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ABSTRACT

This report describes work done in the sixth quarter of a program 

designed to better understand and improve the Solvent Refined Coal and related 

liquefaction processes.

This quarter the effect of the initial particle size of a coal on the 

resulting particle size of the reacted products was determined by Coulter 

Counter analysis of liquefaction products of Amax and Kentucky coals. Further 

studies of the effect in coal dissolution with different solvent/coal ratios 

with four different solvents (tetralin, LRO, creosote oil, naphthalene) were 

performed using different reaction times. Fe2(S04)2 pretreatment of Kentucky 

coal showed little effect on the sulfur content of the liquid product and in 

the liquefaction yield when followed by tetralin liquefaction.

Extensive studies with SRC residue ash and coal ash as possible lique­

faction catalysts were done in hydrogenation, hydrodesulfurization, and solvent 

quality of the coal liquefaction process. In the presence of Co-Mo-Al as 

catalyst and tetralin as solvent the reactivity of demineralized coal by acid 

extraction and magnetic separation was found to be almost the same as the 

untreated coal. Mineral matter present in coal strongly interacted with the 

LRO solvent, enhancing both the dissolution and hydrogenation reactions, but not 

with the tetralin solvent. Coal minerals such as Fe, SRC residue ash and pyrite 

had moderate hydrodesulfurization activity using phenyl sulfide, but not with 

dibenzothiophene. Mathematical modeling of reaction kinetics in coal lique­

faction with tetralin as the solvent was done by the Parameter Estimation Method. 

Coal dissolution and hydrogen transfer kinetics expressions were obtained based 

on a second order assumption in the following reaction scheme:

Coal + Tetralin 
Preasphaltene 
Asphaltene

1

Preasphaltene + Naphthalene
Asphaltene
Oil and Gases



LC, GPC and FTIR were used to characterize and to obtain the molecular 

weight distribution of coal, SRC and coal-derived products. Flame photometric 

detectors (sulfur sensitive) were installed and used to identify sulfur-con­

taining compounds. The pattern of GPC molecular weight distribution of the 

THF soluble portion of coal and SRC was found to be generally broad and very 

similar regardless of different rank of coal. GPC chromatograms of asphaltene 

and oil fractions were clearly discernable, but that of preasphaltene was not 

observed. The arbitrary RI ratio of the GPC chromatogram showed a positive 

indication of the degradation of coal substances or coal-derived asphaltenes 

at the higher reaction temperatures, 410°C or 440°C.



Objective and Scope

Scope:

The Auburn Coal Conversion Laboratory is engaged in a research program 

designed to investigate fundamental aspects of the Solvent Refined Coal (SRC) 

and other closely related coal liquefaction processes. The SRC process provides 

a method for liquefaction of coal, and removal of sulfur and ash pollutants which 

would result from direct combustion of the raw coal. If successful, the SRC 

process will permit the use of high sulfur coals as a boiler fuel, which other­

wise could not be used under ERA regulations. This research program seeks to 

improve the economic attractiveness of the SRC process through the application 

of chemical engineering techniques.

Objective:

The objective of this research program is to systematically investigate, 

characterize, and delineate the effects of changes in process operating conditions, 

equipment configuration, and nature of raw materials upon the kinetics, mechanism, 

and extent of coal dissolution, heteroatom removal, and hydrogenation in the 

SRC and closely related processes, for the purpose of providing an increased 

fundamental understanding of SRC process chemistry as well as guidelines and 

recommendations leading to economic and technical improvements in SRC technology. 

The program objectives are being carried out in cooperation with the Southern 

Services' SRC pilot plant operation at Wilsonville, Alabama, and with the 

Rust Engineering subsidiary of Wheelabrator-Frye, Inc.

The research program is divided into three major tasks with several 

subtasks within each area. An outline of the program by tasks and subtasks is 

presented on the following page.
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Program Task Outline

Task 1. Mechanistic Studies of Coal Particle DissoTution

A. Dissolution Behavior as a Function of Coal Characteristics

B. Effect of Initial Particle Size and Agitation Rate on Particle 

Dissolution

C. Effect of Solvent Type and Gas Phase Composition on Particle 

Dissolution -

D. Direct Visual Observation of In-situ Particle Dissolution

E. Particle Structural Strength Evolution During Dissolution

F. Effect of Pretreatment on Dissolution Behavior

G. Slurry Viscosity During Particle Dissolution

Task 2. Reaction Kinetics and Process Variables Studies

A. Bench-Scale Batch Autoclave Experiments

B. Bench-Scale Continuous Reactor Experiments

C. Catalysis by Coal Mineral Matter

Task 3. Application of High Pressure Liquid Chromatography to Coal Liquid 

Analysis and Reaction Kinetics Studies

A. Development of HPLC Methodology

B. Characterization of Coal Liquefaction Products

C. Application: Reaction Kinetics and Process Variables Studies

4



Months After July 1, 1976

Activity 0 2 4 6 8 10 12 14 16 18 20 22

Task 1: Mechanistic Studies of Coal 
Particle Dissolution

Subtasks:
A) Dissolution Behavior as a function of 

Coal Characteristics
Axmxmxmmxxm.mxxxxxxxx-xmxxxxxmxxmm

B) Effect of Particle Size and Agitation 
Rate on Dissolution

A.xmxmmxxxx xxxxmx xmxxuL

C) Effect of Solvent Type and Gas Phase 
Composition on Dissolution

D) Direct Visual Observation of Dissolu­
tion

1. Design and Installation

2. Test and Experimental

E) Particle Structural Strength Evolution 
During Dissolution

1. Design and Installation

2. Test

3. Experimental

F) Effect of Pretreatment on Dissolution

G) Slurry Viscosity during Dissolution
1. Design

2. Experimental

Axxxxxxxm-xxxxxxxxxxxxxxxxxxxxxxmxxxmxAxxxxxx ——

A X-X xxxxxxx X xxxxxA

A. . . . . . . . . . . . . . . . . ^XXXXXX.mXXXX.XXXXXHX'XXXXXXXX'MXXXXXXXXXXXXXXXXXXX Ln

AXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXA

A..................... Axxxxxxx-xx**/

..........  fy.xxxxxxxxxxxxxxxxxxxwxxxxxxxxx

.......... AXXXXTOMftxxmxxxxmxx.m.xm---------------

A........AXXXXXXXX.XXA

.......... AXXXXXXXXXX^xxxxxxxxxxxxxxxxxvxxXXXXXXXXXXX

Figure 1. Work Schedule



Activity

Task 2: Reaction Kinetics and Process Variables 
Studies

Subtasks:
A) Bench-Scale Batch Autoclave Studies

B) Bench-Scale Continuous Reactor Experi­
ments

C) Catalysis by Coal Mineral Matter

Task 3: Application of HPLC to Coal Liquids 
Analysis and Reaction Kinetics

Subtasks:
A) Development of HPLC Methodology

B) Characterization of Coal Liquefaction 
Products

C) Reactions Kinetics and Process Variable 
Studies

LEGEND: Schedule----------------------------
Early Start ..........................
Progress MXXmxmxXXXXXX 
Extended Schedule*-—..........

Months After July 1f 1976

0 2 4 6 8 10 12 14 16 18 20 22 <

AKxxxxxxxxxj<xxxxxynxxxxxxxXxXj»(XXxy,xxxxxxxxxmjix^

A- - - - - - - - - - xxxxxxxxxmxxxxxxxxxxxxxxxxxxxxxxxx-xxxxx*

Ax.xmxxxmxxxxxmxxxxxxx,mxXx™xxxxxxxxxxxnjA

Amxxxxxxxx™xx*xxx)W(xxxxxxxxxxTOromxxxx*x

.......... axxmxxxxmxxxxxxxmxxttutxYyy.

^XXXXXXXXXX-XXXXXXXXXWXXXXXXXXXXXXXXXXXXXXXXXXXXT

Figure 1 (continued)



TECHNICAL PROGRESS

Task 1. Mechanistic Studies of Coal Particles Dissolution 

Objective

The objective of this task is to examine the effects of significant 

variables upon the initial rate and mechanism of coal particle dissolution, 

in order to obtain an understanding of the initial stages of particle 

dissolution, to provide a guide to the suitability of different types of coals 

for SRC processing, and to provide operational guidelines for such processing.

l.A. Dissolution Behavior as a Function of Coal Characteristics 

Objective

The objective of this subtask is to investigate experimentally the 

changes in particle size distribution of several coals during the early stages 

of coal particle dissolution.

Progress

Initial and mean particle size determination were made via the Coulter 

Counter Model TA. This data was necessary to determine the changes, if any, 

of undissolved solids in the particle size distribution of Western Kentucky 9/14 

and Amax coals when the initial particle size as well as the final temperature 

of the autoclave reaction mixtures was varied. The orifices normally used for 

analyses were 40, 70 and 200 pm.

Reagent grade ammonium thiocyonate (NH4SCN) and dimethylformamide (DMF) 

obtained from Mallinckrodt prepared in a 5% solution was the electrolyte used 

for analysis. Metricel alpha -8 filters with 0.20 pm pore size were used for 

filtering the electrolyte solution.
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Calibration of each orifice was performed using polystyrene calibration 

standards of 2.02 and 27.0 ym dispersed in isoton.

Autoclave reaction samples were sonicated using a low energy ultrasonic 

bath, dispersed in the 5% NH4SCN - DMF electrolyte and again sonicated. The 

samples were diluted with electrolyte and immediately analyzed. For each 

sample, 100,000 particles were counted and the particle size distribution was 

obtained. Extensive filtering with 0.2 yfilters was necessary to maintain the 

necessary background of the electrolyte.

The Coulter technique measures the particle volume distribution. The 

smallest particles measured had a diameter of 0.794 ym with an overall diameter 

range of 0.794 to 80.6 ym. All measurements were taken within the optimum 

range of the orifice. Particle size distributions were obtained for Amax, 

Pittsburgh Seam No. 8, and Kentucky 9/14 autoclave reaction mixtures. The 

particle size distribution measurements for each coal sample can be accurately 

reproduced within + 10%. A mean particle size is obtained graphically by 

plotting the normalized cumulative particle volume percent versus particle 

diameter and then obtaining the mean particle size at the 50% volume level.

Results and Discussion

The study of the effect of the initial particle size of a coal on the 

final particle size of the reacted coal shows that the types of coals used are 

significant to the results. For example, Amax coal, a slow dissolving sub- 

bituminous coal, shows radical changes in mean particle size when the initial 

particle size is varied. When the initial particle size is 4000-5660 ym, 

the mean particle size is 32.0 ym; however, when the initial particle size is 

considerably smaller - 44.5 ym, the mean particle size is also considerably 

smaller - 14.0 ym (see Table l.A.l). Therefore, Amax coal follows its charac­

teristic dissolution behavior with time: the longer the reaction time, the

8



Table l.A.l. Mean Particle Size of Autoclave Reacted
Coals with Different Initial Particle Sizesa

Mean Particle Size
Initial Particle Western

Size Qjm)Amax Kentucky Pittsburgh

-44.5 14.0 7 . 0 6.0
40.6 - 105.0 5.2b

10.0d
3.0C

88.9 - 105.0 3.25 5.0
40.0

4000 - 5660 32.0

a Conditions are as follows: 3:1 solvent to coal
ratio, 15 min. reaction 
time, 410°C

b reaction mixture at 385°C 
c 4:1 solvent:coal ratio at 385°C 
d 30 min. reaction time

9



more the particles dissolve as shown in Figure l.A.l. The mean particle 

size in fifteen minutes is 70.0 ym in contrast to 40.0 ym in thirty minutes, 

when the initial particle size is 88.9-105.0 ym.

In contrast. Western Kentucky 9/14 coal is a fast dissolving bituminous 

coal. Its rapid and complete dissolution behavior is exemplified by the 

similarity of the final particle size of the reacted coal when different 

temperatures and initial particle sizes are used. When an initial particle 

size of 88.9 - 105.0 ym and a temperature of 410°C is used, the final mean 

particle size of Western Kentucky autoclave reaction mixture is 3.25 ym 

(see Figure l.A.2). When a substantially lower reaction temperature, 385°C 

and a somewhat smaller particle size is used, the final mean particle size 

increases slightly to 5.2 ym. If, however, the solvent/coal ratio is changed 

from 3:1 to 4:1 at 385°C, the final mean particle size decreases to 3.0 ym 

which is essentially the same as the 410°C final mean particle size. These 

results are shown in Figure l.A.3. Western Kentucky coal, therefore, dissolves 

very rapidly in light recycle oil. The initial particle size and the reaction 

temperature has very little effect on the final mean particle size.

The effect of initial particle size on Pittsburgh Seam coal another 

bituminous coal is being currently investigated. Figure l.A.4 shows the 

particle size distribution for the Pittsburgh Seam autoclave reaction mixture 

starting with an initial particle size of 88.9 - 105.0 ym. Future work will 

include more studies on the effect of initial particle size on Pittsburgh seam 

and other coal types.
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Figure l.A.2. Particle Size Distribution of Western Kentucky 9/14 Autoclave 
Reaction Mixtures with Initial Particle Size of 88.9-105.0 pm
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Figure l.A.3. Particle Size Distributions of Western Kentucky 9/14 Autoclave 
Reaction Mixtures with Initial Particle Size of 40.6-105.0 ym 
at 385°C.
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l.C. Effect of Solvent Type and Gas Phase Composition on Particle Dissolution

Objective

The objective of this task is to study the dissolution behavior of 

several coals as a function of solvent character; and to assess the relative 

roles of dissolved hydrogen versus donor hydrogen from solvent species in 

promoting particle dissolution.

