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Abstract

NMR reagents for the speciation and quantitation of labile-hydrogen

functional groups and sulfur groups in coal ligands have been synthesized and

evaluated. These reagents, which contain the NMR-active nuclei 31p, ]19Sn or

195pt, were designed to possess improved chemical shift, resolution over reagents

reported in the lit_ratureo Our effort, s were successful in the case of the new 31p

and l l9Sn reagents we developed, but the 195pt work on sulfur groups was only

partially successful in as much as the grant came to a close and was not renewed.

Our success with 3lp and 119Sn NMR reagents came to the attention of

Amoco and they have recently expressed interest in further supporting that work.

A further measure of the success of our egbrts carl be seen in the nine

publications supported by this grant which are cited in the 'reference list.

Original Hypothesis

The research described in this report was based on the premise tl_at tagging

reagents containing NMR active nuclei such as 31p could be designed to

conveniently speciate and quantitate labile-hydrogen heteratom functional groups

in coal materials.

lntrt_uction

Although reliable analytical techniques have been devised for the analysis of

total organic oxygen 1-3 and sulfurl,2, 4 in coal materials, efforts to identify and

quantit_te the specific organic moieties to which these important heteroatoms are

bound are comparatively poorly developed. Experiments directed at quantitating

generic types of organically bound -OH and CO2H and sulfur include:

_ .Mass balance and/or GC techniques using reagents for -SH,l, 2 -OH,5, 6

C=O, 5 and-OMe 6 groups
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• Infrared analysis of derivatized -OH and -CO2H groups using a variety of

reagentsl, 2 (e.g., D3-methylation, 7 acetylation 8 and silylation 9-12) or of

unfunctionalized9,13,14 hydroxyl groups

• 13C N-MrR spectroscopy oi"acetylated -OH groupsS, 14

• Two-dimensional lH correlation NMR spectroscopy for underivatized ROH,

R2CO and ArOH 15a

• 170 NMR for total phenols, alcohols and ethers 15b

• lH and 19F NMR studies of derivatized amines in coal extracts 1

• lH, 13C and 19F NMR studies of derivatized asphal_nes 16

• 29Si NMR spectroscopy of derivatized coal phenol fractions 17 and of ROH

and ArOH in a crude oil sample is

.29Si, 19F and 3Ip spectroscopy o/'derivatized phenols in coal liquids 19

• lH NMR spectroscopy of adsorbed H20 20 and of trimethylsilylated

hydroxyls21, 22

• 170 NMR spectroscopy revealing -OH, RC(O)H and R2CO peaks ih coal-

derived liquids 23

• lH and 13C NMR studies of phase-transfer methylated -OH, -CO2H and

NH groups 11

• Thermokinetic reduction of sulfur compounds in coall, 2

• XAFS Ibr the determination of aromatic sulfur 2a and TEM for total organic

sulfur 25

• XPS and absorption near edge structure (XANES) for the determination of

- sulfidic and thiophenic sulfur in coal and petroleum asphaltenes 26

: .Gas chromatography for total phenols 27a

• GC/MS for phenols and amines 27b

=
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Whil_ these studies are extremely valuable, they do not identify and

quantitate the specific organic moiety to which the heteroatom is bound, This

situation is understandable for solid coals wherein the heteroatom may be

incor.porated into extremely large organic molecules which present techniques

are not yet sufficiently sensitive to differentiate. A number of investigations have

been aimed at identifying and irl a substantial number of cases quantitating the

specific organic moiety bound to heteroatoms (particularly phenols and amines)

in coal derived liquids. These reports deal mainly either with chromatographic,

mass spectral or NMR techniques, and they achieve their objectives with highly

varying degrees of success:

• Phenols by GC, 28-31 TLC 32 and HPLC33, 34 and by 1H/13C NMR

sp ectro s copi es 35

• Derivatized phenols by 119Sn36 NMR and 19F NMR/GC37, 38

• Phenols and amines by GC 39

• Amines by GC/MS, 40 LC 41 and GC 42

• Derivatized amines by 19F NMR spectroscopy 43

In a number of cases, partial identification of individual compounds in coal

liquids has been achieved, but without quantitation:

