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ABSTRACT

The kinetics of hydrodesulfurization of coal is being 
studied at the Colorado School of Mines under ERDA contract. 
The purpose of this study is to investigate the rate of 
removal of total sulfur, pyritic sulfur, and organic sulfur 
from a bituminous coal during batch hydrogenation.

Experimentation was performed in a 300 cc Magnedrive 
reactor. Reaction temperatures of 360°, 390°, and 420°C 
were studied at times of 1/2, 1, 2, and 4 hours. Fixed 
operating variables are: reaction pressure, solvent type,
coal type, and solvent-to-coal ratio. The effects of heat- 
up time are minimized by heating the bulk of the solvent to 
reaction temperature and then injecting a small sample of 
coal-solvent slurry. An ultimate analysis was performed 
on the solid and liquid products and a sulfur forms analysis 
was performed on the solid product, both by the Colorado 
School of Mines Research Institute. Gaseous products were 
analyzed on a gas chromatograph.

The percent desulfurization of total, pyritic, and 
organic sulfur, and the formation of FeS sulfur were fit 
with the first-order expression:

§ f  = k ( a - x )  

or, upon integrating:
= a ( l - p ' k t \ ARTHUR EAKES LIBRARY

V } COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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where: x is the percent desulfurization,
t is reaction time,
k is the first-order rate constant, 
a is the calculated equilibrium desulfurization.

Activation energies for the organic desulfurization and 
the FeS sulfur formation were calculated as 11.0 and 21.9 
kcal/mole, respectively. No activation energy could be cal
culated for pyrite desulfurization as the reaction proceeded 
much more rapidly than 30 minutes, the minimum reaction time 
of this study. As total desulfurization is a combination of 
other desulfurization reactions, no meaningful activation 
energy could be calculated.

Total desulfurization was modeled as a function of 
pyritic and organic sulfur in the parent coal. The model 
which best fits the data for all isotherms of the study was:

x m + x m - x ,~ p p o o f x = r —t m,t
where X4- is the total desulfurization,

mt is the weight percent sulfur in the coal,

XP is the pyritic desulfurization,

mP is the weight percent pyritic sulfur in the coal,
xo is the organic desulfurization,
mQ is the weight percent organic sulfur in the coal,

xf is the weight percent of FeS sulfur formation.

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 804QJ
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INTRODUCTION

Due to dwindling supplies of oil and natural gas through
out the world there is an ever-increasing interest in using 
coal as an alternate energy -source, because of its relative 
abundance. Much interest has been placed on synthetic fuels 
from coal, one such fuel being "Solvent Refined" coal. One 
feature of the "Solvent Refined" or hydrogenation of coal in 
the presence of a solvent is that much of the sulfur is 
removed from the coal as hydrogen sulfide in the process, 
thus rendering high-sulfur coal reserves into low-sulfur 
fuels.

The kinetics of the hydrodesulfurization of coal is 
being studied at the Colorado School of Mines under an Energy 
Research and Development Administration contract. Koltz [1] 
investigated the rate of removal of total sulfur from a bitu
minous coal during batch hydrogenation in the presence of a 
donor solvent, and theoretically modeled the total sulfur 
removal as second order. In this thesis a more detailed 
analysis of the rate of removal of sulfur during batch 
hydrogenation is performed by studying the rate of removal 
of the pyritic and organic sulfur compounds, in addition to 
the total sulfur removal. Kinetic models are developed for 
the removal of pyritic and organic sulfur and FeS sulfur 
formation. Activation energies are calculated for organic 
sulfur removal and FeS sulfur formation. Three correlations 
for total sulfur removal, based upon the pyritic, organic
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and FeS sulfur models are presented.
The experimental run conditions were the same as those 

used by Koltz, so that a comparison between the two studies 
could be made. All runs were made in a 300 cc Magnedrive 
autoclave, at an initial pressure of 1900 psig. Reaction 
temperatures were 360°, 390°, and 420°C (680°, 734°, and 
788°F), at reaction times of 1/2, 1, 2, and 4 hours. The 
solvent-to-coal ratio was 10:1, and the parent coal and sol
vent compositions were kept constant. The product was 
vacuum distilled to separate the solid product from the sol
vent. The gaseous product was analyzed on a gas chromato
graph. The liquid and solid products were analyzed by the 
Colorado School of Mines Research Institute.
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LITERATURE SURVEY

Kinetics of Coal Dissolution and Conversion
In the 1950's work began on studying the kinetics of 

coal dissolution and the conversion of coal to an oil product. 
Oele, et al. [2], in a non-catalytic dissolution study, 
assumed the disintegration of the coal particles was zero 
order and approximated coal dissolution by a first order 
expression to give:

where: x is the amount of coal dissolved in the solvent
divided by the total amount of coal (dissolution), 

k, k1 are experimentally-determined rate constants, 
t is time.

Integrating equation (1) and substituting k = k'a,

where: a is the experimentally-determined equilibrium dis-

All other variables are the same as those given above. This 
first order expression was successfully used to model the 
data of Oele's study.

Wen, et al. [3,4] also developed a first order equation 
to describe non-catalytic batch reactor dissolution data:

(1)

ln(l - -2)= -k'ta (2)

solution.

(3)
ARTHUR LAKES LIBRARY

COLORADO SCHOOL of MINES
BOLDEN, COLORADO 80401
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where: x is the dissolution of coal to soluble products,
defined as (the amount of organics dissolved)/
(amount of organics in the original coal),

k is the first order rate constant,
t is time,
C .g- is the coal-to-solvent ratio.

In a later paper [5], their equation (3) was modified to 
include an equilibrium dissolution term. Using the same 
nomenclature as in equation (3):

§f=k(§)(a-x) (4)

where: a is the equilibrium dissolution.
This equation was used to describe dissolution data from a 
plug flow reactor.

Weller, et al. [6] hypothesized that the catalytic con
version of coal to oil takes place in the following steps:

coal -+■ asphalt -*■ oil 
In a study on the catalytic conversion of asphalt to oil, 
the data was modeled with the following first order expres
sion:

§| = -k (T)f(pH2)x (5)

where: x is the conversion of asphalt to oil,
k(T) is the rate constant as a function of tempera

ture,
f(pH2) is the effect of the hydrogen pressure on the 
reaction rate, 

t is reaction time.
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Weller, et al. [7] later studied the complete conversion of 
coal to oil, using a catalyst. Using the series model given 
above, two consecutive, first-order reactions were assumed. 
The resulting equation for the conversion to asphalt was:

kix = a CQ fcTfc-- [exp(-k2t)-expCk-ĵ t) ] (6)

where: x is the amount of asphalt present,
a is the fraction of coal converted to asphalt,

C is the initial amount of moisture- and ash-free o
coal,

k^, k2 are rate constants, 
t is reaction time.

This equation was shown to adequately describe the data.
Curran, et al. [8], modeling non-catalytic, dissolution 

data, assumed two parallel, first order reactions, one of 
which was assumed to be much more rapid than the other. The 
resulting rate equation was:

a - x = y a exp(-k^t)+ (1-y ) a exp(-k2t) (7)

where: x is the fraction extractable with xylenol,
Y is the fraction of coal which decomposes at the

faster rate, 
a is the equilibrium fraction extractable,
^1' ^2 are rate constants, 
t is reaction time.