Progress

During this quarter, four series of experiments were continued in the 

small tubing bomb reactor to determine the effect of solvent concentration in 

coal dissolution reaction. Light recycle oil (LRO), tetralin, creosote oil 

and naphthalene were used for this purpose. The ratio of each solvent to coal 

was varied from 0 to 10. Kentucky 9/14 mixture coal containing 8.2% ash was 

used in these experiments. Dissolution yields were calculated based on the 

ash balance in the initial coal and the cresol insoluble filter cake as 

shown in the following equation.

n _ 100 (M-F)
A —wjun

where A = yield

M = % ash in the cresol insoluble residue

F = % ash in the original dry coal

In determination of coal dissolution yield, the following procedures 

were used:

(1) Product slurries were collected from the small tubing bomb and 

filtered by vacuum to separate the undissolved solids.

(2) The separated solids were then washed with hot cresol and rinsed with 

THF until the clean filtrate was observed.

15



(3) The insoluble filter cakes were dried overnight in a vacuum oven 

at 110°C.

(4) The dried solids were pulverized, redried further in the vacuum 

oven for one hour and then cooled in a desiccator.

(5) Approximately 3.8 grams of the solids were ashed in the tube furnace 

for two hours at 910°C and the ash percentage in the solids was obtained.

Results and Discussion

Table l.C.l shows the experimental conditions used with four different 

solvents at various solvent concentrations.

Table l.C.l. Experimental Conditions for the Solvent 
Concentration Effect in Coal Dissolution

T = 410°C
solvent + coal = 7.5 grams 

solvent/coal ratio = 0 to 10 
reaction time = 15 minutes 

atmospheric pressure (no hydrogen used) 
agitation rate = 600 rpm

The results obtained from these experiments are shown in Figure l.C.l.

Although a large amount of work has been done in the area of coal dis­

solution, the mechanisms of coal dissolution have not explained completely. 

This well reveals the heterogeneous and complicated nature of coal substances 

and coal dissolution reactions. Several hypothesis and experimental evidences 

of important reaction steps and for major governing factors in the coal dis­

solution reactions can be found in the literature (Guin, et al., 1978; Neavel, 

1976; Wiser, et al, 1971; Curran, et al., 1967), which have been generally ac­

cepted as having occurred in coal dissolution reactions and to affect signi­

ficantly coal dissolution phenomena. These are briefly summarized in the 

following:

16



(1) initial rapid dissolution reaction in the solvent,

(2) thermal cracking of coal substances to produce free radicals,

(3) stabilization of coal-derived free radicals to prevent char 

formation,

a) autohydrogen transfer in coal itself,

b) hydrogen transfer from solvent to coal,

(4) physical solvating ability for coal-derived species to prevent 

char formation.

Different funtionality of sol vent-types could affect significantly 

the above reaction steps (1) and (4), i.e., phenolic types, pyridine types, 

ether types and aromatic hydrocarbon derivatives. In the previous progress 

report (Period April-June, 1977), we have shown that the dominant effect in 

coal dissolution is the presence of the hydrogen donor species, for example, 

tetralin, by examining mixtures of three different types of solvent, tetralin, 

cresol and paraffin oil. The initial necessary conditions for effective coal 

dissolution are thought to be the above reaction steps (2) and (3). Certain 

reaction temperatures, which are generally above 350°C, are required for 

efficient thermal cracking of coal substances to produce free radicals and 

then good hydrogen-donor solvents (for example, tetralin, etc.) are required 

to stabilize coal-derived free radicals, which prevent polymerization leading 

to solid char formation. Furthermore, the secondary important aspect in coal 

dissolution is stabilization of coal-derived products in the solvent, which 

prevents further polymerization. These could be achieved by the strong physical 

dissolving power of a good solvent and/or by hydrogen transfer from a good 

hydrogen-donor solvent.

In Figure l.C.l obtained from the present work during this quarter, 

when tetralin was used as solvent in the coal dissolution reactions, the

17
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dissolution yield as cresol-solubles (based on daf coal) rapidly increases up 

to the solvent/coal ratio = 1. Further increase in the solvent/coal ratio 

seems insignificant as far as the dissolution yield is concerned. In contrast 

to tetralin, in the presence of naphthalene as solvent, no detectable change 

in the dissolution yield has been observed by varying the solvent/coal ratio.

The difference between these two solvents, tetralin and naphthalene, shows 

the importance of the hydrogen-donor ability of solvent in the coal dissolution 

reactions. Tetralin, a good hydrogen-donor solvent, results in about 40% higher 

in the dissolution yield than naphthalene, a non-hydrogen-donor solvent. Naph­

thalene is usually considered as a good hydrogen transfer agent which enhances 

the above reaction step, (2a), autohydrogen transfer in coal itself. Under 

our reaction conditions, the enhancement of autohydrogen transfer by the increase 

of naphthalene concentration has not been observed. This may indicate that the 

effect by autohydrogen transfer is insignificant in the dissolution yield, com­

pared to the effect by hydrogen transfer from solvent to coal.

In the presence of light recycle oil (LRO) or creosote oil, the dissolution 

yield again rapidly increases up to the solvent/coal ratio = 1. This rapid 

increase could be a matter of wetting and accessibility of the solvent to 

the coal particles. Further increases in the solvent to coal ratio from 1 to 

8 result in about 20% enhancement in the dissolution yield with LRO as solvent, 

and about 10% enhancement with creosote oil as solvent. These phenomena are 

difficult to explain based solely on the concept of hydrogen transfer (the 

above reaction step, (3), since only small amounts of hydrogen-donor species 

such as tetralin, dihydrophenanthrene, etc., are present in LRO and, moreover, 

only trace amounts are present in creosote oil, compared to those in tetralin 

solvent. LRO or creosote oil could possess significant physical solvating 

power for coal-derived species and thus prevent char formation (the above

19



reaction, step (4)). These two factors (hydrogen transfer and physical 

solvating ability) when combined could still result in relatively high dis­

solution yield. As solvent concentration increases, the amount of hydrogen- 

donor species present in the solvent increases along with an enhancement of 

solvating power for coal-derived species.

To further investigate the effect of the solvent/coal ratio in the presence 

of tetralin as solvent (Figure l.C.l), further reaction time studies have been 

conducted by using two different solvent (tetralin)/coal ratios, 1 and 4.

The experimetnal conditions are the same as in Table l.C.l, except for the 

reaction time varying from 0 to 60 minutes.

Figure l.C.2 shows the results of the reaction time studies. There 

appears to be little difference in the dissolution yield upon changing the 

solvent/coal ratio from 1 to 4. This confirms the previous results (Figure 

l.C.l) that, at the solvent (tetralin)/coal ratio = 1, the concentration of 

solvent tetralin exists in excess compared to the concentration of coal radicals, 

and, therefore, further increases in the tetralin concentration do not affect 

the dissolution yield of coal.

Planned Work

Further reaction time studies will be performed in the presence of LRO 

or creosote oil as solvent at different concentration levels to discern the 

effect of hydrogen transfer or physical solubility factors on the dissolution 

yield. These experiments will provide the basis for the coal dissolution kinetics 

studies.
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1.F. Effects of Chemical Pretreatment on Coal Liquefaction Processes

Objective

The objective of this subtask is to assess the effects of various 

chemical pretreatments upon processes such as sulfur removal and coal 

dissolution which occur in the SRC and related coal liquefaction processes.

Progress

During the quarter experiments were performed to investigate the effect 

of ferric solution pretreatment on the coal liquefaction process. The effect 

of leaching time and concentration of ferric solution on the sulfur removal 

and dissolution yield were examined.

Certain coal minerals have been reported to catalyze hydrogenation and/or 

hydrodesulfurization (HDS) during coal liquefaction by many investigators. An 

earlier catalyst screening study of Tarrer, et al. (1976) revealed that pyrite 

appeared to be an ineffective HDS catalyst and resulted in excess hydrogenation. 

In fact, the presence of pyrite resulted in an increase of sulfur in creosote 

oil after reaction as compared to that when no catalyst was present. This 

finding was in agreement with the experiment of present work in which pyrite 

was added to coal/tetralin slurry before liquefaction. Sulfur content of liquid 

product increased with the addition of pyrite (Table l.F.l). A possible back 

reaction by the H2S generated during reducing of pyrite was suggested (Tarrer, 

et al., 1976). The retarding effect of H2S on HDS was examined by Pitts, et al, 

(1977) in the study of hydrogenation/HDS of both a bituminous Kentucky No. 9/14 

coal and a sub-bituminous Wyodak coal. It was shown that the addition of H2S 

prior to reaction decreased the amount of sulfur removal. Further evidence of
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Table l.F.l. Effect of Pyrite on Coal Liquefaction

Liquefaction Conditions: 

T = 415°C
Tetralin (g)/coal (g) = 2, Time = 30 min, 1000 cpm

wt. % 1 Ash in % Ash in % Sulfur
Pyrite Coal and Liquefaction of Liquid Yield
(-200) Added Pyrite (A') Residue (F) Product (daf)

0 * 7.5 41.30 . 216 88.48

24.80* 19.21 61.96 .373 85.40
(20.58) (61.54) (86.97)***

Q ** 7.5 28.39 . 213 79.55

25.12** . 19.32 48.46 .387 74.53
(20.73) (51.23) (75.10)

Yield = F - A' 
F(100-A')

x 10£

% Ash in Coal =7.5, % Ash corresponding to pyrite = 66.42 
* Initial Pressure = 1,200 psig Hz 
** Initial Pressure = 1 atm air
*** Numbers in Parentheses are obtained by considering the loss of pyrites during ashing

(the loss free basis) and by assuming that FeS2 is in the form of FeySg after liquefaction.



the inhibition of on catalytic activity was illustrated by comparing the 

HDS rate of coal-creosote oil-coal ash reaction (Lee, et al., 1977). During 

the HDS of creosote oil nearly all of the produced H2S was scrubbed out by 

the coal ash which thus behaved as an effective HDS agent; whereas in the 

HDS of coal/creosote oil slurry an excessive amount of H2S was produced for 

the coal ash to scrub out which then became ineffective in the HDS reaction. 

Hence, as far as HDS is concerned, removal of pyrite prior to liquefaction 

would be advantageous not only by avoiding the production of excessive H2S 

but also by reducing the hydrogen consumption.

In the removal of pyrite, an oxidative treatment of coal with aqueous 

ferric solution was reported by Meyers, et al. (1972)(Figure 1.F.5). Ranges 

of 84% to 98% of the pyritic sulfur and 40% to 75% of total sulfur were re­

moved depending on the coal characteristics. The Meyers process has been 

extended to coal liquefaction (Meyers, et al., 1976). Some pyritic sulfur may 

become sulfate during ferric solution treatment (Hamersma, et al., 1973;

Youh, 1977). Nearly all the pyrite and 72% of the total sulfur of a Kentucky 

No. 9 (Camp) coal and a Meiggs Creek No. 9 (Muskingum) coal were removed 

in a combination of the two processes for which liquefaction was performed 

at 425°C, 2000 psig H^, anthracene oil solvent/coal = 4, residence time =

1 hour. Based on the sulfur content of slurry after reaction, Meyers, et al. 

(1976) suggested that the filtration step after the liquefaction process be elimi­

nated. This, however, resulted in the need of further removal of ash after 

combustion but prior to emission into the atmosphere if the product coal so 

obtained was directly used in a power plant.

In the present work, an experimental evaluation was made of the feasibility 

for accelerating HDS of coal by varying leaching time and concentration of 

ferric solution pretreatment. The dissolution yield and HDS of liquid product
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were examined to justify the Meyers process in connection with coal liquefaction.

Experimental

Materials

Ferric sulfate is a reagent grade powder from Matheson Coleman & Bell.

The 1M ferric sulfate solution used in this work represents approximately 

399.88 gm Fe2(S04)3 .xh^O in 1 liter solution. The analytic reagent grade 

of ferric chloride is from Mallinckrodt. A liter of 1M ferric chloride solu­

tion contains approximately 270.3 gm FeClg . 6H2O.

Procedures

About 10 gm of coal was slurried with 40 ml ferric solution in a 300 ml 

boiling flask which was then connected to a condenser to maintain the solution 

in the flask at boiling point (~100°C). After a given leaching time, the 

aqueous solution was filtered out and the filter cake was washed to remove 

residual iron salts. The reduced free sulfur in the filter cake was then 

removed from the coal matrix by toluene extraction, suggested by Meyers, 

et al., (1972). More than 96% of the coal was recovered. Sulfur analysis 

was performed to give total, sulfate, and pyritic sulfur contents in the 

treated coal.

The leached coal which is basically pyrite-free was then followed by 

liquefaction using a tubing bomb reactor. The dissolution yield and sulfur 

contents of liquid product and solid residue were obtained.

Results and Discussion

Effect of Ferric Solution Leaching Time

Figure l.F.l shows the effect of Fe2(S04)3 leaching time on sulfur 

content of treated coal and of liquid product after liquefaction. The total 

sulfur content of coal leached for 24 hours is essentially the same as com­

pared to that of coal leached for 1 hour only. A more detailed analysis for
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different forms of sulfur in the treated coal is presented in Table l.F.2.

It is seen that the pyritic sulfur was reduced from 0.835% to 0.279%. Sulfate 

sulfur was found to be incompletely removed after washing the leached coal by 

toluene extraction in our experiments. Examination of sulfur contents of 

liquid products as shown in Figure l.F.l and those of solid residue as shown 

in Table 1.F.3 revealed that the reducing of pyrite did not significantly 

affect the HDS in the following liquefaction. In fact,.the total sulfur re­

moval for the combined process is practically the same for various leaching 

time as may be seen in Figure l.F.2. Since the addition of 25% pyrite into the 

coal did decrease the HDS in liquefaction as shown in Table l.F.l in which 

the sulfur content of liquid product increased from .22% to .38%, the insig­

nificant HDS effect associated with reducing pyrite in coal may be due to the 

low pyritic sulfur content (-0.84%) in the Kentucky coal. The retarding 

effect of H2S on HDS contributed by the small amount of pyritic sulfur may 

not be significant. Should the pyritic sulfur content in a coal be signi­

ficantly higher, the reducing of pyrite would promote the HDS rate in lique­

faction as illustrated in Table l.F.l and as pointed out by previous research 

(Tarrer, et al., 1976; Pitts, et al., 1977; Lee, et al., 1977). The dissolution 

yield as shown in Figure l.F.2 is nearly the same for various degree of leaching. 