,,Phenols via GC/MS and MS_S 44

: • Lactones and ke_.ones by GC/FYI1UMS 45

: -Phenols, amines and thiophenols by CIMS 46

°:Phenols by negative ion MS 47

• Phenols by LC 48a and HPLC 48b

. Phenols by GC/MS 49

: ®Phenols, acids and amines by GC/MS 50

• oDerivatized phenols by 19Si,51,52 and 31p NMR spectroscopies 56



Approaches Used

Labile-Hydrogen Organic Functional Groups. Our own efforts, since entering

this field four years ago, have centered on designing reactive NMR tagging

reagents that impart maximum resolution oi' the labile hydrogen functional

groups, i.e., -CO2H,-OH, NH and-SH. Our objective was to synthesize reagents

that would bond the NMR active nucleus directly to the heteroatom for maximum

chemical shift sensitivity, unlike 19F reagents which place this atom three bonds

away thereby giving chemical shift ranges that are generally only -1 ppm.

Interestingly, 29Si, llgSn and 3lp reagents studied by others do place these atoms

directly on the heteroatom. However, the 2-9SiMe3 tag requires DEPT and INEPTR

pulse sequences to provide reliable quantitative data in its somewhat small 12

ppm range, 57 and cresol isomers cannot be differentiated _4th this moiety.51 The
,

chemical shift range for most phenols derivatized with (Bu3Sn)20 is similar, and

= the conditions of derivatization (azeotropically distilling water formed in the

reaction at elevated temperature in boiling toluene) are less than desfi'able. 'Fne

" range of chemical shifts ibr the -P(O)(OEt)2 and -P(O)Me2 derivatizing moieties,

which also place the 3lp NMR tagging nucleus directly on the oxygen of phenols,

was only 0.63 and 1.18 ppm, respectively. 38

The strategy for our 3lp NMR t_ags was based on our observation that P(III)

compounds tend to have more widely ranging chemical shifts than for analogous
_

PCV) derivatives. Since the previous studies by others involved P(V) compounds

= with ranges of only up to -1 ppm, 38 we evaluated a series of P(III) reagents 58"62 of

which the best for phenols were 1 and 2, giving considerably larger 31p chemical

=
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shit_ ranges of 5.5 and 15.3 ppm, respectively° The reaction of I with phenols is

given as an example in reaction 1. With these reagents we were able to identify

and quantitate 19 phenols in an Illinois No. 6 low-temperature condensate, which

Me _le

o OH+ CI--.-- _"0- I -'py'HCI_" --..--Me
/
Me Vie

accounts for about 60% of the phenols present. 63 Advantages of our reagents are:

• They react quickly and completely under mild conditions (below room

temperature) even with sterically hindered systems. (Relevant here is the

fact that (19F3C)2 C=O does not react with 2,6-disubstituted phenols.)

• The chemical shift dispersion of phenols with 1 and 2 is the lar_cst seen to

date with a 3lp reagent. See Figure 1 for a sample 3lp NMR spectrum.

• The chemical shift dispersion of amines is over 55 ppm using C1-

P(SCH2)2CH2. 62

• These reagents result in different chemical shifts for the same phenol, thus

permitting a cross-check on identification.

• If a chemical shift of a derivative overlaps that of another with one of the

: reagents, it is often resolved by the oth_.r reagent.





• Quantitation of derivatives with one reagent can be cross-checked with the

other.

®Both reagents are sufficiently sensitive to resolve the chemical shifts for

isomeric cresols.

• Peaks for phenols in the 0.5% concentration range can be quantitated with a

precision of +4.5 and +3.2% with 1 and 2, respectively.

• These reagents are quite successful in separating chemical shift ranges of

three major classes of labile hydrogen functional groups as is shown in

Figure 2.

This work has elicited interest on the part of Amoco and Consol. Amoco is

enthusiastic about the possibility of funding further work by us which would have

as one of its objectives the analysis of complex petroleum fractions. We have also

submitted a proposal to Consol.

