
IllJJ_ °_¸_ IIuI_,32I1111_
° IIIII_
i._ ,._

11111_.25lllli_I1111_ii11_





_.L__

INVESTIGATION OF COAL STRUCTURE

.. _,_._

_ _ _ _-_ _ DOE Contract No. DE-AC22-92PC91047

- o v,_ _,, _o"_- "- _ ° Quarterly Report
_ _ _ .=,_.._= =____,, n (4/1/93 - 6/30/93)

_ _ 8 _ = .__ e _ U.S. Department of Energy
= .-- = Pittsburgh Energy Teehnology Center

o _ O o m o

z_ ._ _ __ P.O. Box10940
. __- , o _ _ Pittsburgh, PA 15236

i ,..'_ _ _.o'= _

July 1993

Viking Systems International
2070 William Pitt Way
Pittsburgh, PA 15238

"US/DOE Patent Clearance is no.___trequired prior to the publication of this document"

MASTER
_._-rmJm| IT_C'_NIt"3FqHiS DOCUMENT IS UNLIMITED



¶.:.

TABLE OF CONTENTS

No. Page

1.0 INTRODUCTION 1

2.0 SYSTEMATIC STUDY OF THE RETENTION OF
EXTRACTION SOLVENTS ON COAL SAMPLES 2

2.1 Retention of Phenol on Different Ranks of Coal Samples 2
2.1.1 Experimental Procedure 2
2.2 Effect of Temperature on Retention of NMP and

Phenol on PI of DECS 16 Coal 2

2.2.1 Step-wise Procedure to Study the Retention of NMP (or Phenol)
on PI of DECS 16 Coal using Microreactor Experimental Setup
at Higher Temperatures 2

2_3 Effect of Duration on Retention of Phenol on P1 of DECS 16 Coal 5
2.4 Results and Discussion 7

3.0 ASSOCL_TED NAq'ZIRE OF EXTRACT SOLUTION 7

3.1 Experimental Procedure 7
3.2 Results and Discussion 8

3.2.1 Basic Relation of Viscosity 8
3.2.2 Effect of Temperature 10
3.2.3 Effect of Additive 10
3.2.4 Effect of Concentration 12

REFERENCES 15



•I .

1.0 INTRODUCTION

The goal of the present work is to conduct multi-stage sequences of extraction experiments

and direct solvent swelling measurements of raw and extracted coal to study in a greater

depth the role of intra- and intermolecular interactions in the structure of coal. Beyond

the fundamental interest in the structure of coal, there are potential benefits for m_proving

coal hquefaction processes. If the extent of physical interactions, in relation to covalent

bonds, is greater than has been assumed to date, then it should be possible to choose the

process conditions of the initial stage of coal liquefaction processes which will aid coal

dissolution and will contribute to a relaxation in the severity of the subsequent hquefaction

stages. The focus of the work will be on a specific bituminous coal low in sulfur and iron.

This choice comes from recent evidence which suggests that some forms of iron in coal may

induce reactivity at low temperatures. Also, the temperatures and pressures chosen for

extraction experiments and solvent swelling measurements will be far below the ones used

in typical coal liquefaction to prevent the occurrence of any reaction, i.e. cleavage of

covalent bonds.

Before conducting a systematic study of multi-step extraction of coal, it is necessary to

determine the retention of solvents (to be used for extraction) onto the coal samples. The

percentage retention of these solvents will be used to obtain actual extraction yields of coal

samples. A few results on retention of 1-methyl-2-pyrrolidinone (NMP) on different ranks

of dried, pyridine extracted, and o-methylated coal samples were presented in the last

quarterly report (1/193 - 3/31/93). During this quarter, experiments were carried out to

study the effects of temperature and duration on the retention of NMP and phenol on

pyridine extracted DECS 16 coal (PI). Also, viscosity measurements of extracts were

carried out to study the association of extract solution. If physical association is

considerable, a large portion of coal will be extracted by multi-step extraction. It is,

however, important to determine if these extracts form true solutions or are dissolved in

solvents, but partially contain colloidal material. If colloidal material is present, it is

necessary to examine whether colloids are covalently bonded or physically associated.