This indicates that liquefaction is insensitive to the presence of pyrite as 

may further be seen from Table l.F.l in which the addition of 25% pyrite to the 

coal resulted in only -5% decrease in yield, which may be considered the same 

considering the reproducibility of this experiment. This may be as the result 

of a good hydrogen donor solvent, tetralin, which is considered to be very 

effective solvent in coal dissolution. Therefore, the catalytic enhancement 

of coal dissolution by pyrite may not be significant compared to the dissolution 

by the solvent tetralin alone.
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Table l.F.2. Comparison of Sulfur Reduction and Forms of Sulfur

Dry Forms of Sulfur 
of Leached Coal

(Wt.%) % Sulfur of Leached Coal 
after Liquefaction

Leaching
Time
(hr)

Total
(1)

Sulfate
(2)

Pyritic
(3)

Organic 
(1) • (2) - (3)

Total
(1)

Sulfate Pyritic
(2) (3)

Sulfide
(4)

Organic
(l)-(2)-(3)

■*(4)
0 * 2.86 .621 .835 1.40 1.75 _

1 * 2.21 .238 .554 1.42 1.28 _ _

7 * 2.40 .323 .505 1.57 1.13 _

24 * 2.26 .453 .279 1.53 1.28 - _

0 * 2.98 .30 .81 1.87 1.35 0 .08 .32 .95
icSeveral

hours** 2.26 .28 . 02 1.96 .85 0 .01 0 .85

* Leaching and liquefaction conditions are specified in Table l.F.3. 
Total sulfur of coal after liquefaction is based on solvent free by- 
assuming that the amount of solvent is the same before and after 
liquefaction.

** Data of Meyers et al. (1976), leaching conditions were given by
Hamersma et al. (1974), Liquefaction Conditions: 425°C, 2000 psig H2, 
Residence Time = 1 hr.. Anthracene Oil Solvent/Coal = 4.
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Since only about 67% of the pyritic sulfur was removed (reduced from 

0.835% to 0.279%) even after 24 hour leaching, test runs for the reaction 

between pure pyrite and ferric solution were made to determine the extent 

of this reaction. As shown in Table 1.F.4 only 34% dissolution after 24 hours 

was achieved as compared to 99.5% dissolution after 16 hours reported by Meyers, 

et.al. (1972). In fact, various claims have been made in much earlier work as 

noted by Meyers, et al. (1972). Those included (1) that ferric salts do not 

attack pyrite or (2) that the extent of reaction ranges from 50 to 80 percent 

(Mellor, 1935). Thus, further study is needed to examine the reaction between 

pyrite and ferric solution.

Effect of Ferric Solution Concentration

The effects of Fe2(S04)3 concentration on sulfur content and total sulfur 

removal for the combined process are shown in Figure l.F.3 and l.F.4. It is 

seen that both 2M and 0.25M ferric solutions removed practically the same amount 

of sulfur. Since the dissolution of pyrite is low for 1 hour of leaching time 

(Table l.F.4), the pyrite reduction in coal using ferric solutions of various 

concentrations may not be significantly different. Thus the high concentration 

of ferric solution does not improve the HDS for a short leaching time. The 

yield corresponding to 2M solution as shown in Figure l.F.4 is not much dif­

ferent from that corresponding to 0.25M solution. This may be due to the 

insensitiveness of liquefaction to the presence of pyrite as was pointed in 

the previous section. The data of Figures 1.F.1-1.F.2 and 1.F.3-1.F.4 are tabulated 

in Tables l.F.3 and l.F.5, respectively.

Conclusions

1. An addition of pyrite to coal before liquefaction decreases the hydro­

desulfurization rate. Thus, a significant removal of FeS2 prior to liquefaction.
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Table l.F.4. Extent of Pyrite-Ferric Solution Reaction 1

% of Pyrite Dissolved in Ferric Solution 

Fe2 (SO4)3 FeCl^

Particle Size 
of Pyrite *

1 hr
Reaction^

24 hr
Reaction^

16 hr 
Reaction4

24 hr 
Reaction^

-34 +48 - - - 18.06

801 Min. 
through 50 mesh 5.14 19.14 - -

-200 - 22.31 99.5 33.64

* From Matheson Coleman § Bell

1 Reaction Temperature = 100°C

2 1.5 g Pyrite+ 25 ml 0.5M Solution,

3 1.5 g Pyrite + 50 ml 0.5M Solution 

Dissolved in 1M Solution, Data of Meyers, et al., (1972)4
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Table l.F.5. Effect of Fe2(S04)3 Concentration on Coal Liquefaction

Leaching Conditions: T =
T ime

Liquefaction Conditions:

100°C,
= 1 hr. 

Same as
Fe2(SO4)3 (ml)/coal(gm) 
in Table l.F.3.

= 4

Fe2(S04)3 
Concentration 

(M)

Results for Pretreated Coal Results after Liquefaction for Pretreated Coal

Yield
(daf)

i Sulfur 
Removed By 
Combined 
Process

1 Ash in 
Coal

Ii Sulfur 
in Coal

i Sulfur 
Removed by 

Pretreatment
1 Ash in 
Residue

1 Sulfur 
in Liquid

% Sulfur 
in Residue

% Sulfur 
Removed by 
Liquefaction

0 * 6.95 2.56 10.49 22.43 . 243 2.68 41.99 74.17 48.08

0.25 6.74 2.16 24.48 22.27 .221 2.41 38.61 74.77 53.64

0.5 6.19 2.15 24.83 21.94 .228 2.47 38.74 76.52 53.95

1 5.43 2.21 22.73 21.46 .225 2.60 42.31 78.99 55.42

2 5.17 2.29 19.93 21.65 . 236 2.54 45.11 80.27 56.05

*Leached with Distil Water at T = 25°C



with the result that the H2S partial pressure is greatly lowered may then 

avoid the formation of sulfur species by the possible undesired reverse reaction 

and would give an improved desulfurization for a coal with high pyritic sulfur 

content.

2. The sulfur content of liquid product after liquefaction is not sig­

nificantly reduced by ferric solution pretreatment for the Kentucky coal which 

contains low pyritic sulfur.

3. The dissolution yield is insensitive to the pressence of pyrite.
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Table 2.A.I. Effect of Coal Mineral Catalysts in Liquefaction of Coal
Solvent (I.RO)/coal = 2, T = 410°C , 120 min . , catalyst = 14.3t, 1000 rpm

Partial Pressure (psig)
Initial Final t

Pressure Pressure h2s C02 ch4 c2-c5 Sulfur Content i
Catalyst (IxlO’3 psij>) (IxlO3 psig) (10'3 ) of Liquid Products Hf/Ho* Yield**
None 2.04 1.65 1.280 77.6 84.2 246 128 0.41 0.63 85.6
None 2.09 1.70 1.250 50.0 70.0 220 110 0.39 0.64 86.0
None 2.00 1.64 1.229 17.4 (?) 72 204 118 0.45 0.62 89.7

SRC solids 2.00 1.47 0.909 58 117 240 146 0.43 0.46 76.5+
SRC solids 2.00 1.56 0.739 3 5 115 206 125 0.37 0.40 77.0 +

Slag (Texaco) 
-200 mesh 2.09 1.51 1.077 46 57 200 130 0.4 0.52 90.1
-325 mesh 1.99 1 . 52 1.072 68 54 206 120 0.45 0.54 90.5

SRC ash
coarse 2.10 1.44 0.956 8 70 261 145 0.30 0.46 89.3
coarse 2.14 1.43 0.987 4.5 72 230 137 0.29 0.46 89.8
-250 mesh 2.10 1.37 1.150 0 23(?) 74 123 0.35 0.SS(?) 88.8
-250 mesh 2.06 1.36 0.980 1.4 72 200 106 0.25 0.48 86.5
-325 mesh 2.04 1.38 1.007 3.3 60 186 124 0.34 0.49 89.2
-325 mesh 2.12 1.43 1.023 2.5 73 214 117 0.34 0.50 89.3
Ky. Coal Ash 2.10 1.46 1.148 0 49 160 103 0.3 0.55 89.2
Ky. Coal Ash 2.06 1.45 1.096 0 62 188 99 0.32 0.53 89.0

* Hf/Ho; the ratio of the final hydrogen pressure to -the original
** Yield = (Ash, final-Ash,initial)/Ash,final(1-Ash,initial)
+ SRC solids-free basis = 981 yield, actual valve: between 77 and 981



is concerned, but the hydrogen consumption in the presence of these catalysts 

is more than in the "no catalyst" run. Slag (supplied by Texaco) doesn't 

help in dehydrodesulfurization. This may be due to coating of minerals by 

silica in the form of glass.

The effect of amount of SRC-residue ash added is also important as far 

as the SRC process is concerned. Table 2.A.2 shows the results with different 

amounts of added SRC-residue ash. We see that the addition of SRC-residue ash 

helps in hydrogenation (higher hydrogen consumption), which could also be 

proved by higher T/N ratio in the case of added SRC-residue ash (T/N ratio 

0.33-0.5) than no added catalyst (T/N ratio 0.24). This means that the 

SRC-residue ash not only maintains the solvent quality but also improves it.

We also see that the addition of 1 or 2 g. of SRC-residue ash doesn't help in 

hydrodesulfurization, but 5g or more of SRC-residue ash helps in hydrodesul­

furization as well. Table 2.A.3 also shows the effect of amount of SRC-residue 

added on total sulfur, SRC sulfur and oil sulfur (The product obtained from 

autoclave run is filtered to get liquid product and subjected to distillation to 

recover the light molecular weight substances like oil as top product and SRC 

solid product as bottom product. Please refer to the details of the separation 

procedures for the SRC product, attached at the end of this task.). We see 

that with the addition of 20 g. of SRC residue ash (14.3% of total slurry) 

the SRC sulfur is reduced by 22 percent over non-catalytic run using the same 

reaction parameters.

In the earlier work (previous progress report) we evaluated the effect of 

SRC-residue ash on SRC process. We reported the effect of reaction time on 

product distribution, liquid sulfur, and yield. During this quarter we per­

formed similar studies with Kentucky coal ash. Table 2.A.4 and Fig. 2.A.1 

shows the catalystic effect of Kentucky coal ash on conversion, liquid sulfur 

and hydrogen consumption. Comparing the results of Kentucky coal ash and that
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Table 2.A.4. Effect of Kentucky Coal Ash in Liquefaction of Coal 
Solvent (LR0)/coal=2, T=410°C, 1000 rpm

Partial Pressure (psig)
Reaction

Catalyst Time (min.)
Initial 

Pressure 
(1x10 psig)

Final
Pressure

(lxl0~3psig)
»2

(10-3)
H2S C02 ch4 C2-C5

%
Sulfur Content 

of Liquid Products Hf/Ho* Yield**

None 15 2.00 1.94 1.713 13 40 26 13 0.64 0.92 79.8
None 30 2.00 1.91 1.632 13 40 56 34 0.64 0.88 84.3
None 60 2.00 1.75 1.360 20 56 109 70 0.46 0.73 87.6
None 90 2.00 1.65 1.136 16 (?) 50 144 79 0.46 0.61 88.8
None 120 2.00 1.64 1.127 16 (?) 66 187 109 0.45 0.61 89.7

Ky. Coal Ash 15 2.03 1.92 1.712 0 40 18 15 0.59 0.90 80.5
(10 gr)

Ky. Coal Ash 30 2.03 1.73 1.46 1 46 54 34 0.46 0.77 84.4
Ky. Coal Ash 60 2.04 1.47 1.122 0:1 48 100 65 0.41 0.59 88.7
Ky. Coal Ash 90 2.08 1.52 1.105 1 54 137 88 0.38 0.57 88.2
Ky. Coal Ash 120 2.04 1.45 0.912 1.8 70 210 121 0.34 0.48 88.0

*,** refer to Table 2.A.I.



Figure 2.A.I. Effect of Reaction Time on Hydrogen Partial Pressure (Hf/Ho) and on Sulfur Content 
of Liquid Products with and without Ky. Coal Ash Present During Reaction
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off SFRE neEBaiHuee asiti (tpieaMtaufs FfragpessEs neqEfroYtt)) wee ffi-mtl tttett tttegy aenee adlmnsstt 

ititerttitEeSl eeoaE?(±t floor Thwear .wrE^td ((EEB aartb 3SDniritn. neearttitem itn ttte oeeKEe

ocff lterttud% oofflall aaeiti sees cqqppxHasfcl tto 3?lE-nffiathUfie aaeih.

