Class 3

Advanced Coal Characterization Techniques




Business
* Schedule
— BYU tour on Wednesday

— U of U tour on Friday (van needed?)
— IPP Tour

« Comments about book
— Not your normal textbook
— Good reference material
— Very heavy on organic chemistry
— Do your best in the time allotted!



Reading Questions

1. Please summarize the types of data used to formulate proposed coal
molecules.
2. For NMR, PyMS, Extraction, and FTIR techniques, discuss the following:
a. Relative cost of the instrumentation

b. General types of information available (species considered, range of MW, % of
coal observed, etc.)

c. Limitations/cautions about the data obtained
d. Rough idea of how the experiments are performed

3. What is the "mobile phase", and what evidence is there for this mobile phase
in any of the four techniques from question 17?

4. Please stare at the Py-FIMS data in Figure 4.28 and describe the differences
between coals. Don't forget to look at the scales on the y-axes.

5. Please compare the yields of extracts and depolymerization products in
Table 4.37 with the spectra obtained on the different fractions in Figs. 4.45-
47. What is learned about the structure as a function of coal type from these
data, and what fraction of the coal does it represent?

6. Please compare the types of data from the NMR analyses with the types of
data obtained from the FTIR analyses. For similar types of data, please
compare the numbers obtained from the two techniques. Which do you
believe, and why?



Characterization Techniques

. Py-FIMS (Figure 28)

« Extracts/Depolymerization
— Table 37
— Figures 45, 46, 47
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Py-FIMS

Figure 28. Integrated py-FI mass spectra (50-750°C) of Beulah-Zap (a, M, = 292), Wyodak
(b, M, = 338), lllinois #6 (¢, M, = 368), Blind Canyon (d, M, = 336), Lewiston—Stockton (e,
M, = 327), Pittsburgh (f, M, = 324), Upper Fremont (g, M, = 368), and Pocahontas #3 (h,
M, = 359). Heating rate 100 K/m (Simmleit et al., 1992).



Extraction

TABLE 37. Alumina Column Fractionation Yields of Pre-extracts
and HT-BCD Products (daf wt. % of coal)

Illinois #6 Pocahontas #3 Blind Canyon Beulah-Zap

Pre- HT- Pre- HT- Pre- HT- Pre- HT-

Fraction extract BCD  extract BCD  extract BCD  extract BCp

Aliphatic 0.89 23 0.05 1.0 3.80 6.4 0.19 24

Neutral PAH® 2.10 9.2 0.10 7.4 397 12.4 0.56 1.2

Polar-1 ] 3.16 2.1 0.49 10.2 Std 2.6 1.04 232

Polar-2 10.65 44.7 0.16 34 7.56 34.2 0.41] 214
Total wt. %

of coal” 16.8 58.8 0.8 22.0 18.9 55.6 22 542

—

“PAH = polycyclic aromatic hydrocarbons.
" Reported on a dmmf basis.
Source: Carlson et al. (1992).
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Figre 45, Cagillary gas chromatograms of the HT-BCD products. Aliphatic fractions of (a)
Beulah-Zap, (b) Tllinois #6, (c) Blind Canyon, and (d) Pocahontas #3 coals. Chromatographic
conditions: temperature programmed from 310 to 570 K (40 to 300°C) at 3 K min™" after a 2-
min isothermal period. Peaks marked o represents n-alkanes (Carlson ef al,, 1992),
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Figure 46. Capillary gas chromatograms of the HT-BCD products. Polycyclic aromatic hydrocar-
bon fractions of (a) Beulah-Zap, (b) lllinois #6, (b) Blind Canyon, and (d) Pocahontas #3 coals.

Chromatographic conditions given in Fig. 45. Numbered components given in Table 38 (Carlson
et al., 1992).
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Figure 47. Capillary gas chromatograms of the HT-BCD products. (a) Polar-1 and (b) polar-2

fractions of Beulah-Zap. Chromatographic conditions: 310-520 K (40-250°C) for (a), (b) at3
K min~' after a 5-min isothermal period. Numbered components given in Table 29.



NMR Analysis
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Empirical Relationship to Get # of C/Cluster
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Figure 6. Plot of the mole fraction of bridgehead carbons, x,,
vs C where C is the number of carbon atoms per aromatic cluster.
The solid curve is for the combined model, the upper dashed curve
is for the circular catenation model, and the lower dashed curve
is for primary catenation model.



