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ABSTRACT 
It has long been recognized that use of a recycle oil is a convenient and perhaps 
necessary feature of a practical direct coal liquefaction process. The recycle 
oil performs a number of important functions. !t serves as a vehicle to convey 
coal into the liquefaction reactor and products from the reactor. It is a medium 
for mass 2nd heat transfer among the solid, liquid, and gaseous components of the 
reactor inventory. It can act as a reactant or intermediate in the liquefaction 
process. Therefore, the nature of the recycle oil can have a determining effect 
on process configuration and performance, and the characterization of recycle oil 
composition and chemistry has been the subject of considerable interest. This 
paper discusses recycle oil characterization and its influence on the industrial 
development of coal liquefaction technology. 

EARLY GERMAN TECHNOLOGY 
In the early 19OOs, Bergius used a petroleum "heavy oil" as 7 vehicle to slurry 
coal in batch and continuous unit liquefaction experiments. The German tech- 
nology utilized in the 1940s was based on further development of the Bergius-Pier 
process, and utilized high temperature and pressure (750 K, 300 atm) and an 
inexpensive (and relatively low-activity) iron oxide catalyst (red mud) in a 
liquid (sump) phase reactor. The recycle solvent was a distillate from gas phase 
hydrogenation of the sump-phase reactor overheads. Although this technology 
anticipated the dispersed catalysts under development today, the process employed 
a high reaction severity, rather than seeking to minimize reaction severity by 
improved catalyst or solvent activity. 

CONSOL SYNTHETIC FUELS PROCESS 
In the 1960s, Consolidation Coal Company sought to improve on the performance of 
the German liquefaction technology by utilizing more active supported-metal 
hydrogenation catalysts in fixed bed reactors. To overcome catalyst deactivation 
problems, the coal dissolution and catalytic conversion steps of the two-stage 
CONSOL Synthetic Fuels (CSF) process' were separated by an interstage deashing 
step. The coal dissolution step was non-Zatalytic, and carried out at a 
relatively low temperature to produce an extract" suitable for catalytic 
upgrading. The process was tesigned to produce a distillate hydrogen donor 
solvent in the second stage. The role of recycle solyent was explored in 
bench-scale tests supported by mass spectrometric and H- and 13C- nuclear 
magnetic resonance analysis o f  the recycle solvent.4 This work showed that, 
although the recycle oil increased in molecular weight upon recycle, it became 
less aromatic (Table 1). Recycle oil characterization was used to indicate the 
approach of the process operation t o  steady state, and revealed the important 
effect of solvent characteristics on other process operations, particularly 
solids separation. 

SOLVENT REFINED COAL PROCESS 
In the mid-l970s, interest grew in the development of a process to convert coal 
into a fuel-oil substitute for use in oil-fired electric utility boilers. The 
Solvent Refined Coal (SRC) process was piloted by Gulf at Ft. Lewis, WA,' and 
by Southern Company Services (and later EPRI) at Wilsonville, AL.6 The 
objective of the process was to solubilize coal under hydrogen, but in a non- 
catalytic reaction, so that the ash-forming minerals, including pyrite, could be 
removed by physical means. Some organic sulfur removal also was expected. The 
deashed products were distilled to yield the SRC product and a distillate recycle 
solvent. One objective was to produce only enough distillate to remain in 
solvent balance. This would ensure the maximum yield of the desired SRC product, 
while minimizing hydrogen consumption. 

Because the SRC process was designed as a thermal distillate-recycle process 
(perhaps aided by the catalytic effect of the coal ash), the operating conditions 
had to be chosen to achieve satisfactory coal conversion, SRC yield, and desul- 
furization, while maintaining an adequate yield o f  recycle solvent. In practice, 
this proved to be a difficult balance to achieve. Higher reaction temperature 
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tended to improve coal conversion and reduce SRC ,sulfur, but increased gas make 
at the expense of recycle solvent and SRC yield. 

In addition, because the distillate yield in the SCR process was low (typically, 
less then 5 wt % HAF coal), the replacement rate of the recycle solvent was low, 
and changes in solvent composition over time were difficult to assess. Because 
it was run at relatively constant conditions for long periods of time, and 
because of its size, the 6 TPD Wilsonville pilot plant became an excellent source 
Of coal liquefaction data and samples for assessing the longer term effects of 
coal liquefaction on recycle oil quality. In 1977 and 1978, we obtained three 
relatively large and representative samples of the recycle distillate from 
Wilsonville for use in bench-scale liquefaction research. Some of the solvents 
were catalytically hydrogenated in a bench scale unit. These samples were the 
basis for an extensive characterization effort,8 which included 'H-NMR and "F- 
NMR (for phenol determination following derivatization), GC/MS, FIMS, reverse 
phase liquid chromatography, and empirical tests of solvent quality. 

