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Conditions to achieve >3320 sodiun renoval
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Figure ES-2. Optimization of conditions for leaching Coal B with hydrochloric acid solutions (The selection
of time/pH conditions in the dark green region should result in the removal of >30% of the sodium. Note also that
a flag has been added to show the amount of sodium in the leach solution, 35% sodium removal, and the sodium
content in the product ash).

Coal D

Coal D showed significantly greater sodium removal than Coal B for similar treatment conditions. The
treatability of Coal B is demonstrated in Figures ES3 to ES5.
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Figure ES3. Coal D leach results for hydrochloric acid solutions (Greater than 75% of the sodium was
removed using pH 3 acidic solutions at a 1-hour treatment time. The initial sodium, reported as
sodium oxide in the ash, was 6.16 %. The removal of over one-half of the sodium can be achieved
using conditions of pH 5, 0.5 hours).
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Conditions to achieve =726 sodiiunmrenoval

10 20 30 4.0 5.0

X1 A pH
X2 B: Tine, Hrs

Figure ES-4. Optimization of conditions for leaching Coal D with hydrochloric acid solutions (The selection
of time/pH conditions in the dark green region should result in the removal of >70% of the sodium. Coal D is much
more amenable to acidic leaching than was Coal B.

Recommended Future Studies
It is recommended that future studies include, but not be limited to:
e Investigation to determine if multiple leach solution contacts with new coal will allow recycle of

the leach solution without detrimentally affecting the leachability of the coals and to produce a
concentrated sodium bearing solution in order to limit the amount of leach solution that would
have to be treated prior to water recycle or disposal.

e Water cleanup will be required because of the relatively high sodium and chloride or sulfate
content.

e Evaluation of where and how the leachate could be introduced into the coal preparation
treatment system.

e Evaluation of the possible impact of pretreatment on the subsequent shipping and combustion
processes.

e The anticipated cost of the sodium cleansing treatment and subsequent water treatments.
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INTRODUCTION

Background

The US Department of Energy (DOE) Center for Advanced Separation Technologies (CAST), Great
Northern Properties (GN), and the Montana Board Research and Commercialization Technology
(MBRCT) are funding this project. The project is being administered and the research directed and
conducted at CAMP. The intent of the project is to identify, and validate selected currently used (or
previously studied) removal and sodium recovery treatment alternative(s) using laboratory bench-scale
tests on four Montana coal samples. If the coals cannot be effectively treated by known techniques,
alternative treatments will be developed. The evaluation of selected sodium removal technologies are
presently underway and the following four stages are being and will be followed in future work: the
successful removal of sodium from the coal so that the ash will content less than three percent, the rate
at which the sodium ions are removed, characterization of the waste produced by sodium removal
processing, and the overall economics of viable processes. Not part of the initial Project, but a
necessary follow-up, will be the scale-up of the most appropriate sodium removal technology(s) in
applications with companies using Clean Coal Technology to demonstrate sodium removal process or
processes on a pilot scale.

Objective and Approach

The overall objectives of the project are to develop and implement viable sodium removal and
sodium recovery treatment alternatives for the Low-Rank Coal Industry.

Project Tasks

To properly develop and evaluate viable sodium removal and sodium recovery treatment
alternatives for the Montana Coal Industry, the following tasks have been completed. The Project is
separated into ten (10) Tasks (listed below and presented in Table 1). Following the completion of Task
6, GN and other participating coal companies and CAMP reviewed the literature review and preliminary
test work to select the technologies to be bench-scale tested and evaluated. Tasks 6 through 10 was
then performed using the chosen technology to validate their applicability. However, Task 9 was not
completed and will be discussed later. The technology selection was based on the technical viability of
the sodium removal and sodium recovery technology(s)/treatment approach(s) selected in Task 5.

The Project Tasks are specified below:

Literature Search

Identification of Primary Coal Producers/Users Needs
Characterization

Physical and Chemical Property Evaluation

Selection of Treatment Approach(s)

First Interim Report

Test Plan Development

Bench-Scale Testing and Evaluations

Economic Evaluation of Promising Treatment Approach(s)
Project Report

WO NOURAWNRE

=
e
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The performance benchmarks and target dates for each task are provided in Table 1.

Table 1. Task Number, Performance Benchmarks, and Target Dates (Start Date 01/01/09)
Task No. Task Description Target Date
1 Literature Search 10/30/09 (completed)
2 Identification of Primary Coal Producers/Users Needs 04/30/09 (completed)
3 Characterization of Coals 09/30/09 (completed)
4 Physical and Chemical Property Evaluations 11/31/09 (completed)
5 Selection of Treatment Approach(s) (C1<)2rT/13;;(I)e/:S:d)
6 First Interim Report (C%lr’ﬁ)ztlfd)
Test Plan Development 03/31/10
7
(Completed)
8 Bench-Scale Testing and Evaluations 03/31/12
9 Economic Evaluation of Promising Treatment Approach(s) Not Performed
10 Project Final Report 4/30/12

Task 1-Literature Search and Review
The literature search has been completed and the results are attached as Appendix A.

Summary of Literature Review-A detailed literature review (over 220 publications) has been conducted
summarizing usual treatment approaches for the removal of sodium (and in some cases potassium) from
low-rank coal. The reviewed publications are summarized in this report and are presented in detail in the
attached Appendix A report: LITERATURE REVIEW: SODIUM REMOVAL FROM LOW-RANK COALS [Twidwell
and Dudley 2010).

Background- Lignite and sub-bituminous coal reserves (low-rank coals) are plentiful in the high
plains of Montana, North and South Dakota, and Wyoming, see Figure 1 (American Coal Foundation,
2007). In general, low-rank coals contain more ash, sodium, potassium, and, in some cases, calcium,
magnesium, iron, and aluminum than do the hard coals (anthracites and bituminous). The emphasis
of this review was focused on sodium, potassium removal from low-rank coals.

Multiple mines and power plants exist in the Western states region, e.g. Montana Major Coal mines
6 (5 sub-bituminous, 1 lignite) (Montana Coal Council, 2009), coal-fired generating plants 5 (1
major) (Electric Power Monthly, 2009); North Dakota Major Lignite mines 4, Lignite coal-fired
generating facilities 5 (Lignite Energy Council, 2009); Wyoming Major Bituminous and sub-
bituminous mines 14 (4 major), Bituminous coal-fired generating facilities 23 (4 major)
(SourceWatch, 2009).

For interested users of this report The National Coal Council’s “Coal: America’s Energy Future,
Volume II” (NCC, 2006) is recommended as a general review and description of present day coal
usage technologies (discussed further in the General Review section). General characterization data
are presented for Western and Texas low-rank coals (Figure 2) and a comparison of world coal
reserves is presented in Figures 3 (Stiegel, 2008) and 4 (Thielemann, et al, 2007). The outlook for
possible future US coal production, based on demonstrated reserve base, is presented in Figure 5
(Hook and Aleklett, 2009).

