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HYDROLIQUEFACTION OF AUSTRALIAN COALS
Norbert V.P. Kelvin

Australian Coal Industry Research Laboratories Limited,
North Ryde, N,S.W. 2113, Australia.

Introduction

Australia, like many other nations, faces an increasing demand for liquid
transportation fuels with decreasing domestic crude 0il production. Accordingly,
efforts are now under way to investigate the liquefaction of Australian coals.
Hydroliquefaction processes are considered te be likely candidates for initial
commercial development because of the abundance of brown and high veolatile black
coals which are good hydroliquefaction feedstocks. Initial work by ACIRL indicates
that a number of Australian coals can be hydrogenated to produce high liquid yields.

Batch Autoclave Screening Tests

Batch autoclave tests were done on several Australian coals ranging from
low-volatile high rank to Victorian brown coals (sub lignites) (1-8). These were
conducted in 4 litre stirred autoclaves in tetralin solvent under hydrogen pressure
at the following conditions:

Total autoclave volume, L 3.76
Coal charge, g 500
Tetralin charge, g 1500
Initial hydrogen

pressure (cold), MPa 8.3
Max, temperature °c 400
Hold time at 400°C, h 4

The yields of toluene-soluble gils are plotted against coal composition and
petrography in Figures 1, 2 and 3. As expected these data elearly show that coals
with high reactive maceral contents, high hydrogen/carbon ratios and high volatile
matter are likely to give the highest 1liquid yields.

Abundance and ease of mining of the highest 1liquid yielding coals as determined
in the batch autoclave tests indicated the most suitable coals for further testing

in ACIRL's continuous bench scale reactor unit.

Cantinuous Reactor

ACIRL's continuous reactor unit has been described in an ACIRL report (8).
The flow diagram of the unit is shown in Figure 4. Coal-solvent slurry and hydrogen
are fed into the unit which produces a cooled product slurry containing all the
water and light oil which is then flash-distilled in 4 kg batches in separate glass-
ware, High-pressure exit gases are vented at low pressure through meters and
representative samples analysed by GC.

The distillation is carried out in stages to produce light oil, water, medium
(atmospheric) distillate, vacuum distillate and a residue of high boilers plus all
the unconverted coal solids. Recycle solvent is made by recombining the medium and
vacuum distillates. For nearly all runs conducted sa far, sufficient solvent has
been produced to maintain solvent balance plus a net liquid yield.

177



The actual excess liquids produced end up as samples for further analysis
and evaluation.

The conditions under which the continuous reactor operates are :

Slurry feed rate 0.5 - 3.0 kg/hr
Hydrogen feed rate 0 - 300 g/hr
Solvent:coal ratio 1.7 - 3.0:1
Pressure 10 - 21 MPa
Temperatures :

- preheater 500°¢C max .

- stirred reactor 425°C max.
Preheater tube

dimensions 6-20m x 6 mm I.D. x 9.5 mm 0.D.
Preheater volume 0.2 - 0.6 L
Stirred reactor

liquid holdup 1.5 - 3.6 L

Results

Runm conditions and yield data from a batch test and a series of continuous
recycle runs on a typical coal selected for continuous tests are presented in
Table 1. Analyses of this coal are given in Table 2,

These data indicate that hydrogenation of this coal under recycle solvent
conditions will produce about 40% distillate liquids on dry ash-free coal.

Further work is being carried out now to improve these yields to around 50%
or better. The configuration of the unit and equipment limitations (temperature,
pressure, hydrogen compressor capacity, etc.) for the tests reported here are
considered to be in need of upgrading to achieve the higher yields, Moreover,
some operational problems are also considered to contribute to lower than desired
yields, These problems are discussed below.

Operability

Apart from mechanical and electrical problems that have nothing to do with
what goes through the system, the major problem areas are -

1. Large losses relative ta the small scale of operation
(mainly in distillation).

2, Difficulty in pumping thicker slurries than 2:1 solvent:coal ratio
at this small scale.

3. Preheater blockage.

4, High-pressure slurry let-down valve wear,

Losses

Generally, material balances from feed to product slurry and gases over the
high-pressure system are good, 97 - 103%. Distillation losses of the order of 5%
on coal are usual and almost unavoidable at this small scale. These losses are
believed to be caused mainly by evaporation of light hydrocarbons and water from
collecting vessels and vaporisation and inadequate trapping of medium boiling
materisls during vacuum distillation, In addition, Some pyrolysis occurs at the
later stages (at 400 -~ 4500E) of vacuum distillation releasing gases which are not
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easy to meter and analyse under vacuum conditions.

Sluzrry Pumping

We have found that our slurry circulating gear pumps can only handle slurries
up to 35% solids loadings. 0On a larger scale 45% would be possible. At this
scale the larger pumping and piping required would entail too much variable hold up
of feed slurry to be able to obtain satisfactory material balances.

Preheater Blockages

Our preheater, a 20 metre length of 9.5 mm 0,D. by 6.0 mm I.D, stainless
steel tube wound into spirals, is heated in a cylindrical sand bath 270 mm diameter
x 300 mm sand depth, We have found that preheater blockage can result from a
number of factors including :

(i) temperatures above 4GDDE.
(ii) accidental pressure reduction so that too much solvent evaporates.
(iii) sudden surges of feed hydrogen which dry out the solvent.
(iv) stagnant slurry at above 380°C due to pumping stoppage.
(v) attempting to pump slurry through the preheater when its whole
length is at 360 - 390°C, that is when the preheater is full
of gelling slurry.

Slurry valve wear

Wear of high pressure slurry let-down valves has been a very serious problem.
After discharging about 20 - 100 kg slurry from 21 MPa to atmospheric pressure
through our slurry let-down valves these valves are unable to hold pressure
satisfactorily. At our small scale, this problem can only be sclved by using gas
pressure equalisation to reduce the pressure drop across the slurry valves,
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TABLI

Yield Data for Coal 57

(E)
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Batch €ontinuous Reactor Runs
Process Parameters
Test
23 25 26A 26B
Run time, h 4 83 100 216 (216)
Solvent (T) (R) (R) (R) (R)
Solvent:coal ratio 3 2 2 2 2
Red mud, % coal u} 3 3 3 3
Feed H_, % d.a.f. coal 2.6 5.5 9.6 27 43
Pressure MPa o ~19 21 21 21 21
Temperatures, €
- preheater - 425 440 425 425
- reactor 400 425 425 400 400
Est.slurry hold time,h 4 2 3.2 4.2 4.2
Slurry feed rate,kg/h static 1.0 1.0 0.5 1.0
Results
Product recovery,
% of feeds ~95 100 93 99 99
Toluene conversiaon, 91 75 82 a7 80
(% d.a.f.)
Total distillate o0il 20 30.4 29.4 36.8 35.1
yield, (% d.a.f.)
Distillation residue, 54 61.3 47.9 41.8 54.2
(% d.a.f.)
Water & Gases, (% d.a.f)26 8.2 9.7 16.2 8.4
Losses (% d.a.f.) (N) 0.1 13.0 5.2 2.3
Est. residue pyrolysis 3 3.1 2.4 2.1 2.7
0il yield, % d.a.f.
Total estimated oil 23 33.5 38.3 41.5 39.0
yield, % d.a.f. (E)
Notes: (T) Tetralin solvent
(R) Recycled distillate (ca. 200 - 600°C
B.P.)
(N) Batch data normalised to 100%

Sum of total distillate yield, 50% of
losses and estimated pyrolysis oil.



Proximate

Moisture

Ash

Volatile Matter
Fixed carbon

Petrography

Vitrinite
Suberinite
Exinite
Inertinite
Mineral Matter

Mean maximum reflectance of vitrinite

TABLE 2

Analyses of Coal 57

%

2.0
18.3
42.2
37.5

Vol. %

67
15
4
4
15
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0.54%

Elemental

Carbon
Hydrogen
Nitrogen
Sulphur
Oxygen

(by diff.)

% d.a.f.

Forms of Sulphur %

Pyritic
Sulphate
Organic

d.a.f.
0.09
0.01
0.43




The Effect of Solvent Quality on Coal Conversion

C.W. Curtis, J.A. Guin, J.F. Jeng and A.R. Tarrer

Chemical Engineering Department
Auburn University
Auburn, Alabama 36830

Introduction

One factor governing the success or failure of a coal liquefaction process
is the ability of the process to generate and sustain an adequate amount of a
sufficiently high quality recycle solvent for continuous operation. To insure
continued operability of the plant and to recognize when solvent quality is
declining it is useful to have a quantitative measure of the solvent's ability
to liquefy some given coal under a prescribed set of operating conditions, i.e.
the solvent quality. It is obvious that thesclvent quality will depend to a
high degree on the solvent composition — as determined by a variety of tech-
niques ~ however, the solvents performance will also vary with coal type and
operating conditions. That is, the best solvent for coal A will not necessarily
be the best solvent for coal B. Extension of this idea to temperature,pressure,
residence time, etc. is obvious. Thus, when speaking of solvent quality, one
must, of necessity refer to a prescribed set of conditions. 1In general, however,
there will be some finite range of solvent parameters which are more beneficial
for coal conversion for a rather wide variety of coals and processing condi-
tions.

The purpose of this study is to begin to define such a range of solvent
parameters. While this set of parameters will not apply to all situations, it
is hoped that they will allow a distinction to be made between a truly poor
solvent and one which is satisfactory for coal liquefaction operations and per-
haps some inclination as to the efficacy of a particular solvent under certain
conditions.

Experimental

Coal Dissolution

Coal dissolution reactions were performed in a tubing bomb reactor which
has previously been described. (1) These reactions used Western Kentucky 9/14
and Amax coals under the following conditions: temperatures - 385°C, 410°C
and 450°C; reaction time ~ thirty minutes; agitation rate - 1000 rpm; solvent
to coal ratio - 2 to l; and an air atmosphere. The conversion of the coal was
determined by comparison of the ash content of the cresol insoluble filter cake
with the original ash content of the coal.

Solvents and Solvent Preparation

Four light recycle oils (LRO) from the SRC processing of Indiana V, Monterey
and Amax coals were obtained from theWilsonville SRC Pilot Plant and were used
in this study. Three distillation cuts were obtained from Western Kentucky LRO:
<140°C, 140°-200°C, 200°-290°C pot temperature at 1 torr. Creosote oil was
successively hydrogenated to hydrogen contents between 7% and 10% in a commer-
cial 300 cc magnedrive autoclave (Autoclave Engineers) using a commercial
Co-Mo-Al catalyst and hydrogen pressures from 1000 to 3500 psi for periods
of time ranging from 1 to 13 hours.Alsc,one solvent was prepared by dehydrogen-
ation of cresote oil under nitrogen atmosphere.
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Solvent Characterization A

The solvents were characterized using standard analytical techniques.
Carbon and hydrogen percentages in each solvent were determined using a Perkin
Elmer 240 Elemental Analyzer. The infrared spectra of the solvents were
obtained neat, in CCly and in CSp using a Digilab FTS10 Fourier Transform
Infrared Spectrometer. A Varian EM390 NMR spectrometer was used to obtain the J
IH nmr spectrum of each solvent both neat and in CcCl,.

Results and Discussion

Dissolution Behavior of Western Kentucky Coal

The dissolution behavior of Western Kentucky 9/14 coal was examined in the
solvents listed in Table I. The dissolution behavior in each solvent is reported J
together with the hydrogen content of each solvent. Other conditions were the
same for all reactions. Both the creosote o0il solvent series and the light
recycle oils are listed in order of increasing conversion.

Solvent Character
The solvents used in this study were characterized by infrared analysis,

by NMR and by gas chromatographic analysis. For each solvent, the infrare?

aromatic C-H stretch at 3050cm'1, methyl asymmetric C-H stretch at 2960cm ~» and J

methylene in-phase stretch at 2925em™! were measured. The infrared absorbance

ratios of aromatic/aliphatic (CH3) and aromatic/aliphatic (CHp) were calculated 4
1
1

and are given in Table II. 1In EVEEY solvent, except the 90-weight petroleum oil,
the aromatic absorption at 3050cm is present. The methylene absorption at 2925cm™
is present in both the creosote oil solvent series and in the light recycle oils.
The methyl absorption at 2960cm™! is present in the light recycle oils and in the
original creosote oil, HCI, HCII and HCIII, all of which contain 7% hydrogen or
less. The methyl absorption is absent in the neat spectra of the more highly
hydrogenated oils.