AS the distillate recycle solvent in the SRC-I process evolved (Tables 2 and 3), 
it increased in total hydrogen content, but was lower in molecular weight, more 
aliphatic, and more phenolic. The practical consequence, as indicated by the 
microautoclave solvent quality tests, was that it lost hydrogen donating ability. 
The underlying structural changes were revealed by the NMR and FIMS data. The 
overall decrease in aromaticity was totally at the expense of the condensed 
aromatic structures; uncondensed aromatic hydrogen actually increased. The 
increase in aliphatic hydrogen appeared in both cyclic and aliphatic regions 
initially, but as the solvent further evolved, the cyclic aliphatic hydrogen 
decreased. The apparent loss of hydrogen donor activity under kinetic control 
(KIN test) was associated with the decrease in condensed aromatic hydrogen. The 
decrease in conversions at the EQ conditions, designed to measure donor hydrogen 
content, was associated with the ratio of cyclic to alkyl aliphatic hydrogen. 
FIMS analysis (Figures 1 and 2) showed that catalytic hydrogenation of the more 
aromatic solvent (8/77 sample) converted aromatics to hydroaromatics and improved 
solvent quality. Although solvent evolution increased hydrogen content (and 
alkyl tetralin) by an amount similar to catalytic hydrogenation, it decreased the 
concentration the aromatics and the corresponding hydroaromatics. 

SELECTIVE RECYCLE AS AN IMPROVED LIQUEFACTION OPTION 
The research on the evolution of the SRC distillate solvent clearly indicated the 
importance of higher molecular weight hydroaromatics as hydrogen donor solvent 
components. However, the low distillate yield In the SRC process provided few 
options for improving the situation; leading to the conclusion that recycle of 
vacuum bottoms, or a vacuum-bottoms component, would be necessary to maintain 
solvent quality'. This concept was tested by separating the SRC into "light" and 
"heavy" components and using the light SRC (LSRC) as a component of t\e recycle 
solvent in bench scale and microautoclave liquefaction experiments. In the 
microautoclave experiments, the LSRC was added to the Wilsonville solvent sample 
during 4/78. The addition of CSRC improved solvent quality at the "Kinetic" 
conditions (Table 4), but decreased conversion at the "Equilibrium" conditions 
indicating that it contained active hydrogen donors, but not in large concentra- 
tion. The improvement seen at the EQ conditions under hydrogen pressure were 
somewhat surprising and the degree of improvement was remarkable. These results 
clearly indicated that this non-distillate oil was capable of facilitating gas 
phase hydrogen utilization for coal conversion in the absence of an added 
catalyst. 

THE ROLE OF PARAFFINS IN SOLVENT QUALITY 
Not all solvent quality effects can be ascribed to the activity and concentratio; 
of hydrogen donors. 
structures in describing coal and coal products. However, coal liquids are much 
more heterogeneous than an average structure might suggest. One feature of 
solvent quality that the FIMS datapfailed to reveal was the concentration of 
straight-chain and branched paraffinic components in recycle oils; FIMS is 
relatively insensitive to paraffins. In one case, the recycle distillate from 
a Wilsonville ITSL run with subbituminous coal pr0duced.a 47% wax yield upon 
ketone dewaxing; 12 wt% of the recycle distillate consisted of n-paraffins." 
Simple physical removal of this wax fraction increased the solvent quality in the 
EQ microautoclave test from 71% to 87%. 

SINGLE STAGE CATALYTIC LIQUEFACTION 
The H-Coal process employs a single ebullated-bed reactor to convert coal to 
distillate products. In PDU and pilot plant development, a relatively high 
reaction temperature (825-840 'F) and resid recycle were used to achieve high 
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conversion whi le  minimizing reactor  residence size. Compared t o  the SRC process, 
H-Coal approached a steady s ta te  recycle composition quickly" because o f  the 
higher turnover r a t e  o f  t he  recyc le o i l  components. The process solvent 
increased i n  aromat ic i ty  and phenolic -OH content w i th  run time, corresponding 
t o  ca ta l ys t  deact ivat ion.  Characterization o f  the recyc le o i l  dur ing the PDU 
runs was used t o  determine the  approach steady s ta te  composition. The resu l t s  
ind icated t h a t  the res idual  recyc le components, p a r t i c u l a r l y  the preasphaltenes, 
reached a consistent composition r e l a t i v e l y  ea r l y  i n  the run, but the degree of 
hydrogenation o f  the recyc le d i s t i l l a t e  decreased throughout the run. This 
suggested t h a t  the r a t e  o f  ca ta l ys t  deact ivat ion was r e l a t i v e l y  more rap id  fo r  
the l a r g e r  r e s i d  molecules than f o r  the smaller d i s t i l l a t e  molecules. 

