carbon, comprising:

applying a solution of at least 10% phosphoric acid by weight at a ratio of
from 0.01 pounds to 0.3 pounds of phosphoric acid solution per pound to a raw material to

produce a phosphoric acid treated raw material; and

direct-activating the phosphoric acid treated raw material via a gas activation

process to produce an activated carbon.

2. The method of claim 1, wherein the raw material is selected from the group
consisting of peat, wood, lignocellulosic materials, biomass, waste, tire, olive pits, peach
pits, corn hulls, rice hulls, petroleum coke, lignite, brown coal, anthracite coal, bituminous

coal, sub-bituminous coal, coconut shells, pecan shells, and walnut shells.

3. The method of claim 1, wherein the raw material comprises lignite.

4, The method of claim 1, wherein the raw material comprises bituminous coal.
5. The method of claim 1, wherein the raw material comprises wood.

6. The method of any one of claims 1-5, wherein after the direct-activating of

the phosphoric acid treated raw material, the method further comprises washing the

activated carbon with a solution comprising a second acid.

7. The method of claim 6, wherein the solution comprising the second acid

comprises at least 1% hydrochloric acid by weight.

8. The method of any one of claims 1-7, wherein the applying comprises

spraying the solution to the raw material.

9. The method of any one of claims 1-8, wherein the gas activation comprises

exposing the raw material to steam at a temperature of at least 600°C.
10. A method of producing lignite-based activated carbon comprising:

applying a solution of at least 10% phosphoric acid by weight at a ratio of
from 0.01 pounds to 0.3 pounds of phosphoric acid solution per pound to the lignite to

produce a phosphoric acid treated lignite; and
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activating the phosphoric acid treated lignite via a gas activation process, the
gas activation comprising exposing the phosphoric acid treated lignite to steam at a
temperature of at least 600°C; and optionally washing the resulting material with a solution

comprising at least 1% hydrochloric acid by weight.
11. A method of producing walnut shell-based activated carbon comprising:

applying a solution of at least 10% phosphoric acid by weight at a ratio of
from 0.01 pounds to 0.3 pounds of phosphoric acid solution per pound to walnut shell

pieces to produce phosphoric acid treated walnut shells; and

activating the phosphoric acid treated walnut shells via a gas activation
process, the gas activation comprising exposing the phosphoric acid treated walnut shells to
steam at a temperature of at least 6009C; and optionally washing the resulting material with

a solution comprising at least 1% hydrochloric acid by weight.

12. The method of any one of claims 1-11, wherein the applying comprises

applying a solution of at least 25% phosphoric acid by weight.

13. The method of any one of claims 1-11, wherein the applying comprises

applying a solution of at least 50% phosphoric acid by weight.
14. A method for removing at least one impurity from a gas stream comprising:

injecting an activated carbon into the gas stream upstream from a collection

device, the gas stream comprising the at least one impurity;

allowing sufficient residence time for adsorption of the at least one impurity

onto the activated carbon;

collecting in the collection device the activated carbon after the activated

carbon has adsorbed the at least one impurity; and

removing the activated carbon and the absorbed at least one impurity from

the gas stream;

wherein the activated carbon is prepared by the method of any one of

claims 1-13.
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15. A method for removing an impurity from a gas stream comprising:

injecting an activated carbon into a gas stream upstream from a collection

device, the gas stream comprising at least one impurity suitable for adsorption;

allowing sufficient residence time for adsorption of the at least one impurity

onto the activated carbon;

collecting in the collection device the activated carbon after the activated

carbon has adsorbed the at least one impurity; and

removing the activated carbon and the absorbed at least one impurity from

the gas stream;

wherein the activated carbon comprises a phosphate present in the amount

of 0.1 % to 30% by weight, relative to the total weight of the activated carbon.
16. A method for removing an impurity from a gas stream comprising:

injecting an activated carbon into a gas stream upstream from a collection

device, the gas stream comprising at least one impurity suitable for adsorption;

allowing sufficient residence time for adsorption of the at least one impurity

onto the activated carbon;

collecting in the collection device the activated carbon after the activated

carbon has adsorbed the at least one impurity; and

removing the activated carbon and the absorbed at least one impurity from

the gas stream;

wherein the activated carbon has an iodine number ranging from 900 to 1300

and a bromophenol blue number ranging from 200 to 500.