11
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Figure 1. Estimated Coal Reserves in 2005 (American Coal Foundation, 2006)

Figure 2. General Properties of U.S. Low-Rank Coals (Power point Presentation by Stiegel, US DOE 2008)

Figure 3. Estimated World Fossil Fuel Reserves in 2005 (Power point Presentation by Stiegel, US DOE 2008)

12
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Figure 4. Estimated World Lignite Reserves in 2005 (Thielemann, et al (2007)

Figure 5. Coal Production in the western United States (Hook and Aleklett, 2009)

Occurrence of Inorganic Constituents in Low-Rank Coals- Coals may be considered to be
made-up of two general types of matter, i.e. organic components, i.e. macerals, and inorganic
compounds, i.e. minerals. The type of matter, and the relative concentration of maceral and mineral
content, is very important with respect to how a coal acts during combustion. The maceral content
is, to a large extent, responsible for determining the coals energy output during combustion. Both
the maceral fraction and mineral fraction contain inorganic constituents. These inorganic
constituents determine the characteristics of the ash produced during combustion and whether the
ash products are present as solids or molten liquids. In general, it is the inorganic constituents that
cause problems during coal combustion. Inorganic elements can be present as a variety of species in
low-rank coals. Primarily they are present as species associated with organic matter, bonded within
the carbon structure, dissolved in pore moisture, crystalline salts, and as constituents in mineral
phases. The associations in the maceral fraction are cations bound as carboxylate groups, and
inorganic complexes coordinated with carboxyl and phenolic groups. The content of inorganic
elements, including sodium, potassium, calcium, magnesium, and iron, in low-rank coals is usually

13
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concentrated in the maceral matter. Lesser amounts of inorganic elements can be associated with
the carbon structure as oxy-hydroxyl polymeric complexes. Low-rank coals that contain appreciable
chloride or sulfur contents (like low-rank coals in Australia but not the coals in the Western United
States) often contain appreciable amounts of the crystalline salts, sodium chloride or sodium
sulfate. Also, sodium can be present in the moisture component of the coal. Inorganic elements are
also associated with mineral phases dispersed throughout the coal matrix.

The organic matter in low-rank coals have been extensively studied by many investigators and it has
been demonstrated that a significant portion of the inorganic elements reside there . The reported
results by Zhongsheng, et al (2009 and 2007) are an example. Their results, of course are specific for
the low-rank coals they studied, but do demonstrate that a significant concentration of the
inorganic elements are present in the maceral matter, e.g. Ca (up to 15000 mg/kg of maceral
content), Al (up to 5000 mg/kg), Fe (up to 7000 mg/kg). The knowledge that significant sodium and
potassium reside in the organic fraction is important because these elements tend to volatilize as
atomic species during combustion and these species are very reactive and readily promote the
formation of low-melting slags and other fouling species (Falcone and Schobert, 1986). Examples of
other publications that have describe the containment of inorganic elements in macerals are Ward,
et al (2005, 2003) and Chen, et al (2004).

The mineral content is usually greater in low-rank coals than in higher rank coals. A significant
fraction of the mineral content in low-rank coals may be “intimately” present as a part of the
maceral content and it is often difficult to separate the mineral components from the organic
components by normal physical separation processes, therefore, removal of the mineral fraction by
normal mineral processing technologies may not be effective. Sodium and potassium bearing
minerals present in the Montana coals have been identified: apatite:albite (Cas(PO,);0H:NaAlSi;Og);
sodium amphibole (Na,(Mg,Fe);Al,Siz0,,(0OH),); and potassium feldspar (KAISi;Og). Other minerals
identified in the Montana coals relevant to the present study are presented in Table 13.

The Problem with Sodium and Potassium-The detrimental effects of ash forming constituents in
low-rank coals during combustion are well documented. Alkali constituents and high moisture
content are characteristics of low-rank coals. During combustion the alkaline constituents form
gaseous and liquid species that readily form molten and semi-molten silicates. These molten
products (slags) have an adverse effect on boiler and gasification combustors. A long list of
detrimental consequences caused by alkaline constituents, especially sodium and potassium, can be
quoted, e.g. fireside fouling, inhibition of heat transfer, obstruction of gas flow, excessive corrosion
of boiler surfaces, formation of sticky chars that promote particle agglomeration, and formation of
fly ash that is readily soluble in outdoor storage ponds.

Technologies- The present literature review has shown that two major technological approaches
have been investigated to mitigate the sodium problem during combustion; e.g., Solution leaching
of sodium using reagents to remove sodium salts, and/or organically bound species that are a part
of the coal maceral matter or are present as sodium bearing mineral phases; and Addition of metal
compounds or mineral phases to react with the sodium and sodium compounds during the
combustion process to form compounds that remain solid and/or less-corrosive at combustion
temperatures.

Solution Leaching Technologies-There have been only a limited number of investigations to
demonstrate partial removal of sodium from low-rank coals by mild solution phase (leaching)
treatments on a laboratory scale. We could not find publications where this technique has
advanced to industrial use. A relatively large number of recent investigations have focused on

14
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treating low-rank coals to remove essentially all of the ash forming elements so that ash does not
form during combustion. The emphases of these papers are based on the desire to utilize low-rank
coals to produce a clean feedstock for gasification processes (aggressive treatments to remove ash
formation species, i.e. to produce a “clean” coal).

Solution Leaching-The literature review, modeling, and preliminary test work results suggest
that coal leaching in pH adjusted water containing an ion exchange reagent (acids, calcium
chloride or ammonium acetate) may be appropriate for the removal of approximately forty to
eighty percent of the total sodium present, e.g. sodium salts and maceral phase organically bound
sodium. The sodium and potassium mineral phases are likely not dissolved in water, mild acids, or
ion exchange reagent bearing water. The removal of greater amount of sodium require that a
portion of the mineral compounds be dissolved and for this to occur the treatment conditions
must be aggressive. Aggressive reagent leaches would be relatively expensive, therefore, they
may be limited to coals that require very low ash “Clean” coals as fuels for gasification or
liquefaction processes. Clean Coal Technology Pty (Domazetis, et al, 2009) is an example of a
company that is aggressive developing a commercial technology that would upgrade low-rank coals
for use in power generation that would have low level greenhouse gas emissions.

General low-rank coal upgrading leaching pretreatment techniques are presented in Table 2.

Table 2. General Low-Rank Coal Upgrading Techniques

Comments (See accompanying

Treatment Removal Reagent Literature Review)
Physical separations can be effective
including float/sink, froth flotation, and

Physical Mineral fines, centrifugal washing. In some cases low-
dissolved Water rank Western coals respond well to

techniques/washabilit
ques/ Y | sodium salts washability techniques for removal of all

elements analyzed in the ash except for
calcium and magnesium.