1

The hydrogen distribution of each solvent is given in Table III, The hydro-
gen distributions range from being predominately aromatic as in the creosote oil
and HCI solvent to being nearly totally aliphatic as in the 90-weight petroleum
oil. Average hydrogen values for three ranges of conversion, 32.8% to 48.1%
(low), 64.2% to 70.0% (medium) and 79.7% to 84.5% (high) are shown in Table IV.

At low conversion levels, the aromatic hydrogen is the greatest compared to other
conversion levels. The o and B hydrogens increase substantially from low conver-
sion to high conversion levels; a significant increase is also seen for the Y
hydrogens. Calculation of the average chemical shift from the integrated hydrogen
distribution provides a means for determining the effect of the total hydrogen
distribution on conversion as shown in Figure 1. A roughly normal shaped distri-
bution is observed for the hydrogenated creosote solvent series. As the hydrogen
distribution becomes predominately aliphatic (low ppm) or aromatic (high ppm) coal
conversion is adversely affected.

The weight percents of naphthalene, hydrogenated naphthalenes and decalin,
in selected solvents were determined by gas chromatographic analysis. This com-
pound series was chosen to provide an indication of the effect of degree of
hydrogenation on an aromatic species that readily accepts hydrogen to form
hydroaromatic and alicyclic compounds. In the oils studied, the naphthalene
appeared to produce three reaction products

SO~ +Q0 + 0 +CO *
The weight percents of these compounds in the selected oils are shown in Table V.
The original creosote oil contains 11% naphthalenewith no tetralin present. As

*Retention behavior simular to dihydronaphthalene. Further identification work
planned.




the creosote oil becomes increasingly hydrogenated, tetralin, decalin and a com-
pound with retention behavior similar to dihydronaphthalene is formed. (Further
work is being conducted to identify this compound,) The most hydrogenated oils,
HCIV and HCIX contain a significant percentage of decalin, 7.6% and 5,7%, respec-
tively.

Solvent Character and Coal Dissolution

Coal dissolution behavior is a function of the character of the solvent.
The solvents used in this study, characterized by the methods described, provide
some indication as to the type of solvent necessary for effective coal dissolution.

The infrared ratios of the hydrogenated creosote o0il series obtained from
CCl, solution spectra show that solvents which produce conversions in the 807%
range have IR aromatic to aliphatic methylene ratios ranging 0.42 to 0.27.
Solvents with infrared ratios either greater or less than these values show
poorer coal conversion. In general, the light recycle oils show lower conversions
than do the hydrogenated creosote oils and have infrared ratios obtained from CCl,
solution spectra ranging from 0.15 (Indiana V) to 0.50 (Western Kentucky II).

Through the hydrogen distribution of the solvents, the aromatic and aliphatic
nature of the oils can be examined. From Figure 1, it is apparent that an optimum
combination of aromatic and aliphatic hydrogens exists to dissolve "“80% of the
Western Kentucky coal.

Brown and Ladner (2) determined that a quantitative relationship between the
hydrogen distributions obtained through NMR and the infrared ratios supports the
value of 0.5 which they adopted for the ratio of the extinction coefficient of
the aromatic C-H stretch to the aliphatic C-H stretch. We performed a similar
calculation using IR absorbance ratios obtained from neat spectra:

AAR EAR (C-HaR) €AR HaR

Acn, €,  (C-Hey,) €cnp, Hotg

All of the light recycle oils have extinction coefficient ratios ranging between
0.59 and 0.44. 1Indiana V LRO has a higher ratio value of 0.77.

Through the study of the naphthalene + tetralin hydrogen donor system, the
effect of the level of hydrogen donor within one such series on coal dissolution
can be examined. The naphthalene-tetralin compound series is a dynamic system
within the hydrogenated creosote oils in that the total weight percent of these
compounds changes with degreeof hydrogenation. The total amount present in the
original creosote 0il is 11.3% while in oils HCIV, and HCIX the total weight
precent is 19.78 and 14.95, respectively. Solvents with high hydrogen contents
like HCIV and HCIX are likely forming naphthalene from higher molecular weight
compounds. The hydrogenated creosote oils which showed coal dissolution of
"80% have a larger portion of hydrogen donors in the two ring series than do
the less effective solvents.

A plot of coal conversion vs. H content is presented in Figure 2. For the
creosote oil series there is an optimum in the degree of hydrogenation, probably
corresponding to maximum H-donor content. For the LRO solvents, there is no
clear optimum and all conversions lie below those of the hydrogenated creosote
oils. The implications of the optimum range of solvent hydrogenation in plant
operations are obvious. A balance between aromatic and aliphatic character must
be maintained for acceptable solvent quality.
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Effect of Coal Type and Temperature on Coal Dissoclution Behavior

The effect of coal type on the dissolution behavior of coal was studied
through a comparison of the dissolution behavior of a slow dissolving coal,
Amax, and a faster dissolving coal, Western Kentucky (3). For the creosote oil
solvent series, the conversion of Western Kentucky coal is consistently higher
than for the Amax coal as shown in Figure 2. 1In addition, two light recycle oils,
Indiana V and Amax, were also tested with the two coals. Indiana V shows essen-—
tially the same dissolution for both coals 54.3% for Amax and 53.17% for Western
Kentucky. Amax LRO, however, was a better solvent for Amax coal (44.5% conver-
sion) than for Western Kentucky (38.47% conversion).

Three solvents, creosote oil, HCIV and HCIX, were used to examine the effect
of reaction temperature on the conversion behavior of Amax and Western Kentucky
coal. Figure 3 shows that the dissolution for both coals was minimal in the
creosote 0il with maximum conversion occurring at 410°C. The conversion of Amax
increased with increasing temperatures for both HCIV and HCIX. In contrast,
in the HCIV solvent Western Kentucky coal shows lower conversion at 450°C than
at 410°C. In HCIX, the conversion of Western Kentucky appears to level out
between 410°C and 450°C. Even though HCIV and HVIX differ by only 0.5% hydrogen,
the conversion of both Amax and Western Kentucky is lower in HCIV at the three
different temperatures than HCIX. The solvent character of HCIV is somewhat
more aliphatic than HCIX according to Table V and falls outside the optimum
range of aromatic and aliphatic hydrogen combinations (Figurel).

Conclusions

From the results presented above it is seen that solvent quality can be adversely
affected by limited or excess hydrogenation, for example, HCI vs. HCIV. In the
hydrogenated creosote oil series the decalin content provides a fairly good indi-
cation of the degree of solvent hydrogenation. However, this is not a general
result since the most hydrogenated light recycle oil, Indiana V, contains no decalin
and virtually none of the two ring system, in contrast to the other light recycle
oils studied. Since Indiana V is the best LRO solvent for Western Kentucky coal,

the absence of the two ring system strongly indicates the probable presence of
additional donor species.

Examination of the various solvent parameters: hydrogen content, infrared
absorbance ratio, average proton chemical shift, and proton distribution shows
an optimum range for maximal conversion and are given in Table VI. It is hoped
that these ranges will provide a means for evaluating solvents for effective coal
dissolution.
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Table I
Dissolutjon Behavior of Western Kentucky Coal in Creosote 0il,
Hydrogenated Creosote 0il and Light Recycle 0il

Experimental Conditions: Temperature = 410° Reaction Time = 15 minutes
Creosote 0il and Hydrogen Content Dissolution Behavior
Hydrogenated Creosote 0il of Solvent of Solvent
HZ % Conversion
Creosote 0il 6.74 + 0.26 32.8 + 2.37
HC I 6.24 + 0.13 36.9 + 0.24
HC 1I 6.98 * 0,22 48,1 £ 0.93
HC III 7.20 ¥ 0.30 64.2 + 1.82
HC IV 10.00 * 0.22 66.3 * 1.11
HC V 7.78 ¥ 0.07 70.0 + 1.11
HC VI 8.14 ¥ 0.22 79.7 £ 0.15
HC VIT 9.41 ¥ 0,21 81.5 * 0.94
HC VIII 8.34 ¥ 0,19 82.3 + 0.61
HC IX 9.54 ¥ 0.09 82.4 + 0.63
HC X 8.00 + 0,22 84,5+ 0.06
Light Recycle 0il
Amax 7.97 + 0.10 38.4 + 1.4
Monterey 7.26 + 0.49 40.0 + 0.55
Western Kentucky I 8.74 + 0.09 44,2 + 0.61
Western Kentucky II 8.31 + 0,40 46.0 + 1.24
Indiana V 9.72 + 0.26 53.1 + 0.14
Western Kentucky Distillation Cuts
I. < 140° 8.76 + 0.09 41,0 + 0.34
II. 140° - 200° 8.08 + 0.14 57.9 + 0.58
III. 200° - 290° 8.17 ¥ 0,27 59.1 * 3.1
90 - Weight Petroleum 0il 12,47 + 0.10 28.8 + 1.4
a) reacted under N, atmosphere b) pot temperature, 1 mm of Hg
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Table II

Infrared Absorbance Ratios of the Hydrogenated Creosote Solvents and the
Light Recycle Solvents in order of Increasing Dissolution

IR Absorbance Ratios®

Aromatic C-H

Aliphatic CH

Solvent:
Aromatic C-H
Creosote 0il and Aliphatic CH3
Hydrogenated Creosote 0ils® 3050/2960
Creosote 0il 2.23 b
HC I @ 2.30 B
HC II 1.89 b
HC III - €
HC IV -
HC V -
HC VI -
HC VII ~-—
HC VIII -
HC IX -
HC X -
f
Light Recycle 0Oils 3050/2960
Amax 0.70
Monterey 0.59
Western Kentucky I 0.55
Western Kentucky II 0.67
Indiana 0.38
Distillation Cuts
<140° ¢ 1 0.56
140° - 200° C 11 0.52
200 - 290° ¢ III 0.43
d

90 Weight Petroleum 0il -

a) reacted under N2 atmosphere
~1

b) 2960 c¢m = peak is a shoulder

c) 2960 eml

is absent
d) 3050 em1 peak is absent

e) solution spectra in CCl4

f) neat spectra
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Aliphatic CH
3050/2925

1.54
1.70
1.24
0.76
0.18
0.62
0.42
0.27
0.36
0.27
0.32

3050/2925

0.62
0.54
0.48
0.59
0.34

0.51
0.45
0.34

2

Aliphatic CH
2960/2925

0.68
0.74
0.66

c

2960/2925

0.85
0.90
0.88
0.88
0.88

0.90
0.87
0.79

0.76

3
2




Solvent

Creosote 0il
Hydrogenated Creosote 0Oils

Creosote 0il

HC I

HC II
HC III
HC IV
HC V
HC VI
HC VII
HC VIII
HC IX
HC X

Light Recycle 0ils

Amax

Monterey

Western Kentucky I
Western Kentucky II
Indiana

32.8
36.9
48.1
64.2
66.3
70.0
79.7
81.5
82.3
82.4
84.5

38.4
40.0
44,2
46.0
53.1

Table III
Hydrogen Distribution (% H) of Hydrogenated
Creosote Solvents and Light Recycle Solvents

% Conversion

Actual Hydrogen Content in Each Fraction

Western Kentucky Distillation Cuts

I
II
I11

41.0
57.9
59.1

90 Weight Petroleum 0il 28.8

6.0 to 9.2 ppm ]

2,0 to 3.3 ppm

H

H

B

i

Y

Table IV

Hydrogen Distribution

;:I:

WSSV G
. e s .
CANVWNWUWNMO NO

0.87

1.0 to 2.0 ppm

0.5 to 1.0 ppm

o]

HFNHRENRRNHEROO
. F)

WA IO NO NN R
[N

Average Hydrogen Distributions for

Conversion Range
% Conversion

32.8 to 48.1
64.2 to 70.0

79.7 to B4.5

the Three Conversion Ranges

HpR
4.9
3.8

3.5

Hg

W WH RS
. . .
UL ONO

HY
0.22
0.13
0.26
0.43
1.6
0.39
0.55
1.2
0.72
1.2
0.59

Average Hydrogen Distributions
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Ha
0.83
1.3

1.9

Hg
0.69



Table V
Weight Percent of Decalin, Tetralin, Naphthalene and a

Hydrogenerated Naphthalene in Creosote 0Oils and Light Recycle 0ils

Creosote 0il

Solvent Series % Conversion Naphthalene

Cresote 011 32.8 11.2
HC I 36.9 10.2
HC II 48.0 5.7
HC III 64,2 8.4
HC IV 66.3 2.4
HC V 70.0 6.9
HC VII 81.5 1.92
HC IX 82.4 0.082
HC X 84,5 2.67

Light Recycle 0il

Amax 38.4 18.1
Monterey 40.0 14.5
Western Kentucky I 44,2 12.3
Western Kentucky II 46.0 15.8
Indiana 53.1 2.81
Table VI

Hydrogenated
Naphthalene

0

0

0.45
0.25
2.66
0.99
1.87
4.05
1.40

Tetralin Decalin ;
0.11 ]
0 L
0
0.085
7.58
0.093
4 5.70 |
8 1.20

1 1.40 !

