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INTRODUCTION

A research program has been developed at the University of North Dakota (UND)
for the upgrading of northern Great Plains Province Coals to premium fuels. The
Department of Chemical Engineering with support of the 0ffice of Coal Research
and the Burlington Northern Railroad, has developed a process for solvent refining
North Dakota lignite. The solid, low-melting product, solvent-refined lignite,
(SRL) has considerable potential for use as a clean burning solid fuel. However,
due to its high reactivity, high solubility, low ash, and Tow sulfur, it is also
a reasonable starting material for catalytic hydrogenation to clean liquid fuels.
Thus, the Department of Chemistry has been studying SRL hydrogenation, chemistry,
and structure.

In this report a series of batch autoclave hydrogenation experiments on SRL
are discussed. In these experiments the effect of variations in temperature,
pressure, catalyst, and solvent medium are examined. The most important criterion
has been the % conversion of SRL to distillable liquids plus gases. However,
the SRL and liquid fractions have also been carefully examined by spectroscopic
and analytical chemical methods. It is of interest that we can now readily con-
vert SRL to distillable 1iquids and gases in over 90% conversion.

EXPERIMENTAL

Solvent Refined Lignite (SRL)

The SRL used in these hydrogenation experiments was prepared by the Pittsburg
and Midway Coal Company, Kansas City, Mo., from North Dakota Lignite in chilled
anthracene 0il. The SRL was ground to 100 mesh. It has the following elemental
analysis: C, 85.57; H, 5.62; 0, 6,99; N, 1.41; S, 0.3; ash, 0.11. (2)

Catalysts
Six catalysts, Co-Mo-0401 T, Co-Mo-0402 T, Ni-4303 E, Ni-4301 E, A1-1404 T,

HT-100 E were purchased from Harshaw chemical Company. Catalysts HZ-1 was
supplied by Air Products and Chemicals, Houdry Division. Four Harshaw catalysts,
Co-Mo-0402 T, Ni-4301 E, Ni-4303 E, and HT-100 E were presulfided by the procedure
described by P.M. Yarvorsky and co-workers (3). Stannous chloride was used as
neat powder in run 25, and in run 26, it was impregnated on alumina support. The
procedure for impregnation was also given in Yavorsky's paper (3). The presulfided
catalysts were prepared and used immediately unless specified. Table I describes
the catalysts in detail.

Hydrogenation Equipment and Procedures
The hydrogenation reactor employed is a 1-liter Hastelioy C, MagneDrive
batch autoclave purchased from Autoclave Engineers, Inc. Erie, Pa.

In most of the experiments, the autoclave was charged with 75 g of SRL,
150 ml of solvent, a catalyst (1, 10, or 50% by weight based on 75 g of SRL)
purged of air and pressurized with hydrogen (1000-2500 psi) from commercial
cylinders (for pressure higher than 2,000 psi, a hydraulic jack from American
Instruments was employed). The reaction mixture was normally stirred overnight,
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heated slowly to the desired reaction temperature (375°, 425°, 450°C) in about
50-60 minutes and then held at this temperature for a period of 2 hours. The
reactor was cooled slowly to about 150°C. It was then depressurized by passing
the reaction gas mixture through an acid trap for ammonia removal, and then
throggh two 0°C traps, two -78°C traps and was finally collected in a 200-liter
gas bag.

The ammonia was determined by back titration of the :excess acid in the acid
trap. The gas in the gas bag was immediately analyzed by a dual-column gas
chromatograph to determine the amounts of specific gases produced (Table II).

After removal of the gases, the liquid left in the reactor was separated
from the catalyst by decantation. The catalyst, after being washed with 40 ml
of solvent, was transferred to a Soxhlet extractor and extracted with THF until
the solvent was colorless. The THF extract was then distilled up to 260°C at
1 mm. The non-distillable residue was considered as part of the unconverted SRL
and added to the total unconverted SRL for conversion calculations.