Others have modeled the dissolution of coal as second 
order, because many cyclic hydrocarbons show a second-order
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thermal decomposition as shown by Fabuss, et al. [9]. Hill, 
et al. [10,11] modeled dissolution data with a second-order 
expression:

|| = k(l-a’x) (1-x) (8)

where: x is the benzene extractable fraction,
a' is equal to the inverse of the equilibrium dissolu

tion,
k is the second order rate constant,
t is the reaction time.

Wiser [12] postulated that dissolution was initially 
first order in both coal and solvent concentrations:

^  = k(a-x)(b-x) (9)

where: x is the benzene extractable fraction,
a is the equilibrium extractable fraction,
b is the fraction of solvent which could potentially

react,
k is the second order rate constant, 
t is reaction time.

As the reaction proceeded, the reaction became first order 
in coal concentration only, or, using the notation in equa
tion (9) :

^  = k(a-x) (10)

His data was fit with these equations. However, in fitting 
the data, Wiser assumed b=l, and the initial equation (9) 
reverts to that of Hill, et al. [10] or equation (8).
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Kinetics of Hydrodesulfurization
/ The catalytic hydrodesulfurization studies of Wilson, 

et al. [13], showed that sulfur removal from naphtha was 
first order. Qater, et al. [14], studied the catalytic 
hydrodesulfurization of coal tar and, likewise, modeled the 
data as first order. The data given by El—Kaddah and Ezz [15] 
on the thermal desulfurization of petroleum coke also shows 
first-order dependence.

Koltz [1] modeled the non-catalytic, hydrodesulfuriza
tion of coal in anthracene oil as second order, in a manner 
similar to that used by Hill, et al. [10,11]s

= k(l-a'x)(1-x) (11)

where: x is the fraction of sulfur removed,
a 1 is an experimentally-derived constant, 
k is a second order rate constant, 
t is reaction time.

Kinetics of Sulfur Forms Removal
Little work has been done on desulfurization studies of 

forms of sulfur. Whitehurst, et al. [15] showed that oxygen 
removal was first order, then showed that organic sulfur 
concentration was proportional to oxygen concentration, thus 
leading to the conclusion that organic sulfur removal was 
also first order.

Using non-isothermal techniques, Vestal, et al. [17,18] 
passed hydrogen gas over powdered coal, evolving hydrogen
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sulfide and removing sulfur from the coal. They showed 
pyritic sulfur removal to be half order and organic sulfur 
removal to be first order.
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EXPERIMENTAL DESIGN

The objective of this study was to investigate the 
effects of temperature and reaction time on the removal of 
total sulfur, pyritic sulfur, and organic sulfur from coal 
during batch hydrogenation. A kinetic model was developed 
for the rate of removal for the various forms of sulfur.
The experimental parameters were chosen to duplicate the 
work of Koltz [1], so a comparison of this study to that of 
Koltz could be made.

The parent coal used in this study was a bituminous 
coal from the Madisonville No. 9 seam, Fies Mine, Kentucky, 
supplied by Island Creek Coal Co. The ultimate and forms of 
sulfur analyses for this coal are given in Table 1. Hydro
gen gas used was of 2000 psig grade with a purity of 99.95%, 
and was manufactured by the Linde division of Union Carbide.

As this study was to duplicate the work of Koltz [1], 
the operating variables used were the same as that of Koltz. 
The temperatures used were 360°, 390°, and 420°C (680°, 734° 
and 788°F). The lower temperature was chosen because the 
literature [23] indicates that at temperatures below 350°C 
(662°F) the dissolution of coal in the solvent is incomplete 
The upper temperature was used because coking occurs at tem
peratures above 450°C (842°F).

Reaction times of 1/2, 1, 2, and 4 hours were selected. 
Studies [10] indicate that at times greater than 4 hours, 
dissolution does not increase significantly. As a 10 minute



T 1940

Table 1
Reactant Compositions (Weight Percent)

Ultimate Analysis Coal
Carbon 65.20
Hydrogen 4.56
Sulfur 3.7 5
Nitrogen 1.28
Oxygen 8.08
Ash 14.60
Moisture 2.53

Forms of Sulfur
Sulfate 0.29
Pyritic 1.5 5
Organic 1.91

Solvent 
90.10 
6.95 
0.51 
0.82 
1.61 
<. 01
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heating time is needed for the injected slurry to reach reac
tion temperature, runs of less than 30 minutes were not made.
The run schedule, chosen at random, is shown in Table 2.

The initial reaction pressure used was approximately 
1900 psig. This was accomplished by beginning the runs at
750, 785, and 820 psig for the 420°, 390°, and 360°C runs,
respectively. The solvent-to-coal ratio was set at 10 to 1. 
This ratio was chosen to minimize heat-up time and to insure 
that the amount of solvent was not a limiting factor [1].

An ultimate analysis was made for both the "Solvent 
Refined" coal and the reclaimed solvent. A forms of sulfur 
analysis was also made on the "Solvent Refined" coal. The 
reaction gas was analyzed for gaseous components. A total 
and component balance for each run could thus be made.
Based on these analyses, the percent desulfurization of total, 
pyritic, and organic sulfur, and the percent of FeS formation 
was calculated.
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Table 2 
Run Schedule

Run Temperature (°C) Run Time (hr)
1* 420 1/2
2 390 2
3 360 2
4 360 4
5 390 1
6 420 1
7* 420 1/2
8 420 4
9 390 1/2

10 360 1
11 360 1/2
12 390 4
13 420 2
14* 420 1/2

*Reproducibility runs

ARTHUR CAKES LIBRART!
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 80401
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EQUIPMENT

Reactor System
The equipment used in this study consisted of a 

magnetically-stirred, batch reactor; a slurry pump; a tem
perature controller and recorder; a gas delivery system; and 
a high-speed fan. The overall system is shown in Figure 1. 
Appendix B lists the materials of construction and pressure 
ratings of all equipment.

The magnetically-stirred reactor, shown in Figure 2, 
was manufactured by Autoclave Engineers, Inc. The reactor 
volume was 300 ml and was constructed of 316 stainless steel. 
A 1200-watt, 115 volt heating jacket was used for heating 
the reactor to reaction temperature. The stirring head was 
driven by a 1/4 horsepower, variable-speed, D.C. motor. A 
1/4 inch, 316 stainless steel Hoke valve with a soft-seating 
stem was used for the gas inlet line, and a 1/4 inch, 316 
stainless steel, severe-service, Nupro valve was used for 
the slurry line.

The slurry pump used was a manually-operated 250 ml 
piston pump, manufactured by Ruska Instrument Corporation. 
Both the inlet and outlet lines were fitted with 1/4 inch,
316 stainless steel Hoke valves with soft-seating stems.
A 12 inch section of 1/4 inch, 316 stainless steel flexible 
tubing, manufactured by Swagelok, was installed between the 
slurry pump and the reactor.
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A Leeds and Northrup Series 60 controller with a Model 
11906-223 SCR final control element was used for temperature 
control. Temperatures were recorded on a Leeds and Northrup 
"Speedomax" continuous recorder. The controller input was 
from a chromel-alumel (Type K) thermocouple.

