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The highlightsofthepreviousreportwere:

1. Vacuum impregnationofIll.No. 6 withPBu3 raisedthe sulfurremovalfrom

92% to 99%.

2. Pre-dryingthecoaldoesnotalterthisresult.

3. Whereas partialsulfurremovalby PBu3 from dibenzothiopheneiscatalyzed

by Ill.No. 6,graphiteisnota catalyst.

4. Whereas FeCl3 catalyzesquantitativesulfurremoval by PBu3 from

dibenzothiophene,zerovalentironsolubilizedasFe(PBu3)xinPBu3 isnot.

5. An initialattempttoperformHDS on Ill.No.6 catalyzedbyPBu3 failed:

PBu3 X coal(S)SPBu3 coal

6. The 31p NMR peak at32 ppm tentativelyassignedtoHPBu3 + was placedin

doubt owing to its persistencein the presence of our superbase

P(MeNCH2CH2)3N.

7. Optimum HPLC parameters were establishedfor SOH and ASOH oils

(CONSOL coalresids).

A, On theNatureoftheCatalysisof_fion

I. Donna Hill coal. "__iQ_, I-3 summnr_ze our rather surprlsmg results. The
• 0.", • _ ,r;,/f.' . . .

firsttwo reactionswe___d outW_1_or vacuum impregnationofthePBu3.
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Interestingly, the impregnation procedure in the case of reaction 1 gives no

improvement of sulfur removal.
PBu3

57.0%S removal (I)

=n0catalyst (ran I, Table DPBu3
DonnaHill _ 70.0%S removal (2)

_ AICI3 catalyst (run 2, Table I)PBu3
67.6% S removal (3)

Ni2B catalyst (ran 3, Table ID

2. IlIinois No. 6, Using Ni2B as a catalyst, only 40.12% sulfur was removed as

SPBu3 (run 4, Table I). This is puzzling in view of reaction 3 and the fact that we

can remove 92% of the sulfur from Illinois No. 6 coal under the same conditions

with no catalyst. It may be that in the present case Ni2B is partially converted to

NiS. Why this would be less of a problem with the Donna Hill sample is not clear.

8. Dibenzothiophene ('DBT). Reactions 4-10 summarize our results to date. We

now know that both Fe ° and Fe 2+ are not catalytic, whereas Fe 3+ is. We thought

this suggested that the metal could be acting as a hard Lewis acid (rather than a

covalent complex-forming species). However; A]C13 is not catalytic suggesting

that an Fe(III) species is specifically required. This conclusion is supported by

the fact that we were able to see the 31p NMR signal of SPBu3 despite the

paramagnetism of Fe 3., perhaps saggesting the formation of a strongly ligated

DBT-Fe(III) covalent complex, whereas in the attempt to use FeC13 as a catalyst to

desulfurize Ill. No. 6 (previous report) the 31p NMR signal for the SPBu3 in the

extract was too broad to measure. Thus any complexation with thiophenes would

have to occur in the solid coal (which was filtered off) and DBT-free FeC13 would be

present in the liquid extract to cause paramagnetic broadening of the SPBu3 peak.



PBu3, _ 0% S removal (4)
no catalyst (previous report)

PBu3 _ 27.5% S removal (5)
Ill. No. 6 as (previous report)
catalyst

PBu3
0% S removal (6)

graphite catalyst (previous report)

DBT PBu3 , _ 0% S removal (7)
Fe° catalyst (previousreport)

PBu3 _ < 5%S removal (8)
FeCI2catalyst (run 5, Table I)

PBu3 = 100%S removal (9)
FeCI3catalyst (previous report)

PBu3 -_ 0%S removal (10)
A1CI3catalyst (previous report)

]8.On the_¢nli_csnceofthe-32ppm sipNMR Peak inPBua.Treated_.

I. IlLNo. 6 Pretreatment with NaOH. Thiscoalwhen treatedwith3N NaOH

beforethereactionwith PBu3 givesup only15.22%ofitssulfur(run6,TableI).

Thiscontraststhe92% S removalwithoutsuchpretreatment(previousreport).It

isalsothecasethatthe31p NMR peak at32 ppm inthesolidcoalisnow ofvery

low intensitycomparedwith no such pretreatment.This seems tobe consistent

with theassignmentofthispeak toHPBu3 . and more importantly,an implied

roleforthe acidicspeciesin the coal(i.e.,phenolsand carboxylicacids)in

desulfurization.Itisinterestingthata prominentpeak assignedto OPBu3 also

appearsinthecoalshowingthatcoalde-oxygenationalsooccurs.

