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ABSTRACT

The purpose of this investigatlion was to determine
which, if any, of the following process variables had a sig-
nificant effect on the desulfurization of coal char by sol-

vent: treatment in the presence of hydrogen:

1) reaction temperature (T) AR,
@ I‘gﬂ?; KES Lige,
2) hydrogen partial pressure (P) CHOO ey
GOLDEN, e L Of MiNgg

3) solvent-to-char ratio (SCR), and

4) solvent type (ST).
The process under consideration consisted of reacting a char-
solvent slurry with hydrogen at elevated temperatures and
pressures in a batch autoclave rocking bomb reactor. Vacuum
distillation was used to recover the solvent from the treated
char product. Analyses for total sulfur content, organic
sulfur content, inorganic sulfur content (sulfate and
pyritic), sulfur content of the solvent, hydrogen content
of the solvent, and heating value of the treated char were

4

made on the various samples. A 2  full factorial, doubly
replicated experimental design plus 4 supplemental high tem-
perature runs required a total of 36 experimental runs.
Pressure, temperature, and solvent-to-char ratio were
very highly significant variables (99.9% confidence level)

for the desulfurization of char in the process. A combinha-

tion of high pressure, high temperature, high solvént-to-

iii
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char ratio, and anthracene o0il solvent allowed a maximum of
38 percent desulfurization of the char. Anthracene oil was
found to be a better solvent than tetralin, but the char was
only partially soluble in the anthracene oil solvent. The
heating value of the treated char was up to 10 percent
greater than that of the original char.

A multiple linear regression technique was used to for-
mulate the following empirical mathematical model of residual

total sulfur content of the char in this process:

STOT = 4,901 - 0.003 T - 0.0003 P
- 0.097 SCR ARy,
| %‘%fo Hkgs
where Spyn = total residual sulfur content Gou%'&ﬁkkMQWAp
. , o M.COQD OF by,
T = reaction temperature, “C Ripo =
P = hydrogen partial pressure, psig
SCR' = anthracene-to-char ratio.

The mathematical model is equilibrium limited, since a
batch reactor was used, and does not represent maximum desul-
furization. Also, the model should not be used outside of

the range of process varilables investigated in this study.

iv
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A significant number of processes for converting coal
to synthetic fuels produce coal char as a by-product or
co-product. These chars have been looked upon as a fuel
source for the generation of electric power in conventional
power plants. The chars can also be used in further pro-
cessing to produce synthetic natural gas (SNG) or low-Btu
gases. Other important uses of coal char include: a
reductant in metallurgical processes, a blend component for
coking coals, a raw material for making carbonized briquettes
and activated carbon, or a carbonaceous filter aid.

The current and emerging air quality standards, as set
by the Environmental Protection Agency and adopted by the
metropolitan areas of the Ugited States, set very low levels
for permissible emissions of sulfur oxide gaseous pollutants.
The Clean Air Act Amendments of 1970 provided for the
establishment of national ambient air quality standards, and
set a target date of July 1, 1975 for their implementation
by the states. The national sulfur oxide standards set a
limit of 0.03 ppm for an annual arithmetic mean concentra-
tion with an allowable 24 hour maximum of 0.14 ppm, not to
be exceeded more than once per year. This means that the
utilization of chars with sulfur contents greater than one

percent will be essentially prohibited by law in;%he larger
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urban centers. Metropolitan areas faced with the problem of
fueling char-fired power plants as well as satisfying air
quality standards will Iimit the sulfur content of the chars
used. Low sulfur coal reserves (1 percent or less total
sulfur), from which the char is derived, are generally found
in areas where production is costly or not environmentally
feasible. To prevent this potential pollution problem,
either coal or the product char will have to be desulfur-
ized or the oxides of sulfur will have to be removed from
the flue gases, or a combination of all approaches will be
necessary. Efforts to secure pollution abatement from all
approaches are underway.

One method of reducing the total sulfur content of coal
has been studied at the Colorado School of Mines. The tech-
nique under investigation was coal desulfurization by sol-
vent refining in.the-presence of hydrogen. This research
was designed to determine how the solvent refining process
affects the coal char sulfur content and heating value, and
the change in hydrogen content of the soclvent. The experi-
mental data for the analysis were obtained by a full-
factorial experimental design for L4 operating variables,
each invespigated at 2 levels. The process variables stud-
ifed were ﬁemperature, hydrogen partial pressure, solvent.
type, and solvent-to-char ratio. Statistical means were

used to reduce the data and to examine the significance of
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the operating variables.

This study was part of Phase 2 of a research contract
granted by the Office of Coal Research of the United States
Department of the Interior (1), and was patterned after pre-

vious coal desulfurization research at CSM (1,2,3,4,5)
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LITERATURE SURVEY

Formation of Coal Char

Char 1is the carbonaceous solid product derived from the
low-temperature (900O to 12OOOF) devolatilization and car-
bonization of coal (6) Char contains 60 to 80 percent of
the original coal and has characteristics making 1t, in
certain respects, superior to the original coal for use as
a boiler fuel or for power generation. Char may actually
be higher in heating value than the original coal,”particu-
larly if wet, lower-rank coals are used. If dryer high-rank
coals are used, the char will generally be lower in heating
value than the original coal.

The mineral matter (ash) in coal is almost completely
retained as mineral matter‘in char. Bowling and Waters (7)
reported coals of 20 to 50 percent volatile matter changing
to 14 to 21 percent and 10 to 13 percent volatile matter in
the chars formed at SOOOC and 6OOOC, respectively

A number of processes have been studied to derive char
from raw coal. The Char 0il Energy Development (COED) pro-
cess (8,9,10), developed by the FMC Corp., pyrolyzes coal
in a multi§tage, fluldized-bed to yield a synthetic crude
oil, a char, and a gaseous product. When using an Illinocis
No. 6 séam coal, this process reduced the sulfur content

from more than 3 wt percent in the coal to as low as 0.3 wt
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percent in the char (11) The University of Utah (12) has
studied the one-step hydrogenation of coal to synthetic
crude oil, solid char fuel, and fuel gases. Fields and
Wyse (13) have simultaneously carbonized and. desulfurized
coal into char in a non-catalytic process. Using a cyclone
reactor, the reaction temperature can be varied to 816°F
under a gas blanket of 21 atm or less and containing 20 per-
cent or more hydrogen. A coal with 1.9 percent original
total sulfur content heated to 6210F under 34 mole percent
hydrogen at 6.7 atm of total pressure formed a char of 59
percent of the original coal mass and had a 0.64 percent
sulfur content. Curran et al. (14,15) have studied a 2-
stage combustion, CO2 acceptor process to produce a low-

sulfur boiler fuel, a low-sulfur char, and a low-sulfur gas.

Processing of Coal Char into Synthetic Fuels

In recent years a number of pilot scale operations have
‘been developed to process coal char into synthetic fuels.
The gasification of coal char with steam in electrofluid
reactors has been carried out at the Institute of Gas
Technology (16,17) and at the Iowa State University (12,18,
19,20,21) The reactors at Iowa State University have
operated oVer a temperature range of 1500o to 19OOQF‘at
atmospheric pressure, while the reactors at the Institute of

Gas Technology have operated over a similar temperature range,
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but at pressures up to 1000 psig. The product gas was used
as feed gas for the HYGAS conversion of coal to pipeline
gas (12,22)

Singh (23) has patented a low-sulfur fuel system util-
izing coal char and petroleum coke. Granular coal is devola-
tized at 150 psig and the reaction by-products are separated
from the char. Preheated o1l is coked at 150 psig and the
reaction products are separately withdrawn. The char from
the coal devolatilization and coke from the oil fluid-coker
are passed into a heat generator, where partial burning with
air occurs. The by-products are separately processed to

recover sulfur and fuel gases. AKTHUK LAKES LIBRARY

@BLORADO SCHOOL OF MINES

Desulfurization by Other Methods GOLDEN, COLORADO

Many processes are under study for the removal of sul-
fur from coal and may be analogous to the desulfurization of
coal char. Sinha and Walker (24) have studied sulfur removal
from coal by air oxidation at temperatures from 350° to L50°C.
The efficiency of sulfur removal is controlled by diffusion
of oxygen into coal and its pyrite. The rate of sulfur
removal increased with increasing temperatures but was
“unaffected'by the SO2 concentration buildup in the air
stream up to 10 percent. Desulfurization of coal was stud-
ied by Batelle Memorial Institute (10) using a hydrothermal
technique., FEighty percent total sulfur reducticn with 50

percent organic sulfur removal was realized A carbonization
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process was used by Van Hoessle and Quadri (25) to produce a
smokeless fuel from subbituminous coal and resulted in a 95
percent reduction in'pyfitic sulfur content and 60 to 70
percent reduction in both organic and sulfate sulfur contents.
A process has been patented by Lefrancois et al. (26) in
which coal is mixed with a sodium carbonate melt, which
leaches the sulfur content  Sacks et al. (27) reported that
the sulfur content of char could be reduced from 3 percent
to less than 0.6 percent by reaction with hydrogen in the
presence of calcined dolomite, which acted as an H,S
acceptor. The optimum conditions for the acceptance reac-
tion of calcined dolomite were studied by Pell et al. (28)
The Atlantic Richfield Company (29) was granted a pat-
ent for a process which could simultaneously deash and
desulfurize coal. The totgi sulfur content. was reduced by
54 percent and the ash content was reduced by 27 percent by
simply treating the coal in a batch reactor with water at
6500F and a nitrqgen pressure of 2350 psig for one hour.
Flotation methods have been examined and developed by Miller
and Baker (30), Galiguzov (31), Leonard and Cockrell (32),
Terchik (33), and Aplan (34) Deurbrouck (35) has an exten-
sive compqper study of the removal of pyritic sulfur by
flotation methods. Alkali metal hydroxides have been used
by Murphy and Messman (:36) in a patented process that reduces

the total sulfur content by 35-50 percent The gulfur-
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containing impurities were volatilized at elevated tempera-
tures in a fluidized-bed system. Akhtar et al. (37) and
Yavorsky et al. (38) have developed a continuous process for
the hydrodeSulfurization of coals in a turbulent flow,
fixed-bed reactor. From coal having 3.0 percent sulfur con-
tent and a 9.4 percent ash content, the totally coal-derived
synthetic fuel oil, produced at 2000 psig and MSOOC, had

0.31 percent sulfur content and 1 3 percent ash content

The Solvent Refining Process

Several methods have been studied to desulfurize coal
using organic solvents. Dreyfus (39) has patented a process
to obtain a coal extract using tetrahydronaphthalene, anthra-
cene oils, phenols, and a number of other hydrocarbon sol-
vents. The desulfurization was extended by treating the
extract with an alkali solution and then heating the extract
with a metal oxide on a carrier. Lowry and Rose (40) have
developed the Pott-Broche coal extraction process in Germany.
By mixing ground coal in a 1:2 ratio with a middle oil and
heating the mixture to 400°-420°C under a pressure of 100
atmospheres, an ash-free coal slurry could be filtered to
remove ash and undissolved coal and readily hydrogenated
to liquid hydrocarbons, A de-ashed low sulfur coal was pro-
duced by a continuous solvent refined process developed by
Xloepper et al. (41) The reaction.was carried out under a

hydrogen atmosphere and the sulfur and ash compounds were
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filtered from the product coal. The total sulfur content
was reduced from 1.4 percent to 0.5 percent and an ash con-
tent of 0.2 percent resulted from the original 12 percent

in the raw coal. Jimeson (42) studied the economics of a
solvent refining process that could reduce a coal's total
sulfur content from 3.27 percent to 0.95 percent by weight.
Cudmore and Guyot (43) studied the effects of coal type,
coal particle size, solvent characteristics, solvent-to-coal
ratio, gas type, pressure, temperature, and reaction time on
thegdesulfurization.of raw coal using an anthracene oil sol-
vent in the presence of hydrogen. A coal with an original
total sulfur content of 1.1 percent was reduced to a product
containing a Q.N percent total sulfur content.

The Pittsburgh and Midway Coal Mining Company (44,45,46,
47,48) developed a solvent refining process using an intern-
ally generated solvent to dissolve the raw coal. The process
involves mixing pulverized raw coal with a coal-based sol-
vent and pumping the slurry at 1000 psig through preheaters
which heat the mixture to 800°F. Hydrogen 1s added prior to
‘entering the preheaters and separated, with other gases, in
the pressure letdown. After the pressure is reduced, the
coal slurryvisvpassed through a rotary filter from which the
slurry is pumped to a vacuum flash evaporator tc remove the
solvent for recycling. The product 1s a liquid at higher
temperatures or may be cooled and formed into prills or lumps

of pitch-like material for fuel. A continuous pilot plant is
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currently under operation to further test this process.
Desulfurization of coal using the solvent refining pro-
cess has been studied at the Colorado School of Mines using
batch autoclave rocking bomb reactors. Ferrall (2) concluded
that hydrogen partial pressure and temperature were statis-
tically significant variables in the solvent refining pro-
cess, but that reaction times in excess of 15 minutes were
not statistically significant. Kirchner (3) designed a set
of experiments to determine the effects of solvent type,
solvent-to-coal ratio, and coal rank on the removal of total
sulfur, organic sulfur, and inorganic sulfur (sulfate and
pyritic) from 2 bituminous and 2 subbituminous coals.
Solvent type'ahd coal rank were found to be statistically
significant at the 95 percent confidence level, and the max-
imum removal of total, org;;ic, and inorganic sulfur contents
that resulted was 74.0, 70.2, and 98.6 percent, respectively.
‘Gary et al. (1) studied the effects of reaction temperature,
hydrogen partial pressure, reaction time, solvent type, and
solvent-to-coal ratio on 2 bituminous and 2 subbituminous
coals using the solvent refining technique. Both solvent
type and temperature were found to be very highly signifi-
cant variqples (99 percent confidence Ievel) for all the
coals studied, while some significance (30 percent confidence
level) of the solvent-to-coal ratio was demonstrated for the

subbituminous coals. Anthracene oil was found tC be a better



T 1646 11

solvent for the process than tetralin. Results showed that
98 percent of the inorganic sulfur content and 81 percent of
the organic sulfur content could be removed by this process.
Bao (4) studied the effect of temperature and pressure on
coal desulfurization in a statistically designed set of
experiments on one bituminous and one subbituminous coal
Using an analysis of variance test at a 90 percent confidence
level, pressure (linear) and the temperature-pressure inter-
action were significant for the subbituminous coal, while
temperature (linear and quadratic) was significant for the
bituminous coal. Approximately 50 percent maximum sulfur
removal was achieved. A surface response study indicated
that a combination of low pressure and high temperature
improved desulfurization on both of the coals. Empirical
mathematical models of percent sulfur removed were also for-
mulated. Gary et al (5) reported no trend in sulfate sul-
fur or pyritic sulfur removal could be statistically deter-
mined as a function of temperature, hydrogen partial pres-
sure, or solvent-to-coal ratio, although considerable sulfate

and pyritic sulfur content reduction was realized.

