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1. ABSTRACT

OBJECTIVE: The objective of this research is to apply electrokinetics to remove colloidal
coal and mineral particles from coal washing ponds without the addition of chemical additives.
Colloidal particles do not settle gravitationally, but because their surfaces are charged one can
produce settling by applying an external ekcfiic field. Of specific interest is a lake near
Centralia, Washington used to wash coal prior to combustion in an electrical power generation
facility. Laboratory experiments have demonstrated that electrokinetic treatment is feasible, so
this project is examining how to scale up laboratory results to an industrial level. Electrode
configurations, power requirements, and system properties are being studied.

WORK DONE AND CONCLUSIONS:
Preliminary work by the PI was done in the first three months, and graduate student
involvemefit began ~ter graduate students were recruited in October 1995. ~ laboratory test
tank has been designed, and computerized data acquisition instrumentation and software
(Labview) has been acquired, programmed and tested. Power supplies and other
instrumentation have been obtained and are being installed. Instrumentation for the
measurement of particle sedimentation velocities and particle concentrations by light-scattering
techniques is currently being designed and built. Measurements of the lelevant properties of
the water and colloids have been made, including particle zeta potentials, particle sizes and the
electrical conductivity of the lake water. A major effort involved the selection and design of
the electrodes needed to generate the electrical field. The most suitable solution appears to be
the use of woven sheets of carbon used in the aircraft industry to produce composite polymeric
materials, but a polymeric coating must first be removed. The electrodes should be inert to
avoid contamination of the process water by the products of electrochemical reaction. It is also
important to avoid gas evolution at the lower electrode to prevent undesirable convection in the
sedimenting slumy. Preliminary experiments are addressing the problems of the current
densities and potentials needed to remove the colloidal particles at an acceptable rate while
minimizing gas evolution and power consumption. Theoretical analysis of the process has
been initiated.

SIGNIFICANCE TO FOSSIL ENERGY PROGRAM: Coal-washing facilities
represent a significant source of water pollution in coal-producing areas. The removal of cod
and mineral fines by electrokinetic methods produces clean process water which can be
recycled without the addition of chemicals such as the floccula.ntsused in sewage treatment.
The process equipment can be expected to be simple in design, and for water containing
relatively small amounts of dissolved solids the power requirements should be small.
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PLANS FORTHCOMING YEAR:
●

●

●

●

Laboratory apparatus will be completed and tested, and measurements of sedimentation rates ‘
will be made for various particle concentrations.
Paran-xmic studies of current densities, potential differences and other system parameters
will be carried out.
Techniques will be developed for examining the “microscale” of the process, including
measurements of the local electrical fields.
The effects of system parameters on the power requirements will be explored.

II. HIGHLIGHT ACCOMPLISHMENTS

As the project has only been in operation for six months, the major accomplishments are ahead,
but design work and the development of a data acquisition system have been completed.
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Determine the product(s) and the pathway of the novel redox reaction that appears to

m+
DBT

quantitatively remove sulfur from

used as a catalyst.

reflux
PR~ ~ S=PR3 + ?

(no solvent)
(3)

dibenzothiophene (DBT) when R = Bu when FeC13is

Impregnate sulfir-laden coals with FeJ+ to ascertain if the PR3 desulfurization rate

increases.

Determine the nature of the presentIy unextractabIe phosphorus compounds formed in solid

coals by PR3.

Explore the efficacy of PR3/Fe3+in removing sulfur from petroleum feedstocks, heavy ends

(whether solid or liquid), coal tar and discarded tire rubber.

Explore the possibility of using water-soluble PR3 compounds and Fe3+to remove sulfur

fi-ompetroleum feedstocks and heavy ends in order to remove the SPR3 (and Fe3+catalyst)

by water extraction (for subsequent .HDS of the SPR3).

Explore the possibility of using solid-supported PR3 compounds @us Fe3+catalyst) to

remove sulfur from petroleum feedstocks and heavy ends in order to keep the oil and the

SPR3 (formed in the reaction) in easily separable phases.

Results

In this document we report that the highly basic phosphine A, which was developed
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in our laboratories and is now commercially available, is an unusually powerful desulfurizing

reagent for a variety of organosulfir compounds, but not for benzothiophene, dibenzothiophene

or coal.

The Use of A as a Desulfbrizin~ Agent. The desulfurization of organosulfur compounds with

trivalent organophosphorus reagents has been studied for more than four decades. For exarnpIe,

one or more of the reagents triphenyl phosphine,*-5trisdimethylaminophosphine,4>&8

trisdiethylaminophosphine~’-lo triethylphosphite,i trimopholinophosphine4>7 and

tributyIphosphinel 1>12have been employed to convert trkdfides to the corresponding disulfides

or monosulfides, &keto sulfides to ketones, and sulfenimides to arnines in moderate yields.