17. The method of any one of claims 14-16, wherein the gas is a flue gas.

18. The method of any one of claims 14-17, wherein the impurity is selected from
mercury.

19. The method of claim 17 or 18, wherein the flue gas is generated from the

combustion of coal.
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20. The method of any one of claims 14-19, wherein the activated carbon is

halogenated.

21. The method of any one of claims 14-19, wherein the activated carbon is
brominated.
22. A method for removing an impurity from a liquid, comprising:

combining activated carbon with the liquid;

allowing the impurity to adsorb on the activated carbon to form spent

activated carbon; and
removing the spent activated carbon from the liquid,

wherein the wherein the activated carbon is prepared by the method of any

one of claims 1-13.
23. A method for removing an impurity from a liquid, comprising:
combining activated carbon with the liquid;

allowing the impurity to adsorb on the activated carbon to form spent

activated carbon; and
removing the spent activated carbon from the liquid,

wherein the activated carbon comprises a phosphate present in the amount

of 0.1 % to 30% by weight, relative to the total weight of the activated carbon.
24, A method for removing an impurity from a liquid, comprising:
combining activated carbon with the liquid;

allowing the impurity to adsorb on the activated carbon to form spent

activated carbon; and
removing the spent activated carbon from the liquid,

wherein the activated carbon has an iodine number ranging from 900 to 1300

and a bromophenol blue number ranging from 200 to 500.

25. The method of any one of claims 22-24, wherein the liquid comprises at least

one compound selected from liquors and sugars.
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26. The method of any one of claims 22-24, wherein the liquid comprises water.

27. The method of claim 26, wherein the activated carbon is a lignite-based

activated carbon.

28. The method of any one of claims 22-27, wherein the combining comprises

agitating a mixture of the activated carbon and the liquid.

29. The method of any one of claims 22-27, wherein the combining comprises
allowing a fluid stream comprising the liquid to pass through a fluid bed containing the

activated carbon.

30. The method of any one of claims 22-27, wherein the combining comprises
allowing a fluid stream comprising the liquid to pass through a cartridge containing the

activated carbon.
31. An activated carbon prepared by the method of any one of claims 1-13.

32. An activated carbon prepared by the method of any one of claims 1-5, 8§, 9,
12, and 13, comprising a phosphate present in an amount ranging from 0.1 % to 30% by

weight, relative to the total weight of the activated carbon.

33. The activated carbon of claim 32, wherein the activated carbon has an iodine

number ranging from 670 to 800 and a bromophenol blue number ranging from 140 to 250.

34, An activated carbon prepared by the method of any one of claims 1-5, 8§, 9,
12, and 13, wherein the activated carbon has an iodine number ranging from 670 to 800 and

a bromophenol blue number ranging from 140 to 250.

35. An activated carbon prepared by the method of claim 6 or 7, wherein the
activated carbon has an iodine number ranging from 900 to 1300 and a bromophenol blue

number ranging from 200 to 500.

36. The activated carbon of claim 35, wherein the activated carbon has an iodine

number ranging from 900 to 1220.

37. The activated carbon of claim 35 or 36, wherein the activated carbon has an

abrasion number ranging from 60 to 100.
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38. The activated carbon of claim 35 or 36, wherein the activated carbon has an
abrasion number ranging from 60 to 90.

39. An activated carbon, comprising a phosphate present in an amount ranging

from 0.1 % to 30% by weight, relative to the total weight of the activated carbon.