Therefore, it is needed to evaluate the association of coal extract in solvents.
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2.0 SYSTEMATIC STUDY OF THE RETENTION OF EXTRACTION SOLVENTS

ON COAL SAMPLES

2.__1 Retention of Phenol on Different Ranks of Coal Samples

2.1.1 Experimental Procedure

Take approximately 2 gin of the dried coal sample in a round bottom flask. Add

approximately 30 cm 3 cumene and 2 gm phenol to it. Heat the contents of the flask for 24

hours using a heating mantle, while maintaining the temperature at 150°C with continuous

stirring using a magnetic stirrer. Quantitatively transfer the contents of the flask into a

beaker and filter the contents through a preweighed cellulose extraction thimble. Carry out

Soxhlet extraction with toluene for 24 hours followed by Soxhlet rinsing with acetone for

24 hours to wash off residual amounts of cumene, phenol, and toluene associated with the

coal sample. Following this, dry the thimble along with the residue in a vacuum oven

maintained at 95°C overnight and determine the difference in weight. The weight gained

by the sample in Table I approximately corresponds to the amount of phenol associated

with the coal sample since the cumene and toluene extractabilities of the coal sample are

low.

2....2 Effect of Temperature on Retention of NMP and Phenol on PI of DECS 16 Coal

To study the effect of temperature, two sets of experiments were carried out each at 150,

200 and 250°C to study the retention of NMP and phenol, respectively. These results are

shown in Table 2. Since it was not possible to heat the glass flask to temperatures greater

than 180 °C at atmospheric pressure with cumene as the solvent (b.p. of cumene - 180

°C), these experiments were carried out in the mieroreaetor experimental setup. The step-

wise procedure is given below.

2.2.1 Step-wise Procedure to Studv the Retention of NMP (or Phenol) on P1 Of

DECS 16 Coal usine. Microreactor Experimental Setup at Higher Temperatures

1. Clean both, the multiport valve and the mieroreactor thoroughly with acetone. Dry
these parts in an oven maintained at 100 °C for 15-20 minutes.



TABLE 1: Retention of Phenol on Different Ranks of Dried, Pyridine Extracted
and O-Methylated Coal Samples

Expt. Coal Sample Initial After Difference % Retention
No: wt., gm Retention, gm gm

18. Dried DECS 8 2.01 2.08 + 0.07 + 3.5

19. Dried DECS 2 2.02 2.25 + 0.23 + 11.4

20. Dried DECS 16 2.02 2.09 + 0.07 + 3.5

21. Dried DECS 12 2.02 2.18 + 0.16 + 7.9

22. Dried DECS 3 2.02 2.11 + 0.09 + 4.5

25. PI (DECS 1) 2.04 2.25 + 0.21 + 10.3

23. PI (DECS 8) 2.02 2,02 0.00 0.0

26. PI (DECS 2) 2.02 2.14 + 0.12 + 5.9

27. PI (DECS 16) 2.02 2.21 + 0.19 + 9.4

28. PI (DECS 12) 2.03 2.19 + 0.16 + 7.9

29. PI (DECS 3) 2.02 2.20 + 0.18 + 8.9

30. PI (DECS 16) 2.02 2.04 + 0.02 + 1.0
Blank Run

32. O-CH3 (DECS 8) 2.03 2.05 + 0.02 + 1.0

33. O-CH3 (DECS 2) 2.04 2.16 + 0.12 + 5.9

31. O-CH 3 (DECS 16) 2.03 1.96 - 0.07 - 3.4

34. O-CH3 (DECS 12) 2.03 2.06 + 0.03 + 1.5

35. O-CH 3 (DECS 3) 2.03 2.12 + 0.09 + 4.4



TABLE 2: Effect of Temperature on Retention of NMP and Phenol on Pyridine
Extracted DECS 16 Coal

Expt. Temperature Initial After Difference % Retention
No: °C wt., gm Retention, gm gm

Retention of NMP

MRE-6 150 2.04 2.06 + 0.02 + 1.0

MRE-5 200 2.04 2.06 + 0.02 + 1.0

MRE-4 250 2.03 2.00 - 0.03 - 1.5

Retention of Phenol

MRE-1P 150 2.02 2.09 + 0.07 + 3.5

MRE-2P 200 2.02 2.08 + 0.06 + 3.0

MRE-3P 250 2.02 2.05 + 0.03 + 1.5

2 gm PI + 2 gm Phenol (or 2 cm 3 NMP) + 15 em 3 cumene

Duration = 24 h, Ambient Gas = 100 psi (Nz)
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2. Cap the microreactor tube with 1/4" plug and charge the microreactor with
approximately 2.0 gm of coal sample, 2 cm 3 NMP (or 2 gm phenol) and 15 cm 3
cumene.

3. Apply anti-seize to the collar of the reactor and close the head of the microreactor
tightly using the bracket.

4. Hold the microreactor vertically, with the tube end of the reactor at the top and
open the 1/4" plug. Connect the multiport valve to the microreaetor.

5. Pressurize the microreactor assembly with N2 to 100 psi and test for leaks at room
temperature for an hour.

6. Heat the fluidized sand bath to the desired temperature. Connect the reactor
assembly to the vertical bar of the shaker unit.