A diagram of the gas delivery system is shown in Figure
3. The system consisted of a hydrogen cylinder, a helium 
cylinder, two pressure regulators, three pressure gauges, 
two gas reservoirs, a reducing valve, eleven shut-off valves 
and regulating valves, and other connecting parts such as 
tees and tubing. The hydrogen and helium pressure regulators 
were manufactured by Hoke, Inc. The pressure gauges were 
Ashcroft Maxisafe gauges with a pressure range of 0 to 5000 
psig. The reducing valve manufactured by Grove Valve and 
Regulator Co., was installed in the system to provide the 
option of maintaining a constant pressure in the range of 0 
to 3000 psig. The reservoir and regulator inlet valves and 
the system vent valve were 1/4 inch, 316 stainless steel Hoke 
valves. All other shut-off and regulating valves were 1/4 
inch, 316 stainless steel valves manufactured by Autoclave 
Engineers, Inc. The tubing for the gas delivery system was 
316 stainless steel, 1/4 inch o.d. tubing.

A high-speed fan was attached to the reactor support 
frame, next to the reactor. This fan was used to rapidly 
cool the reactor upon completion of a run.
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Solvent Recovery System
A vacuum distillation system, as shown in Figure 4, was 

used to separate the "Solvent Refined" coal from the solvent. 
It consisted of a vacuum pump, absolute manometer, tempera
ture recorder and thermocouple, heating mantle, variac, dis
tillation flask, receiving flasks, and condenser.

The sample was placed in a 500 ml Hempel distillation 
flask. Surrounding the flask was a 330-watt heating mantle, 
manufactured by Glas-Col Apparatus Co. A two-holed stopper 
was fitted in the flask, which contained a thermocouple well 
and an air bleed. The thermocouple was connected to a tem
perature gauge. The heating mantle was controlled manually 
with a Powerstat variac. The distillation flask was con
nected to one receiving flask, and a condenser connected 
above the other receiving flask, as shown in Figure 4. The 
top of the condenser was connected to a vacuum pump. The 
absolute mercury manometer was also connected to the vacuum 
line.

Gas Analysis System
The gaseous products were analyzed with a Carle Model 

8001 gas chromatograph. The gas chromatograph was fitted 
with two eight-foot Porapak Q columns, and one six-foot 
molecular sieve column in a series by-pass arrangement, and 
were maintained isothermally at 17 0°C. Helium carrier gas 
was used. The vacuum was supplied with a Cenco vacuum pump,
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with a Heise pressure gauge used to measure the system pres 
sure or vacuum. This system is shown in Figure 5.

EHTHUR CAKES n B E X M  
COLORADO SCHOOL of M INES 

GOLDEN. COLORADO. < * * ■
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EXPERIMENTAL PROCEDURES

In the following procedures, the coal and solvent prep
arations were performed only once, generating enough coal 
and solvent for all experimental runs. The remaining pro
cedures were performed for each run.

Coal Preparation
The coal was ground to -200 mesh using the Holms pulver

izer of the Colorado School of Mines Research Institute. A 
uniform sample was generated by riffling. The coal was 
stored under helium to prevent oxidation in air.

Solvent Preparation
The apparatus used to vacuum distill the creosote oil

is similar to that used to recover the solvent after reac
tion (see Figure 4). Solvent was added to a 2 liter Hempel 
distillation flask and heated under a pressure of 2-3 mm Hg 
absolute. The 125°-250°C (257°-482°F) fraction was saved 
for use in the experiments. The lower and higher boiling 
cuts were discarded.

Processing
The location of the various numbered valves mentioned 

in this section can be found in Figure 3.
1. The reactor was weighed clean and empty.
2. 180 ml of solvent were added to the reactor and the 

reactor was sealed by torquing the head bolts to 60 
ft-lb.
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3. The reactor was reweighed with the solvent.
4. The system was purged with helium gas as follows:

a. The reactor was connected to the gas delivery 
system and valve 1 on the reactor was opened.

b. The regulator reservoir was filled to 1500 psig 
by adjusting the helium regulator and opening 
valves 2 and 3.

c. Valve 2 was closed and valves 4 and 5 were opened 
slowly to allow the reactor pressure to increase 
to 500 psig.

d. Valves 3 and 4 were closed and valve 6 was opened
slowly to allow the reactor to return to atmos
pheric pressure. Valves 5 and 6 were then closed.

5. The reactor was pressurized with hydrogen to the
desired initial pressure as follows:
a. The hydrogen reservoir was filled to 1200 psig by

adjusting the hydrogen regulator and opening
valves 7, 8, and 9. These three valves were then
closed.

b. For temperatures of 360°, 390°, and 420°C, initial 
hydrogen pressures of 820, 785, and 750 psig, 
respectively, were used. The reactor was filled 
to the desired pressure by opening valves 10 and
11. Valves 10, 11, and 1 were then closed.

c. The pressure in the lines was relieved by slowly
opening valves 5 and 6. These valves were then
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closed and the reactor was disconnected from the 
gas delivery system.

6. The reactor was reweighed with hydrogen gas and 
reconnected to the gas delivery system.

7. About 50 g of coal and 50 ml of solvent were weighed 
and mixed thoroughly.

8. The slurry pump was charged with slurry and all air 
was bled from the pump as follows:
a. The top valve on the pump was opened and the 

piston was moved forward to the end. The top 
valve was then closed.

b. The bottom valve was opened. The slurry was then 
charged to the pump by bringing the piston back 
until all the slurry had been drawn into the pump.

c. The top valve was opened and the air was removed 
from the pump by moving the piston forward until 
slurry appeared. This valve was then closed.

d. The plug on the top of the pump was removed and 
the remaining air was removed by bringing the 
piston slowly forward until slurry appeared at 
the opening. The plug was then replaced.

9. The outlet line from the pump to the reactor was
filled with slurry by moving the piston forward until 
slurry appeared at the end of the outlet line.

10. The outlet line was connected to the reactor and the
outlet valve on the reactor was opened to equalize
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the pressure between the pump and the reactor.
11. The 'system pressure was brought back to the initial 

value by opening valve 1, then slowly opening valves 
10 and 11. The latter two valves were then closed.

12. The water lines were connected to the cooling jacket 
on the stirring head and the water supply was opened.

13. The fan belt was connected between the motor and the 
stirring head and the motor was turned on.

14. The temperature controller was set at the desired 
temperature, and the SCR and recorder were turned on.

15. The reactor was brought up to the reaction tempera
ture, and the temperature and pressure were recorded.

16. 40.00 ml of slurry were injected into the reactor by 
bringing the piston on the Ruska pump slowly forward. 
The temperature and pressure were recorded.

17. The outlet valve between the reactor and the pump 
was closed, and the pressure in the pump was relieved 
by moving the piston backward.