Mechanistic and Kinetic Considerations

A series reaction mechanism was proposed by Hill (49)
for the dissolution of coal in a solvent The insoluble
fraction from the previous step becomes the reactant in the

following step as follows:
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Solvent + Coal » Ry + Lj + G, qE;;Z?Q(

Solvent + Ry > Ry + Ly + G {O&f‘?@?w

Solvent + Ry  ~ ‘R2 + L, + G, CQ%;%é?%%,
Ood’%

Solvent + RN - RN+1 + RN+2 + RN+3

where R refers to the solid coal residue, L to the coal dis-

solved or in solution, and G to the gaseous products. The

sum of the individual rates for each step totaled the overall

rate of reaction. The kinetics of the dissolution of coal
in tetralin (1, 2, 3, 4 tetrahydronaphthalene) has been stud-
ied by Hill (49) and Charlot (50), who applied the Eyring
Absolute Rate theory to the reaction and derived values for
the heat of activation (AH) and entropy of activation (AS)
by examining the temperature dependency of the rate of dis-
solution. The parameters (AH and AS) varied with the frac-
tion of coal dissolved. The entropy of reaction (AS) was
shown by Hill to be dependent upon the position of the
activated complex, and therefore was a function of the

‘extent of dissolution,vas shown in Table 1. This apparent

increase in the entropy of reaction is consistent with theory

in that highly dissolved species exhibit more active sites

for reactien.
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Table 1

Heats and Entropies of Activation as a Function
of Fraction of Coal Dissolved in a Solvent

AH AS
Fraction Extracted (Kecal/mole) (e.u./gram)
0.0 31 -21.0
0.1 37 ~-19.5
0.5 36 -15.0
0.8 ho - 9.0
0.9 70 +36.0

Kloepper et al. (41) concluded that the transfer of
hydrogen from the solvent phase was the most important mech-
anism of free radical termination for the dissolved coal.
The presence of a solvent which can transfer hydrogen or a
high activity of hydrogen gas in the reaction atmosphere
favors the formation of low_molecular weight compounds dur-
ing the dissolution of coal at high temperatures. The
application of heat and solvent was found to be sufficient
to remove low molecular weight compounds from the coal matrix.
The rupture of bonds and free radical formation become the
'important kinetic factors at higher temperatures. A study
of the kinetics of the reactions involved in the gasifica-
tion, pyrolysis, and desulfurization of coal was conducted
by Vestal et al. (51), Vestal and Johnson (52), and Juntgen
et al. (53). In the desulfurization section of thelr study,
they reported that the volatile organic sulfue content reac-

ted readily with hydrogen, the sulfate and pyritic sulfur
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contents reacted with hydrogen to produce a‘shlfidez which
was converted to st, and the organic sulfur content asso-
ciated with the carbon ;eacted slowly with the hydrogen.
A two-stage gaseous desulfurization mechanism was derived
by Cindeu-Munteau (54) The porosity of the material
increased during the first step while the actual attack upon
the sulfur-bearing constituents occurs during the second
step.

Feldkirchner and Linden (55) investigated the reaction
rate characteristics of coal char hydrogasification in a
semiflow system. They concluded that the initial high-rate
period was proportional to the hydrogen partial pressure
without equilibrium hindrance. The final stages of the
reaction included pyrolysis .of the char, hydrogenolysis of
the intermediates that are derived from essentially aliphatic
hydroCarbonAsidé chains and oxygenated functional groups,
‘and the slow conversion into methane according to the carbon-
hydrogen reaction. These results were supported by the work
of Wen and Huebler (56)

Bruk et al. (57) reported that the effect of reducing
the heating rates (decreasing the rate of temperature
increase) increased desulfurization up to 600°C, then no

effect was observed. Best desulfurization results were

obtained between 500° and 600°C.
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The Effect of Hydrogen

Sinha and Walter (58) have studled the desulfurization
of coals and chars under various atmospheres between 400° and
600°C. The low rate of desulfurization by hydrogen at low
temperatures was thought to be due to either a low rate of
sulfur release from the decomposition of sulfur-bearing
species present in the coal matrix or to a low rate of disso-
ciation of hydrogen, or to both. The reaction of coal and
hydrogen was considered to be a two-stage process by Black-
wood and McCarthy (59), where a very rapid hydrogenation of
the oxygen-containing functional groups of the coal was the
first step, followed by a slow reaction between the hydrogen
and the residual char. These conclusions were also reported
by Chermin and Van Krevelen (60), Van Krevelen et al. (61),
Pitt (62), and Linden (63) The hydrogen also served to
saturate the solvents used and reacted with the sulfur com-

pounds present to form H.S. The kinetics of the transfer

2
of hydrogen in the coal-air-hydrogen-tetralin system was
studied by Curran et al. (6U4) They proposed a pseudo-
first-order reaction involving the decomposition of the coal
into free-radical compqnents. Very little hydrogen transfer
‘was necessary to dissolve the first 50 percent of the coal,
but the next 40 percent of the coal required 7 times the
hydrogen transfer of the initial 50 percent to effect disso-
‘lution. Kloepper et al. (41) found a significant increase

in the amount of coal dissolved as the partial pressure of
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hydrogen was increased in a batch autoclave system. These

results are given in Table 2.

Table 2

Effect of Partial Pressure of Hydrogen on
Dissolution of Coal in Anthracene 0il

Initial H, Pyridene Coal
Run Partial Pressure Insolubles - Dissolved
No. : (psig) _ (%) (% Moisture-Ash Free)
‘B-18 0 12.46 53
B-25 100 11.98 55
B-26 500 8.66 70
B-27 1000 5.43 85
B-33 1500 2.52 97

Kirk and Seitzer (65) reported on the hydrogenation of
coal process at 7500-8h00F€9nd 2500 psig, with a liquid
product resulting. Potzieter (66) and Liebeuberg and
Potzieter (67) studied the hydrogenation of coal in a tetra-

1in solvent.

Thermodynamic Considerations

Kloepper et al. (41) indicated an overall 20 percent
improvement in the heating value of the solvent refined coal,
‘compared to the parent coal. They attributed this effect to
the departure of oxygen and sulfur atoms from the coal matrix
during the treatment, which left polynuclear aromatic products
in the solvent refined coal product. These compounds have

very high resonance energies and therefore a high heat of
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combustion. Cudmore and Guyot (43) also noted that the over-
all heat of combustion of the products exceeded the heat of
combustion of the reactants in their study of the dissolu-
tion of coal in anthracene oil. An enrichment in polycyclic
aromatic compounds was observed in the solvent refined pro-
duct and a corresponding increase in the heating value of

the treated coal.

Organic Sulfur Removal

In a patented process for a pebble-heated gasification
unit, Mayland (68) observed that a significant amount of the
organic sulfur content in the coal was converted to st.
Mukai et al. (69) found that a room temperature treatment
of a bituminous coal with a 3 percent solution of hydrogen
peroxide removed 100 percent of the organic sulfur content.
The process was .able to oxidize all of the organic sulfur
cqntent'without changing the properties affecting the coal's
coking ability. Meyers, Land, and Flegal (70) used a weak
organic acid to leach 45 to 80 percent of the organic sul-
fur content in several coals  They reported that phenyl-
nitrate was the most efficient solvent for organic sulfur
content removal. Meyers (71) later received a patent for

this process.
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McKinley and Henke (72) patented a process using
hydrogen contacting to desulfurize coal with a high pyritic
sulfur content. Meyers et al. (73,74) have developed a pro-
cess to remove pyrites from coal using an aqueous ferric
sulfate solution at 500-13000' The pyritic sulfur content
is selectively oxidized to form free sulfur. Meyers (75)
was later issued a patent for this process. Flotation-
gravity separation methods have been used extensively to
desulfurize coals with high pyritic sulfur contents (30,31,
32,33,34,35) Blum and Cindeu-Munteau (76) reported that
coal containing less than 2.5 percent total sulfur could
have 90 to 95 percent of its total sulfur content removed in
30 to 60 minutes using an air-stream fluidized-bed process.
By electrostatically separating the pyrite and hematite par-
ticles in a magnetic separator, Tarts and Andreeva (77)
reduced the total sulfur content of a lignite coal, which
was previously heated to 6OOOF, from 7.6 percent to 2.8 per-
cent. Abel et al. (78) also used a centrifugal-electrostatic
method to remove 50 to 70 percent of the pyritic sulfur con-
tent and 30 to 50 percent of the total sulfur content from
a finely ground Pittsburgh seam coal

Given and Jones (79) concluded that although several
reactions were capable of removing the pyritic sulfur con-
tent of coal,the rates of reaction were too Lcw for practical

use. This 1s because the pyrite is finely dispersed and
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embedded in the coal matrix with little surface exposure.
They also found in their study that some of the released
pyritic sulfur content becomes fixed in the organic matter
of the coal, thus raising the organic sulfur content of the

coal. Smith (80) also reported similar results.

Application of Catalysts

Wrinkler (81) found that activated iron powder mixed
with finely ground bituminous coal dissolved in a highly
aromatic solvent can reduce the coal's total sulfur content
by 56 percent upon application of- heat. Samoilenko et al.
(82), using a Raney nickel catalyst, achieved a maximum of
55 percent total sulfur content reduction for a soft coal,
but realized only 7 to 26 percent sulfur content reduction
in most of the coals studiegd. A French patent_granted to
Fohler (83) used oxides and salts of calcium, magnesium,
lead, copper, zinc, and molybdenum as catalysts to split
organic sulfur bonds before a desulfurizing treatment
Manmohan and Goswami (84) reported that carbonizing coal for
six hours with sodium chloride gave 80 percent total sulfur
content removal. The addition of aluminum chloride (A1013)
was the most effective method of desulfurizing coke, accord-
ing to Krasyukov et al. (85) However, the ash content of
the coke was increased 7 to 9 times and practical applica-

tion of the process -was impossible due to rapid corrosion of

*
the equipment by the aluminum chloride.
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Akhtar et al. (37) demonstrated that a'bituminous coal
containing 3.4 percent total sulfur content can be catalytic-
ally hydrodesulfurized at 4000 psig and 450°C in a tar
slurry to a product that yielded 91 percent fuel oil having
only 0.09 percent sulfur content after removal of solids
residue. Ouchi, Imuta, and Yamashita (86) have studied

depolymerization catalysts for coal.

Choice of Organic Solvent

Orechkin. (87) found that the absence of hydrogen in the
reaction atmosphere may still allow an effective extraction.
Solvents of sufficilently high hydrogen content may effec-
tively dissolve the coal. However, the average molecular
weight of the product was high due to the fact that hydrogen
required to reduce the coal to low molecular weight compounds
was supplied entirely by the solvent, and this quantity was
limited by the solvent characteristics and degree of unsat-
uration. Gary et al. (1,5) found that anthracene oil, having a
‘higher hydrogen-to-carbon ratio than tetralin,was a signifi-
cantly better solvent for the dissolution and desulfurization

of coai.
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The importance of four operating variables, temperature
(T), hydrogen partial pressure (P), solvent-to-char ratio
(SCR), and solvent type (ST) was investigated in this
research study. A full-factorial, doubly replicated experi-
mental design employing each of the process variables at
two levels required 32 experimental runs in the batch rocking-
bomb" autoclave. Each process variable was given a high value
and. a low value in the run design matrix and four separate
responses were determined in the final product for each com-
bination of the variables. The responses measured with the

appropriate method of analysis are listed in Table 3.

Table 3

Responses and Methods of Analysis

ASTM D271-68

Total Residual Sulfur Content

Organic Residual Sulfur Content by difference

Inorganic Residual Sulfur Con-
tent (pyritic + sulfate)

ASTM D2492-68

Infrared Spectrophotometric
Analysis

Hydrogen Content of the Solvent

In addiﬁioh, a singly replicated data set for the heating
value of the treated char was obtained by bomb calorimetry
techniques. Thus,5 run matrix tables were cunstructed list-

ing the response as a function of the operating variables
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at their appropriate levels. The matrix table format is

shown in Table 4.

Table 4
Run Design Matrix-Coal :-Char Desulfurization
Factors:

1. Temperature

2. Hydrogen Partial Pressure
3. Solvent-to-Char Ratio

4  Solvent Type

Tabular Designators:

R; = 2.0/1 Solvent-to-Char Ratio

Ry = 5.0/1 Solvent-to-Char Ratio

T, = 325°C

T, = 425°C

P, = 1000 psig Hydrogen Partial Pressureé

P2 = 2000 psig‘Hydrogen Partial Pressure

S, = Tetralin Solvent (C/H = 10/1 by weight)

S, = Anthracene 01l Solvent (C/H = 17/1 by weight)

The table below is the run matrix for each response
studied, and consists of 4 factors at 2 levels (2u), or 16
experimental runs, Reaction conditions for'each result
are designated by the row and column position of the
response, The order of experimental run conditions was deter-

mined from a random number generation table.
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_Table 4 (Cont.)

Tl' - T2
Pl P‘2 Pl P2
Rl 8 10 6 Y
Si
R2 15 1 7 9
Rl 5 12 11 16
S2 ‘
R2 13 2 14 ‘ 3

A statistical factorial design using an analysis of"
variance of the data generated is a frequently used method
for determining the effect of process variables on a given
response, since main effects alone as well as all possible
interactions of the main effects may be examined and tested
for significance separately (1,2,3,4,5) In this study
Yates' technique was used to calculate an "F" statistiec,
which was compared against tabular values to affix importance
of the main effect or interaction at any desired level of
significance. The "F" statistic used was the ratio .of the
sum of squares for each effect and interaction divided by
the'residual sum of squares for all effects and interactions.
This techﬁique was applied to the solvent refining process
in order to assign confidence levels of 95, 99, and 99.9

percent to main effects and important interactions.
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Since the heating value analysis was singly replicated,
an alternate method of determining the residual sum of
squares for the "F" ratio was used. The sum of squares for
the four factor interaction gave an estimate of the resid-
ual sum of squares associated with the data set. Thus, the
sum of squares for each of the main effects and interactions
(through the third order) was divided by the residual sum of
squares as obtained from the fourth order interaction.