We then broadened our objective to include the design of reagent 5, which is

isostructural with the well-known silicon analog 6, a very reactive silylating

agent. Although 3 is also very reactive, an X-ray crystal structure determination

revealed configuration 3 wtfich t_atures a long-distance Sn--O interaction

NSnMe3 MeU%siMe3
I
SnMe3

3 4 5 6
.=

(2.737 /_)in the quasi four-membered ring. 65 Compound 4 is particularly well

suited for mild derivatizations in pyridine as a solvent. 64 A second objective for

our llgSn reagents was to overcome the strong sensitivity of the llgSn chemical

shift to concentration. For example there is a >15 ppm ll9Sn chemical shift range

for Me3SnOEt in hexane over a concentration range of 0.3 to 1.3 M, rendering

_

., . ,,r,, * ...... ,,e . _ . , _,,, l, _, ' ^ _' ,P"_' r'_t,,,,, _r ,, ,' 1,p 'r, i_ 'r_lr ir_lp ,_1 i1qJ_,,, ,, , _ , iii1_, _ ,,1_, , ,r r_
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assignments in mixtures of unknown concentrations impossible, We discovered

that in pyridine, however, the 119Sn chemical shift is insensitive to concentration.

These results can be explained by equilibria of the type shown in reactions 2 and

3.65 There are substantial advantages 'that accrue to reagents 3 and 4:

Et

2Me3SnOEt_.. _- Me3snlV'_/SnMe3 (2)
%#-

0
Et

Me3SnOEt

Me3SnOEt+ ...,_ . ...

*The l l9Sn chemical shift ranges for derivatized model mixtures are

unusually large in pyridine (typically three times as great as in hexane).

.These chemical shift ranges in pyridine for phenols and alcohols, for

example, are much larger than for our best phosphorus reagent 2 by a

factor of two and five, respectively.

.Phenols, alcohols and acids derivatized with -SnMe3 and -SnBu3 groups are

completely separated in pyridine (see Figure 3).

+ It also occurred to us that structures such as 7 and 8 are robust owing to the

= existence of three very stable chelate rings. A reagent such as 7 or 8 has no need

C1 NMe2

_ <..-+,,...++
_

7 8
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of a solvent for coordination to the fifth coordination site since the tertiai-y nitrogen

within the chelate ring system is already firmly attached there. As shown in

Scheme 1 we have therefore synthesized 7 and have converted it in one step to the

new derivatizing agent 8, which is stable and crystalline. We have synthesized

model compound derivatives of 8 in order to determine whether the llgSn

chemical shifts are indeed both concentration and solvent independent.

Scheme 1 EtOH
K2CO3

NH2CH2CH2CH2OH + 2C1CH2CH2CH2OH ,.- N(CH2CH2CH2OH) 3

SOC12
C1

Fm_S[n,_ _'_ SnC14 N(CH2CH2CH2MgC1)3 -_ N(CH2CH2CH2C1)3

7

NMe2

= 8

In a recent report, 66 Larsen et al. concluded from solid state 119Sn M_ssbauer

experiments with an Illinois No. 6 sample derivatized with (n-Bu3Sn)20 that the

" tin atoms replaced the labile hydrogens and that the tin (unexpectedly) was in a

five-coordinate environment. The fifth coordination site was presumably occupied

by a nearby coal heteroatom such as oxygen. Our solid state 119Sn NMR results on

a sample of the same coal prepared in exactly the same way indicate the presence

" of four-coordinate, and not five-coordinate tin. (In these experiments, Dr. John=

=2 McClelland aided us in examining the derivatized coals by acoustic FTIR
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sp ectrosccpy). In an effort to clarify this puzzling situation, Dr. Larsen has

kindly sent us some of the same sample used in his earlier study. We have

derivatized it just as he did and again our NMR resalts suggest that we are

looking at four-co,ordinate tin. We have also obtained MSssbauer spectra on our

samples and have concluded that, in agreement with Larsen et al., the tin would

appear to be experiencing five-coordination in the coal. Coal samples de,_'ivatized

with B (wlfich is rigid:y five-coordinate to begin wi*:h)should be subjected to llgSn

NMR and M6ssbauer expc_riments to determine whether or not CP/MAS llgSn

NMR spectroscopy i_ a reliable i,ndication of coordination mnnber.