18. The system was allowed to react for the specified 
time.

19. The reactor was quenched by removing the heating 
jacket and turning on the high-speed fan.

20. When the temperature had dropped below 205°C (400°F), 
the stirring motor was turned off and the cooling 
water was stopped.
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21. When the reactor had reached room temperature, the 
temperature and pressure were recorded. Valve 1 was 
closed and valves 5 and 6 were opened to relieve 
pressure in the gas delivery system.

22. The reactor was disconnected and reweighed.
23. The reactor was connected to the gas chromatograph

and the gases in the reactor were analyzed.
24. After completion of the gas analysis, the reactor was 

vented to atmospheric pressure and reweighed.
25. The reactor was disassembled, and the liquid was 

mixed well and poured into a weighed Hempel distilla
tion flask for the separation of the solid and liquid 
products. There was some weight loss during trans
fer; however, these were accounted for by weighing 
the filled distillation flask.

26. The reactor, slurry pump, and connecting lines were 
cleaned with acetone for the next run.

Solvent Recovery
After reaction the "Solvent Refined" coal was separated 

from the solvent. A vacuum distillation was used, as shown 
in Figure 4. After the liquid product was placed in the 
distillation flask, the flask was reweighed, as were the 
empty receiving flasks, and these weights were recorded.

The distillation was- performed under an absolute pres
sure of 2-3 mm Hg, until a final temperature of 250°C (482°F) 
was reached. The distillation flask and receiving flasks
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were then reweighed. The solid portions of the reclaimed 
solvent were melted with a heat gun, and the liquid placed 
in a sample jar. The solid "Solvent Refined" coal was 
removed by breaking the distillation flask, ground with a 
mortar and pestle, and placed in a sample jar.
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ANALYTICAL PROCEDURES

All gaseous, liquid, and solid reaction products were 
analyzed for their major components. The gas analysis pro
cedure is given below. An ultimate analysis was performed 
on the liquid and solid products. The solid product was 
also analyzed for pyritic, sulfide, and organic sulfur.
The solid and liquid analyses were performed by the Colorado 
School of Mines Research Institute, with methods used shown 
in Table 3.

Gas Analysis
Table 4 shows the gaseous components analyzed and their 

relative response factors as compared to carbon monoxide. 
Calibration was accomplished by determining the average 
response factors for pure components as compared to carbon 
monoxide. The following procedure was used to analyze the 
gas.

1. The weighed reactor was connected to the gas analysis 
system and the gas analysis system was evacuated.
The valve oven was set such that valve one was set
at position two and valve two was set at position one.

2. The gas outlet valve on the reactor was slowly 
opened, filling the sample bomb.

3. The injection pressure was set at 15 psig by opening 
the valve between the sample bomb and the gas 
chromatograph.



T 1940 29

Table 3
ASTM Tests [19] of Liquid and Solid Product Analysis

Component
Ash

Test Designation 
D 3174

Sample Precision 
Size (g) (%)

1.0 0.2

Ultimate Analysis 
Sulfur^*
Carbon
Hydrogen
Nitrogen^
Oxygen

3Calculations

D 3176 
D 3177 
D 3178 
D 3178 
D 3179 

By difference 
D 3180

1.0
0.2

1.0

0.1
0.3
0.07
0.05

Forms of Sulfur
Sulfate

. . 4Pyritic'
Organic

D 2492 
D 2492 
D 2492

Gladfelter & Dickerhoof[20]

2.0
0.04
0.30

Sulfide Gladfelter & Dickerhoof

Notes:

^Eschka method 
^Kjeldahl method
3Calculations made on a dry basis only
4Digested for 12 to 24 hours at room temperature as outlined 
by the Bureau of Mines [21].



1940

Table 4
Reaction Gases and Chromatograph Calibration

Gas Average Response Factor
Hydrogen 16.3124
Methane 1.1628
Carbon Dioxide 0.7743
Ethane 0.8213
Hydrogen Sulfide 0.8201
Propane 0.5963
Iso-butane 0.4962
Normal-butane 0.4273
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4. The gas sample was injected into the gas chromato
graph. The recording chart speed was set at one 
inch per minute. The attenuation was set to the 
proper level for each component.

5. Steps 3 and 4 were repeated until three replicate 
runs were obtained.
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RESULTS

Raw data obtained from the analyses of reactants and 
products are shown in Appendix A. Total and component bal
ances were made on all runs. The percent desulfurization 
of total, pyritic, and organic sulfur and the formation of 
FeS sulfur were calculated and a first-order expression used 
to fit the data. From the rate constants obtained for 
organic desulfurization and FeS formation, Arrhenius activa
tion energies were calculated. The total desulfurization 
was modeled as a function of pyritic and organic sulfur in 
the parent coal.

Mass Balances
Table 5 shows the overall mass balance for each run. As 

can be seen, all runs show better than a 93% recovery.
Component balances are shown in Table 6. These have 

been normalized with respect to the overall mass balance. As 
would be expected, the percent carbon and percent hydrogen 
recovery are, generally, very close to 100%, showing the 
validity of the analytical data. The percent nitrogen shows 
more variance, because of difficulties with the liquid 
sample analysis and uncertainties present in the Kjeldahl 
procedure. The percent oxygen shows wide scatter, as oxygen 
compositions in the liquid and solid samples are found by 
difference. Sulfur balances, as shown, are unexpectedly low. 
This is most likely due to two factors; the correlation used
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Table 5 
Total Mass Balance

Run
1
2
3
4
5
6
7
8 
9

10
11
12
13
14

33

(percent)

Percent
94.7 
98.6
93.8
99.1
94.3
96.2
98.4 
95.7
94.4 
99.6 
96.9
95.8 
95.2
99.9

ARTHUR CAKES LIBRARY]
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 8040)
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to calculate the amount of hydrogen sulfide dissolved in the 
liquid product [22] and the decomposition of the liquid 
product during the vacuum distillation. The correlation 
seems to predict a much lower amount of hydrogen sulfide 
than is actually dissolved in the liquid product. No method 
was used to determine the amount of hydrogen sulfide and 
other sulfur compounds released when the "Solvent Refined" 
coal was separated from the solvent during vacuum distilla
tion.

Percent Desulfurization
The percent desulfurization used for this study is given

by:
(%Sulfur in reactant) - (% Sulfur in product) „ /i->\

(% sulfur in reactant) X 1UUlS
The percent sulfur in the reactant and product used in equa
tion (12) is given directly by the ultimate analysis. The 
percent desulfurization of total, pyritic, and organic sul
fur for each run is given in Table 7. Figures 6, 7, and 8 
show these conversions as a function of reaction time for 
each temperature level studied. Figure 9 shows the forma
tion of FeS sulfur as a function of time and temperature.

