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A~.STRACT 

A general model for coal devola~.ilization ~hich combines a functional gro~Jp 
model for gas evolution and a s ta t is t i ca l  model for tar formation has been 
presented. The tar  formation model includes depolymerization, crossl inking, 
external transport an~ i.~ernal transport. The crosslinking is related to t~e 
evolutions of CO 2 and CH4, with one crosslink formed per molecu3e evolved. The 
model predictions compare faverably with a variety of data for the 
devolat i l izat ion of Pittsburgh Seam coal and North Dakota (Beulah) l i gn i te ,  
including vo la t i l e  yields~ extract y ie lds,  crosslink densities and tar molecular 
weight d is t r ibut ions.  The variations with pressure, devolat i l izat ion tempera~ur~ 
rank and heating ra~e were accurately predicted. Comparison of the model ~ith 
several sets of data employing alternat ive assumptions on transport suggests 
assuming that the ~art icle is well mixed ( i .e .  the surface concentration of t~r 
molecules is the same as the bulk) overpredicts the transport rate. For 50 ~m 
part ic les, assuming %hat the internal transport l imitazion dominates ( i .e .  
neglecting the external tran3port) provides a good f i t  to the da=a. The rank 
dependence of tar formation, extract yields, crosslinking, and v~sco~Ity~ ~" app_~r~- ~ ~,.o 

assocla~ed cro:~l l  n,x nq. be explained b;- the rank dependence of CO 2 yields -end i ts  . . . .  _ 
High CO 2 yields in low rank coals produces rapid crossllnking at low temperatures 
and hence thermosetting behavior, low tar  y ields, low extract y ie lds,  loss of 
solvent swelling properties and high viscosi t ies.  The re lat ive importance of 
crosslinking compared to bond breaking is ,  however, sensitive to heating raze and 
this effect is predicted by the model. Areas for improving the model i nc lude :  
1) refinement of the internal and external transport assumptions; 2) accounting 
for hydroaromatic structures and bridge structures besides e~hylene; 3) including 
polymethylene "guest" molecules. 
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INTRODUCTION 

Coal devolatilization is a process in which coal is transformed at elevated 

temperatures to produce gases, tar* and char. The combined chemical and physical 

processes in devolatilization have been reviewed by a number of investigators 

(1-6). Gas formation can often be related to the thermal decomposition of 

specific functional groups in the coal and can be predicted with reasonable 

accuracy by models employing f i rs t  order reactions with ultimate yields (5-15). 

the other hand, tar and char formation are more complicated and success in 

mechanistic modeling of tar formation has been more limited. 

On 

Predicting tar formation is, however, important for several reasons. Tar is a 

major volatile product (up to 40% of the DAF coal weight for some bituminous 

coals). Tar yields vary substantially depending on reactor conditions (pressure, 

heating rate, final temperature, bed geometry, particle size, etc.) .  In combustion 

or gasification, tar is often the volatile product of highest in i t ia l  yield and 

thus controls ignition and flame stabi l i ty .  I t  is a precursor to soot which is 

*Tar is defined as the room temperature condensibles formed during coal 

devolatil ization. 

+ To whom correspondence is to be sent. 
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important to radiative heat transfer. The process of tar  formaZion is linked ;::, 

the char viscosity (16-19) and the subsequent physical and chemical structure oF 

the char, and so is important to char s~;elling and react iv i ty .  Also, because tar 

molecules are sometimes minimally disturbed coal molecular fragme=ts, primary Z.~rs 

provide important clues to the structure of the parent coal (5,6,20). 

I t  is generally agreed that the tar formation includes the following szeps: 

I) depol)~erization by rupture of weaker briJges in the coal macromolecule to 

release smaller fragments which make up the "metaplast" (3,5,7,16,21-33); 2) 

repolymerization (crosslinking) of metaplast molecules (3,5,7,16,21-33); 3) 

transport of lighZer moTecules away from the surface of the coal par: icles by 

combined vaporizazion and gas phase dif fusion (23,32); 4) internal transpor~ o. 

l ighter  molecules to the surface of the coal par: ic les by convection and dif fusion 

in the pores of non-softening coals (24,27,34,35) and l iquid phase or bubble 

transport in softening coals (17,36-38). Char is formed from the unreleased or 

recondensed fragments. Varying amounts of loosely bound "guest" molecules~ usually 

associated wi~h the extractable material, are also release~ in devolat i l iza~ion. 

The complexity of proposed devolat i l izat ion models varies substant ial ly.  They 

can be divided into four categories. The simplest are the "Weight Loss Mo~els ~' 

employing a single rate (6,22,39-42), two rates (39,43), multiple p~rallel r~tes or 

distr ibuted rates (9~22). These models do not account for the -'ariations in tar 

y ield with reaction conditions and a number of "Tar Formation Models" incorporating 

retrogressive char forming reactions and mass transport have been proposed ~hich 

account for such variat ions (16,21-33,37,44-49). A recent innovation has been ZI~ 

description of the decomposition and repolymerization of the macromolecular nez~ork 

using s ta t is t ica l  methods (28~29,44-46,50,51). 
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Most of the above models do not consider the evolution of gas species, which 

have been treated in a number of "Species Evolution/Functional Group Models" as 

parallel f i rs t  order reactions (5-13). More complicated "Comprehensive Chemical 

Models" also describe the composition of the char and tar (3,5,6,11-13,33,48,49, 

51). 

The level of detail required in a model depends on i ts application. In 

modeling combustion and gasification the simple "Weight Loss Models" have often 

been employed. However, to predict the variations in yield with reactor 

conditions, the more complicated "Tar Formation Models" must be used. A case can 

also be made for employing "Species Evolution/Functional Group Models" or 

"Comprehensive Chemical Models". For example, in predicting the energy released 

from combustion of the volatiles i t  is important to know that for low rank coals a 

high percentage of the volatiles may be non-combustible H20 and CO 2. For a North 

Dakota l igni te,  the total of these two components can be as high as 35% of the 

rapidly released volatiles which are imporzant for ignition (6). In addition, the 

swelling, particle agglomeration properties, char reactivity, and char 

fragmentation are functions of the char cc~mposition~ Soot formation (which can 

dominate radiative energy transport) is controlled by the tar amount. 

In modeling liquefaction and mild gasification, knowledge of the chemical 

makeup and molecular weight distribution of the soluble and volatile products is 

essential, requi ring the more compl ere "Comprehensive Chemical Model s". 

This paper presents a "comprehensive chemical model" for coal devolatilization 

which considers the evolution of gas, tar,  char and guest molecules. The model is 

general in i ts applicability to bituminous coals, subbituminous coals and l~gnites 

(employing rank independent kinetic parameters), in i ts application to reactors of 
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widely d i f f e r i n g  heating rates (O.05°C/sec to 20,O00~C/sec) and in i t s  a b i l i t y  to 

predict  the var ia t ions in tar  y ie ld  with reactor condit ions. 

Two previously developed models, a Funczional Group (FG) ~odel (5,5~11-~3) (a 

"Species Evolution/Functional Group Model") and a gevolat i l i za t ion-Vapor izat ion_ 

Crosslinking (DVC) model (30,31,44-47) (a "Tar Formation Model") have been combined 

as subroutines of what is now cal led the "FG-DVC" model (33,50,51).  The DVC 

subroutine is employed to determine the y ie ld  o~ tar  and the molecular weight 

d i s t r i bu t i on  of  the tar  and char. The FG subroutine is used tc describe the gas 

evolut ion, and the elemental and funct ional group compositions of the tar  and char. 

Crosslinking in the DVC subroutine is computed by assuming that  th is  event is 

correlated wi th  CO 2 and CH~ evolut ions predicted in the FG subrout ine. The 

dependence of the y ie ld  of rapid ly  released CO 2 (~hic5 is related to coal rank or 

weathering) is the factor which controls the thermosetting or thermoplastic 

behavior of coals. 

The combined FG-DVC model was described in two previous publ icat ions (50,51) 

and comparisons were made to a l imi ted set of data. In th is  paper, a descript ion 

of internal  t ransport  has been added to the model. The model equations are 

presented and comparisons are made to a wider set of data. The paper also includes 

a discussion of  the assumptions, approximations and exceptions to the model and a 

sens i t i v i t y  analysis for the parameters of the DVC subroutine. The model 

describes the processes of:  

1) Depolymerization and Hydrogen Consumption 

2) Crosslinking 

3) External Transport 

4) Internal Transport 

' - 4 -  
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5) Gas Formation for all principal species 

6) Tar Cxmposition 

7) Char Composition 

The work presented here is limited to di lute phase reactions of small coal 

particles where internal temperature gradients can be neglected. Secondary gas 

phase reactions have been discussed elsewhere (6) and reactions of pyrolysis 

products with a char bed and large particle effects have not yet been included. 

Only reactions involving C, H, and 0 are discussed here. 

A number of coal composition parameters and reactor parameters (pressure, 

particle time-temperature history) are required to predict the pyrolysis behavior. 