Many studies have been reported for
treatment of low-rank coals, some
showed 70% sodium removal at pHs of
Hydrothermal Moisture Water at 320°C 5-6.5. Treatment waters contain 3-6 g/L
dissolved organics and high sodium
levels so leach waters have to be
cleaned.

Leaching Techniques

Can be effective for coals containing
crystallized salts in the coal matrix and
dissolved in pore water. Not very

Water Sodium Water . .
effective for coals not containing salts.
Not effective for dissolving mineral
phases.
Inorganic acids, formic, | Primarily removes organically bound
Acidic Na, K, Al, Ca, | acetic, pHs2to 6 elements, crystalline salts, dissolved
Mg sodium compounds; only a minor
amount of minerals removed.
Acidic/lon Exchange Na, K, Al, Ca, | Inorganic acids, Primarily removes organically bound
Reagent Mg ammonium acetate, elements, crystalline salts, dissolved

15
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Table 2. General Low-Rank Coal Upgrading Techniques
Treatment Removal Reagent Comme_nts (See accco_mpanying
Literature Review)
calcium chloride, sodium compounds. The treatment can
sodium acetate, be effective for dissolving a minor
aluminum lactate amount of mineral phases.
Low pH leaching (<1-2) | Technique to lower the coal ash solids
using hydrochloric, so that the amount of ash formed
. All ash nitric, hydrofluoric, during combustion is very low. Applied
Aggressive L . “ ”
elements combination of acids, to produce a Clean coal for
caustic, and elevated gasification processes.
temperatures

Addition of Mineral Compounds or Mineral Phases-The literature review and modeling results

suggest that addition of reagent compounds or minerals to change the characteristics of the ash
formed during combustion is an appropriate technology. This technique has been demonstrated
in numerous laboratory and several demonstration studies (see the accompanying Literature
Review). The technique has been used for years to control sulfur removal by injection (or
premixing with the coal) of calcium or magnesium hydroxide. In fact, several companies market
such technologies. As an example Fuel Tech (Davis and Schulz, 2008) markets their Targeted In-
Furnace Injection (TIFI) technology that is based on injecting chemical reagents (designed for the
specific application but not specified for sodium control) at critical points in the combustor. The
claim is that by using specific injection points the amount of reagent is much less than mixing the
reagent with the coal prior to combustion.

The use of this treatment technology would require its implementation at power plant
sites, i.e. it would not be a technology appropriate for use at the mine sites.

Task 2-Identification of Primary Coal Producers/Users Needs

Four Montana coal mining companies were identified, contacted and they agreed to support
this project. Coal samples were collected from each of the participating Montana coal companies. The
coal companies have requested that they not be presently identified and all data and discussions are,

therefore, referred to in this report as Company A through D.

Task 3-Characterization of Coal Samples (Presentation of Historical and Experimental Data)
General characterization data for typical Montana coals are presented in Table 3 (Montana
Means Business, 2009). Characterization data for specific Montana coals used in this study are
presented in Tables 4 to 6, e.g. Sample Identification, Sodium Content in Coal Fines, and Ash (Table 4);
Proximate Analysis (Table 5); and, Ultimate Analysis, Heating Value, and Softening Temperature (Table

6). Additional characterization data are presented in the following Task 4 discussion.

Table 3. Montana Coal General Proximate Characterization for Ash, Sodium, and Sulfur
Contents (Montana Means Business, 2009)

Area Ash % Sodium, % Sulfur, % Moisture, %
1 (Sub-Bituminous) 12.0 0.27 1.0 16.9
2 (Sub-Bituminous 9,829 0.5,0.3,1.2 0.7,0.7,0.9 25.5, 25.6, 25.7
3 (Sub-Bituminous) 4.1,4.6,3.6 6.8,6.4,8.0 0.38, 0.45,0,32 24.3,24.2,25.0
4 (Lignite) 18.5 0.3 0.35 30
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Table 3. Montana Coal General Proximate Characterization for Ash, Sodium, and Sulfur
Contents (Montana Means Business, 2009)

Area Ash % Sodium, % Sulfur, % Moisture, %
5 (Lignite) 7.5 5 - 35
6 (Sub-Bituminous) 5 7 0.17 28

Source: Montana Means Business (2009) at website: business mt.gov/docs/coal.pdf

Table 4. Sample List, Sample Description, and Alkali Content in Montana Coals and Ashes
Samble Sodium and Potassium Content, mg/kg
Nop Sample ID | Sample Description Coal Ash
) Na K Na K
1 Al Coarse Split 390 12
. . 341.4+% 42.6%
2 A2 Fine Split 13.8 14.5 370 25
3 A3 Waste Fine 816 37091
4 B1 Coarse Split 12277 94
. . 2510+ 64.9+
5 B2 Fine Split 160 253 9750 126
6 B3 Waste Coarse 2523 34021
7 B4 Waste Fine 2597 34436
8 Cl Coarse 735 221
. 1332.6% 82.5¢
9 Cc2 Fine 1821 26.3 582 270
10 C3 Waste Coarse 6010 32943
11 C4 Fine 5787 32611
12 cs Waste (Burnout) 4526 23732
Coarse
13 Ccé6 Waste (Burnout) Fine 4971 34811
. 3132.0% 27.8+
14 D1 Coal Fines 4373 19.0 9795 48
15 D2 As'rece';'(e)f'zja"”ary 3460+400 - 45700 9049

The collected as-received coal samples were crushed, roll sized, then pulverized. The Coarse and Fine sample designations are for the
sample splits -5/+3 and -1.7/+0.038 mm, respectively. Sodium contents in the coal are for as-received samples. Coal D2 was
received late in the project. Coals B2 and D2 were extensively investigated by experimental design studies for potential sodium

removal by acidic leaching.

