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ABSTRACT i '

This report describes progress on research during the
sixth quarter of this contract dealing with applications of
coal pretreatment techniques in coal hydroliquefactioﬁ. The
objectives of the project are to investigate various coal
pfetreatment techniques and to determine the effect of these
pretreatment procedures on the reactivity of the coal.
Reactivity enhancement will be evaluated under botg direct
hyaroliquefaction and co-processing conditions. Coal
conversion utilizing 1low rank coals and low severity
conditions (reaction temperatures generally less than 350
9@) are the primary focus of the liquefaction éxperiments,
as it is expected that the effect of pretreatment conditions
and the attendant reactivity enhancement‘will be greatest
for these coals and at these conditions.

This document presents a comprehensive report
summarizing the findings on the effect of mild alkylation
pretreatment on coal reactivity under  both direct
hydroliquefaction and liquefaction co-processing conditions.
Results of experimehts using a dispersed catalyst system
(chlorine) are also presented for purposes of comparison.
In general, mild alkylation has been found to be an
effective pretreatment method for altering the reactivity of
coal. SelectiVe (oxygen) methylatibn was found to be more
effective for high oxygen (subbituminous) coals compared to
coals of higher rank. This reactivity enhancement was

evidenced under both low and high severity 1liquefaction



A
conditions, and for both direct hydroliquefaction and
liquefaction co-processing reaction 'ehvirqnments. Non;
‘selective alkylation (methylation) was also effective,
although the enhancement was less pronouhced than than found
for coals activated by O-alkylation. The degree of
reactivity enhancement was vfound to ‘vary with Dboth
liquefaction and/o; co-processing conditions and coal type,
with the greatest positive effect found for subbituminous
coal which had been selectively O-methylated and

subsequently liquefied at low severity reaction conditions.
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INTRODUCTION

If coal liquefaction 1is ever to become an economical
source of 1liquid fuels, liquefaction processes must be
developed which can compete with energy sources presently in
use. Development of low severity (temperature, pressure and
reactién time) 1liquefaction processes is one such alterna-
tive that has.recently received increased emphasis. Lique-
faction processes which operate at lower temperatures and
pressures‘(temperaturés below 350 °C and pressures below 10
MPa) require 1owef capital costs while maintaining a high
degree of selectivity to liquid products. The production of
undesired hydrocarbon gases is minimized, resulting in
reduced hydrogen consumption and improved economics over
high éeverity liquefaction processes. The main disadvantage
of using lower sSeverity liquefaction processes 1is the
increased reaction (residence) time required due to the fact
that at lower severity the rate of coal dissolution is
slower. Maximization of coal conversion is normally not the
primary concern when low severity liquefaction is employed
as the first stage of a two stage liquefaction‘process. In
two stage processes, the first stage 1is geared towards
obtaining a satisfactory dissolution rate and a liquid prod-
uct distribution where asphaltenes are preferred over the

less reactive preasphaltenes. This results in an intermedi-




ate coal-derived product stream which is less refractory and
more amenable to subsequent upgrading in a higher severity
catalytic second stage.

The disadvantages of low severity liquefaction in terms
of coal .reactivity could be offset by pretreatment of the
coal prior to first stage processing. This would result in
improved operating charécteristios for the first stage pro-
- cess while still maintaining a product composition which is
suitable for subsequent upgrading in the second stage pro-
cess. The objective of thiskresearch program was to inves-
tigate a variety of coal pretreatment methods, and determine
the effect of these processes on the reactivity of  coal.
Coal reactivitylneasnrements were made at both low and high
severity conditions, and in both liquefaction and co-
processing reaction;environments. This report presents the
results of experiments performed to investigate use of mild
alkylation and addition of a dispersed catalyst as coal pre-
treatment steps. Different liquefaction conditions were
used 1in order to determine which pretreatment methods would
be most suitable as precursors to first stage, low severity
liquefaction processes. Both bituminous and subbituminous
coal samplés were chosen in order to observe how the effec-
tiveness of different pretreatment methods varied with coal

rank. Two different liquefaction solvents were used,



resulting in two separate sets of reactivity data. The
first solvent was dihydrophenanthrene (DHP), which was cho-
sen in order to determine the effect of coal pretreatment on
”reacfivity under direct hydrogenation conditions. The sec-
ond solvent utilized was Cold Lake atmospheric residuum, in
order to simulate operatioﬁ and measure coal reactivity
under coal/oil co-processing conditions. The pretreated
salmples were liqﬁefied at different combinations of these
reaction variables, resulting in two sets of liquefaction
data for difﬁerent ranks of coal, reaction times, and tem-
peratures. \wCoal reactivities were compared in. terms of the
extent to which the coal was convertea .o THF soluble mate-
rial during liquefaction, and compérisons‘were made between
the pretreated and the untreated coals at each set of lique-

faction conditions.



EXPERIMENTAL PROCEDURE

1. EXPERIMENTAL DESIGN

The objective of this program is to investigate the man-
‘ner in which selected pretreatment methods affect the reac-
tivity enhancement of differently ranked ccals. Reactivity

enhancement was measured by liquefaction of the pretreated

coal at both low and high severity reaction conditions wusing

both co-processing and direct liquefaction solvents. As
shown 1in Table I, each combination ef reaction severity and
mode of processing (direct 1liquefaction or co-processing)
was run at short and longer reaction times to observe how
the:enhancementIby‘pretreatment varied with reaction time.
Two coale, Illinois #6 bituminous and Wyodak sub-
bituminous, were selected so thet pretreatment effects could
be compared as a function of coal rank. A matrix of reac-
tivity experiments, shown in Table 1II, was completed to
evaluate the effect of each variable 1listed in Table 1I.
Both pretreated and untreated coals were used in completing
the matrix so that the effect of the pretreatment method at
each combination of liquefaction conditions could be direct-

ly determined.
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Matrix of Liquefaction Reaction Parameters
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2. MAiERIALs
2.1 Coals !

The experimental design used involved using Illinois #6
bituminous and Wyodak subbituminous coals. An analysis of
the coal properties 1s shown in Table III. All coal
esamples used in the pretreatment experiments and subsquent
liquefaction experiments were obtained from the Argonne Pre;‘
mium Céal Bank in 5 g émpoules of ~-100 mesh coal. Each
ampoule was nitrégen purged to prevent oxidation of the
sample prior to use. Ampoules were kept intact until the
instant they were needed; any coal left beyond the amount
required for each pretreatment process was discarded. This
procedure assured that the coals used in all experimental

work were essentially free of oxidation.

2.2 Solvents

Two different  solvents were used in the liquefaction
reactivity experiments. Dihydrophenanthrene (DHP) was cho-
sen as the liquefaction solvent based upon its excellent
hydrogen donor capabilities. The DHP sample used was
obtained from the Aldrich Chemical Co., with a purity of
94.0% by weight. Cold Lake atmospheric petroleum residuum
was used to simulate coal reactivity liquefaction perfor-

mance under co-processing conditions. Cold Lake residuum
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Ultimate Analysis
(wt% maf basis)

Carbon
Hydrogen
Nitrogen
Organic Sulfur
Chlorine
Fluorine
oxygen

Total

|

TABLE III

Illinois #6
Bituminous
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Subbituminous
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is a low grade petroleum’solvenﬁ, containing about 85 wt%
455’°C‘material‘as shown in Table IV. In order to facili-
tate its use in the coal liquefaction experiments, 100 g
samples of Cold Lake residuum were hydrotreated using an
Autoclave Magnedrive II 300 cm3 batch reactor. Hydrotreat-
ing involved the addition of 10.0 g of Shell 324 Ni/Mo cdta—
lyst‘which was sulfided in-situ by the addition of 2.00 g of
mefhyl sﬁlfide. The reactor was then charged with 15.5 MPa
hydrogen ‘gas, and heated to 400 ©C for 1 hr. After hydro-
treating, the catalyst was separated via centrifugation,
resulting in a 1less viscous and more manageable co-
proéessing solvent. The hydrotreated Cold Lake residuum was
distilled using a micro-spinning band distillation column;

distillation data are listed in Table 1IV.

2.3 Reaction Gas
The reaction gas used for the coal liquefaction exper-
iment was hydrogen, which was obtained in industrial grade

from General Air Services, Inc.

3. COAL PRETREATMENT METHODS
For each of the pretreatment methods used, the quantity
of coal pretreated and scheduling of the pretreatment pro-

cess were chosen to minimize coal waste and aging prior to



TABLE IV

Properties of Cold Lake Atmospheric Residuum

Distillate Yields

Distillate WEIGHT PERCENT DISTILLED

Boiling
Rangé‘ - As Received After Hvdrotreatment
Water 0.0 0.0
IBP - 177 ©°c 0.0 0.0
177 - 455 O¢ 25.1 32.0
. 455 + O¢c 74.9 68.0
Total ' 100.0 100.0
Ultimate Analysis
WEIGHT PERCENT
Component ‘ As Received After Hydrotreatment
Carbon 88.3 -
Hydrogen 8.1 -
Nitrogen 1.0 -
Oxygen 1.7 -
sSulfur 0.9 -
Ash 0.0 -

Total 10

o
o
1
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the 1liquefaction experiments. Pretreated coals were ana-
lyzed using fodrier transform infra-red spectroscbpy (FTIR)
and elemental analysis. Each pretreatment procedure and
FTIR analysis of the pretreated coal was performed by
Ms. Onraﬁong Nguanprasert. Elementai anaiysis of each pre-
treéted sample waé performed by Huffman Laboratorieé, of
Goldeh, Colorado.

Prior to liquefaction studies using pretreated coals,
each method was repeated a number of times and the
subsequent coal samples analyzed. Once the pretreatment
process was deemed reproducible, a fresh batch of coal was
pretreated, samples were withdrawn for analysis and the bal-

ance of the pretreated coal was stored under vacuum for use

in liquefaction reactivity experiments.

3.1 Determination Of Extent Of Alkvlation

The extent of alkylation for each pretreatment method
was determined by elemental analysis of the alkylated coal
in order to determine the hydrogen to carbon ratio.
Hydrogen to carbon ratios of the untreated coals were .deter-
mined using information supplied by the Argonne National
Laboratory (1). The extent of alkylation due to the pre-
treatment method was calculated using the following equa-

tion:



where:

Cl

c2

C3

12

X = 100%(C3 = Cl)/(C2 = C3)

is the extent of alkylation (grams of alkyl groups
added per 100 grams of parent MAF coal), | |
is the normalized weight fraction of carbon in the
untréated feed coal {((wt % C)/(wt %C + wt %H)),
is the normalized weight fraction of carbon in the
alkyl group being introduced into the coal,
is the normalized weight fraction of carbon in the

élkylated coal.