7. Start the shaker unit and insert the reactor assembly into the sand bath by raising
the platform to the required height.

8. Carry out the experiment for 24 hours. After this, lower the platform rapidly and
allow the reactor to cool down to the room temperature.

9. Open the multiport valve to purge the gases and disconnect the multiport valve from
the microreaetor by removing the 1/4" swagelok nut.

10. Open the reactor head and remove the products in a beaker and clean the reactor
and the multiport valve with toluene.

11. Filter the reactor contents through a preweighed extraction thimble and wash the
residue with toluene followed by Soxhlet extraction for 24 hours. This was followed
by Soxhlet rinsing with acetone overnight. Dry the residue in a vacuum oven
maintained at 95 °C overnight.

2.._.33 Effect Of Duration on Retention of Phenol on PI of DECS 16 Coal

.Three experiments were carried out using the procedure described in section 2.1.1 above,

to study the effect of duration on retention of phenol on PI of DECS 16 coal. The

experiments were carried out at 150°C for 1, 4 and 7 days, respectively. These results are

shown in Table 3.



TABLE 3: Effect of Time on Retention of Phenol on Pyridine
Extracted DECS 16 CoaJ

i i

Expt. Time Initial After Difference % Retention
No: days wt., gm Retention, gin gin

27. 1 2.02 2.21 + 0.19 + 9.4

GFE-2P 4 2.02 2.27 + 0.25 + 12.4

GFE-4P 7 2.04 2.29 + 0.25 + 12.4

2 gm PI + 2 gm Phenol + 30 em 3 cumene

Temperature = 150°C, Ambient Gas = 1 atm. (N2)
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2.4 Results and Discussion

As seen from Table 2, retention of NMP and phenol on coal sample was less than 4 wt%

when retention experiments were carried out for 24 hours duration, which is not substantial.

Also, no trend with respect to temperature was observed. At 250°C, some amount of

soluble matter from coal was extracted which gave less retention of these solvents at higher

temperatures. However, the effect of duration on retention of phenol was much more

pronounced as is evident from Table 3. Approximately 12.5 wt% of phenol retention was

observed for retention time of 4 and 7 days. Retention of phenol for 24 hours duration was

approximately 9.5 wt% (expt. # 27).

3.0 ASSOCIATED NATURE OF EXTRACT SOLUTION

Although association of coal-derived material has been studied 1, the associated nature of

coal extract has not been reported. The phenomenon of thermally induced dissociation as

observed in coal has also been examined for coal extract in our recent paper 2. The

molecular weight distribution of the pyridine soluble fraction of coal, PS_ c at room

temperature, and the molecular weight of pyridine insoluble fraction of Soxhlet extracted

pyridine soluble fraction, i.e., (PI:PSso_)_ c, using room temperature extraction were

determined with gel permeation chromatography. There was a clear shift to lower

molecular weight at 70°C (Soxhlet extraction) compared to room temperature extraction.

This demonstrated association of coal extract in pyridine at room temperature. A further

study is necessary to examine association of the extract. Association of polymeric solutions

is well known. Viscosity measurements is one of the easiest methods for the evaluation of

associated nature of these extracts. The application of this method for coal extract was the

objective of this task to evaluate the association of coal extract in solution.

3..._!.1 Experimental Procedure

Blind Canyon (DECS 16) coal was obtained from the DOE Coal Bank at Pennsylvania

State University. Reagents and HPLC-grade solvents obtained from Fisher Scientific

(Pittsburgh, PA), and Aldrich Chemical Co. (Milwaukee, WI) were used without further

purification. This DECS 16 coal (10 g) was Soxhlet-extracted with pyridine for 72 h, and

7



pyridine was removed with a rotary evaporator to form a viscous sample (~10 cm3).

Approximately 300 cm 3 of tetrahydrofuran (THF) was added to this sample, and then the

mixture was filtered. The recovered THF-solution was concentrated and treated with

chloroform by the same procedure described above. By this procedure, pyridine

soluble/THF insoluble (PSoTI), THF soluble/chloroform insoluble (TS°CI), and chloroform

soluble (CS) fractions were obtained. The pyridine soluble (PS) fraction was also obtained

for comparison. Table 4 shows elemental analyses of coal and these extract fractions.

Scheme 1 shows the yields of these fractions.

An Ubbelohde viseometer (ASTM size 1) was used for viscosity measurements. The

viscometer was immersed in a heated water bath controlled to _+0.1°C. The measurements

were carried out five times, and average viscosity was calculated from the medium three

values.