Two further tests were performed in an attempt to
establish the linearity of the experimental data points. A
series of 4 runs were made at a third temperature level
(M?SOC) with a fixed solvent (anthracene oil) and both
levels of pressure and solvent-to-char ratio being investi-
gated. This allowed plots of isotherms and isobars relating
the total residual sulfur content and the process variables
to be drawn. A hypothesis testing technique (89) was used
to confirm the independence of the population sets. Also
an empirical mathematical model was derived for the residual
.sulfur level of the char using a multiple linear regression
technique (90)

Two Fortran IV computer programs were written to cal-
culate the, analysis of variance (ANOVA) table for the doubly
replicated and singly replicated run matrices, while the
regression model was solved by a Fortran IV matrix multiple

linear regression computer program.
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EQUIPMENT

Three major equipment systems were employed in this
study: 1) Reactor system, 2) Scrubber system, and 3) Sol-
vent recovery system. A description of the components of
each system is given below, along with graphical illustra-
tions of the important sections of each system. A process

equipment flow sheet is given in Figure 1.

Reactor System

Three reactor systems of the batch autoclave generic
type were used in this study. A gas delivery system, a reac-
tlon vessel, and a shaking assembly were the functional parts
of the reactor systems.

The reaction vessels, as shown in Figure 2, were manu-
factured by the American Instrument Company (AMINCO) of
Silver Spring, Maryland, and were from the 4 3/8-1in. series.
A1l three reaction vessels had inside depths of 10 in.,
inside diam. of 3-5/16 in., and approximate weights of 50
lbs. .One vessel was fabricated from AISI 316 stainless
steel, while the other two were made of AISI 347 stainless
steel. The vessels had a working pressure rating of 5,050
psi at 100°F and had an effective volume of 1410 ml.

Three shaking assemblies were used in the reactor
system. One of the assemblies was manufacturea by High

Pressure Equipment Company, Inc (HIP) of Erie, ?al, and
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FIGURE /

PROCESS EQUIPMENT FLOWSHEET- COAL CHAR DESULFURIZATION
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FIGURE 2

REACTION VESSEL ASSEMBLY
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consisted of a 6,000-watt, 208-volt heating jacket mounted
on a rocker assembly. This system had a rapid heater and an
on-off switch to control the rate of temperature rise. The
heating Jacket was rocked by means of a 1/3-hp, 220-volt
electric motor actuating an eccentric lever drive connected
to the heating jacket. The other two assemblies were stand-
ard Aminco U4-3/8-in. series and consisted of a 3,000-watt,
208-volt heating jacket mounted on a rocker assemblies. The
rockers for the Aminco shaking assemblies were actuated by
1/3-hp, 110-volt motors driving eccentric levers connected
to the heating jackets. Figure 3 shows the shaking mechan-
isms and the heater mounted on the rocker as used for this
experimental work. The Aminco heating Jjackets had the
capacity to heat from room temperature to‘MOOOC in approxi-
mately 1 1/2 hr, while.the:ﬁIP heating jacket could heat
from room temperature to 400°C in about 2-1/4 hr. Aminco
30,000 psi valves and fittings were used to regulate the
inlet and exit of the reaction gases from each reaction
vessel. All reactor systems were equipped with 0 to 3000
pressure gauges. Tubing used on the shaking assemblies was
304 stainless steel, 1/4-in. o.d., and rated for operation
at. 100,000, psi at 100°F.

A Leeds and Northrup, Series 60 temperature controller,
with a Model 11906 SCR 'final control element was used in the

6000—watt,system. A Leeds and Northrup Speedomai H continuous
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FIGURE 3
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recorder monitored the temperature response of the reaction
vessel. In the 3000-watt systems, Leeds and Northrup Electro-
max IIT controllers,witﬁ Model 11906 SCR final control ele-
ments were used for temperature control. Temperatures were
recorded on a Honeywell Electronik III two-channel continu-
ous recorder. The temperature sensors were chromel-alumel
thermocouples.

All shakihg assemblies were connected to purging-
charging gas delivery systems. Each of these systems con-
sisted of a nitrogen cylinder, a hydrogen gas cylinder,
pressure regulators for each cylinder, and Aminco stainless
steel tubing and fittings similar to those used on the shak-

ing assemblies.

Off-Gas Scrubber System

A diagram of the off-gas scrubber system is shown in
Figure 4. The tubing used was 304 stainless steel, 1/4-in.
o.d., and rated fbrvoperation at 100,000 psi at 100°F.
Residual pressure in the reaction vessel was measured by a
0-3000 psig Duragauge pressure gauge. A Foxboro Dynalog 6=
point circular recorder with a range of 400°C and equipped
with iron-constantan thermocouples was used to measure the
reaction vessel temperature. The collection vessel was a
250-ml Erlenmeyer flask agitated with a magnetic stirrer
for better absorption of the~H2S} Gas volume was measured

using water displacement in a 250-ml graduated buret.
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FIGURE 4
OFF ~GAS SCRUBBER SYSTEM
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Solvent.Recovery System

The solvent recovery system used is shown in Figure 5.
A SOO—mE Hempel flask containing the treated char slgrry was
heated using a 330-watt, 115—volt heating mantle controlled
with a Powerstat, a 110-volt and 7 1/2-amp variable trans-
former. The reclaimed solvent was trapped in two 1000-ml
flasks along with condensed low-boiling solvent fractions.
The vacuum for the system was supplied by a Cenco MegaVac
pump driven by a l/u—hp, 110-volt electric motor. The vacuum
on the system was measured with a 0 to 30 in. Hg Duragauge
vacuum gauge. A FoXboro Dynalog 6-point circular chart
recorder continuously monitored the temperature of the dis-
tillation flask. Iron-constantan type thermocouples were

used for the input to the recorder.
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EXPERIMENTAL PROCEDURE

The experimental ﬁfocedure may be divided into three
major areas: preparation of char and char slurry, desul-
furization and separation of treated products, and analysis
of the treated char and solvent properties. A flowsheet

indicating the treatment steps involved is given in Figure 6.

Preparation of Char and Char Slurry

The coal char, as received from an Illinois No. 6-
seam coal from the Peabody No. 10 mine and produced at a
1550°F temperature in FMC's Stage 4 pyrolyzer, R-240, was
crushed and then screened to a size smaller than 28-mesh
until all of the char passed through the sieve. Fifty grams
of char and the appropriateramount of solvent (100 or 250
grams of anthracené 0il or tetralin) were weighed, mixed,

and placed in the reaction vessel.

Desulfurization and Separation of Treated Products
‘Desulfurization and separation of treated products

can be discussed in three phases: the char processing reac-

tion, the scrubber analysis, and the solvent recovery system.

Char, Processing Reaction

The reaction vessel was closed by placing the head and
thrust ring on top of the vessel, turning the vessel head

until secure, and tightening the thrust bolts. With the eye-
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FIGURE 6
SOLVENT REFINING OF CHAR PROCESS FLOWSHEET
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bolts and gas delivery connecting piece screwed into the cap
couplings, the assembled reaction vessel was then inserted
into the heating jacket of the shaker assembly, the gas con-
necting lines were securely tightened to the vessel, the
thermocouple'was placed in the thermowell, and the tempera-
ture recorder was turned on,

The assembled reaction vessel was then purged to 200
psig and vented to atmospheric pressure with nitrogen three
times. The system was then purged to 200 psig and vented to
atmospheric pressure one time with hydrogen before final
pressure of hydrogen at room temperature was added according
to Table 5. This pressure setting is a function of run tem-
perature, run pressure, initial temperature, and H, compres-
sibility factors. When the shut-off valves on the shaking
assembly were closed and the system isqlated, the system was
checked with soap solution’for leakage, and the initial tem-
perature and pressure were recorded.

After assurihg there were no leaks in the system, the
temperature controller, heater, and rocker were switched on
and heating began. The controller settings and the turn-off
temperature for the rapid heater on the HIP assembly are
shown 1in Table 6. The controller settings for the two Aminco
assemblies were set approximately 20°C lower than the desired
reaction temperature. When the reaction reached and leveled

out at the desired maximum temperature, the shutoff valve on



T 1646 37

Table 5

Initial Pressure Settings for Reactor Systems

Initial Partial Hydrogen Pressure

Run Conditions at Room Temperature, psig

T,°C P,psig 21°C 30°¢ 40°c
325 1000 500 516 533
325 2000 1025 1054 1089
425 1000 Lo7 4lo 455
u25 2000 878 905 935
475 1000 398 410 Lol
475 2000 809 834 862

Table 6

HIP Assembly Controller and Rapid Heater Settings

Run Temperature Controller Setting Rapid Heater Off
oC - _OF OF o

325 617 =650 520

425 797 840 T40

475 887 940 840

the shaking assembly was opened and the total pressure at
reaction temperature (initial) was recorded. The reaction was
held at the maximum temperature for 15 minutes and the system
temperature and pressure (final) were again recorded. The
reaction vessel, still pressurized, was then removed from

the heating-rocking system and cooled by forced convection

with a high speed fan.
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Scrubber Analygsis

This method was developed by the Pittsburgh and Midway
Coal'Mining Company Research Department for their solvent
refining of coal process (91) and is applicable in a con-
centration range of about 0.1 to 7 volume percent st. As
shown -in Figure 5, the cooled reaction vessel was attached
to the scrubber system. The residual reaction vessel tem-
perature and pressure, ambient temperature, and barometric
pressure were recorded. Thirty ml of ammoniacal zinc sul-
fate solution were diluted to 150 ml in four 250-ml Erlen-
meyer flasks, and 200 ml of product gas was slowly injected
and recorded by water displacement into each. The solution
was magnetically stirred. Heavy turbidity formation was
used as a guide to the volume of gas to use in the first
test. The injection tube was washed with about 1 ml of 1:1
HC1 and distilléd water from a wash bottle.

The solution was transferred slowly while stirring
magnetically to a 500-ml Erlenmeyer flask which contained
25 ml of 0.05 N iodine solution (measured by buret) and 40
ml of 1:1 HCl solution. The 250-ml flask was then rinsed
with about 100 ml of water into a 500-ml flask. While con-
tinuously peing stirred, the solution was immediately titrated
with standardized 0.05 N sodium thiosulfate solution until
the solution turned yellow. Two ml of 2 percent starch solu-

3

tion was thenr added, and the end point of the titration was
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indicated by a permanent solution color change from blue to
clear. The volume of sodium thiosulfate used was recorded.
A blank test with three replicates was similarly run without
a gas sample. Since the blank values do not change sig-
rnificantly, only a weekly check was necessary. If the
sample titration volume was less than half of the reagent
blank, the test was rerun using a smaller gas sample.

The mole percent of HQS present in the reaction gas
was calculated by the following formula:

(Vb—VS)-x Nt x F x 100

H.S mole % =

2 Vgas
where:
Yy = volume (ml) of sodium thiosulfate used in blank
Vs = volume (ml) of sodium thiosulfate used in sample
Nt = normality of sodium thiosulfate
Vgas = volume (ml) of product gas used in test
F = factor in milliliters of'hydrogen per milli—

equivalent of sodium thiosulfate. It is one-
half of the reciprocal of the molar equivalent
of one liter of gas (moles/liter) at the tem-
perature and pressure of product gas at the

time of testing.

Solvent Recovery

A diagram of the solvent recovery system is given in
Figure 6. As soon as the off-gas had been vented, the reac-

tion vessel was opened and the product was collected in a
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beaker for solvent recovery. After recording the weights
of clean receiving flasks and the distillation flask, the
product was transferred-to the distillation flask, scraped
with a spatula, and weighed. The distillation flask was
placed in the heating mantle and the thermocouple, passed
inside a glass tube connected to a rubber stopper, was
placed in the flask's neck. The receiving apparatus was
assembled and connected to the distillation flask and
cooling water was passed through the condénsers. After
switching on the temperature recorder, the Variac controlling
the heating mantle was adjusted to the 45 percent setting.
The three-way valve was opened to the atmosphere so that any
absorbed gas (hydrogen) could be driven from the reaction
product. As soon as the solution temperature had reached
15000, the vacuum pump was %urned on. The vacuum was slowly
increased until the solution temperature reached approxi-
mately 27500; after which full vacuum of 24 in. Hg was
applied. Additional heat was applied by increasing the
Variac setting until the solvent appeared to be completely
distilled. For anthracene solvent, this usually required a
temperature in excess of MOOOC, while no trace of tetralin
appeared after about 325O to 350°C. The Variac was turned
off along with the vacuum. Any solvent vapors remaining in
the distillation flask were flashed into the receiving

flasks. .



T 1646 41

The cooling water was shut off and thé thermocouple
was removed from the distillation flask. After being dis-
connected, the distillation flask and receivers were
weighed and .the weights of the char product and recovered
solvent were determined by difference. A small quantity of
the recovered solvent was stored in a sample vial for later
sulfur content analysis. The solvent refined char, appear-
ing similar to untreated char, easily poured from the dis-
tillation flask. This treated char was weighed and stored

in small jars.

Analysis of Treated Char and Solvent Properties

The analysis of the char sulfur content was determined
according to four sulfur types: total sulfur, sulfate
sulfur, pyritic sulfur, and organic sulfur by weight per-
cent. The analyees are outlined by ASTM standards for gas-
eous fuels, coals, and cokes (92)

Total Sulfur Content

Total sulfur content of the char was determined by the
Eschka method as described bv ASTM D271-68 (ASTM, 1970,
pp. 23-25) with the following changes to Section 20(c):
1) Instead of digesting, heat gently with 100 ml of
water for 1/2 hr.
2) After treating with bromine water, acidify the

filtrate with 4 ml of 1:1.HC1
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3)

1)

5)
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The absence of bromine in the boiling solution is
indicated by the color change of methyl orange to
pink.