2. Methylated Ill.No. 6. The objectivehere was to substantiatethe above

conclusionby convertingallacidicprotonsto innocentmethyl groups. The
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literature procedure involves treatment of the coal with Bu4N+OH - (to neutralize

the protons as H20) and then to methylate the RO-ions by MeI. As expected, the

sulfur removal upon subsequent treatment with PBu3 was low (11.4%, run 7,

Table I) but surprisingly the 32 ppm peak in the solid remained. We tentatively

attribute the latter result to incomplete deprotonation by aqueous Bu4N+OH- in the

first step. We have substantiated this tentative conclusion by treating an hi. No. 6

sample (pre-reacted with PBu3) with our superbase P(MeNCH2CH2)3N. We

indeed observed formation of HP(MeNCH2CH2)3 N+ in the 31p NMR spectrum,

demonstrating that protons were indeed still available.

3. Donna Hill Pretreated with PhOH. We had hoped to realize enhanced sulfur

removal from this coal by vacuum impregnating it with PhOH before the PBu3

reaction. This does not seem to work (run 8, Table I) since the same amount of

sulfur is removed as without the phenol pretreatment. This could indicate two

possibilities: (1) acidic protons do not play a role in desulfurizing this coal with

PBu3, (2) the impregnation material would have to be more acidic (e.g., PhCO2H).

It is also interesting that the solid coal residue contains no peak at 32 ppm,

suggesting the possibility that the phenol was rapidly extracted by the PBu3 and so

became toodilutetoaidinthedesulfurization.

4. IllinoisNo,6Treatedwith PBus and P(MeNCHsCHs)sN. IllinoibNo.6 samples

treatedwithPBu3 and thenwithoursuperbaseP(MeNCH2CH2)3N reveala peak

at -11ppm characteristicoftherobustHP(MeNCH2CH2)3N + cation.Itappears

thatthepeak at32 ppm decreasesinintensity,suggestingthatthispeak couldbe

duetoHPBu3 +.

C. The sipNMR Peak at-3ppm.

1. Donna HillCoaL Thispeak isalwaysseenin coals,with a wide varietyof

phosphorusreactants,includingP4. We have speculatedthatitarisesfrom a



. 5

[(coal)C-O]3P=O species. How this massive redox reaction occurs is puzzling,

although there are examples of reactions of organophosphorus compounds

breaking their C-P bonds in the presence of 02 and radical sources. The latter, of

course are indeed present in coals. The source of the oxygen in coal is not clear.

It seems unlikely to be 02 and we thought it might come from OH bonds. The fact

that we see this 3 ppm peak in Donna Hill reacted with PBu3 but do not detec_ the

32 ppm resonance suggests that [(coal)C-O]3P=O species forms from an oxygen

sourceotherthan OH (unlessitisa very non-acidicOH such as alcohols)or thatit

arisesfrom etherlinkages.Itisnot likelythatthe [(coal)C-O]3P=Ospeciesforms

fasterthan protonationoccurs,sincethe latterreactionsare always very rapid.

Curiously, a peak at 30 ppm does show up in Donna Hill pretreated with

anhydrous AICI3 beforereactingitwith PBu3. Could thisbe CI3AIPBu3? This

would be consistentwith the peak at 32.73 ppm seen in the PBu3 extract(run 2,

Table I).

2. IllinoisNo. 6 CoaL To add furthermystery tothe situation,the 3 ppm peak is

missinginmethylated Ill.No. 6 afterthe PBu3 reaction.This would suggestthat

thispeak does arisefrom OH oxygen. Clearlymore work needs tobe done on this

problem. Washing an IllinoisNo. 6 sample (prereactedwith PBu3) with H20/THF

appears to decreasethe intensitiesofallthe peaks, suggestinghydrolysisofthe

[(coal)C-O]3P=Ospeciesaswellas the HPBu3 + cation.

D. SolidState119SnN]VIRSpegtroecopyofDeri_ IllinoisNo. 6 Coal

1. Bu3SnOSnBu3 as the Derivatizing Agent. We have confirmedour resultthat

the reactionofOH groups in rllinoisNo. 6 with (Bu3Sn)20 givestwo ll9Sn NMR

bands in the solidderivatizedsample centeredat 110 ppm. These peaks arein the

four-coordinateregionof Sn (presumably Bu3SnO-coal) and are contradictoryto

the observationin a Moessbauer study of an absorptionin the five-coordinate
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regionwhich was rationalizedon the basisofthe coordinationofa nearby oxygen

in the coal(e.g.,Bu3SnO-coal (HO-coal)).An attempt to forcefive-coordination

was made by impregnating the derivatizedsample with PhOH and PhCO2H.

Again, only the peaks in the tetracoordinateregionwere seen,but in the case of

PhCO2H treatment,one ofthe bands decreasedand the other resonance became

sharper and shiftedslightlyupfield,perhaps because of exchange of the coal

oxygen-_n bond foran oxygen inPhCO2H.