The idea of separating the coal d i sso lu t i on  and c a t a l y t i c  tipgrrding functions was 
f u r the r  evaiuated i n  the development o f  the Lummus In tegrated Two-Stage Liquefac- 
t i o n  Process. The Lummus ITSL process used a short-residence-time (SRT), high 
temperature (850 'F) coal conversion stage, fol lowed by ant i -so lvent  deashing. 
The deashed o i l  was converted t o  l i q u i d  products i n  an expanded-bed c a t a l y t i c  
reactor  (LC-Finer), which was operated a t  a lower temperature (720-750 'F) than 
the H-Coal reactor. The recyc le o i l  from the second stage contained d i s t i l l a t e  
and unconverted res id .  Because o f  the thermal f i r s t  stage, solvent q u a l i t y  was 
an important f ac to r  i n  process performance. The reactor  conf igurat ion also 
provided an opportunity t o  invest igate the separate ro les  o f  c a t a l y t i c  and 
thermal reactions i n  d i r e c t  l i que fac t i on .  Comparison o f  the process o i l  
cha rac te r i s t i cs  i n  the Lumnus ITSL process t o  those from single-stage H-Coal 
process were p a r t i c u l a r l y  inst ruct ive.12 The resu1,ts showed tha t  hydrogen donor 
solvent q u a l i t y  was a key t o  coal conversion i n  the SRT f i r s t  stage, and promoted 
thermal r e s i d  conversion i n  both stages. The lower temperature o f  the LC-Finer, 
compared t o  tha t  o f  the H-Coal reactor ,  produced a more h igh l y  hydrogenated res id  
t h a t  underwent considerable thermal conversion i n  the short-residence-time, high 
temperature f i r s t  stage. The temperature o f  the LC-Finer also contr ibuted t o  the 
maintenance o f  d i s t i l l a t e  solvent q u a l i t y  by minimizing cracking and isomeriza- 
t i o n  reactions tha t  could remove hydroaromatics and t h e i r  precursors (Table 5). 
Most o f  the development work f o r  ITSL was done w i th  mid-continent bituminous 
coals, and a l i m i t a t i o n  was revealed when the process was applied t o  subbitumi- 
nous coals. Despite the good solvent qua l i t y ,  coal conversion was k i n e t i c a l l y  
l im i ted ,  necess i ta t ing the use o f  a longer residence time i n  the f i r s t  stage 
reactor .  The Lummus work also demonstrated tha t  in ters tage deashing was not 
necessary t o  maintain ca ta l ys t  a c t i v i t y ,  because ca ta l ys t  a c t i v i t y  l oss  was 
p r imar i l y  a funct ion o f  carbon deposition, which occurred regardless o f  the 
presence o f  so l ids.  

Extensive f u r t h e r  development work was done on the two-staAe process a t  the 
Wi l sonv i l l e  p i l o t  p lant ,  i n  a wide v a r i e t y  o f  configurations. The Wi l sonv i l l e  
operators concluded tha t  i t  was necessary t o  use a dispersed i r o n  oxide ca ta l ys t  
t o  achieve sa t i s fac to ry  conversions w i th  subbituminous coal. Essent ia l ly  a l l  o f  
the work w i t h  bituminous coals  was done w i t h  two ebullated-bed c a t a l y t i c  reactors  
i n  series. Moderate reactor  temperatures, low space ve loc i t ies,  and high 
ca ta l ys t  replacement ra tes  ( r e l a t i v e  t o  H-Coal), and close-coup1 ing o f  reactor  
stages ( i .e.,  no in ters tage deashing) resul ted i n  improved y ie lds ,  product 
qual i ty ,  and s e l e c t i v i t y .  The use o f  a c r i t i c a l  solvent deasher (ROSE-SR) u n i t  
allowed considerable f l e x i b i l i t y  i n  c o n t r o l l i n g  recyc le composition. The p lan t  
employed h igh recyc le ra tes  of heavy d i s t i l l a t e  (>750 'F IBP), res id ,  and 
unconverted coal t o  reduce the requi red per-pass conversion l eve l .  The r e s u l t  
o f  these changes was a departure from the o r ig ina l  two-stage concept o f  
separating thermal coal d i sso lu t i on  and res id  upgrading. Most o f  the feed t o  the 
f i r s t  stage was recycled res id .  

