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Liquefaction o f  l i gn i te  i s  under  s tudy  a t  t h e  Grand Forks  Energy  Technology 
Center us ing  a 5 I b  coal p e r  h o u r  cont inuous processing unit (CPU) w i th  var ious 
reactor  conf igurat ions (1). T h e  objectives o f  t h e  exper iment repor ted  in th i s  
paper were (a) t o  t e s t  CPU operab i l i t y  u n d e r  condi t ions o f  ex tens ive  p r o d u c t  
s l u r r y  recycle w i th  f r e s h  coal addit ion, (b) t o  produce a quant i t y  o f  " l ined out"  
l ign i te  der ived  l iqu ids f o r  analyt ical characterization, a n d  (c) t o  ascertain t h e  
funct ion o f  reaction y ie lds w i th  t h e  degree o f  l ine o u t  o r  number o f  s l u r r y  passes. 
Objectives (a) and (c)  have been discussed a t  a recent  symposium by Willson e t  
al. (2). A one gal lon s t i r r e d  autoclave reactor  was operated a t  46OOC and 4000 
ps ig  w i t h  an average residence time o f  about one hour .  Redist i l led anthracene oi l  
( IBP 296OC a t  10 T o r r . )  was used as a past ing so lvent  f o r  t h e  i n i t i a l  pass. A 30% 
s l u r r y  of high ash Beulah seam l i gn i te  (10.7% ash, 29.6% f i x e d  carbon, 29.5% 
moisture, 30.2% volat i le mat ter )  in past ing solvent was prepared f o r  each pass. 

\ T h e  l i gn i te  had been pu lver ized  t o  100% minus 60 mesh a n d  90% minus 200 mesh. 
Batch recyc l ing  was car r ied  o u t  through 34 cycles us ing  t h e  un f i l te red  p r o d u c t  as 
past ing so lvent  f o r  each subsequent pass. Gases, water and high pressure  
volat i le oi ls were removed d u r i n g  each cycle. A m i x t u r e  of equal p a r t s  o f  carbon 
monoxide and hydrogen was f e d  t h r o u g h  t h e  system a t  a r a t e  o f  1/2 scfm. 

Separation o f  gas and liquid phases at  4000 p s i g  and 3OOOC was car r ied  o u t  in 
t h e  u n i t  a f t e r  t h e  produc ts  ex i ted t h e  reactor  (F igure  1). T h e  gas phase was 
t h e n  cooled and depressur ized produc ing  a water layer, a high pressure  volat i le oi l  
layer, and ta i l  gases. Yields calculated o n  a moisture a n d  mineral f r e e  coal basis 
were: C -C hydrocarbons 19%, high pressure  volat i le o i l s  19%, vacuum dis t i l la te  
3606, T H S  soluble vacuum bottoms 9%, and THF insoluble organic  polymers 11%. 

D u r i n g  Run 27 (64 hours)  a s l i gh t  leak in t h e  autoclave head c losure caused 
loss o f  t h e  gas head in t h e  reactor  w i t h  t h e  r e s u l t  t h a t  t h e  liquid level rose  above 
t h e  level o f  the  l i qu id  removal tube, and the  re la t i ve l y  poor ly  s t i r r e d  liquid 
contacted t h e  overheated wall surfaces. T h e  reactor  f i l l ed  w i t h  coked s l u r r y  
around t h e  space occupied by t h e  s t i r r e r  blade and shaft.  T h e  suspended sol ids 
(minerals and organic polymers) normal ly  p resent  in t h e  p r o d u c t  were  deposited in 
t h e  reactor  by a process o f  polymerization o f  t h e  organic  high molecular weight 
material w i th  inclusion of  t h e  mineral par t ic les.  R u n  27 was terminated a f t e r  t h e  
s ix teenth pass. Operation o f  t h e  CPU was resumed (Run 28) u s i n g  p r o d u c t  f rom 
Run 27 as past ing so lvent  f o r  t h e  f i r s t  cycle. A f t e r  t h e  34th recyc le pass, 
condit ions were changed, doubl ing t h e  s l u r r y  feed rate. Coke was found in t h e  
reactor  a t  t h e  end o f  Run 28 and probab ly  occur red  f o r  the  same reason as in 
Run 27. However, as ind icated in F igure 2 t h e  d ispropor t ionate increase in t h e  
amount o f  T H F  soluble vacuum bottoms was n o t  observed in Run 28, ind ica t ing  t h i s  
cok ing occur red  later in t h e  run. 