Moisture in Coal. A proper understanding of the _ature of moisture in coal is

essential to its efficient utilization as well as to developing a better flJndamental

knowledge of coal structure. In broad terms, coal moisture is often categorized

"free" (i.e., surface mo_sture removable by mechanical means such as filtration)

and "inherent" or bed moisture_ Inherent moisture ranges Irom thermally

released capillary moisture to water produced by pyrolytic decomposition of

oxygen-containing functional groups. 67 Wagr sorption isotherm studies suggest

that removal of free wa_er is followed by capillary water which is then followed by

water molecules that are sorbed in layers on surfaces of pores on the order of

few molecular diameters. 67 Monolayer water is associated with oxygen-

containing functional groups by hydrogen bonding.67 Thermally released water

stemnfing _rom decomposition of oxygen-containing groups can occur well below

110 °C for low rank coals and can account for 1-.2% of ,_oal weight, 67 There is

. evidence that chemisorbed water (i.e., _ater associated with hydration of

• carboxylate and phenol groups can be thermally released only at temperatures

above 110 °68 or in refluxing methanol.69 Chemisorbed water associated with

mineral matter may require up to 500 °C for expulsion. 70

i , , ,_ (,,_r
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In addition to oven drying, azeotropic distillation, dessication and chemical

titration67,71 for the analysis of total water content, more recent methods include

microwave techniques, 72 proton spin relaxation measurements, 73 proton

CRAMPS NMR spectroscopy,74 ZR spectroscopy, 75 gmnma ray backscattering7_S

8nd 180 isotope di]u_on.77, 78

Our entry into tb]s field came about as a result of a serendipitous discovery79

made during our search for 3lp NMR tagging agents. Reagent 7 reacts with

water in solution according to reaction 4.19
PY

H20+ 2Ph2P(O)Cl -py.HCt_ Ph2P(O)OP(O)Ph2 (4)

7 8

'ro our knowledge, however, ours is the first reported8O example of water

quantitation irl coals using an NMR tagging technique. Reagent 7 has several

advantages:

oThe stoichiometry of reaction 4 leads to ,the formation of a product (8)

possessing two 3lp nuclei, thr s enhancing accuracy in. the integration of

the peak.

• The reaction is clean and quantitative.

• 'I_e 3lp NMR peak of 8 is well separated fr_m those of peaks associated with

derivatives of other labile hydrogen functional groups.

• Moisture quantitations are precise to +_1.1%for standard solutions.

Using this technique we then studied Argonne Premium Coal samples

(APC's) with a series of extraction solvents in order to determine whether solvent

extraction of H20 as a function of time would tell us anything about, the types of

moisture contained in coal. sI Four APC's (Beulah..Zap, Illinois No. 6, Blind

Canyon and Pittsburgh Ne. 8) were extracted at 23 °C 'with pyridine, dioxane,

dimethoxyethane,, tetrahydrofuran, ethyl methyl ketone and acetonitrile, The
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moisture contents in the extracts were de_rmined after 1/4, 1/2, 1, 2, 4 and 8

hours by 3lp NMR spectroscopy using the tagging reagent C1P(O)Ph2. From the

lowest rank coal, almost all of the water was extracted with pyridine within the

first 15 minutes and for the remaining coals studied this process was complete

after 8 hours. 'The w_ter extracted with the least efficient extraction solvent

(dioxane or dimethox:yether) within 15 minutes for each coal is considered as a

reasonable estimate of the surface moisture. Higher rank coals (Pittsburgh No. 8

and Blind Can:yon) c_.ntain about 50% of their total moisture as surface water,

while as mach as 69 and 88% such water is found for Illinois No. 6 and Beulah-

, Zap coals, respectively. Discrepancies between moisture contents in APC's

determined by drying at 108 °C and by py++idine extraction at room temperature

are accounted for by trapping as much as 25 and 15% of the coal water inside

. nficropores of Pittsburgh No. 8 and Blind Canyon coals, respectively. There was

no water left in the micropores of the. Illinois No. 6 coal aider drying° Upon oven

drying, the Beulah-Zap coal gave ca. 4% more water than could be extrac_ed over aJ

period of 24 hours by pyridine. We attribute this excess moisture to decomposition

of organic matter under oven drying conditions.