Initial attempts were made to correlate the desulfuriza
tion data as second order, by the method of Koltz [1]. Also, 
attempts were made to model the data as initially second 
order, then first order at higher reaction times, as did 
Wiser [12]. Both of these attempts failed.
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Table 7 
Percent Desulfurization

Run Total Pyritic Organic
1 42.7 67.3 55.6
2 33.3 70.0 26.0
3 28.8 75.4 9.7
4 29.9 72.3 28.6
5 34.9 87.4 19.4
6 45.1 89.3 32.4
7 38.9 84.3 21.9
8 64.8 93.1 78.5
9 30.9 88.7

10 30.1 91.0 15.3
11 27.2 95.0 9.2
12 50. 7 90.6 51.3
13 57.1 91.2 59.7
14 35.2 66.0 31.1

FeS
0.46
0.65
0.21
0.49
0.36
0.07
0.21

0.13
0.52
0.57

0.24
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A first order expression, similar to that initially 
proposed by Oele, et al. [2], was used:

The constants, a and k, were adjusted to give the best fit 
to each set of data. This was accomplished by linearizing 
equation 14 by rearranging and taking logarithms of both 
sides of the equation:

The constant, a, was chosen such that a least-squares fit 
made on a plot of ln(l - —) vs. t produced the smallest 
standard deviation between the line and the data points.
The rate constant, k, was found as the negative of the slope 
of the fitted line.

As can be seen in Figures 6, 7, 8, and 9, the equations 
give a good fit to the data for total, pyritic, and organic 
desulfurization and FeS sulfur formation. The pyritic 
desulfurization appears to take place very rapidly, having 
reached near-equilibrium conditions in less than 30 minutes. 
As seen in Figure 10, all pyrite data can be fit with one 
curve, and can be assumed to be independent of temperature

(13)

where: x is the percent desulfurization
t is reaction time
k is the first order rate constant
a is the calculated equilibrium desulfurization.

Integrating equation (13), the expression becomes

x = a (1-e-kt (14)

ln(l - —) = -ktci (15)
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in this study. FeS formation could not be calculated for 
the 2 and 4 hour runs at 420°C and the 4 hour run at 390°C, 
because coking of the solvent occurred. The additional 
solid product from the coking of the solvent changed the 
weight basis between the parent coal and "Solvent Refined" 
coal, causing the calculation of FeS sulfur to be meaning
less. The constant, a, was chosen to be 0.80 for FeS forma
tion, because theoretically, the FeS is formed from the 
pyrite initially in the coal and the initial pyrite concen
tration was 1.61. Thus, the maximum FeS sulfur concentration 
in the product could only reach half of that value. For the 
runs in which coking occurred, the percent FeS sulfur was 
assumed to be equal to that given in Figure 9. These numbers 
for FeS sulfur were used in the calculation of the percent 
organic sulfur in the "solvent refined" coal, and the organic 
desulfurization for the coking runs. Table 8 summarizes the 
experimentally determined values of the rate constant, k, 
and the equilibrium percent desulfurization, a. The appar
ent discrepancies in the rate constants for the removal of 
total sulfur are explained in a later section.

In examination of the pyritic desulfurization data and 
the FeS formation data leads to an interesting observation.
It is assumed that when the pyrite in the coal is decomposed, 
FeS and hydrogen sulfide are immediately formed. However, 
the data seems to refute that assumption, as pyritic removal 
is quite rapid and FeS formation is much slower. Possibly 
some iron-sulfur intermediate is formed which shows up in 
the analysis as organic sulfur (non HC1 or HNO3 extractable).
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Table 8
Experimentally Determined Rate Constants 

and Equilibrium Desulfurization

Total Sulfur

Pyritic Sulfur

Organic Sulfur

FeS

k (hr”1)

420°C 1.37
390°C 1.18
360°C 3.80

420°C 2.85
390°C 2.85
360°C 2.85

420°C 0.648
390°C 0.416
360°C 0.798

420°C 1.01
390°C .768
360°C .211

a

0.65
0.50
0.31

0.93
0.93
0.93

0. 85 
0. 61 
0. 42

.80

.80

.80
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The desulfurization of naphtha [13], coal tar [14] , and 

petroleum coke [15] have all been shown by other researchers 
to be first order. It is reasonable to assume that the 
desulfurization of coal would, likewise, be first order.
The work of Koltz [1], however, seems to refute first-order 
kinetics, showing desulfurization to be second order. How
ever, a closer inspection of his work shows a fallacy. Hill, 
et al. [11], in his development of the equation used by 
Koltz, states that the parameter, a', is the inverse of the 
equilibrium desulfurization. A rearrangement of the equa
tion used by Koltz shows this to be true. However, for the 
360°C isotherm, Koltz obtained a negative value for his 
parameter, a', thus a negative equilibrium desulfurization.

As for the desulfurization of pyritic and organic sul
fur, there is little published to compare with this work.
This study agrees with the conclusion gained from Whitehurst 
[16], that organic sulfur removal is first order. Vestal, 
et al. [17,18] showed that organic sulfur removal was also 
first order, but that pyritic sulfur removal was half order. 
However, the system of Vestal was a solid-gas desulfuriza
tion, undoubtedly involving a mass transfer resistance of 
the gas through the coal particle. The system used in this 
study involves a donor solvent. Guin, et al. [23] has shown 
that above 350°C the disintegration of coal particles in a 
donor solvent is almost instantaneous, thus minimizing the 
mass transfer resistance. Therefore, a direct comparison 
between this study and that of Vestal cannot be made.
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Activation Energy
The rate constants for organic sulfur removal and FeS 

sulfur formation were used to calculate Arrhenius activation 
energies, using the equation:

Figures 11 and 12 show plots of In k vs. 1/T, where -Ea/R is 
the slope of the line and In k0 is the intercept. A least- 
squares fit of the data yields an activation energy of 11.0

removal and an activation energy of 21.9 kcal/mole and a kQ

No activation energy could be calculated for either the 
pyritic or total desulfurization. The pyrite conversion was 
much more rapid than 30 minutes, the fastest reaction time 
of this study. As shown in Figure 10, the pyrite data for 
all isotherms can be plotted as one data set, thus no realis
tic temperature-dependent rate constants could be determined. 
The plot of In k vs. 1/T yields a vertical line, thus the 
activation energy of pyritic desulfurization could not be

(16) /

or

Ink *= lnkQ - (i) (17)
cwhere: .k is the rate constant,

kQ is the pre-exponential factor, 
Ea is the activation energy,
R is the ideal gas constant,
T is temperature.

3 -1kcal/mole and a k of 1.88 x 10 hr for organic sulfur

6 — 1of 9.48 x 10 hr for FeS sulfur formation.
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calculated from this data. The calculated rate constants 
for total desulfurization do not allow calculation of an 
activation energy, as the rate constant for the 360°C iso
therm is much larger than the 390° or 420°C isotherms.
Thus, the plot of In k vs. 1/T does not yield a straight 
line for this data set. This difference in rate constants 
is explained in the next section.

Qater, et al. [14] obtained an activation energy of
11.0 kcal/mole for the desulfurization of coal tars, which is
primarily organic desulfurization. This study agrees quite

/
well with his values. Vestal, et al. [17,18] gives an 
activation energy of 34.5 kcal/mole for his Organic I and
41.5 kcal/mole for his Organic II desulfurization. However,

/

his solid-gas system is much different than the one used in 
this study.

