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ABSTRACT

I AI_ accurate knowledge of the oxygen-bearing labile tlydroget_ functional

groups (e.g., carboxylic acids, phenols and alcohols) in coal is required

for t-oday's increasingly sophisticated coal. cleaning and he neficiatioI_

t-- ................ 1

processes. Phospholanes (compounds having the general structure -POCtt2CtI20

(l)) are a class of compounds being investigated as reagents for the tagging

of labile llydrogen functional groups in coal materials with the NMR-active

31
P nucleus. Of twelve such reagents investigated so far, 2 (2-ci_loro-l,3-

di o>:nphosphol.ane, Cl15OCIt2CH2(_) and 8 (2-chl.oro- 1,3-dithiaphospholane,

ClPSCtt2CIt2_) have been found to be useful in identifying and quantitat, ing,
31

by P NMR spectroscopy, labile hydrogen functional groups in an Illinois

No. 6 coal. condensate. Reagent 2 has also been u-_ed to quantritate moistur(.

in pyridine extracts of Argonne Pre.mium Coal Samples. Preliminary ll9sn NMR

spectroscopic results on model compounds with the new reagent CF3C(O)NtlSnMe 3

(N-tril,,:ethvlstannvltrifluoroacetamide, 14) suggest thot lnbile t_y<tr,,_ge1_

" t,_l_ct-ional groups in coal materials may be more precisely ide_-itit-i_d with 14

tha_ with phospho].anes.
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OBJECTIVE

The purpose of this research is to develop a convenient, reliable and

rapid NMR method for the determination of ].abile-hydroge_ functional groups

which are components of coal and coal-derived materials. For this purpose,
'I

these functional groups, including water molecules, are derivatized with

roagents containing NMR-active nuclei such as 31p or ll9sn. Know].edge of

the heteroatom composition of coals is necessary for the development of

iI_creasingly sophisticated coal processing technologies.

INTRODUCTION

The presence in coal of heteroatoms such as oxygen, sulfur, and nitroge1_

is i.mportant in determining the processing methodology to be utilized.

Because of this, a knowledge of the forms in which these heteroatoms occur

in coal is required I. Thus, for example, oxidation of coal during

weathering has a potentially serious economic impact on coal recovery by

surface-based coal cleaning processes 2, and also on its caloric contet_t-3

Moreover, the phenolic and carboxylic acid functionalities created during

weathering have an adverse effect on froth flotation owing to the influence

these groups have on the wettability and electrokinetic properties of coal 4.

F'o_lrier transform phosphorus-31, nuclear magnetic resonance (NMR)

.'-;t_'ctroscopy has 1.ong bee.n routine for the qualitati.ve det_,cti.on of various

species in both liquid an_J solid materials 5 Quantitative applicat, io_s,

t_owever, are still in the embryonic stage of development. The same is true

of 11"qSn NMR spectroscopy. The 3lp and ll9sn nuclei are highly sensitive to

t lleir chemical, environments, displaying wide chemical shift ranges. The NMR

,'_bsorpti.ons are generally quite narrow in solution, thus allowing

differentiation among compounds having nearly the same chemical

_,r_'.'ironments. In the solid state, chemical shifts are gel_erally broader by

several order._ of magnitude than in solution because of ct_omical shi[t

anisotropy. We have obs_*rved, however, that solid model conlpounds and coal.:_

derivatized with phosphorus reagents, although still appearing to be so]id,_;
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.,lt('v" dc,v-iv;_tiz:,_ ic))_, (:_',l, di._.;p]_',y rather n_trrow i._;otr_,i)ic :;i_itt._;

,'lJ,_r,lctev-istic of liquids. Tl_is pote_tially advantage'oil:.; t>l,,'iiomc'I_on i,'.;

,,pl_,qrev_tly due to greater freedom of t:he derivatizi_F, ,lc, i, t i<,:;.

l,),('C('lll IV, W(' ]i;IVc) diI('clod ()tlt" c'[j()l;l_.'-; tO .q(']t,c:(il)l') ,'II ()i)l Jll)_.illl lltIll)l)(,l" ()!

phosphoi:us reagents from the class of compounds known as; pl_ospholalms (1 i_

r'igure 1). The selection of 2, 3, and 8 from tl_e twelve (2 - 12) we

iI_vestigated 6'7 was based on the ease (room temperature) witl_ which these

reagents react with the labile-hydrogens in phenols, carboxylic acids,

alcohol.s, amines, and thiols and their ability to present well-resolved 31I'
_°

NbiR spectra for the various model compounds studied.