The extent of alkylation can also be defined in terms of the

number

of alkyl groups added per 100 carbon atoms of mois-

ture and ash free (MAF) coal:

where:

MWA

MFC

A = (X * MWC)/(MWA * MFC)

is the extent of alkylation in terms of number of

alkyl groups added per 100 carbon atoms of MAF coal,
is the extent of alkylation (grams of alkyl groups

added per 100 grams of MAF coal),

is the molecular weight of carbon (12.01),

is the molecular weight of the alkyl group being

incorporated into the coal,

is the mass fraction of carbon in the untreated coal

on a MAF basis.
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An example of how these equations are used is shown below,
given the elemental analysis data for the raw and alkylated

coal in the following table:

MAF BASIS
o WT % WT % C/(C+H)
SAMPLE _CARBON HYDROGEN  RATIO
RAW WYODAK T75.01  5.35  0.9334 < C1
METHYL GROUP ~12.01 3.03  0.7985 < C2
TREATED WYODAK  72.33 5.36  0.9310 < C3
X = 1.82 A = 1.94

The uﬁtreated Wyodak coal has a composition of 75.01 weight
percent carbon and 5.35 weight percent hydrogen, as seen in
the first row. The third column uses these two values to
calculate the nermalized weight percenﬁ carbon (Cl). . For
methyl group addition, tﬁe normalized weight percent carbon
for a methyl (-CH3) group is shown in the second row (C2).
Using the carbon and hydrogen analysis results from the
treated coal sample, d3 is calculated in the third row.
These values are then used to calculate the extent of alky-
lation (X), with the resulting value of 1.82 grams of alkyl
groups per 100 grams of MAF coal.

The extent of alkylation in terms of alkyl groups added
per 100 <carbon atoms (A), can be calculated using 75.01

weight percent carbon as the value for MFC in the untreated
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coal, 12.01 for the value of MWC, and 15.04 for the value of
MWA. The resulting value for A is 1.94 methyl croups added

per 100 carbon atoms.

3.2 Reductive Alkvylation

Coal pretreatment by reductive alkylation was based upon
the work of Sternberg (2). The recipe used was based upon
.approximately 5 g 6f raw coal. If 2 ampoules of feed coal
were reqﬁired (10 g), then all of the accompanying reagents
required t§ alkylate a 5 g batch of doal were doubled. The
most coal alkylated at any one time was 4 ampoules (about 20
g) in a single alkylation experiment. For eaéh 5 g of ceal
to be alkylated, 120 ml of tetrahydrofuran (THF) were added
to a round-bottomed, three necked flask. Approximately 4.4
g of potassium metal and 0.304 g of naphthalene were added
to the THF, the flask was sealed and purged continually with
a stream of nitrogen, and the mixture was magnetically
stirred for 24 hr. The observation was made that soon after
the addition of the potassium and naphthalene, the slurry
took on a dark olive-green hue. This result was expected
according to Sternberg's paper, and it was found that if the
slurry remained clear, the reagents had been added in the
wrong proportions and the subsequent alkylation experiment

wculd be unsuccessful.
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After the 24 hr digestion period, 5 g of coal was added
to the THF slurry directly from a newly opened ampoule. The
flask was then resealed &nd tﬁ@ mixture was}magnetically
stirred for another 72 hr under a'nitrogen blanket. At that
time, - the flask conﬁaining the slurry was removed from the
magnetic stirrer, and any undissolved lumps of potassium
were removed from ﬁhe slurry using a metal spatula. A mix-
ture of 10 ml of ethyl iodide in 30 ml of THF was then added
drop-wise over a 30 minute period while the flask was
stirred. Once the drop-wise addition had been completed,
the flask was magnetically stirfed for 2 hr. |

The mixture in the flask was then roto-evaporated to
remove a majority of the THF. The coal residue was then
transferred to centrifuge tubes where it was slurried with
methanol and then centrifuged at high speed for 30 min. The
methanol was decanted off, and the slurrying and subsequent
centrifugation were repeated three more times to insure that
the ethyl iodide had been completely washed away.

The remaining treated coal was then extracted with water
using a soxhlet extractor for 24 hr in order to remove any
remnant water soluble reagent ions. The treated coal was
dried in a vacuum oven overnight at 50 ©°Cc at a vacuum of
less than 10 torr, followed by further drying at 100 °C at a

high vacuum (less than 0.1 torr) for 24 hr. The alkylated
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coal sample was then transferred to a sample jar and stored

in a vacuum desiccator for future use.

3.3 Oxygen Alkvlation

Coal pretreatment via oxygen alkylation (O-alkylation)
was conducted using the method first developed by Liotta
(3). Coal was O-alkylated in batcﬁes of 5,10, or 20 g and
the treated coal samples were used promptly in liquefaction
studies so as to minimiée‘storage time aftér alkylation.

To alkylate 5 g of raw, undried coal, 120 ml of THF was
added to a round—pottomed, three‘necked flask which was mag-
netically stirred. Fresh coal was slowly added to form a
coal-THF slurry A mixture of 40‘percent aqueous tetrabu-
tyl-ammonium hydroxide was then added drop-wise until the PH
of the slurry was neutral (pH = 7.0). The slurry was
stirred for 2 hr under a nitrogen blanket, at which tir.
methyl iodide was added to the flask in a molar amount equal
to twice the number of moles of tetrabutylammonium iodide
added previously. The slurry. was then stirred overnight
under a nitrogen blanket.

The slurry was roto-evaporated under vacuum in order to
remove all of the volatiles, leaving only alkylated coal
behind. The pretreated coal was soxhlet extracted’ with

water for 24 hr in order to remove all traces of water sol-
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uble reagents. The extracted coal was dried overhight in a

N

vacuum oven at 50 o¢ 4nd a vacuum of less than 10 torr,

followed by subsequent high vacuum drying at 100 ©cC for
another 24 hr at a vacuum of less than 0.1 torr. The O-al-
kylated coal wasvbottiéd and stored in a vacuum desiccator

for future use.

3.4 Chlorine Catalyst/Mild Alkylation Pretreatment

For ' pretreatment by catalyst dispersion, the pfocedure
deyelbped by Armstrohg (4) was used as a guideline. Dépend—
iﬁg” upon the quantity of coal needed, the quantity of coal
pretreatéd in any one batch varied between 5 g and 20 g. As
stated in the previous two pretreatment procedures, the rec-
ipe developed was for 5 g of raw coal.

For eéch 5 g of coal pretreated, 40 ml of methanol and
0.40 ml of concentrated hydrochloric acid were mixed
together in a three necked, fﬁund bottomed flask. The coal
sample was then slowly added to the methanol/hydrochloric

acid solution and the slurry was magnetically stirred for 3

. hr. Next, the slurry was roto-evaporated, removing the

majority of the methanol from the coal. The coal sample was
then dried at 50 ©C in a vacuum oven overnight at a vacuum
of less than 10 torr, followed by vacuum drying at 100 ©c¢

for 24 hr under a vacuum of less than 0.1 tori. The pre-
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treated coal was then transferred to a sample 3jar, and

stored in a vacuum desiccator for future use.

4. COAL LIQUEFACTION MEASUREMENTS Coen

4.1 Equipment Description

Reactivity enhancement of the pretreated coals was moni-
tored by measuring coal conversion to THF soluble products
in a pair of nicroautoclave tubing bomb reactors. Two iden-
tical reactors were buiit and cohfigured so that two lique-
faction experiments could be conducted simultaneously under
the same reactivity conditions. This set-up assured that
the only true variable between the two liquefaction runs was
the pretreatment method used for the coal being liquefied
within the tubing bomb reactors; all other variables such as

reaction time and temperature would be exactly matched.

t

Each of the reactors consisted of a body constructed

from a 5" length of 1/2" 0.D. 316 stainless steel tubing
which was sealed on the bottom with a Swagelock 1/2" nut aﬁd
end plug, as shown in Figure 1. The top of the reactor boéy
consisted of a Cajon VCR female gland fitting welded to the
tubing body. The fitting was designed for repeated sealing
by means of a sacrificial nickel gasket. All welding of the
stainless steel components was performed by Russell D.

White, of Boulder, Colorado.



FIGURE 1

Liquefaction Reactor Assembly
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FIGURE 2

Liquefaction Reactor System
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gas deliverylsystem.

Heating the two reactors was accomplished with the use
of a Tecam model SBL-20 fluidized sand bath which was posi-
tioned on an adjustable hoist below the reciprocating arm.
The hoist could be raised or lowered as needed, giving good
control over the exact amount of time the reactors were
immersed in the sand bath. Each reactor's thermocouple -was
connected to the thermocouple readout, which provided a con-
tinuoué temperature reading of the reactor contents during
the liquefaction run. 1Initially, both reactor thermocouples
were connected during the liéuefaction runs. It was soon
observed that the temperature between the two reactors never
varied by more than 1 ©C, so subsequent runs used a thermo-
couple readout from only one of the reactors and assumed
that this single temperature reading was representative of
the internal temperature of both reactors.

During the experimental program, a new pair of reactor
heads and ten additional reactor bodies had to be fabri-
cated. A question arcse as to whether or not the replace-
ment reactor components would impart a catalytic wall effect
to the 1liquefaction process because of the new stainless
steel components. The new reactor components were used in
parallel with the old reactor components for three baseline

runs where the contents of both reactors were identical.
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TABLE V

Liquefaction Conversions for 0ld and New Reactors

THF COAL

' CONVERSION

REACTION REACTION ( WEIGHT %)

COAL  SOLVENT TEMP TIME |

( C) (min) OoLD NEW
REACTOR REACTOR
WYODAK DHP 425 5 66.2 3 66.2 %
 WYODAK A -8 425 5 29.6 % 30.9 %
ILL. #6 DHP 350 30 83.6 % 82.6 %
ILL. #6 DHP 425 5 . 89.2 % 89.9 %

ILL. #6 = A - 8 425 5 45.5 % 43.5 %
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properly sealed, and the valve on the reactor‘assembly was
closed. If a continual pressure drop was observed, applying
liquid " leak detector to the joints of the reactor assemﬁly
usually divulged the location of the leak. Once the . leak
was sealed, the reactor was hooked up again, and repressur-
ized until it was properly sealed. After the reactor valve
was closed, the pressurized reactor was removed from the
system and reweighed to estimate the’mass of hydrogen added
to the reactor. The second reactor was then loaded, pres-
surized and weighed following the same procedure.

Once both reactors were loaded, they were re-attached to
the reciprocating arm using adjustable hose clamps. The
reactor valves were also secured to the arm by means of a
horizontal flange around the arm to which bolts from the
valve bodies were attached. The thermocouple was then
attached to the reciprocating arm by means of a short
length of wire. If any part of either reactor assembly
exhibited excessive play, the locse part was reattached and
tightened prior to the start of the run.