SSd f6ar wee ThuHeatl aett Tfiiflu'tfcl ssUlffuxr aartb y/i-atb,, Uutt TtiitMte rrorttitorn IteEs thfiasan 

nraacbte abmuit sxritAflartt cpjtaeJTit^y.. Tftrfe its orree off ttte mrcsgtt iiirpmtfeartt olte^axtteritstti'ass 

off ttte LLEse ocff mritrranaeJl nreettbar itn S3RC ppraKBessss. FFi-gg. 2ZPk2Z sttnwcs ttte vaaritettitirr 

ocff T7^M ((l^tnaalfny/f^ctb^ naetdin wiitth neaaodttitam ttitirae itn ttte ppreessasraBe ocff rrco

aastfed'bsEati,, SMI neesatbUee aa^h,, aartb lterttio%y aaaall aesth. Tfte sstfearttitrjg nesQ^cdbe ssribmtt 

Haas aa TF/N naattitr) off 0Q33S. Itn ttte atearitxBe off oaedacll^sstt ttte T7/N1 naettiin dtexneaasBss 

wiitth nefflarttiban ttiiirae. TTtits nraaarss tttett ttte Hyytfahaspn dtoracttitrjg a^ato'illiit^y ocff ttte 

sarilAfiarttdtenesaaaass wiitth ttiiBBe. FR^S-22M33 sbtm«s ttte pprcoDBasass saatteBrae floor SSRE 

ppoaoBsaBS wiitth nro aaEtfed'^jsstt.. Ite saaffle tttett wee Haa^ tto ussae aa rtetyydbagpaFracttnr tto 

ORffifraadte ttte saadbmtt neaHmeneEd tljy ctftsttiilH'tetti-nm tto iiirppKmee iidss TTW rtetito tto 

0Q3S3 aarrEsimritr® aaebtattiberten Hi^bragpn ggees. 09n ttte octtter ftercb itn ttte FfnesaancBe 

ocff SSTOG-nesabbUfie aaib oor aoacll aaih ttte 1]/^ nasttibo itraneaaaass wiitth nesaribbcjn ttiiiree 

nesadlttitrEg itn tteattor cpudliitSy ssdlAentt ttten ssrilAeartt ttten ttte sstfeertdrrgg neaoydbe 

stoTtoeertt ((ii.fla. Hib^ter Hyythagpan dtoraattitreg aaqcpdcbiilliit^).. Tbmas,, wee d±o rredtt nesflunee 

aacbMittibaraan nrii^brigpaTOdtibcm. flfllsaaa, ttte itippoav^ad cpuelliit^y ocff saadflAeantt weadlb ullttii- 

masttoljy neessilltt itn Iboiear ttjythogpan anwBiunvpttiban itn sajiteaapimtt mires. FFfgS- 22.MM 

sdtewes ttte ppoaBBsaBS ssitteBiBe floor ttte ppooBBesss wiitth SSTOE-aaih aaetlad'^QEStt. TTtibswe^y 

wee aaan anmdlutte ttfidt Hi'tSter Hjybragpan ororesimpfttibtrn itn ttte aaaaee ocff anaall asth oor 

SSRE-neesstltee aaebi ibs ppartOlyy dtee tto HwcbiaipraEttibon off ssrflAaarrtt wth'trth wiilUl tte 

aDOTperesctfeeb itn ttte ffeclH'bswtT® mires, wWiilbe aadtUitlitiiteSl H^dchaspn wiilUl tte rraselMi tto 

ufligmbte ttte ssadbmtt neBayvaneeb itn rreo aaifedl^sstt ncures.

Earl liber ssttutfbss itn tttibs IMtanaettxnjy sdtawesb tttett OSaDD aailte itn <±tesdlflurriizaettibarn 

(^oebss ass aa ssrnubiteY)),, tbutt cbboBsanf tt aatb itn Th'tpujB^feodttibcm. Itn oendbar tto uitiilliizBe ttte 

HjybragpariicttitTffi aa^pibiilliit^y ocff SSBQG-neessitbiee ®bh aamb cbteuilfbLmbZEttibcin aaq^a±biilliit§y 

ocff OMU, aaiiitottuTee ocff SSTOHoesEBiiliifie as^ aanib OEaDDwess ttribsb ass aa oaEtbal'bfiSStt. TMflbe

4C6



IM 4^
OD CA

X)
O

D an <Z
D

CVD

ro
o GD

PO
D

fT
D OflD nn O
D cm O
D oc

l

OD 33 (AK
)

§i9Rp8^ PIRfeH ^8 Sim {Ni) M8 ilHti ^8 mm :g:^:g



SRC Residue

ReactorMixer Preheater Solid-liquid
Separation

Distillation

Rehydrogenatior

Figure 2.A.3. SRC Process Scheme with No Catalyst
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Figure 2.A.4. SRC Process with SRC-Residue Ash As Catalyst
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22MS5 sitaMK tWee nesaJlttss cittfeatreatl vwittti waariimEs anmtta'triEttitQfrES off SSROG-neassitHiBs 

aEEdrh aatnb OEeDQ. Mte floauntl tttett tlteree vwees me iinpiayenfflartt itn Tbwearitrffi off THiflutd 

saJftiir FpEffYCEsrtfe^gpe. (Bn tttee od±ter htetwb usaae off 33g OEeOD car rwmee aaAaa'ri'by eeffTfedtetl 

ttte yfittm aamti iitt dhapflEpeati dhaBESttitedH^.. FEurttter ssttutfi-fess ne^lsteti tiro rrBspattiiAee 

erflTlmctt off OSeDO aarree rreraitetl tiro eaoqj'teirn tth'fe i^HnaTOnraafmm.

SaBaarraEttitoin RhoEmlAin^s ffcor SSRC Rhoadiuitt

TThee cdissttiilH'bEttitam ppianBesass its usaastl tto sagrpaiaEtte ttte ssrilArntt nsrfRtrrati anaall 

(I^RDQ) flhanm ttte cohH ppunttitarES.. THits dftsttiilUMtiiiin its parffomEtl aefittear fRillttyaEttiian 

tto neBBttwee ttte ooEtlaal^sstt aamtl uimeaarttetl acadl.

tBigpEgHmee

FFiilltlnzicttitan

TTte afpEaraettar ffir»sstt ffiillteTss ttte Itett aaAttxBdtaAae rmrwttinee tttnoaL#i aa BSIattirar 

fEunrtel fRiOtbEtl vwitth MHaitiraam fflDO Iteidten fRilltbar [ppBar.. Ttte SJRE aarcti aared ITit^ttt 

nrag^dlae odill pnEESEsass tttnougjti aa fflilldnaetbs aamd ttte neessitUiee aate uimoaeoltetl anjall nee- 

nraatTBs eess fRilltbar aadte. Ttte S5RC aarntl THt^ttt nesoydlee caill aains ordTllasttbstl itn aa 1ESB null 

(Raffle FRtg. 22MJ5E}).. TTte rressitttijffi its vwteteti vwittti ttelnadij^^i^ffmaaTi ((THfF)) 

untb'ill ttte fRilldnaibe its odlaeaar.. TTte fRilltbar pa^panss aaroe aroTniaaaatbadi itn aa 40ED car 

55M) rafll ttedter.. TTte fRilltbar pp^paass aaies ottergpati aass rreffiatteU. /ffitbar ttte ssaa^qtte its 

ffiilltbaieati, ttte ssEanp^te witell its vweEitetJ vwitth aa ssttraaw oeff Tf+fF vteEBdtitrg ttte saodlittl 

Raarttitd'bess oartbo ttte Ttestt FptaDBe off fRilltbar fpqpar.. Tften ttte fRilltbar FWpar its 

aatltMi tbo ttte tteddear..

TTte fRilltbar Fpqparss aaiee ttten neBiraweatl TfeEavitrcg ttte neessittUffi itn ttte ttedter.. 

Pktmtt 22HD0 inill off Itett anesaroll its aattktetl aantl Itettbafcl untthTI rrefflar ttoiillitr®. ttte anesadl 

mritottinee its ttten fRilltbaieatl tttnomgjh aa EBicdtiraar ffmrtel fR'rttteLl vwitth Wtaettem iE5D 

IteidfaTOstl fRilltbar ppqpar aatrctl weesttetl vwitth THfF unttiill aa Gdlssar fRillttnaetbs its amwimg 

tttnaM^ ttte fRilltbar fpqpar.. ttte fRilltbar ppRpar its dtergapaij aaes rreraiMi eaUw^yss vwcsthitrjg



Figure 2.A.5 Filtration Unit
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the residue with THF. The next day the sample is placed in a dried and tared 

combustion boat and placed in an ashing furnace with a flow of oxygen. The 

temperature is set at about 920OC. The sample is burned for about two hours or 

to constant weight. The boat is then cooled in a desiccetor and weighed, and the 

ash yield is calculated.

Distillation

At this point the liquid portion of the autoclave sample, collected in the 

125 ml flask, is distilled. The sample is first heated to make it less viscous.

A small sample (total) is taken and placed in a sample bottle (for sample analysis), 

and the rest is poured into the distilling flask (see Fig. 2.A.6). Under a 

vacuum the sample is heated gently at first, then the temperature is raised slowly 

until the oil distills off freely. When the distillation temperature reaches 

about 230-260°C under 28 inch Hg vacuum pressure, the heat is turned off. The 

apparatus is allowed to remain under vacuum for about twenty minutes.

Each part of the apparatus is weighed before and after the distillation.

The differences in weights are calculated. A mass balance is calculated:

1) the difference in weight of the parallel side arms is added to the bottom 

product, and 2) the difference in weight of the elbow, condenser, and thermometer 

is added to the top product. Then the percent sulfur of the top product, bottom 

product, and total sample is determined by Leco sulfur analysis.

Reactivity of Demineralized Coals

During this quarter, the reactivity of coals demineralized by acid extraction 

and magnetic separation has been examined in the small tubing-bomb reactor. The 

reactivity of demineralized coals has been obtained based on product distri­

butions in terms of oil and gases, asphaltene, preasphaltene and pyridine in­

solubles. A strong hydrogenation catalyst, Co-Mo-Al, and two different solvents, 

tetralin and light recycle coil (LRO) have been tested for this purpose.
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Ilr TMfcTtee ZLPhfB,, vtttean tftte mrttnesetteti Nferttinkisy omeSl vmbbs neaaodttetl itn ttte tbStea- 

llitn saadllAfiartt ((pujtes Pk aamd Ej)„ ttte RneEBaaaTOBe off dto-Mto-flAl sees otetd'^aEStt (faun 3$) ssebiss 

tto ssitgriiffiixsartQlyy eantteTUBe ttte ITitfltefeittittin yyitdtti, ttfaett its,, cdttautt W38i itraneasBsae 

itn ttercairee ssrilttHTasss aantJ itransaasss itn FByriitftre ssadliiaTaess. Mritti dtenritreaTadliteEtl 

MtetUaMsy ansall (famss OC aantl □}) vmebs aSTsam ffeauntl tto fcte neaeDOttii/vee itn ttte Fpieesaamea off 

Ofo-Mto-Afll asBS asEteOTy^stt,, ttiiett its,, aiteitt 229^ itmneeeEsae itn tterraarae ssrilittl'tess aantl IM 

itnmeffiEBse itn f0yrittfitrBe ssadllitHlaess.. Itn TMtlte 2ZPkJ7„ nraBggreititiasJU^y chbairitrearaailli-HBEid 

IIITITitreats crasall sttews aa saimiTbar ttneantl aass dtoass ttte aaritd dtBiritrearaeil'liteatl ItertturWsy 

acaeJl — aitautt aa SSW itraneaeBffls itn ttensaace ssadlittiTBss aantl aa IE5$ itnmeeeBsae itn FeyriiUtree 

ssdUtfcltes. IttBsae noassdltlss itntftiaette tttett ttte FptetkTeaettertt off araaSts 1% aaodttl eaotinaac— 

tdtom arr nBeggntetlir ssa^xnaattitarn ntetttetts dtaaes rratt adltfear ssitgriiffi-haartQtyy ttte neaaDcttiiMit$y off 

angpai'tc nKetfearitein itn ttte aaKill nBBtkritx v«tten nesHDGtbEtl itn tbifnaailitn ssrilAeartt itn ttte 

nnessanree oeff OSo-fte#!! aass aa8tbal'^(ysstt. TTtesaae neesuiltlss omiittl itntfiiiaetfee ttBatefitritdl 

PtWjjssitseill arr odteritsall FptettnBssettiiiwrtlss itn anaall Ittfltetottitnfn itn ttte saasrese off aasiti 

maatbaritests neanotell fpn'tnr tbo ttte onaeSl Itiflifl^tatb'tan neaaittitafre&.

Ttte nesaiiltfes atltbadtreetl ffhawi ttte ssttuatess off ssdteafrtt etffffeffldtlss itn anaall llitflifie- 

ftarittiiam oEsitrg tbwo dfifffferojrtt saadtAeartbs,, ttettraallitn aared IMQ, IteAee ttesafn saiamiBaTitaad 

itn TEdtite 2LJ&& aand 2ZJ&91. Iln TMtlte 22mm, ncims II aared III sttraw ttte ctfiiffFfearrartt 

nessUTttss itn onaefll ctfitssadHitdiim. fl/lflpneafTtfl'iy,, UfRD its nmicdti ttetttbar vwitth nee?paxtt tbo 

FByrittfitree ssBULtdlass,, tttett its,, attauit U3%, Itit^ter ttten tbsttnadlitn. TTti'ts Rtternrararrcarn 

vwebs fEurttter attBaasrwead itn nams vwitth HUllitrrats anaall (farms W aand WII itn Ttedlae 22 ms^).. 

OteTBatelll'by,, tbilnaallitn its anmathteead tbo tte aa dsittbar Itjythagparn dtorror sadlAeartt ttten 

UMl, dsacausae off swiami awnurtt afF Hjiydha^an dtonxrr s^Baritess Fpreeaaartt itn IMD. /fts 

ditsmssaaed urntter Tfe^k E.„ IMD amiltd ttetteAse ant^ipltebd'by cdlffTfereartt ffhomn tbikteilitn.