40. The activated carbon of claim 39, wherein the activated carbon has an iodine

number ranging from 670 to 800 and a bromophenol blue number ranging from 140 to 250.

41. An activated carbon, having an iodine number ranging from 900 to 1300 and

a bromophenol blue number ranging from 200 to 500.

42, The activated carbon of claim 41, wherein the activated carbon has an iodine

number ranging from 900 to 1220.

43, The activated carbon of claim 41 or 42, wherein the activated carbon has an

abrasion number ranging from 60 to 100.

44, The activated carbon of claim 41 or 42, wherein the activated carbon has an

abrasion number ranging from 60 to 90.

45, The activated carbon of any one of claims 39-44, wherein the activated
carbon is selected from lignite-based, bituminous coal-based, and wood-based activated

carbon.

46. The activated carbon of any one of claims 39-44, wherein the activated

carbon is selected from lignite-based activated carbon.

-63 -



PCT/US2014/013013

WO 2014/116992

Vi 'O/

7 “y

B ",

0 - prvsesssossnsossnsont

N
hray
Bty
.

g

™ Wv)

o A

JESSR
|
&
P 2
e
-

g

F2%) 7 e
| Eat
resapesrecsrecsresen ..
T

AN

St
e
¥
——
i 5,
P
&
N emase®

e~

X
X

=
oy’
o)



WO 2014/116992 PCT/US2014/013013

2/18

TG ATMOSPHERE

§ 88 S

COLLECTES PM &
SORBENT DISPOSAL

“gp
84,

186

SORRENT e

182
FLUE BAS

COMBUSTION SOURCE

FIG. 1B



WO 2014/116992 PCT/US2014/013013
200
RS
X,
218 SAWFLE -1 -2 2-3 74
Av X ACIB DOSE 4.0 25 5.9 108
| ACTRATIGN YIELD {FROM . ” . -
214 | RAW LIGNITE), Wiy 58 185 4.7 278
218 "[ WATER SOLUBLES, WX 3.96 0.40 0.34 1.52
218 AGH, Wix 4357 3348 29.0% 3458
~[ WOLRSEES RE, GROUND . -
228 db 147 3 13 74
222 [ BPY NUMBER 123 S =E =
[ 1DSINE NUMBER 483 515 538 58
202" 04 306 308"
250
RN
750
700 J/)
850 P A
B 800
= o0 ) Y
/ y=23223x + 4514
w500 S ]
Z e R2=0.9558
S 450
400
350
3{}@ . ! | ] |
0 2 4 6 8 10 12

ACID DOSE (%)

FIG. 2B



PCT/US2014/013013

vE ‘Ol

715 -

¥Og . L0k

B0E ... EH

B6L I 79 56 Ot § SREAON T o

cr 01 35 SISSYION e

£0°0 AL 1R [1ARH L0 B0 ot

BT g
X S3EN0E

690 70 9 5l h ¥e i
09 81 56 EL g1l Hd

4/18

'S | .
255t 84%% 1N 8% 568 ¥ EE %M "HSY o,

%
157 £o50 P05 por0 7950 0450 R4/ ALISKE
(334 ONILAEN

“ {3LNAN
ey Woud) |
T3 NOIYAILDY | ayc

-
LEX
0
W)
o
L

¥z L2 581

oy
13

o
3

50 4I% %

|
Py
N
N
\:’\ ; .