The liquid fraction from the reaction mixture and the washing solvent were
combined and then distilled first at atmospheric, then at reduced pressure (at
1 torr). When THF was used as a solvent, the reaction mixture was first distilled
up to 135° at atm. pressure to remove the solvent, and then vacuum distilled up
to 260°C at 1 torr. When tetralin was used as the solvent, the reaction mixture
was distilled up to 200°C at atmospheric pressure and then continued at a pressure
of 1 torr to yield the following fractions: initial boiling point (IBP)-89°,
89-139°, 139-200°, 200-260°C, and above 260°C (the vacuum bottom). The fraction
with a boiling point higher than 260°C at 1 torr was considered to be unconverted
SRL. Total conversions were calculated from the unconverted SRL. These distill-
ation and conversion data are tabulated in Table III. We did not 1list the
atmospheric and the first vacuum distillation fractions because they consisted
of mainly solvents and a little of the lower boiling liquid which was derived
from the cracking of either the SRL or the solvent or both.

In our hydrogenation experiments we have recovered better than 95% of the
input material at lower reaction temperatures (375 and 425°C). However, at higher
reaction temperature (450°C) the percent recovery was lower (about 93%). The
missing material is due partly to the loss through handling and partly to error
in the absolute determination of the gas content. By our gas analysis technique
we can only determine the absolute amount of methane, ethane, nitrogen, and
hydrogen gas in the gas bag. At lower reaction temperatures, little gas was
produced,)but at higher reaction temperatures the gas production was larger
(Table V).

Product Analyses

The elemental analyses of the distillation and the vacuum bottom fractions
are recorded in Table V. The aromatic hydrogen to aliphatic hydrogen ratio was
obtained by NMR spectroscopy, (Table V), and phenol and basic amine content
(Table V) by titration. The carbon and hydrogen analyses were performed in our
laboratory in semi-microscale (10-20 milligrams sample) in duplicate or tripli-
cate. The analyses were periodically checked with standard samples (benzoic
acid, and glucose). The NMR data were taken from a Varian A60 NMR spectrometer.
For these spectra the SRL and vacuum bottom solids were normally dissolved in
deuterated pyridine and the liquid samples in deuterated chloroform. For the
solubility determinations of SRL and vacuum bottoms, a 0.15-2.0 g sample was
stirred in 30 ml of benzene for 30 minutes, and then filtered. The filtrate
was evaporated to dryness. The residue was weighed, and the solubility was
calculated, Table V. The basic amines were titrated with 0.1 molar perchloric
acid in a mixture of 50 m1 of nitrobenzene and 5 ml of glacial acetic acid, and
the end points were determined by potentiometric techniques (4). The phenols
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were titrated potentiometrically with 0.1 molar tetrabutyl-ammonium hydroxide
under nitrogen atmosphere in pyridine solvent (5).

The liquid product composition analyses were performed by Gulf Research
and Development Company, Pittsburgh, PA (run 31 only). The results are present
in Table VI.

RESULTS AND DISCUSSION

A total of thirty-six batch autoclave hydrogenation experiments were
performed to determine the effect of solvents, catalysts, temperature, and pres-
sure on conversion of SRL to distillable 1iquid and gases. The NMR, elemental
analysis, titration and solubility of vacuum bottoms data were obtained to give
insight into the nature of the hydrogenation reactions.

I. Solvent Studies

It is best if no solvent were to be used for the conversion of SRL into
liquids. Practically the results illustrate that the yields are just too lTow when
no solvents are used. Presumably the solvent has several roles during the hydro-
genation which are helpful to the reductions. Most important it can function as
2 hydrogen carrier from the catalyst surface to the material to be reduced. It's
secondary function is to cause the mixture to attain a fluid state at the reaction
conditions.

In our intial hydrogenation experiments, tetrahydrofuran (THF) and tetralin
were used as solvents. THF was employed because it dissolves both the SRL and
hydrogenation product, and can be removed easily. Tetralin was used because of its
well-known hydrogen donating ability (6) and its higher critical temperature. The
conversion data of runs 1, 6 and 44 of Table III show that tetralin is a better
solvent in terms of high conversion in the absence of a catalyst (tetralin, 40%
and THF, 13-17.5%).