.
o~

SEONWNHR OO0
.

.
SO NE=~

0.77
2 1.71 ,
3 0.61
0 0.83
9

Optimum Parameter Ranges for Effective Dissolution (Conversions > 80%)

for the Hydrogenated Creosote 0il Sclvent Series

Parameter
Hydrogen Content (HZ)
Aromatic Hydrogen (HARZ)
Alpha Hydrogen (Ha%)
Beta Hydrogen (HgZ)
Gamma Hydrogen (HYZ)
Average Chemical Shift (ﬁppm)

IR Absorbance Ratios (in CClA)
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Range
8.00 to 9.60
2.75 to 4.3
higher 1.7
1.6 to 3.55
0.6 to 1.25
3.15 to 4.55

0.27 to 0.36
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PRODUCTS OF LIQUEFACTION OF LIGNITE WITH SYNTHESIS
GAS BY PRODUCT SLURRY RECYCLE

Bruce W. Farnum, Curtis L. Knudson and Del A. Koch

Grand Forks Energy Technology Center, U. S. Department of Energy
Box 8213 University Station, Grand Forks, ND 58202

Liquefaction of lignite is under study at the Grand Forks Energy Technology
Center using a 5 Ib coal per hour continuous processing unit (CPU) with various
reactor configurations (1). The objectives of the experiment reported in this
paper were (a) to test CPU operability under conditions of extensive product
slurry recycle with fresh coal addition, (b) to produce a quantity of "lined out"
lignite derived liquids for analytical characterization, and (c) to ascertain the
function of reaction yields with the degree of line out or number of slurry passes.
Objectives (a) and (c) have been discussed at a recent symposium by Willson et
al. (2). A one gallon stirred autoclave reactor was operated at 460°C and 4000
psig with an average residence time of about one hour. Redistilled anthracene oil
(IBP 296°C at 10 Torr.) was used as a pasting solvent for the initial pass. A 30%
slurry of high ash Beulah seam lignite (10.7% ash, 29.6% fixed carbon, 29.5%
moisture, 30.2% volatile matter) in pasting solvent was prepared for each pass.
The lignite had been pulverized to 100% minus 60 mesh and 90% minus 200 mesh.
Batch recycling was carried out through 34 cycles using the unfiltered product as
pasting solvent for each subsequent pass. Gases, water and high pressure
volatile oils were removed during each cycle. A mixture of equal parts of carbon
monoxide and hydrogen was fed through the system at a rate of 1/2 scfm.

Separation of gas and tiquid phases at 4000 psig and 300°C was carried out in
the unit after the products exited the reactor (Figure 1). The gas phase was
then cooled and depressurized producing a water layer, a high pressure volatile oil
layer, and tail gases. Yields calculated on a moisture and mineral free coal basis
were: C.-C, hydrocarbons 19%, high pressure volatile oils 19%, vacuum distillate

36%, THF sdiuble vacuum bottoms 9%, and THF insoluble organic polymers 11%.

During Run 27 (64 hours) a slight leak in the autoclave head closure caused
loss of the gas head in the reactor with the result that the liquid level rose above
the level of the liquid removal tube, and the relatively poorly stirred liquid
contacted the overheated wall surfaces. The reactor filled with coked slurry
around the space occupied by the stirrer blade and shaft. The suspended solids
(minerals and organic polymers) normally present in the product were deposited in
the reactor by a process of poliymerization of the organic high molecular weight
material with inclusion of the mineral particles. Run 27 was terminated after the
sixteenth pass. Operation of the CPU was resumed (Run 28) using product from
Run 27 as pasting solvent for the first cycle. After the 34th recycle pass,
conditions were changed, doubling the slurry feed rate. Coke was found in the
reactor at the end of Run 28 and probably occurred for the same reason as in
Run 27. However, as indicated in Figure 2 the disproportionate increase in the
amount of THF soluble vacuum bottoms was not observed in Run 28, indicating this
coking occurred later in the run.

Figure 2 depicts on an MAF coal basis a summation of the yields of the
various product fractions obtained. Ash concentration in the product stream
paralleled the THF insoluble values showing the same inclusion of inorganic fraction
as coke formed in the reactor.

Gas samples were analyzed by on-line gas chromatography. Effluent water
samples were characterized by standard analytical methods for waste water and
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standard EPA methods (3,4). The average analysis of four samples of condensate
water produced under lined out conditions is reported in Table 1.

The aromatic to aliphatic proton ratio of the high pressure volatile oils was
monitored as a function of recycle pass number by infrared spectrophotometry and
by proton nuclear magnetic resonance spectrometry. 90MHz proton NMR spectra
were integrated over the range 9.7 to 6.4 ppm in the aromatic region (Har), 4.2
to 1.7 ppm in the benzylic region (Halpha), and 1.7 to 0.25 ppm in the aliphatic
methy! and methylene region (Ho). Water and phenolic OH proton signals were
omitted, and solvent (deuteropyridine) contributions were subtracted from the total
integrated area. Calculation of molecular parameters, f_, sigma and Haru/Car were
carried out as defined by Brown and Ladner (5). a

Figure 3 illustrates the approach to constant composition of the high pressure
volatile oils collected during each pass. The discontinuity of the curves following
the sixteenth pass was caused by the operational problem previously discussed.
Agreement of the two methods of analysis was good. A plot of IR ratio versus
NMR ratio was linear with a correlation coefficient of 0.96. NMR data is listed in
Tables 2 and 3. Gas chromatographic separation indicated about 269 resoived
components using a 50 meter OV-101 glass capillary column. There were 30
components present in 1 to 4% concentration, 23 in 0.5 to 1%, 110 in 0.1 to 0.5%,
and 106 in 0.01 to 0.1% concentration. Identification of the components of the
light oil is in progress and will be reported at a future date.

Low voltage low resolution mass spectrometry provided an indication of the
organic oxygen compound type distribution of the high pressure volatile oils
(Figure 4). The build up of phenolic oxygen observed by mass spectrometry was
also observed by measuring the phenolic OH proton concentration by NMR. The
total oxygen content by neutron activation analysis equaled the organic oxygen
content from LVMS plus the water oxygen content measured by Karl Fischer
titration in the lined out volatile oil. The computer program for analysis of mass
data was originally developed for analysis of gasifier tar (6) and accounted for 76%
of the total ion current.

Determination of the molecular weight distribution (MWD) of the THF soluble
fraction of the product stream was carried out using gel permeation HPLC with uv
detection at 365 nm (7). The startup solvent was mostly replaced by lignite
derived oil by pass number 5 (Figure 5). The THF soluble fraction of the product
stream vyields an awverage MW of 300 relative to Water's polystyrene standards.

Gel permeation chromatography of the non-distillable but THF soluble fraction
of the product stream indicated an increase in molecular weight during passes 6-14
which paralieled the trend in percent vacuum bottoms. This is another indication
that organic polymerization was the probable cause of coke formation in the
reactor. Temperature was held constant during processing. Reactor temperature
has been previously observed to be the predominant factor in lowering molecular
weight in both batch autoclave studies (8) and stirred autoclave continuous
process unit studies (1,2). Figure 6 illustrates the ratio of uv absorbance at 254
nm of high molecutar weight to low molecular weight materials versus reactor
temperature in studies carried out with the batch autoclave and the continuous
stirred autoclave unit. The strong temperature dependence of the MWD between
400 and 500°C is readily observed. That a CPU yielded similar dependence can
also be noted.

The ashes obtained from the feed slurry, product slurry and reactor coke
material have been examined to determine if the coke contains any enrichment of
Ca, Mg, Fe, or Na content. None was observed, supporting the hypothesis that
coking was due to polymerization of the organic phase rather than agglomerization
and deposition of minerals. Figure 7 depicts the locations where samples were
obtained from coke removed from the reactor after Run 28. Three distinct differ-
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ently colored regions were observed. The center (B3-1) was softer and slightly
sticky, while the other areas were hard and brittle. Ash and sulfur content
indicated little variability in composition of the coke from the reactor (Table 4).
Analysis of the ashes of feed slurry, product slurry and coke samples with an
inductively coupled argon plasma (ICAP) spectrometer after digestion indicates that
the Ca, Fe, Mg and Na contents are essentially identical. The data does indicate
that no build up of calcium carbonate occurred in the stirred autoclave reactor to
cause reactor plugging as has been observed in tubular reactors (9). The
presence of 5.7 wt. percent carbonate was observed by TGA analysis indicating
carbonates were present. Since much of the sodium and calcium content of low
rank coals is dispersed throughout the organic matrix as humate salts, the
formation of bicarbonate-carbonate salts is expected from decarboxylation of the
humates early in the process. High CO, and water concentrations in the reactor
may account for not observing carbonate %gglomeration.

Acknowledgement: We are indebted to Dr. Warrack Willson (Liquefaction Project
Manager), Gene Baker, Raymond Majkrzak and James Tibbetts for operation of the
CPU and calculation of yield data. We also thank Dr. Sylvia Farnum, Dr. Warren
Reynolds, William Barton, David Miller, Ed Bitzan, Diane Rindt, George
Montgomery and Steven Benson for contributions of data and helpful discussions.
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a.

Sample

27101

Lo2
Lo3
Lo4

28L02

a.

Lo4
Lo6
Lo8
L010
Lo12
Lo13
Lo14
L015
Lo16
LO17A
L018

pH at analysis

Alkalinity as CaCO

Ammonia

Total sulfur
Total carbon
Inorganic carbon
Organic Carbon
Phenol

o-cresol
m,p-cresols

Table 1 a
Effluent Water Composition
(Averages of Recycie Passes 21, 24, 29 and 32)
(Concentrations in ppm)

3

80,
27,

2!
31,
12,
18,

6,

1I

8.

400
300
380
200
400
800
430
579
640

6

Analysis carried out under contract by Stearns-Roger, inc.

33

Pass No. MHar  YHx
8.0 13.0
12.7 15.7
19.3  20.1
22.6 20.9
21.7 23.2
17.1 18.3
19.6 22.0
19.5 18.8
21.9 22.8
20.9 19.5
21.3 19.7
22.6 20.7
21.9 20.7
22.0 20.4
22.5 20.3
18.6 18.9

34

Table 2 a
NMR Analysis of Light Oils

Y%Ho

79.
71.
60.
56.