Use boiling water to accelerate the washing of

excess chloride ions from the-BaSOu precipitate.

Smoke off the filter paper below BOOOC for about

1 1/2 hr.

Sulfate Sulfur Content

The sulfate sulfur content of the char was determined

by ASTM D2492-68 (ASTM, 1970, pp. 420-426) with the following

changes:

1)

2)

3)

Section 5.1 1 - Instead of using a cold finger con-
denser, let the coal-HCl mixture set in the Erlen-
meyer flask overnight.

Section 5.1.2 - After adding NHMOH, set the beaker
aside for 15 minutes and allow the precipitate to
coagulate.

Section 5.1 .3 - Acidify the filtrate from 5.1.2
with concentrated HC1l to a pH between one and

three as measured by a pH meter.

Pyritic Sulfur Content

The pyritic sulfur content of the char was also deter-

mined by ASTM D2492-68 with Sections 5.15 and 5.2 replaced

by the following:
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1)

2)

3)

4

43

Weigh out 2.0 grams of the char residue from the
sulfate test (to 0.01 milligrams) Put the sample
in a 250-ml Erlenmeyer flask and add 50 ml of 1:7
nitric acid solution. Stopper the flask and

leave it for at least 12 hours.

Filter the mixture through a medium texture filter
paper. Pour the filtrate back into the flask and
refilter the solution removing additional coal
residue. The flask is washed with 35 ml of 1:7
nitric acid solution. Discard the coal residue.
Add 2 ml of concentrated hydrogen peroxide to the
filtrate. If there is coloration due to organic
substances, add several milliliters of hydrogen
peroxide in excess. Cover the beaker with a watch
glass. Heat the Sglution to boiling and allow it
to boil for at least 5 minutes. If some organic
coloration remains, add more hydrogen peroxide
(making sure that the solution boils for 5 min more
before adding NaOH)

With constant stirring, slowly add concentrated
NaOH until a red iron precipitate forms. Add 2 ml
excess NaOH making sure that the stirring rod and
sides of the beaker are washed. Set the beaker
aside for lS‘min.to allow the iron precipitate to

coagulate. (It may be necessdry to reboil the solu-
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5)

6)

7)

8)

Ly

tion for 1 min to-aid the coagulationh of the iron
precipitate. )

Filter the solution through medium texture, ashless
filter paper. Carefully wash the beaker and filter
paper with 75 ml of boiling water containing a trace
of NHM01 and a .trace of NH,OH. At this point there
should be no iron precipitate left in the beaker.
Discard the filtrate.

Place the filter paper containing the iron precipi-

tate in a clean beaker. Add 25 to 50 ml of 2:3

hydrochloric acid to the beaker and dilute with

water to 125 ml. Heat the solution to boiling.
Allow it to boil until the filter paper is broken
into very small pieces.

While stirring, add dropwise SnCl2 solution 'until

the mixture is milky white. Add 2 to 3 drops of

SnCl2 in excess. Wash the sides of the beaker with

water and allow the solution to cool to room tem-
perature.

While stirring, quickly add 10 ml of HgCl Rewash

5
the sides of the beaker with water. Let the solu-

tion set for 2 to 3 min (do not stir), then begin

stirring. Add 20 ml of H3POM-HZSOM-H20 solution,

2 or 3 drops of diphenylamine sulfonate indicator,

and water until there is 200 ml of solution.
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9) Titrate the solution with 0.025 N K20r207. The
endpoint is indicated by a purple color that lasts
for at least 20 seconds.

Organic Sulfur Content

The organic sulfur content was determined by differ-
ence, i.e. by subtracting the pyritic and sulfate sulfur
weight percents from the total sulfur weight percent.

Sulfur Content of Solvent

To analyze for the total sulfur content of the solvent,
the Leco induction furnace technique, ASTM D1552-64 (93) was
used. A gas purification train, an induction furnace and a
semi-automatic titrator unit were the three components of
the analysis system. The gas purifying train contained an
acid tower, a dry reagent tower, and a rotameter, and was
used to measure and scrub any residual sulfur from the
enteringvoxygen. As shown in Figure -7, the induction furn-
ace was a Leco model 521, equipped with the "L" modification
on the combustion chamber. A special feature of the "L"
modification was the inclusion of a high temperature igniter
in the combustion chamber, as shown in Figure 8. The exhaust
gases from the induction furnace combustion chamber were sent
through an electrically heated glass delivery tube and into
the Leco semi-automatic titrator model 518. This piece of
equipment is shown in Figure 9. The semi-automatic titrator
used an idicmetric reaction with a color change endpoint to

analyze the combustion gases. The titrator proved to be a
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FIGURE 7

LECO INDUCTION FURNACE
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rapid and reliable method for analyzing the solvents for
total sulfur. The reported accuracy of the test is %0.01

weight percent sulfur.

Infrared Spectrophotometric Analysis

The weight percent hydrogen contained by the anthracene
oil w?s determined using an infrared spectrophotometric pro-
cedure provided by the Pittsburgh and Midway Coal Mining
Company of Meriam, Kansas (94) A Perkin-Elmer Model 21
infrared spectrophotometer was used for this analysis. The
test 1s based upon the carbon-hydrogen bond stretching when
exposed to infrared energy. This stretching causes-a pair
of peaks at 3.2 and 3.4 microns to appear on the infrared
chart. The ratio of the heights of the two peaks varles as
does the percentage of hydrogen contained in the anthracene
0il sample. "

A standardization curve 1is determined by mixing vary-
ing amounts of raw anthracene oil with anthracene o0il that
was hydrogenated. Conventional carbon-hydrogen tests, per-
formed by Huffman Laboratories, Inc in Denver, Colorado,
confirmed the I-R data. The reclaimed anthracene oil samples
were tested and the ratio of the peak heights were compared
to -the calibration curve from which the weight percent
hydrogen was directly read. This calibration‘Curve is shown
by Figure 10.

The tetralin samples were analyzed by Huffman Labora-

tories, Inc. for the weight percent hydrogen.
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Heating Value Determination

The heating value of the char was determined using a
standard bomb calorimetry technique (95), with the following
modifications:

1) Determine the grams of total sulfur in the sample

from the total sulfur data.

2) Determine the ml of NH3 solution titrated due to

total sulfur content by dividing the total sulfur

weight in the sample by 0.0061.
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3) Determine the ml of NH3.solution titrated due to
nitrogen by calculating the difference in ml of
the reported titration and that due only to sulfur.

4) Determine the heat content due to sulfur, S, by
multiplying the centigrams of sulfur with the sample
by 23.3 Btu-g/lb-centigrams.

5) Determine the heat content due to nitrogen, N, by
multiplying the ml required for nitrogen titration
by 10 Btu-g/lb-ml.

6) Calculate the heating value of the sample char by
the followlng formula:

_ WT)(E) -OAF + S + N

v sample wt in grams

where:

HV = heating value, Btu/lb

AT = corrected temperature change,°C

E. = calorimeter water equivalent (Btu/1b)(g/°C)

AF = heat correction for nichrome wire fused
during combustion, Btu-g/lb

S = correction for heat due to sulfur content,
Btu-g/1b, and

N = correction for heat due to nitrogen content,

Btu-g/1b.
The experimental tests were performed by the Colorado

School of Mines Research Institute, Golden. Colioxado.



T 1646 52

DISCUSSION OF RESULTS

Material Balances and Sulfur Analyses

Experimental Runh Mass Balances

After cooling and venting the reaction vessel, the
reaction product was poured into the distillation flask and
weighed. The nature of the char slurry was directly related
to the solvent type and to the solvent-to-char ratio used
for each run. The anthracene oil-char slurry varied in con-
sistency from a thick, tar-like sludge at the 2/1 ratio to
a viscous but easily-pourable liquid at the 5/1 ratio. Both
the reaction feed and product slurries indicated a lower
degree of dissolution of the char into the anthracene oil
had taken place as compared to the previous coal desulfuriza-
tion experiments at -the Colorado School of Mines (1,2,3,4,5)
The tetralin—chaf slurries were thin with the char easily
jdentifiable and relatively unchanged in nature physically
from the raw char in the feed. Losses due to solvent flash-
ing and other gaseous products as well as transferred losses
were calculated and the percent material accounted for before
the vacuum distillation is shown in Table 7 These losses
averaged about 10 percent of the total reaction mass charged
teo the reaction vessel.

Table 8 shows the mean material accountabilities before

distillation as a function of the 6perating variables,
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Table 8

Mean Material Accountabilities Before Distillation as
a Function of Operating Variables

. % Accounged Solvent-to-Char % Accounted
Solvent Type 7 _ For . Ratio For
Tetralin 90.0 2/1 86.0
Anthracene 01l 89.4 5/1 93.3
% Accounted Hydrogen Partial % Accounted

Temperature For Pressure For

325%% 90.5 1000 psig 89.1

425% 89.9 2000 psig 90.2

475°¢C 8L.8

Solvent type, pressure, and lower temperature showed no
trends on material losses, but losses were significantly
higher at the 2/1 solvent-to-char ratio and at the highest
temperature studied, M?SOC. Assuming that actual transfer
losses in grams were about .equal at both solvent-to-char
ratios, the loss at the lower (2/1) ratio would be a greater
percentage of the total mass than at the higher ratio. More
loss at the higher temperature (M?SOC) indicates more flash-
ing of solvent and fbrmation of more gases than at lower
temperatures (325°C, 425°C)

The distillation flasks were sealed and the vacuum dis-
tillation proceeded until no more solvent could be recovered
from the treated char, usually about 32SOC for tetralin and

QOOOC for anthracene oil. Recovered solvent and char
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product weights were determined by difference measurements
made on the distillation vessels before and after the vacuum
distillation operation, and overall mass balances are given
in Table 9. Since the losses during the distillation opera-
tion were small, averaging about 2-3 percent as shown in
Table 7, and since the char yield was essentially 100 per-
cent, most of the solvent losses were probably due to trans-
ferring of fluids from the various vessels, beakers, and
flasks used.

The separation of solvents from the treated char was
relatively easy as compared'to the previous coal experiments
(1,2,3,4,5), indicating little or no depolymerization of the
char and only partial dissolution of the char had occurred
as compared to the high degree of dissolution of coal in
anthracene oil., The solvent refined char product was still
in granular form and could be poured from the distillation.
flask in all of the runs, again indicating little interaction
between the solvent and the char. However, anthracene oil
was found to be a better solvent than tetralin, due to the
slight degree of dissolution of char in the anthracene oll
as compared to no association of the tetralin and char.

This is also supported by the tendency of slightly higher
than 100 percent char yields in the anthracene il runs and
slightly lower than 100 percent char yields with tetralin as

& solvent.
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Table 9
Overall Mass Balance on Char and Solvent

Solvent Refined

Run Char Solvent % Char % Solvent

No. (g) (g) Yield Recovered
1A Yo 218 98.0 87 .2
1B 50 236 100.0 o4, 4
2A 61 222 122.0 88.8
2B 51 230 102.0 92.0
3A 52 217 104.0 86.8
3B 51 228 102.0 91.2
ha 51 83 102.0 83.0
4B b7 79 9k4.0 79.0
5A 7 69 9l .0 69.0
5B 52 72 104.0 72.0
6A b3 79 86.0 79.0
6B 53 81 106.0 81.0
TA 33 220 66.0 88.0
7B 56 222 112.0 88.8
8A 39 81 78.0 81.0
8B 50 76 100.0 76.0
9A 53 231 106.0 92.14
9B 57 222 114.0 88.8
10A b9 86 98.0 86.0
10B by 75 88.0 75.0
11A L5 80 90.0 80.0
11B 42 = 8l 84.0 84.0
12A 50 77 100.0 77.0
12B b7 84 9k.0 84.0
13A 51 224 102.0 89.6
13B° 50 229 100.0 91.6
14a o) 223 98.0 89.2
14B 53 220 106.0 88.0
15A b9 222 98.0 88.8
15B 54 229 108.0 91.6
16A 45 T4 90.0 74.0
16B L7 79 9k.o 79.0
17A 60 199 120.0 79.6
184 55 66 110.0 66.0
19A 53 221 106.0 88.14
0 0

20A 67 48 134, 48,
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Sulfur Content of the Solvent Refined.Char

The sulfur content of the raw and treated char samples
is listed in Table 10. The inorganic sulfur content is the
sum of pyritic and sulfate sulfur content, while the organic
sulfur content is the difference between total and inorganic
sulfur contents.

Note that in Table 10 the absolute pyritic and sulfate
sulfur contents are very small compared to the organic and
total sulfur contents. This is due to the fact that most of
the inorganic sulfur containing compounds were removed dur-
ing the formation of char, and that the organic sulfur
remaining is more tightly bonded than was the released inor-
ganic sulfur. Since the ASTM techniques have accuracies of
+0.02 weight percent for sulfate sulfur content and 10.05
weight percent for pyritic sulfur content, and since the
measured pyritic.andvsulfur contents are no larger than
these. tolerances in most cases, wide variations in replicate
runs, such as those observed, can be expected. Thus, the
importance of the sulfur removal results rests in the total
sulfur analysis, where the data better agrees with the
reported accuracy of the test at 10.05 weight percent.