We have also compared naphthalene with tetralin in run 39 and 35, respectively.
The conversion data again reveal that tetralin is a better starting solvent (tetra-
1in, 88% and naphthalene, 66%). The ideal solvent is no solvent. However,.this
appears impractical as the experiments illustrate. The minimum solvent: SRL ratio
was next to be established. Runs 41 and 42 were performed with presulfided Ni-Mo-
A1203 catalyst at 450°C with a maximum pressure of 4150 psi, in the absence of a
solvent. The conversions were 50%. Under similar conditions, with 150 ml of
tetralin a conversion of 88% was found (run 35). In run 47 with 75 ml of tetralin
the conversion was 93%. In run 48 in which the solvent volume was 37 ml, the
conversion was 91%. Thus, tetralin is a better solvent than THF and naphthalene,
probably due to a combination of its hydrogen donating character and higher
critical temperature. The solvent to SRL ratio studies showed that the highest
conversion was found when the solvent to SRL ratio was 1:1, but a relatively high
conversion (91%) could be obtained with a ratio of 1:2. The lower conversion with
larger solvent ratios suggests that the solvent is in competition with the SRL
during the hydrocracking process.

II. Catalyst Studies
In tﬁese studies, attention has been focussed on available catalysts both

presulfided and not which had promise of effectiveness from previous reports. The
objective was to obtain high conversions of SRL. In the initial catalyst:SRL ratio
determination, all conditions were kept constant except for the amount of catalyst
present. From runs 7 and 10 (Table 1II), the percent conversion of SRL did not
change significantly on changing the catalyst concentration from 1 to 10%, i.e.,

26 and 27%, respectively. However, there is a significant change from the absence
of a catalyst to a 1% concentration, found in runs 1, 6, and 7 with THF as solvent,
(i.e., from 12.5-17.5% to 25.7%).
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With tetralin as the solvent the catalyst concentrations of 10% (run 15)
and 50% (run 16) and an initial pressure of 2500 psi were made. This increase gave
an increase in conversion of 41 to 48%. Though a 50% catalyst concentration may

‘not be optimum, as compared to the continuous flow systems in which the catalyst to

substrate ratio in the reactor is much higher, this percent ratio was maintained for
the remainder of the experiments in order to evaluate the effectiveness of a given
catalyst on the weight basis.

The next series of batch autoclave experiments were performed to evaluate
several proven commercial catalysts with SRL. The six commercial catalysts are
the . following: Ni-W-S107-A1205, Ni-W-A1703, Co-Mo-A1,03-0401 T and -0402 T,
A120,, Ni-Mo-A]203. Their comsositions are given in %a le I. In this series, (runs
16, 18, 19, 20,721, 22, and 24) the highest conversion (54.5%) was found in run 24
with Ni-Mo-A1503. The lowest conversion (45.6%) was with Ni-W-Si03-A1203. The
others are about 48 to 50% conversions. The lower conversion might be due to the
fact that Ni-W-Si03-A1,04 is relatively sensitive to nitrogen poisoning (1.4% of
N in SRL), while on the other hand, Ni-Mo-A1203 is less sensitive to nitrogen
poisoning (7).

To determine the effect of presulfiding, three of the above catalysts (Ni-W-
A1,03, Co-Mo-A1203-0402 T, and Ni-Mo-A1203) were presulfided and immediately used
for hydrogenation. Among the three catalysts used at reaction temperature of 375°C,
presulfided Ni-Mo-A1,0,, the best under non-presulfided conditions, allowed the
highest conversion o% §RL (62.1%, run 32). This is a difference of 7% from the non-
presulfided run. For the presulfided Ni-W-Alp03 and Co-Mo-A1203-0402 T catalysts
(runs 27, 28, and 29), there was an increase of 11% and 10% respectively. In run
34, 7.5 g of acid-washed molecular seives was added along with the presulfided
Ni-Mo-Al,03 catalyst, and the conversion was about the same as that of Ni-Mo-Al1,03
by itsel% ?run 31). In general, the presulfided catalysts provided a 10% incredse
in conversion. Importantly the volume of lower boiling fractions (distillation
fraction 1, 2, and 3 in Table III) were generally larger and the last distillation
fraction (fraction 4 in Table III) was smaller than those from the non-presulfided
catalyst runs. Figures 1, 2, and 3 demonstrate the fact that all three presulfided
catalysts produced greater amounts of lighter distillate than the regular commer-
cial catalyst at the same experimental conditions. Thus the distillation data
indicate that the presulfided catalysts promote a more extensive hydrogenation and
cracking. Fraction 1 in the graphs of Figures 1, 2, and 3 was obtained by subtracting
the sum of fraction 2, 3, and 4 from the total conversion. This fraction includes
the gas yields, mechanical loss and products that boil lower than 89°C at 1 torr.
Mechanical losses are probably the same for both the presulfided and regular catalyst
runs, and therefore for comparison purposes, they are constants.