||,
1
F

|
o

—

WO 2014/116992



WO 2014/116992 PCT/US2014/013013

5/18
340
b
150, SAMPLE 3-7 3-8 34 3-10
~-|_% ACID DOSE 0.0 5.0 7.5 18.0
352 | ACTATION YIELD
{FROM RAW 44 20.7 24.7 23.03
LIGNITE), Wt%
354, | VIBRATING FEED
DENSITY. g/ml 0.649 0.437 0.454 0.467
356, db
S T5.08 .63 58 40,90
WATER 0.5% 0.58 (.62 0.85
550 |SOLUBLES, W% ) : : :
~...| MOLASSES RE, _ .
367 GROUND db > o % !
354 ~'|__BPB_NUMBER 47 140 126 193
[ HODINE_NOMBER 255 700 677 730
342 344 336 348
FiG. 3B
370...
\
380, SAMPLE J=11 3-12 3-13 3-14
“{_% ACID DOSE 0.9 5.0 7.5 189
SH2... | ACTIVATION YIELD
{FROM RAW 35 17.4 19.2 18.4
, LIGNITE), Wi%
384..__ | VBRATING FEED
DENSITY. g/l 0.853 0427 0.410 0.427
386, db
B I 99,23 47.33 5411 53.95
\\\\\ | WATER _— 0.64 0.56 0.6%
sg0 |SOLUBLES, Wtk : : :
Y...| MOLASSES RE, » . .
o CROUND. cb 21 g7 13 98
304 ~|__BPB_NUMBER 3 188 226 246
"] IQDINE NUMBER 78 735 673 742
77! T 378

FIG. 3C



WO 2014/116992 PCT/US2014/013013

6/18
400
\
410 SAMPLE 4—1 42 4-3
412\'“‘ CONCENTRATION OF HCI —— - 7%
» 4' ~| DENSITY, VIBRATING FEED g/ml db 0,411 0.427 0.314
415 MOLASSES RE, GROUND db 115 98 158
“:8_\"« BROMOPHENOL BLUE NUMBER 102 246 323
B, IODINE NUMBER 592 742 924
4@ 2 48 4 4 D 5 ““““
FIG. 4A
450
\
SAMPLE 4-4 4-5
460
ACID SOLUBLE ASH, W% 413 2.69
462
el WATER SOLUBLE CONTENT, W% 2.87 0.26
464 )
B WATER SOLUBLE PHOSPHATES, -
Wi 1.39 0.10
466 .
MOLASSES RE GROUNDE db 175 204
468
[ODINE NUMBER 818 1087
470 _
BPE NUMBER 219 386
452" 458

FIG. 4B



WO 2014/116992 PCT/US2014/013013
7/18
500
R

540 SAMPLE -1 5-2 5-3 5-4
s12 | KN HOOD TEMPERATURE | T°¢ | (T-22)°c | (T-36)°c | (T-52)C
514 % ACID DOSE 83 8.4 89 6.3
516 | ACTIVATION YEELD, % 1.5 16 15.4 12.7
515 BPB NUMBER 201 161 164 144

|ODINE_NUMBER 744 733 713 75

5027 504 506 50B
FiIG. 5A

530

300

850

800
& 70 SR
> 700
B! 650
fas]
< 600
T
= 550

500

450

BASELINE 5 TC 8% PAT

FIG. 5B




WO 2014/116992 PCT/US2014/013013
8/18
600
\
810 SAMPLE £—1 §—2
512 WATER SOLUBLES, % 4.91 0.92
514\\“ YFD, g/ml 0.416 0.474
16 MOLASSES RE, db 120 47
618 BPB NUMBER 126 166
620 IODINE_ NUMBER 591 742
\\\\\ ABRASION NUMBER 62.5 96
602 604

FIG. 6




WO 2014/116992 PCT/US2014/013013
9/18
700
\

710 SAMPLE 7-1 7-2 7-3 7—4
ny % ACID DOSE 0.0 5.0 75 10.0
Sl ACTIVATION YIELD (FROM ,
e | S 15" FEEDSTOCK), We 12.7 28.1 28.4 318

| VIBRATING FEED DENSITY, ] e i
76, o/ml db 0.356 0.588 0,558 0.576
78 ASH, W 57.11 41,75 33.47 35.09
790 | WATER SOLUBLES, W% 5.1 0.35 0.46 0.11
722 | MOLASSES RE, GROUND db | 147 15 18 15
4 BPE NUMBER 116 27 34 35

IODINE NUMBER 464 504 568 695

FIG. 7A
750
,
N
750
700 L
g2 o
2 & RZ=08695
S 500 P

400
0

4502 _—

PAT DOSE %

FIG. 7B



WO 2014/116992 PCT/US2014/013013

10/18

800 .