A substantial reduction in the number of parameters which must be measured for each 

coal is made by the use of rank independent kinetic rates. These parameters have 

already been determined using a ;~ide variety of coals and reactors. This 

simplification is a good f i rs t  approximation to describe the kinetics of 

individual evolved species and the functional group decompositions (5,6,49,52-55). 

The properties predicted as a function of time, include: TAR - molecular weight 

distribution, elemental and functional group composition, yield; CHAR- molecular 

weight distribution, elemental and functional group composition, yield, crosslink 

density, extract yield; GAS - yields of individual l ight gas species. Results are 

presented for a Pittsburgh Seam bituminous coal and a North Dakota l ign i te.  

EXPERIMENTAL 

Coals Examinc~i. The two coals described in this paper are a Pittsburgh Seam 

bituminous coal and a North Dakota (Beulah, Zap) l igni te.  Samples of the 

Pittsburgh Seam coal were obtained from the Pittsburgh Energy Technology Center and 
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the Argonne National Laboratory premium coal s~mple co l l ec t i on .  Samples of th~ 

North Dakota (Beulah, Zap) l i g n i t e  were obtain~_d from the University of North 

Dakota Energy Research Center and the Argonne l~ational Laboratory premium coal 

sample co l lec t ion.  Data on the premium samples are presented in Ref. 56 and on ~_he 

other two samples in Ref. 6. The FG-DVC mode] w~s also compared to data on 

Pit tsburgh coal samples from Refs. 7,16 and 22, and character izat ions of C~se 

samples are presented there in .  

Coal Character izat ion. The crossl ink density was estimated u-:ing the 

voluTaetric swelling technique developed by Larsen and co-workers (57-~9). Pyridine 

ext ract  y ie lds were obtained using a Soxhlet apparatus, r;olecu!ar weight 

d i s t r i bu t i ons  of tars were obtained at SR[ Internat ional  using the Field Ioniz~T_ion 

Mass Spectrometry (FIMS) apparatus described b;,, St. John et a l .  (60). Tar samples 

were col lected from the pyro lys is  apparatus and vaporized from ~ heated prgb~ into 

the FIMS apparatus. In add i t ion ,  coal samples ~ere pyrolyzed d i rec t l y  in the F[14S 

apparatus. 

Apparatus. Pyrolysis experiments ~ r e  Ferformed in several apparatuses which 

have been described previously including: a heated gr id  pyrolyzer (5,12),  a he~ted 

tube reactor (6,13), and a thermogravimetric analyzer with analysis of evolved 

products by Fourier Transform Infrared (FT-IR) Spectroscopy (TG-FTIR) (6 ,61) .  

GENERAL MODEL 

Any general model of a process as complicated as coal devo la t i l i za t ion  musk 

of course be a gross approximation. However, there are many general trends which 

have been observed in devo la t i l i za t i on .  The t r i c k  in developing a model is to p~ck 

a set of  f i r s t  approximations which best match the major i ty  of these trends. There 
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will of course be exceptions to the ~rends. These exceptions can be treated as 

perturbations to the f i rs t  order approximation. Differences in models occur 

because of the subjective choice of what is a general trend and what is an 

exception. The following discussion presents the authors' view of the general 

trends and the exceptions. 

The General Trends in Devolatilization. 

The general model of coal pyrolysis is based on a number of observations whicn 

have been previously made concerning coal pyrolysis. These are: i) pyrolysis 

species kinetics are insensitive to rank (5,6,11-13,52-55); i i )  species amounts 

vary with coal rank and can be correlated with 'che coal's functional group 

compositions (5,6=14,15,48,49,52). The evolution of each species can be correlated 

with the change in the corresponding functional group composition in the char 

(5,6,52); i i i )  the primary tar composition is similar (except for a higher 

concentration of methyl groups) to that of the parent coal for bituminous coals and 

rapidly heated low rank coal (5,20,45.,62-64); iv) tar yields ar~ controlled by the 

amount of donatable hydrogen and how ef f ic ient ly i t  is used (5,6,20,46); and v) 

crosslinking correlates with CO 2 and CH 4 evolution (51,52). 

The general outline of devolatilization based on these observations was 

presented by Solomon and Hamblen (5) and Serio et al. (6), Fig. 1 from Ref. 6 

presents a hypothetical picture of the coal's or char's organic structure at 

successive stages of devolatilization. The figure represents: a) the raw coal, b) 

the formation of tar and light hydrocarbons during primary pyrolysis, and c) char 

condensation and crosslinking during secondary pyrolysis. The hypothetical 

structure in Fig. la represents the chemical and functional group compositions for 

a Pittsburgh Seam bituminous coal as discussed by Solomon (20). I t  consists of 
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Figure I_ 1~'~-pothetical Coal Molecule Dur;mg Stages of Pyrolysis. 
(IReprinted from Reference 6 with pern~ssion). 
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aromatic and hydroaromatic clusters linked by aliphatic bridges. During pyrolysis, 

the weakest bridges, labeled I and 2 in Fig. la, can break producing molecular 

fragments (depolymerization). The fragments abstract hydrogen from the 

t, yd roaromatics or ali phatics, thus increasing the aromatic hydrogen concentration. 

These fragments will be released as tar i f  they are small enough to vaporize under 

typical pyrolysis conditions and do not undergo retrograde reactions before 

escaping from the particle. The two lightest fragments are labeled ~ar. The other 

two fragments are shown to have repolymerized, producing a molecule which is too 

large to vaporize. 

The other events during primary pyrolysis are the decomposition of functional 

groups to release CO 2, l ight alipha~ic gases and some CH¢ and H20: The release of 

CH 4, CO 2, and H20 may produce crosslinking, CH 4 by a substitution reaction in which 

the attachment of a larger molecule releases the methyl group, CO 2 by condensation 

after a radical is formed on the ring when a carboxyl is removed and H20 by the 

condensation of two OH groups to produce an ether l ink (labeled 3 in Fig. lb). The 

crosslinking is important to determine the release of tar and the visco-eiastic 

properties of the char. 

The end of primary pyrolysis occurs when the donatable hydrogens from 

hydroaromatic or aliphatic portion of the coal are depleted. During secondary 

pyrolysis (Fig. lc) there is additional methane evolution (from methyi groups}, HCN 

from ring nitrogen compounds, CO from ether links: and H 2 from ring condensation. 

These general concepts are incorporated into the combined FG-DVC model. 

The Exceptions to the General Trends. 

a. Pol~fmetilylene. The major exception to the trends described above is the 
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presence of varying amounts (typically 0 to 9%, but in some cases as high ~ 18%) 

of long chain aliphatics (polymethylenes)~ These have recently been reporZ~d in 

pyrolysis products by Nelson (65), by Calkins and co-workers (66-6~)~ and 

references quoted therein. The chains agpear alone and attached to aromatic 

nucleii (65). During devolatilization, the smaller molecules may be released 

without bond breaking and the heavier molecules with bond breaking to contribuZe to 

the ta r .  The presence of these po~e thy lenes  makes the tar  more ~l iph~t ic  than 

the parent coal. Further cracking of t b i s  material under more severe 

devo la t i l i za t i on  conditions produces ethylene, propylene and butadiene from ~hi~h 

the concentration of pelymethylenes may be determined (68). Present ly,  t n~ 

pol)~ethylenes are included in the FG model as part of the a l iphat ic  functional 

group pool, which is assumed to decompose to produce gas products~ not ta r .  i f  the 

aT~iDunt of heavy polymethylenes is determined, these can be computed as a separate 

functional group pool with an appropriate release rate and added zo the t~ r .  The 

modeling of polz~nethylene evolut ion w i l l  be the subject of a subsequent 

publ icat ion.  

b. TarJCoal Similarities° The general model assumed, as a f i r s t  

approximation, that tar is derived from material of the same average compo~i~ion as 

that of the parent coal. The model predicts that the tar is richer than the parent 

coal in methyl groups (due to hydrogen stabilization) and poorer in the rapidly 

removed functional groups. Evidence for this assumption is the similaritie~ in 

elemental composition, infrared spectra and NMR spectra (5,20,45,62-54) betHe~n the 

primary tar and parent coal observed for bituminous coals. I t  was, however~ ~oted 

(5,45,70) that the infrared spectrum for a l ignite tar was significantly dif/erenZ 

from that of the parent coal. Th~ tar is much richer in aliphatic groups and 

poorer in oxygen functional groups. Freihaut et at. have recently reporZed 
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systematic increase in the tar hydFogen concentration with decreasing rank which 

suggests  a s imi la r  t rend  (71).  

There are at least two reasons for this variation with rank. One reason is 

the influence of the polymethylene groups. As noted by Calkins (68), the 

concentration of polymethylenes increases with decreasing rank (--4% for high 

volati le bituminous coals cempared to --8% for l ignites), in addition, the tar 

yield decreases with decreasing rank, (~6% for the North Dakota l ignite compared 

to 30% for the Pittsburgh Seam bituminous coal). The relative contribution of 

the polymethylenes to the tar is therefore increased with decreasing rank. This 

will lead to a higher aliphatic content and lower oxygen content for the low rank 

coal tar. This effect can be treated in the FG-DVC model by the addition of 

polymethylenes to the tar as discussed above. 