At higher reaction temperatures (425°C and 450°C) the presulfided Ni-Mo-A1203
catalyst (runs 31, 35) and Ni-W-Si0 -A1,0 (runs 33, 43, 46) catalyst (which is
known as a dual-function hydrocrack%ng catalyst) has been tested. The distillation
data show that the presulfided Ni-Mo-A1,03 catalyst of runs 31 and 35 at both temp-
eratures gave higher conversions than tﬁe presulfided Ni-W-5i02-A1204 catalyst of
runs 33 and 46 at 425°C, 76% vs 68.5% and at 450°C, 88% vs 84%. In run 45, with
reaction temperature of 450°C and with no catalyst, the conversion was only 60%, and
therefore a difference of more than 25% was due to the effect of the catalyst (run
35 and 46). Thus, presulfiding the catalysts and a reaction temperature of 450°C
are necessary for high conversions.

Zinc chloride is another catalyst which has an interesting activity for both
hydrogenation and cracking, and it is of special interest since it appears to be less
sensitive to nitrogen poisoning (8). Two runs were carried out at 375°C with this
catalyst; run 25 as neat ZnClp (10%) powder, and the other, run 26, 6.4% ZnCl,
impregnated on alumina {(Harshaw A1-1404 T). Run 25, with neat ZnCl, powder, gave a
53.5% conversion which is as high as that of Ni-Mo-A1203 catalyst. The impregnated
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InC1, catalyst yielded a lower conversion (47% from run 26). This smaller conver-
sion is perhaps due to a smaller amount of ZnCl, that was used. Work was discontinued
with this catalyst due to anticipated catalyst recovery problems.

A cracking catalyst, HZ-1, from Houdry Catalysts was also tested at 425°C with
SRL. The conversion was not as high (52.5%) as those with presulfided catalysts in
general (run 36).

e e e

Thus far, the presulfided Ni-Mo-Al 0 catalyst is the best catalyst in terms
of high conversion of SRL to gaseous and 1?qu1d products, and that the presulfided
catalysts generally give a higher yield of lower boiling fractions than the non-
presulfided type.

III. Pressure Effect
Runs 10, 1T, 12, 13, 14, and 15 were performed to study the effect of pressure
on conversion of SRL to distillate liquids and gases. In runs 10 and 11, an increase
of initial pressure from 1000 to 1800 psi, with THF as solvent, did give an increase
n conversion of 27.3% to 38%. However, in the case of tetralin as solvent, there
was no significant effect on conversion with an increase in initial hydrogen pressure
from 1750, 2060 to 2500 psi (40%, 43%, and 40.9% respectively). {

[SS Ny

IV, Temperature Studies

Several experiments were carried out to determine the ideal reaction tempera-
ture with a relatively high conversion. Runs 32, 31, and 35 were carried out at
reaction temperatures of 375°, 425°, and 450° respectively while all other conditions
remained constant. The percent conversions increased linearly with reaction temp-
erature as illustrated in Figure 4. The percent conversions are 62% for 375°C,
76% for 425°C, and 88% for 450°C. These results suggest that hydrocracking does
not proceed readily until the reaction temperature reaches 450°C.

