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L Objective and Scope of Work 

The objective of this work is to investigate areas of science and technology 

that have been defined as being of prime interest to coal processing technology 

development. These areas include properties of coal liquids and slurries, reactor 

design and performance in relation to reaction mechanisms. The work comprises 

investigations of the following high priority areas: 

- -  Reaction kinetics and reactor performance in coal liquefaction; 

- -  Role of catalysts in indirect liquefaction and direct coal liquefaction; 

-- Physical, chemical and thermodynamic properties of coal liquefaction 

products. 

Work done during the first year of work on this project is summarized in 

Technical Progvess Report DOEIPCI60054-T4 dated October 1984 and work during 

the second year in a Technical Progress Report submitted to the Department of 

Energy dated November 1985. 

This report summarizes work done during the period January l, 1986 through 

March 31, 1986. A detailed description of work is given below. 

2. Modeling of Coal Liquefaction Processes 

The objective of this work is to develop computer s'imuiations which can be 

used to evaluate the performance of slurry reactors usod for direet and indirect 

coal liquefaction processes. These programs a r e  being wr i t ten  in Fortran language 

and are designed to be interactive in nature and easily adapted to use in the ASPEN 

simulator. 

Two 

Scope of Work 

Work during the current year  is being done in two areas -- modeling of the 

Stage Liquefaction CI"SL) process and enhancing models for indirect 



l iquefaction processes which were developed previously so tha~. they  can be used in 

with the ASPEN simulator at the Pittsburgh Energy Technology con]unction 

Center.  

In the last quarter a literature search was conducted for two stage 

liquefaction proeesses, concentrating on the second stage which consists of an 

ebullated bed reactor. The Wilsonville Integrated Two Stage Liquefaction process 

is a typical  candidate for modeling of Two Stage Liquefaction processes.  A brief 

summary of  the  review is given below, and a kinetic model which will be used in 

the modeling ef for t  is presented. Progress in the ASPEN modeling is a l so  reported. 

Two Stage Liquefaet!pn Processes  

The two principal routes for the d i rec t  hydrogenation of coal  to  form a liquid 

involve: 

(a) 

(b) 

Addition of hydrogen direet ly  f rom the gas phase 

Addition of hydrogen from a donor solvent. 

The f i rs t  route is called ca ta ly t i c  liquefaction or hydroliquefaetion while 

the second route  is called solvent extract ion;  Though both methods involve direct  

hydrogenation, the  difference lies in the ca ta ly t ic  hydrogenation s tage.  

Solvent Extraction: This is essentially a two-s tep process  involving a 

mild hydrogenation extraction s tage at  temperatures  up to 500°C to  produce a 

soLid/liquid ex t rac t  which may be subsequently converted to  liquid fuels and/or 

chemical feedstocks via a catalytic hydrogenation step. The solvent extraction 

stage can be carried out either d/rectly under H 2 pressure or without H 2 in the 

dissolver, the solvent being hydrogenated in a separate step before being returned 

to the extraction stage. The EXXON Donor Solvent (EDS), Solvent Refined Coal 
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(SRC) and National Coal Board (NCB) processes are classified as solvent e~'traetion 

processes. Bubble column slurry reactors are used for these processes. 

Catallrtie Liquefaction: This involves stronger hydrogenation over active 

catalysts in a fixed, ebullating or trickle bed reactor to produce hydrocarbon 

products directly and rehydrogenation of solvent occurs in-situ. The Syntho~ and 

H-Coal processes are examples of this type. 

Each process involves removal of ash, miner:d matter and unconverted 

coal after the first hydrogenation stage. A ~eneral diagram to distinguish these 

processes ;s shown in Figure I (Pullen, 1983). 

In two-stage direct liquefaction processes, extraction and hydrogenation 

take place in separate reactors. Conditions for each stage can thus be optimized. 

A summary of the various two-stage liquefaction (TSL) processes is Even in Table 

I. 

TABLE 1: Summary of TSL Processes 

Extraction 
Process Pressure Catalyst 

(atm) 

Hydrogenation 

Environment Reac?.or-Type 

Chevron 100-170 

Lummus 165 

Wilsonville 140 

NCB Liquid 15 
Sotvent Extraction 

Co-Mo, Ni-Mo Digest Fixed Bed 
or NI-W 

Ni-Mo Solution Expanded Bed 

Ni-Mo Solution EbulL~t ed Bed 

Co-Mo Solution Fixed Bed 
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Figure I: Alternative Routes for Direct Coal Liquefaction (Pullen, 1983) 
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Emphasis of this work is on modeling the seeond stage of the Wilsonville 

Integrated TSL process. The original facil i ty at WilsonviIle consisted of a single- 

stage thermal process (SRC-I). A Crit ical  Solvent Deashing process was installed 

in 1978 and a second stage ca ta ly t ic  hydrogenation unit began operation in 1981. 