55.
64.
58.
61.
55.
59.
59.
56.
57.
57.
57.
62.

s,r~ONQ

VMOV~ OON &N

[ngd
[

.167
264
.387
432

(=Nl o]

.415
346
.386
.378
.406
.393
.393
406
.398
.405
.410
.351

[~NoNoNoNoloeNeNoNoleNo Nl

Q

oo OoC

CODOO0ODOCOOOOOOo

. 455
.416
.364
.348

.393
L6404
L413
.380
.392
.370
.373
.383
.376
.384
.368
.378

Analyses performed on a Varian EM-390 Spectrometer

University of North Dakota Department of Chemistry.
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Haru/Car

e

o e e

.602
.395
.191
.182

.224
.230
.246
.216
.282
.228
.257
.286
.286
.256
.244
.363

%Hphenolic

.79
.84
.53

SN -]

.08
.72
.02
.43
.51
.49
.74
.86
.63
.59
.74
.07

NN NNDND NN

located at the




Table 3 a
NMR Analysis of Unfiltered Product

Sample Pass No. Mar %He %Ho fa [+ Haru/Car
27-Y1 1 33.4 28.6 38.0 0.650 0.296 0.762
27-B2B 3 35.8 28.5 35.7 0.670 0.294 0.774
27-B2D 5 38.0 28.6 33.5 0.693 0.304 0.756
28-2B 18 42.6 28.7 28.7 0.730 0.303 0.750
28-4B 20 43.4 29.3 27.3 0.737 0.284 0.741
28-6B 22 42.7 28.8 28.4 0.734 0.287 0.734
8B 24 43.1 28.3 28.6 0.735 0.286 0.741
10B 26 43.5 27.1 29.5 0.739 0.274 0.723
12B 28 43.0 28.6 28.4 0.741 0.289 0.718
13B 29 43.9 27.7 28.5 0.746 0.278 0.713
14B 30 43.1 28.3 28.6 0.745 0.286 0.701
15B 31 42.5 28.0 29.5 0.737 0.291 0.713
16B 32 44.1 28.2 27.7 0.753 0.289 0.697
17B 33 41.5 30.2 28.3 0.718 0.295 0.770
18B 34 41.1 29.3 29.5 0.735 0.317 0.701
22B 38 41.6 30.8 27.6 0.745 0.326 0.687

a. Analyses performed on a Varian EM-390 Spectrometer located at the University
of North Dakota Department of Chemistry.

Table &
Analyses of the Feed Slurry (FS), Product Stream (PB) a
and Reactor Coke (CK) by ICAP after High Temperature Ashing

Run 28

Element/

Sample FS4 FS13 FS15 FS16 FS Ave PB8 PB13 PB15 PB16 PB Ave
Ca,x10 3ppm 83.1 80.3 81.6 83.4 82.1 85.0 78.8 83.2 80.7 81.9
Fe 86.2 84.7 84.5 85.5 85.2  89.0 85.4 89.5 86.2 87.5
Mg 23.4 22.8 23.0 23.6 ,, o 241 23.0 23.2 23.2 , .,
Mg, 22.5 22.6 23.2 22.3 : 23.6 23.2 23.9 22.9 :
Na 28.7 29.4 309 27.1 oo 269 31.3 29.7 29.7 Lo
Na, 27.9 29.4 30.7 27.3 : 27.9 31.2 29.7 29.8 .
Run 28 Coke

Element/

Sample® CKB1 CKB3-4

Ca,x10 3ppm 83.9 86.3

Fe 83.4 87.2

Mg 23.8 24.2

Mg, 22.9 23.7

Na 29.4 31.3

Na, 24.9 30.6

a. Determinations.
b. As an example FS4 = feed slurry on the fourth recycle pass.
c. See Figure 7 for locations where coke samples were obtained.
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Figure 2. - Runs 27 & 28: Distribution of MAF coal conversion products
versus recycle pass.
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Figure 3. - Aromatic to aliphatic proton ratio by NMR and IR versus

recycle pass number.
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Separation of Coal-Derived Liquids By Gel Permeation
Chromatography J

C. V. Philip and Rayford G. Anthony

Department of Chemical Engineering
Texas A&M University
College Station, Texas 77843

INTRODUCTION

Characterization and estimation of components in coal derived products are always
time consuming and complex due to the number of various constituents present in them.
Most of the people working in this area try to separate coal derived mixtures into
four or five fractlons and each fraction is enriched with chemically similar speciles
(1 to 7). The fractionation 1s achieved by either using the difference in the solu-
bility of various components in solvents with different chemical affinities or using i
absorption chromatography, mainly silica gel columns or various ion exchange and ion-
pair columms. The latter achieves a cleaner separation than the former. The major
disadvantage of both techniques is the loss of material balance at the end of the |
separation and the time consuming steps involved. Development of technology on hydro-
genation and solvent liquefaction of coal requires analytical techniques for the fast
reliable monitoring of coal derived fluids. When solvents like tetralin are used for
the liquefaction experiments the analysis of the coal derived products is complex due
to the large excess of tetralin and tetralin-derived products in the liquid phase of
the system. The removal of the solvent system by conventional separation methods like
distillation may result in the partial or complete loss of a number of coal-derived
components with bolling points close to that of tetralin. This paper discusses the use
of gel permeation chromatography followed by high resolution gas chromatography-mass
spectrometry for the separation and characterization of coal derived liquids.

GEL PERMEATION CHROMATOGRAPHY (GPC)

Gel Permeation Chromatography uses columns packed with swelled polymer particles
with controlled pore size, formed by the copolymerization of styrene and divinylbenzene.
GPC separates molecules according to molecular size based upon a distribution between a
stationary phase of controlled pore size distribution and mobile liquid phase. Larger
molecules elute faster than smaller molecules since larger molecules are less probable
to diffuse into the liquid trapped inside the pore. Selecting the columns with proper
pore size which varies from 100A to 106A, the technique can be used to separate molecules
over a wide range of molecular size, several million to less than 100 molecular weight.
The retention volume V. in a GPC 1s given by the following equation,

Vr = Vi + KVp
where V4 is the column interstitial volume, Vp is the total pore volume and K is the
partition coefficient, the ratio of the accessible pore volume to the total pore volume.
All solutes elute between V4 and Vi + Vp. For Styragel columns the value of the ratio
of Vi to Vp is in the order 1-1.3. Consequently the total number of peaks that can

be separated on GPC is limited compared to other modes of LC. Relatively larger
samples can be separated without sacrificing much of the reselution in about 20
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to 40 minutes. Because of its operational simplicity, GPC lends itself as an efficient
method for fractionating samples according to molecular size.

EXPERIMENTAL

In the separation of coal derived liquid we used two separate GPC systems. One
system consists of four 100 A uStyragel columns and THF as the liquid phase, while
the other system consists of two 100 U Styragel columns and toluene phase. Two
refractometers (Waters Model R 401 and R404) and a UV detector were used for monitoring
the effluents from the columns. A flow rate in the range of 0.75 to 1 ml was used for
both systems. The samples were injected into the systems as pure liquids or as a con-
centrated solution. A sample size of about 250 uls was injected into the column for
the separation of coal-derived liquids. Samples from liquefaction experiments using
tetralin as hydrogen donor solvent were injected into the columns after filtration us-
ing micropore filter without any dilution. Syn-Crude from the Pittsburgh Energy
Center pilot plant was obtained as a very viscous material and it was dissolved in THF
and injected as a 25% solution after two filtrations using micro-pore filters. Since
THF is an excellent solvent for coal—gerived liquids, samples were dissolved in THF
and used in the GPC system with toluene as the mobile liquid phase. A number of com-
pounds representing various chemical species in coal-derived liquids were obtained from
commercial sources and these were used without purification for GPC retention volume
studies. When both THF and toluene GPC systems are used for the separation of a coal-
derived sample, the fractions from one system were concentrated before injecting into
the second system. In certain cases, the samples were completely evaporated and redis-
solved in the solvent of the second system. Most of these sample manipulations were
conducted under dry anaerobic condition. The final characterization of components in
various GPC fractions were done using GC and GC-MS. The methodology is expalined in
earlier works (8 to 12).

RESULTS AND DISCUSSION

Resolution and percentage of recovery are the two main issues to be solved in
order to achieve a successful separation of any complex mixture by chromatographic
techniques. The percentage of recovery is very close to 100% for GPC systems using
Styragel columns and carrier solvents such as THF and toluene. Figure 1 shows the
effect of sample size on peak broadening. Four compounds - octadecane, tetradecane,
phenol and tetralin - used in the study represent three major chemical species found
in coal-derived products namely straight chain hydrocarbons, phenols and aromatics.
The precipitation of octadecane from the mixture was prevented by adding THF (about
15%) to the prepared sample. The use of concentrated or undiluted samples does not
affect the specific retention volumes or resolutions. When sample size was increased
from a few milligrams to over a hundred milligrams the observed peak broadening was
minimal. GPC of a sample with each component over 50 milligram showed unacceptable
peak broadening. It was also found that when a sample contained a large amount of one
component and other components are not in the over loading range, the resolution of
the minor components were unaffected by the overloading effect of the large component.

When THF is used as the mobile 1iquid phase certain species can hydrogen bond with
THF resulting in a larger molecular size and a lower retention volume. When nonpolar
solvents like toluene are used the molecular size is more or less unaffected. The
retention volume of several compounds in THF and toluene are listed in Tables I and
II. The effect of solvent on specific retention volumes of various compounds are il-
lustrated in Figure 2. It is interesting to note that rigid molecules like aromatics
have smaller molecular sizes(larger retention volumes) compared to straight chain
hydrocarbons of similar molecular weights ( 8 ). Phenol hydrogen bonds with THF (1 to
1 complex) resulting in a molecular size larger than a four ring aromatic hydrocarbon.
Tetralin, naphthalene and toluene have the same molecular size. It could be inferred
that the molecular size in a liquid phase gets a substantial contribution from the
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flexible part of the molecules or the bonds with freedom of rotation. No molecular
effect resulting from the solute-association with toluene was detected.

The retention volume of known compounds could be used as a guide to fractionate
coal-derived liquids. Contrary to the general belief that coal-derived liquids are
extremely complex and are formed of several thousands of compounds a simple concept
that coal-derived liquids are simple and composed of four of five distinct chemical
species such as alkanes, 'asphaltenes', phenols and aromatics was used for GPC sepa-
rations. By a trial and error method, the technique of fractionating coal-derived
liquids by GPC system using THF as the mobile liquid phase was perfected. Figure 3
shows the GPC of a sample from a Texas lignite liquefaction experiment using tetralin
as the hydrogen-donor solvent. The sample has about 20% lignite-derived products and
the rest composed of tetralin and tetralin-derived products such as napthalene and de-
calin, The GPC separates the sample into five fractions. The first fraction is com-~
posed of colloidal carbons as well as high molecular weight specles. Although the
high molecular welght species are not completely characterized, the preliminary test
shows that they are mainly of saturated hydrocarbon chains. The second fraction is
composed of hydrocarbon chains as well as asphaltenes. Vaccum distillation separates
saturated hydrocarbons from the non-volatile asphaltenes. The term asphaltenes is
used for a spectra of compounds seen in the GPC with a wide molecular weight distri-
bution but they are relatively non-volatile or decompose at high temperature so that
their characterization by GC-MS or MS is so far unsuccessful. Using the elemental
analysis of the asphaltene derived from West Virginia sub bituminous coal, can be
expressed as <014H150xNySz)n’ where values of x,y and z are less than 1. NMR and IR
spectra of the asphaltene fraction is similar to those published by other workers (1).
The molecular weight distribution, as it is apparent from the GPC pattern resembles to
reported values (5).

The aliphatic portion of fraction 2 and fractions 3, 4 and 5 were analyzed by GC-
MS and the total ion gas chromatograms of these fractions are shown in figure 4. The
peaks are identified in Tables III, IV and V. Since the separation of fractions were
made on an arbitary basis, slight overlapping of some species are expected. The alipha-
tic fraction is almost free of any phenols and aromatics. A portion of the lower
members of alkanes such as dodecane and tridecane are present in the phenolic cut
(fraction 3). Although the phenolic cut did not have any aromatics, some of the low
molecular weight phenols overlap into the aromatic cut. The cut between the hydrogen
donor system namely tetralin and the coal-derived aromatics encounters unavoidable
overlapping due to the column overloading effect of the tetralin system, which com-
poses almost 80% of the sample size. Any akylated aromatic with the exception of
toluene (same effective molecular size as naphthalene) has a retention volume lower
than that of naphthalene and the overloading causes broadening of the peak resulting
from tailing. As a result fairly good separation of aromatics from the tetralin
system is obtained. Figure 4e shows the separation of tetralin system. GPC does not
separate tetralin from naphthalene of other tetralin-derived products due to their
close molecular sizes.