As the reaction temperature increased, gas production also increased rapidly.
The total yields of methane and ethane for reactions at 375°, 425°, and 450°C were i
0.40 g, 1.78 g, and 5.48 g, respectively (run 32, 31 35, Table II). The ideal ’
reaction temperature is that where gas production is at a minimum and the total
conversion is at a maximum. Perhaps, the ideal case may not be obtainable, but
the gas production of 5.48 g is still tolerable, and therefore the reaction temp-
erature of 450°C appears to be most favorable.

V. Analytical Methods for Monitoring Reaction Products

Besides using percent conversion as our guideline to determine the effect of
solvents, temperature, pressure, and catalysts on the hydrogenation of SRL, we also
used and developed other analytical methods to monitor the extent of these hydro-
genations. These methods consist of carbon and hydrogen analyses (Table V ), NMR
data (Table V ), basic amine and phenol determinations (Table V ), and gas pro-
duction (Table II ).

The atomic H/C ratios were calculated from hydrogen and carbon elemental
analyses These ratios did not vary too much until run 27 (the presulfided catalyst
run and they appeared to be higher for all the runs with presulfided catalysts

_73_ regular commercial catalyst run, 26, fraction (2) 1.22 (3) 1.00, (4) 0.97
( 0.90, and for the presulfided cata]yst run 27, fraction (2) 1.45, (3) 1.26,
1.15, and (5) 0.96). Runs 27 to 33 gave the typical high atomic H/C ratios.

We have also analyzed the distillation fractions by NMR spectroscopy. The
aromatic to aliphatic ratios reveal the same general trend as found in the atomic
H/C ratio studies, that is, the aromatic to aliphatic hydrogen ratios are high
for earlier runs (up to run 26) and are Tow from run 27 to run 34. These data
suggest that the presulfided catalysts promote the hydrogenation of the aromatic
system in the SRL to a greater extent than the non-presulfided catalysts (e.q.,
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run 18, with the regular commercial catalyst, fraction (2) 0.56, (3) 1.00, (4) 1.15,
and run 27 with a presulfided catalyst (2) 0.19, (3) 0.21, (4) 0.24). These results
indicate that there is more aliphatic hydrogen in the distillation fractions of the
presulfided catalyst runs.

The gas analysis data are tabulated in Table I1. The higher reaction temp-
eratures tend to yield a larger amount of gases. This is demonstrated in run 32 at
375°, 21 at 425°, and 35 at 450°C with the total methane and ethane yields of 0.40 g,
1.78 g, and 5.48 g respectively. Our aim was to minimize the gas yield and maximize
the 1iquid yield, and thus the reaction temperature should probably not be much
higher than 450°C.

In general, nitrogen compounds are known as catalyst poisoning agents, and
therefore we are naturally concerned with the basic nitrogen content in the SRL
and in the hydrogenation products. We are also interested in the denitrogenation
capability of the catalysts. We have adopted the non-aqueous potentiometric
titration method for the determination of the basic nitrogen. The titration data
are listed in Table V. Most of the vacuum bottoms were analyzed for basic amines
and in some cases, some of the distillation fractions were also analyzed in this
way.

In general, titration data indicate that the basic amines in the vacuum bottoms
of regular commercial catalyst runs were either about the same as in the original
SRL (0.54 meq/g SRL) or slightly below. For the presulfided catalyst runs of
Ni-4303 E Co-Mo-0402 T and Ni-4301 E, the titrable amine content remained about the
same as the original SRL, but that of the presulfided HT-100 E (Ni-Mo-A1,03) was
reduced by 50% or more (run 31, 32, and 34, Table V). Thus, this suggests that
NiS-MoS2-A1,03 is a better denitrogenation catalyst than NiS-wSZ-SiOZ-A1203 and
CoS-MoS,-A1204.

The phenolic content of the SRL and its hydrogenated products were also de-
termined by non-aqueous potentiometric titrations. In most cases, the vacuum bottom
was titrated for phenols so that the phenolic content could be compared with that
of SRL (1.34 meq/g SRL). In general, the phenolic content in the vacuum bottom was
much Tower than that of the SRL (Table V ). It is also interesting to note that
the runs with a high conversion usually produced a vacuum bottom with a lower
phenolic content.