Sulfur Groups in Coal. Organic sulfur ill coal and coal-derived materials

generally takes the form of thioether (R2S) compounds and thiophene heterocyclic

systems. Although these types of compounds lack a labile hydrogen, we can take

= advantage of the well-known ability of the sulfur lone pair to coordinate to the
+

platinum(II) cation. We have thus synthesized 9 and 10 as our first candidate_

reagents. We have successfully synthesized a series of thiol derivatives of 9 and
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CI C1 H20-Pt'-N. t) (BF4)2 C6Fs---Pt---O_/--']
t x__2

_ _ - _

9 10 11

measured several of their 195Pt lk_fR spectra. 82 It appears that differentiation

may be possible, although the chemical shifts are currently quite broad. We also

have synthesized 11 which has proven to be the first platinum compound capable

of coordinating a thiophene (see structure below).

6F5 Me

: Literature References (Those marked with an asterisk contain work supported by

this grant.)

1. (a) Attar, A.; Hendrickson, G. G. in "Coal Structure", Meyers, R. A. Editor,

Academic Press" New York, 1_52; (b) Kershaw J. R. Editor "Spectroscopic

Analysis of Coal Liquids", Elsevier: New York, 1989.

: 2. Majchrowicz, B. B.; Yperman, J.; Reggers, G.; Francois, J. P.; Gelan, J.;

Martens, J.; Mullens, J.; Van poucke, L. C. Fuel Proc. Tech. 1.987, 15, 363.

3. Younkin, K. A.; Norton, G. A.; Straszheim, W. E.; Markuszewski, R. Fuel,

• 1987, 66, 1002, and references therein.

_



14

4. (a) Hsieh, K. C.; Wert, C. A. Fuel 1985, 64, 255 and references therein; (b)

Raymond, R. R. in "Coal and Coal Products" ACS Symposium Series, No.

205, American Chemical Society: Washington, D.C.

5. Brooks, Jr D.; SteI_hell, S. Australian J. Appl. Science 1957, 8, 206.

6. Lenz, U.; Koster, R. Fuel 1978, 57, 489.

7. Liotta, R.; Brous, G.; Isaacs, J. Proc. Int. Conf. Coal Sci. 1981, 157.

8. (a) Snyder, R. W.; Painter, P. C.; Havens, J. R.; Koenig, J. L. Appl.

Spectrosc. 1983, 37, 497 and references therein; (b) Yu, S. K. T.; Green, J. B.

Anal. Chem. 1989, 61, 1260.

9. Cannon, S. A.; Chu, C. J.; Hauge, R. H.; Margrave, J. L. Fuel 1987, 66, 51.

10. Bartle, K. D.; Perry, D. L.; WallacL., S. Fuel Proc. Tech. 1987, 15, 351.

11. Rose, K. D.; Francisco, M. A. Energy Fuels 1987, 1, 233.

12o Howarth, O. W.; Ratcliffe, G. S.; Burchill, P. Fuel 1990, 69, 297.

13. Solomon, P. R.; Carangelo, R. M. Fuel 1982, 6L 663.

14. (a) "Yoshida, T.; Tokuhashi, K.; Narita, H.; Hasegawa, Y.; Maekawa, Y. Fuel

1984, 63, 282; (b) Robbins G. A.; Winschel, R. A.; Burke, F. P. Prepr. Pap.

Am. Chem. Soc., Div. Fuel Chem. 1985, 30, 155.

15. (a) Barker, P. J.; Cookson, D. J.; Smith, B. E_ Energy Fuels 1990, 4, 156; (b)

Grandy, D. W.; Petrakis, L.; Young, D. C.; Gates, B. C. Nature, 1984, 3OB,

1'75.

16. Snape, C. E.; Smith, C. A.; Bartle, K. D.; Mathews, R. S. Anal. Chem. 1982,

54, 20.

17. Pazdziorek, T. Chem. Anal. (Warsaw) 1985, 30, 329.

18. Coleman, W. M.; Boyd, A. R. Anal. Chem. 1982, 54, 133.

19. Dadey, E. J.; Smith, S. L.; Davis, B. H. Energy Fuels 1988, 2, 326.

20. Cutmore, N. G.; Sowerby, B. D.; Lynch, L. J.; Webster, D. C. Fuel 1986, 65, 34.
_



15

21. (a) Schweighardt, F. K.; Retcofsky, H. L,; Friedman, S.; (b) Hough, M. Anal.