Triall@ phosphines can be used to remove sulfiu from thioethers,13 thiols*4 and organometallic

dithiocarboxylates; 15trisdiethykuninophosphine effects reaction 1; triphenylphosphite effects

reaction 2; 16and very recently thiol groups have been reductively eliminated photochemically

from L-cysteine derivatives in the presence of triethylphosphite and triethylboron. 17
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In the course of our ongoing investigations on new synthetic applications of the

exceedingly strong nonionic base and catalyst A first reported from our laboratories 18-20and now

sold commercially by Strem Chemicals, we found that B could be formed from A in the presence

A

~-

,Me

S g, n-pen~e, rt ~sP+~~ZJMeMLIJ

(3)
hTa,tetradecane, 160 “C, 2 h

N
B

of sulfur.21 Recently, we found that B could be desulfurized with excess sodium in refluxing

toluene or in tetradecane at 160 ‘C. These results suggested a potential application of A in

desulfbrizing organosd?ur compounds in a cyclic process since A can be recycled as shown in

eqn. 3. Here we report desulfhrizations with A under mild conditions.

Ushg 1.0 equiv of A, trkdfides were desulfkrized primarily to disulfides with

monosulfides as minor products at room temperature and the formation of B as the only other

product (entries 1-3, Table 1). With more than 2.0 equiv of A, benzyl trisulfide was desullirized

to benzyl monosukfide via benzyl disulilde (entry 4, Table 1). Disulfides such as propyl, butyl,

methyl benzyl and benzyl disulfides were efficiently desulfhrized to monosulfides at room

temperature or at 40 “C (entries 6, 10, 13 and 14, Table 1). Increasing the steric hindrance of the

disulfide obviously decreased the desulfi-uization rate (entries 7 and 12, Table 1). Although

(Me2N)~P was effective for desulfiuizing trisulfides to disulfides and some activated

monosulfides to sulfur-free compounds,4>Git showed much poorer desulfhrizing efficiency than A

under the same reaction conditions (entries 5, 8, 9 and 11, Table 1). Using excess (Me2N)3P,

benzyl trisulfide was desulfirized to benzyl disulfide (39.6%) and benzyl monosulfide (42.9%)

in THF at room temperature within 25.5 h, but under the same conditions it was quantitatively

desulfurized to dibenzyl monosulfide by A within 3 h (enties 4 and 5, Table 1). For disuifides,

.
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(MezN)gP led to poor desulfhrization efficiencies (entries 8,9 and 11, Table 1). Phenyl disulfide

could not be efficiently desulfurized at room temperature by A and raising the temperature led to

the formation of C (entry 15, Table 1). The 31PNMR spectrum of the reaction mixture of phenyl

disulfide with A in tetradecane at 160 “C revealed a major peak at 45.1 ppm in addition to a

small peak at 76.3 ppm (assigned to B). Acidi&ing the same reaction mixture with IN HC1led

c

E-

D
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to the formation of phenylthiol which was detected by GC/MS analysis. Interestingly, propylene

sulfide in the presence of A lost sulfhr to give propene in high yield at room temperature (entry
.

16, Table 1).

Thiocyanates were desulfurized to their corresponding cyanides (entries 1,2, Table 2). In

the reaction of ethyl thiocyanate with A at room temperature, D (331P = 50.7 ppm) and B were

formed in roughly equivalent amounts accordingto31P NMR integration, but raising the

temperature decomposed D to ethyl cyanide and B presumably via nucleophilic attack of cyanide

anion at the Et-S bond. A and N+jhenylthio)phthalimide reacted cleanly at room temperature

forming E quantitatively .22 Analogues of E wherein the cation is ArSP(NMeJ3+ (Ar = Ph orp-

MeCb&) have been suggested (on the basis of transient 31Pchemical shifts at -60 ppm) as

intermediates in the desulfi.uization of the corresponding thioaryl phthalimides:23
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‘s+JQ+p(NMsp(N‘4)
o 0

Even triphenylphosphine sulfide was desulfhrized in moderate yield by A (60%, entry 4, Table

2) indicating that A is the stronger desulfixizing reagent. However, benzothiophene,

- dibenzothiophene and Illinois No. 6 coal were not desulfhrized by A under conditions employed

herein nor at elevated temperatures.