At this point, the reciprocating motor was started, the
sand bath hoist was raised, immersing the reactors in the
fluidized bath, and the timer was started. The time
required for the reactor contents to rise to reaction tem-

perature was usually less than 2 min. for low severity runs
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(350 ©c) and 1less than 3 min. for high severity runs (425
©Cc). At the end df the desired reaction time, the sand bath
was lowered and the reactors were cooled with compressed air
followed by immersion into a cold water bath.~ The reactors
were tﬁen detached from the reciprocating arm, and blown
free of water and fluidizing sand with compressed air. At
this point, each reactor was weighed, degassed under a hood,
or into an appropriate gas sampiing cylinder, and reweighed

to estimate the mass of gas removed.

4.3 Liguefaction Product Recovery

In order to calculate the extent of coal liquefaction
based upon conversion to tetrahydrofuran soluble products,
all reaction products had to be quantitatively recovered
from the reactor asseinbly and washed with tetrahydrofuran
(THF)f' This enabled the use of THF as wash solvent for
cleaning the reactor head and body. The reactor body was
repeatedly rinsed and agitated with THF, and the THF/product
“slurry was collected into a pre-weighed centrifuge tube.
This process was repeated with both the body and if neces-
sary, the head of the reactor, until any THF removed from
the reactor parts remained clear. The centrifuge tubes for
each reactor were then filled to equal levels with addi-

tional THF, and centrifuged at 2000 rpm for 15 min. Excess
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THF was decanted from each of the tubes and fresh THF added.
The tubes were then sonically agitated in a water bath for
10 min. to promote complete mixing 6f the fresh‘THF with the
centrifuge residue; This centrifugation process was
repeatéd until THF decanted from the tubes remained clear.
Three washes with THF were usually sufficient to obtain
élear THF upon decantation. The centfifuge tubes and each
clean reactof body were then placed in a 125 Oc oven over-
night, to remove all residual traces of THF. |

Once the reactor body and the centrifuge tubes were
) dried, they were removed from the oven, and were allowed to
cool. The centrifuqe tubes were weighed in érder to deter-
mine the mass of THF insoluble products. The reactor body
was aiso weighed, and any gained weight was assumed to be
due to traces of THF insoluble material left behindvfrom the
reactor cleanout process. For the majority of liquefaction
experiments, the weight gain of the reactor body was zero,
indicating that the reactor had been thoroughly rinsed.‘ If
any weight gain was recorded, it was added to the weight of

THF insolubles collected in the centrifuge tubes.

5. MOISTURE FRACTION DETERMINATION

The amount of moisture present 1in the feed coal was

determined by taking a representative sample of the coal
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charged to the reactor, and performing a weight 1loss upon
drying analysis. Weight lost upon drying was determined by
weighing a saméle of‘coal placed in a crugible of known
mass. The crucible was”piaced in é 125 ©C oven overnight,
removed,'and cooled in a vacuum desiccator. The crucible
was reweighed and the loss in weight upon drying was divided
by the starting weightkof.cdél, giving a weight fraction
loss upoﬁ drying which was assumed to be moisture loss. The
welght loss analysis was performed in duplicate in order to
minimize error in thé moisture content calculation; it was
found that the two samples always agreed within 2.0 wts.
The moisture content of the THF insoluble material was
assumed to be zero due to the drying of the THF insoluble

material overnight at 125 ©c.

6. ASH FRACTION DETERMINATION

| Coal conversion for all samples liquefied or co-
processed is calculated on a moisture and ash free basis,
resulting in the need to have an accurate measurement of the
ash fraction in each coal. The ash fractions of all coal
samples used in the study are listed in Table VI. Ash frac-
tions for the untreated coals were as determined by Argonne
National Laboratories, which supplied the coal used in this

study (1). Ash fraction of pretreated coal samples were



determined by Huffman Laboratories, of Golden, Colorado.
|
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TABLE VI

Ash Fractions Of Untreated and Pretreated Coals

On A Molsture Free Basis

PRETREATMENT METHOD

COAL UNTREATED CC/MAP LIOTTA STERNBERG
WYODAK 0.0877 0.0783 : 0.0656 0.1268
'ILL#NOIS 0.1548  0.1590 0.1434 0.1487
p
CC/MAP: Chlorine Catalyst/Mild Alkylation Pretreatment
LIOTTA: Oxygen Alkylation Pretreatment

STERNBERG: Reductive Alkylation Pretreatment

w

e

e



TABLE VII
Number Of Alkyl Groups Added To Parent Coal

By Mild Pretreatment

PRETREATMENT METHOD
(alkyl groups/100 C atoms)

COAL CC/MAP (1) STERNBERG (2) LIOTTA (1)
WYODAK 1.5 5.7 8.0
ILL. #6 -— 6.7 4.7
glg methyl group addition

2

ethyl group addition
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1.1 Oxydgen Alkylation

Oxygén‘alkylation using the Liotta procedure resulted in
the addition of 8.0 methyl (CH3) groups/100 C atoms for the
subbituminous coal and 4.7 methyl groups/100 C atoms for the
bituminous coal, Subbituminous coal has a higher oxygen
content with more oxygen'functionalities present within the
coal as compared to the bituminous coal. Because O-alkyla-
tion is oxygen SelectiQe, the coal with more oxygen under-
goes a greater éxtent of alkylation during the Liotta pre-

treatment process.

1.2 Reductive Alkylation
Reductive alkylation using Sternberg's procedure added

5.7 ethyl groups/100 C atoms to the subbituminous coal and
6.7 ethyl groups/100 C atoms to the bituminous coal. Reduc-
tive alkylation is a nonmselective alkylation occurring
primarily at polar chemical sites within the coal, which is
confirmed by the small difference in the extent of alkyla-
tion for the‘coals of different rank. Some oxygen alkyla-
tion does occur because of the polar nature of most oxyéen
functionalities, but its effect 1is not significant when
compared to the reductive alkylation of carbon sites in the

coal structure.
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1.3 chlorine Catalyst/Mild Alkylation Pretreatment
1,3,1 Extent Of Alkylation

- Selected coals which were pretreated via the chlorine

catalyst/mild alkylation pretreatment (CC/MAP) procedure
were also subjected to ultimate analysis in order to deter-
mine the extent of alkylation during pretreatment. The
CC/MAP procedure resulted in the addition of 1.5 methyl
groups/100 C atoms to the subbituminous coal. This small
extent of alkylation 1s indicative of the very mild reaction
conditions used in this procedure. Although alkylation does
take place, the magnitude of alkyl group incorporation is
~much lower than in the other procedures where alkylation is
the sole means of coal pretreatment. The extentvof alkyla-
tion attained in the bituminous coal using this procedure

was not measured.

1.3.2 Extent Of Chlorine Incorporation

Untreated Wyodak coal has a chlorine content of 0.18% by
weight, but the chlorine content of the pretreated coal was
found to be 2.41% by weight. This shows that pretreatment
via the chlorine catalyst/mild alkylation procedure does
result in the incorporation of a significant améunt of chlo-
rine into the coal structure. During liquefaction, chlorine

is possibly converted to hydrochloric acid (HCl) which acts




35

as a strong hydrocracking catalyst. Although the amount of
chlorine initially present i1s small, the subsequent HCl
formed may have a significant impact upon coal conversion
under liquefaction conditions. The amount of chlorine pre-
sent in pretreated Illinols #6 coal was not measured, but.
may be assumed equivalen£ in proportion to the concentration

incorporated into the Wyodak coal samples.

2. INTRINSIC THF SOLUBILITY OF UNTREATED AND TREATED COALS

In order to use‘coal conversion to THF soluble products
as a measure of coal reactivity, the intrinsic THF solubil-
ity of both untreated and pretreated coals had to be deter-
mined. The intrinsic THF solubility of each coal was deter-
mined on a moisture and ash free (MAF) basis (Table VIII).
These solubilitles were determined by adding a known mass of
coal to a centrifuge tube and applying the same THF extrac-
tion process used in Section 4.3 of the Experimental Proce-
dure. The fraction of the original coal sample lost to THF
extraction represented the intrinsic THF soluble portion of
the coal.

The difference between the intrinsic THF solubility of a
raw coal and the same coal after pretreatment reflects the
effect of the pretreatment process upon the coal. Untreated

Wyodak coal had an intrinsic THF solubility of 1.6 wt.

ow
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TABLE VIII
Intrinsic THP Solubilities Of Untreated

And Pretreated Coals

(wt fraction on a MAF basis)

PRETREATMENT METHOD

COAL UNTREATED CC/MAP LIOTTA STERNBERG
- WYODAK 0.0163 0.0586 0.1359 0.,0000
ILL#NOIS 0,1193 0.1172 0.2532 0.0648
6
CC/MAP: Chlorine Catalet/Mild Alkylation Pretreatment
LIOTTA: Oxygen Alkylation Pretreatment

STERNBERG: Reductive Alkylatior Pretreatment
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bu£' after pretreatment using the Lilotta procedure, the
intrinsioc THF solubility was 13.6 wt. %. The difference
between thése two values represents the effect of Liotta's
oxygen alkylation upon Wyodak coal prior to liquefaction.
The effect of Sternberg's method upon the.tféated coal can-
not be determined, because Sternberg's procedure involves
rinsing the «coal with THF during the alkylation procedure.
Any increase in THF solubility brought about by the pre-
treatment 1s washed away by THF. Table VIiI reflects this
fact, where the intrinsic THF solubility of both Wyodak “and
Illinoils #6 coal after pretreatment with Sternberg;s proce-

dure is lower than the THF solubillity of the untreated coal.

3, CALCULATION OF COAL CONVERSION

Coal reactivity was based upon the conversion of THF
insoluble coal to THF soluble products on a moisture and ash

free basis using the following equation:

THF Coal Conversion = —ememea- ¥ 100%

where:

I (g of coal in)¥(l-ash fraction)*(l-moisture fraction]

¥(l-intrinsic THF soluble fraction of feed coal)

O
"

(g of THF insoluble material recovered)*(l1-fraction ash)

Intrinsic THF soluble matter in the feed coal was estimated
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using the intrinsic THF solubilities shown in Table VIII.
Because intrinsic THF solubilities are accounted for, the
conversion equation above estimates the effect of pretreat-
ment upon coal reactivity under liquefaction or co-

processing conditions.

4. REACTIVITY PARAMETER MATRIX

Coal conversion results for the reactivity parameter

matrix studied are shown in Table IX. The non-alkylated THF

coal csnversions are for liquefaction/co-processing of the
untreated coal samples‘at each set of reactivity conditions.
Fbr each of the pretreatment methods listed (including no
pretreatment), the THF coal conversion represents a mean

value of repeated reactivity experiments. The percent

increase in conversion shown in Table IX was calculated with

respect to the corresponding untreated coal conversion.

The raw data used to generate the values listed in the
reactivity parameter matrix can be found in Appendix A. Mean
values were calculated from repeaﬁed trials for eéch set of
reactivity conditions. 1In situations where fepeated trials
showed a large difference in the coal conversion values,
additional trials at the same conditions were conducted.
All trials were then used to calculate an estimate of the

mean.