Total Desulfurization Modeling
As can be seen in Table 8, the rate constant for the 

360°C total desulfurization isotherm is much higher than 
those for the other isotherms, thus no activation energy 
could be calculated. As there is little organic desulfuriza
tion at 360°C, the total desulfurization is due primarily to 
pyritic desulfurization, which has a much higher rate of 
reaction. Thus, total desulfurization has a rate constant 
similar to pyritic desulfurization at this temperature. 
However, for the other isotherms, organic desulfurization 
plays a larger part in total desulfurization, and, as the
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rate of organic desulfurization is much slower than pyritic 
desulfurization, the total desulfurization rate constant 
appears smaller, due to dilution by the organic desulfuriza
tion. This observation agrees with the data of Qader, et al.
[14] who showed the rate of total sulfur removal from coal 
tar to be different in different temperature regimes due to 
the presence of a variety of forms of sulfur in the reactant. 
This leads to modeling total desulfurization as a function 
of the pyritic and organic sulfur content of the initial 
coal.

Three models were attempted. Models I and II assume 
that total desulfurization is a function of pyritic and 
organic desulfurization and FeS sulfur formation, Model I 
using experimental data for FeS formation and Model II using 
one-half the pyritic desulfurization as the extent of FeS 
formation. Model III neglects the FeS sulfur formation, 
modeling total desulfurization as a function of pyritic and 
organic desulfurization, only.

The equation for Model I, based on experimental data,

From Model II, the FeS sulfur concentration is assumed to be 
half that of the pyrite desulfurization, as would be theoret 
ically predicted:

is

xt (18)

xt (19)
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Model III ignores the effect of FeS sulfur on the total sul
fur content:

x m + x m
xt = p pmt ° ° (20>

The following notation is used in all three models: 
x^ is the total desulfurization

is the weight percent sulfur in the coal
Xp is the pyritic desulfurization
nip is the weight percent pyritic sulfur in the coal
xq is the organic desulfurization
mQ is the weight percent organic sulfur in the coal 
x^ is the weight percent of FeS sulfur formation

For each temperature, x , x , and x«- were assumed to be thep o r
first order equations given earlier in this paper. Table 9 
shows the numerical equations for each model at each tempera
ture. Figures 13, 14, and 15 show the fit of these models 
to experimental values. Table 10 compares the equilibrium 
desulfurization predicted by each model with the experiment
ally determined equilibrium desulfurization.

For every isotherm, Model III predicts a high value 
for total desulfurization for all reaction times. The pre
dicted desulfurization by this model at equilibrium ranges 
from 2 9% too high for the 420°C isotherm to 97% too high for 
the 360°C isotherm. These high values would be expected, as 
FeS sulfur formation was neglected in this model. Obviously, 
the FeS sulfur content of the product is not negligible.
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Table 9
Total Desulfurization Models

420°C
Model I: .394 (1-e"2*85t)+ .444 (1-e"* 648t)-.197(1-e

Model II: .197(1-e"2'85t)+.444(l-e"*648t)

Model III: .394(1-e"2*85t)+.444(1-e"‘648t)

390°C
Model I: .394(1-e”2'85t)+.319(1-e"*416t)-.197(1-e

Model II: .197(1-e"2* 85t)+.319(1-e"*4161)

Model III: . 394 (1-e"2 ' 85t) +. 319 (1-e" *'4161)

360°C
Model I: .394(1-e"2*85t)+.219(l-e"'29St)-.197(1-e

Model II: .197(1-e"2'85t)+.219(l-e"'298t)

Model III: .394(1-e"2*85t) + .219(1-e”*2981)

-1.Olt^

-.768tj

-.211^
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Table 10
Predicted Equilibrium Desulfurization

420°C 39Q°C 360°C
Model I . 64 . 52 .42-

Model II . 64 c 52 .42

Model III .84 .71 *.61

Calculated .65 .50 .31
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Model II predicts too little total desulfurization at 
reaction times of less than two hours. However, at greater 
times the model fits the data quite well, predicting 
equilibrium desulfurization only 2 %, 4%, and 35% too low
for the 420°, 390°, and 360°C isotherms respectively. By 
comparing the pyritic desulfurization curve of Figure 10 
with the FeS sulfur formation curve of Figure 9, it is 
apparent that the assumption of FeS formation being equal 
to one-half the pyritic desulfurization is poor. In actual
ity, the FeS sulfur formation is much slower than pyritic 
desulfurization, leading to the model predicting low desul
furization values at small reaction times.

Model I predicts the same equilibrium values as Model 
II, because Model I assumes that the equilibrium FeS forma
tion is half the equilibrium pyrite desulfurization. How
ever, Model I predicts much better values for total desul
furization over the entire reaction time range than does 
Model II.
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CONCLUSIONS

The following conclusions can be drawn from this study, 
for the temperatures and pressures used:

1. The percent desulfurization of total, pyritic, and 
organic sulfur and the formation of FeS sulfur can be modeled 
as first order:

f| = k(a-x)

or, upon integrating:
... -kt, x = a (1-e )

where: x is the percent desulfurization
a is the calculated equilibrium desulfurization
t is the reaction time
k is the first order rate constant.

The data fit the first order equations quite well.
2. Pyritic sulfur removal appears to take place quite 

rapidly, reaching near-equilibrium at times less than those 
chosen in this study.

3. Organic sulfur removal and FeS sulfur formation are 
much slower than pyritic desulfurization. Activation energies 
of 11.0 and 21.9 kcal/mole, respectively, were calculated.

4. Total desulfurization and the calculated total desul
furization constants, a and k, are a combination of both 
pyritic and organic desulfurization. At lower temperatures, 
where organic sulfur removal is very small, total desulfuriza
tion appears to take place rapidly, because it is a reflection
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of pyritic desulfurization. At higher temperatures, total 
desulfurization appears to take place much slower, due to 
the important effects of organic desulfurization. Also, the 
rate and extent of total desulfurization, as reflected in 
the calculated constants, a and k, are a function of the 
pyritic sulfur to organic sulfur ratio in the parent coal.
No activation energy can be found for total desulfurization 
as it is a combination of these other reactions.

5. The total desulfurization for the parameters used in 
this study is best modeled as a function of organic and 
pyritic desulfurization:

x
x m + x m - x = P P O O :t mt

where: xfc is the total desulfurization
m̂ _ is the weight percent sulfur in the coal 
Xp is the pyritic desulfurization
nip is the weight percent pyritic sulfur in the coal 
xq is the organic desulfurization
m ■ is the weight percent organic sulfur in the coal 
x^ is the weight percent FeS sulfur formation.

6. More study on batch sulfur-forms removal needs to be 
made as this thesis was plagued by analytical problems, thus 
the results presented within this paper are only preliminary

MT^ 1̂ 0<XBoifMWES
° S3 bh. COLORADO atffl
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RECOMMENDATIONS FOR FURTHER STUDY

This thesis has raised additional questions which war
rant further study.