812,

LAB NUMBER

8-1

| ACTNATION YIELD (FROM "AS

IS” FEEDSTOCK), Wi%

318

18.7

814,

816

\\\\\\

818
820

822
824 S “

800,

910,

312
grs | AYC_ACD_SOLUBLE ASH, %

91 6
918,
go0. | MOLASSES RE, GROUND db

VIBRATING FEED DENSITY,
g/ml db

0,576

0.470

ASH, Wi

35.09

61.07

WATER SOLUBLES, Wi%

0.1

Q.73

| MOLASSES RE, GROUND db

15

100

BFB NUMBER

35

230

[ODINE NUMBER

FIG. 8

635

9

SAMPLE

8-1

ASH, W%

4.89

4.13

AVG. ACID SOLUBLES, %

3.37

WATER SOLUBLES, WtZ%

2.87

175

IODINE NUMBER

818

BPB NUMBER

FIG. 9

218

902




PCT/US2014/013013

WO 2014/116992

11/18

.- 3001

4

01 'Sid

i

Y

43

3 TS H3A0 ERIA0EAN X

Le0g

004G

{ov BB By Al 1owavs B

£L%

b8y

HIHHON I

2144

£l

4 SIESTI0N

8
el
]

¥4

500 AY %

-t

J1dAvs




WO 2014/116992 PCT/US2014/013013

12/18

100,
\__\‘

119 SAMPLE 11— 15-2 11-3 -4
12 | % ACID DOSE 0 1 25 5
(e | ACTVATION YIELD, WA | 125 15.7 18.1 91
S{ IODINE SUMBER 1683 1027 1057 1065
METHYLENE SLUE 0 15.8 162 Ty

o
Loy

e
o

FiG. 11A

BER

IGDINE MUM
o~

! ! I
4 15 R
a 4] 0

ACTIVATION YIELD, X

<
-
Pt

FIG. 11B



WO 2014/116992 PCT/US2014/013013

oW W@ o® £
F Pen - =5
a e A ESSY L
R
LR
. Laved
Il
;
¢
i
¥
¢ 18
4'{
i ]
: '
\, \ | o
\ '* hE-
1 =
3 i e
4 3 i
\ i i
\ ‘ll =
ﬁi . 18
1 i)

TIVATION T1

(197

FiG. 11C

T3
&N

e
e
Mﬁ

s,
v
Ve

Sl o
; N

o e 23 () o3 =t L]

o T 3 [ &£ e~

=

HINNN NG



PCT/US2014/013013

WO 2014/116992

14/18

¢l "ol

9/11

q81¢T

I

| 8TZT |

- ————

0871 le—— 98571 1<

| A

(=
LN
N
i

¢Lil

A




WO 2014/116992

15/18

PCT/US2014/013013

LA

PR

bercury Removal Efficiancy
%
%

EEREA Y

=
iy

Pilot Scale Trial - No Additionst 54,

Foeed Rate {I JAthdact}

FIG. 13




WO 2014/116992

16/18

PCT/US2014/013013

RO

e
fed

Wrerrary Reraoval Etficiency

D]

Pilot Scale Trial - No Additional 50,

i A %

Faad Rate {8t}

FIG. 14




WO 2014/116992 PCT/US2014/013013

17/18

Full Scale Trial -~ Unvaried Sorbent Injection Rate

Wercury Embssion Rate b, F G0-He)

e

123
7o,
s

S0, injected {pmy

FIG. 15




PCT/US2014/013013

WO 2014/116992

18/18

Full Scale Trial - No Additionad 804

Lo alr
\.,a« s o
wro W - I S 4

Aotigatlyd yesanaiyy RInIa

g

]