Chem. 1978, 50, 368.

22. Tuel, A.; Hommel, H.; Legrand, A. P.; Kovats, E. J. Langmuir 1990, 6, 770.

23. Petrakis, L.; Allen, D. "NMR for Liquid Fossil Fuels", Elsevier: New York,

1987.

24. Huffman, G. P.; Huggins, F. E.; Mitra, S.; Shah, N.; Pugmire, R. J.; Davis,

B.; Lytle, F. W.; Greegor, R. B. Energy Fuels 1989, 3, 205.

25. Wert, C.; Ge, Y.; Tseng, B. H.; Hsieh, K. C. J. Coal Qual. 1988, 7, 118.

26. Kelemen, S. R.; George, G. N.; Gorbaty, M. L. Fuel Processing Technology

1990, 24, 425.

27. (a) Ibarra, J. G.; Cervero, I.; Moliner, R. Process Technol. 1989, 22, 135; (b)

Lauer, J. C.; Valles Hernandez, D. H.; Cogniant, D. Fuel 1988, 67, 1446.

28. Schon, M.; Schultz, H.; Do, D. V.; van Hung, N. Erd6l, Kohle, Erdgas,

Petrochem. 1984, 37, 222.

29. Kusz, V. Erd6l, Kohle, Erdgas, Petrochem. 1970, 23, 575.

30. Buryan, P.; Macak, J.; Nabivach, V. M. J. Chronmtogr. 1978, 148, 203.

31. Bradley, C.; Car_ahan, J. W. Anal. Chem. 1988, 60, 858.

32. Thieleman, H. Fresenius L. Anal. Chem. 1988, 331, 623.

33. Sparacino, C. M.; Minick, D. J. Env. Sci. Technol 1980, 14, 880.

34. Chao, G. K. J.; Suatoni, J. C. J. Chromatogr. Sci. 1982, 20, 436.

35. Farnum, S. A.; Farnum, B. S. Anal. Chem. 1982, 54, 979.

" 36. Raffi, E.; Faure, R.; Louis, L.; Vincent, E. J.; Metzger, J. Anal. Chem. 1985,

=. 57, 2854.

37. Bartle, K. D.; Matthews, R. S.; Stadelhofer, J. W. Appl. Spectrosc. 1980, 34,

615.



t

16

i

38. Pomfret, A.; Bartle, K. D.; Barret, S.; Taylor, N.; Stadelhofer, J. W. ErdOl,

Kohle, Erdgas, Petrochem. 1984, 37, 515.

39. Cararnao, E. G.; Gomes, L. M. F.; Bristoti, A.; Lancas, F. M. Fuel Sci.

Technol. Int. 1990, 8, 173.

40. Tomkins, B. Am;Ho, C. H. Anal. Chem. 1982, 54, 91.

41. Otagawa, T. J. Chromatogr. 1986, 360, 252.

42. BurchilI, P.; Herod, A. A.; Pritchard, E. J. Chromatogr. 1982, 246, 271.

43. Bartle, K. D.; Matthews, B. S.; Stadelhofer, J. W. Fuel 1981, 60, 1172.

44. Moeder, M.; Zimmer, D.; Stach, J.; Herzschuh, R. Fuel 1989, 68, 1422.

45. Olson, E. S.; Diehl, J. W. J. Chromatogr. 1989, 468, 309.

46. Miller, D° J.; Hawthorne, S. B. Fuel 1989, 68, 105.

47. Strachan, M. G.; Anderson, G. B.; Porter, Q. N. Org. Mass Spectrom. 1987,

22, 670.

48. (a) Burke, F. B.; Winschel, R. A. Anal. Chem. 1987, 59, 2586; (b) Liphard, K.

G. Edr6l, Kohle, Erdgas, Petrolchem. 1984, 37, 516.

49. White, C. M.; Li, N. C. Anal. Chem. 1982, 54, 1570.

: 50. Novotny, M.; Strand, J. W.; Srnith_ S. L.; Wiesler, D.; Schwende, F. J. Fuel

0 1981, 60, 213.

51. Rose, K. D.; Scouten, C. G. American Institute of Physics Conference

Proceedings 1981, 70, 82.