This groundwork enabled us to complete Phase I and Milest-one I of our

FWP for FY 1989, namely the quantitative analysis of model compound mixtures

u._:ingreagents 2, 3, and 8. Substantial portions of Phase II and Milestone

3, namely the qualitative and quantitative analysis of conl condensates and

c_xtracts, have also been accomplished 8'9 The 31p spectrum in Figure 2 of a

Inixture of phenols derivatized with reagent 8 reveals the c,:.:cellent

resolution of chemical shifts realized with this reagent.

From our last quarterly report I'0, it will be recalled tllat we discovered

serendipitously that reagents such as 2 and 3, when in excess, react with

wnter in pyridine to give the products shown below 6. Alt:hougll other methods

for detern)ining moisture contents of coal exist (see Inst q_,nrterly

m

H_ /o---- (_)
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Figure I. Structures of Phosphorus-Containing Reagents;.
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i(,l>_,lt)l() , ], J,_blR[(.,'lltli(lU_.'s apl,(';ll" t() |lave b(,(,;l re.'.trictL'(! Lo .';ota(' early ii

r(.,soz_ance measttrements. To our knowledge, no reports have appeared in whic.l_

het eronuclear NMR spectroscopy has been applied t:o the (teter,lil/;it:i(_t_ of.

moi._;ture in pyridine extracts of coal. Since moisture ill solid co_l _tt'ect:;

its beneficiati.on, cleaning and value as a fuel, it: is necessat'y that we

(,ve.1_t:ual.ly gain a more precise knowledge not only of" precise water contents

hut also how water is distributed in coal for example as surface moisture,

physically absorbed water and chemisorbed water. Potentially, our NHR

" approach tends itself to differentiating among these types of moistures in

solid coal.s,

'_,

ACCOMPLISHMENTS

We have confirmed our suspicion described in the last quarterly report 10

that relatively high water concentrations in pyridine extracts of coal lead

t:o an artificially low intensity of the 31p NMR peak associated with the

desired product in reaction I. Table I contains data acquired from further

re.finement of our optimal conditions II. From these experiments, we conclude

that the optimal water concentration in pyridine is actually in the range of

2 ms/mL rather than the 4 mg/mL that was reported earlier. The deleterious

effect of higher water concentrations appears to be due to precipitation of

pyYidine hydrochloride (formed from HCI and pyridine) with which the desired

p1:oduct in reaction 1 is co-precipitated. At low water co;_centrations, less

IlC] is produced and the pyridine hydrochloride formed remains in the

so]ution. Concentrations of water substantially below 2 mg/ml_ are

undesirable since the larger number of NMR scans requires Ionge.r spectral

ncq_lisltion times, during which further reaction of the product of reaction

I with reagent 2 appears to occur (see last quarterly report) 10 The use of

ii,{,solid re.ference tris(2,3,6-trimethylpheny].) phosphi,te in place, of the

l i(t,l](t t.ri-T2-butyl, phosphite did not alter the precision of t.hese results.

During this quarter, further moisture determinations were carried out.

with a North Dakota Beulah-Zap coal (Argonne Premium Coal Sample, No. 8)

:-;lace the values re.ported in the last quarterly report 10 were e.'-:tremely low

compared with the ASTM D3302 method. In Tabl.e. II, col. lected data for two

mest_ sizes and two pyridine extraction times for this coal are. found. ]t: i.s

(.'.learthat the longer extraction time leads to higher moisture contents.

Tilis finding accords with that of previous workers 12 who reported that

lignite-type coals require longer oven heating to drive off moisture, than

...... ' _ _TII
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3l
'l'at_le I. P NMR Ana[ysi.s of Standar,t Pyridille/ll20 S;imples tJsil_g 2.