Coal derived liquids from a pilot plant were also separated by GPC followed GC-
MS. Since they do not contain a large amount of any hydrogen donor solvent system as in
the case of the bench scale experiments, the separation is less complex in appearence.
As far as individual components are concerned there is lot of similarity in the general
pattern of various coal-derived liquids. Figure 5a shows the GPC of Syn-Crude sample
(Pittsburgh Energy Center pilot plant, derived from West Virginia sub-bituminous coal.)
Figures 5 b to f show the GPC of the fractions. It could be concluded from these
figures that the recovery of the sample injected into the columns is nearly 100%. The
components in fraction 1 have a greater tendency for spreading than others.

When the GPC system using THF is used for the separation of coal derived liquids,
the GC-MS of various fractions indicate reasonably good separations. But nonvolatile
components could still overlap and escape GC-MS detection. If large molecular size
aromatics which are nonvolatile are present in the coal-derived liquids, they may be
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present in the phenolic fraction. Phenolic fractions of coal-derived liquids from
experiments using tetralin contain two isomers of octahydrobinaphthyl (dimeric form

of tetralin) as shown in Figure 3b. The phenolic fraction may have overlapping from
the low molecular size asphaltenes. Use of a GPC system with tolueme as the mobile
liquid phase could solve some of these problems. GPC separation of Syn~Crude using
toluene is shown in Figure 6a. The fractions were further separated by a GPC system
using THF. In the toluene system both phenols and aromatics have more or less similar
molecular sizes due to the absence of any hydrogen bonding between the solvent and the
coal-derived products. Fraction 3 is composed of phenols and aromatics and Figure 6d
shows their separation by the GPC system using THF. It could be assumed that any
fraction from the toluene -GPC system should split up in the THF -GPC system if that
fraction contains both hydrogen bonding and non-hydrogen bonding species. As expected,
all three fractions from Toluene-GPC show signs of spreading due to hydrogen bonding in
THF. Ultimately a combined use of two systems using two different solvents such as THF
and Toluene can achieve a superior separation for coal derived liquids.

CONCLUSIONS

The analytical techniques have to be developed further for the characterizatioms
of asphaltenes and nitrogen containing species. It is quite likely that the latter
could be separated using appropriate solvent manipulations in the GPC systems. It
was found that various coal-derived liquids have more or less similar components.
Although Texas lignite varies in its BTU value as well as its ash content, a striking
similarity in the composition of lignite-derived liquids was observed. Coal-derived
liquids from West Virginia sub bituminous coal showsa resemblance to Texas lignite-
derived liquids. The amount of aromatic species with three or more rings was detected
in relatively small amounts. It could be quite possible that most coal may have a
molecular structure made up of loosely bound building blocks such as alkylated phenols
and alkylated aromatics (ome or two ring-species predominating) and trapped long chain
alkanes.

ACKNOWLEDGMENTS

The financial support of the Texas Engineering Experiment Station, the Texas A&M
University Center for Energy and Mineral Resources, and Dow Chemical Co., Freeport,
Texas, and The Alcoa Foundation, Pittsburgh, PA., 1s very much appreciated. The lignite
was furnishéd by Alcoa at Rockdale, Texas and by Dow Chemical Co. -Collabrative help of
Professor Ralph Zingaro of the Chemistry Department is appreciated. Mrs. Argentina
Vindiola assisted in collecting some of the data.

REFERENCES

1. Azel, T., Williams, R. B., Pancirov, R. J., and Karchmer, J. H., '"Chemical Froperties
of Synthoil Products and Feeds,'" Report prepared for U.S. Energy Research and Develop-
ment Administration, FE8007, 1976.

2, Baltisberger, R. J., Klabunde, K. J., Sternberg, V. I., Woolsey, N. F.,Saito, K.,
and Sukalski, W., Am, Chem. Soe., Div. of Fuel, Preprints, 22 (5) 84, 1977.

3. Shultz, H., and Mima, M. J., 4m. Chem. Soc., Div. of Fuel, Preprints, 23 (2) 76, 1978.

4. White, C. M., Shultz, J. L., and Sharkey, Jr. A. C., Nature 268, 620 (1977).

5. Bockrath, B. C., Delle Donne, C. L., and Schweighardt, F. K., Fuel, 57, (4), 1978

6. Fugmire, R. J., Grant, D. M,, Zilm, K. W., Anderson, L. L., Oblad, A. G., and Wood,

R. E. Fuel, 56, 1977.

7. Cogswell, T. E., and Latham, D. R., Am. Chem. Soc., Div. of Fuel, Preprints, 23, (2),
58, 1978.

8. Cox, J. H., and Anthony, R. G., J. 4ppl. Polym. Sei., 19, 821. (1975).

9. Philip, C. V., and Anthony, R. G., Preprints ACS Fuel Div., 22 No. &5, 31, Chicago,
(Aug. 1977).

207



"Organic Chemistry of Coal," ACS Symposium

Table ITI Retention Volume in Toluene

Retention Vol.

21.5
19.7
19.7
18.97
17.91
16.66
16.28
14.6
14.0
11.66
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Table T Retention Volume in THF
Compound Retention Vol. Compound
Pyridine 34.7 Phenol
Quinoline 33.08 p-Cresol
Benzoquinoline 32.00 Naphthol
Acridine 32.00 Tetralin
N-Ethyl Carbazol 30.9 Indol
Aniline 30.26 Quinoline
Phenol 30.00 Octanol
p-Cresol 29.3 N-Ethyl Carbazol
Trimethyl phenol 29.0 Tetradecane
R-Naphthol 28,64 Octadecane
Octanol 26.8
Tetradecane 25.0

Table III Hydrocarbon Chains Separated from GPC Fraction #2

Aliphatic Fraction

Retention Time

(Min.) Compound
8.0 Dodecane
9.7 Tridecane
13.7 Tetradecane
16.7 Pentadecane
19.8 Hexadecane
22.9 Heptadecane + Pristine
25.7 Octadecane
28.3 Nonadecane
31.0 Eicosane
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Aliphatic Fraction

Retention Time

(Min.) Compound
33.5 Heneicosane
35.9 Docosane
38.2 Tricosane
40.4 Tetracosane
42.7 Pentacosane
44,8 Hexacosane
46.9 Heptacosane
48.9 Octacosane
50.7 Nonacosane
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Figure 4. Total ion gas chromatogram of GPC fractions (Figure 3).
Column: 5% Dexsil 300 on 100/120 Chromosorb H-WP, 1/8 in. od X8 ft,,
carrler gas: 20 ml helium/min., a. Separation of hydrocarbon chains
from GPC fraction #2, temperature program 80-270°C at 4 C{min. b.
Separation of fraction #3, temperature program: 80-270°C at 2°C/
min. for 40 min. followed by 4°C/min., c. Separation of fraction #4,
temperature program 50°-270°C at 2°C/min. for 40 min. followed by
4°C/min. d. Fraction #5 was separated on a 10% SP2250 on 100/120

supelcoport 1/4 in. od X 8 ft. SS column at 160°C isothermal. Helium
flow rate:; 60 ml per min.
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INTRODUCTION

The upgrading of coal liquids has become necessary in order to make
acceptable fuels for home, transportation and industrial use. Several
research groups have stepped up their activities in coal liquid up-
grading, as evidenced by a recent symposium (1). However, only a few
studies have been reported on characterization and structural analysis
of the different fractions obtained in the upgrading of coal-derived
Tiquids.

In this study, upgraded coal liquids from a blend of 30 weight percent
of SRC I with 70 weight percent of SRC II, as well as from SRC II, have
been studied by IR and NMR techniques. The variation of structural
parameters of the upgraded liquids has been determined as a function of
reaction temperature and contact time in the catalytic hydroprocessing.
The results indicate that along with the decrease in heteroatom contents,
asphaltene content, aromatic content and a corresponding increase in
aliphatic content, the hydrogen-bonded structure and phenolic OH content
of the coal liquids drastically decrease with increase in contact time
and temperature. The disappearance of phenolic OH in upgrading process
follows a first-order kinetics but no such dependence was observed in
case of acidic NH.

EXPERIMENTAL

SRC I and SRC II were made from Kentucky bituminous coal. SRC II was

a liquid product with initial boiling point of 453 K and extending into
end boiling point of 665K. Elemental analysis of the two products are
listed in Table 1, with the results of solvent fractionation based on
solubility in toluene and pentane. The blend was prepared by adding

30 parts SRC I to 70 parts SRC II by weight at 413-423 K for 2.5 hrs.
under nitrogen pressure.

SRC II and the blend were hydroprocessed over a Ni-Mo catalyst (Nalco
NM504) in a trickle bed reactor at hydrogen pressure of ]3.8 MPa, liquid
hourly space velocities (LHSV) of 0.5, 0.75, and 1.0 hr~!, and tempera-
tures of 672 and 694 K. Prior to the hydroprocessing, the catalyst in
the oxide form was presulfided with a Hp/HpS stream. The hydroprocessing
experiments were carried out during a 32-hour continuous operation.

Infrared spectra were recorded on solutions in €S2 in a 5-mm KBr liquid
cell with the solvent in the compensating beam on a Beckman IR-20Q in-
frared spectrometer. The NMR structural parameters (2) were determined
before and after hydroprocessing by using a 60-MHz FT NMR spectrometer
(Perkin-Elmer R-600).
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RESULTS AND DISCUSSION

Several properties, including the results of elemental analysis and g
solvent analysis for the two kinds of feed materials and their up-
graded 1iquids, are listed in Table 2. The blend and SRC II are
sometimes referred as F-1 and F-2, respectively. Hydroprocessed
liquids from F-1 are referred as U-1 to U-4, while the upgraded
liquid from F-2 is referred as U-5, according to the various hydro- ‘
processing reaction conditions as shown in Table 2. With F-1 as

feedstock, increase in the H/C ratio is found with increase in contact

time at 672 K, but a satisfactory increase in H/C can be obtained at

higher temperature of 694 K. Values of H/C and specific gravity of

U-5 are comparable to those of light petroleum crude oils such as

Kirkuk and Khafji (H/C: 1.68-1.80; specific gravity: 0.85-0.89).

Values of U-4 are comparable to heavy petroleum crude oils such as

Eocene and Boscan (H/C ratio: 1.51; specific gravity: 0.95 - 0.99

(3). N/C ratio decreases with increase in contact time and tempera-

ture.

The IR spectra of F-1 and U-4 are shown in Fig. 1. The decrease of
hydrogen-bonded structure after upgrading is seen by the dramatic
decrease of broad bands of 3400 cm=1 (bonded OH) and 1610 cm-! for
U-&. The intense band of 1610 cm™! for F-1 is due to the hydrogen-
bonded carbonyl stretching in addition to the skeleton vibration of
the aromatic ring (4).

Structural parameters were determined from NMR spectra of the coal
ligquids in CSp. There seems to be no significant difference in the
parameters of F-1 and F-2. (Table 3). It should be noted, however,
that the CS2 -soluble fraction of the blend (F-1) is 89.5% and that
the toluene-insoluble fraction of F-1 could not be dissolved in CSj.
In using F-1 as feedstock, there is a gradual decrease in fa accompan-
ied by an increase in the degree of substitution of aromatic nucleus
(o), with increase in contact time of hydroprocessing at 672 K. At
the higher temperature of 694 K, fjof the upgraded oils from F-1 and
F-2 were decreased to 0.33 and 0.17, respectively. Table 3 shows that
U-5 is mainly composed of aliphatic compounds, and this is supported
by the high H/C ratio (Table 2) as well as IR spectra.

Removal of phenolic OH and acidic NH groups in hydroprocessing of SRC
Tiquids was studied kinetically by measuring the jntensity of free OH
and NH stretching vibrations at 3600 and 3480 cm-1, respectively. The
relative decrease of the OH and NH group intensities is summarized in
Table 4 in relation to the contact time of hydroprocessing of F-1 at
672 K. The removal of OH group was found to follow first-order kinetics
(Fig. 2). However, no such dependence was observed for the NH group.