I 

4 

F igure  2 depicts o n  an MAF coal basis a summation o f  t h e  y ie lds o f  t h e  
var ious p r o d u c t  f ract ions obtained. Ash concentrat ion in t h e  p r o d u c t  stream 
paral leled t h e  THF insoluble values showing t h e  same inc lus ion o f  inorganic  f rac t ion  
as coke formed in t h e  reactor .  

Gas samples were analyzed by on- l ine gas chromatography. E f f luen t  water 
samples were characterized by s tandard  analyt ical methods f o r  waste water and 
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standard EPA methods (3,4). The average analysis of  f o u r  samples o f  condensate 
water produced u n d e r  l ined o u t  conditions i s  repor ted  in Table 1. 

The aromatic to al iphat ic p ro ton  ra t io  o f  t he  h igh  pressure volati le oils was 
monitored as a func t ion  of recycle pass number by in f ra red  spectrophotometry and 
b y  proton nuclear magnetic resonance spectrometry.  9OMHz pro ton  NMR spectra 
were integrated o v e r  the range 9.7 to  6 . 4  ppm in the  aromatic region (Har), 4.2 
to  1.7 ppm in the  benzyl ic region (Halpha), and 1.7 t o  0.25 ppm in  the  aliphatic 
methy l  and methylene region (Ho). Water and phenolic OH pro ton  signals were 
omitted, and solvent (deuteropyr id ine)  contr ibut ions were subtracted from the  total 
integrated area. Calculation o f  molecular parameters, fa, sigma and Haru/Car were 
car r ied  ou t  as de f ined by Brown and Ladner (5). 

Figure 3 i l l us t ra tes  t h e  approach to  constant composition of  t he  h igh  pressure 
volat i le oils collected d u r i n g  each pass. T h e  d iscont inu i ty  of t he  curves  following 
the  sixteenth pass was caused b y  t h e  operational problem prev ious ly  discussed. 
Agreement o f  the t w o  methods of  analysis was good. A p lo t  of  I R  ra t io  versus 
NMR rat io was l inear  wi th a correlat ion coeff ic ient  o f  0.96. NMR data i s  l isted in 
Tables 2 and 3. Gas chromatographic separation indicated about 269 resolved 
components us ing  a 50 meter OV-101 glass capi l lary column. There were 30 
components p resent  in 1 t o  4% concentration, 23 in 0.5 to  I%, 110 in 0.1 to O.S%, 
and 106 in 0.01 to 0.1% concentrat ion.  Ident i f icat ion of  the  components of  the  
l i gh t  oil i s  in progress and wi l l  be repor ted  a t  a f u t u r e  date. 

Low voltage low resolut ion mass spectrometry provided an indicat ion o f  the  
organic oxygen compound t y p e  d is t r ibu t ion  of t h e  h igh  pressure  volati le oils 
(F igure  4). The b u i l d  u p  o f  phenolic oxygen observed b y  mass spectrometry was 
also observed b y  measuring the  phenolic OH pro ton  concentration b y  NMR. The 
total  oxygen conten t  b y  neut ron  act ivat ion analysis equaled the  organic oxygen 
content f rom LVMS p lus  t h e  water oxygen content measured b y  Kar l  Fischer 
t i t r a t i on  i n  t h e  l ined  ou t  volat i le oil. T h e  computer program f o r  analysis of  mass 
data was or ig ina l l y  developed fo r  analysis o f  gas i f ie r  t a r  (6) and accounted f o r  76% 
o f  t h e  total ion  c u r r e n t .  

Determination o f  the  molecular weight d is t r ibu t ion  (MWD) of  t he  THF soluble 
f rac t ion  of  t h e  p r o d u c t  stream was car r ied  ou t  u s i n g  gel permeation HPLC with uv 
detection a t  365 nm (7) .  T h e  s ta r tup  solvent was mostly replaced b y  l igni te 
der ived  o i l  by pass number 5 (F igure  5). T h e  THF soluble f rac t ion  o f  t he  product 
stream yields an average MW o f  300 re la t i ve  t o  Water's polystyrene standards. 

Gel permeation chromatography o f  t he  non-dist i l lable but THF soluble f ract ion 
of t h e  p r o d u c t  stream indicated an increase in molecular weight during passes 6-14 
which paralleled the  t rend  in percent  vacuum bottoms. Th is  i s  another indication 
t h a t  organic polymerization was t h e  probable cause of  coke formation in the 
reactor.  Temperature was he ld  constant d u r i n g  processing. Reactor temperature 
has been prev ious ly  observed t o  be the predominant fac to r  in lowering molecular 
we igh t  in b o t h  ba tch  autoclave studies (8) and s t i r red  autoclave continuous 
process u n i t  studies (1,Z). Figure 6 i l lustrates t h e  ra t io  of  uv absorbance a t  254 
nm of h i g h  molecular weight t o  low molecular weight materials versus reactor 
temperature in studies ca r r i ed  out w i th  t h e  batch autoclave and the  continuous 
s t i r r e d  autoclave unit. T h e  s t rong temperature dependence o f  t he  MWD between 
400 and 5OOOC is read i l y  observed. T h a t  a CPU yielded similar dependence can 
also b e  noted. 