Although the uncertainty in the analytical procedure
for the detection of the insoluble inorganic sulfur form,
FeS, is noted (4,5), the magnitude of the FeS in char should

not be significant in respect to total sulfur content.
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Table 10
Sulfur Content of Solvent Refined Char
" Weight Percent Sulfur

Run No. Sulfate Pyritic Inorganic Organic Total
Char Head 0.02 0.09 0.11 3.63 3.74
1A 0.03 0.41 0.44 2.04 2.48
1B 0.02 0.04 0.06 2.44 2.50
2A 0.04 0.21 0.25 2.39 2.64
2B 0.01 0.13 0.14 2.62 2.76
3A 0.04 0.10 0.14 2.45 2.59
3B 0.02 0.18 0.20 2.36 2.56
L 0.03 0.06 0.09 2.61 2.70
4B 0.01 0.04 0.05 2.73 2.78
5A 0.03 0.19 0.22 3.26 3.48
5B 0.02 0.14 0.16 3.29 3.45
6A 0.02 0.08 0.10 2.94 3.04
6B 0.02 0.04 0.06 3.16 3.22
TA 0.02 0.09 0.11 3.04 3.15
7B 0.01 0.07 0.08 2.85 2.93
8A 0.02 0.06 0.08 3.31 3.39
8B 0.01 0.06 0.07 3.12 3.19
9A 0.02 0.06 0.08 2.47 2.55
9B 0.01 0.27 0.28 2.39 2.67
10A 0.02 0.05 0.07 3.00 3.07
10B 0.01 0.07 0.08 2.94 3.02
11A 0.02 0.22 0.24 2.80 3.04
11B 0.01 0.17 0.18 3.12 3.30
12A 0.02 0.16 0.18 2.99 3.15
12B 0.02 0.23 0.25 3.04 3.29
13A 0.02 0.15 0.17 2.74 2.91
13B 0.01 0.22 0.23 2.61 2.84
14A 0.02 0.13 0.15 2.60 2.75
14B 0.01 0.16 0.17 2.69 2.86
15A 0.01 0.06 0.07 3.27 3.34
'15B 0.02 0.08 0.10 3.20 3.30
16A 0.01 0.22 0.23 2.62 2.85
16B 0.02 0.24 0.26 2.49 2.75
17A 0.00 0.18 0.18 2.51 2.69
18A 0.00 0.09 0.09 2.78 2.87
19A 0.00 0.16 0.16 2.27 2.43
20A 0.01 0.45 0.46 1.84 2.30
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Table 11 presents the percentage values for the inor-
ganic sulfur, organic sdlfur, and total sulfur removal from.
the solvent refined chars, with an asterisk (¥) indicating
a gain in sulfur type upon treatment. As was previously
mentioned, the inorganic sulfur content is relatlively small
and is composed of uncertain values for pyritic and sulfate
sulfur contents. The more reliable total sulfur percent
removal ranges from 7.0 to 38.5 percent.

The mean average percent removal of total residual
sulfur content for each of the operating variables is given
in Table 12. Examination of these values shows clearly the
importanqe of temperature in the reaction as better desul-
furization of the char was achieved at 475°C that at 425°C
or aty325°C. It 1s also evgdent that the higher hydrogen
partial pressure, 2000 psig, allowed more desulfurization
than the runs at 1000 psig. The data do not support such
an absolute judgement for solvent—to-char ratio or solvent
type, where general trends are not as easily identified.
Statistical analysis will support these trends and detect

the significance of solvent type and solvent-to-char ratios.

Sulfur Content of Recovered Solvents

After recovering the anthracene oil and tetralin sol-
vents from the treated char by vacuum distillation, the sol-

vent's total sulfur content was measured by the'ieco induction
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Table 11

Percent Sulfur Removal of Solvent Refined Char

Run Inorganic. Organic Total
No. Sulfur Sulfur Sulfur
1A ¥300.0 43,8 33.7
1B 5.5 32.8 33.2
2A ¥127.3 34,2 29 .4
2B ¥ 27.3 27.8 26.2
3A * 27.3 32.5 30.7
3B ¥.81.8 35.0 31.6
hp 18.2 28.1 27 .8
4B 54.5 24 8 25.7
5A *#100.0 10.2 7.0
5B * 15.5 9.4 7.8
6A 9.1 19.0 18.7
6B 45,5 12.9 13.9
TA 0.0 16.3 15.8
7B 27.3 21.5 21.7
8A 273 8.8 9.4
8B 36.4 14.0 14.7
9A 27-3 32.0 31.8
9B ¥154.5 34,1 28.6
10A 36.14 17.4 17.9
10B 27.3 19.0 19.3
11A *¥118.2 22.9 18.7
11B ¥ 63.6 4.0 11.8
12A * 63.6 17.6 15.8
12B ¥127.3 16.3 12.0
13A # 54, 5 24 .5 22.2
13B ¥109.1 28.1 24 .1
144 * 36.4 28.4 26.5
14B ¥ 51,5 25.9 23.5
15A 36.4 9.9 10.7
15B 9.1 11.8 11.8
16A ¥109.1 27.8 23.8
16B" ¥136.4 31.4 26.5
17A * 63.6 30.9 28.1
184 18.2 23.4 23.3
19A 45.5 37 .5 35.0
20A ¥318.2 bhg.3 38.5

¥Indicates percentage gained by treatment, i.e. Run 1A
increased its inorganic sulfur content by 300.0 percent
upon treatment.
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Table 12

Mean Percent Total Residual Sulfur Removal
as a Function._.of Operating Variables

% Total , % Total
Residual Solvent-to-Char Residual
Solvent Type Sulfur Removal Ratio Sulfur Removal
Tetralin 20.9 2/1 20.0
Anthracene 0il 23.1 5/1 25.8
% Total Hydrogen % Total
Residual Partial Residual
Temperature Sulfur Removal Pressure Sulfur Remowval
325°¢C 18.5
425°¢ 23.6 1000 psig 17.2
475°¢C 31.2 2000 psig 27.1

furnace technique. These values are shown in Table 13. The
tetralin solvent showed no measureable sulfur content either
initially or after recovery. However, the anthracene oil
lost up to 90 percent of its initial sulfur content upon
treatment with the char. Again, higher temperatures and
pressures decreased the percent sulfur remaining in the

recovered anthracene oil.

Sulfur Balances

An effort was made to close the sulfur balance for the
experimental runs. The grams of sulfur lost by the reaction
feeds’and products were compared tc the grarms cf sulfur, as

H S, detected by the scrubber analysis. These results are

2
given in Table 14. The wide range of sulfur accountability
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Table 13

Sulfur Content of Recovered Solvents

Total - Total
Sulfur % Change Sulfur % Change
Run Wt % Mass in Sulfur Run Wt % Mass in Sulfur
No. Sulfur (g) . Content No. Sulfur (g) Content

1A - - - 10A - - -

1B - - - 10B - - -

2A 0.39 0.87 0.0 11A 0.22 0.18 -43.6
2B 0.38 0.87 -2.6 11B 0.36 0.31 =77
3A 0.27 0.59 -30.8 12A 0.27 0.21 -30.8
3B 0.37 0.84 -5.1 12B 0.27 0.22 —30,8
hp - - - 134 0.25 0.56 -35.9
4B - - - 13B  0.24 0.56 -38.5
5A 0.29 0.20 -25.6 14A 0.23 0.50 -41.0
5B 0.66 0.48 +69.2 14B 0.21 0.48 -46.2
6A - - - 15A - - -

6B - - - 158 - - -

TA - - - 16A 0.11 0.08 -71.8
B - - - 16B 0.09 0.07 -76.9
8A - - - 17A 0.11 0.22 -71.8
8B - - - 184 0.16 0.11 -59.0
9A - - - 19A  0.11 0.25 -71.8
9B - - - 20A 0.0L4 0.02 -89.7

ke

Sulfur content of raw anthracene oil = 0.39 wt %

Raw anthracene oil sulfur content at 5/1 solvent/char ratio
(250 g total mass) = 0.98 g

Raw anthracene 0il sulfur content at 2/1 solvent/char ratio
(100 g total mass) = 0.39 g

Sulfur content of raw tetralin = 0.00 wt %
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may be explained by handling losses or may be' an indication
of poor reliability of the scrubber technique. Similar

results and uncertainties were obtained by Bao (4)

Effect -on Hydrogen Content of the Solvents

In addition to total sulfur analysis, the hydrogen con-
tent of the solvents were measured. This effect is import-
ant if the process is to be tested on a continuous basis,
since recycling of the solvent will be an economic necessity.
Table 15 lists the weight percent hydrogen contents and cor-
responding percent deficiencies or gains for the tetralin
and anthracene oil experimental runs. The data shows slight
hydrogen deficiencies for the 2/1 tetralin-to-char ratio
runs with corresponding hydrogen gains at the 5/1 tetralin-
to-char ratio. All of the anthracene oil runs show a gain
in weight percent hydrogen, but no obvious trend can be made
with respect to the operating variables. Statistical analysis
will add more insight to these results. ,
ARTHUR LAKES LIBRARY

@OLORADO SCHOOL OF MINES
Effect on Heating Value of the Char SOLDEN, COLORADO

The heating value, or the Btu content, of the chars
was,measured by bomb calorimetry techniques and the data
with corresponding percentage gains is given in Table 16.
Although all runs show an improvement in heating value,
experimental runs 2A and 3A,using an anthracene oil-to-char

ratio of 5/1fand reactor conditions at 2000 psig, gave the
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Table 15
Weight Percent Hydrogen Content of Solvents

‘Anthracene Runs

Tetralin Runs

Run Wt % % Run Wt % %
No. Hydrogen Change No. Hydrogen Change
Raw 9.16 Raw 5.93.
1A 9.24 0.87 2A 5.95 0.34
1B 9.23 0.76 2B 5.95 0.34
UA 9.14 -0.22% 3A 6.08 2.53
LB 9.04 -1 31% 5A 6.00 1.18
6A 9.00 -1 75% 5B 6.07 2.36
6B 9.09 -0.76% 11A 6.19 4 38
TA 9.30 1.53 11B 6.11 3.04
7B 9.23 0.76 12A 6.12 3.20
8A 9.37 2.29% 12B 6.05 2.02
8B 9.15 -0.11% 13A 5.96 0.51
9A 9.23 0.76 14A 6.06 2.19
9B 9.20 0.44 14B 6.04 1.85
10A 9.10. -0.66% 16A 6.27 5.73
10B 9.15 -0.11% 16B 6.29 6.07
15A 9.23 0.76 17A 6.03 1.69
15B 9.18 0.22 18A 5.99 1.01
19A 6.15 3.71
= 20A 6.09 2.70

Note: negative sign denotes hydrogen deficiency after
treatment.

¥ Denotes 2/1 solvent-to-char ratio.
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Table 16
Heating Values of Solvent Refined Char

Run- Heating Value Percent
No. _Btu/1b _Gain
1B 12800 5.9
2A 13470 11.4
3A 13350 10.4
ha 12560 3.9
5A 12180 0.7
6A 12180 0.7
TA 12100 0.1
8B 12440 2.9
9B 12500 3.4
10A 12960 7.2
11A 12330 2.0
12A 12680 4,9
13A 12530 3.6
14A 12980 7.4
15A 12460 3.1
16A 13100 8.4

most improvement. Effects of the process variables are shown
by Figures 11 to 14. The tetralin and anthracene oll isobars
indicate a greater improvement at 2000 psig for both solvent-
to-char ratios, while heating values at the 2/1 SCR for the
tetralin and the 5/1 SCR for anthracene 0il are greater at
each pressure level. Isotherms in Figures 13 and 14 show

the importance of increasing pressure, while the effect of

temperature is obvious for tetralin but not for anthracene oil.

Statistical Analysis

The experimental data were statistically studied by
means of an analysis of variance technique.  Also, a hypothesis

testing method was used to validate the plcts of the isobars
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and 1isotherms for the average values cf total residual sul-

fur contents.

Analysis of Variance Technique

The importance of the main effects and .interactions of
the 4 process variables used in this investigation was stud-
ied and analyzed in a statistical manner. The "F" statistic
was employed as a measure of the relative significance of
the variables, with the comparative "F" values at varying

confidence levels given in Table 17

Table 17

"F" Values at Varying Confidence Levels

Confidence "F™" Statistic Confidence "F" Statistic
Level (16,1) Level v _ (1,1)
95 h.49 75 5.83
99 8.53 90 39.86
99.9 16.12 95 161.4

The significance of the process variables were analyzed for
each of the following sets of data: total residual sulfur
content, organic residual sulfur content, inorganiczrésidual
sulfur content (pyritic + sulfate), percent change in hydro-
gen content of the recovered solvent, and heating value of
the treated char. Two. computer programs, listed in Appendix
2, were written to use Yates' technique to compute the ANOVA
tables for this data, and these ANOVA tables are given in

Tables 18 to. 22.
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Table 18

ANALYSIS FOR TOTAL SULFUR

NOMENCLATURE !
A s TEMPERATURE
B = PRESSURE
C 5 SOLVENT/CHAR RATIO
D = SOLVENT TYPE
EXP, DATA}
EXP. REP 1 REP p EXP
(1) 3,39 3,15 D
A 3.04 3,22 AD
B 3,87 3.82 BD
AB 2,70 2.78 ABD
C 3.34 3,30 co
AC 3,15 2,93 ACD
BC 2,48 2,50 BCD
ABC 2.55 2,67 ABCD

ANOVA TaBLE
EFFECT COLUMN CGPERATIONS

(1) 6,58 12,84 24,41 47,33  94.55
A 6,26 11.57 22,92 474,22 =387
f2 5'@9 12*78 25&:31 ""1525 ’"5*83
¢ 6.64 13,27  <0,93 ~3,79  =4.89

AC 6.78 12,84  ~0,32 ~2,04  1.65

_BC 4,98  11.36 ~1,43 9,51  =0.83

ABC 5,22 ,1_@'55 "‘ﬁgzg "'ﬁggé 1»23
ﬁ 6,93 vﬁ..;’)g "‘"1127 ”1&49 "'Q)'ll

AD 6934 ”"Uoéi ”2952 ”334@ "6957
RO 6,44 ~%.%6 ~1,23 Bebl 1-75

ABD 5,60 n.24 2,81 1,24 ~%.87

ch 5,75 -39 ~7,29 1425 =1.93

ACD 5.61 ”’@-64 geﬁg 6.42 @4'43

RCD 5,40  ~0.14  ~0,25 1,09 1,67

ABCD 5.15  -0,25  -2,11 #y14  ~2.95

TaTAL SUM OF SQUARES 2.7617874
TREATMENT SUM QF SQUARES 2,6235466
RESIDUAL UM OF BQUARES 2,1382405

MEAN  RESIDUAL SUM OF SQUARES b.,0p86400

REP 1

3348
5,04
$,15
2,85
2,91
2.7%
.04
2,59

”ﬁsgé
g.91
@31
2,1¢
"@qﬁg
2,08
*ﬁ,@l
0,04
2all
~2.12
7,83
2,18
"‘ze@ﬁ

REP 3

3.45
3.3
3.29
2.75
2.84
2.86
2:76
2.56

5.5,

29
144
. 0e
4.75
@.29
Wati2
.08
B.68
Aaq
Beld
G.02
fiedl
deBd
.09
B3

72

MSR

34,06
122,93
Boes
86,46
9,85
2149
54147
Zy.04
118
11,08
2174
13,19
2,67
128,89
3,26
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EXF,