Table 5. Proximate Analysis of As-Received Montana Coal Fines (wt. %)
Coal Company-Sample Moisture Ash Volatiles | Fixed Carbon
A2 20.6 10.2 32.2 37.0
B2 20.7 4.6 32.4 42.2
c2 22.4 13.2 31.3 31.4
D1 29.3 4.1 33.1 35.2
D2 5.38 8.9 37.7 48.0

Wyoming Analytical Laboratory, Inc (Wallaramie@wal-lab.com,2009and 2012)
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Table 6. Ultimate Analysis (wt %), Heating Value (BTU/Ib), and Softening Temperature (°C) of
As-Received Montana Coal Fines
Coal
. Heatin Softenin
Company- | Hydrogen | Carbon | Nitrogen | Sulfur | Oxygen g g
Value Temp
Sample
A2 2.5 52.9 0.9 0.6 12.3 9,013 1300
B2 3.0 56.8 1.0 0.6 13.2 9,950 1093
C2 2.4 49.8 1.0 0.5 13.8 8,383 1381
D1 2.7 49.9 0.8 0.1 13.9 8,508 1170
D2 3.6 65.56 1.0 0.21 15.32 10858 1288

Wyoming Analytical Laboratory, Inc (Wallaramie@wal-lab.com,2009and2012)

Task 4-Physical and Chemical Property Evaluation

Coals (presentation of data)-Sieve analyses for all the “fine” Montana coal fractions are
presented in Appendix B; Coals B2 and D2 results are presented in Tables 7 and 7a, respectively, as
examples of the data. The sodium concentrations in the coal fine composite samples were presented
previously in Table 4; the sodium concentrations in the analyzed coal samples varied widely between
coal companies, e.g. 341 mg/kg (coal A2) to 3460 mg/kg (Coal D2). These results are in general
agreement with historical low-rank coal sodium content data, except for coal A2, for the Western United
States coals, e.g. USGS COALQUAL and the Montana Bureau of Mines and Geology (MBMG) databases,
Table 8.

The sodium concentration as a function of particle size for each Montana coal is presented in
Table 9, and for other associated elements in Appendix B; Coal B2 and D2 results are presented in Table
10 as examples of the data. The data presented in Table 11 are important because the presence of
associated inorganic elements, along with sodium and potassium, influences the temperature at which
molten liquids form. The formation of molten liquids may create problems during combustion. The data
presented in Appendix B for all elements are in general agreement for the present Montana coals with
historical low-rank QUALCOAL coal data for the Western United States, Table 12. The concentration of
associated elements in coals in the Montana and other Western States vary greatly, as would be
expected because of the varied mineralogical make-up of the coals.

Knowledge of the mineral phases present in the low-rank coals is very important with respect to
what reactions occur during combustion. The mineralogical make-up of the presently studied coals is
presented in Table 13. The percent of each phase present in the mineral matter present in each coal is
presented in Appendix B; Coal B2 mineral content is presented in Table 14 as an example of the data.

Table 7. Sieve Analysis for Fine Fraction of Montana Coal B2
Size (Tyler Mesh) Size (mm) Mass(g) % Retained % Passing

+7 2.8 2.6 0% 0%

-7/+12 1.7 14 1% 2%

-12/420 0.85 75.8 7% 9%

-20/50 0.3 2915 27% 36%

+140 0.106 346.3 33% 69%

-140/+200 0.075 89.1 8% 77%
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-200/+325 0.045 100 9%
9-325/+400 0.038 46.6 4%
-400 <.038 97.7 9%
Total 1063.6
Table 7a. Sieve Analysis for Montana Coal D2
Size (Tyler Mesh) Size (mm) Mass(g) % Retained % Passing
+6 3.36 140.1 23%
-6/+12 1.41 225.0 36%
-12/420 0.841 105.6 17%
-20/+48 0.297 93.5 15%
-48/+150 0.105 32.1 5%
-150/+250 0.063 7.7 1%
-250/+325 0.044 3.2 1%
-325/+400 0.037 1.4 0%
-400 -0.037 8.7 1% 0%
Total 617.3

Size analyses were determined for this coal on October 2011 and March 2012. The results were similar.

Table 8. Historical Data for Sodium and Potassium Concentration in As-Received Western
States Coals and Ash Temperatures (COALQUAL Database)
Ash Temperature °C, (number of
Raw Coal, mg/kg, (number of samples) P 2
samples)
State
Initial
Na K . Liquid
Deformation q
818+1319 (274);
+ .
Montana 30692‘51921227734()5 6'\2)8'\/'6 MBMG 1159+61 (280) 1253466 (280)
- 797+1380 (365)
N. Dakota 382342635 (173) 654+867 (173) 1156163 (169) 1241465 (169)
Wyoming 1324+851 (411) 708+1087 (411) 1212495 (453) 1298491 (453)

Notes: + standard deviation; Geochemistry characterization of coals has been summarized for over 13,000 samples and the results are

available in the United States Geological Society’s (USGS) COALQUAL database (Bragg et al, 1998). The COALQUAL data was searched for
the sodium and potassium content of as-received coal samples from all counties in Montana, Wyoming, and North Dakota.

Table 9. Sodium Concentration as a Function of Particle Size in Montana Coal Fines (mg/kg)
Particle Size (mm)
Company
-1.7+0.85 | -0.85+0.30 -0.30+0.106 -0.106+0.075 -0.075+0.045 -0.045+0.038 | -0.038
A2 410 445 327 341 364 340 335
B2 2450 2670 2740 2570 2370 2350 2520
c2 1366 1500 1460 1420 1510 1150 1123
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Table 9. Sodium Concentration as a Function of Particle Size in Montana Coal Fines (mg/kg)

Particle Size (mm)
Company
-1.7+0.85 | -0.85+0.30 | -0.30+0.106 | -0.106+0.075 | -0.075+0.045 | -0.045+0.038 | -0.038
D1 - 3700 2780 2760 3030 3270 3820
D2 +6 -6+12 -12+20 -20+48
3260 3470 3460 3660

All samples analyzed by Wyoming Analytical Laboratory, Inc (Wallaramie@wal-lab.com, 2009) except Coal D2 which was analyzed by Proton
Emission X-ray Emission. The concentration of associated elements in Coal D2 are presented in Appendix B.

Table 10. Element Concentration as a Function of Particle Size in Montana Coal B2 (Labeled Sample 5)

BEFORT OF ANALYSIS

Lab Mumber MO410 MO409 MO408 MO407 MO408

Sample ID Sample 5 +140 Sample 5 -140+200 Sample 5 -200+325 Sample 5 -325+400 Sample 5 -400
Arsenic, mgl'kg 1.68 2.7 3.78 5.18 5.48
Lead, mg'kg B.97 7.34 17.7 20.8 51.9
Aluminum, mglkg 1,935 2,020 2078 2,084 2,280
Silica, mg'kg 225 263 208 313 403
Phosphorus, mg'kg 400 383 403 425 518
Calcium, mg'kg 4,400 4,180 3,880 4,280 4,880
Iron, mg'kg 1,780 1,780 o34 1,230 2,480
Magnesium, mgikg 505 528 518 584 G40
Sodium, mgikg 2,740 2870 2,370 2,350 2,520
Potassium, mgkg 457 45.1 78 55.1 B87.8
Chloride, mglkg 0.001 0.002 0.002 0.002 0.002
Sulfur, As determined wi.% 0.64 0.72 0.78 0.78 0.78

Wyoming Analytical Laboratory, Inc (Wallaramie@wal-lab.com, 2009)

Table 11. Historical Data for Element Concentration in As-Received Western States Coals

(COALQUAL Database)
Concentration in Raw Coal, mg/kg (no. samples)
State
Al Ca Fe Mg S Si
8387+ 9614+ 2654+ 4898+ 16515+
+

Montana (274) 7074 4235 818+1319 | 41460 3587 15212
6384+ 12174+ 8000+ 8638+ 16206+

+
N. Dakota (173) 4346 3163 5799 | 3082970 4704 16660
8970+ 9730+ 5898+ 5234+ 18499+

i +
Wyoming (411) 7165 5348 6306 | 20°4* 987 3629 16686

+ standard deviation; The presence of inorganic elements also may have a significant effect on the formation of liquids at combustion

and gasification temperatures. The major inorganic mineral species present in low-rank Western coals are presented in Table 12.