The compositional analysis for the four distillation fractions from run 31
was carried out by the Gulf Research and Development Company. The results are
shown in Table VI. The higher boiling fraction appear to have greater amounts
(by weight) of fused aromatic systems. Thus, further reduction is needed.

From the benzene dissolution data, no noticable trend is found as in other
analytical methods. One thing worth noting is that the vacuum bottoms are normally
more soluble than the original SRL (62.2% for SRL).

The production of water is not too predictable although it seems in general
to be higher for the later runs (from run 26 on). The difference in water yield is
small and the fluctuation is large. Thus, no constructive conclusion can be drawn.

Thus, to sum up, a series of batch autoclave hydrogenation experiments were
performed for converting solvent refined lignite (SRL) to premium liquid fuels. A
total of thirty-six experiments were performed to accomplish the following:

(1) establish the general conditions for the hydrogenation, (2) survey suitable
commercial catalysts, (3) investigate the influence of presulfided catalysts, and
(4) study the effect of the reaction temperature and solvent. From the initial
runs, we have established the general conditions for the catalyst comparison,
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that is, an initial hydrogen pressure of 2500 psi, 50% catalyst by weight, 150 ml
tetralin, and 375°C for reaction temperature. For these conditions, a total of
eight catalysts were tested with SRL. The best two of these runs are Ni-Mo-A1203

- (Harshaw HT-100) and stannous chloride catalysts for high conversion of SRL to
products. The next series of batch autoclave experiments utilized presulfided
catalysts. Result showed that Ni-Mo-A1,0, catalyst still gave the highest
conversion. The reaction temperature st d?es demonstrated that the percent con-
version of SRL to distillable liquid and gases increases linearly with the increase
of reaction temperature, with a high of 88% conversion at 450°C. From the solvent
experiments, tetralin is shown to be necessary for the high conversion. Thus, the
experimental conditions for the highest conversion, thus far attained, are the
following: initial hydrogen pressure of 2500 psi, 75 g of SRL, tetralin,
presulfided HT-100 catalyst, at 450°C for 2 hours.
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TABLE I

Catalysts Used in SRL Hydrogenation

Catalyst Supplier Trade Name. Composition Pore Vol. SA Shape
Wt. pct. cc/g mé /g
Co-Mo-A]203 Harshaw Co-Mo-0401 T | 3 Co0, 9 MoOj 0.40 160 1/8" tablets
Co-Mo—A]203 Harshaw Co-Mo-0402 T ;| 3 Co0, 15 M003 0.40 200 1/8" tablets
Ni-l.vl-A]zo3 Harshaw Ni-4303 E 6 Ni, 19 W 0.54 152 1/12" extrudates
Ni-l«l-SiOz-A]zO3 Harshaw Ni-4301 E 6 Ni, 19 W 0.37 228 1/12" extrudates
A1203 Harshaw A1-1404 T 97 A1203 0.42 - 180 1/8" tablets
N1’-Mo-A12fJ3 Harshaw HT-100 E 3.8 Ni, 16.8 Mo 0.54 190 1/16" extrudates
Zeolite Houdry HZ-1 I45 A]203,53S1702 -- 100-150 0.2" pellets
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TABLE II

Gas and Water Production

_-_ e e e Moo e

Run Methane, g Ethane, ¢ Ammonia, g Water, g

16 0.27 0.09 - 1.6

18 0.19 0.13 - 1.6

19 - -- -- 1.8

20 0.21 0.08 -- 1.7 g
21 0.13 0.04 0.01 1.7

22 - - 0.01 1.6 ,
24 - - 0.24 1.4

25 - - 0.01 1.7

26 0.28 0.18 0.08 2.1

27 0.22 0.20 0.33 4.9 g
28 - -- 0.35 --

29 0.17 0.07 0.19 _ 2.5

30 B . 0.36 1.9 ‘
3 1.10 0.68 0-95 1-2

32 0.27 0.13 0.41 14

33 1.27 0.64 0.26 1.5

34 0.81 104 0.56 2.1

35 2.14 3.34 0.59 3.3

o1 0.30 3.0

43 0.27 2.0

46 0.32 2.5
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Input:

Output:

% recovery

TABLE IV. Mass Calculations

Calculation of input and output
of the hydrogenation autoclave

Run 27 Run 31 Run 35
SRL 75.0 75.0 75.0
Tetralin 145.5 145.5 145.5
Catalyst 43.1 40.5 40.6
H2 10.8 10.8 10.8
Tetralin wash 38.8 38.8 38.8
Total 313.2 310.6 310.7
Raw Material
(hydrogenation
products) 228.6 233.4 210.1
Catalyst 64.0 62.8 60.3
Autoclave
cold traps 1.1 0.0 3.3
Adhere to
autoclave 1.0 1.2 1.0
Gases from
reaction 7.1 7.5 14.5
Total 301.8 304.9 288.2
96.4% 98.2% 92.7%
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TABLE V

Tabulation of H/C Ratio, Aromatic to Aliphatic Hydrogen Ratio, and Titration Data

_ H/C Ar-H R 1 . Benzene

Run Fraction Ratio Al-H Amines Phenols Dissolution, %
SRL 0.75 2.57 0.54 1.34 62.2
10 2 1.357 1.81

3 0.963

4 0.813 2.82

5 0.413 0.09 0.055 -
n 2 --- 0.81

3 ———

3 --- 1.69

5 ——- --- 0.47 0.73 -
12 -2 -—- .96

3 -

4 0.844 1.58

5 0.779 0.51 1.09 ---
13 2 -—- 0.69

3 ——

4 --- 1.19

5 --- 0.53 0.96 ---
14 2 0.65

3 --- 1.05

4 1.12

5 0.58 0.87 ---
16 2 1.22 0.53

3 1.03 0.98

4 1.03 1.09

5 0.91 0.57 0.87 69.8

.
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TABLE V Continued

H/C Ar-H R 1 ) Benzer]e

Run Fraction Ratio AT-H Amines Phenols Dissolution, %
18 2 1.12 0.56

3 0.97 1.00

4 0.93 1.15

5 0.88 0.52 0.97
19 2 1.1 0.56

3 0.98 0.88

4 0.91 0.96

5 0.78 0.55 0.9
20 2 1.14 0.50

3 1.13 0.82

4 0.98 0.91

5 0.81 0.56 0.73 71.1
21 2 1.16 0.647

3 1.03 1.21

4 0.91 0.90

5 0.86 0.48 1.32
22 2 1.02 1.05

3 0.84 1.93

4 0.82 2.01

5 0.85 0.54 1.12 55.1
24 2 1.20 0.44

3 1.07 0.67

4 0.96 0.76

5 0.91 0.45 0.52 78.4




TABLE V Continued
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. We o Ah y Benzene
Run Fraction Ratio AT-H Amines Phenols Dissolution, %
25 2 1.24 0.42 .
3 1.31 0.76
4 1.04 0.80
5 0.46 0.66 82.9
26 2 1.22 0.48
’3 1.00 0.81
4 0.96 0.88
5 0.90 0.36 0.66 %4.9
27 2 1.46 0.19
3 1.26 0.21
4 1.15 0.24
5 0.96 0.41 0.47 85.3
28 2 1.42 0.16
3 1.25 0.23
4 1.16 0.27
5 0.92 0.49 0.45 81.9
29 2 1.40 0.21 0.19 0.08
3 1.17 0.32 0.21 0.16
4 1.06 0.42 0.25 0.24
5 0.87 0.53 0.79 67.9
30 2 1.34 0.40
3 1.17 0.39
4 1.03 0.54
5 0.90 0.65 0.16 0.33
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TABLE V Continued

N i 'H/C Ar-H R 3 _ Benzene
' Run Fraction Ratio Al-H Larines Phenols Dissolution, %
: 31 2 1.37 0.18
»“ 3 1.25 0.30
\ f 4 1.13 0.37
L‘ 5 1.02 9.45 0.29 0.32 87.6
32 2 1.40 0.14 '
, 3 1.32 0.18
4 1.17 8.23
5 1.01 0.2 0.23 0.23 86.4
34 2 0.19
3 0.33
4 0.34
S 0.28 0.27
\\
)|

The basic amines and Phennls are expressed as meq. per gram of SRL or other distillation
" fractions.