TABLE IX

Completed Reactivity Parameter Matrix

R R R R |eeeeene ||remnseeeaaes R |-oeanoeeneees I
| | | | NON- | CC/MAP METHOD | LIOTTA METHOD |STERNBERG METHOD |
COAL |SOLVENT| TEMP | TIME |ALKYLATED |--=---=sve--cees [-remmemmeenaens [rmememeeeen |
| | deg € | min | THF COAL | THF |% INCR. | THF |% INCR. | THF |% INCR. |
| | | |CONVERSION| CONV. {IN CONV.| CONV. |IN CONV.| CONV. |IN CONV.|
| | | | | | |z=====z] I | |
| | | 5 | 4.6 | 25.6 |  74.8) 32.1| 119.2 | 30.1 ] 105.3 |
R R B S R Rl B !
| N | 30 | 38.7 | 51.4| 33.0| 53.6| 38.5] 64.7| 67.2 |
I R |-=meseee Rl R Rl R |-=cee |-=eeeee |
| | | 5 | 65.4 | B82.6 | 26.2| 76.8{ 17.5] 79.6 | 21.6 |
| | 425 fooeoees |-smreacees |oeeeeee [reeeeees |-2nnees |--eeees |-on-ee |-=eeee |
| | ] 30 | 87.9 | 89.7 | 2.0 | 88.9 | 1.1 ] 90.0 | 2.4 |
T [RRERl N |sneeesees R A [-onoee RS |-=eee e |oeeenes |
| | | 5 | -0.2 | 5.4 | 0.0 | -2.4 | 0.0 | 10.2 | 0.0 |
| coo | 350 [---u-- |-=mrenes R s [neeees [-=ncee [-=-ees [+oeeee |
| LAKE | | 30 | 15.0 | 20.3 | 35.7 | 28.5| 90.6| 32.8 ] 118.9 |
T R R R R |oeeee R |reeoees I
| RESID | | 5 | 28.4 | 39.0 | 37.2 | 49.1 ) 72.6'| 59.5 | 109.1 |
I B R R Jraneeafenneess oo |--ee e il et !
| | | 30 | 69.3 1 59.1 | -14.7 | 71.6 | 3.3 | 63.3 | -8.7 I
I | | | |== I I I =l |
| | | 5 | 371 | 48.2 | 29.7| 46.1 | 2.0 | 47.5 ) 27.9 |
| | 350 |--eaees |-=nreneees R |-onee |-oerene o |-=eeeee |
| | | 30 | 81.3 | 86.5 | 6.4 | 86.6 | 4.0 | 83.2 | 2.3 |
B R R |mereneee R A |-=2aees |-=neees |-=-ee |-eeeeeee I
| | | 5 | 87.7 | 91.0 | 3.8 89.0 | 1.4 | 8.8 -1.1}|
- e O R R R |rareeefeaneanes !
ILLINOIS] | | 30 | 89.8 1 8.0 | -2.0] 90.9 | 1.3 | 8.9} -5.4]
#o [-eennes R [-enraneee R A |- |-=eeee R |-oeeee |
| | |5 ] -1.0| 7.0 0.0 | -18.5 | n.0 | 1.4 | 0.0 |
| co | 350 fe--eo- |-ereeaees |oreeees |ooeeeees |-eeees |-eeneee | oo Joeeee !
| LAKE | | 30 | -28.7 | 34.6 | 20.5 ] 10.6 | -63.3 | 40.4 | 40.8 |
| ATM.Jeeeees |-enees |-mrerees R A |--=eee |-=eeeee |-e-ee |-eoeee !
| RESID | | 5 | 38.5 | 38.5 | 0.1 ] 32.6 | -15.2 | 65.2 | 69.5]
I R B R Rt B R R R R !
! | | 30 | 38.0 | 56.8 | 49.4| 28.2 | -25.9 | 59.4 | 56.1 |
I |z======] |== |==s====s= |z====== |z==== =a=|===s==s I ===| I ===
CC/MAP : Chlorine Catalyst/Mild Alkylation Pretreatment
DHP : Liquefaction Solvent
Cold Lake atmospheric residuum : Co-Processing solvent
Reaction Gas : Hydrogen

Pressure : 1000 psig cold
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Trials which were suspected as outlying data points
were subjected to a one‘tailed t-test. Mean coal convefsion
was calculated without the suspect point, and the probabil-
ity of the conversion being less or equal than the suspect
point, given the '"new" mean conversion, was calculated. If
this probability was < 5 wt. %, then the suspect point was
not used in the estimate of the mean, and the '"new" mean
conversion was used.

A five factor analysis éf variance (ANOVA) was conducted
using reactivity runs for the untreated and the CC/MAP pre-
treated coals at all combinations of reactivity conditions
(Appendix B). It was found that the standard deviation
between repeated trials at any one set of conditions was +/-

4.3 wt. %.‘ This means that the amount of random error

o\

between trials for any set of conditions is +/- 4.3 wt;
Although only data from the untreated coal and chlorine
catalyst/mild alkylation treated coal éamples were used in
this analysis, it is assumed that the random error ‘calcu—
lated 1in the analysis of variance also applies to runs made
“using the Liotta and Sternberg treated coals.

All values used in the subsequent discussion of lique-
faction and co-processing reactivity experiments are taken

from mean values tabulated in Table IX.
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5. LIQUEFACTION REACTIVITY EXPERIMENTS

Prior to performing liquefaction experiments involving
pretreated coal samples, the baseline reactivity data for
untreated coal using dihydrophenanthrene (DHP) as a lique-
faction solvent was determined. 1In the following discus-
sion, the different combinations of liquefaction reactivity
conditions are divided intb two groups: low severity parame¥
ter combinationus (350 ©C) and high severity parameter
combinations (425 ©C). The individual contributions of coal
rank and reaction time are more easily observed at each
level of severity when this distinction is made.

Baseline reactivity data for both low and high severity
liquefaction of untreated coal is shown in Figure 3. At
both 1low and high severity conditions, coal conversion is a
function of coal rank, with bituminous coal (Illinois #6)
exhibiting a higher conversion to THF solubles than subbitu-
minous coal (Wyodak) for all combinations of time and tem-
perature. These results agree with other coal liquefaction
studies where bituminous coal was found to have a higher
baseline conversion than subbituminous coal.

At low severity liquefaction conditions reaction time is
an important factor,xmore than doubling the THF conversion
of both ranks of coal when the reaction time is increased

from 5 to 30 min. Conversion of Wyodak coal increases . from
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Under Liquefaction Conditions
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14,6 to 38.7 wt. % while conversion of the Illinois #6 coal
increases from 37.1 to 81.3 wt. %.

At high severity liquefaction conditions, Figure 3 shows
that the baseline coal conversions for the untreated coais
are higher for all coal fanks and reaction times when com-
pared to the conversions observed at low severity. The
conversion for the Wyodak coal increases from 65.4 to 87.9
wt. % as the reaction time is increased from 5 min to 30
min. The conversion for the Illinois #6 coal increases from
87.7 to 89.8 wt. % for the same corresponding increase in
reaction time. | |

This suggests that for high severity liquefaction wusing
DHP as‘ a solvent, the maximum attainable limit for conver-
sion is close to 90 wt. %. The high rank coal approaches
this conversicn limit after only 5 min of liquefaction time.
Increasing the liquefaction time beyond 5 min results in a
negligible increase in coal conversion. For the low rank
coal, the conversion attained in 5 min of reaction time is
65.4 wt. %. However, when the reaction time is increased to
30 min, cénversion of the low rank coal also approaches this

conversion limit of about 90%.

bt e e b et
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Effect Of Pretreatment On Liguefaction, Liotta Procedure
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oxygen functionalities which are converted to less polar
ether linkages, perhaps preventing the phenolic functionali-
ties from participating in'fetrogressive reactions. In a
model compound study, McMillen shoWed that hydroxyl coupling
reactions resulted in peroxide bond formation, hence gener-

ating reaction products which were highly refractory (5).
le""OH + RZ-OH > Rl-O"O"Rz + Hz

McMillen observed that these coupling reactions were
strongly promoted at 400 ©C. The formatioﬁ of these prod-
ucts can be considered representative of the rétrogressive
reactions observed in low rank coal under certain liquefac-
tion condifions. Even though 1low severity liquefaction
experiments were carried out at a lower temperature (350 ©C)
than the conditions used by McMillen (400 ©C), pretreatment
via oxygen alkylation may still result in a greater degree
of reactivity enhancement in the low rank coal by chemically
altering the coal functionalities which are prone to retro-
gressive reactions.

High severity liquefaction (425 ©C) of coal pretreated
with Liotta's procedure shows a lesser degree of reactivity
enhancement with respect to the untreated coal as compared

to low severity liquefaction (Figure §5). Liquefaction of
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Wyodak coal at 5 min reaction time was the only case where
a significant increase in reactilvity relative to the
untreated coal was observed with a 17.1% lncrease in conver-
sion. Within experimental error, the 30 min liquefaction of
Wyodak ana both 1liquefaction times of Illinois #6 coal
resulted in no coal reactivity enhancement.

This result can be attributed to the fact that at high
severity liquefaction conditions the coal conversion is
close to the attainable limit. Pretreatment of the feed
coal results in a negligible reactivity enhancement because
the maximum coal conversion has already been reached. The 5
min liguefaction of the Wyodak coal did result in a signifi-
cant reactivity increase because the untreated conversion of
65.4 wt. % was well below the point where the limit of con-

version is reached.

5.2 Reductive Alkylation Ligquefaction Experiments

Data for reactivity studies of coal pretreated using
Sternberg's reductive alkylation procedure are shown in
Figure 6 along with the baseline coal conversion for each
set of reaction conditions. Figure 7 shows the percent
increase in conversion for the pretreated coal with respect
to the untreated coal for the same sets of reaction condi-

tions.
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In Figure 7, low severity liquefaction (350 ©C) at a
reaction time of 5 min results in a 105.3% increase in con=~
version for Wyodak coal whilile 1Illinois #6 ocoal showsg an
increase Iin conversion of only 27.9%, For a reactlion time
of 36 min, low severity liquefaction of Wyodak results in a
67.2% 1increase in conversion while Illinois #6 coal shows
only a 2.3% inorease In conversion. For both reaction
times, Wyodak coal exhibits the greater percent increase in
conversion when compared to Illinols #6 cocal. The same
trend 1s observed at high severity liquefaction conditions
(425 ©C). At a reaction time of 5 min, the percent increase
in conversion for Wyodak coal (21.6%) is larger than the
percent change for Illinols #6 coal (-1.1%). At a reaction
time of 30 min, the ‘percent‘ increase in conversion for
Wyodak coal (2.4%) 1s greater than the percent increase in
conversion for Illinols #6 coal (-5.4%).