Feed Rate (/M Mae}

. 16

FIG



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/013013

A. CLASSIFICATION OF SUBJECT MATTER

INV. CO1B31/08 C01B31/10
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched {classification system followed by classification symbols)

ColB

Documentation searshed other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data, INSPEC, COMPENDEX

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X BUDINOVA T ET AL: "Characterization and 1-5,
application of activated carbon produced 8-34,39,
by H3P04 and water vapor activation", 40,45,46
FUEL PROCESSING TECHNOLOGY, ELSEVIER BV,
NL,
vol. 87, no. 10,
1 October 2006 (2006-10-01), pages
899-905, XP024937170,
ISSN: 0378-3820, DOI:
10.1016/J.FUPROC.2006.06.005
[retrieved on 2006-10-01]
Y abstract 6,7,
page 900, "Experimental" 35-38,
tables 2-6 41-44
page 902, right-hand column
- / -

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" documentwhich may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or sannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

'&" document member of the same patent family

Date of the actual completion of the international search

31 March 2014

Date of mailing of the international search report

lo/04/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswilk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Rigondaud, Bernard

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/013013
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category” | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 6 537 947 Bl (JOHNS MITCHELL M [US] ET 6,7,
AL) 25 March 2003 (2003-03-25) 35-38,
41-44
claims 1-10
column 4, example 1, lines 58-60
X NAHIL M A ET AL: "Characterisation of 1-5,8-46
Activated Carbons with High Surface Area
and Variable Porosity Produced from
Agricultural Cotton Waste by Chemical
Activation and Co-activation",
WASTE AND BIOMASS VALORIZATION SPRINGER
NETHERLANDS NETHERLANDS,
vol. 3, no. 2, June 2012 (2012-06), pages
117-130, XP002722445,
ISSN: 1877-2641
abstract
page 119, left-hand column, "Activation"
figure 1b
X BENADDI H ET AL: "Influence of the 1-5,7-9,
atmosphere in the chemical activation of 31-34,
wood by phosphoric acid", 39,40,
CARBON, ELSEVIER, OXFORD, GB, 45,46
vol. 36, no. 3,
1 January 1998 (1998-01-01), pages
306-309, XP0O04118853,
ISSN: 0008-6223, DOI:
10.1016/50008-6223(98)80123-1
the whole document
A US 5 538 929 A (SUDHAKAR CHAKKA [US] ET 1,10,11,
AL) 23 July 1996 (1996-07-23) 14-16,
22-24,
31-46
claims 1,3,5
A W0 92/06919 Al (KEMIRA OY SAETERI [FI]) 1,10,11,
30 April 1992 (1992-04-30) 14-16,
22-24,
31-46
claims 1,3,4,5,6,7,10,11
AP EP 2 581 341 Al (UNIV KING SAUD [SA]) 1-46
17 April 2013 (2013-04-17)
claims 1,2,4,5,8,13

Form PCT/ISA/210 (co

ntinuation of second sheet) [Aptil 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent famlly members

International application No

PCT/US2014/013013
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 6537947 Bl 25-03-2003  NONE
US 5538929 A 23-07-1996  NONE
WO 9206919 Al 30-04-1992 AT 191899 T 15-05-2000
AU 8714191 A 20-05-1992
DE 69132125 D1 25-05-2000
DE 69132125 T2 23-11-2000
EP 0591202 Al 13-04-1994
F1 905205 A 24-04-1992
JP 3406973 B2 19-05-2003
JP HO6501910 A 03-03-1994
WO 9206919 Al 30-04-1992
EP 2581341 Al 17-04-2013  EP 2581341 Al 17-04-2013
US 2013089738 Al 11-04-2013

Form PCT/ISA210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - claims
	Page 60 - claims
	Page 61 - claims
	Page 62 - claims
	Page 63 - claims
	Page 64 - claims
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - wo-search-report
	Page 84 - wo-search-report
	Page 85 - wo-search-report