The second stage consists of aa ebullated bed catalyt ic  reac tor  based on the H- 

Coal concept. A block diagram of the ITSL process is sh¢,wn in Figure 2. The 

salient features  of the various proeess units are ~_hown below. 

Uni..__~t 
First  Sta~e 
Thermal Liquefaction 

Unit (TLU 

Critical  Solvent 
Deashing (CSD) Unit 

deashing solvent 

Second SIage 
Hydrotreat ing (HTR) 

Salient Features 
dissolver or snort contact  t ime (SCT) 
disposable catalyst  may be utilized 
90-95% coal conversion (Cresol 
solubIes) 

• proprietary extract ion ~:oeess 
• conditions near crit ical point of 

• capable of fractiormting coal extxact 
. very efficient  deashing achieved 

ebuliatad bed reac tor  
corn mereial supported-catalyst  
utilized 
catalyst addition/withdrawal 
capability 
wide range of stable operating 
conditions 

The first stage is eonventional SRC technology. In the  secor, d .~tage, the 

SRC is catalytically hydrocracked in the presence of hydrogen. In the 

hydrocracking step, the SRC is seleet ively cracked to gases and distil late fuels. A 

major port ion of the sulfur and some nitrogen and oxygen a r e  converted via 

hydrogenation to H2S, NH 3, and H20.  Table 2 gives a summary of cata ly t ic  

reactions involved in coal conversion. 
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Figure 2: Schenlatic Representation of t, Jilsonville Integrated Tv~) Stage Liquefaction (ITSL) Process 



TABLE 2: Catalyt ic  Reactions in Coal Conversion (Cusumano et al., 197~) 

PrL,~ess General  Reactions °.~ecific Reactions/P,-x~lucts 

Direct Liquefaction 

Liquids Refining 
and Upgrading 

Hydrogenation 
Cracking 
Hydro fining 

Cracking 
Reforming 
Hydroform~ng 

Aromat ic  Liquids 
Hydr~esul fur iza t ion  (HDS) 
Hydrodcuitrogenation (HDN) 

Hydrogenation 
Dehydrogenation 
Dehydrocyclization 
Isomerization 
Hydrogenolysis 
HDS, HDN 

Three Phase Fluidized Bed Reactors 

The first stage in the Wilsonville ITSL process is a thermal  liquefaction unit, 

which consists of a bubble ~olumn slurry reactor. Though this reactor consists of 

three separate phases (gas, solvent, and coal) the slurry of coal and solvent is 

approximated for modeling purposes, as a pseudo-homogeneous liquid and the 

reac tor  is modeled as a two-phase system. However, the  second stage which is the 

hydrotreat ing step consists of an ebuUated bed reactor.  Since a distinct solid phase 

(catalyst) is present in this reactor,  the ebullated bed reac tor  is classified as a 
J 

~h~ee-phase fluidized bed reactor .  The mode of operation of three-phase fluidized 

beds is quite different  from tha t  of a slurry reactor  as pointed out by Epstein (1981) 

and Muroyama and Fan (1985) in recent review articles.  Some of these differences 

are given in Table 3. 
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TABLE 3: Characteristics and Applications of T6ree-Phase Processes(5) 

Three-Phase 
Fluidized Bed Slurry Reactor 

Continuous Phase Liquid Liquid 

Solids Suspended Liquid Gas 
by flow of  

Solids Concentration No .:Yes 
Gradient 

Typical Solids 10-50% vol. < 10% vol. 
Holdup 

Typical Par t ic le  0.1-5 mm < 0.5 mm 
Diameter  

Applications Heterogeneous reactions part icularly 
hydrogenation of coal; ca ta ly t ic  react ions 
such as hydroprocessing;, Fischer-Tropseh 
reaction. Biological processes such as 
fermentat ion and hydrogenation of fats.  

The dynamics of  three phase fluidized beds are quite d i f ferent  from 

those of a slurry bed and equations developed to describe the hydrodynamic 

behavior of a slurry bed are not quite appiicable to a three phase fluidized bed 

(Epstein, 1981). EbuUsted bed fluid dynamics for the H-Coal process have been 

studied by Vasalos et aL (1982) and equations developed by them will be used in the 

model 

The reactor model used will be a one-dimensional axial dispersion model, 

and the  equations of this model have been presented previously ~or thermal  the 

liquefaction unit. 
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I{inetic Model 

The kinetics of thermal liquefaction of coal have been briefly summarized by 

Gollakota et aL 0986) who have also investigated the thermal and catalytic 

kinetics in direct coal liquefaction. Shah et aL 0978) studied the kinetics of 

catalytic liquefaction of Big Horn eo'al in a segmented bed reactor. They proposed 

the following reaction mechanism. 