2. CISn(CHsCHsCHs)sN as the Derivatizing Agent. Interestingly, the solid state

llgSn NMR spectrum of the title reagent shows three (possibly more) peaks 0.3

kHz apart. This splitting may arise from 119Sn-35C1 J coupling which has also

been seen in C1SnI3. The corresponding spectrum of an Ill. No. 6 sample

de_vatized with the title reagent is essentially the same, suggesting that no

reaction occurred.

E. SIpNMR _m_c_-'um ofa Consol Coal Resid.

The polarfractionofa Consol coalresidwas analyzedwith reagent I.

CtP_ C
O

I

Preliminary results reveal resonances consistent with the presence of the

compounds below:
Mc

I

Nic Mc n-hcxanol Mc Mc

OH H



F. High togmpv.

HPLC analysis of coal liquefaction oils obtained from Consol, Inc., was

continued.

1. Effect of Acidic Mobile Phase on Resolution. Glacial acetic acid (1%) added to

both eluting solvents (H20 and THF) resulted in no improvement of resolution of

the three samples examined.

2. Installation of a Longer Column. The 100 mm reverse-phase column was

replaced with a 200 mm column for better resolution. The new optimized

conditions for the ASOH oil are:

a. solvents: H20 and MeCN

b. gradient-elution time-table:

rain" 0 59 60 70 75 90
r_ || , ,,,, , , , ,| , ,,,

% MeCN: 10 75 95 95 10 10

c. flow rate: 1 m.lYmin

d. sample: 20 _L

e. wavelength: 215 nm

f. T: 25 °C

3_ Fractionation of Polar Fraction of ASOH OiL A Foxy 200 Isco fraction collector

was assembled and connected to the HPLC instrument. The polar fraction of the

ASOH oil was isolated by the SPE procedure and concentrated (10:1 by wt) by

evaporation of the solvent (THF). A 20 _L sample of the concentrate was injected

and fractionated. The fraction collector was programmed using time windows

corresponding to the peaks in the chromatogram. The 13 subfractions will be

analyzed by 3p NMR using reagent 1.
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G. Fuml_ Work

1. Since paramagnetism precluded analyzing for sulfur (as SPBu3 in the extract)

intheIll.No.6 treatedwithPBu3 inthepresenceofFeCI3,a Lmlfuranalysisof

theextractshouldbe done.

2. To efficientlymethylate Ill.No. 6, a vacuum impregnation with

P(MeNCH2CH2)3N/Et20 should be carriedout followedby vacuum

impregnationofMe3OBF4/Et20 (orMeI) followedby vacuum dryingand PBu3

treatment.This shouldgiveus more certaintyon the roleof protonsin

desulfurization.

3. Oxidized DBT (i.e., the sulfoxide and the sulfone) should be treated with PBu3

to determine if OPBu3 and DBT are formed. Ttds would tell us if weathered

coals could be desulfurized with PBu3.

4. React Ill. No. 6 with PBu3 in the presence of Ni2B and H2 to determine if

catalytic HDS can be effected.

5. Verify the 31p NMR analysis of the ASOH oil using a 119Sn reagent.

6. React Ill. No. 6 with Me2NSn(CHsCHsCH2)3N and obtain the solid state 119Sn

NMR spectrum to determine if this reagent is more reactive than the chloro

analogue.

7. Carry out HPLC analyses of model phenols.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoling by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.
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Table I. Reactions with PBu__:..

Run No. Reactants PBu3 Reaction Conditions 31p Chemical Shifts a % Sulfur Removal

(ppm) (relative)

1 Donna Hill 250 °C, reflux, 2 d 48.56, 47.28 57.03

2 Donna Hill 250 °C, reflux, 2 d 63.39, 56.96, 70.02

anhyd. AICI3 prior vac. impreg. 48.27, 32.73

3 Donna Hill 250 °C, reflux, 2 d 48.40, 44.76 67.57

anhyd. Ni2B

4 Ill. No. 6, 250 °C, refl, 36 h 48.48, 44.73 40.12

anhyd. Ni2B

5 DBT, anhyd. FeCI2 250 °C, reflux, 20 h 48.56, 32.59 < 5%

6 Ill.No.6 pretreated 250 °C,reflux,2d 48.43,44.21 15.22 t

7 Ill. No. 6, MeI 250 °C, reflux, 2 d 48.47, 44.02 11.39

via vac. impreg.

8 Donna Hill, vac. 250 °C, reflux, 2 d 48.61, 46.92 57.01

im_ with PhOH/Et20 prior vac. im_

aPeaks due to internal standard Ph3PMeI and excess PBu3 seen in all cases.
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