Itn ttte FfneesaaBniBe off tbettraallitn aass ssdteartt ttte dyytthojpn tkwawsffer neaailtitan raa^y tte 

ttte nraedjnrr ggiyjaarrritng ffedtbrr itn anaeSl ditssdliitittm,, wWiilte itn ttte ppressaarPEe off IMD 

aass SEdteartt tttteree nw^y tte aarcdttter sstkwnffl ggxwaarm'trffl ffertbrrr,, ppea^teps ttte ssttroarffl 

Ffthisgtrsall sadlAfiattiiam off anaall dtetteed-s^pBaritBS ad tong vwitth ttte tbythoqggpan ttraartebar
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Table 2.A.7. Reactivity of Magnetically Demineralized 
Illinois Coal

Solvent (tetralin)/coal = 2, 410oC
1275 psig H2, 30 min. , -1000 cpm

runs E F G

demineralization - Magnetic Magnetic
catalyzt (7.71) Co-Mo-Al

product,1*
oil + gases 19.6 20.2 38.4
asphaltene 28.5 23.3 29.3
benzene insolubles 51.9 56.6 32.3
preasphaltene 28.5 35.5 24.0
insolubles 23.4 21.1 8.3

* mineral matter-free, solvent-f
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Table 2.A.8. Solvent Effect of Kentucky Coal

Solvent/Coal = 2, 410°C 
30 min., -1000 cpm

runs I II III IV

gas, Pi, psig H2 1210 1275 1200 1275
solvent tetralin LRO tetralin LRO
catalyst (7.71) _ “ Co-Mo-Al Co-Mo -.

product,%*
oil + gases 23.3 19.9 27.6 20.9
asphaltene 24.3 25.1 33.3 34.6
benzene insolubles 52.4 55.0 39.1 44.6
preasphaltene 24.8 46.0 25.7 29.4
insolubles 27.6 9.0 13.3 15.2

*mineral matter- free, solvent -free
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neaaodttitcm. HmtltGar,, rwmee dfeibaiTbatl ssttutH-oess tbo dJTCttitngiitdti ttteasaae tbrao fferthms arree 

itn nmgjieesas&. Itn ttfee FpreEssaaroEe off aaBS aaetfeal'^sstt tbwo sadlABartbs,, ttetkWBi'Htn

aarreb IMQ, tMta/vee saiiiiTbari^y,, aantl earttaarmBe bBffrzBamas ssrilittllass adtoutt UD tbo

IlrtteieffiSttiinB i^traroBBafraa baa\ee tbeasan cxttsaaaweetl itn IMHlae 2ZPHSB vwittti nees^partt tbo 

ttte srfffigrit oeff ssdV^afrtt con IMlitroonss anaall ITiiflifiEffeadtiton. Itn ttte RneeaaaroBe off ttettoasilitn 

aaes ssri1\eaTtt (^imres W„ Will aantl IWQ) tttairiiTBffTaailitKttibon off HHTiinnits araall bjy eadtti eaottiaaE- 

ttiton aand ranagtettitc saa^pEnzettiton ntetttratts ctBid mitt ssitgriffitoartQ'by aennantt ttte [yiaattuitt 

dlisdirittuttitcm. TTtesaae irnUtactbe wteHl tttett ttte FpresaaaraBe off nritreaTaall raaEtHtfear itn anaall 

lliifltelarititon nn^y rratt tte aa sa'tgriifTitaaTtt ftedtor vtHran tbitraeJlitn ife usaatl aaes ssd’teartt,, 

tteiaifise ttte nraajjnr cgxycaTrritng neaarttitnrn sstbqqa ife ttte Hjydiagpan draareEffer nesaaodtiinn 

flhanm ttednaaHiin tbo onaall-fteriiABEd flhease nzatfiEdte,, wditriti 1% mettmee iiss mim-aaEttal'^ttiix:. 

CEmrtlrraarrjy tbo ttte aaaBaae vwtth tfedtlrraallitn aass ssdlAeafrtt,, ntures vwittti IMD aass ssdV\eartt ({MI,, 

mm aand X>0) sdtew tttett ttte RmsaaraBe off tm'nmraall nDtettbar itn anaall lliiflteifeaittiton amdtd 

aefiffeEtt ggieaatfllyy ttte nnoifaUcctt dfifetlmlluttjtorEs,, tttett its,, adinutt aan 111 tbo 1EB^ itraneeeBaae 

itn tteTEBaree ssdliitfllBBS aand aa IB tbo 228$ itraneaeBaae itn feyrittStTBe ssdljitl'fess.. TTtesse 

nesssxlltbs vwitth LMD aass ssrTtaartt amjJtd tte eaogldeDtTGsd 1% ttte annteiiTBsd off

djythagpan ttraarEffer nesaoottiton aand FfW^ssitaail ssdlAaettiton off anaafll-dteritead s^pBarites.. 

Runtttemnnieei, iitt raagy tte s^itrarffidted tttett anaall nritrsaiaall nnatttbar raa^y Ite ssttnarr^'by 

itTwril/yeed itn ttte asateal'bflittitc ttjydia^anEttiton off s^psortt IMD cor anitBittell LMD ssrilAeartt. 

TTHts Iteatts tbo ttte Hitgter cramirarttYaettiton cdT Ltjydiagpfn dtorror sypreriiaBs aand aEOtEaaa- 

cpijBartfl'by ttte fti'-^ter ^li-ytd afF anaall lliiflifirffeatb'tim.

LI|p tbo rram wee aaan atesawee ttte dtSfffleareaTOBe ttetefflan tbwo sadlAeaatlss,, tbdirraaHitn 

aand IMQ, itn ttte anaall llitptetedttiton pprartliott ditsUrriitotonm, dutt vice aaam rratt amm- 

qttebdl>y eaoqfbetftn ttte RJteraBttaram. Rurrttter ssttutinss aarree rraoBESSBsaairjy tbo df-Bsttitrguitoh 

ttte govearmlmg rrefflarttiion sstfeqrps s&urth aass djythagpan ttraaresflear rreesaittiton cor i^ttjQSsrbaell saadll- 

\Aflattiton off anaell-dten'iAfiad s^pBaDd-fess. Utem anrafpltetiton off saiiTflurr aarffill^sats odT efflaoth 

qirajiluilJ,, ttte rTSsaDdttiwittjy orff dtoritTroraellitesd anaall dgy aaritd eeottrzartb'ton cor nmeegtettibe 

ssaftaanaattibon ntetttrotts itn ttte lijydiaiiteatilfluLmteatotmi rreaarttiton vwilll tte rre^rortfead itn
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the next progress reports.

Model Compound Studies with Coal Minerals as Catalysts

Further studies in the hydrodesulfurization of model compounds, such as 

phenyl sulfide and dibenzothiophene, were performed in the small tubing-bomb 

reactor. Some of oxygen- and nitrogen-continaing model compound studies, 

such as with benzofuran and benzonitrile have been initiated during this quarter 

to examine the catalytic activity of coal minerals in hydrodenitrogenation and 

hydrodeoxygenation reactions.

Hydrodesulfurization of Phenyl Sulfide

Two reaction courses have been reported for the hydrodesulfurization of 

sulfide compounds (Schuit and Gates, 1973; Weisser and Landa, 1973):

R • S • R1 + Ho RSH + R'H
1>

[H2l * RH + H2S

or

R • S • R1 + 2H2 + RH + R'H + H2S

As Table 2.A.10 indicates, most of the phenyl sulfide is converted to 

benzene when hydrogenated in the presence of Co-Mo-Al. The amount of benzene 

produced is not quantitative because of evaporation of benzene during the 

handling of samples and therefore the amount of phenyl sulfide converted (first 

column) is a better measure of the catalytic activity. Any thiophenol production 

as a reaction intermediate was not apparent as not significant amount of thio­

phenol was identified in the reaction products. Other mineral catalysts such 

as Fe, pyrite and SRC residue ash showed 10 to 20% conversion of the phenyl 

sulfide, while SRC residue and reduced pyrite had essentially no effect. It
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Table 2.A.10. Hydrodesulfurization of Phenyl 
Sulfide in Dodecane

GC Peak Area Ratio*(XIO^)

Sample Catalyst
Phenyl Sulfide 
to Dodecane

Benzene to 
Dodecane

Untreated — 95.4 + 3.6 0.0

Treated none 85.3 + 4.8 trace

Co-Mo-Al 0.0 63.8 + 9.4

Fe 70.3 * 3.1 15.8 ± 4.4

SRC residue 96.7 trace

SRC residue ash 83.3 + 4.0 12.9 + 2.3

Pyrite 79.5 14.

Reduced Pyrite 97. trace

T = 410°C, Pi = 1200 psig H2, 1000 cpm

10 wt. % phenyl sulfide in dodecane 

10 wt. % catalyst 

* normalized area ratio
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is interesting to note that the activity of representative coal minerals such 

as Fe, pyrite and SRC residue ash in hydrodesulfurization of phenyl sulfide is 

significantly lower than in the hydrodesulfurization of benzothiophene or 

thiophene, in contrast to that of Co-Mo-Al catalyst, which is more active with 

respect to phenyl sulfide. The activity of Co-Mo-Al in hydrodesulfurization 

of phenyl sulfide has been reported in the literature as being similar to that 

in hydrodesulfurization of benzothiphene, which is in agreement with this work 

(Tables V and VII).

Hydrodesulfurization of Dibenzothiophene

Two reaction courses have been reported for hydrodesulfurization of 

dibenzothiophene (Schuit and Gates, 1973; Weisser and Landa, 1973)

It is generally thought that hydrodesulfurization of dibenzothiophene is more 

difficult and requires more hydrogen consumption than that of thiophene or 

benzothiophene.

In Table 2.A.11, as expected, about 30% of the dibenzothiophene was con­

verted when hydrogenated in the presence of Co-Mo^Al. Thus the activity of 

Co-Mo-Al in hydrodesulfurization of dibenzothiophene is mi*ch lower than in the 

hydrodesulfurization of benzothiophene, phenyl sulfide or thiophene, in 

agreement with the results reported in the literature. All representative
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Table 2.A.11. Hydrodesulfurization of Dibenzothiophene 
in Dodecane

GC Peak Area Rato* (XIO-5)

Unknown to Dodecane

Sample Catalyst
Dibenzothiophene 

to Dodecane #1 #2 Others (5

Untreated _______ 31.5 + 1. 0.0 0.0 0.0

Treated — 32. +1.4 0.0 0.0 trace

Co-Mo-Al 20.5 + 0.7 3 .5+0.7 trace trace

Fe 29.8 + 3.4 0.0 0.0 trace

SRC residue 31.3 ± 1.2 0.0 0.0 trace

SRC residue ash 30. +2. 0.0 0.0 trace

Pyrite 27.5 + 2.1 0.0 0.0 trace

Reduced Pyrite 30.5 + 2.9 0.0 0.0 trace

T = 410°C, Pi = 1200 psig H2, 30 min., 1000 cpm 

3 wt. I dibenzothiophene in dodecane 

10 wt. % catalyst 

* normalized area ratio
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coal minerals such as Fe, pyrite, SRC residue, SRC residue ash and reduced 

pyrite showed only insignificant activity compared to that of the Co-Mo-Al 

when tested with dibenzothiophene. This may be one reason as to why a sig­

nificant accumulation of dibenzothiophene has been reported in coal liquefaction 

streams, particularly in the recycle solvents.

2.B. Bench Scale Continuous Reactor

Objective

The objective of this subtask is to better define the differences in SRC 

process performance which may occur because of differences in reactor designs, 

eg. stirred tank versus tubular reactor. Toward this end, a better process 

model is being developed for the SRC continuous reactor.

Coal Dissolution and Hydrogen Transfer Kinetics Studies

Objective

The objective of this task is to study the coal dissolution and hydrogen 

transfer kinetics as a function of reaction variables such as reaction tem­

perature and reaction time; and to understand fundamental reaction steps in 

coal dissolution such as hydrogen transfer and dissolution reactions; and to 

provide a design basis for the governing reaction kinetics expression for the 

Solvent Refined Coal process.

Progress

During this quarter extensive kinetics studies of coal dissolution reactions 

have been performed in the small tubing bomb reactor. Kentucky coal and 

tetralin as solvent were used for this purpose. Product distribution in terms 

of oil and gases, asphaltene, preasphaltene and pyridine insolubles was deter­

mined by following the conventional solvent extraction scheme as shown in 

Figure 2.B.1 (refer to the previous progress report, period October-December, 

1976). Pentane, benzene (or toluene) and pyridine were used as extraction sol-
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Figure 2.B.I. Block Diagram for Separation Procedures
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vents. Oil is defined as pentane and benzene soluble; asphaltene as benzene 

soluble and pentane insoluble; preasphaltene as pyridine soluble and benzene 

insoluble in the process of the usual atmospheric Soxhlet extraction scheme.

The oil fractions were analyzed by G. C. to obtain tetralin conversion to 

naphthalene, which accounts for the reaction of hydrogen transfer from tetralin 

to coal-derived free radicals.

As we discussed in Task I.C., the major reaction step with tetralin as 

solvent is thought to be hydrogen transfer from solvent tetralin to coal, which 

results in stabilization of coal-derived free radicals to prevent char forma­

tion. The current work has been pursued in further exploration of kinetics 

of the hydrogen transfer reaction in coal dissolution and of its effect in 

coal dissolution yield and product distribution. An extensive investigation 

of several mathematical models with different kinetics expressions has been 

achieved by computer assistance using the Parameter Estimation method.

Reaction conditions for these experiments are shown in Table 2.B.I.

Table 2.B.1

Reaction Conditions for Kinetic Study

Atmospheric Pressure 
Tetralin + Coal = 7.5g 
Tetralin : Coal = 1.5:1 
Agitation Rate = 600 rpm 
Reaction Time = 0 to 60 min.
Reaction Temperature = 350, 380, 410°C

Results and Discussion

At each reaction temperature, 350, 380 and 410°C, the product distributions 

in terms of oil and gases, asphaltene, preasphaltene and pyridine insolubles 

were plotted against varying reaction time as shown in Figures 2.B.2, 2.B.3, 

2.B.4. The tetralin conversion at different reaction temperatures is also 

shown in Figure 2.B.5.
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As shown in Figure 2.B.5, there appears to be a considerable amount of 

tetralin converted to naphthalene in coal liquefaction reactions. This hydrogen 

transfer reaction from tetralin to coal-derived free radicals provides stabili­

zation of coal-derived products such as gases, oil, asphaltene and preasphal­

tene. Tetralin conversion to naphthalene seems directly related to the coal 

liquefaction yield, furthermore to the product distributions. Hence, we have 

considered the tetralin concentration term in our new kinetics model of coal 

liquefaction, which makes the overall process, second, rather than first order. 