Table 12. Mineralization in Fine Fraction of Montana Coals by Mineral Liberation

Analyses (MLA)
Company Major Minor
(Mg, Fe)3AI2Sig0,,(0H),,
A2 KAISi;Og, SiO,

Na,(Mg,Fe);AI2Sis0,,(0H),, FeS,

B2

Si0,, Cas(P0O4);0H, NaAlSi;Os,

Al,0Si0,

FeS,, Na,(Mg,Fe);Al,Sig0,,(0OH),, KAISi;Og,
BaSO,, (Mg,Fe);Al,Siz0,,(0H),

C2

KAISi;Og, SiO,,

FeS,
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Na,(Mg,Fe);A12Si50,,(0H),, Al,0Si0,,
CaCO;

Si0,, Cas(P0O4);0H: NaAlSi;Os,
Al,0Si0, (Mg,Fe);AlL,Sig05,(0H),

D1 FeS,, KAISi;Og, BaSO,

Miranda (Mineral Liberation Analyses, pmiranda@mtech.edu ).

Table 13. Mineral Content in Montana Coal B2 Fines
Mineral/Phase Compound Content (wt.%)
Quartz Sio, 51.90
Apatite Cas(PO,);0H 26.71
Apatite-Albite Cas(PO,4);0H NaAlSi;Og 8.47
Kyanite Al,0SiO, 5.69
Pyrite FeS, 2.74
Na-Amphibole Na,(Mg,Fe);Al,Sis0,,(0H), 1.50
K-Feldspar KAISi;Og 1.48
Barite BaSO, 1.37
Amphibole (Mg,Fe);Al,Sig0,,(0H), 0.11
IImenite FeTiO; 0.02
Calcite CaCO; 0.01

The content is based on the specific mineral fraction evaluated (Miranda ,Mineral Liberation Analyses, pmiranda@mtech.edu 2009)

Ash- The elemental content (reported as oxides) for each coal ash is presented in Appendix D along with
other characteristics of the ash. The elemental content of each coal ash is presented in Table 15. The
elemental content and other characteristics for coal B2 are presented in Table 16 as an example of the
data.

Table 14. Element Concentration in Ash from Montana Coal Fines (wt.%)

Coal Al Ca Mg Fe K Na 0 P S Si
A2 8.0 12.7 1.8 3.6 0.1 0.5 455 0.2 4.1 21.1
B2 8.32 10.16 1.73 4.61 0.67 5.68 43.90 1.08 7.16 13.74
2 7.63 10.26 1.28 2.15 1.17 1.17 46.39 0.07 2.54 25.67
b1 10.70 | 16.72 2.96 3.02 0.24 7.95 40.25 0.34 2.58 12.18
D2 | g35 | 10.28 | 2.21 2.92 0.90 | 457 | 40.19 | 0.08 | 1.77 | 22.51

Wyoming Analytical Laboratory, Inc (Wallaramie@wal-lab.com, 2009, 2012)
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Table 15. ASH Properties for Montana Coal B2 (Labeled Sample 5)

REPORT OF ANALYSIS

Proximate Analysis As Received Muoisture Free | MAF Basis | |[Coal Ash Analysis, |

ASTM D-5142 WS widk wih wit% Ignited Basis

Moisiure 20.74 il ===l 1Silicon Dioxide, % as Si02 20.30

Ash 4 52| 5_83) =) LAluminum Oedde, % as AI203 15.72

Waolatile Matter 3242 40.80 43.43] |iron Oxide, % as Fe203 8.58

Fixed Carhon 4222 5327 56.57)] [Calcium Oxide, % as Cal 14.21

Total 100.00| 100.00 100.00] |Magnesium Oxide, % as Mg 287
Sodium Oxide, % as Na2O 7.88

Ultimate Analysis/ Method: ASTM D5142/5373 Potassium Oxide, % as K20 0.81

Maoisture 20.74] e =) | Titanium Dicxide, % as TiD2 0.77

Hydragen 3.01 3.80 4.04] |Manganese Dioxide, % as Mn02 0.04

Carbon HE5.53) 71.70 7E.14] |Phosphorus Pentoxide, % as P205 1.81

Mitrogen .26 121 1.28] |Strontium Oxide, % as Sr0 0.88

Sulfur 0.61 0.77 0.82] |Barium Oxide, % as BaO 127

Oooygen 13.23) 16.69 17.72] |Sulfur Tricxide, % as 503 17.88

Ash 4.62] 5.83) R

Total 100.00) 100.00, 100.00] JAlkalies as MNaZl 8.18
Base fo Acid Ratio 0.7

Heating Value, Btu/lb Silica Rafio 0.55

Method: ASTM D-5865 | o250 12 554 13.331] |T250.°F 2000

Trace Element, mgikg

Method: DE35T As Rec. Basis Diry Basis

Beryllium 0.151 0.228

\anadium 452 5.703

Chromium 273 3444

Manganese 7.85 0.804

Cobalt 0608 0.788

Mickel 142 1.752

Zinc 4.11 5.185

Arsenic 1.11 1.400

Molybdenum 0215 0.271

Cadmium 0.061 0.077

Lead 370 4.668

Sodium 9750 12329

Lranium 0167 0.211

Potassium 128 159

Wyoming Analytical Laboratory, Inc (Wallaramie@wal-lab.com, 2009)

Table 15a. ASH Properties for Montana Coal D2

Note: The coal supplied for analyses was made up of the same fraction sizes as used in the leach tests. The
coal was pre-dried to the moisture content reported above and then sized.
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Task 4a- Chemical Property Evaluation