Subsequent work has shown t h a t  the inso lub le organic matter ( I O M )  i n  the recyc le 
res id  from Wi l sonv i l l e  i s  reac t i ve  f o r  f u r the r  conversion, and metho@ t o  improve 
solvent q u a l i t y  by dewaxing and hydrogenation are being evaluated. This work 
w i l l  provide the opportunity t o  b e t t e r  define the r o l e  o f  recyc le solvent q u a l i t y  
i n  the current  generation of two stage c a t a l y t i c  l i que fac t i on  processes. 

CONCLUSIONS 
This paper was not  intended as a comprehensive review o f  the subject o f  recyc le 
o i l  chemistry, but ra the r  as a perspective on the changing perception o f  the r o l e  
of recyc le o r  solvent-mediated phenomena i n  d i r e c t  l i que fac t i on  process develop- 
ment. I n  the e a r l i e r  US work on d i r e c t  l iquefact ion,  the goal o f  separating the 
thermal coal d i sso lu t i on  and c a t a l y t i c  d i s t i l l a t e  production steps l e d  t o  process 
configurations t h a t  re1 i e d  on hydrogen donor solvents f o r  coal conversion. 
Research showed tha t  the d i s t i l l a t e  recyc le solvents which evolved under mostly 
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thermal Conditions were poor hydrogen donors, but  t ha t  se lec t i ve  recyc le o f  
higher molecular weight components improved both donor content and a c t i v i t y .  
When i t  was rea l i zed  t h a t  in ters tage deashing had l i t t l e  p rac t i ca l  benef i t ,  
conversion of the coal i n  a c a t a l y t i c  f i r s t  stage diminished the perceived need 
for  an active hydrogen donor solvent. For subbituminous coals, donor solvent 
hydrogen alone d i d  not  appear t o  be adequate t o  achieve sa t i s fac to ry  conversions, 
leading t o  the use of dispersed cata lysts ,  greater react ion sever i ty ,  and so l i ds  
recycle. However, the improvements o f  two-stage l i que fac t i on  came a t  the expense 
o f  reduced space v e l o c i t y  and increased ca ta l ys t  usage. Current research i s  
look ing to  replace the supported-catalyst systems w i t h  dispersed ca ta l ys ts  t h a t  
o f f e r  higher s e l e c t i v i t y  and a c t i v i t y ,  whi le  avoiding the cap i ta l  cost o f  a 
supported-catalyst system. As t h i s  research and development continues, i t  w i l l  
be important t o  understand and evaluate the r o l e  o f  vehic le  solvents, and t o  look 
f o r  opportunit ies t o  u t i l i z e  solvent-mediated reactions as pa r t  o f  a ove ra l l  
strategy for reducing the cost o f  producing l i q u i d s  from coal. 
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Table 1. Roton Dlstrlb~dons d Recycle Solvents In the CSF Roce~a 

W e  
Date 

50 39 9 2 
4s 35 12 3 
43 37 18 4 
40 37 18 8 

A r m t i 0  I Allphatk -OH I KIN I €@ 
T d  cardensed I Unumd I Cvdh ! fihc rnoqle I 

Table 2 charactddcm e4 Solvents from wilsomille SRC-I Operations 

Differences. mol k ol totel liauld 
Batchvl - Belch llliydro - Batch I 

LSRC H2 solventoualny 
wl)b pslgmld KIN I M 

lW8 8.0 1.21 1.09 1.80 4.81 1.88 75.4 61.4 
Hydro (Bm) 8.9 1.89 0.83 254 3.64 0.88 8Q.9 85.8 

TaMe 3. Compaflm ol Wlsomille solvents by FlMS TaMe 4. €We ol Ken-Wee Ught SRC eddllon on 
Wilmville sdvenl quality (4p8 sample) 

T&alInilndans 4.8 3.1 
-3.1 -1.5 
-1.0 

Mau 178 
HydroMass 178 2 
Mau 2M -1.1 -0.8 

25 0 79.1 73.1 
50 0 88.8 66.5 
25 1Mo 85.8 82.8 
50 1Mo 87.8 88.2 

nydro Mass m 
Carbazde 
CXIndlnes 
Hydroqulndlnes 
lndands 
phends 

-0.1 1.3 
-0.1 

-1.1 
0.3 

1.3 -1.4 
5.0 -0.2 

Table 5. Compulm d Lurnrms lTSL (Run 2SClB) and 
H-Coal (POU h n  0) Recyde Dldlletm 

Concentration. w% 
ITSL 1- H-Coal 

Aromatics 12 8 
n-Nkyf Aromstka IO 20 
Hy&womaua 31 8 
Cydo-Pentalrom 8 18 
n-Alkanes 1 8 

e ,  
5 
1 
3 
2 

1 
0 

-1 
-2 
-3 
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