(1)

A

B

AB

C

AC

BG

ABC

EFFECT

t1) 65,43
A 6,12
B 5,95
AB 5,33
C 6,46
AC 5,89
BC 4,49
ABC 4,86
D 6,56
AD 5,93
8D 6,01
ABD 5.312
co 5.96
ACD 5,50
RCD 5,01
ARCD 4,81

Table 19

ANALYSIS FOR QRGANIC SULFUR

ToTAL SUit OF SOUARES
TREATMENT SUM OF SQUARES
RESIDUAL SUM QF SQUARES
MEAN RESIDUAL SUM OF SQUARES

NOMENCLATURE:
A = TEMPERATURE
B = PRESSURE
€ = SOLVENT/CHAR RATIQ
D 5 SQLVENT TYPE
EXP. DATAG
REP 4 REP 2 EXP
3431 3.12 0
2:93 3,17 AQ
3,01 2,94 B0
2.61 2.72 ABD
3.26 3,20 ch
3.04 2,85 ACD
2.04 2.4A5 BCOD
2,47 2,39 ABCD
ANOVA TaBLE
COLUMN QPERATIONS
12.53 23,81 45,51, 89.61
12.35 23,62 ~1415 =645
§~35 2@948 ’”‘1,;78 &2?-25
12,49  -~0,9%5  =4,25 ~=5.25
11«13 "ﬂggﬁ "2:2@ 2+.81
19,66 -1,52 B,65 423
9.82 ~@,26 ~P 448 1.35
w@.33 -1.:25 ~2:11 ~1.41
.62  ~3,00 =3,14 ~0.63
-, 57 1,36 %475 2.985
@v37 "‘ﬁ384 1.26 "1465
””9063 "5’1329 ""lg?s "‘1«@3
-3 ,89 2,94 2,52 .51
0,06 ~0y26 1,23 2.27
-G,20 -P%yl4 ga12 -1.1%
3,4115047
3,1432469
2,268257¢9
©,0167661

REP 1

$.27
2,81
2,97
2.63
2.75
2,60
289
2,45

~@.18
-, 40
g.pe
"ﬂ~33
2,3
~7.08
2,28
"‘ﬁng
~B.04
2,13
-2,87
”Zegé
B.03
g2.14
“V.’q@?

RER 2

3+269
3.12
3.04
2:AS%
2,61
2.7€
2462
236

5.5,

27
136
WL
A+86
Ae13
U35
e
D6
@31
el 3
B.03
B3
81
gelé
B34

73

HSR

16,08
77,54
Byl2
51,37
7:53
2,82
3,47
3,71
Be74
7483
24,08
1,98
3,48
G.,60
2.30
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Table 20

ANALYSIS FQR INORG., SULFUR

NOMENCLATURE 3
A & TEMPERATURE
B & PRESSURE
C = SOLVENT/CHAR RATIO
D & SOLVENT TYPE
EXP, DATA}
EXP. REP ¢  REP 2 EXP
(1) 2,08 .87 D
A 2,18 0,06 AD
B p.66 1,08 BD
AB 3,89 .95 ABD
c 2.07  #.99 co
AC g.11 .08 ACD
BC 8.44 1,06 BCD
ABC #.08 0,28 ABCD

ANOVA TABLE
EFFECT COLUMN QPERATIONS

(1) ¢.15 2. 31 B.59 1,80 4.93
A b,16 Vi,28 1421 3,13 -g.11
B !'/3-‘14 %3.35 1,5,9 -.«?i,1ﬁ 9.59
AB w,14 “,86 1.44 - 04 .13
c Y,16 3,79 9,01 B,48 2.37
BC g,.56 8,72 /A ~Gy18 .43
ABC f'z.sé w72 ~3,12 @,ES .13
D (1,37 w.04  ~2,83 B,62 1.33
AD 5,34‘42 hi.09 2,51 *ﬂ,’dﬁ %09
BD 0,42 “ 03 By -2,12 ~p.37
ABD v,48 ~%.14 2,00 %23 g.23
CD 0,40 6,05 -B,01 .54 ~@.87
ACD w32 .86  «@,17  -@,11  -g.11
RCD z,38 -0.,08 B.BL -B,16 ~@.65

ARCD %,34 ~0.724 B.04 03 g.19%

ToTAL SUM OF SQUARES 2,2351719
TREATMENT SUYM OF SQUARES A.,1260216%
RESIDUAL SUM OF SQUARES B,1¢9152¢8

MEAN  RESIDUAL SUM OF SQUARES .Bp68219

REP 1

2.21
B,24
2.18
¢,2¢
.7
2,1%
7,24
.14

2,04
~7%.01
B.92
’*fé.ﬁZ
Z.63
"?}.(01
B 21
WQ,QZ
2,21
~0.08
"gngl
"‘@9@4
B.23

REP 2

B.16
.18

fh.24.

26
Fe2d
F.17
B4
n.2€

g.20
.01
@.En
H.80
IRy
afdg
0%.Bg
B.06
7n.28
Weag
.00
G.02
.91
g.0e

74
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Table 21

ANALYSIS FOR % CHANGE M2

NOMENCLATURE!
A s TEMPERATURE
B 5 PRESSURE
C & SOLVENT/CHAR RATIOQ
D = SOLVENT TYPE
EXP, DATAZ
EXP. REP ¢ REP 2 EXP REP 1 REP 2
(L 229 ~3.,11 D L.18 236
A 1,75 ~0.76 AD 4,38 3.24
B 2,66 =0, 11 BD 3.2¢2 282
AB ~0,22 1,31 ABD 3,73 6.47
€ 2,76 g.22 ch .51 .51
AC 1,53 v,76 ACD 2,19 1.85
BC .87 4,76 BCD 2,34 7.34
ABC .76 B,44 ABCD 2,53 2453

ANOVA TABLE
LFFECT COLUMN QOPERATIONS 5.5, MSR

(1) 2‘18 wl/}.33 ”2;&73 3.47 42s25
A =2 ,51 -2.30 6,10 38,78 13.29 .83 5.52 12,58
B 0@.77 3927 27398 "4;57 4'33 @927 &3#"'9 1334
AB ~1,53 2,83 12,80 17,86 6.25 7,39 1.22 2:78
e #,98 19.96 ~5,45 -2,41 =8.45 ~4.53 2.23 5.:0¢9
AC 2,29 17,42 2,88 6,74 2.27 @.22 733 8476
BC 1.63 5,26 12.46 2,19 ~%.85 ~f,24 Uadé 106
ABC 1.20 5.74 7,40 4,06 =7.81 -~B.44 124 358
0 3,54 ~4,69 -1,97 8,73 35,31 2.21 38.96 88,79
AD 7,42 ~3.76 ~&,44 ~17,18 22:43 1.4¢ 15.72 35,83
BD 5,22 1.31 64,06 6,33 9.15 %.57 2462 5,96
480 11,88  ~7.43 .68  ~3,06 1.87 2,42 @11 @,25
cn 1.02 3.88 3,93 1,563 -25.91 ~1,62 20.98 47,81
ACD 4,04 6£.58 174 5,38 -9.39 ~%,56 2.78 6,28
RCD 7,68 3.22 2470 ~5,67 -6.91 ~¥.43 1.4% 3,40
ABCD ‘5,96 4"38 3.;36 ""1!34 4»33 ;ﬂ.27 @-59 1534

ToTAL SUM OF SQUARES 192,1335088
TREATMENT SUM OF SQUARES 95,112849¢
RESIDUAL SUM OF SQUARES 7,020649¢

HEAN  RESIDUAL SUM OF SQUARES %,4387906
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Table 22

ANALYSIS FQR HEATING VALUE

NOMENCLATURE?
A = TEMPERAT
B = PRESSURE
C =2 SQLVENT/
D = SOLVENT
EXP, DA
EXP. REP 4
t1) 12,440
A 12,1842
B 12,960
AB 12.56¢
C 12.464
AC 12,1e0
BC 12.800
ABC 12.520 A
ANOVA T
COLUMN QPERATIONS
12.442 24,620 B50.140 192.200
12.180 25,520 49.860 102,620
12,960 24,560 52.298 ~1.322
12,562 25,300 52,330 2.902
12,468 24,512 ~0.660 1.640
12,199 25,780 ~@.660 2.58p
12,808 25,512 g.572 ~0,08¢
12,520 26,820 g.33¢0 ~0,300
12:.182 ~g.260 ¢.9¢0n ~2.280
12,330 =0,400 9.740 2,040
12.680 =~0,360 1.27p 2.008
13.19@ wﬁ;S@@ 1w31® ~-3.240
12.538 8:150 -0.%40 ~2.160
12,98@ ﬁang Z.060 B.240
13,470 U450 Z.270 a.200
13.350 =0,120 ~0,570 ~@.840
SuUM OF SQUARES

TREATMENT SUM OF SQUARES
RESIDUAL sUM OF SQUARES
RESIDUAL SUM QF SQUARES

MEAN

URE

CHAR RATIO
TYPE

TAG
EXP

P 12,
AD iz2.
BO 12,

ABD 13,
co 12,
ACD 12.
BCO 13,
BCO 13,

ABLE

R02,620
~8,420
4,220
~0,380
1.76¢
”@}24®
~0,120
”ggéég
2.620
2,229
2,940
”@.22@
2,320
”g124g
2,200
~1.049

2,5621338
2.5621753
0.66760002
.067600¢

REP 31

180
332
684
1282
530
980
472
350

nz.ﬁ52
g.527
Mggz47
£,228
anZEQ
w615
Mggzag
2,327
2.278
g.118
=0 E28
g.292
9e025ﬁ
g.225
m@,132

S.8.

2,041
1,313
0,008
2,194
9,004
2,801
B.228
2,429
2,308
2,455
2,003
2,336
2,004
g,202
2,068

76

MSR

B,163
16,465
0,134
2,864
2,653
2,813
8,379
6,347
4,557
817
0,245
4,976
0,253
B,037
1,200
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In general, the statistical results reinforce the gen-
eral trends noted above. For the total residual sulfur
data, temperature, presgure, and the solvent-to-char ratio
were all shown to be very highly significant (99.9 percent
confidence level) The T-SCR interaction, P-ST interaction,
SCR-ST interaction, and the P-SCR-ST interaction were all
significant at the 99 percent confidence level. The T-P-
SCR interaction was significant at the 95 vercent confidence
level.

As the partial pressure of hydrogen is increased, the
donor characteristics of the solvent increases, thus sup-
porting a higher degree of desulfurization. More associa-
tion of the char in higher solvent to char ratios, as sup-
ported by the high degree of significance of the solvent-to-
char ratio, tends to upholdﬁ the theory that hydrogen is
donated from the liquid solvent to the dissolved, or par-
tially dissolved, solid char. The importance of higher tem-
peratures supports the activation energy theory which states
that more heat is needed to release the tightly bonded
organic sulfur not freed during the devolatilization of the
original coal The significance of the many interactions
may complicate the reaction mechanism but does indicate the
importance in achieving optimum operating variable settings
for maximum desulfurization.

The organic sulfur content showed pressure, and solvent-
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to-char-ratio to be very highly significant at the Q9“9 per-
cent confidence level, and temperature to be highly signifi-
cant ‘at the 99 percent confidence level. The 1norganic
sulfur content analysis showed significance at the 95 per-
cent confidence level to the solvent type effects. Since
the ‘absolute values of the pyritic and sulfate sulfur contents
are questionable, the significance derived from the inorganic
data,and thus the organic data, which is dependent on the
inorganic data, may not show the total significance of the
effects studied. Although the significance of pressure was
very high for the organic sulfur content (99.9 percent), the
effect of pressure was not noticeable from the inorganic
sulfur data. This may be due to the need for more intimate
hydrogen contact during organic sulfur removal than for
inorganic sulfur removal, or just due to the fact that the
inorganic sulfuf.content was reduced to a level from which
increasing the partial pressure of hydrogen had no effect.
The analysis of the percent change in hydrogen content
of the solvent showed that solvent type, T-ST interaction,
and the SCR-ST interaction were very highly significant at
the 99.9 percent confidence level Temperature was signifi-
cant at the 99 percent level, and the T-SCR-ST interaction,
the P-ST interaction, and the solvent-to-char ratio were:
all significant at the 95 percent level. The significance

of the solvent type effect on this response is critical to



T 1646 79

ARTHUR LAKES LIBRARY
®QLORADO SCHOOL OF MINES
GOLDEN, COLORADO

the economic success of the process. Since the anthracene
oll solvent showed a tendency to increase its hydrogen con-
tent during the process, it should be suitable for recycling.
The tetralin solvent either lost hydrogen or showed little
change in hydrogen content, making it less desirable as a
solvent. Significance of the T-ST interaction may indicate

a degree of solvent degradation at higher temperatures,

while the significance of the SCR-ST interaction may indicate
the need to vary the ratio of solvent-to-char as the hydro-
gen content of the original solvent varies.

The modified statistical analysis of the heating value
of the treated char showed a rather low degree of signifi-
cance (75.0% confidence level) for pressure and solvent type,
while the'other effects were not even apparent. Although
the heating value increase is noted, the variables cannot be
statistically linked as to their significance. The increase
in heating value of the char may be due to the formation of
polyaromatic compounds in the char structure or may be linked
to the removal of sulfur and other compounds which may tend

to reduce the overall heating value of the char.

Hypothesis Testing of Plots of ISothermsrand‘ISObars

In order to plot values of total residual sulfur con-
tent as a function of temperature (isobars) and pressure
(isotherms) for the 2 solvents at 2 solvent~to-char ratios,
a hypothesis test using a t-distribution was performed on

the original,analytical data from which the previously
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discussed data was derived. This test confirmed the unique-
ness of the various sets of data points in relation to each
other so that the average of the populations could be
plotted. If the hypothesis that the means of 2 data sets

(2 levels of an effect) were from the same population could
not be rejected at the 90 percent or greater confidence
level, then the two levels have the same mean. Table 23
presents the results of the hypothesis test. All but one

of the hypotheses were rejected, thus confirming the unique-
ness of the average values and also the character of the
data. Plots of anthracene oil isobars and isotherms are
given in Figures 15 to 18 and tetralin isobars and isotherms

are- given in Figures 19 to 22.