It must be mentioned that the importance of the effect of mass transfer
processes or incomplete catalyst wetting has not been considered in this
discussion. As shown in Fig. 2, the relative decrease in the N/C ratio
also follows a first-order kinetics under the same reaction conditions.
The relative reactivity of oxygen removal to nitrogen removal in hydro-
Eroce;sing of F-1 at 672 K is estimated to be 2:1, from the slopes in
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Fig. 3 shows partial IR spectra of SRC 1iquids before and after
hydroprocessing in rather concentrated CSp solutions of the same
concentration (19.2 g/1). After hydroprocessing, the intensit

of the 3600 cm-1 peak decreases and new absorption at 2670 cm-

is found in the upgraded oils. The intensity increases with
increase in contact time and temperature of hydroprocessing. The
absorption in this region can be ascribed to the proton-transfer
NH stretching (N* H...0") (5). We have previously found that when
an aliphatic amine as triethylamine is added to the acid/neutral
fraction of SRC process_solvent, new absorptions were found at
2630, 2610 and 2505 cm-} (6) and we ascribe these to the formation
of proton-transfer ionic species, (N* H...0”). The spectrum of
U-5 shows that it contains a certain amount of such species, even
after almost complete disappearance of NH stretching at 3480 em- 1.
The implication is that the proton-transfer ionic species are
formed under present hydroprocessing conditions.

Table 5 gives the infrared absorbance ratio of CH3/CHp for the
hydroprocessed 1iquids in dilute CS2 solution. The ratio decreases
from 0.87 to 0.56 with increase in contact time of processing at
672 K, using F-1 as feedstock. The result may indicate that the
upgraded oils in the hydroprocessing treatment takes on a saturated
cyclic structure (7).

Structural parameters in the asphaltene fractions of the upgraded
liquids are given in Table 6. It is interesting to note for the
asphaltenes that the values of H,,/C; actually decrease with increase
in contact time of hydroprocessing, whereas the reverse is true for
the unfractionated liquids. There is also an increase in the number-
average molecular weight of the asphaltenes which are isolated from
1iquids which have been hydroprocessed with a longer contact time.
The changes in properties of the various asphaltenes are particularly
intriguing, and we plan further experiments with the asphaltenes.
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Table 3. Structural Parameters for Hydroprocessed SRC Liquids

Proton Distribution Structural Parameters

Sample (Area 7)

Ar0ﬁztlc Benﬁzllc Allgzatlc fa 53 ]ﬂ/Ha +1 Hau/Ca
F-1%% 38.9 27.7 33.4 0.66 0.28 2,2 0.93
U-1 21.4 29.7 48.9 0.49 0.42 2.6 0.99
U-2 19.3 28.7 52.0 0.45 0.43 2.8 1.03
U-3 15.7 24.6 59.7 0.41 0.44 3.4 0.97
U-4 12.9 19.6 67.5 0.33 0.43 4.4 1.05
F-2 37.3 29.8 32.9 0.63 0.30 2,1 0.98
U-5 4,6 9.6 85.8 0.17 0.51 9.9 0.98

*Separation point between Ha and Ho chosen at 6= 2.1 ppm

*#%Elemental analysis of the CS,- soluble fraction of F-1: C 88.2, H 8.3,
02.0, ¥1.18, S 0.3. The C P soluble fractions of F-1 and U-1 are
89.5% and 99.2%, respectively., All other samples are completely soluble

in CSZ'

Table 4. Reduction of Phenolic (OH) and Acidic Nitrogen (NH)
Groups in Hydroprocessing of the Blend of SRC I with

SRC IT
Sample Unfractionated Liquid
% OH* % NH*
U-1 19 88
U-2 11 82
U-3 4.4 48

*7 of original OH and NH groups remaining in the upgraded
liquids, determined by IR.
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A LOW TEMPERATURE REACTION PATH FOR COAL LIQUEFACTION*

M. G. Thomas and R. K. Traeger

Sandia Laboratories, Albuquerque, NM 87185

Introduction

The interaction of coal and solvent to form a gel in the 250-350°C
range has significant implications in the efficiency of short resi-
dence time or two-stage liquefaction processes and the operation of
preheaters in existing coal liquefaction processes. This interaction
has been noted (1,2) during the heating of coal slurries in autoclaves
where an apparent "endotherm" appears in the time-temperature curve--
the "endotherm" is currently believed to be due to a high viscosity
gel reducing heat transfer to the thermowell in the autoclave. Eval-
uation of these transitions leads to the following qualitative results.

1. Coal Effects - As the reactivity (to benzene solubles) toward
liquefaction of the coal increases, the temperature of
the transition increases;

- Lignites do not exhibit a measurable transition.

2. Solvent - Transitions are not noted with pure hydrogen donor
solvents as tetralin;

- Magnitude of the transition increases as dissolving
ability of the solvent increases.

Work by Cronauer (3) and Whitehurst (4) suggests initial solvent
coal reactions which form adducts.

This paper summarizes the results of initial experiments on coal-
solvent interactions. Results of low temperature (300°C) batch
studies are compared to results obtained from 400-450°C, short resi-
dence time continuous reactor studies.

Materials

Three coals of varying reactivity were reacted with pure and
coal-derived solvents; analyses are shown in Table 1 (5}.

Table 1. Analyses of Coals and Solvents

SRC II

Illinois #6 West Va. Heavy Creosote
Ultimate Burning Star Ireland Bruceton Distillate #4 Cut
Carbon 71.5 73.0 81.3 89.9 90.8
Hydrogen 4.8 5.2 5.3 7.6 5.8
Nitrogen 1.5 1.2 1.6 1.4 1.1
Sulfur 3.3 4.5 1.2 0.4 0.4
Ash 10.0 10.0 3.7 .05 < ,05

Three non-~coal-derived solvents used were hexadecane, phenanthrene--
both C.P. grade--and tetralin, technical grade.

Table 2 summarized results of autoclave liquefaction studies on
the three coals.

* This work supported by the U.S. Department of Energy.
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Table 2. Coals

Autoclave Results (5) Transition Temp. (2)
Temp % Conv to in Creosote 0il,
Coal Time (©C) @H Sol #4 cut (°C)

Illinois #6 30 430 - 300

Burning Star
West Virginia 30 430 64 240

Ireland Mine
Bruceton 30 430 44 200

Experimental

Two systems were used. The first was a glass system constructed
with Schlenk apparati. A 100 ml flask was topped with an adiabatic
(silvered) reflux column. A thermocouple was inserted directly into
the slurry and the system was continuously flushed with argon at 1
atmosphere. Slurries contained approximately 99 coal and 22g solvent.
The system was stirred with a teflon-coated stir bar in the slurry.
(When high viscosities were reached, this method was ineffective.)
This apparatus was also employed for heating the dry coals to 300°C.
In these cases, a thin layer of coal covered the bottom of the flask
and the thermocouple was in direct contact with the flask.

The second system was a four-stage continuous flow reactor.
Slurries of 30% coal/70% solvent were employed. Procedures and
results are given in reference 6.

Analysis

Products have been analyzed by exhaustive Soxhlet extraction with
benzene, followed by a THF extraction of the benzene insols (7) and a
separation of benzene sols into pentane sols and insols (7). Some
samples were filtered using a pressure filter fitted with #50 Waltman
filter paper. Viscosities were measured with a Brookfield LVT visco-
meter.

Stability of Coal and Solvents

Experiments on the coal and solvent individually were carried out
to determine if reactions observed were due to the individual compo-
nents. Results shown in Table 3 indicate no significant chemical
reaction occurs below 370°C and heating to 300°C does not result in
THF solubility. However, softening is noted in the 300-330°C range.

Table 3. Thermal Response of Coals and Solvent

Maximum Temperature of Changes in

DSC Rate of Maximum Solubility
(Broad Wt Loss Expansion Observed After
Coal Endotherm) TGA by Dilatometry Heating to 300°C
I1l #6 BS ~ 370°C ~ 450°C 300°C None
W. Va. v 370°C ~ 450°C - None
Bruceton ~ 370°C v 4500C 330°c None
SRC II Boiling Range 290-550°C; no change noted in

Heavy Dist heating to 450°C.
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Solvent-Coal Studies at Low Pressures

Results of studies made under inert gas at one atmosphere are
shown in Table 4.

Table 4. Low Temperature Liquefaction Results

% Soluble
Temp Time Based on MAF Coal
Coal Solvent oc Min. % Benzene % THF
Solvent Effects
Bruceton Hexadecane 200 15 0 0
Tetralin/ 200 15 -0.4 11
Phenanthrene
SRC II H.D. 200 15 -6.0 25
Coal Effects
Bruceton SRC II 200 15 -6 25
W. Va. 260 15 =12 22
I11 46 300 15 -4 19
111 #6 300 300 -6 23
Temperature
Effects
Bruceton SRC II 25 0 0 0
25 15 4 12
50 15 8 13
93 15 7 12
120 15 6 13
130 15 4 11
170 15 3 13
200 15 -6 25

The data from the low temperature experiments show the following:

1. Solvent: (a) A non-reactive solvent as hexadecane does not
dissolve the coal. Tetralin/phenanthrene mix is a good
hydrogen donor but does not give as large a THF conversion
as the SRC II heavy distillate.

(b) Increased THF conversion is accompanied by
increasing solvent loss (benzene solubles).

2. Coal: The least reactive coal (Bruceton) toward liquefaction
at higher temperatures is dissolved more readily at lower
temperatures. This agrees with the transition tempera-
tures noted in autoclave heatup curves.

3. Temperature: Approximately 13% of the coal can be extracted
in 15 minutes with THF and this solubility does not
increase with temperature until the autoclave transition
temperature is reached; THF solubility increases and
solvent is lost.

High viscosity products were noted when the THF solubility
exceeded 20%; the products contain a high preasphaltene/oil ratio.
This condition was only observed when the temperatures equaled or
surpassed temperatures where endotherms had been observed in autoclave
experiments with the respective coal/solvent systems.
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Continuous Reactor Data

. If the reactions are thermally activated and no significant mechan-
ism ghanges occur between 300 and 400°C, short time 400°9C effects should
be similar to the 15 minute low temperature data just described. Pro-
duct distributions from the reactor runs with I11. #6 coal, Figure 1,
show that preasphaltenes are produced at short times, apparently at the
expense of solvent. These distributions result in high viscosities.

— T =T T T T T
LIQUID PRODUCT COMPOSITION
116 (33%) IN SRC Il HEAVY DISTILLATE
2000 psi; 200 MSCF H2/TON COAL
80 [ 45o°\c 425°C =
A ) —
0 A 38 o-O-0t '-':.:,__"‘.:-__-"9'__" P B
o - - V -
60 o " Y 4000 c; oiLs
20 -
L0 a2 L 400 C PREASPHIALTENES
- — —J o — [e] —
10 ﬁm’&\p S ~_v_ Se———
R ey N SR =
o / ] 1 1L 1 1 1 .
0 1x10°* 2107 3x107  4x107 5x10°°  6x10”°  7x10

SPACE TIME (h-t3/1b slurry)

1 T T | T
g WOV VvV v v
"-\‘ VISCOSITY (measured at 70° C)
i #6 (33%) IN SRC I HEAVY DISTILLATE
~ 2000 psi. H2; 200 MSCF H2/TON COAL
q.i
3 \ |
Q
s N
g \
8 J
b \\ 20 C
> N\
N i
~
o R g g=0-0
] L ’e
o} 1x107 2x107 3x10° 4x107 5x107? 6x107 7x10°*

SPACE- TIME (ht-ft*/Ib SLURRY)
Figure 1
Thus, these continuous reactor data, at short reaction times, agree
qualitatively with the low temperature, batch data. Initial regressive

reactions have been noted in solvent imbalance during pilot plant short
residence time preheater studies (8).
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Evaluation of conversion data from the continuous reactor indicate
the asphaltene concentration in the slurry product is independent of
temperature and dependent on conversion at short times (benzene con-
versions of 0-55%). These data (Figure 2) suggest a series reaction

sequence from coal to asphaltenes.