A second reason for differences in structure between the tar and parent coal 

is that the extensive crosslinking in low rank coals is related to the carboxyl 

Group concentration, which increases with decreasing rank. This crosslinking will 

thus selectively repolymerize the fra~ents rich in oxygen, while those poorer in 

oxygen are more l ikely to be released as tar. This effect has not as yet beer= 

included in ~he model. 

I t  is interesting to note an exception to the above observations. At very 

high heating rates, the North Dakota (Beulah, Zap) l ignite is observed to melt and 

swell and produce a higher yield of tar which resembles the parent coal (13,30,31). 

The high heating rate appears to reduce the effect of crosslinking, leading to 

h~gher oxygen concentrations in the tar and to increased yields. Both effects 

enhance the resemblance to the parent ceal. 
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c. Variations of Kinetic Rates with Rank. WhiTe the model assume~ ranI: 

independent kinetic rates, there is a systematic variation of rate with rank. As 

reported by Solomon and Hamblen (52), the variation between a l ignite and 

bituminous coal results in a 50-75°C difference in the peak evolution temperEture 

for most species (at a heating rate of 30 K/min). Systematic rank variation~ in 

the rate constants can be added to the model i f  increased accuracy is desired. 

d. Macerals. Individual macerals are not considered in this model. The 

influence of the maceral concentration is assumed to occur through i ts ef/ec -~ . on 

the average~lemental and functional group composition. I f  details on 7,~cerals 

are desired then each maceral mus~ be treated as a distinct molecular population 

with i ts own functional group composition and molecular weight distri~,u~.ion. 

e. Physical Properties of M~lecular Fragments. The general mod~_l n~s 

assumed that the vaporization and solubil i ty of the molecular fragments ~re 

functions of molecular weight alone. ~oth properties are expected to deperd on 

functional grQup composition. Such effects can be included as Gorrections zo the 

vaporization law and solubil i ty assumptions. 

l%e Depol~erization-Vapori zati~n-Crossl i nki n~ (DVC) Subro'Jtine Fomul ation. 

The DVC model has been described in a number of publications (30,31,4~- 

47,50,51). I t  predicts the tar yield, the tar molecular weight distributior,, the 

char yield, the char molecular weight distr ibution, the extract j, ield and the 

crosslink density. The model had its beginning in a studL¢ of polymers 

representative of structural features found in coal (44). The objective of that 

study was to develop an understanding of coal pyrolysis by studying ~ simpler, more 

easily interpretable sys~.em. The polymers were studied in a series of pyroiysis 
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experiments in which tar amounts and molecular weights were measured. The theory 

which was developed describes the combined effects of: I) depol~erization and 

hydrogen consumption; 2) cross-linking; and 3) external transport. Recently, an 

expression to describe 4) internal transport has been added to the model (33). 

These processes, which are described below, are incorporated into a computer code 

which employs a Monte Carlo method for performing the statistical analysis. 

Process i .  Depolymerizat~on and Hydrogen Cons~ption. Bond cleavage in coal 

is ~,ikely to be very complicatzd, including homolytic cleavage, ipso substitution 

(46) and hydrogen-transfer induced bond scission reactions (72) For a variety of 

bond types. However, i t  has been observed that tar evolution is consistent with a 

narrow distribution of activation energies (5,6,12), which allows consideration in 

the model of a single type of bridge (while acknowledging that other types may be 

present). Also, the rate for tar formation from coal, ktar, (6,13) is in good 

agreement with the rate, determined for the breaking of ethylene bridges between 

naphthalene rings, k B. This kinetic rate, kB, (46) employs an activation energy 

which is in agreement with resonance stabilization calculations ('73,74) and an 

overall rate which agrees with previous measurements on model compounds (75). In 

view of these observations, a single type of bond (ethylene) undergoing homolytic 

cleavage is assumed for coal as a simple approximation of the complicated behavior. 

Bond cleavage is accompanied by the consumption of donatable hydrogens, H(al), 

to cap free radicals, along with corresponding carbon-carbon double bond formation 

at the donor site. In the polymers which were studied, the ethylene bridges were 

identified as a source of donatable hydrogen with the formation of a double bond 

between the bridge carbons (46,47). The double bond formation was assumed to 

remove a breakable bond. I t  should be noted that hydroaromatic groups are also a 

source of donatable hydrogen with aromatization of the ring. However, for 
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simplicity, the DVC model assumes all the coal's donatable hFdrogens, whether in 

bridges or in hydroaromatic rings, are in bridges, i ,e . ,  H(al) = (2/2S)W B. This 

approximation wi l l  produce some error in tar yield since a broken bond in 

hydroaromatic ring wil l  not be as effective as a broken bond in a bridge in 

fragmentating the coal. But this effect wil l  be co~penset~d for, since H(a]) is a 

parameter which is determined for each coal from a selected pyrolysis e×peri~ent. 

H(al) could, in principle, be determined by FT-!R or NMR but not with sufficient 

accuracy. 

The equation describing the disappearance of ]abl]e bridges in the char, 

W B (char), due to bond breaking and hydrogen donation is ,  

dWB/dt = -2kBWB (!)  

The value for k B is taken as the previously determined kta r (6;. The raze of 

decrease of labile bridges is twice the rate of bond breaking s,nce for each broken 

bond, an additional labile bridge is converted to a non-labile bridge with the 

donation of hydrogen. By assuming that all the donatable hydrogens are in tha 

labile bridges, the consumption of labile bridges and donatable hydro~ens occur 

simultaneously. T~e redistribution of hydrogen creates source and loss %er~s, 

dWi(DVC)/dt, in the equations for the char functional groups Wi(chBr), as wil l be 

discussed with the FG part ot the model (see Eq. 7). 

Equation I only describes the loss due to bone breaking and hydrogen donation. 

The loss of labile bridges due to evolution with the tar is computed in the P, onZe 

Carlo calculation using the transport equations (Eqs. 3 and 4) discussed below,, 

Process 2. Crosslinking. Crosslinking reactions are important in describing 
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the rank and heating rate dependence of the tar molecular weight distributions and 

yields. While crosslinking reactions were originally included in the DVC model 

using adjustable parameters for the rate and amount (30,31,46), work has recently 

been performed to define the reactions which cause crosslinking (33,50,51). Under 

the assumption that the cross!inking reactions may also release gas species, the 

molecular weight between crosslinks (or crosslink density) measured by solvent 

swelling was correlated with the observed evolution of all the major gas species 

during pyrolysis. Likely candidates were CO 2 formation from carboxyl groups or 

metilane formation from methyl groups. Suuberg at al. (59) also noted that 

cross]inking in low rank coals is correlated with CO 2 evolution. Both CO 2 and CH 4 

forming reactions may leave behind free radicals which can be stabilized by 

crosslinking. Condensation of hydroxyl groups to form water and an ether link is 

also a possible reaction. 

For a series of chars, the reduction in the volumetric swelling ratio in 

pyridine was compared with CO 2 evolution for a North Dakota (Beulah) l ignite and 

CH 4 evolution for a Pittsburgh Seam bituminous coal (50). The results are 

presented in Fig. 2. The abscissa (parameter Z), which is the change in the 

volumetric swelling ratio (VSR) between coal and char divided by the mBximum change 

is given by: 

Z = (VSRcoal - VSR char)/(VSRcoal - VSRmin) 

Z is 0 for coal and I for fu l ly  crosslinked char. Since the l igni te reaches 

maximum crosslinking before the start of methane evolution and the Pittsburgh Seam 

bituminous coal evolves l i t t l e  C02, correlations can be made separately between 

crosslinking and CO 2 evolution in the l ignite and crosslinking and CH 4 evolution in 

the Pittsburgh seam bituminous coal. On a molar basis, the evolution of CO 2 from 
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the Me~hane Yield and b) Zap North Dakota Lignite Plotted Ag~nst COp, Yield. 
V.S-l~_min is the Value Achieve d when C r o s s ~ g  is Complete. The Chars 
were Prepared m an Entrained Flow P~actor CEFI0~ a ]Eeated Tube Reactor (IETR), 
and a Thermogravimetric Analyzer w~_th Evolved Fzodu~ Analysis by l~T-!R (TG-FTI~) 
Described in Re£ 61. 
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the ~ignite and CH 4 from the bituminous coal appear to have similar effects on the 

volumetric swelling ratio. The results suggest that one crosslink is formed for 

each CO 2 or CH 4 molecule evolved. No correlation was observed between the 

volumetric swelling ratio and tar yield for either coal. A correlation with water 

yield appears valid for the North Dakota (Beulah) l ign i te ,  but not for the 

Pittsburgh Seam bituminous coal. 

i t  there fore  appears tha t  a cor re la t ion  ex is ts  between gas evolut ion and 

c ross l i nk ing ,  which permits the rates fo r  c ross l ink ing  and the number of c ross l i nk  

s i tes  to be related to rates and y ie lds  for  gas evo lu t ion .  The model assumes the 

fo l low ing expression for  the rate of increase of the number of c ross l inks ,  m per 

gram of coal 

o 02 d_~CH ( 2 ) 

L 44 

where the rates, dWi/dt, of evolution of CO 2 and CH 4 per gram of coal are 

calculated in the FG subroutine: N O is Avogadro's number. 