These trends indicate that Sternﬁerg's reductive alky-
lation imparts a higher degree of reactivity enhancement to
Wyodak coal than to Illinois #6 coal for all combineétions of
liquefaction reactivity conditions studied. Since reductive
alkylation occurs .at polar coal sites, resulting in a mild
but non-selective alkylation of the coal, the larger concen-
tration of oxygen functionalities in the Wyodak coal doesn't

account for the significantly higher degree of reactivity
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enhancement. Instéad, these trends may be due to the fact
that the untreated Wyodak coal has a lower inherent reactiv-
ity than 'that seen in the untreated 1Illinois #6 coal.
Because the untreated Wyodak coal has a loWer baseline con-
version than the untreated Illinois #6 coal, pretreatment of
both coals by the same non-selective method may result in a

mere significant reaotivity enhancement in the Wyodak coal.

5.3 Chlorine Catalyst/Mild Alkvlation ILiguefaction Exper-

iments

Liquefaction conversion data for coal samples pretreated
with the chlorine acatalyst/mild alkylation p;étreatment
procedure developed by Armstrong are shown in Figure 8. For
each combination of reaction conditions, the baseline con-
version for the untreated coal is also displayed. The per-
cent increase in convérsion for the pretreated coal compared
to the baseline conversion for the untreatedhcoal is shown
in Figure 9 for all combinations of reaction conditions.

Conversion data for low severity liguefaction conditions
(350 ©C) in Figure 9 indicate that, at both 5 and 30 min
reaction times, . Wyodak coal exhibits a larger percent
increase in conversion than Illinois #6 coal. This result
again suggests that the lower the baseline conversion of the

untreated coal, the more significant the liquefaction
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Effect Of Pretreatment On Liquefaction, CC/MAP Procedure
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- enhancement due to the pretreatment process.

For both Wyodak and Illinois #6‘ coal, the perceﬁt‘
increase in conversion is larger at 5 min reaction time than
at 30 min reaction time. This non-linear increase in éon—
version could be considered a catalytic effect where the
activity of HCl catalyst at short reaction times results in
an a high degree of initial reactivity enhancement which is
obscured at longer reaction times.

Runs at high severity liquefaction‘conditions (425 ©c)
indicate that only Wyodak coal at the 5 min reaction time
exhibits a significant increase in reactivity enhancement,
with a 26.2% increase in conversion“over the untreated base-
line conversion. Within experimental error, conversion
levéls in the other three reaction combinations are identi-
~cal. This result indicates that under high severity 1lique-
‘faction conditions, coal pretreatment imparts no reactivity
enﬁancement because coal conversion is already nearly maxim~

ized.

6. CO-PROCESSING REACTIVITY EXPERIMENTS

Conversion to THF soluble products was determined for
the untreated coal to determine the baseline coal conversion
for each combination of co-processing reaction conditions.

Mildly hydrotreated Cold Lake atmospheric residuum was used



56

as the co-processing solvent 1in all experiments. In the
following diécussion,‘ the different combinations of co-
processing reactivit9 experiments are di?ided into low and
high severity (350 ©C and 425 ©C) conditions so that the
effect of reaction time and coal rank upon reactivity can be
more easily appraised at each level of ,severity.

Figure iO shows the baseline coal conversion for each
combination of 1low and high severity reaction conditions.
For the low severity baseline conversions, the 5 min reac-
tion time resulted 1in a negative coal conversion for both
Wyodak and Illinois #6 coals. These negative conversions
may be attributed to adduction of the co-processing solvent
into the primary 1iquefaction‘products, forming high molecu-
lar weight coal/solvent adducts that are insoluble in THF.
This results in a mass gain for the THF insoluble products.
As the reaction time is increased to 30 min, negative coal
conversions are no longer observed. The low rank coal‘shOWS
a baseline conversion of 15.0 wt. % while the high rank coal
shows a baseline conversion of 28.7 wt. %. This trend of
increased baseline conversion in the bituminous coal over
the subbituminous coal has been observed in numerous lique-
faction studies.

At high severity co-processing conditions (425 ©c),

solvent incorporation does not appear to be a significant
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is 28.4 wt. % for a reaction time of 5 min, and 69.3 wt.
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factor. The baseline conversion for untreated Wyodak coal

o\°

for a reactlon time of 30 min. This indicates that for low
rank coals, reactivity is étill significant at longer reac-
tion times, where the conversion increases as a function of
time. The bhaseline conversions for untreated 1Illinois 6
coal ‘are identical within experimental error for both the 5
and 30 min feaction times (38.5 wt. %, 38.0 wt. %).
Although no evidence exists, speculation suggests that coal
reactivity at longer reaction times for the high rank coal
may be offset by solvent-coal reactions which could be pro-
moted by the highef severity co-processing conditions. The
result is Ehat increases in coal conversion due to the
higher severity and longer reaction time may be offset by
solvent-coal adduction reactions which become more pro-
nounced at longer reaction times, adding mass to the THF

insoluble portion of the reaction products.

6.1 Oxygen Alkvlation Co-Processing Experiments

Co-processing conversion data for coal pretreated using
Liotta's oxygen alkylation method are shown in Figure 11 for
each combination of reaction conditions. The percent
increase in conversion with respect to the baseline conver-

sion for each combination is shown in Figure 12. At low
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severity co-processing conditiﬁns (350°C) solvent incorpora-
tion 1s significant for béth coals at the 5 min reaction
time. Coal pretreatment enhances the solvent incorporation
effect, further decreasing coal conversion for both Wyodak
and Illinoils #6 coals. At 30 min reaction time, Wyodak coal
exhibits a large conversion increase indicating that pre-
treatment does result in a significant coal _reactivity
enhancement. Co-processing of Illinois #6 coal at the 30
min reacpion time resulted in a 63.3% decrease in conver-
sion, suggesting that pretreatment enhances the solvent
incorporation tendency of the system at longer reaction
times.

High severity co-processing (425 ©C) of Wyodak coal
resulted in a significant increase in reactivity enhancement
at a reaction time of 5 min, but negligible reactivity
enhancement at 30 min. This suggests that, at shorter reac-
tion times, coal pretreatment is beneficial to coal conver-
sion, but at longer reaction times the high severity condi-
tions are sufficient to maximize coal conversion, without
the aid of the pretreatment. For both 5 and 30 min reaction
times, Illinois #6 coal showed a percent decrease in conver-
sion.  This indicates that pretreatment of Illinois #6 coal
is counterproductive at high severity where retrogressive

reactions may be enhanced by the pretreatment process.
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6.2 Reductive Alkylation Co-Processing Experiments

Coal conversion data for coal pretreated via Sternberg's
reductive alkylation process are shown in Figure 13. Base-
line conversilon for co-processing of untreated coal is also
included in this Figure at each combination of reaction
conditions. The percent increase in conversion with respect
to the unfreated coal at each combination of reaction condi-
tions is shown in Figure 14. At low severity reaction con-
ditions (350 ©c), alkylation of Wyodak coal results in an
increase 1in reactivity enhancemeﬁt at reaction times of both
5 and 30 ‘min (Figure 13). Alkylation of Illinois #6 coal
results in a similar increase in reactivity enhancement for
both reaction times. Although the Illinois #6 coal achieves
a higher ultimate conversion of 40.4 wt. %, Wyodak coal has
a lower baseline coéi conversion, resulting in a 118.9%
increase in conversion while Illinois #6 coal showed only a
40.8% increase in coal conversion (Figure 14).

High severity co-processing (425 ©Q) of Wyodak coal
resulted in a significant increase in reactivity enhancement
at 5 min reaction time, but a slight decrease in reactivity
enhancement at 30 min reaction time. Once again, the pre-
treatment process is most beneficial in situations where the
baseline coal conversion is low. For 5 and 30 min co-

processing experiments using Illinois #6 coal, increases in
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conversion of 69.5% and 56.1% were observed. This indicates
that for these particular co-processing conditions, reduc-
tive alkylation results in a significant increase in reac-
tivity enhancement as reflected in the inorease in coal

conversion to THF solubles.

6.3 Chlorine Catalyst/Mild Alkylation Co-Processing Exper-

iments

Co-processing reactivity experiments using coal samples

pretreated with the chlorine catalyst/mild alkylation pre-
treatment developed by Armstrong (4) are shown in Figure 15.
Baseline conversion of untreated coal at each combination of
reaction conditions are also shown fof comparison. The
percent increase in treated coal conversion with respect to
the baseline conversion for each combination of reacticy
conditions is shown in Figure 16. At low severity co-
processing conditions (350 ©c) Wyodak coal shows a modest
increase in conversion at both 5 and 30 min reaction times.
Illinoils #6 coal also showed modest increases in conversion
at 5 and 30 min reaction times. In Figure 16, the percent
increase in conversion for Wyodak at 30 min is higher that
the value for Illinois #6 at 30 min because Wyodak has a
lower baseline coal conversion. Percent increases for the 5

min reaction times were omitted in Figure 16 because of
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solvent incorporation in baseline conversions.

At‘-highk severity co-processing conditions (425 ©c)
Wyodak coal showed a 37.2% increase in conversion at a reac-
tion time of 5 min, but a 14.7% decrease in conversion at
30 min reaction time. Pretreatment a£ the shorter reaction
time enhances coal reactivity but at longer reaction times,
the(small amount of alkylation which occurs during pretreat-
ment may promote retrogressive coal-solvent interactions.
At the 5 min reaction time, pretreatment of Illinois #6 coal
. shows no enhancement 1in coal reactivity, while at 30 min
reaction time a 49.4% increase in conversion 1is observed.
This may be due to a lesser tendency for the high rank coal

to undergo retrogressive reactions after pretreatment.

7. OPTIMIZATION OF LIQUEFACTION CONDITIONS

High se&erity conditions are normally utilized in coal
liquefaction processes because baseline coal conversion
increases with increasing temperature. Low severity liquef
faction conditions, coupled with pretreatment for réactivity
enhancement, can be beneficial for coal 1liquefaction pro-
cesses. This 1is because the most significant increase in
reactivity enhancement due to coal pretreatment océﬁfs‘ at
low temperature, as shown in this thesis. This effect how-

ever, decreases with increasing temperature. These two
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opposing trends were observed for all combinations of pre-
”treatment,‘cbal rank, and reaction time, as shown in Figure
17 for Liotta pretreated coal liquefied for 30 min.