Modeling Results for Montana Coal Using Hydrochloric Acid-Preliminary modeling studies were
conducted to evaluate what reagents may be effective in lowering the sodium and potassium
concentrations to the project goal level of less than approximately three percent sodium oxide in the
final ash solids. Therefore, the influence of incremental reagent additions on the stability of coal ash
solids was modeled using the speciation/titration equilibrium calculation program developed by H.H.
Huang (STABCAL, 2010). Six standard free energies of formation databases are available to the user of
the STABCAL program. We used the National Bureau of Standards (NBS) and Twidwell Personal
databases. The reagents modeled included hydrochloric acid, sulfuric acid, sulfurous acid, carbonic acid,
acetic acid, sodium hydroxide, and ammonium acetate. Example figures are presented here to illustrate
the results of the modeling effort applied to Coal B2 treated with hydrochloric acid. The results for other
acids, caustic, and ammonium acetate are presented in detail in Appendix C. The conclusions for the
modeling task are summarized and presented in Table 16. Please refer to Appendix C for information on
what mineral and aqueous species present were used in this study. However, be aware that the
modeling results are based on equilibrium considerations and does not reflect the possibility of slow
kinetic reaction rates nor do the results show the potential response of the coals to removal of
organically bonded sodium. Therefore, the modeling results are to be viewed as very conservative
estimates of sodium removal and, of course, experimental test work must be conducted.

In general the modeling results support acidic and caustic leaching as a viable treatment
approach for removing sodium bearing mineral phases.

Example Modeling Results for Montana Coal B2 Using Hydrochloric Acid-The influence of HCI
titration is presented in Figures 6-8 to define the solubility of the sodium and potassium bearing
compounds i.e. albite, NaAlSi;Og (major); sodium amphiboles Na,MgsAl,Sis0,,(0OH), (glacuophane);
Na,Fe;Al,Sis0,,(0OH), (ferroglacuophane); and potassium feldspar, KAISi;Og. All titration results are based
on beginning the titration at a solution pH of six. Annotation notes are added the figure captions to
illustrate features of the results shown by each figure. Only two sodium bearing phases are present in
this coal, sodium albite and sodium amphibole. Figure 6 illustrates that albite will be completed
dissolved in acid solutions containing 30 g/L (the pH would be about 4-4.5), and for these same
conditions amphibole would be completely dissolved. As noted on the figure caption an acid solution
containing 30 g/L hydrochloric will solubilize enough sodium so that the final ash would contain less
than three percent sodium oxide. Of course, the chloride and sodium content in the leach water would
be increased and treatment of the wash water would have to be addressed.
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T T T 7 -- Conditions --
ol , Nal  5.68g/L
A3 8.32g/L
e §  s11 13.73¢/L
Fed  0.00001g/L
80 - Fe? 4.61g/L
5  ca?  10.16g/L
P5 1.08g/L
$6 7.16g/L
- $-2  0.03g/L
2 C1-1 0.00001X
B Ae-1 0.00001g/L
* K1 0.67g/L
g2  1.73g/L
File hcl albiteand
NagFe 328 Qi:qunz
oF
M A

L1} 10 20 30 a0 50 60 70
HCl, g/L pH
Figure 6. An illustration of the influence of titrating hydrochloric acid on the distribution of sodium solid and

aqueous species. Note that a significant amount of acid is required to completely dissolve the albite. However, it is
not necessary to remove all the sodium to attain the project goal concentration in the ash solids.
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© C1-1 0.00001X
3 Ae-1 0.00001g/L
'E" ¥i 0.67g/L
© Mg2  1.734/L
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HCl, g/L

Figure 7. An illustration of the influence of titrating hydrochloric acid on the presence of solids. The conditions to
achieve a combination of sodium and potassium that is less than three percent in the final ash solids is marked on
the diagram (30.6 g/L HCI).
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Figure 8. An illustration of the influence of titrating hydrochloric acid on the increase in chloride content in the
final leach solution. The chloride content (at three percent sodium plus potassium in the final ash solids) is marked
on the diagram (16.2 g/L CI").

Table 16. Summary Conclusion Results for STABCAL Speciation/Titration Modeling

Anticipated Na and K Response
Company Comments
HCI H,S0,
Ash from as-received coal already | Ash from as-received coal .
A . . Modeling not performed
below project goal already below project goal
. . Requires acid to red.uce Leach water would have to be
Requires acid to reduce the pHto | the pHto ~ 4 to achieve an e
B . . . . treated. Laboratory verification
~ 4 to achieve an ash with <3% ash with <3% sodium . .
. was conducted in this study.
oxide
Ash from as-received coal
c Good response at low acid Good response at low acid | already below project goal but
additions additions near enough that modeling
performed.
Good response at low acid Good response at low acid | Laboratory verification was
D .\ o o
additions additions conducted in this study.

Combustion Modeling Prior to Preliminary Test Work-A second modeling effort was
conducted to understand what reactions may happen during the combustion of Montana Coals,
especially with respect to sodium speciation at elevated temperatures. Each coal was modeled using the
software available from Outokumpu (Roine, 2006), HSC Chemistry 6.0. This software uses an algorithm
that minimizes the free energy of reactions and, thereby, determines what phases may be present and
how much of each phase would be thermodynamically stable under the selected exposure conditions.

The results for modeling coal B2 is presented in Appendix D. Please refer to that appendix for
the assumptions and specification of the solid, liquid and gaseous specie chosen to be used in the
calculation. The importance of this type modeling is that, for a specific coal mineralogy, “what if” type
guestions can be posed , e.g. what are the expected species formed at ashing temperatures or at
combustion temperatures; would appreciable sodium be present in the gas phase during combustion,
what molten liquids may be present; what is the effect of the presence of mineral species that may react
with the sodium; what is the effect of adding mineral species that are known to react with sodium,
thereby stabilizing the sodium in a form that would not form a liquid phase at combustion
temperatures. Thermodynamic modeling results cannot be used to predict actual phase relationships
because the program calculates the phase distribution at equilibrium which may or may not be attained
because of kinetic restrictions and also the thermodynamic activities in molten liquid slags are unknown.
The calculations should be used to investigate trends rather than predicting the specific amounts of
species that may be present.

HSC modeling of Coal B2- The influence of temperature on the thermodynamically stable solids
formed and the distribution of sodium and potassium species at ashing and combustion temperatures
are shown in Figures 9 and 10, respectively. The predicted distribution of other species in the system are
presented in Appendix D.
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Ashing Coal B2-The solid species as reported by Miranda are verified by the HSC modeling to be
thermodynamically stable (Figure 9) , i.e. kyanite, albite, quartz, potassium feldspar, and apatite can
thermodynamically coexist at the ashing temperature. Note that a significant amount of sodium is likely
lost from the system during ashing as Na,SO,(g). The loss would be greater if chloride is present in the
feed coal.

Combustion Coal B2- At combustion temperatures the sodium and potassium will be present as
solid albite, potassium feldspar, a liquid slag phase, and a gas phase. A greater amount of the sodium
and potassium will be present within the solids and liquid slag phases at elevated temperatures than in
the gas phase; although a smaller but significant amount will be evolved as Na,SO,(g), NaOH(g),Na(g),
and KOH(g) (Figure 10).