The ashes obtained f r o m  the  feed s l u r r y ,  p r o d u c t  s l u r r y  and reactor coke 
material have been examined to  determine if the coke contains any  enrichment of 
Ca, Mg, Fe, o r  Na content.  None was observed, suppor t ing  the  hypothesis tha t  
cok ing  was d u e  t o  polymerizat ion of the  organic phase ra ther  than agglomerization 
and deposition of  minerals.  F igure  7 depicts the  locations where samples were 
obtained from coke removed from t h e  reactor a f te r  Run 28. Three d is t inc t  d i f fe r -  
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ent ly  colored regions were observed. T h e  center (83-1) was softer and s l i gh t l y  
s t i cky ,  while the  o ther  areas were h a r d  and b r i t t l e .  Ash and s u l f u r  content 
indicated l i t t le  var iab i l i t y  in composition of  t he  coke from t h e  reactor (Table 4). 
Analysis of  t he  ashes o f  feed s l u r r y ,  p r o d u c t  s l u r r y  and coke samples w i th  an 
induc t ive ly  coupled argon plasma ( ICAP) spectrometer a f te r  d igest ion indicates t h a t  
t he  Ca, Fe, Mg and Na contents a re  essentially ident ical .  T h e  data does indicate 
tha t  no bu i l d  u p  of  calcium carbonate occur red  in the  s t i r red  autoclave reactor t o  
cause reactor p lugg ing  as has been observed in t u b u l a r  reactors (9). T h e  
presence o f  5.7 wt.  percent  carbonate was observed b y  TGA analysis ind ica t ing  
carbonates were present.  Since much o f  t he  sodium and calcium content of  low 
rank  coals i s  dispersed th roughout  the  organic mat r ix  as humate salts, t h e  
formation o f  bicarbonate-carbonate salts i s  expected f rom decarboxylat ion of t h e  
humates ear ly in the  process. High CO and water concentrations in the  reactor 
may account f o r  not observing carbonate Sgglomeration . 

Acknowledgement: We are indebted to  Dr .  Warrack Willson (Liquefact ion Project  
Manager), Gene Baker, Raymond Majkrzak and James T ibbet ts  f o r  operat ion of t he  
CPU and calculation of  y ie ld  data. We also t h a n k  Dr .  Sylv ia Farnum, Dr .  Warren 
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Sample 

27L01 
LO2 
LO3 
LO4 

28L02 
LO4 
LO6 
LO8 
L O 1 0  
LO12 
L O 1 3  
LO14 
LO15 
LO16 
L017A 
LO18 

Table 1 
Ef f luent  Water Compositiona 

(Averages o f  Recycle Passes 21, 24, 29 and 32) 
(Concentrat ions in ppm) 

p H  a t  analysis 
A lka l in i ty  as CaC03  
Ammonia 
Tota l  s u l f u r  
Total carbon 
Inorganic  carbon 
Organic Carbon 
Phenol 
o-cresol 
& p - c r e s o l s  

8.6 
80,400 
27,300 

2,380 
31,200 
12,400 
18,800 

6,430 
579 

1,640 

a. Analys is  car r ied  o u t  u n d e r  cont rac t  by Stearns-Roger, Inc.  

P a s s  No 

0.5  
4 . 2  
8 .7  

13 .6  

18 
20 
22 
24 
26 
28 
29 
30 
31 
32 
33  
34 

%Ha r 

8 . 0  
12.7 
19 .3  
22.6 

21.7 
1 7 . 1  
19 .6  
19.5 
21.9 
20.9 
21.3 
22.6 
21.9 
22.0 
22.5 
18.6 

Table  2 
NMR Analys i s  of  Ligh t  O i l s a  

"%Ha 

13.0 
15 .7  
20.1 
20.9 

23.2 
18.3 
22.0 
18.8 
22.8 
19.5 
19.7 
20.7 
20.7 
20.4 
20.3 
18.9 

Orno 

79 .0  
71 .6  
60.7 
56 .4  

55.1 
64.6 
58 .4  
61.7 
55.2 
59 .6  
59.0 
56.7 
57 .4  
57.5 
57 .2  
62.5 

fa  

0.167 
0.264 
0.387 
0.432 

0.415 
0.346 
0.386 
0.378 
0.406 
0.393 
0.393 
0.406 
0.398 
0.405 
0.410 
0.351 