Becéuse low temperature favors reactivity enhancement
"while high temperature favors high ultimate conversion, the
most economically effective enhancement in reactivity will
occur at some intermediate temperature, where boﬁh effects
are significant. The determination of this optimal tempera-
ture could be made by measuriﬁg conversion data at a number
of temperature levels between the two extremes utilized in
this study. A diagram such as that shown in Figure 1é could
then be constructed for each coal and pretreatmént cdmbina-.
tion in order to locate the optimum temperature. Repegted
liguefaction experiments where coal, pretreatment method,
and reaction time are held constant while reaction tempera-
ture is varied would provide the data necessary to construct
such a diagram. In the diagram, the intersection of the two
curves represents the optimal temperature where the baseline
coal conversion is maximized while the percent increase 1in
conversion due to coal pretreatment is still significant for
this combination of reactivity parameters. Optimization of
the temperature in this manner results in maximization of
the reactivity enhancement of the pretreatment process while

still maintaining the first stage coal dissolution tempera-
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ture at a sufficiently low value to avoid regressive reac-

tions and excessive hydrocarbon gas make.
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CONCLUSIONS

The objective of this research program was to investi-
gate the effect of selective pretreatment methods upon coal
reactivity at different 1liquefaction and co-processing
conditions. Thg conclusions which can be drawn from this

thesis are:

1. The chlorine catalyst/mild alkylation pretreatment
method developed by Armstrong slightly alkylates the coal
and incorporates a small, but significant amount of chlo-
rine into the coal structure. Reactivity enhancement seen
for this pretreatment method is a combination of the effect

of alkylation with catalysis caused by the added chlorine.

2. Wyodak coal shows the greatest increase in reactivity
enhancement as measured by conversion to THF soluble prod-
ucts under liquefaction conditions for all reaction times,

reaction temperatures, and pretreatment methods.

3. The effect of coal pretreatment on reactivity is less
significant at high severity (425 ©C) 1liquefaction condi-
tions, where "high wultimate coal conversions are observed

prior to any pretreatment. Baseline coal conversion to THF
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solubles increases with 1increasing temperature, but the
enhancement in reactivity due to pretreatment decreases
with increasing temperature. Determination of an optimum
reactivity temperature between the two temperature extremes
could result in a maximization of reactivity enhancement
for‘the pretreatment process while still maintaining ‘a

significant baseline coal conversion.

4. Co-processing of coal in Cold Lake atmospheric residuum
at low severity and shoft reaction times (5 min) resu;ts in
significant coal-oil adduct formation which prevents the
effects of coal pretreatment upon reactivity from being

observed.

5. Low severity co-processing of Wyodak coal shows a
greater increase in THF coal conversion than 1Illinois #6
coal for all pretreatment methods at the 30 min reaction

time.

6. Reductive alkylation results in the greatest percent
increase in reactivity enhancement for both high and low
rank coals which are co-processed for 30 min at low sever-

ity conditions.
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7. For all pretreatment methods, high severity co-
processing of Wyodak coal results in a significant enhance-
ment in THF converslon at a reaction time of 5 min, but no

significant enhancement at a reaction time of 30 min.

8. Reductive alkylation was the only pretreatment which
showed a significant increase in the high severity co-
processing reactivity of Illinois #6 coal at both 5 and 30

min reaction times.
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RECOMMENDATIONS

Based upon the work that has been completed in this
thesis, the following areas of liquefaction/co-processing

work are recommended for further study:

1. More detalled investigation of coal pretreated with the
chlorine catalyst/mild alkylation procedure should be
undertaken to determine the relative importance of alkyla-

tion and chlorine deposition upon reactivity enhancement.

2. Additional co-processing solvents should be selected
for use in reactivity experiments so that potential sol-

vent-pretréatment interactions can be studied.

3. Second stage‘reactivity experiments under co-processing
conditions would indicate the degree to which coal pre-
treatment enhances the yield of distillable material in

two stage processes.

4, Liquefaction experiments at intermediate temperatures
would determine the optimal reaction severity in a coal-
pretreatment system that shows significant reactivity

enhancements.
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TABLE A-2

Reactlvity Runs For Untreated Wyodak Coal

WYODAK COAL FRACTION
INTRINSIC ADJUSTED ADJUSTED
MF COAL FRACTION GRAMS ASH MAF COAL MF THF MAF THF THF INSOLS MAF COAL THF COAL MEAN

RUN  IN  ASH IN N (N INSOL OUT [NSOL OUT [N FEED (N CONV.  CONV.
# (g) (9) tg) (9 (g) COAL (g) Cw) (%)
66 0,996 0.0877 0.0873  0.9083  0.8600 0.7727 0.9837  0.8935 13.5 14,6
115 0.9483 0,0877 0.0832 0.8651 0.8000 0.7168 0.9837  0.8510 15.8

48 0,9858 10,0877 0.0865 0.8993 0,6200 0.5335 0.9837  0.8847 39.7 38,7
117 0.9579 0.0877 0.0840 0.8739 0.6200 0.5360 0.9837 0.8596 37.6

70 0.4831 0.0877 0.0424  0.4407 0,2000 0,1576 0.9837 0.4335 63,6  65.4
83 0.9495 0,0877 0.0833 0.8662 10,3700 0.2867 0.9837 0.8521 66.4
119 0.9483 0,0877 0.0832 0.8651 0,3700 0.2868 0.9837 0.8510 66.3
85 0.9788 0,0877 - 0.0858 0.8930 0,1900 0.1042 0.9837 0.8784 as.1 87.9
121 1.0064 0,0877 0.0883 0.9181 0.2000 0.1117‘ 0.9837  0.9032 87.6
56 0.9759 0.0877 0.0856 0.8903 0,9600 0;8744 0.9837 0.8758 0.2 -0.2
58 0.9858 0.0877 0.0865 0.8993 0,9600 0.8735 0.9837 0.8847 1.3
129 0.9579 10,0877 0.0840 0.8739 0.8900 0.8060 0.9837 0.8596 6.2
132 0,9340 0.0877 0.0819 0.8521 0,9900 0.9081 0.9837 0.8382 -8.3
59 0.9759¢ 10,0877 0.0856 0.8903 0.8300 0.7444 0.9837 0.8758 15.0 15,0
127 0.9870 0,0877 0.0866 0.9004 0,8400 0.7534 0.9837 0.8858 14.9
61 0.9858 0.0877 0.0865 0.8993 0,7200 0.6335 0.9837 0.8847 28,4 28.4
87 0.9396 10,0877 0.0824 0.8572 10,6700 0.5876 0.9837 0.8432 30.3
123* 0,9773 0,0877 0.0857 0.8916 0,6500 0,5643 0.9837 0.8771 35.7
135 0.9247 0.0877 0.0811 0.8436 10,6900 0.6089 0.9837 0.8299 26.6
137 0.9247 0.0877 0.0811 0.8436 0.3700 0.2889 0.9837 0.8299 69.3

141 0,7747 0,0877 0.0679 0.7068 0.3300 0.2621 0.9837 0.6952
142 0,9587 0.,0877 0.0841 0.8746 10,3100 0.2259 0.9837 0.8604
125 0.9579 0.0877 0.0840 0,8739 0.2900 0,2060 0.9837 0.8596
63% 0.9660 0,0877 0.0847 0.8813 0.4500 0,3653 0.9837 0.8669

m\laoox
~N O N
O O N W

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION




TABLE A~3

Reactivity Runs For Untreated Illinols $#6 Coal

ILLINOIS #6 COAL

FRACT [ON
INTRINSIC

MF COAL FRACTION GRAMS ASH MAF COAL MF THF MAF THF THF INSOLS

RUN IN ASH IN IN IN INSOL QUT [NsoL ouTt
#C9) (9) (9) (g) (g)

48 0.9500 0.1548 0.1471 0.8029 0.6000 0.4529
75 0.9976 0.1548 0.1544 0.8432 0.6200 0.4656
96 1.0082 0.1548 0.1561 0.8521 0,6200 0.4639

50 0,9400 0.1548 0,1455 0.7945 0.2700 0.1245
98 0.9982 0.1548 - 0.1545 0.8437 0.,3000 0.1455

52 0.9419 0.1548 0.1458 0.7961 0.2300 0.0842
100 1.0082 0.1548 0.1561 0.8521 0.2500 0.0939

54 0.9500 0.1548 0.1471 0.8029 0.2200 0.0729
102 0,9982 0.1548 0.1545 0.8437 0,2300 0.0755

39 1.0200 0.1548  0.1579 0.8621 0.9300  0.7721
106 0.9982 0.1548  0.1545 0.8437 0.9000  0.7455

41 1,0000 0.1548 0.1548 0.8452  0.6900 0.5352
107 1.0282 0.1548 0,1592 0.8690 0.7000 0.5408

43% 0.9600 0.1548 0.1486 0.8114 0.5100 0.3614
77 0.9776 0.1548 0.1513 0.8263 0.5900 0.4387
95 1.0000 0.1548 0.1548 0.8452 0.6100 0.4552

109 1.0082 0.1548 0.1561  0.8521 0.4300 0.4739

47 0.9976 0.1548 0.1544 0.8432 0.6000 0,4456
79 0.9976 0.1548 0.1544 0.8432 0.6300 0.4756
111 1.0082 0.1548 0.1561 0.8521 0.6200 0,4639

IN FEED
COAL
0.8807
0.8807
0.8807

0.8807 .

0.8807

0.8807
0.8807

0.8807
0.8807

0.8807
0.8807

0.8807
0.8807

0.8807
0.8807
0.8807
0.8807

0.8807
0.8807
0.8807

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION

ADJUSTED ADJUSTED
MAF COAL THF COAL

IN
(g
0.7071
0.7426
0.7505

0.6997
0.7430

0.7011
0.7505

0.7071
0.7430

0.7593
0.7430

0.7444
0.7654

0.7146
0.7277
0.7444
0.7505

0.7426
0.7426
0.7505

CONV,
(%)

nnnnn

81

MEAN
CONV.
%)

TEEER]

3741

81.3

8r.7

89.8

-1.0

28.7

38.5

38.0



TABLE A-4
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Reactidn Conditions Reference For Liotta Pretreated Coals

€3 68 68 66 oo so 00 oo o8 o8 oo

.. .5

SOLVEN

TITEMP :TIME :--==s-—mmmmmmmmmmme :

COAL :
: :deg C: min : RUN NUMBER OF :
: : : tREACTIVITY EXPERIMENT:
: : : 5 N1 :
: ¢ 350 t====- T :
. : ¢ 30 :N2 N3 :
¢ DHP (===~ o otttk o :
: : : 5 N4
: P 425 (e===m s e e e e —————— :
: : ¢ 30 :N5 :
WYODAK :======- HE o ——— e e e e —————— :
: : : 5 :Né
¢ COLD : 350 (===== e ———— e —————————
: LAKE : : 30 :N7 N1O :
¢ ATM., i-==—=i--——- bbb :
: RESID : : 5 :N8 :
: P 425 (m———— $ e e e e o :
: : : 30 :N9 :
: : : 5 :134 :
: $ 350 (===—= e —————— :
HE : ¢+ 30 :99 :
¢ DHP t(===meiceea- e, e —————
: : : 5 :101 :
: ! 425 (=—=———- I e ———— :
ILL. : : : 30 103 :
#6 tmmm———— te———- m———- e - :
: : : 5 105 106 :
: COLD : 350 (==—== e e :
¢ LAKE : ¢ 30 :108 :
: ATM. fm———— P ——— I e ————
¢ RESID : . : 5 :110 :
: : 425 i=--—- P e -
: : 30 :112 :



' TABLE A-5

Reactivity Runs For

WYODAK COAL

RUN
#

N

N2
N3

N4
N5
N6

N7
N10

N8

N9

MF COAL FRACTION GRAMS ASH MAF COAL

IN ASH IN

1.0100 0.0656

1.0100 0.0656
1.0100 0.0656

0.9900 0.0656

©1.0300 0.0656

1.0200 0.0656

1.0300 0.0656

1.0400 0.0656

1.0700 0.0656

1.1200 0.0656

IN

0.,0663
0.0663

0.0649

0.0676

0.0669

0.0676

0.0682

0.0702

0.0735

IN

0.9437
0.9437

0.9251

0.9624

0.9531

0.9624
0.9718

0.9998

1.0465

Liotta Pretreated Wyodak Coal

MF THF MAF THF
INSOL OUT INSOL oUT
(g) (g
0.6200 0.5537
0.4200 0.3537
0.4700 0.4037
0.2500 0.1851
0.1600 0.0924
0.9100 0.8431
0.6900 0.6224
0.6400 0.5718
0.5100 0.4398
0.3300 0.2565

FRACTION
INTRINSIC
THF INSOLE
IN FEED
COAL

0.8641

0.8641
0.8641

0.8641

0.8641

0.8641

0.8641
0.8641

0.8641

0.86471

ADJUSTED ADJUSTED

MAF COAL
IN

.....