Chemical Structure Relationships

M uster = Ccluste’r I\/I\Ncarbon
1:a Xcarbon
m5 — M cluster Ccluster I\/I\Ncarbon
o+1

o+1 = coordination number
(avg. number of attachments per cluster)

Attachments = side chains + bridges + loops (not hydrogen)



Representative NMR data for a Pittsburgh No. 8 coal and chars

Residence Time (ms)
Sampling Distance (mm)
Mass Release (% daf)

Aromatic carbon, fo = fq + fa*
Carbonyl, f€
Aromatic carbon, carbonyl subtracted, f,
Protonated aromatic carbon, f/
Non-protonated aromatic C, fV =faF + 55+ f,B
Aromatic carbon with O attachment, f,*
Aromatic carbon with alkyl attachment, f5
Aromatic bridgehead and inner carbon, fz8

Aliphatic carbon, fg;
Aliphatic CH and CHp, f/!
Aliphatic CH3 and non-protonated carbon, fa/*
Aliphatics with oxygen attachment, f4?

Proton spin-relaxation time, T;p/ar (ms)

Total carbons per cluster
Aromatic carbons per cluster, C
Aliphatic carbons per cluster

Total attachments per cluster, o+/
Bridges and loops per cluster, B¢
Side chains per cluster

Fraction of intact bridges per cluster, p

Average cluster molecular weight
Side chain molecular weight
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Table I11. Carbon Structural Distribution of the Argonne Premium Coals®

COﬂl [- fn' [nc f-H an f.p fns an fd falu fd‘ fdo
North Dakota (L) 0.61 0.54 0.07 0.26 0.28 0.06 0.13 0.09 0.39 0.25 0.14 0.12
Wyodak (SB) 0.63 0.65 0.08 0.17 0.38 0.08 0.14 0.16 0.37 0.27 0.10 0.10
Blind Canyon (HVB) 0.65 0.64 0.01 0.22 0.42 0.07 0.15 0.20 0.35 0.22 0.13 0.04
Illinois No. 6 (HVB) 0.72 0.72 0.00 0.26 0.46 0.06 0.18 0.22 0.28 0.19 0.09 0.05
Pittsburgh No. 8 (HVB) 0.72 0.72 0.00 0.27 0.45 0.06 0.17 0.22 0.28 0.13 0.15 0.03
Stockton seam (HVB) 0.75 0.75 0.00 0.27 0.48 0.05 0.21 0.22 0.25 0.14 0.11 0.04
Upper Freeport (MVB) 0.81 0.81 0.00 0.28 0.53 0.04 0.20 0.29 0.19 0.09 0.10 0.02
Pocahontas (LVB) 0.86 0.86 0.00 0.33 0.53 0.02 0.17 0.34 0.14 0.08 0.06 0.01
Zap" (L) 0.66 0.58 0.08 0.21 0.37 0.08 0.16 0.13 0.34 0.21 0.13 0.10
Rosebud® (SB) 0.63 0.53 0.10 0.16 0.37 0.07 0.14 0.16 0.37 0.20 0.17 0.08
Illinois No. 6° (HVB) 0.71 0.67 0.04 0.24 0.43 0.09 0.19 0.15 0.29 0.17 0.12 0.03

* Fractions of sp*-hybridized carbon (error estimate): f, = total carbon (=£0.03); f, = in an aromatic ring (=£0.04); .C = carbonyl, 4 > 165
ppm (=£0.02); /% = protonated and aromatic (=£0.03); f,¥ = nonprotonated and aromatic (=%0.03); £, = phenolic or phenolic ether, 4 =
150-165 ppm (=%0.02); f,° = alkylated atomatic, 5 = 135-150 ppm (==0.03); /,° = aromatic bridgehead (==0.04). Fraction of sp*-hybridized
carbon (error estimate): [, = total carbon (=£0.02); f," = CH or CH; (=%0.02); f,* = CHj; or nonprotonated (=~+0.03); /,° = bonded to
oxygen, 6 = 50-90 ppm (=£0.02). ®An oxidized sample obtained from Advanced Fuel Research.

Table IV. Aromatic Cluster Size of the Argonne Coals
from the Combined Model®

coal xs» AC/Cl att/Cl MW
North Dakota (L) 0.17 9 3.9 277
Wyodak (SB) 0.29 14 D.¢ 410
Blind Canyon (HVB) 0.31 15 D.q 359
Illinois No. 6 (HVB) 0.31 15 B0 316
Pittsburgh No. 8 (HVB) 031 15 dg 294 From Solum et al.,
Stockton seam (HVB)  0.29 14 4. 275 Energy & Fuels (1989)
Upper Freeport (MYB)  0.36 18 5.9 302
Pocahontas (LVB) 0.40 20 4., 299
Zap® (L) 0.22 11 4.5 339
Rosebud® (SB) 0.30 15 5.5 459
Illinois No. 6 (HVB) 0.22 11 4.6 267