U 

0.455 
0.416 
0.364 
0.348 

0.393 
0.404 
0.413 
0.380 
0.392 
0.370 
0.373 
0.383 
0.376 
0.384 
0.368 
0.378 

Haru f Car 

1.602 
1.395 
1.191 
1.182 

1.224 
1.230 
1.246 
1.216 
1.282 
1.228 
1.257 
1.286 
1.286 
1.256 
1.244 
1.363 

OJIphenolic 

0 
0.79 
1.84 
2.53 

2.08 
1.72 
2.02 
2.43 
2 .51  
2.49 
2.74 
2.86 
2.63 
2.59 
2.74 
2.07 

a .  Analyses performed on a Varian EM-390 Spectrometer  l o c a t e d  a t  t h e  
U n i v e r s i t y  o f  North Dakota Department o f  Chemistry. 
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Sample 
27-Y1 
27-B2B 
27-B2D 

28-2B 
28-4B 
28-6B 

8B 
10B 
12B 
13B 
14B 
15B 
16B 
17B 
18B 
22B 

Pass No. 
1 
3 
5 

18 
20 
22 
24 
26 
28 
29 
30 
31 
32 
33 
34 
38 

Table 3 
NNR Analysis of  Unfiltered Producta 

“&Ha r %Ha O D 0  fa 
33.4 28.6 38.0 0.650 
35.8 28.5 35.7 0.670 
38.0 28.6 33.5 0.693 

42.6 
43.4 
42.7 
43.1 
43.5 
43.0 
43.9 
43.1 
42.5 
44.1 
41.5 
41.1 
41.6 

28.7 
29.3 
28.8 
28.3 
27.1 
28.6 
27.7 
28.3 
28.0 
28.2 
30.2 
29.3 
30.8 

28.7 
27.3 
28.4 
28.6 
29.5 
28.4 
28.5 
28.6 
29.5 
27.7 
28.3 
29.5 
27.6 

0.730 
0.737 
0.734 
0.735 
0.739 
0.741 
0.746 
0.745 
0.737 
0.753 
0.718 
0.735 
0.745 

U 
0.296 
0.294 
0.304 

0.303 
0.284 
0.287 
0.286 
0.274 
0.289 
0.278 
0.286 
0.291 
0.289 
0.295 
0.317 
0.326 

Ham/ Ca r 
0.762 
0.774 
0.756 

0.750 
0.741 
0.734 
0.741 
0.723 
0.718 
0.713 
0.701 
0.713 
0.697 
0.770 
0.701 
0.687 

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

Table 4 
Analyses of the Feed Slurry (FS), Product Stream (PB) 

and Reactor Coke (CK) by ICAP after High Temperature Ashinga 

Run 28 
Elemenfl 
Sample FS4 FS13 FS15 FS16 FS Ave PB8 PB13 PB15 PB16 PB Ave 

Ca,~lO-~pprn 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 24.1 23.0 23.2 23.2 

22.5 22.6 23.2 22.3 22.9 23.6 23.2 23.9 22.9 23.4 
28.7 29.4 30.9 27.1 26.9 31.3 29.7 29.7 
27.9 29.4 30.7 27.3 28’9 27.9 31.2 29.7 29.8 29‘5 

3 
Run 28 Coke 
Element/ 

~ a , x l ~ - ~ p p m  83.9 86.3 
Fe 83.4 87.2 
Mg 23.8 24.2 

22.9 23.7 
29.4 31.3 Na 
24.9 30.6 

SampleC CKBl cm3-4 

Mg2 

Na2 
a .  Determinations. 
b. 
c. 

As an example FS4 = feed slurry on the fourth recycle pass. 
See Figure 7 for locations where coke samples were obtained. 

199 



I t  t 
+ 
S 
.r 

L e 

200 



90 

o HIGH PRESSURE ?-O.% 
,' 'I (IBP-300° C AT 4000 PSIG) 

0 

LL 
2 60- 0 

c- 
0 2 9  

G 50- 
0 

~TER,H,S,NH,,_Co,,nND~THE~S E Y  DEFERENCEI  - - - - -  
~ 

C,-C, HYDROCARBON GASES 

VACUUM DISTILLATE (IBP-250" C AT I TORR1 
" 
w a 40- 

n 

0 A 

0 O " 0  
oORGpsJIC THF INSOLUBLES 

RECYCLE PASS 
RUN 27 RUN 28 - 

Figure 2. - Runs 27 E 28: Distribution o f  MAF coal conversion products 
versus recycle pass. 
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Figure 3 .  - Aromatic t o  a l ipha t i c  proton r a t i o  by NMR and IR versus 
recycle pass number. 
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