*5143ydsowe 3B SPM | UOLFORJS PUB “UJ0} [ 3B PAL[LISLP B4OM { Ppue ¢ S Suoijoedyg

9°0 L°S 9°Z 2’9 S| oudyd
L°0 9°0 v°0 9°c S|0ULdU0SIY
0°0 9"l 0°t G2 s oyjyden
0°0 t'9 6°1L 20 sauauaAdozuag
0°0 9°2L 6°€ At sauasAuay)
0°0 0°0 0'0 vt s AuaydLrg/sausyjydeussy
0°0 L°9¢ 0°o¥ 2’3l SUaUAdOUPAH
0'0 0702 L°6 9°1 SauaJid
0°0 6t 9°'¢€d £°0¢ sauadyjueuaydoapAy
00 0°'0 6°0 6°0 S9UIJYJURUBYJ
S0 L7l €72 6t sauad | eyydey
® 09l 2°e L't 9°91 sul|ed3a]/sauepu]
- 8'9 0°¢ L0 1L sauazuaq | Ay Y
0°te 2°96 9°06 G5'98 atdwes jo % IM
SIL}RWOLY
0'0 9°0 6°2 2t suljjeaedo|d4dL4] pasuapuo)
L9l L0 6°¢ 8°¢ sutjsededo|242Lq pasuapuo)
. 899 8°0 6°0 '€ surjieaedo|24) pasuapuo) uopN
' 0'0- S°L 6°L K1) sutjjeaeqd
S'¢gL 9°¢ 9°'8 G2l 3dwes 30 %IM
; sajednjes
(4026€) 20002 (40008} 2,092 (d026€) 2,002 (40282) 206€1
-ddl ~(4026€) 20002 -(40282) J06€1L =(40681) 3048 | Sbued Butitog
L-1€ uny v- o €- 1€ uny ¢-1€

$12na0dd 3LINDIT G3ILVATOS Q3ILYNIDOYAAH 40 NOILYZIYILIVYYHI

IA 778vVL




}

— s T -

—

Comparison of distillation
from Ni-Mo-Al

*, 7 K\
\\ ’ O\\\
N, L7 ‘ AN
Q\\\\\\:l/ %

from Co-Mo-Al

fractions

Comparison of distillation fractions
-0402 T catalyst.

presulfided catalyst

regular catalyst



30%+

20

10 4

Wt.

Fraction

Figure 3.

100% =

90 <

[0.2]
o
'

~4
o
[l

SRL Conversion Wt. %

()]
o

Figure 4.

4

Comparison of distillation fractions
from Ni-w-Alzo3 catalyst.

Commmap

450°C

Percent Conversion vs. Reaction Temperature
For Presulfided HT-100 Catalyst.

e 2 — S




—

'r
i

141

REFERENCES
1974 NSF Summer Undergraduate Research Participants.

Results from Project Lignite, Department of Chemical Engineering, University
of North Dakota, Grand Forks, North Dakota 58202.

W. Kawa, S. Friedman, W. R. K. Wu, L. V. Frank, and P. M, Yavorsky, Amer.
Chem. Soc., Division of Fuel Chem., Vol. 19, No. 1, P. 192 (1974).

Personal Communication with Pittsburgh and Midway Coal Mining Co., Merriam,
Kansas. :

J. S. Fritz and R. T. Keen, Anal. Chem., 24, 308 (1952).

?ilfrid Francis "Coal" Edward Arnold Publisher Ltd., London 2nd Ed. p. 468,
1961).

Charles L. Thomas, “Catalytic Process and Proven Catalysts" p. 158, Academic
Press, New York, 1970.

C. W. Zielke, R. T. Struck, J. M. Evans, C. P. Costana, and E. Gorin, Ind.
Eng. Chem. Process Design Develop., 5, 151, 158 (1966).