Light 
Oases 

Water 

Byproducts 

Coal j-  Furnace Oil----~NaDhtha 
J ~ 4 ° 3 4 3 o c  C4-I04°C 

Heavy Fuel Oil 
343+oc 

Gollakota et aL 0986) have used the sequential progression of coal 

liquefaction in the modelin~ of kinetic data: 

c o a l  + a o i l  * p r e a s p h a l t e n e s  * a s p h a l t e n e s  * o i l  
c o a l  - F~;ses 

where a is a stoichiometric parameter. 

These workers have inve~cigated the relative influence of pore diffusion and the 

relative selectivity of thermaUcataly~ie reaction pathways. Effectiveness factors 

are evaluated for each reaction pathway and this kinetic model can be used to 

model the reactions occurring in the second stage ebu]lated bed reactor. 



ASPEN Modeliu~T 

The indirect coal liquefaction processes that were modeled last year included 

the Me.hanol to Gasoline process, Methanol synthesis and Fiseher-Tropsch synthesis. 

Of these three processes, the product spectrum is clearly defined only in the 

Methanol synthesis process. The reactants  and products also appear in the ASPEN 

data base. Hence, as a first step, the Methanol synthesis models have been 

eonver~ed into an ASPEN compatible form and steps are being taken to transfer 

the program onto the PETC computer system. - ' :  

3. Role of Catalysts in Indirect Liquefaction and Direct Coal Liquefaction 

The objective of this work is to review and discuss key advances in direct 

coal liquefaction catalysis, especially for the innovative use of eertain catalysts in 

direct coal liquefaction. This study wRl provide an overview of streams of 

knowledge which have contributed to the development of coal Iiquefaetion 

catalysis and whieh have high potential for contributing in the future. Newer types 

of catalysts, discovered after World War If, will constitute the main subjects of this 

report. 

Scope of W.ork 

The use of catalysts  in direct coal l iquefaction provides several advantages 

including activating molecular hydrogen, minimizing hydrogen consumption, 

permitt ing milder operating conditions, and inereusing distillate production. 

Included among the catalyst  systems to  be reviewed and whose potentials are to be 

evaluated are: the use of liquid elathrate systems, homogeneous catalysts  such as 

metal earbonyls and transition metal complexes, germanium and tin salts, iodine 

and hydrogen iodide, Lewis acids such as ZnCI 2 and AICI3~ hydrogen fluoride, and 
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superacids such as fluorosul~o~tie acid (FSO2OH) and the less corrosive solid acids 

such as Fe203-SO42" and TiO2-SO42-. 

Rote of Catalys~s in Coal Liquefaction 

Over the tast decade a large number of catalysts for coal liquefact;on have 

been investigated with the aim of improving coal conversio~ ~.o light oils. Several 

researchers have reported the use of transition metal earbonyls for the preparation 

of dispersed metallic catalysts during coal ~quefaction. Since a good dispersion 

slate of the catalyst can generally be achieved with the use of metal carbonyls as 

catalyst precursors, it is anticipated that the soluble transition metal complex can 

penetrate into the pores of the coal which facilitates strong interaction between 

the coal and catalyst. 

Recent work reported that iron pentacarbonyl, Fe(CO) 5, scluble in or~.~ni'c 

solvents, serves as an excellent catalyst for coal hydroliquefaction. The fine,'y 

dispersed metallic iron derived from Fe(CO) 5 seems to be able to permeate into 

coal and to give high catalytic activity. The catalytic abiIit~, of metal earbonyls.V_Q 

promote hydrogen transfer from molecular hydrogen to coal fragment radicals at 

temperatures of coal mesophws~ formation (e.g., 375°C) is also important during 

coal liquefaction. This could partly explain the failure of early experiment.s, 

carried out by Holly et aL and Cox et at., to obtain significant amounts of coal 

dissolution or conversion. They both employed a lower reaction temperalure 

(below 200oc) for liquefaction. 

Metal carbony! catalysts offer the advantage of high selectivity at relatively 

mild operating conditions. Unlike heterogeneous catalysts, every metal atom in a 

metal carbonyt catalyst is available to participate in the reaction, and 

furthermore, the chemical reactivity of the catalyst can be easily modified by the 
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addition of different ligands and solvents. However, metal esrbonyl catalysts have 

t h o r  own limitations |n that recovery is usually difficult. The catalytic species m,e 

d~ffieult to separate from reaction products. In addition, thermal stabil~ty may 

also present problems in practical applications, although most organometallie 

earbonyl catalysts can be operated at substantially h~gh CO partial pressure to 

maintain stability. 

A review of work on the effaet  of superaeids on eoal liquefaction will start 

nex't month. 
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