1. The pyritic desulfurization takes place very rapidly, 
much faster than the 30 minute runs of this study. Pyritic 
desulfurization data at reaction times of less than 30 min
utes would allow for the calculation of temperature-dependent 
rate constants, thus an activation energy for pyritic desul
furization.

2. This study showed the formation of FeS sulfur was 
much less rapid than the desulfurization of pyritic sulfur.
It was previously thought [20] that the pyrite was directly 
converted to FeS, however, the data in this study seems to 
refute that assumption. Two possibilities explaining this 
situation are that the analysis for FeS sulfur is poor, or 
that some intermediate iron-sulfur compound is formed which 
is not HCl-extractable. Both of these possibilities should 
be given further consideration.

3. As many operating parameters were held constant in 
this study, an area for further consideration would be vary
ing pressure to study the effects on coking and conversion; 
solvent type, including steady state recycle oil from Ft. 
Lewis; and coal type, both from the same seam and other 
bituminous, coals. The validity of the predictive total 
desulfurization model developed in this study could then be 
tested for other solvents and coals.
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4. The data of this study, thus the predictive total 
desulfurization model, was obtained from a batch autoclave. 
Data should be obtained to extend this model to continuous 
hydrodesulfurization of coal, in a system such as that avail
able at Colorado School of Mines.
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Forms of Sulfur in "Solvent Refined" Coal

Run %Total S %Sulfate S %Pyritic S %Sulfide S %Organi<
Raw
Coal 3.75 0.-29 1.55 _ 1.91
1 2.15 0.13 0.52 0.46 0.87
2 2.50 0.09 0.10 0.65 1.45
3 2.67 0.13 0.39 0.21 1.77
4 2.63 0.14 0.44 0.49 1.40
5 2.44 0.14 0.20 0.36 1.58
6 2.06 0.09 0.17 0.07 1.29
7 2.29 0.10 0.25 0.21 1.53
8 1.32 0.01 0.11 — 0.41
9 2.59 0.11 0.18 0.13 1.98

10 2.62 0.02 0.14 0.52 1.66
11 2.73 0.11 0.08 0.57 . 1.78
12 1.85 0.01 0.15 — 0.93-
13 1.61 0.01 0.14 ■ __ 0.77
14 2.43 0.06 0.54 0.24 1.35
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Reaction Gas Composition, Component Mole Percent

Run c h4 co2 C2H6 h 2s C3H8 1“"C4H10 n’C4H10
1 94.11 4.16 0.73 0.70 0.11 0.18 0.01 0.01
2 91. 88 5.33 1.43 0.81 0.15 0.39 0.01 0.01
3 94.06 2.71 2.01 0.43 0.25 0.55 0.00 0.00
4 92.97 3.69 1.73 0.63 0.25 0.70 0.01 0.01
5 94.19 3. 37 1.24 0.55 0.17 0.47 0.01 0.01
6 72.19 19.85 3.06 2.59 0.66 1.60 0.02 0.02
7 87.47 8.27 1.95 1.24 0.20 0.83 0.01 0.02
8 42.40 42.28 3.88 7.42 0.79 3.01 0.10 0.12
9 96.24 2.04 0.98 0.35 0.07 0.32 0.00 0.00

10 98.68 0.56 0.58 0.10 0.04 0.04 0.00 o.oa
11 99.27 0.21 0.43 0.03 0.02 0.03 0.00 0.00
12 82.46 11.48 2.06 1.94 0.27 1.72 0.04 0.03
13 80. 89 14.01 1.75 2.23 0.17 0.92 0.02 0.01
14 91.31 6.11 1.22 0.91 0.10 0.33 0.01 0.01
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Weight of Coal Components (in grams)

Run Total C H S N 0 Ash
1 23.953 15.617 1.159 0.898 0.307 2.474 3.497
2 24.611 16.043 1.191 0.923 0.315 2.542 3.593
3 24.088 15.705 1.166 0.903 0.308 2.488 3.517
4 23.881 15.570 1.156 0.896 0.306 2.467 3.487
5 23.884 15.572 1.156 0.896 0.306 2.467 3.487
6 23.954 15.618 1.159 0.898 0. 307 2.474 3.497
7 23.962 15.623 1.160 0.899 0.307 2.475 3.498
3 24.472 15.956 1.184 0.918 0. 313 2.528 3. 573
9 24.151 15.746 1.169 0.906 0.309 2.495 3.526

10 23.900 15.583 1.157 0.896 0.306 2.469 3.489
11 25.337 16.520 1.226 0.950 0.324 2.617 3.699
12 24.844 16.198 1.202 0.932 0.318 2.503 3.627
13 24.318 15.855 1.177 0.912 0.311 2.512 3.550
14 24.313 15.852 1.177 0.912 0.311 2. 512 3.550
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Weight of Solvent Components (in grams)

Run Total C H S N 0 Ash
1 209.482 188.743 14.559 1.068 1.718 3.373 0. 010
2 210.679 189.822 14.642 1.074 1.728 3.392 0.011
3 212.105 191.107 14.741 1.082 1.739 3.415 0.011
4 210.465 189.629 14.627 1.073 1.726 3.388 0.011
5 210.745 189.881 14.647 1.075 1.728 3.393 0.011
6 210.556 189.711 14.634 1.074 1.727 3.390 0.011
7 209.434 188.700 14.556 1.068 1.717 3.372 0.010
8 209.540 188.796 14.563 1.069 1.718 3.374 0.010
9 207.888 187.307 14.448 1.060 1.705 3.347 0. 010

10 214.262' 193.050 14.891 1.093 1.757 3.450 0. Oil
11 210.204 189.394 14.609 1.072 1.724 3.384 0. Oil
12 206.471 186.030 14.350 1.053 1.693 3.324 0.010
13 208.196 187.585 14.470 1.062 1.707 3.352 0.010
14 210.370 189.543 14.631 1.073 1.725 3. 387 0.011

ARTHUR
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Weight of Initial Hydrogen Gas (in grams)

Run Hydrogen
1 0.661
2 0.365
3 1.498
4 0.347
5 0.452
6 0. 368
7 0.505
8 0.250
9 0.447

10 0.475
11 0.373
12 0.331
13 0.313
14 0.253
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Weight of "Solvent Refined" Coal Components (in grams)

Run Total C H S N 0 Ash
1 20.062 14.425 0.796 0.431 0.327 0. 913 3.170
2 21.692 15.857 0.937 0.542 0.380 0.685 3.254
3 20.911 14.491 0.757 0.558 0. 316 1.589 3.199
4 19.673 14.283 1.054 0.509 0.335 0.037 3.266
5 20.529 13.508 0.899 0.501 0. 300 0.223 3.100
6 25.579 19.414 1.105 0.512 0.409 1.054 3.069
7 21.400 15.729 0.751 0.490 0. 357 0.969 3.103
8 34.760 29.267 1. 561 0.459 0.494 0.118 2.826
9 19.539 14.068 0.909 0.506 0.285 0.996 2.775