Since each reaction product seemed to reach an equilibrium state, reversible 

reactions were also included in the kinetics model.

The proposed kinetics scheme is as follows:

kl
coal + tetralin=±preasphaltene + Naphthalene 

H

preasphaltene .zrH asphaltene 
k5

asphaltene
k3.

oil + gases

In deriving the kinetic expression, several assumptions have been made:

1. Active coal is based on daf coal

2. Unreacted coal is defined as pyridine insoluble.

3. For each component, i.e., for coal, preasphaltene, asphaltene, oil, and 

tetralin, first order kinetic expressions are assumed.

4. Concentration for each component is expressed in^3/ccj. Also, the 

volume of this heterogeneous mixture is assumed to be constant during 

the reaction.

5. A stoichiometric coefficient fll was used, meaning that ot parts (based 

on weight) of tetralin are needed for the stabilization of 1 part of 

coal.
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6. The effect of naphthalene in the reverse reaction is assumed 

to be negligible (based on the results in Task I.C.).

Based on the above proposed kinetics scheme and assumptions, the 

following kinetics equations have been obtained:

-kjCcCj + k^Cp 

kiCcCj - k4Cp - k2Cp + k5CA 

k2cp ' ksCft - k3CA + k6C0

k3CA - kgCo 

a(-klCcCy + k4Cp)

where

Cc - Cone. of coal [g/ccl

CP = Cone. of preasphaltene Cg/cc3

= Cone. of asphaltene Cg/cc3

Co = Cone. of oil and gases Cg/ccH

CT = Cone. of tetralin [g/cc3

1 s = rate of constants

k2 to k6[mT

Cc = CcO at t = 0

cp = cA = CO = 0 at t = 0

CT = cTo at t = 0

These nonlinear differential equations were solved simultaneously using 

the computer, and the results are presented in Fig. 2.B.2, 3, 4, and 5. The

dCc
dt

dCr
dt

dCA
dt

dC
dt

dCj
dt
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values of ki's and a at each temperature were shown in Table 2.B.2. Even 

though the reaction temperature is different, the average value of a is almost 

the same. The value, a, at 410°C appears less accurate, compared to those at 

350 and 380°C. this means that a grams of tetral in is needed to stabilize the 

free radicals, which are produced by the thermal rupture of coal, to pyridine 

soluble.

The computer simulation using the Parameter Estimation method gave a close 

fit to the experimental values, except for the tetral in conversion data for 

60 minute reaction at 410°C. Under our coal liquefaction reaction conditions 

the proposed kinetics scheme can be observed to represent fairly well the mech­

anism of coal dissolution and hydrogen transfer reaction in coal liquefaction 

processes.
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Table 2.B.2. a and Rate Constants

Temp. Rate Const. kl ^2

3 50°C 0.0380 0.1784 0.1759

380°C 0.0843 0.2089 0.1811

410°C 0.1551 0.2539 0.2104

at Each Reaction Temperature

k4 *5 *6 a

0.0836 0.1917 0.1935 0.43957
±0.0369

0.1066 0.1961 0.2422 0.42988
±0.0610

0.1129 0.1971 0.2659 0.43211
+0.0894



Task 3. Development and Utilization of New Analytical Techniques

Objective

The objective of this task is to develop analytical methodology for 

direct application and utilization in the characterization of coal-derived 

liquids, coal minerals, and solvent refined coals.

3.A. Development of High Pressure Liquid Chromatography Methodology for

Coal Derived Liquids 

Objective

The purpose of this work is to develop procedures using High Pressure 

Liquid Chromatography (HPLC) and Gel Permeation Chromatography (GPC) to 

separate, identify, and quantitate the organic constituents and heteroatom 

species present in coal liquids and solvent refined coals.

Progress

The objective of this work is to characterize the Solvent Refined Coal 

(SRC) solid product in terms of chemical species present in the complex matrix. 

To this end, we have employed high pressure liquid chromatography (HPLC) in 

a two stage analytical scheme. The basis of this procedure is a preliminary 

molecular-size separation (via GPC) of the THF soluble portion of SRC into 

six arbitrary fractions, which serve to group the species into principally 

"oils" and "asphaltenes/preaphaltenes"; followed by further separation into 

individual components by means of affinity mode (reverse and normal phase)

HPLC. The highly complex chemical nature of SRC, both in terms of the range 

of molecular weight and chemical functionality of the species present, dictates 

that some sort of multi-stage scheme of analysis be followed. Farcasiu (1977) 

has employed a fractionation scheme based on sequential elution of the com­

ponents in SRC by means of various solvents. Her first three fractions com­

prise components usually designated as "oils", i.e. primarily low molecular 

weight condensed ring aromatic systems. While later steps in the process
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comprise primarily asphaltenes and preashpaltenes. We propose that the 

oil and asphaltene, preasphaltene groups can be separated from one 

another by judicious collection of fractions obtained from a gel permeation 

chromatographic separation of SRC. Indeed, we have shown that those com­

pounds designated as "oils" elute within a rather narrow range of elution 

volumes, whereas asphaltenes, preasphaltenes are not resolved and encompass 

a much broader region. Fractions collected from the "oil" region of the 

GPC curve have been shown by affinity mode (reverse phase) HPLC to be similar 

to coal derived "recycle oil" and to contain in four instances the same 

component.

Materials

The solvents used in this study were as follows:

(1) Tetrahydrofuran (Glass distilled, UV grade), Burdick and Jackson 

laboratories

(2) Acetonitrile (nanograde), Mallinckrodt laboratories

(3) Isopropanol (ACS grade) J. T. Baker

(4) Hexane (Spectrometric grade)

(5) Glass distilled water

All sol vents were filtered through a 0.2 micron pressure filter (Millipore 

Corporation) prior to use to remove particulate matter, but otherwise were 

used as received without purification. The chromatograph used for all separa­

tions was a Waters Associates ALC/GPC-201 equipped with an M 6000A pump,

UGK Universal injector, and differential refractometer. Additionally, an 

auxiliary UV detector Schoffel Spectroflow model 70 was employed. Chromato­

grams were recorded on a Texas Instrument Model PS02W6A Servowriter II dual 

pen recorder. The columns used were ^-Bondapak C]8 (2), ^-Parasil, and jj- 

Styragel (500 8 (1); 100 A (2)).
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Experimental Procedures

A. Gel Permeation Chromatography

Samples were prepared for gel permeation chromatography by dissolving 

SRC in THF or the basis of 100 mgms of SRC per milliliter of THF. To aid 

in dissolution samples were agitated in an ultrasonic bath for 20 minutes. 

Following sonication samples were removed, allowed to cool to room tempera­

ture, and centrifuged for 30 minutes to settle out solids or THF insoluble 

materials, which amounted to approximately 15% of the weight of the original 

starting material. Following centrifugation the supernatant liquid solution 

of SRC was decanted and filtered through a syringe filter kit (containing 

a 0.2 micron filter) prior to injection into the gel permeation chromato­

graph. Injection volume was normally 100 ml. The gel permeation chroma-
o o

tography system consisted of three j^-Styragel columns (500 A (1); 100 A (2)) 

in series with a mobile phase of THF at a flow rate of 1 ml/min. Molecular 

sized fractions were obtained from the THF soluble SRC by collecting fraction 

from the GPC effluent stream at three minute interval beginning at the point 

detector response departed baseline and continuing over the duration of the 

run (run complete in 36 minutes). The detector for GPC analysis was the diffe­

rential refractometer at 32X attenuation. In order to obtain on the order of 

milligram quantities of material in each collected fraction, multiple injec­

tion and collections were necessary. Collected fractions were concentrated 

for subsequent analysis by air evaporation of the THF solvent from the samples 

under a fume bond. Accurate determinations of mass balance relations proved 

exceedingly difficult due to the fact that under the experimental conditions 

employed it was found that the samples retained on the order of 10-15 weight 

percent of absorbed THF.
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B. Affinity Mode HPLC 

(1) Reverse Phase

Reverse phase HPLC analysis was chosen as the mode of separation for 

fractions 5 and 6 for three reasons:

a. Other works done in this laboratory with autoclave and tubing 

bomb reaction mixtures showed that 5 and 6 elute at volumes comprarable to 

those obtained for components designated as "oils".

b. Relative solubility determinations in common organic solvents 

normally employed for reverse phase analysis indicated a fair degree of 

solubility of both fractions in an equal volume mix of acetonitrile and £- 

propanol.

c. Reverse phase analysis has been successfully employed in this 

laboratory and elsewhere - for the analysis of coal derived "oils".

Samples were prepared for reverse phase analysis on the basis of a concentra­

tion rate of 10 mgm of material to 1 milliliter of solvent (CH3CN(50)/o-Pr0H). 

Samples were sonicated, centrifugal, and filtered prior to injections. 25 

ml of sample solution was normally injected into the reverse phase system 

which was composed of two, y-Bondapak C^g columns in series with a mobile 

phase ternary mixture consisting of equal volumn ratios of H20:CH3CN: i-Propa- 

nol at a flow rate of 0.6 ml/min. Detection was accomplished by monitoring 

the LC effluent stream UV absorbance at 254 nanometers.

(2) Normal Phase

The normal phase mode of analysis was chosen for the study of Frac­

tions 1 through 4. Relative solubility studies of these materials showed them 

not to be appreciably soluble in any of the common chromatographic as solutions 

of 10 milligrams per milliliter in THF. Normal injection volume was 5 ml.

The normal phase system used was a y-porasil column with hexane (95)/o-PrOH 

and hexane (75)/i-Pr0H molbile phases at a flow rate of 1 ml/min. Detection
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was by UV absorbance of the LC effluent stream at 254 and 313 nanometers.

Results and Discussion

Reverse phase analytical separations of Fractions 5 and 6 are shown in 

Figures 3.A.1 and 3.A.2. Tentative identification of the species present in 

Fraction 6 has begun. Spiking experiments have indicated the presence of fluoran­

thene, phenanthrene, dibenzothiophene, and pyrene. Independant examination of 

Fraction 6 by gas chromatography also indicates the presence of these components. 

These species are also present in recycle oil used in the solvent refining pro­

cess, which causes a question as to the origin of these species in the solid pro­

duct fraction. Two distinct possibilities exist:

a. These species could represent the remnants of non-removed recycle oil 

from the product, or

b. They could be components which comprise the actual organic matrix of 

the SRC.

Work is currently underway to further identify and quantitate the components 

present. A complete identification will hopefully lead to a further understanding 

of the SRC product.

Normal phase analysis of Fractions 1 through 4 has been much less successful 

than the analysis of Fractions 5 and 6. Analytical separations are extremely poor. 

Table 3.A.1 summarizes work to date. Based on work with smaller condensed ring 

standards (phenanthrene,anthracene, dibenzothiophene, and Rubrene), which elute at 

Vq under our experimental conditions, it appears that the components in fractions

1-4 comprise either higher condensed ring systems, polar compounds, or both. The 

principal obstacles to the application of HPLC to Fractions 1-4 appears to be:

a. In reverse phase mode, the very poor solubility of the samples in most 

common solvents employed: CH3CN, CH3OH, H2O, etc.

b. In normal phase, the inability of the solvents commonly employed (Hexane, 

CHCI3, CCI4, THF, etc.) to force elution of the components from the column within
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Figure 3.A.1

Reverse Phase Chromatogram of Amax GPC Fraction 5

*Co1umn(s): y-Bondapak Cts (2) 

Mobile Phase: H2O (1): CH3CNO): 

Detector: UV at 254 nm; 0.1 AUFS 

Sample: 10 yl; 10 mgm/mji

CH3CH20H(1)

ch3
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Figure 3.A.2

Reverse Phase Chromatogram of Amax SRC GPC Fraction 6 

*Exp Cond. same as in Fig. 3.A.1

Peak Labels: 1-Phenanthrene
2- Dibenzothiophene
3- F1uoranthene
4- Pyrene

4
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Table 3.A.I. Comparison in Normal Phase Analysis of 
Fractions 1 through 4

Fraction Number

Mobile

Hexane (95%)/2-Propanol (5%)

Phase

Hexane (75%)/2-Propanol (25%)

I No bands to k1 =20 Two broad bands, 1 < k' <4

II No bands to k' =20 Two broad bands, 0 = k' < 1.8

III 13 peaks as poorly resolved Single broad band, k1 = 0
bands, k1 < 20

IV 3 bands, 0 < k' < 1 Single band, k' = 0
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reasonable length of time. Obviously, much developmental work remains to be done.

For example, investigation into gradient modes of analysis has hardly begun.

Molecular Weight Distributions of Coal, SRC and Coal-Derived Products by Gel

Permeation Chromatography

During this quarter, the molecular weight distributions of feed coal, SRC 

and coal liquefaction reaction products were determined by gel permeation chromato­

graphy (GPC). The GPC of oils, asphaltenes and preasphaltenes were studied to 

give a deeper understanding of their roles in the coal liquefaction. The molecular 

weight distribution (MWD) as determined by GPC can be used as a measure of rate 

of degradation and product quality. The effects of reaction time and temperature 

on the degradation of coal were also studied by GPC.