Mathematical Modelling: =

A multiple linear regression technique was used to
formulate a mathematical model relating the total residual

sulfur content, S to the operating variables studied.

TOT?
The generalized model can be stated as follows:

P + a,SCR

S = a_ + a 5 3

TOT o 1T +a

temperature, °c

1

where T

P = hydrogen partial pressure, psig
SCR- = solvent-to-char ratio
a; = coefficients to be determined.

A computer program, listed in Appendix 2, solved the input

matrix and the solution equation with corresponding error
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Table 23

Hypothesis Testing of Population Means

Data Data ~ Reject
Set Set t-Distribution Degrees of X J# T Confidence
A B Value Freedom A B Level
13 2 3.721 10. yes 99%
14 3 5.339 10 yes 99%
17 19 4,218 . yes 95%
13 14 1.434 10 no
13 17 15.811 7 yes 997
14 17 2.495 7 yes 95%
2 3 2.931 10 yes 95%
2 19 5.196 7 yes 99%
3 19 3.008 7 yes 95%
15 1 13.486 10 yes 99%
7 9 7.119. 10 yes 99%
8 10 4.759 10 yes 99%
6 4 4,6 881 9 yes 99%
8 6 2.495 10 yes 95%
10 4 4,504 9 yes 99%
15 7 5.155 10 yes. 99%
9 1 1.831 10 yes 90%
5 12 2.557 9 yes 95%
11 16 4,338 10 yes 99%
18 20 10.142 Iy yes 99%
5 11 2.507 9 yes 95%
5 18 4.785 6 yes 99%
11 18 2.686 7 ves 95%
12 16 6.747 10 yes 99%
12 20 13.209 7 yes 99%
16 20 7.624 7 yes 997%
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FIGURE 17
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analysis 1s listed as follows:

S = 4,901 - 0.003 T - 0.0003 P

TOT
- 0.097 SCR

Total Sum of Squares = 96.97

Sum of Squares Due to Regression = 96,76

Sum of Squares of Residuals = 0.21

In making a regression analysis, the assumptions that
must be made on the data are that the errors are independent,
that they have zero mean and a constant variance, and that
they follow a normal distribution. If the fitted model is
correct, residuals should exhibit tendencies that tend to
confirm these assumptions, or at least, should not exhibit
a denial of the assumptions. A plot of the observed total

residual sulfur content, as a function of the residual

SpoT>
R, the difference between spyp and Sqops the total residual
sulfur content calculated from the regression equation, is
shown in Figure 19. Since a symmetric, regular trend in
the pattern is not found, the data is so irregularly scat-
tered that the correctness of the regression equation may be
‘accepted.

The mathematical model is good only for the range of
variables tested, and does not represent maximum desulfuriza-

tion, since the batch reactor was equilibrium limited.
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ARTHUR LAKES LIBRAHKY

'CONCLUSIONS @SLORADO sCHOOL OF MINEs
'GOLDEN, COLORADO

Based on the resutts of this investigation, the fol-
lowing conclusions are presented:

1) Approximately one-third of the total sulfur content
in coal char may be removed by the solvent refining process
using the batch autoclave experimental technique of this
study.

2) Pressure, temperature, and solvent-to-char ratio are
very highly sighifiqant variables (99.9% confidence level)
in the solvent refining process for the desulfurization of
char.

3) A combination of anthracene oil, high pressure,
high temperature, and high solvent-to-char ratio increased
desulfurization of char for the variable ranges studied.

4) Anthracene oil is a better solvent for use in the
solvent refining process since the char is partially soluble
in the anthracene oil while not at all soluble in the tet-
ralin.

5) The hydrogen content of the anthracene oil is
improved during the process, thus increasing its hydrogen
donor characteristics. Solvent type and temperature are
highly significant (99 percent or greater confidence level)
variables for the change in hydrogen content of the solvent.

6) Since the inorganic sulfur content <f the char is

less than 0.3 weight percent, no reliable effect of the
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process variables could be determined as to their effect on
inorganic sulfur removal

7) Char is essentially 100 percent recoverable from
the solvent in original granular form, and little depolymer-
ization of the char was observed.

8) The total sulfur content of anthracene cil is
reduced up to 90 percent by the solvent refining process.

9) The heating value of the treated char is up to 10
percent greater than the original char. Pressure is only
significant at the 75.0 percent confidence level for this
response. N

10) An empirical model of total re$idual sulfur content

of solvent refined char is presented as follows:

STOT = 4,901 - 0.003 T - 0.0003 P
- 0.097 SCR
where STOT = total residual sulfur content
T. = temperature, °c
P = hydrogenvpartial pressure, psilg
SCR = anthracene-to-char ratio.

11) The mathematical model is good only for the range
of variables tested, and does not represent maximum desul-

furization, since the batch reaction was equilibrium limited.
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RECOMMENDATTONS

Improvements on tﬁe analysis of the products from the
solvent refining process are necessary to better understand
the effects of the process. Chromatographic techniques
should be used to analyze the gaseous products rather than
the titration techniques used in this study. More diffi-
culties ‘in the analysis for forms of sulfur were found with
char than with coal. More care should be taken in the
analytical procedures to secure better data, with the pos-
sible use of the Leco induction furnace technique being used
for total sulfur content of the coal. Direct analysis of
organic sulfur content would eliminate the dependence of
deteCting’the char's small inorganic contents for difference
calculation of organic sulfur content.

‘Further study of the effects of solvent refining pro-
cess for char will supplement these initial findings. A
specific boiling fraction of anthracene oil, such as 200°
to 350°C, should be used, along with the study of the pro-
cess effects on recycling of the solvent This will be
necessary for a realistic economic evaluation of this pro-
cess in a commercial plant. Further investigation of the
reaction mechanism may provide kinetic data necessary to
evaluate the reactor specifications. The change in the

char's ash content should be evaluated along with desulfuriza-
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tion. Finally, more economic sources of hydrogen, such as a
carbon monoxide-steam mixture with the char feed, will
greatly improve the chances for economic success of the

process.
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PROGRAM =~~~ STAT,F4

THIS PROGRAM SOLVES A 2 TO THE 4TH, DQUBLY REPLICATED,
FULL FACTORIAL EXPERIMENTAL DESIGN BY YATES' TECHNIQUE
WRITTEN BY: t
‘ RIGCHARD J, LONG
CPR DEPT
COLORADO SCHOOL OF MINES
GOLDEN, COLORAQO '

WRITTEN IN FQRTRAN-IY FOR DEC, MODEL POP=-4d DIGITAL COMPUTER
TIMESHARING MONITOR VERSIQON 586A,73(25)
REFERENCE! ‘
'STATISTICS AND EXPERIMENTAL DESIGN [N ENGINEERING AND
THE PHYSICAL SCIENCES, VOL 1I' BY N.L, JOHNSON AND
F.C, LEONE '

OoOOOoOOoaOnMOo e oo oIaaa

DIMENSION A(20,8),B(40),C(16),AP(20)

1 FORMAT (1A4)
2 FORMAT ((F))
3 FORMAT (4A5)

271 FORMAT(!' WHAT Is INPYUT FILENAME ?',/,' EXIT STOPs EXECUTION'/)
222  FORMAT (A5)
23 FORMAT (24X,A4,8F8,2)
2G4  FORMAT (/,20%,' TOTAL SUM OF SQUARES ',9X.F,/,28X,' TREATHMENT!'
L ' SUM OF SQUARES '»BX,F,/,20X,! RESIpUAL SUM OF SQUARES '.6X,F
2 +/.208%," MEAN RESIDUAL suM OF sQuarEs ',F)
R7AS5  FORMAT (21X,A4,5F8,2)
276 FORMAT (2¢X," EFFECT'12X,"' COLUMMN OPERATICNS ',17X,' S.8. MSR
1 '
207  FORMAT (/,40%, '"NOMENCLATURE '+ /,45Xs "8 = 11 4pB:/145X, "B = 1,445,
1 fp45X;‘ﬁ ="34A5p/145x199 g ',4A0.:/)
an8  FORMAT (1W1,/////7/77,40%, "ANALYSIS FOR '3A5,7)
209 FORMAT (3A5)
210 FORMAT (34X,1A4+2X,2F8,2,6%,1A4,2X42F8,2)
211 FORMAT (50X, 'EXP, pATA:',/, 31X "EXP,',5X,'REP 1 REP 2!,
1 7X,'EXP',B5X,'REP 1 REP 2'/)
212 FORMAT (//,50X, 'ANOVA TABLE'/)
DATA /1 (13", AV ! B, AB!,! ce,! ACt BCY,
1 ' ABC!,! D'yt AD',' BO',' AED',' cCU',' ACDt,' BCcD','ABCD'/
1387 HWRITE (4,241) ' :
READ (4,282) FILE]
IF (FILEI,EQ.4HEXIT) GO TO 508
CALL IFILE (2,FILED)
READ (2,3) (AP(I1),1=51,16)
READ (21209) DleD2,D3
19 READ (2,2) (B(1),1=s1,32)
WRITE (6,208) DL1.D2,D3
WRITE (6,227) (AP(1),1=1,16)
WRITE (6,211)
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RO 50 121,8
dEpw ]~y
K=ol
11=8+]
LEl6+J
M=16+K
>0 WRITE (6,212) C(I).B(J)Y B(K),C(I1)4B(L)B(M)
PO 11 TI=4,16
NESL D
11 ACL,1)=B(U=1)+B()
Do 12 M=2,5
DO 12 1=1,8
Jr2ul~]
Kzowl
LK=]+g
AT, MY=ACS M=) ALK M=)
12 ALK, MISA(K, Mal)d=ACU M1
SUM=9,9
DO 20 Jr2,.16
Agdi6)=A¢J,5)/16.8
ACUr7)RALSS)#ACBI/30.0)
2 SUM=SUMsA(J,7)
S1=¢.0¢ o
5R=¢,0 ]
PO 22 1=1,32 B,
S1=S1+B¢1y#B (1) GRID
22 Sg=S24B(1) N, cq
SST=S1~52452/32,4 LOR 1y INES
SSR=SST~SUM
SSRM=S8SR/16.4
DO 25 J=1,16
25 A(JdeBy=A¢J,7)/SERM
WRITE (6,212)
WRITE (g,2d4)
WRITE (6,205) (1),
WRITE (6,2143) (G(1),
WRITE (6,204) SST,SU
GO TO 19¢0
504 STOP
END

ACL,J), =s1,5)
(ACL,d),d5L1,8),1=2,14)
MsSSR,S8RNM
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sRoNeRsEeNeoRsReoNOROR NG RN NeE N @i ¢

L RAvE g

2@1
2R
223
204

1

2
205
296

1

1

277

228
209
217
211

212

L

1
Lora

L0

111

PROGRAM ==~ 8TAT2,.F4

TH1S PROGRAM SOLVES A 2 TQ THE 4TH, SINGLY REPLICATED,
FULL FACTORIAL EXPERIMENTAL DESIGN 8Y YATES!' TECHNIGUE

WRITTEN BY:
RICHARD J, LONG
CPR DEPT
COLORADO SCHOQL OF MINES
GALDEN, COLORADO

WRITTEN IN FORTRAN-1YV FOR DEC, MOREL PUP-4B DIGITAL COMPUTER
TIMESHARING MONITOR VERSION 5C6A,73(25)

REFERENGE ¢
'STATISTICS AND EXPERIMENTAL DESIGN IN ENGINEERING AND
THE PHYSICAL SCIENCES, VOL II' BY MN.L. JOHNSON AND
F.C, LEONE

DIMENSION A(o@,8),BL40),C(16),AP(22)
FORMAT (1A4) ‘

FORMAT ((F))

FORMAT (44A5)

FORMAT(! WHAT IS INPUT FILENAME 2',/,' EXIT STOPS EXECUTION'/)

FORMAT (A5)
FORMAT (21X,A4,8F8,3)

FORMAT (/,20X," TOTAL SUM OF SQUARES '»9X%,F,/,20X,"' TREATMENT!

' SUM OF SQUARES ''5X,F,/,20%,"' RESIDUAL SUM OF SQUARES
2 /228K, " MEAN RESIDUAL syM OF sQuApes ',F2

FORMAT (21X,A4,5F8,3)

FORMAT (2¢X,"' EFFECT'12X,"' COLUMN OPERATICHS ',17X,!' S.S.
'/

YaeX,F

MSR

FORMAT (/,48%, "NOMENCLATURE ' » /45X 4 = ', 4A84/,45X,'p = 1,445,

/245X 'C = ',4A5,/445X,'0 & '14A5/)
FORMAT (4HL,////7/77/7448%X, "ANALYSIS FOR '3A5,7)
FORMAT (3A5)
FORMAT (34X,4A4:2%,F8,3:11%X,144,2%X,F8.3)
FORMAT (58X, 'EXP. DATAI',/,33%, 'EXP, ", 5%, TREP 11,7X,
7Xs TEXP',5X, 'REP 11,7X/)
FORMAT ¢//,58X, "ANOVA TABLE'/)
DATA C/° (1)' ! Aty g, AB1Y, 1 g, ACY 1 BCt,

' ABC!, ! D*,' AD',' BOD',' ABD',' CR',"' ACD',' BCR','ABCD'/

WRITE (4,201)

READ (4,272) FILE]

IF (FILEI,EQ.4HEXIT) GO TO 502
CALL IFILE (2,FILED)

READ (2,3) (AP(1),1=1,16)

READ (2,209) DL:D2,D3

READ (2,2) «(B(I1),I1=1,16)