Again, a caution should be added that the reactions which have been ~ssumed 

must be a gross simplification of a very complicated set of chemical reactions. 

This is especially true for the crosslinks occurring during methane formation, 

during which time there is extensive bond breaking and crosslinking accompanying 

tar formation. The inaccuracy in the description of this higher temperature 

crosslinking event is one of the present weaknesses in the model. 

Process 3. External Transport. The external transport of tars from the 

particle surface to the bulk gas by vaporization and diffusion through a gas 
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boundary layer as in the or ig inal  DVC model [~4-47,50,51) is described with the 

model of Unger and Suuberg (23). However, in the current paper, the modifi,~.;i 

expression for the vapor pressure law of Suuberg et a l .  (32) is now used 'LO re~,lace 

that  in the model of Unger and Suuberg. The rate of evolution per .~ra~Ti of co.~l., 

(dnj /dt)ET, of oligomers of molecular weight Mj is given by 

(dnj/dt)ET : (3/r~p)rDjx~ (Pj/RT) (3) 

where r is the particle radius assumed to shrink with the cubic root of its m~ss 

and r o is the in i t ia l  particle radius, Pis "the particle density, X~ is the m, ole 

fraction of species of molecular weight Mj in the metaplast at the surface of the 

particle, Pj is the vapor pressure for oligomers of molecular weight ~j (given by 

Suuberg et al. (32), Dj is the gas phase diffusivity of species of molecul~r ~ ight  

Mj (a4), R is the gas constant and T is the. particle temperature. 

In the previous work, i t  was assumed th~C the surface mole f ract ion,  ~ was 

the same as that  in the bulk, X ~ .  That i s ,  mass ~ransport to the surface w~s not 

a l im i t ing  fac tor .  

Process 4. Internal Transpor'c. When c~mparing the predict ions of the r.cdel 

to avai lable data assuming X~ = X j  b i t  was found that tar  y ie lds were 

overpredicted when devo la t i l i za t ion  occurred at low temperatures. This ~'~s 

observed for  e i ther  low heating rate experiments (6) or experiments with rapid 

heating to re la t i ve l y  low temperatures (16). As discussed in the Results Section, 

i t  appears that  the lower y ie lds  were the result  of the addit ional transport 

l im i ta t ions within the par t i c le .  

-18- 
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For softening coals, the internal transport mechanisms include: i )  the 

transport of tar molecules through the liquid to the surface; i i )  the transit  of 

bubbles containing tar from the interior of the particle to the surface; i i i )  the 

transport of tars within the liquid to the bubbles; and iv) the st i r r ing action of 

the bubble evolution. For non-softening coals, transport occurs by; v) convection 

and diffusion within the pores, 

Mechanism i was treated by Suuberg and Sezen (36). The unknown factor is the 

diffusion coefficient of the tar molecules in the liquid. The detailed modeling of 

mechanisms i i  and i i i  has been undertaken by several investigators (4,26,37,38). 

Calculations for mechanism v have also been published (24,25,34,35). The models 

are complicated and require many assumptions. A common feature of mechanisms i i i  

and v is that tars are transported out of the particle with the l ight  

devolatilization products which exit the coal via bubbles or pores. In Ref. 33, 

the upper l imit  for this process was calculated. This l imi t ,  which occurs when 

the tars achieve their equilibrium vapor pressure in the evolving gases, can be 

computed with few assumptions. In this case, the rate of transport, per gram of 

coal (dnj/dt)iT, for tar component j is proportional to the volume of gases 

evolved, dV/dt. That is 

(dnj/dt) : PjX~ dV/dt (1/RT). 

The volume of gases is proportional to the number of gas molecules and the 

temperature. It is inversely proportional to the pressure within the particle, Po 

+ AP where Po is the ambient pressure and Ap is the average pressure difference 

between the surface and the particle's inter ior.  Then 
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dVldZ = ~ (dnildt)gas RT 

i Po + ~P 

where ~ {dni/dt ) as is the rate of production per gram of coal of gas co~ponents g 
i 

i summed over all gas and l ight tar species. For gas molecules, dnj/dt is taken ~s 

the rate of production given by the FG model. For l ight tar molecules dnj/dt is 

taken as the total amount transported out of the particle as tar computed in the 

previous time step. For computational e f f i c iency ,  the sum has been l im i ted  Zo 

molecular weights less than 300 ainu, since th i s  accounts for o,zer go% of t~e 

volume. Combining the ~wo equations with ~his approximation gives, 

Jlt IT pJ dniI°t a I l i  < 3°0 o 
(R) 

AP is used as an adjustable parameter which varies with the con ~, and e×periF<ental 

conditions. For the highly fluid Pittsburgh Seam bituminous coal, in case~, :~here 

Po is one atmosphere or greater, we have considered the upper l imit  to thim r~te 

where Po >> AP. Then all the tems in Eq. 4 can be de~ermined by the cGmbi:~ed 

FG-DVC model. This l imi t  coincides with assumptions recently used by ~iks~ iF, his 

FLASHKIN model for Pittsburgh Seam bituminous coal (76). 

While AP : 0 appears to be a good ~pproximation for f lu id  coals a~. one 

atmosphere or more, z~P > 0 is expected for ~e~ ~oals and s i tuat ions.  ~P is 

proportional to the coa l 's  v iscosi ty  and so, w i l l  become important for  ~es~ ~luid 

coals. ZIP is also important when Po is small, fo r  large part ic les and when the 

heating rates are very high. 
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Two possibil it ies have been considered for combining the internal and external 

transportation. In an earlier publication (33), the internal transport term and 

external transport term (withX~ =X~) were assumed te be in series. Then the 

transport was controlled by the smaller term. The internal transport term was the 

smaller for all pyrolysis cases that were considered and so i t  dominated. In 

fact, calculations performed neglecting the external transport l imitation where 

almost identical to those made assuming the two terms to be in series. 

Alternatively, a case can be made that the total transport should be the sum 

of Eqs. 3 and 4. The reasoning is that internal transport assumes the tars to be 

in equilibrium with the escaping l ight  gases. It is more l i ke ly  that this 

mechanism wil l  transport the tars to the ambient gas than to the surface. In this 

case, the mechanism considered in Eq. 4 transports the tars away from the surface 

in parallel with the surface evaporization and gas diffusion considered in Eq. 3. 

If  the two terms are taken in parallel, i t  is again obvious tha~ X~ = X~ is 

a bad assun~ption. Not having a good method to determine X~, calculations were 

made assuming that the external transport term can be neglected i . e . ,  

(dni/dt) total = (dni/dt) IT- 

This provides an excellent f i t  to the data for 50~m diameter particles. 

Therefore, f o r  either paral lel  or series combinations of the transport terns,  

i t  appears best to neglect the external transport. I t  is l i k e l y  that the external 

transport term wi l l  be increasingly important for smaller par t i c les ,  but this w i l l  

require better knowledge of the l iqu id  phase diffusion coe f f i c i en t ,  {mechanism i)  

and the s t i r r i ng  action of bubbles {mechanism iv ) .  The re la t ive  importance of the 
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various internal and external transport mechanisms is the subject of on-gc, in~ 

research. 

Schmatic Representation of DVC Kwxlel. 

In the current DVC model, the parent coal is represented as a two-di]ensional 

network of monomers (condensed ring c lusters)  l ink~J by strong and weak bridges as 

shown in Fig. 3a. The monomers are l inked to form unbranched oligomers of length 

'~" by breakable and non-breakable bridges (shown as horizoRtal s ingle or dcu;~le 

l ines,  respectively in Fig. 3a). The monomers are represented by c i rc les  ~Citi~ 

molecular weights shown in each c i rc le .  The molecular weight d i s t r i bu t i on  ef the 

monomers is assumed to be Gaussian and is ~escri~ed by t~o parameters, Mavg (r~ean) 

and ~ (standard dev ia t ion) .  The breakable bridges (assumed to be ethylene) ~re 

represented by single l ines ,  the unbreakable bridges by double l i nes .  "too" 

crossiinks per gram are added (as ver t ica l  ~ouble l ines in Fig. 3a) to conn~,t zn~ 

oligomers of length ~ so that the molecular ~eight between cross l inks,  ~c~ 

corresponds to the value reported in the l i t e r a t u r e  (77) for coals of simi lar r~n!<. 