Experimental

The equipment used was a model ALC-GPC-201 system (Waters Associates, Milford, 

Mass.) mounted with a refractive under detector. Accessory equipment included a 

model 6000 solvent delivery system and a model U6K injector. A model SF 770 

spectroflow monitor UV/VIS detector (Schoeffel Instrument Corp., Westwood, N,J.) 

was used for ultra-violet detection.
o

The columns used were y-styragel (Waters Associates), two feet with 100 A and 
o

one feet with 500 A exclusion limits. The eluting solvent was tetrahydrofuran (THF) 

(UV grade, distilled in glass, Burdick and Jackson Lab., Inc.). The solvent was 

filtered through a 0.2 micron filter (Millipore Intertech, Inc., Bradford, Ma.) 

prior to use. A solvent flow rate of 1 ml/min which is the optimum flow rate for 

the y-styragel columns was used for all the separations. The system was maintained 

at ambient temperature. When refractive index detector was used, a sample amount 

of 1 ~ 5 mg was injected. When the UV detector was used, the wavelength was set 

either at 313, 300 or 254 nm and a sample amount of 0.1 ~ 5 mg was used for injection.

The SRC samples were obtained from Catalytic Inc., SRC pilot plant (Wilsonville, 

Alabama). The tubing bomb reactor and autoclave reaction products were obtained
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from the studies in Tasks 1 and 2.

Oils, asphaltenes and preasphaltenes were obtained by following conventional 

solvent extraction scheme with the autoclave or tubing bomb reactor reaction 

products (refer to Progress Report, FE-2454-2). Here we define oils as pentane 

soluble compounds, asphaltenes as benzene (or toluene ) soluble and pentane insoluble 

compounds and preasphaltenes as pyridine soluble and benzene insoluble compounds.

The solid or liquid samples were dissolved in pure THF to yield the bulk 

concentration (which is the weight of soluble and insoluble divided by the solvent 

volume) and filtered through a 0.2 micron filter prior to injection. However, due 

to the solubility limitation of the samples in THF, the actual concentration is 

lower than the bulk concentration.

A complete gel permeation chromatographic run takes about 40 minutes. Before 

each injection, the system must be allowed to reach an equilibrium state which 

is indicated by a stable baseline of the detector output.

Results and Discussion

The gel permeation chromatographic separation is recorded in the form of a 

chromatogram which is a plot of the RI or UV detector output as a function of 

retention time. If the recorder response is taken as being proportional to the 

mass of the eluting sample and a calibration curve of elution volume versus molecular 

weight is available, we can plot weight percent versus molecular weight from which 

the number molecular weight and molecular weight distribution can be determined.

When we apply GPC to determine the MW distribution of coal type materials, we 

must face the following problems:

1. The solubility of the sample in the solvent. The actual MW distribution 

is distorted by the solvent effect. If a sample is not very soluble in the eluting 

solvent, we might get a wrong MW distribution which is lower than it actually is. 

Thus, experiments with other solvents are needed.

2. The aggregation of sample in the solvent. Because of this phenomenon, the
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method used, the sample concentration and size, the temperature and the type of 

solvent are all dominant in the determining of MW distribution and MW. Aggregation 

phenomenon would cause the MW to be higher and result in earlier elution.

3. Adsorption of solute to column packing. This phenomenon would cause 

chromatogram tailing, incomplete recovery and delayed elution which would distort 

the MW distribution toward the low MW end. The column and solvent used must be 

selected carefully in order to avoid this adsorption phenomenon.

4. The dependence of TI or UV on MW or molecular structure.

The solution to this problem is the use of a detector which responds directly 

to mass, rather than a physical property. We can collect fractions of the eluting 

sample and solvent on a constant interval basis, then evaporate the solvent and 

obtain the weight of each fraction and construct a weight versus retention volume 

chromatogram.

5. The lack of suitable MW distribution standards. Coal type materials are 

complex organic compound mixtures. Various hydrocarbons have their own size-mole­

cular weight relationship. Separate calibration is needed for every type of homo­

logous series.

If coal type fractions with narrow MW distributions are available, we can deter­

mine their number MW by vapor phase osmometry or MS techniques and use them as GPC 

calibration standards.

A standard calibration curve for the purpose of MW calculation of coal type 

material was not attempted here. However, one calibration curve of aliphatic homo­

logous series (straight chain saturated hydrocarbons) was completed with polyethylene 

glycols in high MW range, and one of aromatic homologous series (alkyl benzenes) was 

calculated to give a scale for the comparison of molecular weight distribution.

The standards used are listed in Table 3.A.2. The retention time for each standard 

was obtained individually on the THF y-styragel system with a 1 ml/min flow rate.

The calibration curves are plotted in Fig. 3.A.3.
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Table 3.A.2. GPC Calibration Standards

Straight Chain Saturated Hydrocarbons

Compound Structure M.W. Retention Time

n-hexane CH3(CH2)4CH3 86.2 27.5

n-undecane CH3(CH2)9CH3 156.3 24.6

tetradecane CH3(CH2)12CH3 198 23.3

Nanadecane CH3(CH2)17CH3 268.5 21.6

Polyethylenglycol

1

fiil

285-315 21.2

2 570-630 19.1

3 950-1050 17.6

4 1300-1600 16.8

Alkyl Benzene

Toulene &CH3 92.13 30

n-propyl benzene ^l(CH2)2CH3 120.1 27.9

n-hexyl benzene ^ (CH2)5CH3 162.1 26.0

n-decyl benzene ^(CH2)9CH5 218.1 24.0
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The GPC of different types of unreacted feed coal were compared in Fig. 3.A.

4. All samples were prepared to have the same bulk concentration and filtered 

prior to injection. We can see the THF solubles of different coals are quite 

different in MW^dastribution. Monterey feed coal has the highest solubility 

in THF and its THF soluble portion has the heaviest MWD (molecular weight distri­

bution). Amax feed coal has the lowest solubility in THF and its THF soluble 

portion has the lightest MWD.

SRC from different kinds of coal are more soluble in THF than feed coal and 

are similar in MWD as shown in Fig. 3.A.5. This indicates that after the solvent 

refining process, different types of coal have been transformed into very similar 

SRC products, in the view of molecular weight distribution. Fig. 3.A.6 compares 

the MWD of Monterey feed coal and Monterey SRC, and the THF soluble portion of 

Monterey SRC has a lighter MWD or smaller molecules which maybe due to the breakage 

of larger molecules during the SRC process. This may not be true because the THF 

soluble portion of feed coal is very small in the amount and does not represent 

well the feed coal.

As shown in Figure 3.A.7, the GPC of oil, asphaltene and preasphaltene obtained 

from the autoclave reaction products were compared to the total reaction product 

mixture which is a combination of these fractions. The autoclave reaction products 

were obtained by reaction of W. Kentucky coal with recycle oil (weight ratio 1:2) 

at 410°C. The reaction time was 120 minutes.

The oil and asphaltene portions are quite soluble in THF. The GPC of oil por­

tion is very similiar to that of recycle oil arid has a light molecular weight dis­

tribution. The asphaltene portion has a higher molecular weight distribution, and the 

GPC of its THF soluble portion is very similar to that of SRC. Preasphaltene por­

tion which has the heaviest molecular weight distribution is only partially soluble 

in THF. The RI detector can hardly detect this amount of THF soluble preasphaltene 

portion. The high peak in the GPC of the total reaction product corresponds to
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oil portion and the plateau corresponds to asphaltene portion. Preasphaltene, 

due to its low solubility in THF, has very little contribution to the total 

reaction product RI chromatogram. The GPC of oil, asphaltene and preasphaltene 

portions from the tubing bomb reactor products were also obtained (Figure 3.A.8.).

The reactants used for the tubing bomb reactor run were W. Kentucky coal and 

tetralin, thus the oil portion obtained contains mainly tetralin and shows a 

much narrower molecular weight distribution than that from the autoclave reaction 

products which used recycle oil and W. Kentucky coal as reactant.

Time and Temperature Effects on Coal Breakage

The GPC of THF soluble asphaltene from the tubing bomb reactor reaction products 

for different reaction time and reaction temperature reveals the change in the 

molecular weight distribution, from which the rate of disappearance of high molecular 

weight materials as a function of time can be determined.

Fig. 3.A.9 depicts the effects of reaction time on molecular distribution 

for different reaction temperature. The RI of large molecules (corresponding to 

short retention volume) is decreasing with reaction time and the RI of small mole­

cules (corresponding to long retention volume) is increasing with reaction time.

Since the RI is assumed to be proportional to mass concentration, the arbitrary ratio 

of RI at some high retention volume (here we take 22 ml) to the RI at some low reten­

tion volume (here we take 17 ml) represents the ratio of the mass concentration of 

small molecules to that of large molecules, and is a good indication of the molecular 

weight distribution. Higher RI ratio means that more small molecules are present in 

the sample.

The 22 and 17 ml were arbitrarily chosen such that they would be in the most 

representative position of the chromatogram. Retention volumes 22 and 17 ml correspond 

to a molecular weight of 250 and 1,200, respectively, based on the polyethylene glycol 

and straight chain saturated hydrocarbon calibration curve. Fig. 3.A.10 correlates

the RI ratio for asphaltene portions obtained from various conditions to reaction
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time. At 410°C or 440°C the RI ratio is increasing quickly with reaction time 

which indicates that the MWD is shifting toward the low MW end. At 350°C or 380°C, 

the MWD appears to change little with variation in the reaction time, because the 

RI ratio was observed to be constant over the different reaction time (0 to 60 

minutes). However, according to the results of Task 2.B., the asphaltene yield 

increased as the reaction time increased. These RI ratio results indicate that 

at the high reaction temperature, 410°C or 440°C, the degradation of coal sub­

stances or coal derived asphaltene was significantly occurred, while not apparent 

at the low reaction temperature, 350°C or 380°C.

In Fig. 3.A.11 the temperature effects are shown by plotting the RI ratio 

versus reaction temperature with variation in the reaction time. The higher the 

reaction temperature was the higher the RI ratio was observed, which means that 

more small molecules were formed at higher temperature.

Planned Work

In order to eliminate the solubility and reverse elution effect, experiments 

with other solvents such as pyridine will be performed. GPC calibration standards 

which have coal-like structure and composition will be obtained. A calibration 

curve for coal-type material will be constructed and used for the calculation of 

molecular weight of coal-derived products. The possibility of using GPC as a 

quick method to determine the product distribution will also be studied.
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3.B. Gas Chromatography of Coal Liquids and Coal-Derived Products

Objective

The objective of this subtask is to develop gas chromatographic techniques 

for the separation, identification, and characterization of coal liquids and 

sulfur containing coal species by using, 1) capillary columns and a flame 

photometric GC detector, 2) on-the-fly infrared spectroscopy of GC coal liquids 

effluent, and 3) usual GC detectors, FID and TC. Through the development of 

these gas chromatographic techniques, the determination of a solvent quality 

index and the characterization of coal and SRC by their GC chromatogram pattern 

will be achieved.

Progress

During this quarter, several representative liquid samples obtained from 

the studies of catalytic hydrodesulfurization of model sulfur containing compounds 

(benzothiophene, thiophene, phenyl sulfide and dibenzothiophene) have been exten­

sively analyzed by using a gas chromatograph equipped with a flame photometric 

detector (sulfur sensitive detector) and quantified each reaction product by 

integration of each GC peak area. These samples were obtained mostly by reaction 

with hydrogen in the presence of iron or pyrite, which showed different reaction 

behavior in the hydrodesulfurization reaction presumably becuase of the presence 

of H2S produced from pyrite (refer to the previous progress report). Some reaction 

products or intermediates, containing sulfur in their molecular structures, have 

been identified in order to verify reaction courses and to provide a basis for 

kinetic studies. Further identification of unknown peaks are in progress.

Experimental conditions of GC analysis have been summarized in Table 3.B.I. 

Typical GC chromatograms are shown in Figures 3.B.I., 3.B.2., 3.B.3., and 3.B.4. 

Current progress in identification of each reaction product or intermediate has 

been tabulated in Tables 3.B.2., 3.B.3., and 3.B.4. Preliminary quantitative ana­

lysis of each product in the benzothiophene runs has been done based on the GC

99



peak area of dodecane solvent (Table 3.B.5). The possibility of finding a 

better internal standard for quantitative analysis is also in progress because 

we use a sulfur lensitive, flame-photometric detector.

Discussion

Essentially, the same compounds were identified in the Benzothiophene model 

series. Three apparent differences occurred between those samples containing 

pyrite and ironcatalyst. They are an unknown compound and more ethyl phenyl 

sulfide were present in the pyrite sample and more ethyl benzene was present 

in the iron-sample(Figures 3.B.I., and 3.B.2). An unknown sulfur compound was 

present only in the phenyl sulfide sample catalyzed by pyrite (Figures 3.B.3., and 

3.B.4); whereas the compound was absent in the sample with iron.