WRITE (6,208) D1,02,D3

WRITE (632@7) (AP(I);Izltlé)
WRITE (8,211)
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D0 52 1%4,8
[1=8+]
57 WRITE (6,24@) C(I),BL1),C(I1),B(ID)
DG 11 I=1,1¢
11 AT 1)=R(1)
D0 12 Me2,5
Do 412 I=4,8
JS2“I’1
Kzl
LK=1+8
ALT MY =AL)aM=2)FALK ) ML)
12 ALK MYSA(K, M=1)~AC  M~1)
SUM=0,0
DO 20 J=2,16
ACJ,6)=ACU.8)/8,0
ACds7)=A04,8)%A0J,52/16.9
20 SUMRSUM+A(J,7)
$4=%.0
§2=0.0
DO 22 1=1,16
S1=S1+B(1yaB (1)
22 Sp=8048(1) '
SST=S1-S2#S2/16.,8
SSR=A(16,7)
SSRM=SSR
B0 25 J=4,16
25 ALJrB)Y=ACJ7)/58RM
WRITE (6,212)
ARITE (6,2p6)
ARITE (6,2085) Cl1),(ACL,J),J53,5)
HRITE (6,283) (C(LY(ACT,J),J21,8),152,16)
WRITE <5.2w4) §8T,8UM,SSR,S88RM
GO TO 1%awm
506 S§ToP
END
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PROGRAM ZAP,F4
THIS PROGRAM SOLVES FOR THE COEFFJCIENTS FOR A REGRESSIUN
ANALYSIS MATHEMATICAL MODEL OF RESIDUAL TOTAL SULFUR CONTENT
IN COAL CHAR PROCESSED VIA THE SOLVENT REFINING TECHNIQUE.
A GAUSSIAN ELIMINATION WITH PARTIAL PIVOTING MATRIX INVERSION
TECHNIGUE 18 UTILIZED,
WRITTEN BY:

RICHARD J. LONG

CPR DEPT

COLORADO SCHOOL OF MINES

GOLDEN, COLORADO

WRITTEN IN FORTRAN-IY FOR DEC, MODEL POP-40 OIGITAL COMPUTER
TIMESHARING MONITOR VERSICN 5@86A,73(25)

QOO aaooaaas
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SUBRQUTINE DROGIN,NP,X,Y,BETA,YHAT ,RES,A,B»AA,AINY)
IMPLICIT NOUBLE PRECISION(A~H,0~%)

DIMENSION X(12,4).YC(12)BETA(4), YHAT(12) ,RES(12)
DIMENSION XT(4,12),A(4,4),5¢4),AINV(4,4)

DO 2 1=L,NP

00 2 J=i,N

XTCL, D)2y, D)

DO 3 I=1,NP

ne 3 J=1,NP

SUM=E,

B0 4 L=1.N
SUMESUMAXT(I,L)#X (L)}
A{T,J)Y=SUM

no 5 I=4,MP

SUMEQ,

0Q 6 L=1,N
SUMESUMSXT(T,L)#Y (L)
B(IY=GSUM

CALL INVERT (4,A,AINV)
DO 8 I=1,NP

SuM=z@,

DO 9 L=q1,NP
SUM=SUM+AINV(T,L)#B ()
BETA(I)=SUM

Do 10 I“l!N

SUM=g,

DO 11 L=1,NP
SUMsSUMaX(1,L)sBETA(L)
YHAT(T1)=8UM

DO 12 I=z3.N
RES(I)=Y(1)=YHAT(])
RETURN

END

114
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SUBROUTINE INVERTIN,A»AINV)
IMPLICIT DOURLE PRECISION(A-H,0-%)
DIMENSION A(424)UL 04,40, AINV(4,4),B010), x(12),1PS(10)

Cal.l DECOMP (N, A»UL,IPS)
BC 120 Jd=i.,N

DO 424 [=1.N
[FC1-J)402,103,102

GOTO 1024

B{l)=1.

CONTINUE

CALL SOLVE(N.UL+BsX:1PS)
00 105 I=1,N
AINV(TI W) =X(t])

CONTINUE

RETURN

END

115
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SUBROUTINE DECOMPINN,A,UL,IPS)
TMPLICIT DOUBLE PRECISION(A~-H,0~%) .
DIMENSION A(4,4) UL Ca24),SCALES(LZ)» IPS(10)
111 FORMAT(S54HOMATRIX WITH 2ER0 RCW IN DECOMPCSE. )
112 FORMAT(54HOSINGULAR MATRIX IN DECCMROSE., ZERG RIVIDE IN SOLVE,
N = NN

c INITIALIZE IPS, UL AND SCALES
DO 5 1-2 4,N
IPS(T)
ROWNRM @
DO 2 J N
ULtT,d) = ACLad)
IF(ROWNRM=DABS(UL(T,9))) 1:2,2
q ROWNRM =pARS(ULLI,J))
2 CONTINUE
I[F (ROWNRM) 3.4,3
3 SCALES(1) = 1,8/ROWNRM
GO TO 5
4 WRITE(4,111)
SCALES(]) = 0.0
5 CONTINUE

" GAUSSTAN ELIMINATION WITH PARTIAL PIVOTING
NMy = N=yq
BO 17 K = 1
BIG '
Do

Hon N

I
2
1

KN
IRS(])
=DABSCULCIP,K) ) #SCALESCIR)
(SIZE-BIG) 11,11.1p

16 BlG = S]Zf

IDXPIV = ]
11 CONTINUE
IF (BIG) 13,112,413

12 WRITE(4,412)

0
11 1
1P =
STZE
IF

60 TO 17
13 1F (IDXPIV-K) 14,15,14
14 J = IPS(K)

IPS(K) = IPS(IDXPIV)
IPSCIDXKRPIV)Y = )
15 KP = JPS(K)
PIVOT = UL(KP,K)
Kpl 8 K+1 .
DO 16 1 = KPL,N
IP IPS¢ D)
EM ~ULCIP.KI/ZPIVOT
ULCIP,K) = ~EM
DO 16 J = KP1,H
ULCIP,J) = ULCIP,J)Y + EMaUL(KP.J)
¢ “ INNER LOOP. USE MACHINE LANGUAGE CODING 1F COMPILER

¥ N
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c DOES NNOT PRODUCE EFFICIENT CODRE,
16 CONTINUE
17 CONTINUE
KP = [PS(N)
TP (UL(KP,N)Y)Y 19,18:19
18 WRITE(4,112)
19 RETURN
END
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SUBROUTINE SOLVE(NN,UL,B,X,IPS)
IMPLICIT DOUBLE PRECISION(A=H,0-2)
DIMENSION UL(4,4):%X042),8018),1PS(12)
Nz NN
NPLEN+L
{
IP = IPS(L)
X{1) = BLIP)
DO 241 & 2N

IP = 1PS(I)
IML = 1-1]
SUM = 2,2
DO 544 = 4.,1M1
51 SUM = SUM + ULCIP,J1uXx(J)
21 X(I1) = B(IP) -~ SUM
C
IP = IPS(N)
XENY 5 X(NYZULCIP, M)
DO 411BACK = 2,N
I = NPL~IBACK
C 1 GOES CN‘"l)!esn!l
IP = IPS(I)
IP1 = I+1
SUM = @,42
DO 314 = IP4L.N
31 SUM = SUM + UL(IP,J)eX ()
44 XCI) = (%¢1)-SUMIZULCIP, 1)
RETURN

END
IMPLICIT DOURBLE PRECISION(A~H,0~%)
DIMENSION NRUN(81),T(81),P(g1),5CR(8L),Y(gL)
DIMENSION X(12,4),R04), AINV(4,4),YHAT(81)
DIMENSION YBAR(81),DIFF(81)
DIMENSION BETA(4),A(404),AA(LE) RES (8L,
EQUIVALENCE(AA, AINV)
READ(L2,20) (NRUNCLI)Y p¥ (1), T(12,P(])SCR(1),Is1,12)
1.2 FORMAT(],4F)
po 3 I=4,42
X(l,1)=1,0
X¢1,2)=T(])
X(1.3)=P(1)
Xflﬁ4)=SCR<I?
3 CONTINUE A
CALL DROG(12,4.%X,Y,BETAYHAT,RES;A/B,AASAINY)
SRES=@,00
00 16 I=1,12
16 SRES=SRES+(RES(I)#RES(1))
DO 3p I=si,12
TOT=Y () un2
30 8STOT=SSTNT+TOT
SSREG=SSTOT-SRES
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XMSSRG=SSREG/4.0
WRITE(4,90p) (BETACI),1=1,4)
9 FORMAT( ¢ RpGRESSION PARAMETERS !,/,4F)
WRITE(4,972)88TQT
WRITE (4,903)SSREG
WRITE(4,9@4)5RES
9¢2  FORMAT( ' TOTAL SUM 0OF SQUARES = ',F)
93  FORMAT( ' SUM OF SQUARES pUE TO REGRESSION = ',F)
974 FORMATC( t guM OF SQUARES OF RESIDUALS = ', F)
STOP
END
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APPENDIX 3

SAMPLE CALCULATIONS
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SAMPLE CALCULATIONS

Scrubber Analysis

(Vb—VS) X Nt X F X lQO

121

Mole % HyS = —
gas
where
v, = volume (ml) of sodium thiosulfate used in blank
VS = volume (ml) of sodium thiosulfate used in sample
Nt = normality of sodium thiosulfate
Vgas = volume (ml) of product gas used in test, and
F = factor in ml of H,S per milliequivalent of

sodium thiosulfate.

For this study,

Nt =,0.05>.
F = 0.5/ME
where:
_ P 273.2 1
ME = 755 X —7 X 35,8
with P and T the atmospheric pressure (psia) and temperature
(°x).
For sample 7A, 3 sets of raw data were taken as follows:
i P T Vs Vo Vgas
Run mm Hg OK ml ml ml
1 621.4 303.2 23.3 24 2 200.0
2 621.4 303.2 23.3 ° 2L 2 200.0
3 621.4 303.2 23.3 24 .2 201.0
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_ 621.4 273.2 1
YE. = 725.0 * 303.2 ¥ 707 - 0-0329
F = 0.5/0.0329 = 15.20
- _ (24,2 .- 23.3)(0.05)(15.20)(100)
B Hy5(1) = 200.0
% st(l) = 0,342
% H,8(2) = 0.342
% H,S(3) = 0.340
7 H,S Avg. = 0.342 + O.%M + 0.340 _ 0.341

Heating Value of Solvent Refined Char

(UATMEX]—AF~+S-+N)

Heating value, Btu/lb = Wt of sample

where
AT = corrected temperature change, °c
E = calorimeter water equivalent (Btu/lb)(g/oc)
AF = heat released by fuse wire, Btu-g/lb
S = heat due to sulfur content, Btu-g/lb
N = heat due to nitrogen content, Btu-g/lb

Sample 1B, the raw data'is:

AT = 2.716°C
E = 4525(Btu/1b) (g/°C)
AF = 23 Btu-g/lb

Total Acid Titration = 49 ml
Wt of Sample = 0.9984
From the total sulfur analysis, the treated char contained

2.50 wt % sulfur. Therefore, the grams of sulfur in the
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sample were:

2.50(0.9984) _
7100

0.025 g sulfur

Since the value of 1 ml of ammonia solution in grams of sul-
fur equals 0.0061, the grams of sulfur in the sample divided
by 0.0061 will give the ml of titration due to sulfur:

0.025 g sulfur
0.0061 g sulfur/ml titration

= 4,0 ml titration due to
sulfur

The reported total acid titration minus the titration due %o
sulfur yields the titration due to nitrogen:

b9 ml - 4 ml = 45 ml of titration due to nitrogen.
The ml of titration due to nitrogen multiplied by 10 Btu,
the factor for nitric acid, gives the heat due to nitrogen:

10-Btu—g/lb)

N =45 ml ( = = 450 Btu-g/1b

The centigrams of sulfur mdﬁtiplied by 23.3 Btu, the factor
for sulfuric acid, gives the heat due to sulfur:

23.3 Btu-g/1b

centigrams S ) = 58 Btu-g/lb

S = 2.5 centigrams S (

Therefore
Heating Value, Btu/lb =

(2.716)(4525) - 23 + 58 + lLs50
0.9984

= 12800 Btu/1b.

Sulfur Balances

To calculate the amount of sulfur in the off gas, the

mole percent Hgs frem the scrubber analysis is used Since

the volume of the reaction bomb is approximately 1.410 liters,
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the volume occupied by the reaction gas 1s obtained from the
known volume of char slurry used for the sample. By using
the ideal gas law equation, the volume of gas at reaction

residual conditions (after cooling) may be calculated as

follows:
Vo= 1 ;l ;g
2 1
where
V, = volume (&) at atmospheric conditions
V1 = free space in bomb, 2
Pl = residual pressure, atm
P2 = atmospheric pressure, atm
T2 = atmospheric temperature, °k
T, = residual temperature, °K

The volume, V23 at atmospheric conditions multiplied by the

mole percent HZS from the scrubber analysis gives the liters
of HZS‘ The liters of stvdivided'by 22.4 gives the moles

H2S; and the weight of sulfur with off-gas is obtained from
the multiplication of the moles H,S by 32/34

For sample 7A,

P1 = 31.61 atm
- _ 300 g slurry -
V1 (1410 m1 935 ml/e slurry) 1.079 2
T, = 303.2°K )
T. = 328°K
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B (31.61) (303.2) _
Vo = (1079) 57818y {328y - 38 ¢

Liters HpS at
Standard T & P

(0.341) _

= 38 liters 50 13

L

mole HQS
0.13 2 (—5575—5—) = 0.0058 moles H,S

g (32 g sulfur)

0.006 moles H 3o st,

5 = 0.186 g sulfur.

Hypothesis Testing t-Distribution Values

To test the independence of the population sets, a t-
distribution value was calculated and compared against tab-
ular values for the confidence levels. If the calculated
t-value was larger than the tabular t-value at a preset con-
fidence level, then the hypothesis that the population had
the same means was rejected, thus confirming their indepen-
dence. A minimum of 90% level of confidence was necessary
to reject the hypothesis of equality of means.

For comparison of samples 17 and 19 on Figure 16, the

following calculations were made:

Ny7 =3 N9 = 3
X, = 2.69 Xig = 2.43
2 - . 2 - i
S17 0.0075 819 0.004
where N = no. of data points
X = population mean
2

(2]
]

population variance
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Hypothesis: §17 = i19
X177%19 J/N1N2(N1+N2‘2)
. . S
“calc '
2 : 2
\/(Nl—l)Sl + (N2—1)S2
. - 2.69 - 2.43 V3(3)(8)/6

cale  \/5(0.0075) + 2(0.00L0)

tcalc = 4.22

Tabular value of t at 95% confidence level and U4 degrees of
freedom is 2.78. Therefore, since tcalc is greater - than

ttabular"reJeCt.Ho at 95% confidence level, and

X17 # Xi9