®xp = mole fraction of bridgehead carbons (error ~ £0.06).
AC/Cl = number of aromatic carbons per cluster (error = %3).
att/Cl = number of attachments per cluster. MW = total molec-
ular weight of a cluster. ®An oxidized sample obtained from Ad-
vanced Fuel Research.
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Representative chemical structures identified
in 13C NMR analyses of coals
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Aromatic Clusters

from Fletcher et al., Energy & Fuels (1992)



Representative chemical structures identified
in 13C NMR analyses of coal chars

Q Carbon Brldge ‘
Side Chaln (8) l Oxygen Brldge '

Biphenyl g
Bridges

Aromatic Clusters

from Fletcher et al., Energy & Fuels (1992) Ar
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MW per Side Chain (M)
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Synthesis
(from spectra below)

Spectra of Pittsburgh
Bituminous Coal

Aliphatic CH

Aromatic CH vl

1
oyt O o e Af‘

Ether and C-O m

Carbonyl and ? VAN A

r T T T T 1 1 T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber

Figure 2.5. Synthesis of infrared spectrum. (Figure used with permission from Solomon, 1980)

FTIR



FTIR Data

TABLE 40. FTIR Functional Group Analysis on the Argonne Premium Coals (wt. % dmmf)*

Aromatic hydrogen® Carbonyl
Hydrogen® Carbon Oxygen
Jor Units e —
Coals H, How H,, Hew HoH., 1Ad] 2Adj] more Ca (Abs. X em™)  Opy Oue
l. Upper Freeport (mvb) 343 011 208 562 0.37 0.66 0.71 0.71 2287 0.63 1.7 0.75
2. Wyodak (subC) 303 033 173 509 0.34 0.52 0.78 0.43 20.20 23.86 525 5.0
3. Hlinois #6 (hvCh) 341 023 207 57 0.36 0.69 0.78 0.60 2273 4.48 375 225
4. Piusburgh (hvAb) 360 016 207 583 0.36 0.67 0.80 0.60 24.00 0.86 2.5 1.88
5. Pocahontas #3 (lvb) 1.97 006 219 422 0.52 0.60 0,73 0.86 13.93 1.92 1.0 1.25
6. Blind Canyon (hvBb) 479 016 190 6.85 0.28 0.51 0.80 0.58 31.93 8.70 25 4.0
7. Lewiston-Stockton (mvb) 348 023 212 583 0.36 0.67 0,67 0.79 23.20 3.59 3.75 1.75
8. Beulah-Zap (ligA) 202 034 1.58 394 0.40 0.46 0.74 0.37 13.47 24.67 5.5 50

“ Except carbonyl: relative peak arca.

‘H..=m.%hy&omnaliplutichydmgen.ﬂou-M.%hyﬂnpnuhy&o:ylhydmgm.ll_:m.%hydmgenmmhdmmmkmc.-u%min
aliphatic groups, Ogy = wi. % oxygen in hydroxyl groups, and O, = wt, % oxygen in ether groups.
‘1 Adj = one adjacent hydrogen which is attached to an aromatic carbon; 2 Adj = two adjacent hydrogens attached to an aromatic carbon.

“ Peak height at 1700 cm ™' (arbitrary units),

Sowrce: Solomon et al. (1987b, 1990¢).
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FTIR Data on Argonne Premium Coals
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Figure 48, Distribution of hydrogen functional group structures of FTIR. ¥

Figure 49. Distribution of oxygen functional group structures by FTIR.



Baxter, Fletcher, Ottesen

Energy & Fuels 1988, 2, 423-430

Spectral Emittance Measurements of Coal Particles'*

HgCdTe DETECTOR

¢ FOCUSING
LENS

INTERFEROMETER

Figure 1. Schematic diagram of experimental apparatus used
to determine spectral emittance of particles.



Typical Coal Spectra

Energy & Fuels 1988, 2, 423-430

Spectral Emittance Measurements of Coal Particles'*

Table I. Identification of Chemical Functional Groups
Responsible for Spectral Peaks Found in Coal Samples®

o8

0.8 +

Emittance

07

06 F

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')
Figure 2. Spectral emittance of a 40-um hvA bituminous coal

(PSOC 1451) at 171 °C. Chemical functional groups responsible
for the emission peaks are labeled. See Table L.