52. Seshadri, K. S.; Young, D. C.; Cronauer, D. C. Fuel 1985, 64, 22.

53. Konishi, K_;Mori, Y.; Tamguichi, N. Analyst (London) 1969, 94, 1002.

54. Ho, F. F. L. Anal. Chem. 1974, 46, 496.

55. Matthews, R. S.; Stadelhofer, J. W.; Bartle, K. D. Erd_l, Kohle, Erdgas

" Petrochem 1981., 34, 173.



Q

17

56. Stadelhofer, J. W.; Bartle, K. D.; Matthews, R. S. Proc. Int. Kohlenwis_. Tag.

1981, 792.

57. Dereppe, J.-M.; Parbhoo, B. Anal. Chem. 1986, 58, 2641.

58. _,chiff, D. E.; Verkade, J. G' Metzler, R. M.; Squires, T. G.; Venier, C. C.

Appl. Spectrosc. 1986, 40, 348.

59° Wroblewski, A.; Markuszewski, R. and Verkade J. G. Am. Chem. Soc. Div.

Fuel Chem. Preprints 1987, 32, 202.

*60. Lensink, C. and Verkade, J. G. Prepr. Pap. Am. Chem. Soc. Div. Fuel Chem.

1988, 33, 906.

61. wroblewski, A. E.; Lensink, C.; Markuszewski, R. and Verkade, J. G. Energy

and Fuels 1988, 2,765.

*62. Lensink, C. and Verkade, J. G. Energy and Fuels 199{}, 4, 197.

*63. Wroblewski, A. E.; Lensink, Co; Verkade, J. (]. Energy Fuels, 1991, 5, 491.

*64. Verkade, J. G.; Ye, M. C. Abstracts, 200 th Meeting, American Chemical

Society, Washington, D. C., 199{}, INOR 30.

*65. Ye, M.-C.; Verkade, J. G., submitted for publication.

_. Larsen, J. W.; Nadar, P. A.; Mohammadi, M.; Montano, P_ A. Fuel 1982, 61,

889.

67. Allardice, D. J.; Evans, D. G. in "Analytical Methods for Coal and Coal

- Products", Vol. 1, Karr, K., Academic Press: New York, 1978.

68. Schafer, H. N. S. Fuel 1980, 59, 295.

69. Hippo, E. J.; Neavel, R. C.; Smith, S. E.; Lang, R. J.; Miller, R. N. Prepr.

Pap., Am. Chem. Soc., Div. Fuel Chem. 1987, 32(1), 179.

70. Riley, J. T. American Laboratory 1983, 15, 17.

71. Ode, W. H. in "Chemistry of Coal Utilization", Lowry, H. H., Ed., Wiley: New

York, 1963.



b

18

72. (a) Chrusciel, E.; Kopec, M.; Turek, B. Przegl. Gorn. 1990, 46, 11; Chem.

Abstr. 1990, 113, 234370z; (b) De, K. S. Fuel 1988, 67, 1020; (c) Klein, A.

Aufbereit. Techn. 1987, 28, 10; (d) Bachman, C. Aufbereit. Techn. 1989, 30, 77.

73. Graebert, R.; Michel, D. Fuel 199{}, 69, 826.

74. Hoffman, W. D.; SchaUer, T.; Michel, D. Fuel 1990, 69, 810.

75. Miyauchi, V.; Nenn:_o Kyokaishi 1984, 63, 932.

76. Burek, R.; Wojcik_ V. Z. I-Mitt. 1983_ 69, 175.

77. Olson, E. S.; DieM, J. W. Prepr. Pap. Am. Chem. Soc. Div. Fuel Chem. 1988,

33, 415.

78. Finseth, D. Prepr. Pap. Am. Chem. Soc. Div. Fuel Chem. 1987, 32, 260.

*79. Reinartz, K.; Verkade, J. G. Meeting Abstracts, International Chemical

Congress of Pacific Basin Societies, Honolulu, 1989, INOR 596.

*80. Wroblewski, A. E.; Reinartz, K.; Verkade, J. G., En_.rgy and Fuels, accepted

for publication.

"81. Wroblewski, A. E., Verkade, J. G., manuscript in progress.

*82. Rahman, A. K. F.; Verkade, J. G., submitted for publication.