0.8155
0.8155

0.7993

0.8316

0.8236

0.8316
0.8397

0.8639

0.9043

THF COAL
CONV.
(%)

83

76.8
88.9
-2.4

28.5

49.1

7.6



TABLE A-6

84

Reactivity Runs For Liotta Pretreated Illinois #6 Coal

ILLINOIS #6 COAL FRACTION
INTRINSIC ADJUSTED
MF COAL FRACTION GRAMS ASH MAF COAL MF THF MAF THE THF INSOLS MAF COAL
RUN IN ASH IN IN IN INSOL OUT INSOL QUT  IN FEED IN
# (g) (9) (g) (g) (g) COAL (g

T 0.962 0.14%  0.1380 0.8264 0470  0.3%0 07468  0.6157
99  0.9922 0.1434 0.1423 0.8499  0.2400 0.0977 0.7468 0.6347
101 0.9823 0.1434 0.1409 0.8414 0.2100 0.0691 0.7468 0.6284
103 0.9922 0.1434 0.1423  0.8499  0.2000 0.0577 0.7468 0.6347

105 0.9823 0.1434 0.1409 0.8414  0.8900 0.7491 0.7468 0.6284
106 0.9922 0.1434 0.1423 0.8499 0.8900 0.7477 0.7468 0.6347

108 0.9128 0.1434 0.1309 0.7819 0.6700 0.5391 0.7468 0.5839
N262 1.0086 0,1434 0.1446 0.8640 0.7300 0.5854 0.7468 0.6452
N263 1.0885 0.1434 0.1561 0.9324  0.7500 0.5939 0.7468 0.6963
110 0.9922 0.1434 0.i423 0.8499 0.5700 0.4277 0.7468 0.6347

112 1.0616 0.1434  0.1522 0,909 0.6400  0.4878  0.7468  0.6791

ADJUSTED
THF COAL
CONV.
%)

89.0

90.9

-19.2
-17.8

32.6

28.2

89.0
90.9

-18.5 '

10.6

32.6

28.2



TABLE A-7

Reaction Conditions Reference For Sternberg Pretreated

¢ COAL :SOLVENT:TEMP :TIME §=m=me—meee e :
: : tdeg C: min : RUN NUMBER OF :
: : : : tREACTIVITY EXPERIMENT:
: : : ¢ 5 :155 163 183 184 207
: : : 350 j===-- P e ——— :
: : : : 30 :153 185 205 :
2 ¢ DHP i===-- o e e ————— :
: : : : 5 :157 189 208 :
: : P 425 immmme e
: : : ¢ 30 :159 187 :
WYODAK i====-—- Pmmm— O e T e e s — - :
: : : : 5 :156 164 :
: : COLD : 350 t=====- e —— . ——————— :
: : ILAKE : $: 30 :154 186 206 :
: ¢ ATM.,  (===-- mm——— T e e - :
: ¢ RESID : : 5 :158 190 209 :
: : ¢ 425 1----- P e -}
: : : : 30 :160 188 :
: : : : 5 :154 180 :
: : P 350 temmmml r e e g
: : : : 30 :178 184 :
: ¢ DHP (==w——- P — e e et e e e :
: : : : 5 149 :
: : P 425 te--=- e e ————— :
: ILL. : : : 30 :151 :
: #6 Pmmm———— {m———— $mm———- o e e :
: : : : 5 :148 181 :
: : COLD : 350 :t=—m==- e e :
: : LAKE ¢ 30 :147 162 174 175 179 :

¢ ATM. :----- P e e :

: RESID : : 5 150 173 183 :

: : 425 (=---- e e - :

: : s 30 152 161 176 177 182 :

85

- Coals



WYOD

RUN
#
155
163
183
184
207

153*
185
205

157
189
208

159
187

156
164

154
186
206

158*
190
209

160
188

TABLE A-8

86

Reactivity Runs For Sternberg Pretreated Wyodak Coal

AK COAL

MF COAL
IN
(g9
0.9362
0.7899
0.7800
1.0101
0.8796

0.8874
0.9906
0.8015

0.8777
0.9615
0.8894

0.8679
0.9518

0.8777
0.7704

0.9069
0.9906
0.8992

0.8972
0.9712
0.8796

0.8972
0.9809

FRACTION GRAMS ASH MAF COAL MF THF
ASH IN

0.
0.
0.

0.
0.
0.

0.
0.

0.
.1268

0

o

0.
0.
0.

0.
0.

1268
1268
1268

1268
1268
1268

1268
1268

1268

.1268
.1268
.1268

1268
1268
1268

1268
1268

IN

0.1281

0.1115

0.1125
0.1256
0.1016

0.1113
0.1219
0.1128

0.1100
0.1207

0.1113
6.0977

0.1150
0.1256
0.1140

0.1138
0.1231
0.1115

0.1138
0.1244

0.
0.

0.
0.
0.

0.
0.
0.

0.
0.
0.
6727

0

IN

8820

7681

7749
8650
6999
7664
8396
7766

7579
831

7664

7919
.8650
.7852

.7834
.8481
.7681%

.7834
.8565

(9)

0.5200
0.4300
0.3500

0.3000
0.2600
0.2700

0.1800
0.2100

0.7900
0.7100

0.7200
0.6300
0.6400

0.5800
0.4700
0.4200

0.4100
0.4300

INSOL OUT INSOL OUT

(g9)
0.5413
0.5598
0.2311
0.4919
0.5885

0.4075
0.3044
0.2484

- 0.1887
0.1381
0.1572

0.0700
0.0893

0.6787
0.6123

0.6050
0.5044

0.5260 .

0.4662
0.3469
0.3085

0.2962
0.3056

FRACT1ON
INTRINSIC

MAF THF THF INSOLS

IN FEED
COAL
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000

1.0000
1.0000
1.0000

1.0000
1.0000

1.0000
1.0000

1.0000
1.0000
1.0000

1.0000
1.0000
1.0000

1.0000
1.0000

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION

ADJUSTED ADJUSTED
MAF COAL THF COAL

IN
(g)
0.8175
0.6897
0.6811
0.8820
0.7681

0.7749
0.8650
0.6999

0.7664
0.8396

0.7766

0.7579
0.8311

0.7664
0.6727

- 0.7919
0.8650
0.7852

0.7834
0.8481
0.7681

0.7834
0.8565

CONV.
%)

75.4
83.6
79.8

90.8
89.3

64.7

79.6

90.0

10.2

32.8

59.5

63.3
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TABLE A-9
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Reactivity Runs For Sternberg Pretreated Illinois #6 Coal

'

ILLINOIS #6 COAL o FRACT1ON
« iwu\?f" R INTRINSIC

MF COAL FRACTION GRAMS ASH MAF &hai; METHF | MAF THF THF INSOLS

RUN  IN  ASH IN IN IN YﬁéGL'OdT!INSOL»DUY IN FEED

# Cg)y gy (g) (9) (g) COAL

143 0.9746 0.1487  0.1449 0.8297  0.5300 0.3851 0.9352

180 0.7801 0.1487 0.1160  0.6641 0.4600 0.3440 0.9352

146 0.9746 0.1487 0.1449 ° 0.8297 ' 0.2700 0.1251 0.9352
178 0.8000 0.1487 0.1190 0.4810 0.2300 0.1110 0.9352

149 0;9845 0.1487 0.1464 0.8381 0.2500 0.103% 0.9352
151 1.0041 0.1487 0.1493  0.8548 0.2700 0.1207 0.9352

148 0.9647 0.1487 0.1435 0.8212 0.8400 0.6965 0.9352
181 0.8000 0.1487 0.1190 0.6810 0.6700 0.5510 0.9352

147 1.0140 0.1487 0.1508 0.8632 0.5500 0.3992 0.9352
162 0.7875 0.1487 0.1171  0.6704 0.5700 0.4529 0.9352
174 0.9800 0.1487 0.1457 0.8343  0.6000 0.4543 0.9352
175 1.0600 0.1487 0.1576 0.9024  0.6300 0.4724 0.9352
179 0.8100 0.1487 0.1204 0.6896 0.5200 0.3996 0.9352

150* 0.9844 0.1487 0.1464 0.8380 0.5500 0.4036 0.9352
173 0.9800 0.1487 0.1457 0.8343 0.4200 = 0.2743 0.9352
183 0.7801 0.1487 0.1160 0.6641 0.3300 0.2140 0.9352

152 0.9647 0.1487 . 0.1435 0.8212 0.5500 0.4065 0.9352
161 0.7875 0.1487 0.1171  0.67046 0.2900 0.1729 0.9352
176 0.9600 0.1487 0.1428 0.8172 0.4200 0.2772 0.9352
177 1.0101 0.1487 0.1502 0.8599 0.5400° 0.3898 0.9352
182 0.8000 0.1487 0.1190 0.6810 0.3600 0.2410 0.9352

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION

ADJUSTED
MAF COAL
IN
(g)
0.7759
0.6211

0.7759
0.6369

0.7338

0.7994

0.7680
0.6369

0.8073
0.6270
0.7802
0.8439
0.6449

0.7837
0.7802
0.6211

0.7680
0.6270
0.7643
0.8042
0.6369

ADJUSTED
THF COAL
CONV.
(%)