0.6

wavenum- alphabet-

ber, em™ ic code(s) chemical functional groups
3700-3300 a, b -0H and -NH stretching
3030 ¢ aromatic C—H stretching
2940 d aliphatic C-H stretching
2025-2860 e aliphatic C-H; stretching
2370 f atmospheric CO; interference
1865 g unknown
1700 h C==0 stretching
1600 i “coal” peak
(probable aromatic ring structures)
15001400 ] aromatic C=C stretching
aliphatic -CH; asymmetric deformation
aliphatic -CH, scissor deformation
1370 k -CH; symmetric deformation, eyclic -CH,
1250-1020 -0 phenolic and aleoholic C-0 stretching
grugmtic and aliphatic C-0-C stretching
In—
B50-T750 p-r polycyvelie aromatic skeleton
700 8 aromatic -CHj

¢ Compare with Figure 2. Most assignments were adopted from
Berkowitz!? or van Krevelen.!



Bituminous Coal vs Char Spectra (Pitt 8)

Energy & Fuels 1988, 2, 423-430

Spectral Emittance Measurements of Coal Particles'*
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Figure 4, Spectral emittance of 115-um bituminous coal particles

(PSOC 1451) at 182 °C. Compare with Figure 2.
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Figure 7. Emittance spectra of originally 115-um bituminous

coal particles (PSOC 1451) after 50% mass loss by devolatilization.

The parﬁcla temperature during the emittance measurement was

182 °C.

Message:

Chars have lost functional groups, emissivity becomes more gray.




FTIR Data

TABLE 40. FTIR Functional Group Analysis on the Argonne Premium Coals (wt. % dmmf)*

Aromatic hydrogen® Carbonyl”
Hydrogen® Carbon ——  Oxygen
3or Units —_—
Coals Hi How H, He HJ/H. 1A 2Ad more C,  (Abs. Xem™") Opy Ou
1. Upper Freeport (mvb) 343 011 208 562 037 066 071 071 22, 0.63 175 075
2. Wyodak (subC) 303 033 173 509 034 052 078 043 20 23.86 525 50
3. Illinois #6 (hvCb) 341 023 207 571 036 069 078 060 22 4.48 375 225
4. Pittsburgh (hvAb) 360 016 207 58 036 067 080 060 24 0.86 25 188
5. Pocahontas #3 (Ivb) 197 006 219 422 052 060 073 086 13 1.92 1.0 125
6. Blind Canyon (hvBb) 479 016 190 685 028 051 080 058 3l 8.70 25 40
7. Lewiston-Stockton (mvb) 348 023 212 583 036 067 067 079 2. 3.59 375 175
8. Beulah-Zap (ligA) 202 034 158 394 040 046 074 037 I3 24.67 55 50

* Except carbonyl: relative peak arca.

’H..-wt.‘bhy&opennaliﬁmichydmn.ﬂa.-m%hyﬂnpnuhy&oxylhydmgm.ll.=M.‘l’hydmgenamchadln ic groups, §y = wi. 5% carbon in
aliphatic groups, Ogy = wi. % oxygen in hydroxyl groups, and O, = wt, % oxygen in ether groups.
‘lMj=undjmhy&ogunwbidaisuud\edwmmiccm;2Mj=madjmhydrogensamﬂndloan ic carbon.

“ Peak height at 1700 cm ™' (arbitrary units),

Sowrce: Solomon et al. (1987b, 1990¢).
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Si-tich=0.04%  Panicle density = 1.23 gem’ ¥
alumino fgypsum = 0.01% (40) Modecular and Macromolecular Stnacture (extraction and depolymerization)
unknown = (0.56% (33) ) .

toial major minerals & 10 I e vicld = 29.8% - aliphatic = 0.29%, N-PAH = 2.00%
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= ilkyl substituted naphihalenes miz 210 phenzene-methanol with CHCly = 5.0%
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l-(l:%mpgvo L. componcat depolym: HT-BCD depolymerization—N/A

M, = 321, Tou= 470°C
- low molecular mass range dominated by C, Calkyl phenols
and tewralins and benzofurans, less abundant dihydrox ybenzenes,
~ medium and high mass range mainly A,C,EF scries and cyclophenanthrencs myz 274

Figure 58. Chemical and structural analysis of Pittsburgh bituminous coal (dry, coal mass %
basis), (Measurements made on Argonne premium samples. Refer to original work of 14 sets of
authors shown in text. Symbols defined in text and nomenclature.)

Summary sheets
(Lee Smith liked these)

Caution:

Figures 60 and 61 have
different captions, but have
the same figures and data
(for Blind Canyon)



Summary

Analytical Instruments Destructive Methods

 NMR « Extraction
. FTIR — Solvents
. XPS — HT-BCD
* Pyrolysis
« MS « Mild oxidation (RuO)
« GC

- HPLC



Concluding Remarks

* Why did we focus so much in the class on

coal chemical structure, when this is a coal
combustion class?

* Next class: Lab Tour at BYU

* Following class: Physical properties of
coal