The crosslinks form the branch points in :he macromolecule. Unconnected ~guest '~ 

molecules (the extract  y ie ld)  are obtained by choosing the value o f ~ .  A l~rge 

value o f ~  wi l l  mean that  a completely connected macromolecule w i l l  be forme~ when 

even a small number of crossl inks are added, leaving no extractable mater~al~ For 

smaller values o f ~  some of the oligomers w i l l  be unattached af ter  the cros~links 

are added and these are the guest molecules. Th~ number of e~hyi~ne bridges~ ~ ,  

(two donatable hydrogens per bridge) is chosen to obtain ~he appropriate value for 

tota l  donatable hydrogen ( i . e . ,  to f i t  a selected laboratory pyrolys is experiment). 

The remainder are non-breakable bridges whose carbons are counted wi~h the 

aromatics carbons. 
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a. S t a r t i n g  Molecule  

Guest  Molecule 

20"1 ~y~.~c 

50 Molecular Weight i ~ 4050 

b. D u r i n g  Tar  F o r m a t i o n  

~ m 

2o i r 
Tar l~Tidine Soluble Insoluble 

50 Molectdar Weight (AlVffJ) 4050 

c. C h a r  Fo~-~ned 

20"] ' l:'yri~-e. F 

O \ \ \ \ \ \  ~ -  "*  

50 Molecular Weight (AMU) 4050 

Figure 3. Representation of Coal Molecule in the DVC Simulation and Corresponding 
Molecular Weight Distribution. In the Molecule, the Circles Represent Monomers 
(ring clusters an~ peripheral groups). The Molecular Weight Shown by the Numbers 
is the Molecular Weight of the Monomer Including the Attached Bridges. The Single 
Line Bridges ar:~ Breakable and can Donate Hydrogen. Tb.e Double Line Bridges are 
Unbreakable and do not Donate Hydrogen. The Molecular Weight Distribution of the 
Coal, T~,  and Chars are Showy. as a I-~stogram at the ~-~ght. The Histogram is 
Divided into Tar and Char with Pyridine Soluble and Insoluble Fractions. The Area 
Under the I-~ogr~_m Corresponds to the Weight Percent of the Oligomers. 
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The parameters Me,L, Mavg and (~ determine the molecular weight d is t r ibut ion 

of oligomers in the starting coal molecule. A histogram showing the ~istribu~ion 

created by randomiy picking monomers to form oligomers of l eng th~  an~ randomly 

crosslinki~g them to achieve an average molecular ~zeight between crosslinl.:s, Mc, is 

preset.ted at the right of Fig. 3a. The dist r ibut ion is divided inte a pyridine 

soluble portion below 3000 AMU ( l ight  shading) and a pyridine insoluble portirJn 

above 3000 ,~U (dark shading)° 

Figure 3b shows the moiecule during pyrolysis. The rates for bond breaking 

and crosslinking are from the FG model an~ are the same for all coals ~nd all 

experiments. Some bonds have broken, other bonds have been converted ~;o 

,unbreakable bonds by the abstraction of hydrogen to stabi l ize the fre~ rE~dicals ar, d 

new crosslinks have been formed. To determine the c~ange of state of the computer 

molecules during a time step, the number of crosslinks formed is deZe~ine,~ using 

the FG subroutine, and passed to the DVC subroutine. These crosslinks are 

distr ibuted randomly throughout the char, assuming that the crosslinking 

probabil i ty is proportional to the molecular weight of the monomer. Then s:he OVC 

subroutine breaks the appropriate number of bridging bonds ~nd calcul~tr_~ the 

quantity of tar evolved for th is time step using the internal and external 

transport equations. The result  ~s the coal molecule representation an~ :he 

molecular weigh~ distributions shown in Fig. 3b. The lighter "tar molecul~s", 

which leave the particle according to the transport equations, are sho~n as cross 

hat.~hed. A fraction of the donatable hydrogen is used to stabilize the free 

radicals formed by bridge breaking, creating ~'~o new methyl groups p~r brid~oe ~n~ 

the same fraction of breakable bridges is converted into (unb.~eakable) 

doub! e-bonds. 
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Figure 3c shows the final char which is highly crosslinked with unbreakable 

bonds and has no remaining donatable hydrogen. Tl;e histogram now shows only tar 

and pyridine insoluble fractions. The extractables have been eliminated by tar 

formation and crossiinking. 

The output of the DVC subroutine is the molecular weight distribution in the 

coal, its time dependent transformation during devolatilization and the evolution 

of tar determined by the transport of the lighter components. 

_~=.lection of DVC Parameters. 

The DVC composition parameters employed for a Pittsburgh Seam coa3 and North 

Dakota l ignite are summarized in Table I .  The FG composition parameters and the 

kinetic parameters, ,,vhich are fixed for all coals and experiments, are presented in 

Table I I .  In Table I, there are eleven independent composition parameters. Three 

parameters are fixed, the molecular weight of the labile bridges, Mc, the non- 

labile bridges, MNL, and the pyridine extractable l imit ,  Mps. 

Eight parameters are coal specific, ( i .e . ,  fixed for each coal, for all 

conditions) and must be determined by some measurement. M c and.6 are determined 

experimentally for each coal by the measured molecular weight between crosslinks 

and the pyridine extract yield, respectively. The weight fraction of carbon in 

nucleii ~nd non-breakable bridges, WN, is obtained from the FG model and is equal 

tG the non-volatile carbon. This value is,  in principle, detemined for each coal 

from a sin§le pyrolysis experiment. In practice, several experiments are 

perfo,~med. The number of potential crosslink sites, re(C02) and m(CH4) , are 
# 

proportional to the total yield of CO 2 and the total yield of CH 4, respectively. 

W B, Mavg, and c are determined by using the model to f i t  selected pyrolysis 
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T a b l e  I I -  Kinet ic  Ra te  Coefficients a n d  Species  Composi t ion P a r a m e t e r s  for  F G  Subrou t ine .  

o0mpo~o. ]~dmm'y fuz~onal 
~ter~ gas group source ratee~ o~a 

P i ~ m - g h N o .  8 N o ~ D a ~  
blmmino~s coal Zap Lignlte 

C 0~2l 0.665 

II 0.656 0.048 

N 0.017 0.011 

S(organic) 0.024 0.011 

O 0.082 0.265 

i~tal 1.000 1.000 

y. 

3 

.4 

Y 
.8 

CO 2 extra loose carboxyl 

CO 2 loose, carbo .-:yl 

co2 ~ 
H20 loose hydroxyl 

H2 0 ~ght hydroxyl 

CO ether loose 

CO ether tight ether O 

HCN loose 
HCN tight 

NH3 

CH x asphalt IICal) 

methane extra loose methoxy 

methane loose methyl 
methane tight methyl 

]K m'omatic WCar) 
methanol 
CO ex-u-a tight ether O 

C nonvolatile C(~r) 

S organic 

k 1 = 0~E+13 exp(~22500~500YD 

= o_uE+16 e~-C~ns+_.20oo>'~ 

k 4 =o~E.. ,,=~-{~0¢,~_lsoe~r) 
k s =O.I~+I,~e.,--p(-(SZ;OO~J5OO)rn 

k 6 = o~,~E+19 ~-G~oooo-~ooOO>T~ 

= o:SE+ZS ~-z~aosoo~sooyr) 

k s = o~+14ex~(~>*~sooyr) 

k 9 = O.~E+13 ~(-(~Sx~_~v~oyZ) 

k m = 0.12E+13 exp(~~YT) 

k n = 0~4E+15 exp(-(30000*.2~oYD 

kL2 = 0~4E+15 ex~-(30000*.2500YD 

k~ = 0.VSE+I~ ~oooo*_2000.vr) 

k15 = 010E+15 exp(-(405(XY!-S000NT) 

~_6 = O.OOE+O~ ~-~-~oooo~>'n 

k18 0 

ks= k T = 0~6E,lS e ~ ,  0 0 ~ 5 0 0 ~  

0.000 

0.007 
0.005 
0.012 

0.012 
0.050 

0.021 
0.009 

0.023 
0.000 

0~07 

0.000 
0.020 

OJ)15 

0.013 

0.000 

0.0~ 

OE~2 

0.024 

1.000 

0.065 

0.030 

0.005 

0.062 

0.033 

0.060 

0.038 

0.007 

0.013 

0.001 

0/02 

0.000 

0.017 

0.009 

0.017 

0.000 

0.090 

0.440 

0.011 
2.00O 

m l~erate.equationL~ofthef _ormkn=k 0 er~-CFJRpl-((~/R))'r, with k 0 iusol ,E /RinK,  and ~ /RinE.  
-,he ~ designates the spread in a~ivatioa energies m a Gausslan di~-~butiom 

-27- 



REWRITE PAPER 4188 WP#44 

experiments. The value of W B is adjustable to f i t  the tar  y ie ld  or tota l  vo la t i l e  

y ie ld  from one or two selected experiments. In p r inc ip le ,  W B could be measured by 

FT-IR or NMR but not with su f f i c ien t  accuracy for th is  highly sensiZive pjramel;er. 

The values of Mavg and o are chosen based on FIMS analysis of :he coal ~ ~v~q can 

be determined from the average c luster  size dete~lined by NXR (78,79). The value 

of 256 chosen for  both the l i g n i t e  and bituminous coal is in reasonable agree nent 

with these reported by Solum, et a l .  (79)9 290 for Zap and 300 for  :ha F i t t~burg~ 

Seam coal. 