Conclusions

Compound A is a more powerfid desulfurizing agent than its acyclic counterpart

.P@Mez)3 and it is also more potent than PPh3 in this respect. This observation is attributable to

partial donation of electron density from the axial nitrogen to the phosphorus in a transannular

interaction that can enrich the electron density on phosphorus, which in turn allows A to act as a

stronger nucleophile for sulfur. However, the nucleophilicity of A is not sufllciently strong to

remove sulfhr from benzothiophene or dibenzothiophene. We had thought that the compact

cage-like nature of A might allow this molecule to penetrate the pores of a coal such as Illinois

No. 6. If A could remove sulfur from coal by a catalytic mechanism (for which we have some

evidence using PBu3) then A might function more effectively in this regard than PBu3.

However, this is unfortunately not what we observed and in the next report we will describe the

results of our return to the main objectives of this project.

It should be noted that the PI received an unsolicited invitation from the organizers of the

Symposium on Microscopic Studies of Coal and Carbon to giv~ a paper24at the 216*hACS

National meeting held in Boston in August of 1998.



Experimental Section. Under argon, 1.0 mmol of substrate was added to a solution of A in the

solvent and the reaction was carried out under the conditions stated in Tables 1 and 2. The

reaction mixtures were subjected to GC, GC/MS or 3*PNMR analyses.
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Table 1. Desulfurization of alkyl sulfides with sodium.

substrate solvent temp/time product’

~c/h) yield (%)

(n-CGHlS)2S

(n-C3HlT)2S

(n-C1zH25)zS

(c&I,o)sb

(CSHb)Sc

PhCH2SMe

PhCH2SMe

PhCHzSSMe

PhCH2SSMe

PhCH2SPh

PhCHzSPh

C1oH&h

CloH12S2h

1

2

3

4

5

6

6

7

7

8

8

9

9

tetradecane

tetradecane

tetradecane

toluene

toluene

rnesitylene

te~adecane

mesitylene

tetradecane

toluene

tetradecane

tetradecane

tetradecane

254/8

254/8

254/23.5

110/7

110/4

164/4

25414

164/4

254/4

llo/5.5f

25415.5

140/5.5

254/5.5

n-c6H14 (90.0), n-c6H]3sH (5.0)

n-cgHlg (97.5), n-c8H17sH (< 2.0)

n-ClzHz(j(> 99.0)

cyclohexene (> 99.0), cyclohexane (< 0.1)

CH3CH=CH2 (> 99.0)d

PhNle (89.0), PliEt (10.9)

PhMe (72.1), PhEt (27.4)

PhMe (16.6), PhEt (3.4)7 (PhCH2)2(50.9)’

PhMe (44.3), PhEt (5.8), (PhCH2)2 (48.4)’

PhiMe(24.0), PhSH (22.0), (PhCH2)z (0.7)g

Ph.Me (95.0), PhSH (1.0), PhzCH2 (1.1), (PhCH2)2(0.6)g

PhMe (21.6), Ph-Bu (< 1.0), (PhCHz)2 (75.0)i

PhMe (49.2), Ph-Bu (< 0.5), (PhCHz)z (50.0)i

aGC analysis, 100% conversion. b(C6Hlo)S= cyclohexene sulfide. C(C3H6)S= propylene sulfide,

3.2 mmol. ‘Conversion > 99.OVO.‘Methane is presumably produced. ‘25.5’XOconversion. ‘PhH

was”detected but not quantitated owing to its volatility. ‘C 10H12S2= 2-phenyl- 1,3-dithiane,

‘Propane is presumably produced.



Table 2. Desulfurizatiori of alkylthio compounds with sodium.

substrate temp/times conversion product

~clh) (%) yield (Yo)

S(CH2CH20H)2 10

S(CH2CH2CH20H)2 11

thiomorpholine 12

1,4-thioxane 13

thiochroma-4-one 14

PhCHzSH 15

PhqCSH 16

PhCHzSCN 17

PhCH#3CN 17

PhS02CH=CHPh 18

PhSOzCH=CHPh 18

~54/4

254/5

254/7.5

254/8

164/5.5b

254/13.5

254/1 8

140/5

254/5

110/6’

254/6

100

100

100

100

100

85.2

100

100

100

100

100

CH3CHZOH(95.5)

CH3CHZCHZOH(90.0)

EtzNE?(> 95.0)

Et20 (> 95.0)

PhCOCzH5 (> 99.0)

PhMe (64.5), (PhCH2)2 (20.5)

Ph~CH (69.9), (Ph~C)2 (27.3)

PhMe (6.4), (PhCH2)2 (90.0)

PhMe (21.1), (PhCHz)z (76.5)

PhCH=CHz (95:0), PhSH (< l.O)d

PhCH=CHz (95.0), PhSH (1L5)d

‘Unless otherwise stated the solvent is tetradecane. bMesitylene. ~oluene. ‘The PhS02 moiety

is presumably transformed to other unidentified compounds plus PhH which was detected but

not quantitated owing to its volatility.