50.5
27.8
41.8
44.0
38.0

48.5
64.8
65.5

47.1
72.4
63.7
51.5
62.2

86.8

84.9

40.4

59.4



TABLE A-10
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Reaction Conditions Reference For CC/MAP Pretreated Coals

O o o it ot war G - ——

COAL :SOLVENT TEMP :TIME : :
: :deg C: min : RUN NUMBER OF :

: : : .REACTIVITY EXPERIMENT

: : Tt 5 167 201 :

: : 350 (===m- e ———————— :

: : ¢ 30 :69 199 :

¢ DHP i(-====- e o e e ———— :

: ‘ : + 5 71 84 93 :

: P 425 te--m- e ————— :

: : : 30 :86 203 :
:WYODAK (======—- mm—— e it ki :
: : ¢ 5 157 202 :

¢ COLD : 350 i==e===i==—mmrmcecccceccce———— :

¢ LAKE : ¢ 30 :60 200 :

! ATM, te-mom=ime——- e -

¢ RESID : ¢ 5 162 65 88 94 :

: ! 425 l--=-=- e :

: : ¢ 30 :64 204 :

: : t+ 5 :49 76 :

: ¢! 350 1=me—- e ——————— :

: : ¢ 30 51 191 :

¢t DHP i-=w=-= Pem——— e ——————— :

: : : 5 :53 194 :

: P 425 tem=m- o e ——————— :

ILL. : ¢ 30 (55 195 :
#6 (e ————— {m—— e — - ——-————— e :
: : ¢ 5 :40 193 196 197 :

¢ COLD : 350 i====-- m e ——————

¢+ LAKE ¢ 30 :42 192 :

¢ ATM. (=-===-- e e ————— :

: RESID ¢ 5 144 78 113 :

: P425 lemmmm e e :

: : 30 46 80 114 :




WYODAK
MF

RUN
#o
67 0.
201 0.
69 0.
199 0.
7o
8 0.
93 0.
86 . 0.
203 0.
202 0.
57 0.
60 0.

200
62 0
65 0
88 0
9% 0
6 0

204 0.

o

TABLE A-11

Reactivity Runs for CC/MAP Pretreated Wyodak Coal

COAL

COAL
IN

“ew

L9566
.9566
7768
L7844

L9374

9814

FRACTION GRAMS ASH MAF COAL MF THF
INSOL ouT [NsOL ouT

ASH IN

0.0783
0,0783

0.0783
0.0783

0.0783
0.0783
0.0783

0.0783
0.0783

0.0783
0.0783

0.0783
0.0783

0.0783
0.0783

0.0783

0.0783

0.0783
0.0783

IN
(g

.....

0.0764

0.0761

0.0375
0.0739

0.0375
0.0751
0.0614

0.0683
0.0769

0.0731
0.0749

© 0.0749

0.0746

0.0749
0.0749
0.0608
0.0614

0.0734
0.0768

IN

(9)

MAF THF

(g)
0.6436
0.6139

0.2125
0.3761

0.1125
0.1249
0.0686

0.0917
0.0731

0.7669
0.7851

0.6751
0.6454

0.4151
0.5951
0.4192
0.4086

0.3466
0.3332

FRACTION

INTRINSIC ADJUSTED ADJUSTED
THF INSOLS MAF COAL

IN FEED
COAL

-----

IN
(9

0.4151
0.8187

0.4151

" 0.8322

0.6806

0.7572
0.8517

0.8105
0.8300

0.8300
0.8270

0.8300
0.8300
0.6740
0.6806

0.8134
0.8515

THF COAL
CONV,
€ %)

72.9
85.0
89.9

50.0
28.3
37.8
40.0

57.4
60.9

89

MEAN
CONV.
(%

-----

89.7

5.4

20.3

39.0

59.1
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‘TABLE A-12
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Reactivity Runs For CC/MAP Pretreated Illinols #6 Coal

ILLINOIS #6 COAL FRACTION
. INTRINSIC ADJUSTED ADJUSTED
MF COAL FRACTION GRAMS ASH MAF COAL MF THF MAF THF THF INSOLS MAF COAL THF COAL

RUN  IN  ASH IN IN . IN  INSOL OUT INSOL OUT  IN FEED IN CONV.
#oCg9) gy gy (9) (g COAL (g) %)
49 0.9424 0.1590 0.1498  0.7926 0.5000 0.3502 0.8828 0.6997 50.0
76 .0.9699 0.1590 0.1542 0.8157  0.5400 0.3858 0.8828 0.7201 46.4

© 51 0.9225 0.1590 0.1467 0.7758  0.2500 0.1033 0.8828 0.6849 84.9
191 0.9718 0.1590 0.1545 0.8173 0.2400 -0,0855 0.8828 0.7215 88.2
53 0.9621 10,1550 0.1530 0.8091 0.230Q0 0.0770 0.8828 0.7143 89.2
194 0.9912 0.1590 0.1576 0.8336 0.2100 0.0524 0.8828  0.7359 92.9
55 1.0019 0.1590 0.1593  0.8426 0.2600 0.1007 0.8828 0,7438 86.5
195 0.9718 0.15%90 0.1545 0.8173 0.2300 0.0755 0.8828 0.7215 89.5
40 0.9423 0.1590 0.1498  0.7925 0.8600 0.7102 0.8828  0.6996 1.5
193 0.9718 0.1590 0.1545 0.8173 0.7700 0.6155 0.8828 0.7215 14.7
196 0.9815 0.1590 0.1561 0.8254 0.8300 0.6739 0.8828 0.7287 7.5
197 1.0035 0.1590 0.1596 0.8439 0.8500 0.6904 0.8828 0,7450 7.3
42 0.9225 10,1590 0.1467 0.7758  0.6100 0.4633 0.8828  0,6849 32.4
192 0.9718 0.1590 0.1545 0.8173 0.6100 0.4555 0.8828 0.7215 36.9
44 0.9225 0.1590  0.1467 0.7758 0.5700 0.4233 0.8828 0.6849 38.2
78* 0.9699 0.1590 0.1542  0.8157  0.6800 0.5258 n.8828  0.7201 27.0
113 0.9455 10,1590 0.1503  0.7952  0.5800 0.4297 0.8828  0,7020 38.8
46 0.9424 0.1590 0.1498  0.7926  0.4500 0.3002 0.8828  0.6997 57.1
80 1.0000 0.1590 0.1590  0.8410 0,5000 0.3410 0.8828  0,7424 54.1
114 0.9552 0.1590 0.1519  0.8033  0.4400 0.2881 0.8828  0,7092 59.4

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION

86.5

88.0

7.0

34.6

38.5

56.8
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Fe=m

TABLE B-1

Five Factor Analysis Of Variance

I

TREATHENT Low HiGH ERROR > 605.2 32 18.91
..... ) LI LEREY SanaNmn ganouman

A = COAL (1) WYODAK . (A)Y ILL, #6 TOTAL > 57321 58254

B = SOLVENT (1) COLD LAKE (B) DHP '

C = TEMP (1) 350 ¢ (C) 425 C STD DEV OF RUNS 4.3 %

D = TIME (1) 5 MIN (D) 30 MIN ‘

E = TREAT (1) UNTREATED (E) CC/MAP DEQ

SUM OF OF MEAN
- COMBO RUN 1 RUN 2 TOTAL 1 (2) (3) (4) (5) SQUARES FR SQUARE

........................................................................

(1) 6.2 -8.3 -2.1 <41 99,3 538.3 1430.8 3097.0

A -1.7 0.3 -2,0 103.4 439.0 892.5 1666.1 303.3 - 1437.3 1437
8 13.5 15,8 29,3 133.5 327.3 693.4 168.7 1183.0 21865.6 21866
AB 35.9 38.2 74,1 305.5 565.2 972.8 134.6 294.0 1350.5 1351
c 26.6 30.3 56,9 87.4 171.6 110.0 577.5 1129.0 19916.0 19916
AC 39.7 36.8 76,6 240.0 521.8 58.6 605.5 -304.9 . 1452.5 1453
BC 63.6 66.4 130,0 209.9 385.8 44.0  190.1 83.4 108.7 109
AsC  88.0 87.5 175.5 355.3 587,0 90.7 103.9 -79.9 99.8 100
0 15.0

AD 28.1 29.3 57.4 147.6 65.1 298.0 551.5 4.7 ) 0

1
1
1
1
1
1
1
4.9 29,9 26,0  44.9 279.5 577.5 633.7 6274.3 1 6274
1
8D 39.7 37.6 77.3  164.8 112.8 315.8 -146.7 7.6 1
1
1
1
1
1

0.3
0.9
ABD  82.2 80.4 162.6 357.0 -54,1 289.7 -158.2 31.2 15.2 A5
co 76.0 57.9 133.9 109.8 47.6 70.6 57.2 -250.8 982.9 983
ACD  40.0 36.0 76,0 275.9 -3.6 119.5 26.2 -242.8 921.4 921
BCO  88.1 87.6 '75.8 231.7 98.8 . 60.8 -15.0 -182.7 521.8 522
ABCD 89.7 89.8 ..79.5 355.3 -8,1 43,1 -64.9 7.5 0.9 1
E 5.4 5.4 10.8 0.1 107.5 339.7 354.3 235.3 865.3 1 865
AE 1.5 1.7 13.2 44.8 172,0 237.8 279.4 -34.0 18.1 1 18
BE 24.0 27.2 S51.2 19.6 152.6 350.2 -51.4 28.0 12.2 1 12
ABE  50.0 46.4 96,4 45.5 145.4 201.2 46.7  -86.2 116.0 1 116
CE 37.8 50.0 87.8 27.5 123.6 20,2 18.5  -26.1 10.6 1 1
ACE  38.2 38.8 77.0 85.3 192.2 -166.9 -26.1 -11.4 2.0 1 2
BCE 85.0 89.9 174.9 -57.9 166.1 -51.2 48.8 -31.0 15.1 1 15
‘ABCE  89.2 92.9 182.1 3.8 123.6 -106.9 -17.7 -49.8 38.8 1 39
DE 18.7 22.0 40.6 2.4 44,8 64.4 -101.8 -74.8 8r.5 1 88
ADE  32.4 36.9 69.2 45.2  25.9 -7.2 -149.0 98.1 150.4 1 150
BDE  48.8 54.1 102.9 -10.8 57.8 68.7 -187.1  -44.6 3101 N
ABDE 84.9 88.2 173.1 7.2 61.7 -42.5 -55.7 -66.5 69.1 1 69
COE  57.4 60.9 118.3 28.6 42.8 -18.9 -71.6 -47.2 34.7 1 35
ACDE 54.1 59.4 113.4 7m.2 18,0 3.9 1111 13144 269.8 1 270
BCDE 87.9 91.4 179.3 ~4.8 41,6 -24.8 2.8 -39.5 266 1 24
ABCDE 86.5 89.5 176.0 ~3.3 1.5 -40.1 -15.3 -38.1 2.7 1 23



DAT .