One parameter, AP is adjustable and can vary with each type of experiment. 

For f l u id  coals at pressures above one atmosphere, z~P ~-0. For lo;z exZernal 

pressures, less f l u id  coals, large par t ic les  or h}gh heating rates, 6P ~ O. 

There are three dependent parameters which are computed from the other 

parameters, the weight f ract ion of peripheral groups, Wp, the donatable hydre~en~ 

H(al ) ,  and the number of i n i t i a l  crossl ink s i tes per monomer, mo. 

Fwmctional Group (FG)Model Formulation. 

The Functional Group (FG) model has been described in a number of publ icat ions 

(5,6,11-13). I t  permits the detai led predict ion of the composition of vol~]~.ile 

species (gas y ie ld ,  ta r  y ie ld and ta r  functional groL, n and elemental composition) 

and of char (elemental and funct ional group composition). I t  employs coal 

independent rates for  the decomposition of individual assumed functional groups in 

the coal and char to produce gas species. The ult imate y ie lds of each gas spe.ies 

are related to the coal 's  functional group composition. Tar evolution is 

paral le l  process which competes for  a l l  the funct ional groups in the coal. in the 

or ig inal  FG model, the potential  t a r  forming f rac t ion  of the coal,  X ° ,  was an input 
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parameter which was adjusted for each coal and type of experiment. In the combined 

FG-DVC model, the DVC suoroutine provides this parameter. 

Schematic Representation of FG Model. 

The mathematical description of the Functional Group pyrolysis model has been 

presented previously (5,6,11-13). The evolution of tar and l ight gas species 

provides two competing mechanisms for. removal of a functional group from the coal: 

evolution as a part of a tar molecule and evolution as a distinct gas species. 

This process is shown schematically in Fig. 4. To model these two paths, with one 

path yielding a product which is similar in composition to the parent coal, the 

coal is represented as a rectangular area with X and Y dimensions. As shown in 

Fig. 4a, the Y dimension is divide q into fractions according to the chemical 

compositior, of the coal. YI ° represents the in i t ia l  fraction of a particular 

component (carboxyl, aromatic hydrogen, etc.) and the sum of the yO's equal one. 

The evolution of each component into the gas (carboxyl into C02, aromatic hydrogen 

into H2, etc.) is represented by the f irst-order diminishing of the Yi dimension, 

dYi/dt = -kiY i .  

The X dimension is divided into char, X, and tar,  (l-X); i n i t i a l l y  X = I.  The 

evolution of the tar is represented by the decreasing of the X dimension, dX/dt, 

computed in the DVC subroutine as 

dX : - S(dnj/dt)ToTMj/. M o 
dt j j 

The fractional mount of a particular functional group component in the char is 

W i(char) = X'Y i 
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Figure 4. Schematic Representation of Funcfion~ Group (FG) ~/.[odel. 
a) Initial Coal Composition, b) During Tar Formation, c) Completion of Tar 
Formation, and d) Completion of Devo]atiiizatio~ 
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and the amounts in the gas and tar may b=_ obtained by integration with respect to 

time starting from t = O: 

Secondary reactions such as further decomposition of aliphatic species to form 

olefins, acetylene, and soot modify the basic equations. Some of these have been 

described else:where (6). These types of secondary reactions are not considered in 

the current paper. 

Figure 4a shows the in i t ia l  state of the coal. Values for yo are obtained 

from elemental analysis and FT-IR analysis of the raw coal, or from analysis of the 

products of one or two selected pyrolysis experiments. Figure 4b shows the in i t ia l  

stage of devolatilization, during which the most volati le components, H20 , CO- 

loose, and CO 2 evolve from the hydroxyl, ether-loose, and carboxyl groups, 

respectively, along with aliphatics and tar. At a later stage (Fig. 4c) CO-tight; 

HCN and H 2 are evolved from the ether-tight, ring ,litrogen, and aromatic hydrogen. 

Figure 4d shows the final state of the char, tar and gas. 

The evoldtion of gas and the composition of the char and tar are then 

described mathematical ly as lo l l  ows : 

Process 5. Gas Formation. The evolution of each gas species is assumed to be 

a f i r s t  order reaction, 

dWi(gas)/dt : kiw i (char) = kiXY i (5) 

where, dWi(gas)/dt is the rate of evolution of species i into the gas phase, k i is 

a distributed rate for species i and Wi(char ) is the functional group source 

remaining in the cher. The concept of the distributed rate was introduced by Pit t  

{80) and subsequently employed by Rennhack (81) and Anthony et al. (22) to describe 
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weight loss. Hanbaba et a l .  (82), Juntgen and van Heek (83),  Weimer and 

Ngan (9) and Solomon et a l .  (12) employed d is t r ibuted rates for  individual species. 

In the FG subroutine, k i is  given by an Arrhenius expression 

k i = k~exp(-(E i + ~i)/RT) where +__ c i  indicates that  a Gaussian d is t r ibu t ion  is 

employed to describe the product sources, Wi(Ei) , as a funct ion of the acti, ation 

" 0 energies E i (5,9,12~22). Wi(Ei) = (W°/~i  ~ r~ )exp  ( - t E i - E l ) 2 / 2 a i 2 ) .  E'~ is the 

average act ivat ion energy and i is the width of ~.he Gaussian d is t r ibu t ion .  

Note that Wi{char) also is decreased by its evolution ~,ith the tar. 

Process 6. Tar Fomation. The tar composition is tracked by su~ing ~h~ 

functional group coqtributions evelved with the tar. The rate of evolution of e~ch 

contribution is: 

dWi(:ar)/dt = -(d×/dt)Y i (6) 

where dWi(tar)/dt is the rate of evolution of each functional group component ~ith 

the tar. 

Process 7. Char Formation. The change in the ith char pool, Wi(chBr ), is 

computed by summing the losses to the gas and tar and the redistributions 

determined in the DVC subroutine, 

dWi(char)/dt = -dWi(gas)/dt - dWi(tar) /dt  + dWi(OVC)/dt (7) 

where dWi(DVC)/dt includes the source and loss terms from the DVC model, given by 

(30/28)kBW B, (2/28)kBW B, (24/28)kBW B and -2kBW B for methyl, aromatic H, aromar.ic C~ 

and lab i le  bridge functional 9roups, respect ively.  

-32- 



REWRITE PAPER 4/88 WP#44 

The general rates and specific composition parameters for Pittsburgh Seam coal 

anU North Dakota l igni te are presented in Table I I .  

Schematic and Execution of FG-DVC M~el. 

Figure 5 presents a schematic of the linked model for a simple case of only 

one gas species. The combined model connects the upper (DVC portion) and lower (FG 

portion) parts of Figs. 5a-5d. The model is ini t iated by specifying the Functional 

Group composition parameters (WB, W N and, in this case~ only one gas species 

parameter, Wp) and the coal structure parameters (starting oligomer length, ~ ,  

number of added crosslinks, m o, and the monomer molecular weight distribution 

parameters, Mavg and a ). The starting molecular weight distribution of oligomers 

is presented at the top of Fig. 5a. The monomers are assumed to have the average 

elemental and functional group composition given by the FG parameters. The 

functional groups are divided into pyridine soluble and pyridine insoluble parts. 

Each computer simulation considers coal to consist of a network made from 2100-2400 

monomers. 

Once the starting distribution of oligomers in the coal is established, i t  is 

then subjected to a time-temperature history made up of a series of isothermal time 

steps. Each time step is chosen so the temperature rise in each step does not 

exceed a fixed maximum. During each step, %he gas yields, elemental composition 

and functional group composition are computed using the FG subroutine. The CD 2 

and CH 4 yields are used to determine the number of new crosslinks to be randomly 

added to the molecule. The molecular weight distribution, the escape of tar 

molecules and the re-distribution of hydrogens and carbons from the labi le groups 

is computed with the DVC subroutine. Figure 5b il lustrates tar formation 

simultaneous with gas formation. The labile bridges are either evolved with the 
# 

tar, converted to methyl groE:ps (and thus added to the peripheral groups) or 
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converted to unbreakable bridges (and thus added to aromatic and CH groups). Tar 

formation is complete (Fig. 5c) when all the labile bridges are consumed. 

Devolatilization is completed (Fig. 5d) when all volatile functional groups (in 

this case the single gas species represented as peripheral groups) are removed from 

the char. 

The model has been programmed in Fortran 77 and runs on the Sun M, crosystems 

3/260 and 3/50 computers. Run times on a Sun 3/260 are between 83 and 550 

sec/simulation for 2100-2400 monomers. A streamlined version of the code designed 

to run as a subroutine in a comprehensive combustion or gasification reactor 

simulation employs from 400 to 800 monomers and requires approximately 10 

sec/simulation for the pyrolysis of a single particle. 

Summary of FG Subroutine Assumptions. 