3._..2.2 Results and Discussion

3.2.1 Basic Relation of _tscosi_

When viscosities of solution and solvent are given as 77, r/0, respectively, specific viscosity

(r/sp) is defined by Equation (1):

r/sp = (7/- 7/o) / 770= (t- to) / to (1)

where, t and to represent the times for the flow of solution and solvent, respectively,

through the viscometer. When concentration of solution is given as c (g/di), rhp/C is called

the viscosity number. The viscosity number at c _ 0 is called the limiting viscosity number

and expressed as [r/I, (Equation (2)),

= / (2)

For chain polymer s, [7?]is experimentally related to their molecular weights (M) which is

expressed by Equation (3),

[r/]=KM a (0.5_<a_< 1) (3)

where, K and a are constants.





3.2._....22Effect of Temperature

Specific viscosities for the following four ft-actions, PS, PS.TI, TS.CI, and CS obtained

from DECS 16 coal were determined at temperatures in the range of 25°C and 70°C (Figure

1). The dependence of temperature on specific viscosity of the PS,TI and TS-CI fractions

is larger than that of the PS and CS fractions. It can be interpreted that PS,TI and TS.CI

fractions associate more than PS and CS fractions at lower temperatures.

The PS fraction contains the PS*TI and TS.CI fractions (62 wt%), however, the degree

of association does not gI._atly change following the change in temperature compared to

PS.TI and TS.CI fractions. This shows that the CS fraction may aid in dissociating

associated complexes. This is supported by the following reported results: Sanokawa et al.3

fractionated samples extracted with carbon disulfide/N-methyl-2-pyrrolidine (NMP) mixed

solvent using acetone and pyridine into acetone soluble (AS), acetone insoluble, pyridine

soluble (PS), and pyridine insoluble, CS2/NMPmixed solvent soluble (MS) fractions. Then,

they found that 30-50 wt% of MS fractic _'became insoluble in the mixed solvent. This

shows that co-existing fractions are needed to dissolve the coal extract. The same effect

of co-existing mater,al was also reported for coal-derived material 4.

3.2.......!3.Effect of Addiave

Since the compositions of nitrogen and oxygen in the PS.TI and TS.CI fractions are

higher than those of the CS fraction (Table 4), polar functional groups containing nitrogen

and oxygen may be responsible for association. It was reported that the charge-transfer

interaction was significant and relatively strong in high-volatile bituminous coal5. Nigogen-

containing compounds such as pyridine and amine are electron donors, while oxygen-

containing compounds such as quinones and 7,7,8,8-tetracyanoquinodimethane (TCNQ) are

electron aeceptors. Therefore, polar functional groups containing nitrogen and oxygen in

the PS,TI and TS.CI fractions may be incorporated in the charge-transfer interaction and

change the degree of association.

For this reason, 5% of triethylamine or NMP was added to pyridine, and specific viscosity

10
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of the PS-TI fraction was examined at temperatures between 25°C and 70°C (Figure 2).

Triethylamine is a stronger electron donor than pyridine, and NMP has both electron donor

and acceptor functional groups. It has been shown in Figure 2 that the PS.TI fraction

apparently associates to the greatest extent among the samples studied. It is thought that

associative equilibria may be responsible for the significant decrease in the specific viscosity

of PS.TI fraction by the addition of small amounts of triethylamine, or NMP.

The soluble wt% of the MS fraction in the CS2/NMP mixed solvent decreased after the

fractionation, as described above 3. The amount, however, significantly increased by adding

less than 1 wt% of TCNQ (electron acceptor) or less than 5 wt% of p-phenylenediamine

(electron donor). Extractability of Upper Freeport coal (86 wt% C) with this solvent also

markedly increased by adding a few wt% of tetracyanoethylene (electron acceptor) or p-

phenylenediamine 6. These results support the above observations.

3.2._...A4Effect Of Concentration

Association of a polymeric material in solution is generally enhanced at higher

concentrations. The limiting viscosity number extrapolated to 0 concentration is used to

avoid the effect of concentration. Therefore, the dependence of specific viscosity on

concentration was examined for the above four fractions (Figure 3). The limiting viscosity

numbers of the three fractions (PS.TI, TS-CI, PS) are nearly equal. This implies that the

molecular weight of these fractions are similar, but the PS.TI and TS.CI fractions

associate in pyridine and the association is highly dependent on their concentration

compared to the CS fraction. Whereas, the molecular weight of the PS fraction is

presumably larger than that of the CS fraction, the dependence of specific viscosity on

concentration for the PS fraction is similar to that of the CS fraction. Molecular weights

of these fractions are presently under investigation. This indicates that the degree of

association and the effect of concentration on the association is similar for these two

samples. These results are consistent with the dependence of specific viscosity on

temperature obtained from these four samples. The change in association with temperature

was significant for the PS.TI, TS.CI fraction, but small and similar for the PS and CS

12
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