Planned Work

Future work is to include identification of the compound present in the phenyl- 

sulfide model sample catalyzed by pyrite and identification as well as quantitation 

of thiophene and benzothiophene model samples.
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Table 3.B.I. Experimental Conditions of GC Analysis

GC: Varian Model 3700

Detector: Flame-Photometric Detector

Column: SP 2250, 10 ft, 1/8 inch diameter

Gases: Helium (carrier) 30 ml/min 
80 ml/min 

170 ml/min 
140 ml/min

Air #1 
Air #2 
Hydrogen

Samples: 8.8 wt% Benzothiophene in Dodecane 
10 wt% Thiophene in Dodecane
10 wt% Phenyl Sulfide in Dodecane 
3 wt% Dibenzothiophene in Dodecane

Hydrodesulfurization Conditions

T = 410°C
Pi = 1200 osiq Hz
30 min, 1000 pm
10 wt.% catalyst (Iron or Pyrite)

GC Operation: Infection Amount
Temoerature Program

0.5 yl
100 to 200°C at 5°/min 
hold at 200°C 5 min 
varied according to sample 
1 cm/min

Attenuations 
Chart Speed

Retention Times (cm): Benzothiophene
Ethyl Benzene 
Dodecane

2.6
6.6

Ethyl Phenyl Sulfide 8.6 
Benzothiophene 9.8 
Phenyl Sulfide 20.0

Thiophene
2-methyl thiophene 3.0
Thiophene 
n-butyl sulfide 
Dodecane

3.6
6.1 or 7.3
9.1

Dibenzothiophene
Dodecane
Dibenzothiophene

3.0
16.5
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Peaks:

o
NJ

b a = dodecane
b = ethyl phenyl sulfide 
c = unknown 
d = benzothiophene 
e = unknown 
f = p-henyl sulfide

j

Figure 3.B.I. GC Chromatogram-Benzothiophene Run with Pyrite as Catalyst
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Peaks:

a = ethyl benzene 
b = dodecane
c = ethyl phenyl sulfide 
d = benzothiophene 
e = unknown 
f 4 phenyl sulfide

Figure 3.B.2. GC Chromatogram-Benzothiophene Run with Iron as Catalyst
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Peaks:

a = unknown 
b = dodecane 
c = phenyl sulfide

Figure 3.B.3. GC Chromatogram-Phenyl Sulfide Run with Pyrite as Catalyst



Figure 3.B.4. GC Chromatogram-Phenyl Sulfide Run with Iron as Catalyst



Table 3.B.2. Benzothiophene Runs Identification

Sample ID 9B ID 5C TD 2

Solvent Dodecane Dodecane Dodecane

Catalyst Pyrite Iron Blank

Peaks Identified Dodecane
Benzothiophene
Phenyl Sulfide
Ethyl Benzene
Ethyl phenyl sulfide

Dodecane
Benzothiophene
Phenyl Sulfide
Ethyl Phenyl Sulfide 
Ethyl Benzene

Dodecane
Benzothiophene

Major Peaks 5 4

Sulfur peaks 3 3

Hydrocarbon 1 ?

Not identified 2 1



Table 3.B.3. Thiophene Runs Identification

Sample PD 10 PD 8 PD 2

Solvent Dodecane Dodecane Dodecane

Catalyst Pyrite Iron Blank

Peaks Identified Thiophene Thiophene Thiophene

Dodecane Dodecane Dodecane

n-butyl sulfide 

2-methyl thiophene

Questionable Peaks Dodecane thiol

Major peaks 5
(not solvent)

Sulfur Peaks 4

Hydrocarbon ?
(not solvent)

Not identified 1
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Table 3.B.4. Dibenzothiophene Runs Identification

Sample DD1-A DD-2 DD-5

Solvent Dodecane Dodecane Dodecane

Catalyst Original Blank Iron

Peaks Identified Dodecane Dodecane Dodecane

Dibenzothiophene Dibenzothiophene Dibenzothiophene

Major Peaks 
(not solvent)

1 2 2

Sulfur Peaks 1 2 2

Not Identified 1 1
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Table 3.B.5. Quantitative Analysis of Benzothiophene Runs 

Based on Dodecane Peak Area

Sample GC Peak Area Ratio to Dodecane

Ethyl Benzene Ethyl Phenyl Sulfide Benzothiophene Unknown Phenyl Sulfide

Blank - 0.003 8.3xl02 9.9X101 -

- 0.003 8.4x102 9.51X101
-

Iron 0.029 0.148 3.56xl03 4.4xl02 0.185

0.027 0.157 3.5xl03 4.2xl02
-

Pyrite 7.3 2.9xl03 4.5x103 0.33

Original - -
8.36x102 - -

- - 8.13x102
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3.C. Energy Dispersive X-Ray Fluorescence Analysis of Coal, SRC, and Coal Minerals

Objective

The objective in this subtask is to examine the trace elements present in coal 

and SRC by developing a reliable coal standard and a subsequent catalogue of trace 

minerals in various coals and SRC's, by studying the effect of mineral catalysts 

on the trace metals present in SRC and by performing mineral balances on sulfur 

and iron in the SRC process stream.

Progress
R

With the Kevex Energy Dispersive X-Ray Unit we have, it is possible to 

analyze both solid and liquid samples. Several secondary targets are provided 

with this instrument, allowing a rather wide range of elements to be analyzed 

with a high degree of efficiency.

Solid samples are normally prepared by the procedure of Kuhn (Illinois 

Geological Survey, circular #499, 1977). This procedure consists of first grinding 

the sample to a fine (-325) powder. A rough pellet of the ground sample is 

then made, and a boric acid backing is added. The combination of pre-formed pellet 

and backing is then converted into a finished pellet by pressing in a hydraulic 

press for approximately thirty minutes at a pressure of twenty tons. This gives 

a suitable surface for X-Ray analysis. The pellets are then placed in the X-Ray 

chamber, which is then evacuated to a residual air pressure of around 100 ym 

of Hg. The analysis is then carried out, using the procedure indicated below.

Liquid samples are treated differently, as befits their nature. The samples are 

placed in "Somar^" cups, with the end of the cups sealed with polypropylene filler. 

There are no problems with the surface of the sample, as a liquid always presents a 

suitable surface. The samples are then placed in the X-Ray chamber, and the chamber 

is flushed with Helium gas, at ambient pressure, with a slight positive pressure 

maintained to prevent back filling with air. This is done to minimize X-Ray absorp­

tion between the sample and the detector. This avoids the possible problems caused
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by the relatively high vapor pressures of the liquids under analysis. Occasionally, 

solid samples are'treated by the same method, with the powdered smaple being placed 

in the analysis cup. This is done whenever the sample is needed for later tests, 

so that the presence of the backing material is unsuitable, or when insufficient 

quantity of sample exists to pelletize.

The X-Ray analysis is normally carried out using Ti, Ge, and Mo targets. This 

allows for the analysis of all elements from A1 to Zr by their K transitions 

(these are the most intense X-Ray emission lines, and allows the greatest accuracy 

of analysis). Elements of higher atomic weights are also analyzable using their 

L transitions, which are the second most intense transitions. This covers all 

of those metallic elements normally present in coal which are suitable for 

X-ray analysis. This allows the simultaneous analysis for typically fifteen or 

more elements.

X-Ray exposure (counting) times normally used are 200 and 500 seconds per 

target with Ti normally used at the lower time. This represents a good compromise 

between speed of analysis and good line shapes and signal-to-noise ratio. The 

higher times are usually necessary for the other targets, due to the (typically) 

much lower concentration of elements analyzed using these targets. This allows 

the simple and rapid determination of elements present in concentrations of less 

than 10 ppm.

Application of X-Ray Analysis in Elements Determination of SRC-and Coal-Related
Samples

Several areas connected with the X-ray fluorescence analysis facility have 

shown considerable progress over the preceeding quarter. These include: 1) impro­

vement in accuracy in analysis; 2) alternative analysis schemes; 3) alterations made 

to improve overall systems reliability.

The improvement in accuracy of the unit has resulted from the acquisition of 

coal standard samples from the Illinois Geological Survey. These standard samples

have undergone extensive analysis (using the relevant ASTM determination for
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elemental concentrations), and are virtually the only standards for elemental 

concentrations in coal which are available. The use of these standards for the 

purpose of calibaration of the calculations using the XRF analyzer has allowed the 

accuracy determination of important trace and minor elements to be greatly improved. 

Further improvements in the accuracy through use of other standards is anticipated 

although the values obtainable currently exhibit an accuracy that lies with 

sampling errors of the specimen under investigation.

The use of these standards will also lead to an improvement through their 

incorporation (as standards) in the NRLXRF program for the reduction of X-Ray 

fluorescence data. This program is being used in an IBM 370/158 for determining 

the elemental concentration in a given sample from the X-Ray emission spectrum.

This program will significantly upgrade the ability to make accurate concentration 

determinations both through the greater versatility of the calculational algorithm 

and through the greater variety of line types which can be analyzed. Previously, 

only Kas La, and Ma lines have been usable for analysis. This program will also 

allow the use of Kb, L 3i, and L32 lines for concentration determination. This is 

a major advance, as overlaps can make data reduction more difficult when only a 

single line in a double is used for the analysis. When both lines are used, the 

probability of overlaps occurring in both lines is greatly reduced. This program 

uses a fundamental parameters method for the calculation of elemental concentra­

tions combined with an empirical approach. Thus the incorporation of additional 

standard spectra with this program should lead to significant improvements in avail­

able accuracy.

The combination of both these features should enhance the accuracy and 

versatility of XRF analysis of coals and coal-related products (such as SRC).

Also, some alterations, additions, and changes to the XRF system have been made 

to improve system accuracy. These include replacement of defective power supplies 

in the system, addition of a helium-flow system to permit the high-accuracy analysis
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of liquid samples, and overall system maintenance. In the near future, improve­

ments are anticipated in sample preparation facilities.

Currently, work is in progress on materials balances in the SRC process using 

XRF analysis. It is anticipated that the information derived from this study will 

allow improvement in the SRC process through an understanding of the source of 

abrasive materials noted at the Wilsonville SRC pilot plant, 

information may also lead to an improvement in understanding 

parameters on trace elements distribution among the reaction 

effect on the overall process.

It has been noted that in the course of this study that 

material is leached from the reactor walls. Details of this 

also.

It is hoped that the 

the effects of process 

products, and their

a significant amount of 

factor will be studied
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CONCLUSIONS

1. The effect of the initial particle size of a coal on the final particle size 

of the product was observed by Coulter Counter analysis to be significantly 

dependent on the types of coals; Amax coal, a slow dissolving subbituminous coal, 

showed radical changes in mean particle size of the reacted coal when the 

initial particle size was varied, while Kentucky 9/14 coal, a fast dissolving 

bituminous coal, showed very little effect.

2. In the presence of tetralin as solvent, the solvent/coal ratio (1 to 4) had 

little effect on the coal dissolution yield with different reaction times (0 to 

60 minutes). LRO and creosote oil as solvents behaved differently from tetralin 

in the coal dissolution, which could be due to a combination of two governing 

factors, hydrogen transfer reactions and physical solvation of coal-derived 

species to prevent char formation.

3. Pretreatment of coal with Fe2(S04)3 solution resulted in a sulfur removal of about

20%; when followed by tetralin-liquefaction an additional 30% of the sulfur was 

removed. An addition of pyrite (25% of the coal) in liquefaction decreased 

significantly the hydrodesulfurization rate, that is, % liquid sulfur increased 

from 0.21 to 0.38. Fe2(S04)3 pretreatment of Kentucky 9/14 coal had little

effect in the sulfur content of the liquid product upon liquefaction possibly 

due to the low content of pyrite in the coal. Liquefaction yield was not 

affected by Fe2(S04)3 pretreatment.

4. In coal liquefaction with LRO as solvent, Kentucky coal ash and SRC residue ash, 

representative coal minerals, significantly enhanced the rate of sulfur removal, 

that is, the percent liquid sulfur decreased from 0.4% without catalyst to 0.3% 

in the presence of these mineral catalysts. Both coal ash and SRC residue ash 

enhanced solvent quality based on tetralin/naphthalene ratio, possibly due to 

the catalytic hydrogenation activity of these mineral catalysts.
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6.

7.

8.

The pretreatment of coals by acid extraction or magnetic separation methods 

for demineralization appeared not to alter significantly the reactivity 

of organic material in the coal when reacted in the tetralin solvent in the 

presence of Co-Mo-Al catalyst.

The interaction between coal mineral matter and solvent LRO significantly altered 

the coal liquefaction behavior. Coal mineral matter enhanced the dissolution 

yield about 15 to 24% and the hydrogenation reaction, based on benzene solubles, 

about 11 to 15%. In contrast with LRO as solvents, the interaction in the pre­

sence of tetralin as solvent had little effect in the coal dissolution and hydro­

genation reactions. These could be due to different characteristics of each 

solvent, that is, the hydrogen transfer reaction is the major governing reaction 

step in the presence of tetralin, while the combination of two factors, the 

hydrogen transfer reaction and the solvation of coal-derived species, are 

important in the presence of LRO.

Coal minerals, such as Fe, SRC residue ash and pyrite had moderate hydrodesul­

furization activity with phenyl sulfide, but not with dibenzothiophene, which 

is the most difficult sulfur-containing compound observed in hydrodesulfurization. 

Mathematical modeling of reaction kinetics in coal liquefaction with tetralin 

as solvent was achieved by using the Parameter Estimation method. Coal disso­

lution and hydrogen transfer kinetics expressions were obtained based on the 

second order assumption in the following reaction scheme:

Coal + Tetralin ^=5 Preasphaltene + Naphthalene 

Preasphaltene Asphaltene 

Asphaltene Oil + Gases

By GPC analysis of coal, SRC and coal-derived products (oil, asphaltene and 

preasphaltene), the pattern of GPC molecular weight distribution of THF soluble 

portion of coal and SRC was found to be generally broad and very similar 

regardless of the rank of coal (Monterey, Amax and Illinois #6). The Monterey
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feed coal showed a heavier distribution than its SRC. GPC chromatograms of 

asphaltene and oil fractions were clearly discernable, but that of pre­

asphaltene was not observed, probably due to its solubility in THF. The 

arbitrarily defined RI ratio of each GPC chromatogram of asphaltene at 

different reaction time showed that at the high reaction temperature, 410°C 

440°C, the degradation of coal substances or coal-derived asphaltene occurred 

significantly, while it was not apparent at the low reaction temperature, 350°C 

or 380°C.

10. The flame photometric detector (sulfur sensitive) was helpful in identifying 

each unknown sulfur-containing compounds such as phenyl sulfide, ethyl phenyl 

sulfide, n-butyl sulfide and 2-methyl thiophene as trace side products in 

hydrodesulfurization of benzothiophene, thiophene, phenyl sulfide and dibenzo­

thiophene.
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