(a) Light gas species are formed from the decomposition of specific 

f~nctional groups with rate coefficients which depend on the functional group but 

are independent of coal rank. The evolution rate is f i r s t  order in the remaining 

functional group concentration in the char. The rates follow an Arrhenius 

expression with a Gaussian distribution of activation energies (5,12,22). 

(b) Simultaneous with the production of light gas species, is the thermal 

cleavage of bridge structures in the coal to release molecular fragments of the 

coal which consist of a representative sampling of the functional group ensemble. 

These fragments may be transported out of the coal particle to form tar. The 

instantaneous tar yield is given by the DVC subroutine. 
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(c) Under conditions where pyrolysis products remain hot (such as ~n 

entrained flow reactor), pyrolysis of the functional groups in the tar continues at 

the same rates used for functional groups in the char, (e.g., the rate /or ~ethane 

formation from methyl groups in tar is the same a3 from methyl groups in the char). 

Summary of DVC Subroutine Assumptions. 

(d) The oligomer length, ~ ,  the number of crossl ink; ,  mo, and the fraction 

of labi le bridges, WB, are parameters of the model, chosen to be consistent with 

the coal's measured extract y ie ld ,  crosslin3: density and vo l~ t i le  y ie ld in ~el~cted 

calibration experiments. 

(e) The molecular weight distribution is adjusted so that the model 

predictions f i t  the observed molecular weight distribution for that coal, measured 

by pyrolysis of the coal (in vacuum at 3°C/rain to 450°C) in a FIMS apparatus (60). 

Molecular weights 106, 156, 206, 256, 306, 356 and 406 (which are 1,2~3~4,5,6 and ? 

aromatic ring compounds with two methyl substituents) are considered as 

representative of typical monomer molecular ~eights. 

(f) During pyrolysis, the breakable bonds are assumed to rupture randomly at 

a rate k B = ktar, described by an Arrhenius expression with a Gaussian distribution 

of sources as a function of activation energies. Each rupture creates twD free 

radicals which consume two donatable hydrogens to form two new methyl groups and 

convert two more donatab!e hydrogens to two aromatic CH groups. Oxymethylene 

bridges, which may be important for low rank coals, have not been modeled although 

a second class of labile bridges could easily be added. 
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(g) All the donatable hydrogens are assumed to be located in the labile 

bridges. Two donatable hydrogen5 are available at each bridge. The consumption of 

the donatable hydrogen converts the bridge into an unbreakable bridge by the 

formation of a double bond. The unbreakable bridges are included in the aromatic 

hydrogen and aromatic carbon functional groups. 

(h) Tar formation continues until all the donatable hydrogens are consumed. 

( i )  During pyrolysis, additional unbreakable crosslinks are added at a rate 

determined by the evolution of CH 4 and CO 2. One crosslink is created for each 

evolved molecule. The rates of CH 4 and CO 2 evolution are given by the FG 

subroutine. 

( j) The crosslinks are distributed randomly, with the probability of 

attachment on any one monomer being proportional to the molecular weight of the 

monomer. 

(k) Tar molecules are assumed to vaporize from the surface of the coal 

particle (or into bubbles) with a molecular weight and temperature dependence based 

on the vapor pressure correlation of Suuberg et al. (32). The external transport 

model is based on the surface evaporization model of Unger and Suuberg (23). 

(I) To describe internal transport, a simple empirical expression (Eq. 4) is 

used to describe both bubble transport in softening coals and convective transport 

through pores in non-softening coals. The tar is assumed to be transported at i ts  

equilibrium vapor pressure in the l ight gas species. The pressure increase which 

drives the transport within the particle, ~P is between O and 0.2 arm for the 
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bituminous coal and between 0 and 10 atm for the l i g n i t e ,  depending nn Zhe 

experimental conditions. 

(m) Extractable material (in boiling pyridine) in the char is assum~ to 

consist of all molecules less than 3000 ,~IU. This l imi t  can be adjusted depending 

on the solvent and extraction condizions. 

(n) The molecular weight between crosslinks, Mc, is computed to b~ the total  

molecular weight in the computer molecule divided by the total  nu~T~ber of cros~links. 

This assumption wi l l  underestimate M c since broken bridges are not considered. 

RESULTS 

The model predictions have been cc~apared to the re~ul~.s obtained from a number 

of experiments on the pyrolysis of a Pittsburgh Seam coal (6,7,16,22) ~nd a ~orth 

Dakota (Beulah, Zap) l ignite (6..51). The coal composition and kinetic parameters 

are presented in Tables ! and [ I .  i t  should be noted that different samples of 

Pittsburgh s~am coal from different sources were employed. While the elemental 

compositions ~aere similar, extract yields varied depending on the sample source. 

The oligomer length in Table I was chosen to f i t  ~n extrac~ yield of 30~ For Z~e 

Pittsburgh Seam coal and I% for the l igni te.  Comparisons are considered for g~s 

yields, tar yields, tar molecular w~ight distributions, extract yields ;~nd 

volumetric s~el Iing ratios. 

Velati~.e Yields. Extensive comparisons of the FG model with gas yie]d~ have 

been presented previously for high and ~ow heating rate devola t i l i za t ion 

experiments (5,6,11-13). The evolution of gases for the cGmbined model ~ ~imilar 

to results of the FG model and wi l l  net be repeated here. There is good agreement 



between the measured and predicted results. The Functional Group parameters and 

the kinetic rates used for this work for the Pittsburgh Seam coal and North Dakota 

(Zap) l ignite are principally those determined previously and published in Ref. 6. 

The methane parameters for the Pittsburgh Seam coal were, however, adjusted 

(methane X-L = 0.0, methane-L = 0.02, methane-T = 0.0i5, unchanged) to better match 

yields of Refs. 5,6 and 7 (see Fig. 20c in Ref. 6). Also note that the CH X- 

aliphatic rate in Ref. 6 applies to the observed gas species (paraffins, olefins, 

C2H6, C2H4) only. The aliphatic material in the labile bridge part of the 

aliphatic groups is assumed to be made up of bridges which volat i l ize only when 

attached to a tar molecule ( i .e . ,  k i = 0). Also, the rate for C02-1oose has been 

adjusted to improve the predictions of the change in tar molecular weight 

distributions and yield with heating rate. The predictions of gas yield due to 

this change have not been changed noticeably. The predicted values of XO from the 

DVC subroutine vary with heating rate and final temperature and are in good 

agreement with the values of X ° used in the original FG model. 

Extract Yields. Figure 6 compares the FG-DVC predictions to the data of Fong 

et al. (16) on total volatile yield and extract yield as a function of temperature 

in pyrolysis at 0.85 ATM. The experiments were performed in a heated grid 

apparatus at heating rates of approximately 500°C/sec, with variable holding times 

and rapid cool down. The predictions at the two higher temperatures (Figs. 6c and 

6d) are in excellent agreement with the data. 

The in i t ia l  predictions for the two lower temperature cases, which neglected 

internal transport limitations, were not good. The dashed line in Fig. 6a shows 

the predicted yield in the absence of internal transport limitations ( i .e . ,  

(dnj/dt)iT = 0 and with X~ =X~ in Eq. 3). The predicted ultimate yield is 

clearly too high. The data suggest that the low yields are not a result of 

-Rq- 



100 A A _~ 100 .~ q ,  ~ , .... i :=::== :, ~ =: 

~ - ~ -  ,J , . s o ~  - ~, ~ Q j. 

, , . . .  ,'i , ~ . . . . . ~ . . . . . . . : : . - - - o ~ ,  ~ . • , 

s ~ ~-n., . =  ~ ~ , o ~  ~ 
l) 7.0 

1410 ij iL 

i ,H ,. 

o ..... g '  } 
Se,amds 

F i g u r e  6 .  C o m p a r i s o n  o f  F G - D V C  ~ [ o d e l  P r e d i c t i o n s  w i t h  t h e  D a t a  o f  F o n g  
et el. (16) (symbols) for Pittsburgh Seam Coal. a) 813 X @ 470 E]s, b) 85S X @ 
446 ~s, c) 992 I~ @ 514 K/s, and d) 10!8 E @ 640 l~s. P = 0.85 arm. The :~lid 
Line Assumes Trausport byEq. 4 (AP = 0 arm) and no External Transport. 
The Ds~hed Line in 6a Shows the Predicted Yield Assuming X s = Z ~' 
in Eq. 3 and no Internal Transport Limitations. I 

-40- 



ACSPAPER.587 WP#26 

unbroken bonds (which would result from a lower bond breaking rate, kB) , since the 

extract yields at low temperatures are equivalent to those at the higher 

temperatures. The coal molecule thus appears to be well decomposed, the low yields 

result ing from poor transport out of the coal. This suggested an additional 

transport l imi tat ion in getting molecules to the surface, so X~ =X~ appears to be 

a bad assumption. 