DaTa From ILLINOIS #6 Runs
PLoTTeD LINEARLY
4500C sLore .17
4259C siope .15
4000C siope 14
S0
40
3
&
g
3
8
2 30
&
=
&
"o
20
[:> WEST VIRGINIA @ 425°C/CRreosote F4
10 A Gl IiLivors #6 a 4509C/SRC 11 HD
( IiLinois #6 @ 4250C/SRC 11 HD
> ILLinots #6 @ 407°C/SRC 11 HD
L1_‘2*‘3‘9@55 7% 91 7B
w/0 ASPHALTENE IN YLP
Figure 2
Discussion

Onset of a solvent-coal reaction occurs in the 200-300°C tempera-
ture range. The temperature and extent of this reaction are dependent
on the coal and solvent. In this initial reaction, THF soluble pro-
ducts increase but solvent is lost indicating formation of a THF solu-
ble, coal-solvent reaction product. This reaction product, defined in
the preasphaltene or asphalt©l compounds, results in high viscosity
products--possibly gels.
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A number of kinetic studies of coal liquefaction (Cronauer) pro-
cesses made at long reaction times (< 10 min) show the liquefaction
mechanisms can be represented by parallel reactions of coal to pre-
asphaltenes, asphaltenes, oils and gases. However, these data show
coal itself does not undergo thermosolvolysis at temperatures to 300°C
and free radical processes need not be invoked to explain the reactions
observed in the 200-300°C range. The data do suggest an initial series
reaction of ‘

Coal + Solvent » Preasphaltenes.

The hydrogen donating capability of the solvent does not appear to be
critical at this stage, but functional groups that can interact with
the coal and cause swelling are important.

This initial series reaction is also indicated in the short time,
continuous reactor results, Figure 2, where the preasphaltene content
rises along with a solvent loss early in the reaction; subsequent de-
crease in preasphaltene content is accompanied by an increase in oil
and asphaltene concentrations. The asphaltene content (and similarly
the 0il) is defined by the benzene conversion at 400, 425, and 450°C.
The dependence of asphaltene and oil on conversion and not on tempera-
ture further suggests that the reaction of coal to preasphaltene goes
to completion. Product distributions derived from two sources~-coal
and preasphaltene~~would almost certainly be dependent upon temperature.

Preasphaltene chemistry needs further clarification. The extent,
and possibly type, of coal-solvent interaction changes with tempera-
ture. Only about 30% THF conversion occurs at low temperatures with
80-95% conversion occurring over 400°C.

Conclusions

Coal liquefaction is initiated at 200-300°C by the reaction of
solvent and coal to form preasphaltenes. The temperature of the reac-
tion is a function of the coal type and the solvent. This reaction
product imparts high viscosity to the slurry and its chemistry may
influence subsequent liquefaction reactions. Understanding of this
initial reaction is important to evaluate the applicability of advanced,
two~-stage liquefaction processes and could lead to the development of
new, low temperature and pressure liquefaction schemes.
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THE SELECTIVITY OF COAL MINERALS AND SRC RESIDUE
ASHES FOR HYDRODESULFURIZATION IN THE SRC PROCESS

D. Garg, A. R. Tarrer, C. W, Curtis,
J. M. Lloyd, and J. A. Guin

Chemical Engineering Department
Auburn University
Auburn, Alabama 36830

INTRODUCTION

Many improvements have been made in the Solvent Refined Coal (SRC) process over
the past year. During this time period, several solid/liquid separation techniques
have evolved that offer promise for cost reduction in ash removal. Concurrently,
technical feasibility for the Kerr-McGee's process for critical solvent deashing
has been demonstrated on a pilot scale at the Wilsonville SRC facility. Since
this separation process can be used to fractionate liquified coal as well as for
deashing, a fraction of the liquefied coal could be used as make-up process solvent.
As a result, process solvent regeneration appears no longer to be a limiting oper-
ational factor for the dissolver stage (1). Now the dissolver per-
forms three basic functions: liquefaction of coal, regeneration of the process
solvent and desulfurization of coal liquids. Several studies have shown that lique-
faction occurs very rapidly while desulfurization occurs slowly. Thus, now that
the Kerr-McGee's process can be used to offset solvent deficiencies, desulfuriza-
tion may limit dissolver operations, particularly when a solid SRC is produced.

Hydrogen generation for SRC processing is a major operational cost, making
short reaction times with minimum hydrogenation severity desirable. The overall
objective of this study is to develop a methodology for using mineral additives
to increase the rate of desulfurization during coal liquefaction. Some iron con-
taining minerals, including the ash of SRC residue, have been shown to act as
in situ sulfur scavengers (2). The addition of such minerals to the dissolver
feed may allow sulfur removal requirements to be met with shorter reaction times
and consequent lower hydrogen consumption.

The role of mineral additives in coal liquefaction processing is to increase
desulfurization with minimal but sufficient hydrogenation. Selectivity is a
measure used to rate the effectiveness of the different mineral additives studied.
By definition, selectivity is the ratio of the amount of sulfur removal to the
amount of hydrogen consumed for a given reaction time.

In previous studies, the effects of relatively large amounts of mineral
additives on reaction rates have been examined (3) in order to clearly delineate
the effects of the additives. However, in actual application, such large amounts
would be prohibitive due to the associated material handling difficulties. There-
fore, one of the major objectives of this work is to demonstrate that only small,
easily processed, amounts of mineral additives are required for effective sulfur
scavenging, provided that the iron contained in the additives is in a form avail~
able for reaction and is present in stoichiometric amounts.

EXPERIMENTAL

Reagents and Materials
Light recycle oil (LRO) and Western Kentucky 9/14 coal were obtained from the
Wilsonville SRC Pilot Plant, operated by Southern Services, Inc., The LRO contains
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0.2 % sulfur and the Western Kentucky coal is analyzed to be 67.8% C, 4.97ZH, 3.10%S !
and 12% mineral matter. The coal was dried overnight at 100°C and 25 inches Hg
vacuum before use.

Coal minerals, SRC residue ash; magnetite; pyrite; hematite; reagent grade
Fe,0,.; commercial Fep03 catalyst; and reagent-grade reduced iron,were used as mineral
addigives for hydrogenation and hydrodesulfurization reactions. Commercial grade
Fe,04 (Fe-0301T, 20% Fe,03 mounted on activated alumina) was obtained from the Har-
shaw™ Chemical Company. This catalyst was ground to various particle sizes to study
the effect of mass transfer on the reactions. Hematite was obtained from Cities
Services and magnetite, from Chemialloy Chemical Company. SRC residue obtained from
the Wilsonville SRC Pilot Plant was oxidized before use. Hydrogen gas of 99.995%
purity was obtained from Union Carbide. All other chemicals were reagent grade.

Equipment

A small tubing bomb reactor and a commercial 300 cc magnedrive autoclave
(Autoclave Engineers) were used for all reaction studies and have been previously
described (2-4). Varian gas chromatographs (Models 1800 and 920) were used for
analysis of liquid and gas liquefaction products. The sulfur content of coal and
liquefaction products was determined by using a Leco Sulfur Analyzer (Model 532).
Elemental analyses of various mineral additives were determined by energy disper-
sive X-ray fluorescence analysis (EDXRF). The surface area of the mineral additives
was determined by the nitrogen adsorption technique.

Reaction Conditions:

Coal liquefaction reactions were performed for time periods ranging from 15 to
120 minutes, at 410°C and with stirring rates of 1000 rpm except during mass trans-
fer studies when the reactions were stirred at different rates ranging from 600
to 1400 rpm. The autoclaves were charged with 40g of coal, 80g of LRO, and 10g of
additive. Benzothiophene desulfurization was studied in a small tubing bomb reactor
(12ml capacity). The benzothiophene reaction, 10% benzothiophene in dodecane with
appropriate amounts of mineral additives, was performed at 1250 psi hydrogen pressure
(at room temperature) and 410°C for 30 minutes.

RESULTS AND DISCUSSION

Effect of the Amount of Additive

Elemental iron has been shown to act as an effective in situ sulfur scavenger
(2-4). The effect of different amounts of iron on the sulfur content of the total
liquid products from coal liquefaction reactions is shown in Figure 1 where the
ratio S/SB is plotted versus Fe/FeS. These ratio terms are defined as: S is the
weight percent of the residual sulfur; Sg» residual sulfur for the baseline case,
i.e. no iron present for the same reaction conditions; Fe, the weight percent of
iron added; Fes, the stoichiometric amount of iron required to react with the sulfur
to be removed. Fe, is computed on the following basis: 1) the organic sulfur
content of the coai is 1.23%; 2) pyritic sulfur of the coal, 0.79%, is reduced to
the FeS form; and 3) the sulfur content of the solvent is 0.27%. The residual
sulfur (S/Sgy) decreased significantly (from 0.79 to 0.53) with increasing amounts
of iron (Fe Feg = 1.3 to 20). The decrease in residual sulfur content is most
significant when Fe/Feg is less than 10. When Fe/Feg is increased from 10 to 20,
a decrease of only 0.07 occurred in S/Sp which is just slightly more than the stan-
dard deviation of S/Sp (+ 0.02). Therefore, in this range, additional amounts of
iron appear to have little effect on sulfur removal.

The effect of different amounts of Fe;03 on residual sulfur is also shown in
Figure 1. No significant decrease in residual sul fur occurs, when 71% of the
stoichiometric required amount of iron is present as Fe,0; (i.e. Fe/Feg = 0.71).



It should be noted that the surface area of the Fey03 used in this study is 8.9 mz/gm.
(Table I) Apparently, since no hydrogen sulfide (H,S8) 1is present in the product

gases when stoichiometric amounts of iron are present, all of the iron present in

the form of relatively high surface Fej0, reacts with any HyS formed. Furthermore,
essentially the same degree of desulfurization occurs with,a stoichiometric excess

of Harshaw iron catalyst, which has a surface area of 60 m“/gm, as that obtained

with an equivalent amount of Fe203. Therefore, the greater surface area of the
Harshaw catalyst does not appear to have any significant effect on desulfurization,
because equivalent amounts of iron are available in both cases to react with the

H9S produced in the reactor.

The effect of different amounts of iron and FeZO3 on the final hydrogen partial
pressure and, consequently, on total hydrogen consumption is shown in Figure 2. The
same amount of hydrogen is consumed in either the presence or absence of iron:

Hf/H0 = 0,58 + 0.02, where H. and H, are the final and initial hydrogen partial
pressures, respectively. Under the same reaction conditions, more hydrogen is con-
sumed when Fe203 is present: Hf/H0 = 0.45 + 0.01; however, approximately the same
amount of hydrogen is consumed irrespective of the amount of Fe 03 present, Since
hydrogen consumption does not depend on the quantity of Fe;04 present, Fej03 is not sig-
nificantly reduced at the reaction conditions used. Since more hydrogen is consumed with
Fe 03, the selectivity of iron (sulfur removal per hydrogen consumption) is higher

than that of Fe,04, provided that sufficient iron, i.e. Fe/FeS=10, is present (Fig. 3).

Model Compound Studies

The hydrogenation of benzothiophene under different reaction conditions and
with different datalysts produces a variety of products including ethylbenzene,
dihydrobenzothiophene, styrene and phenylethanethiols (5,6). Using the iron addi-
tives listed in Table I and the reaction conditions stated, the major products
observed in this study are ethylbenzene and dihydrobenzothiophene.