Addition of Kaolinite to React With Sodium-the addition of kaolinite to coal B2 is presented in
Figures 11 and 12 to illustrate that the corrosive molten liquid sodium silicate specie can be decreased
significantly by forming solid albite at 1150°C. The addition of approximately three percent kaolinite to
the coal converts essentially all of the sodium silicate liquid to a solid phase.

kg File: C:\HSC6\G ibbs\elem9309.0G |
1
0 | AI2Si05 J4*2H20
9
Ash
8 \ Formation
, at 800 C
\
nigbeny
6 Naalsige =P
5 1
4 /]
3 |cas(PO4)30H / o —
/ / kAISiSOS . ]
2 T | ]
CaMg(CO3)2 / I \ T~
A SR
0 __—Na@ | Temperature
100 300 500 700 900 1100 1300 c

Figure 9. The influence of temperature on the formation of thermodynamically stable phases using 1.3 times the
stoichiometric amount of air required for the combustion of carbon (1000 kg). Anticipated species when coal is
ashed at 800°C are: Al,SiOs (kyanite), Na,COs(g), NaAlSi;Og (albite), SiO, (quartz), KAISi;Og (feldspar), Cas(PO,4)s(OH)
(apatite), Na,SiOs(liquid) begins to form at about 780°C. Note that a significant amount of the sodium is expected
to be lost to the gas phase as Na,SO,(g) at ashing temperature.
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Figure 10. The influence of temperature on the formation of thermodynamically stable sodium and potassium
species using 1.3 times the stoichiometric amount of air required for the combustion of carbon (1000 kg).
Anticipated sodium and potassium species are shown when coal is combusted at temperatures of 1150°C and
A sodium (and potassium) rich liquid (molten

above. Al,SiO; (kyanite) and Cag(PO,);OH remain stable as solids,
slag) forms and gaseous NaOH(g) and KOH(g) species form at combustion temperatures.
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Figure 11. The influence of adding kaolinite to coal and combusting at 1150°C on the formation of
thermodynamically stable phases using 1.3 times the stoichiometric amount of air required for the combustion of
carbon (1000 kg). Na,SiOs(liquid) begins to form at about 780°C. Note that most of the liquid sodium silicate is
converted to solid albite.

Task 4b. Preliminary Leach Test Work

Leach test work has been conducted to pre-test feasible approaches and to establish boundary
conditions to be used in subsequent experimental design studies. The preliminary test work conducted
were based on successful literature reported approaches and includes: pH adjusted water leaching using
the following reagents: tap water, hydrochloric acid, sulfuric acid, acetic acid, and calcium chloride
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doped acidic solutions. The results are in general agreement with published studies on other low-rank
coals, e.g. preliminary results for treating 100 g/L of Coal B2 for 2 hours using-tap water removed <10%
of the sodium, acidic solutions removed approximately 10-20%, acidic solutions containing an ion
exchange reagent like calcium chloride removed approximately 30-50% of the sodium.

Influence of Particle Size-Each coal was subjected to a screen analysis and each coal fraction
was leached using the following conditions: 100 g/L sized coal was placed in an agitation reactor, the pH
was maintained at three with hydrochloric acid and 25 g/L of calcium chloride was added, the exposure
time was 2 hrs and 24 hrs. The solution phase was analyzed (ICP) for sodium. The results for coal A2, B2,
C2, and D1 are presented in Tables 17 to 20. Coal A2 showed no leachability for any of the size fractions.
Coal B2 showed appreciable sodium removal for two hour leaching, e.g. from 40 to 48% for the major
size fractions. This result suggests that the sodium oxide content in the ash would be reduced from 7.7%
to 1.3% (which meets the desired goal of less than 3% in the ash). Coal C2 showed approximately 40%
sodium removal for the larger size fractions but the removal decreased as the particle size fractions
decreased; likely because of readsorption onto the finer particulate surfaces. Coal D1 showed
approximately 50% sodium removal for the size fraction -0.85mm/+0.106 mm. However, because there
was insufficient sample, larger size fractions were not evaluated. Late in the test program coal D2 was
subjected to intensive study. The results are summarized later in this report.

The sodium content in the various size fractions is relatively independent of particle size in each
of the coals. The susceptibility of the various size fractions to sodium leaching is relatively constant for
Coal B2 and D2. The Coal B2 data suggest that the concept of sizing coal into fractions and subsequently
only leaching selected fractions (therefore, only treating a portion of the coal) would not be more
effective than treating the whole coal fines. The susceptibility of the various size fractions to sodium
leaching is variable for Coal C2, with the finer fractions showing less sodium removal.

Table 17. Size Distribution, Sodium Content, and Amount of Sodium Removed
by Leaching Coal A2
Coal A2 Fines Mass, g | Initial Na, Na Removed, %
Mesh mm mg/kg 2 hrs 24 hrs
+7 +2.8 0 - - -
-7/+12 -2.8/+1.7 1.7 410 0.0 0.0
-12/+20 -1.7/+0.85 20 445 0.0 0.0
-20/+50 -0.85/40.3 225.7 428 0.0 0.0
-50/+140 -0.3/+0.106 233.80 327 0.0 0.0
-140/+200 -0.106/+0.075 233.80 341 0.0 0.0
-200/+325 -0.075/+0.045 76.40 364 0.0 0.0
-325/+400 -0.045/+0.038 87.60 340 0.0 0.0
_400 -0.038 60.60 335 0.0 0.0
Initial Grade, % 0.017
Final Grade after 2 hrs, % -
Final Grade after 24 hrs, % -

Conditions of leach-hydrochloric acid, pH 3 maintained during exposure, 10 g coal/100 mL; 25 g/L CaCl,, 25°C
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C

Table 18. Size Distribution, Sodium Content, and Amount of Sodium Removed
by Leaching Coal B2

Final Grade after 24 hrs, %

Coal B2 Fines Mass, g | Initial Na, Na Removed, %
Mesh mm mg/kg 2 hrs 24 hrs
+7 +2.8 0.0 - - -
-7/+12 -2.8/+1.7 4.4 2510 222 -
-12/+20 -1.7/+0.85 69.1 2450 22.2 38.1
-20/+50 -0.85/+0.3 307.2 2670 40.8 54.9
-50/+140 -0.3/+0.106 218 2740 48.2 53.1
-140/+200 -0.106/+0.075 63.5 2570 33.2 42.0
-200/+325 -0.075/+0.045 76.4 2370 35.0 43.0
-325/+400 -0.045/+0.038 41.4 2350 46.2 47.4
-400 -0.038 40.4 2520 45.7 50.9
Initial Grade, % 0.26
Final Grade after 2 hrs, % 0.17