Deviation From

Amount: of: Water Amount of Water l)oviatT. Lor_ Galc.u]_ate.d Avg.
Expt:. Present (mmol/inL) Calculated (mmol/mg) (re]., %) (tel., %)a

Sample 1 0.404 0.361 -1C).64 }0.32
0.357 • 11.76 -0.93

0. 362 -10.40 +0.60

Sample 2 0.220 0.207 -5.92 4.0.08 .
0.206 -6.38 -0.40

0. 207 -5.69 +0.32

Sample 3 0.091 0.090 -1.75 -2.00

0. 093 +1.53 +1.27

0. 092 +0.98 +0.73

Sample 4 0.090 0.088 -1.34 -1.05

0.090 ±0.00 +0.30

0.090 +0.45 -}0.75

Sample 5 0.070 0.069 -0.57 i0.00

0_071 +2,44 4.2.90

0,067 -3.59 -2,90

Sample 6 0,024 0.026 +/4,51 -2,05

0,027 +8.61 +1.79

0. 026 +6,97 +0,26

a Mult:iple integrations on same sampl.e.

hi.gher-rank coals. The moisture contents for the four-hour extractions tend

t:obe higher than the ASTM values. This could be due to greater

effect_iveness of the extraction/NMR method in releasing chemisorbed water or

possibly to a contribution from decomposition of oxygen-containing

functiona] groups in lignite coals which are reported to occur even be.low '.

100 oc 1 2 The. latter seems unlikely since the ASTM and extraction methods

*'r_cl,tire temperatures that are rough]y in the same range (105 ° and 115 ° ,

respectively). Moreover pre]iminary experiments with benzoic acid reveal

that anhydride formation (reaction 3) under our extraction conditions does

not appear to be ,a problem.
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'l':ll_l(_ II. Moist.ure Determil_atLon of a NorLt_ I),'lkoca Beulall-Zap Coal (Argonl__
Premium Coal Sample).

.....

Moisture Contct_t

' I'yl' i _1i tl_'

1' NHR I,:x/ I,'_rl i1_,,
Lit.a ASTM D3302 Spectroscopy 'rime
(_) (_) (z) (z)

-100 32.24 31.39 26.25 2
29.77

32.76 37.80 4

36.75

37.37

33.00 4

31.44

32 47

-20 32 .24 32 .75 25 .19 2

24.67 2

34.29 35.36 4

34.43

38.46 4

39.55

a K. S. Vorres, Users Handbook for Argonne Premium Coal Sample Program.

' _ (RCOa)20 + H20RCO2H _ _ (3)

'l'}lerelease of chemisorbed water by our method (as is believed to be the

• case in azeotropic distillation of coals with xylene or toluene 13a'14) is

more likely to be the cause of the high moisture contents in Table II.

b Further investigations are warranted in order to clarify these results and

also to determine via solid state 31p NMI_ spectroscopy whether or not the

l)yFidine-extracted coal residue is free of water. While a given coal

(;xtt-acti.nTable II gives reproducible results from the two or t[_Yee NMR

._;amplc,s taken from it, separate four-hour extr'action experiments do not.

Becau,_;ethe coal samples used for extraction are relatiw,_].y smal] (ca. 150

itlg)sample inhomogeneity on this scale may be a problem and this question

sl,ould be resolved.
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The substantial solvent dependencies descri|>ed in the la'st report lO for

t]le 31p chemical shifts of model compounds derivatized with reagents 2 and 8

_'_Lll(I l_ot be verified in repetitive experim(_nts, lt ,'lpp_,,'_r:; tl_nt tll_,

_.','ll'l i_.,t" NMR Ill(_l_-;lll'("lll("ll[.S W6'I'(: r(,l_(lpl-_,(I ,t,i tol_eotl.'-; |).y ,J Ill;l¢']lill_' I,J_,l)l¢,ln wl_i._.'l_

li;is now been remedied, ghil.e thet'e still, t'ema[ll cll. fterenc(,s o[ up to 1.5

ppm for some derivatives of 8 between CDC13, and pyridine, t:hese, are not

very remarkable and wil.1 not be pursued further.