P
R ow

The conversion of benzothiophene to these reaction products as catalyzed by the
different mineral additives is given in Table 1. The mineral additives, Fe,03

and Co-Mo-Al, promoted complete conversion of benzothiophene to ethylbenzene. How-
ever, complete conversion to ethylbenzene does not result when iron is the mineral
additive; in fact, only 45% of the benzothiophene is converted to ethylbenzene with
no significant dihydrobenzothiophene formation. In the benzothiophene reaction,

the amount of iron used is considerably less than the amount found necessary for
maximum desulfurization of coal/oil reaction mixtures. The Fe/Fe. for the benzothio-
phene reaction is 2.7 compared to the optimum Fe/Fe. of 10 observed for the coal/oil
slurries. While in the range of Fe/FeS.< 10, desulfurization has been shown in the
coal/oil reactions to depend on the amount of iron present. This result is veri-
fied in the benzothiophene reaction as given in Table II, where the conversion of
benzothiophene is shown to vary significantly with the amount of iron present

during the reaction. The conversion of the benzothiophene increaes from 23 % to

54% with a corresponding increase of Fe/Fe_ from 0.72 to 2.7. Furthermore, when a
Harshaw catalyst is used and iron is present in the amount of Fe/Fes = 0,37, a low
conversion of benzothiophene is observed; whereas, complete conversion to ethyl-
benzene occurs when approximately twice the required stoichiometric amount, Fe/FeS =
1.9, is used. As observed in the coal/oil reactions discussed previously, the
higher surface area Harshaw Fe,;03 catalyst does not result in any significant
increases in the desulfurization of the benzothiophene system.

. Iron sulfide additives, pyrite and FeSy,,, do not react with the H,S product,
and, as previously reported (3,4), are not as effective in increasing desulfurization
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rates as iron and Fe203. The results given in Table II concur with these conclu-
sions. In the presence of the iron sulfide additives, the benzothiophene is con-
verted primarily to dihydrobenzothiophene -- a product of hydrogenation -- instead
of ethylbenzene —— a product of hydrodesulfurization. In contrast, when iron or
Fep0j3 is present during reaction, the primary product is ethylbenzene.

Effect of Reaction Time

. The rate of hydrodesulfurization of coal liquids is generally consistent with
that of petroleum feedstocks: both substances are considered mixtures of sulfur-
containing compounds, each of which reacts at a rate proportional to its concentra-
tion. The rate of the total sulfur removal can be approximated as if there are
only two reactive components.

Typs = ¥ Kl Cg + 0y K, Cg

where CS is the total concentration of the sulfur-containing compounds; a; and a
are the fractions of reactive and unreactive components, respectively; K; and KZ
are the rate constants of the reactive and unreactive components (7).

The parameters, 0y, O and‘Kl, Ky, vary according to the additive present
during reaction as shown in Figure 4. When FeZO is added, more sulfur 1s removed
in the first 15 minutes of reaction than in two gours when no additive is present,
In addition, considerably less hydrogen is consumed when Fej05 is present in a 15
minute reaction than after two hours without any additives (See Figure 5). The
hydrogen consumption with Fe203 is 20% as opposed to 44% for no additive. The use
of mineral additives such as Fe203vis beneficial, in that shorter reaction times
are needed for desulfurization with less total hydrogen consumption. Furthermore,
these minerals can be added without any sacrifice in coal conversion as shown in
Figure 6.

Influence of Mass Transfer

The three phase reaction system present in coal liquefaction may be influenced
by mass transfer effects. To determine whether mass transfer regulation is occurr-
ing, experiments were performed using different stirring rates and different part-
icle sizes.

A direct test to determine the importance of gas/liquid transport was perform—
ed by varying the stirring rates while holding all other variables constant. As
cdlil 1)3 Seeir ill ld-LJlE :), L_UL bLiLLills LaiLed> -Ut'_',LNCCll V:”:l\; dllLi l'-ﬂ:l\; L pliuy llCiL;ICL L-ll=
rate of desulfurization nor hydrogen consumption is very sensitive to and, conse-
quently, is not affected by agitation rate. Therefore, gas/liquid mass transport
has no apparent influence on either hydrogenation or desulfurization.

Generally, decreasing the catalyst particle size increases the effectiveness
factor and the liquid/solid mass transfer coefficient. Reducing the particle size
will increase the observed reaction rate when the reaction is controlled either by
liquid/solid mass transport or by pore diffusion. However, reducing the particle
size is not a definitive test for pore diffusion. Although the behavior of Fe 03
is more like a reactant than a catalyst, the absence of particle size effects
should be indicative of the absence of liquid/solid mass transfer control.

A series of experiments were performed with different Fe,0, particle sizes to
determine the effect of particle size on desulfurization. Thé fate of desulfuri-
zation is observed to be essentially independent of particle size as shown in
Table IV. The rate of hydrogen consumption does vary slightly with different
particle sizes.

Since the observed desulfurization rate is independent of both the Fe,03
particle size and the stirring rate (within experimental error), it appears that



desulfurization is neither pore diffusion nor liquid/solid mass transfer controlled,
implying then that the reaction is kinetically controlled. The rate of hydrogen
consumption may be somewhat limited by wmass transfer since it is influenced by
particle size. An indication of the importance of particle size on hydrogen consump-
tion rate is demonstrated in Table V. The rate of hydrogenation increases with
decreasing particle size.

Comparison of Activities of Different Coal Mineral Additives

Coal mineral residues from the SRC process and ashes from the residues and
Western Kentucky 9/14 coal were added to the coal liquefaction reactions to deter-
mine their effect on desulfurization and hydrogen consumption. An elemental analy-
sis of the additives is given in Table VI. The iron content of these additives
ranges from a low of 3.37% in SRC residue to a high of 26.92% in Western Kentucky
ash while the sulfur content ranges from0.47% in SRC ash to 3.81% in Kerr-McGee
residue. The apparent differences in the elemental composition of SRC residue and
Kerr~McGee residue observed in Table VI may be accounted for when the source of
each is considered: SRC residue is obtained from filtration and Kerr-McGee residue
is obtained through solvent deashing. In both cases, the residues were ashed to
eliminate the carbonaceous coating and to convert the minerals to an oxide form for
sulfur scavenging.

A comparison of the activity of different coal mineral additives is given in
Table VII. 1In the cases of no additive, SRC residue, and Kerr-McGee residue, the
organic sulfur removed from the system is essentially identical. The same is true
for hydrogen consumption. After ashing, both the Kerr-McGee and SRC residue ashes
show increased activity for sulfur removal; from v 23% for the residue to 43% for
the ashes. Two possible reasons for these differences are: 1) the carbonaceous
coating may not completely dissolve under reaction conditions, in effect, inhibiting
sulfur scavenging or 2) the change in mineral form upon oxidation may provide the
correct form for sulfur scavenging. Although the iron concentration in the Kerr-
McGee residue ash is approximately three times higher than that of the SRC residue
ash, the sulfur removal is essentially the same. This fact may be due to the dif-
ference in coal type, the mineral forms in the coal feedstock and the mineral
forms present after processing and ashing. Mineral inhibitors may also be present
in the Kerr-McGee residue ash that limit sulfur removal. Another possible reason
for the same sulfur removal even with different iron contents for the two ashes is
that the sulfur content of the Kerr-McGee residue ash is greater than that of the
SRC residue ash.

The activity of iron, magnetite (Fe;0,) and Fe,03 is compared in Table VIII.
Fe,03 and Fe show essentially the same amount of sulfur removal although their sur-
face areas differ by more than an order of magnitude. In contrast, magnetite has
a surface area between that of Fe and Fej03 but does not have the ability to remove
sulfur like Fep03. It appears from Table VIII that magnetite is not as effective
as a sulfur scavenger as Fe; however, since equivalent amounts of iron, Fe/Fes, are
not used and sulfur removal is sensitive to the amount of iron present when Fe/Fes<10,
more experimental data is needed to compare their relative activities. Both magne-
tite and Fe have a low surface area and low hydrogen consumption while Fe,03 has a
relatively high surface area and a much higher hydrogen consumption. Since hydro-
genation appears to be somewhat limited by mass transfer, the differences in select-—
ivity among Fe, magnetite and Fe203 may be due to the effects of mass transfer.
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Table I: EFFECT OF MINERAL ADDITIVES ON THE HYDRODESULFURIZATION OF BENZOTHIOPHENE

PRODUCT DISTRIBUTION OF
CONVERTED BENZOTHIOPHENE,%

BENZOTHIOPHENE DIHYDROBEN- ETHYL- HYDRODESULFUR~

ADDITIVE Fe/Feg CONVERSION, % ZOTHIOPHENE BENZENE IZATION,%

NONE - 0.0 0.0 0.0 0.0
CO-MO-AL - 100.0 0.0 100.0 100.0

Fep04 1.9 100.0 0.0 100.0 100.0
(Reagent grade)

Fe 2.7 45,0 5.0 95.0 3.0
Reduced Pyrite, - 42,0 65.0 35.0 15.0
FeSyix

Pyrite, FeSy 1.2 40.0 90.0 10.0 8.0

Benzothiophene: 0.45g
Additive: 0.5g

Table II: EFFECT OF Fe AND Fe,03 ON HYDRODESULFURIZATION OF BENZOTHIOPHENE

PRODUCT DISTRIBUTION OF
CONVERTED BENZOTHIOPHENE, 7

Fe/Fe BENZOTHIOPHENE = DIHYDROBEN- ETHYL- HYDRODESULFUR-

ADDITIVE s CONVERSION, % ZOTHIOPHENE BENZENE IZATION,Z
NONE - 0.0 0.0 0.0 0.0
Fe(3%) 0.72 23.0 39.0 61.0 14.0
Fe(6%) 1.4 35.0 26.0 74.0 26.0
Fe(10%) 2.7 5422.0 0.0 100.0 5412.0
HARSHAW Fe,04 0.37 24.0 40.0 60.0 13.0

(10%)
POWDER Fe)04 1.9 100.0 0.0 100.0 100.0

(10%)

Benzothiophene: 0.45g
Additive: 0.5g
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Table Vi PORE-DIFFUSION STUDY

PARTICLE SIZE, MESH AVERAGE SIZE, mm. HYDROGEN CONSUMPTION RATE, %/MIN.
-35+ 60 0.335 0.392
-60+ 80 0.214 0.475
-80+150 0.141 0.417
-80+150 0.141 0.45
~-200 0.0895 0.55

Table VI: X~RAY ANALYSES OF DIFFERENT COAL LIQUEFACTION RESIDUES AND THEIR ASHES

WEIGHT PERCENT

SRC RESIDUE SRC ASH K-M RESIDUE K-M-ASH KY 9/14 COAL |
ELEMENT (KY 9/14 COAL) (KY 9/14 COAL) (KY 6 COAL) (KY 6 COAL) ASH |
Si 13.54 27.86 6.97 23.86 18.02
Fe 3.37 6.80 5.66 18.49 26.92 ‘
Ca 1.30 3.03 0.31 1.16 1.55 i
K 0.43 1.01 0.67 2.02 1.75
cl 0.22 0.37 0.62 0.26 0.46
Ti 0.14 0.34 0.19 0.61 0.66
Mn 0.02 0.05 0.03 0.09 0.09
Sr 0.04 0.09 - - 0.07
Zn - 0.02 0.02 0.06 0.03
v - 0.04 0.02 - 0.09
Cu - 0.02 0.02 0.14 0.10
Br - - - - -
Rb - - - - 0.01
Pb - - - - -
Al 3.86 9.20 3.29 10.51 11.11
Mg - 2.10 2.20 - -
S 2.14 0.47 3.81 0.58 0.86
[ 54.02 - 59.33 - -
H 2.67 - 3.44 - -
N 1.35 - 1.56 - -
O(by difference) 16.90 51.40 11.86 42.22 38.28

100.00 100.00 100.00 100.00 100.00
Surface Area - 4.78+0.03 - 8.8+0.14 4,620.045
mZ/gm.
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Tigure }

THE EFPICT OF Fe AKD Fe203 OX THE
SULFUR CONTENT OF THE
TOTAL LIQUID PRODUCTS
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Pgure 3

THEZ EFFECT OF Fe AND Fep0y ON HYDROGEN

CONSUMPTION AS A FUNCTION OF Fe CONCENTRATION
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Pigure 5

THE EFFECT OF ADDITIVE TYPEZ
ON HYDROGEN CUNSURPTION

O o aseretve
r.0 A\ 10g SBC Ash N
® 10g Fe
0.8 G 105 Feyoy
o8 | O 4
Hydrogen A >y
Consusption
Hg/bo
0.4 ]
-
1 L i | L1 1 A 1
0 15 30 1 60 I 90 108 120

Conversion 2

Reaction Time {minutes)

Figure 6

THE EFFECT OF ADOITIVE TYPE
ON COAL COKVERSION
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