10 21.703 15.474 1.057 0.592 0. 304 1.170 3.060
11 22.230 16.117 1.060 0.582 0.596 1.034 3.023
12 28.182 22.405 1. 325 0.521 0.426 0.519 2.987
13 28.632 22.734 1.263 0.461 0.389 0.893 2.892
14 20.123 14.569 0.851 0.489 0.272 0.702 3.240
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Weight of Reclaimed Solvent Components (in grams)

Run Total C H S N 0 Ash
1 200.705 185.451 14.190 0. 943 1.244 9.313 0.016
2 208.991 188.301 15.779 1.087 1.030 2.174 0.027
3 211.966 195.008 14.944 1.060 1.802 — 0.004
4 212.123 195.790 14.382 1.061 1.761 « 0.085
5 202.934 181.829 15.768 0.852 1.704 2.780 0. 008
6 199.281 182.342 10.562 0.957 1.176 4,225 0.028
7 206.268 188.735 16.481 0.990 1.320 — 0.054
8 179.524 157.622 11.597 0. 682 1.328 8.294 0.007
9 199.688 179.320 13.499 0.959 1.697 4.193 0.014

10 207.398 191.843 14.228 1.078 1.763 — 0.002
11 205.497 181.043 15.310 1.089 1.706 6.350 0.002
12 191.201 172.272 14.321 0.841 1.205 2.562 0.008
13 190.045 173.131 13.075 0.836 1.520 1.471 0.011
14 215.964 197.391 14.837 1.058 1.728 0.929 0.013
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Weight of Reaction Gas Components (in grams)

Run Total H C 0 S
1 0.846 0.558 0.217 0.062 0.009
2 1.647 0.926 0.502 0.199 0.021
3 1.996 1.131 0.472 0.350 0.044
4 0.740 0.411 0.206 0.107 0.017
5 1.514 0.932 0.382 0.175 0.024
6 1.179 0.391 0.606 0.161 0.032
7 2.528 1.189 0.975 0.331 0.034
8 9.852 2.434 6.310 0.920 0.187
9 0. 202 0.141 0.038 0.021 0.002

10 2.516 2.126 0.184 0.194 0.013
11 0.941 0.841 0.040 0.057 0. 003
12 2.459 1.000 1.148 0.276 0.036
13 3.041 1.264 1.455 0.294 0.029
14 4.151 2.358 1.334 0.424 0.035
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Weight of Sulfur Dissolved in the Liquid Product
(in grams)

Run Sulfur
1 0.009
2 0.008
3 0.022
4 0.017
5 0.012
6 0.044
7 0.016
8 0.065
9 0.006

10 0.003
11 0.002
12 0.014
13 0.012
14 0.008
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EQUIPMENT SUMMARY

Equipment
Autoclave
Reactor
Ruska pump
Ashcroft
gauges
Grove valve
Nupro valve
Hoke valves
Autoclave
valves
1/4" flex
ible tubing
1/4" tubing 
(.049")
1/4" tubing 
(high pressure)
Swagelok
fittings
Autoclave
fittings

Material of 
Construction
316 stainless

Rating 
Temp. (°F)

650

450

70

800

100

72

Working 
Pressure (psig)

5,400

8,000
5.000

3.000
3.000
5.000 

20,000

2,660

7,830

12,000

8,700

20,000
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APPENDIX C

SAMPLE CALCULATIONS

Note: All sample calculations are for Run 1.
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(1) Reaction Gas Compositions
Component (1) (2) (3) (4) (5)

H2 65.25 64 16.3124 68120.58 94.11
ch4 81.00 32 1.1628 3013.98 4.16
C°2 85.50 8 0.7743 529.62 0.73

C2H6 154.06 4 0.8213 506.13 0.70

H2S 98.88 1 0.8201 79.45 0.11

C3H8 214.00 1 0.5963 127.61 0.18

1”C4H10 9.01 1 0.4962 4.47 0.01

n“C4H10 14.25 1 0.4273 6.09 0.01
72387.93

(1) peak area
(2) attenuation
(3) response factor
(4) product of peak area, attenuation, and response factor
(5) mole percent

(2) Weight of Gaseous Components
Components (basis of 100 moles reaction gas)
*Wt. of carbon = [1(4.14)+1(.73)+2(.70)+3(.18)+4(.01)

+4(.01)] x 12.011 = 82.61 g C 
Wt. of hydrogen = [2(94.11)+4(4.16)+6(.70)+2(.11)

+8(.18)+10(.01)+10(.01)] x 1.007 
= 212.08 g H 

Wt. of oxygen = 2(.73) x 15.999 = 23.42 g 0
Wt. of sulfur = .11 x 32.062 = 3.53 g S

*Wt of component = E(moles in component)(mole percent)
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Component Wt/100 moles Wt % Wt in Gas Product
C 82.61 25.68 0.217
H 212.08 65.92 0.558
O 23.42 7.28 0.062
S 3.53 1.10 0.009

(3) Weight Sulfur Dissolved in Liquid Product
The weight of sulfur dissolved in the solvent as l^S was 
approximated using the following method described by 
Frolich, et al. [22]: 

y = 5.5 x
where: y = volume of gas at 25°C and 1 atm, per volume

of liquid
x = absolute pressure in atmospheres.

Wt S = 5.34 x 10~5 (630 psi)(.0011)(224.351)(||)
= 0.009 g S

(4) Reactant Weight

Coal  Solvent  Gas_____  Total
Component Wt % Weight Wt % Weight Wt % Weight Weight
Total 23.953 209.482 0.661 234.096
C 65.20 14.516 90.10 188.743 - - 203.259
H 4.84 0.877 6.95 14.559 100.0 0.661 16.097
S 3.75 0.913 0.51 1.068 - - 1.981
N 1.28 0.261 0.82 1.718 - - 1.979
O 10.23 3.866 1.61 3.373 - - 3.186
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(6) Mass Balances
0 wt of material in product ,% recovery = wt o£ materlal in geactant x 100%

Normalized % recovery = ?■' ^ P ^ e n t  recovery
J % total recovery

Normalized 
% RecoveryComponent % Recovery

Total 94.7 100.0
C 97.9 103.3
H 94.9 100.2
S 70.9 74.9
N 77.6 81.9
O 176.0 185.9

Ash 90.8 95.9

(7) FeS Sulfur
This method uses that outlined in Gladfelter and 
Dickerhoof [20].

%SFeS = 55.85 (% FeSol.3 " % FeSol.1)

=  H t H  (1-40-.60)
= 0.46%.

(8) Organic Sulfur
This method also uses that of Gladfelter and Dickerhoof 
[20] .
Q, Q —  Q. C Q. C —  —  9>C O. Coi3org ot5total °^S04 oi)FeS ~ obpyrite
where: %stotal' ^^FeS' ^^pyrite are tk0 product 

%SS0  ̂ is in the parent coal.
%SQrg = 2.15 - 0.30 - 0.46 - 0.52 = 0.87%
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(9) Percent Desulfurization
0 , T - . . . %S in coal - %S in product coal% desulfurization = ----— — r-=— ;------=— £----------- 5%S m  coal

Sulfur Form % Desulfurization
Total 42.7
Pyritic 67.3
Organic 55.6

100%