Conditions of leach-hydrochloric acid, pH 3 maintained during exposure, 10 g coal/100 mL; 25 g/L CaCl,, 25°C

Table 19. Size Distribution, Sodium Content, and Amount of Sodium Removed by
Leaching Coal C2

Coal C2 Fines Mass, g | Initial Na, Na Removed, %
Mesh mm mg/kg 2 hrs 24 hrs
+7 +2.8 0.0 - - -
-7/+12 -2.8/+1.7 14 1330 - -
-12/+20 -1.7/+0.85 75.8 1370 42.6 -
-20/+50 -0.85/40.3 291.5 1500 34.9 38.8
-50/+140 -0.3/+0.106 346.30 1460 24.8 49.0
-140/+200 -0.106/+0.075 89.10 1420 15.2 -
-200/+325 -0.075/+0.045 100.00 1510 121 -
-325/+400 -0.045/+0.038 46.60 1150 3.9 -
-400 -0.038 97.70 1120 8.3 -
Initial Grade, % 0.200
Final Grade after 2 hrs, % 0.151

onditions of leach-hydrochloric acid, pH 3 maintained during exposure, 10 g coal/100 mL; 25 g/L CaCl,, 25°C

Table 20. Size Distribution, Sodium Content, and Amount of Sodium Removed by
Leaching Coal D1, Coal D2 Results are Summarized Later

Coal D1 Fines Mass, g | Initial Na, Na Removed, %
Mesh mm mg/kg 2 hrs 24 hrs
+7 +2.8 0 - - -
-7/+12 -2.8/+1.7 2.1 - -
-12/+20 -1.7/+0.85 10.5 - -
-20/+50 -0.85/+0.3 61.8 3700 50.8 -
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Table 20. Size Distribution, Sodium Content, and Amount of Sodium Removed by
Leaching Coal D1, Coal D2 Results are Summarized Later
Coal D1 Fines Mass, g | Initial Na, Na Removed, %
Mesh mm mg/kg 2 hrs 24 hrs
-50/+140 -0.3/+0.106 97.70 2780 58.9 58.0
-140/+200 -0.106/+0.075 41.10 2760 0.0 -
-200/+325 -0.075/+0.045 39.40 3030 0.0 -
-325/+400 -0.045/+0.038 13.10 3270 0.0 ;
-400 -0.038 5.0 3820 0.0 ]
Initial Grade, % 0.21
Final Grade after 2 hrs, % -

Conditions of leach-hydrochloric acid, pH 3 maintained during exposure, 10 g coal/100 mL; 25 g/L CaCl,, 25°C

Task 5-Selection of Treatment Approaches

Based on the literature review, STABCAL modeling effort, preliminary test work, and
recommendations from the stakeholder meeting in June 2010 it was decided to further investigate the
leachability of Montana coals. Coal B2 and D1 have the highest concentration of sodium. It was decided
to concentrate our efforts on Coal B2 because there was only a small amount of Coal D1 available (and a
sufficient amount would not be available until the Spring of 2011). The desire was to answer a number
of questions, e.g. what would be the best leachate reagent (hydrochloric or sulfuric acid), their
concentration (pH), is the presence of ion exchange species required, and what is the appropriate
leaching time. A sufficient amount of Coal D2 was made available in January 2012 and the coal was
subjected to a complete evaluation of its leachability. These results are summarized later in this report.

Task 6-First Interim Report
The First Interim Report was submitted January, 2010. This is the Project Final Report.

Task 7-Test Plan Development

An experimental statistically designed test plan was developed to investigate the influence of five
variables concurrently on the leachability of Coal B. Design Expert software (Version 8.0, 2010) marketed
by STATEASE (2010) was used to formulate a the two-level Experimental Design Matrix. The specific
software program used in this study is referred to by STATEASE as Resolution V. The value of using the
Resolution V matrix is that it is statistically formulated so that the main and binary factors (variables) can
be identified. None of the main factors or binary factors are aliased, i.e., the main factors and binary
interaction factors are not influenced by other factors. This allows the study responses to be optimized,
maximized, minimized, etc. Coal D2 was also evaluated using the experimental design approach. The
software model utilized was two-level factorial.

Task 8-Bench Scale Testing and Evaluations

Coals B2 and D2 were subjected to detailed leaching and optimization tests.
Coal B2

Based on the STABCAL modeling effort and the preliminary test work a Two-Level Experimental
Design Study was formulated for Coal B2. The Coal B design study was formulated to evaluate the
influence of five variables on the removal of sodium from the coal e.g. pH, time, type of ion exchange
reagent, concentration of the ion exchange reagent, and type of acid.
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The specific experimental conditions are presented in Table 21. The range of conditions studied
included: pH 0.4 to 5, time 0.5 to 4 hrs, ion exchange reagents for either ammonium acetate or calcium
chloride 0 20 g/L, and type acid either hydrochloric or sulfuric. Each experiment was replicated once to
satisfy our quality control requirement of reproducibility.

Experimental Procedure
The experimental procedure used for conducting the experiments that were presented in Table 21
follows:

e Place 10.0 gm coal 5 fines in a 200 mL plastic bottle (equivalent to 100 gm/Liter), add 100 mL of
DI water

e Place on the shaker table for 30 minutes, measure and record pH

e Collect sample, filter 20 gm of the solution phase through 0.45 um filter disk into a 20 mL
scintillation vial, add 1.0 g High Purity Concentrated Nitric acid, cap for analysis.

e Be sure to label the sample correctly both in your lab book and on the scintillation vial.

e The above should be your standard procedure for each of the 14 tests

e After the wash test do the following to each solution in each bottle

e Adjust the pH to the desired value with the specific acid

e Record the amount of acid used for each test in your lab book

e If specified by the design matrix add the ion reagent (CaCl2 or Ammonium Acetate), readjust
and maintain pH for the specified time.

e All samples will be ICP analyzed for Na, K, Ca, Fe, Mg, Al

e Some solutions will be sampled at 30 minutes, then again at 4 hours. For those to be sampled at
4 hrs, readjust pH every 15 minutes over the 4 hour period.

e Collect sample, filter 20 gm of the solution phase through 0.45 um filter disk into a scintillation
vial, add 1.0 g High Purity Concentrated Nitric acid, cap for analysis.

Philosophy of Statistical Evaluation
Statistical analyses of the data were conducted using the software Design-Expert Version 8.0 (Stat

Ease 2010). The procedure was as follows:

e The data was input into the statistically designed experimental matrix.

e Atransformation model was selected from seven available options, including none, natural log,
base ten log, square root, inverse square root, inverse, power, and logit.

e The factors considered significant was selected using either a half-normal versus percent
prob