31
Additional work on P NMR spectra of derivatized solid mode], compounds

and coals described in the previous quarterly report I0 was temporarily
O

suspended during this quarter. In the previous report, it was noted that

reagent 13 (Me2N_.......--IOCH2CH2 O) was favored over 2 because of its clean reaction

with a model polyalcohol and s model polycarboxylic acid, giving a single

31p NMR absorption in the exFected trivalent phosphorus region, floweret, in

addition to such a peak in a solid sample of Illinois No. 6 coal, numerous

resonances c|laracteri.stic of pentavalent phosphorus we.re also se(,n, lt- i'_

_ot. believed at this point that the mineral content of the coal is

responsible for the appearance of the latter peaks, since preliminary

results indicate they are less numerous and less intense the drier the coal

sample. This lead is being pursued. It should be noted that thus far,

paramagnetic species in mineral contents have not detectably broadened our

.solution or our solid state 3lp NMR spectra. Because Sn(IV) is an even more

sensitive NMR m'mleus than phosphorus and which does not change oxidation

state as easily as phosphorus, we have also begun to develop a ll9sn NMR

t:ap._g,ing reagent. We have pre.pared the new compound 14 in high yields by two

me thods '

EtaN
(3)

MeaSnCl + F3CCIO)NH2 > FaCC(OINHSnMe3 (66%)

I -Et3NHCI 14NaO..H F3CC(0)NH2
/ Me3SnOH > !4 (75%) (4)



A:; we expected, 14 reacts with labile hydrogen functional groups under mild

conditions. Thus a].cohols, phenols, and acids are nearly rluaI_titatJ.vely

cc_llv_,rted to t:heic correspollding t. ill de. riv;lt_iv_,s ,_t: ]'ochre tompec,'_t.uce ,

;,cc_rding to the stoichiometry indicated _n reaction 5. Since. oul" analysis

HCC13

OOH + 14 > OOSnMes

-CF_ ( 0 ) NH2 ( 5)

o., R, Ar, RC(O),ArC(O)

of coal materials will take place in the presence of excess reagent, the

conversions will undoubtedly be quantitative for all practical purposes,

,al_though this remains to be proven.

119
Preliminary studies with model compounds have informed us that the Sn

NMR sllifts of derivatives sdch as MeC(O)OSnMe3, EtOSnMe 3 and PhOSnMe 3 have

chelaical shifts that lie within a range of only about 4 ppm in hexane, and

moreover the shifts are quite concentration dependent (e.g., 15 ppm over a

range of 0.i to 1.3M for EtOSruMe3). However, in pyridine, the solvent in

wllich we plan to carry out our coal material analyses, this range widens to

llighly encouraging 17 ppm, with the welcome bonus that the chemical shifts

are completely conceiltration indepenaent. Presumably the I19S, n NMR shift

sensitivity to concentration in hexane stems from the poor donor ability of

thi_s solw_nt coupled with the proclivity of tin to become five-coordinate.

Tlle latter is accomplished with the oxygen heteroatom lotle pairs in

neighboring solute molecules. This effect is e×pected to be concentration
B

depenctent. Pyridine, on the other hand, is a good donor solvent,,,

efficiently complexing the tin atom in all the solute molecules over a wide

ran_,e oi concentrations (0.05 to 3M in the case of PhOSnMe3, for example).

Before proceeding to pyridine soldtion nmr studies of coal condensates and

pyridi.ne extracts of coal derivatized with our new ll9sn reagent, we will

f!irst record the 119 Sn NMR shifts of a series of model compounds derlvatized

with 14 in pyridine in order to establish a data base.

The greater spread of chemical sl_ifts of ll9sn in py1:i(linesolutions

tl_an of 31
P shou].d al]ow us to identif.y the ocganic substituents on a given

labile hydrogen functional group even more precisely. This ll9sn NMR
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will the.n be extended t:o solid coal samples. A ttioroug}lt _,clllli quo kl/owledt;e

,,1 tile oxygen functional group content and 'e:_vironmeiit is crucial, to
1

¢:fftcie.nt processing _irld beneficiation of coal.
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