Equation 4 was employed for the internal transport rate and surface 

evaporation by Eq. 3 was assumed to be unimportant (X~ = 0). Then, W B had to be 

sl ight ly readjusted from 0.096 in Ref. 50 to 0.094 to match the 1018 K case. This 

new value of W B was used for subsequent cases. The predictions with this 

assumption are the solid lines in Fig. 6. The internal transport l imitation is 

most important when pyrolysis occurs at low temperatures and l ight dni/dt in Eq. 4 

is small. 

There s t i l l  is a discrepancy between the prediction and the data at early 

times for the two lower temperature cases (Figs. 6a and 6b)" While i t  is possible 

that the rate k B for bond breaking is too high, adjustment of this rate alone would 

signif icantly lower the extractable yield, since the lower depolymerization rate 

is closer to the methane crosslinking rate. In addition, both the methane and 

depolymerization rates appear to be in good agreement with the data at even lower 

temperatures (6). Another possibi l i ty is that the coal particles heat more slowly 

than the nominal temperatures given by Fong e t a l .  (16). Such an effect could be 

caused by having some clumps of particle which would heat more slowly than isolated 

particles, by reduction in the convective heat transfer due to the volati le 

evolution (blowing effect), or by endothermic tar forming reactions. A firm 

cor, clusion as to the source of this remaining discrepancy cannot be drawn without 

further investigation. 
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I t  is also seen in Figs. 6a :nd 6b that _n,_ crosslinking rate is higher ,~n,~n 

predicted. This can be due to other cros,_lin!:ing events not consider~J. Th~_~e 

possibil it ies are currently under investigation. 

Crosslink Density. To examine the effect of coal rank or. crosslinking, the 

volumetric swelling ratios (VSR) for North Dako'~a (Beulah, Zap) l ignite and 

Pittsburgh Seam bituminous coal were measured as a function of temperat,~re at 

O.5°C/sec. The VSR can be related to the crosslink density (77). The swellir.g 

data are plotted in Fig. 7a as l -Z ,  where Z is the change in VSR betweeF, coal ,~rld 

char normalized b:¢ the maximum change. For coal, Z is 0 and for complately 

crosslinked char, Z is one. While the weight loss profiles of the two samp!e~ look 

similar at 0,5°C/sec, the swelling behaviors in Fig. 7a are quite different. The 

Pittsburgh Seam coal starts to crosslin): during tar evolution and the Beulah 

l ignite crosslinks well before tar evolution. Similar results have been reported 

by Suuberg et al. (59) who also suggested a correlation between crosslinking in 

l ignites and CO 2 evolution. The coals which undergo early crosslinking are l~s~ 

f luid,  produce less tar and produce lower molecular ~eight tar compared with co,:Is 

which don't experience early crossiinking (30,3!,44). 

As discussed previously, under the assumption that the crosslinking reactions 

may also release gas species, the VSR was correlated with the observed evolution of 

gas species during pyrolysis. Correlations presented in Fig. 2 show that on 2 

molar basis, the evolution of CD 2 from the l ignite and CH 4 from the bituminou~ coal 

appear to have similar effects on the VSR. Reactions which form these gases, 1~ave 

behind free radicals which can be stabilized by crosslinking. 

Assuming tha~ one crosslink is formed for each COp or CH 4 evolved from t, he 

char, the FG-DVC model predictions are presented as the lines in Figs. 2 and 7P=. 

no  
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The agreement between theory and experiment is good except that the increase iF, Z 

for the Pittsburgh Seam coal in Fig. 7a is not predicted. This may be related to 

the restrictions of assumption (n). The predictions in Fig. 2a are different fro~L 

those originally presented in Ref. 50. In Ref. 50~ the value used for VSRmi n was 

not appropriate for the fu l ly  crosslinked molecule. This error has now b~_~_n 

corrected. 

In Fig. 7b, the effect of varying the C02 crosslinking efficiency is 

considered. The figure shows cases calculated for the l ignite assuming 0, 0~5~ and 

1.0 crosslinks are formed per CO 2 evolved, Varving this assumption has a maior 

effect on the early crosslinking of the l igni te.  A~suming that the crosslinking 

efficiency per CO 2 is 1.0 gives the best agreement with the data. 

The difference in crosslinking behavior bet'~;een the two coals is manifesT.ed 

in several areas. At low heating rates, the Pittsburgh Seam chars softmn~ the 

Beulah, Zap chars do not. This is in agreement with the high predicted maximum 

extract yields in the Pittsburgh char (70%) compared to the'low extract yields in 

the Beulah, Zap l i gn i te  (7%). The measured values are 71% (Ref. 16) and ~-6#, 

respectively. The predicted yield of tar plus al~phatlc gases at I atmosphere, 

O.5°C/sec to 9DO°C, of 26% is in good agreement with the measured value of 27.~ for 

the Pittsburgh Seam coal. The predicted value of 11% (for AP = I0 atm) is i;~ good 

agreement with the measured value of 10% for tha Beulah, Zap " l ignite. 

Molecular Weight Distribution. A sensitive test of the general model is the 

abi l i ty  to predict the tar molecular weight distribution and i ts variations High 

rank, pressure and heating rate. The input to the model is th;.~ distribution of 

monomer molecular weights. The tar, which consists of oligomers, has a different 

distribution from the monomer distribution and is controlled by the relative 
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effects of bond breaking, crosslinking and transport. The tar molecular weight 

distribution is not highly sensitive to the choice of Mavg ands. For Pittsburgh 

Seam coal, the average monomer was assumed to be a three ring compound (Mavg = 256) 

and a fa i r l y  broad distribution (c= 250) was chosen. The same values appeared to 

work for the l igni te.  These are in reasonable agreement with the measured values 

of ~ 300 reported by Solum et al. (79) for both coals. 

Figures 8c and 8d show results for the Pittsburgh Seam bituminous coal and the 

Beulah, Zap l ignite pyrolyzed in the FIMS apparatus. The data have been summed 

over 50 amu intervals. While the Pittsburgh bituminous coal shows a peak intensity 

at about 400 amu, the l igni te peak is at 100 amu. The predicted average tar 

molecular weight distributions are in good agreement with FIMS data as shown in 

Fig. 8a and 8b. Since both tar distributions are from the same monomer 

distr ibution, the enhanced drop off in amplitude with increased molecular weight 

for the l igni te compared to the bituminous coal must be due to early crosslinking 

and transport effects in the l igni te.  

Pressure E~fects. The predicted effect of pressure on the tar molecular 

weight distribution is i l lustrated in Figs. 9a and 9b. Pressure enters the model 

through the transport Eqs. 3 and 4. The internal transport rate (Eq. 4), which is 

assumed to dominate, is inversely proportional to the ambient pressure Po- The 

reduced transport rate reduces the evolution rate of the heavier molecules. 

Therefore, the average molecular weight and the vaporization "cut-off ~ decrease 

with increasing pressure. The trends are in agreement with observed tar molecular 

weight distributions shown in Figs. 9c and 9d. The spectra are for previously 

formed ~ar which has been collected and analyzed in a FiMS apparatus (60). The low 

values of intensitybetween 100 and 200 mass units are believed to be due to loss 
f 

of these components due to their  higher vo la t i l i t y .  
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Pressure effects on yields have also been examined. Figure 10 compares the 

predicted and measured pressure dependence on yield for a Pittsburgh Seam coal. 

Figure 10a compares to the total volatile yield data of Anthony et al. (22) while 

Fig. lOb compares to the tar plus liquids data of Suuberg et al. (7). The 

agreement between theory and experiment is goo~ at one atmosphere and above, but 

the theory with ~P = O (sol id l ine) overpredicts the yields at low pressure. 

Below one atmosphere, i t  is expected that ~P within the part icle ~ i l l  becc~e 

important compared to the ambient pressure, Po. The dashed l ines, which agree 

with the data, were obtained assuming ~P = 0.2 atm, which is physically 

reasonable. 

Heating Rate Effects. I t  is well known that heating rate can Bffect the 

amount of volatiles produced (29,76,84-86). Heating rate can also affect the 

meiting and swelling behavior of low rank coals (13). Considering the ~echanisms 

proposed for pyrolysis (including zhose in this paper), i t  is the relative rates of 

competing processes for tar  formatiop (e.g., bond breaking, crosslin~:ing, and mass 

transport) which provide the heating rate effects. The relative rates of the~e 

processes change with temperature and i t  is the heating rate vhich determines the 

t~mperature at which the control l ing reactions occur. So i t  is real ly the 

temperature of tar formation not the heating rate per se which i5 important. 

Consider f i rs t  the effects of heating rate on Zhe yields of a Pittsburgh SemT~ 

bituminous coal. Table i11 summarizes the results for three experiments (!6~87,88) 

in which the heating rate varied from 0.5 ~o 5000°C/sec and in which the final 

temperature reached is suff iciently high for tar formation to be completed during 

the heating period. As can be seen, the predicted and measured volatile yi~Ids 

increased by about 10% from low to high heating rates. As can alsp be seen, She 

increase in yield results from the increase in tar plus aliphatic gases. 
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Table III-  Comparison of Measured and Predicted Yields for Pittsburgh Seam Bituminous Coal. 
(hP = 0 atm) 

Experiment Heating Rate ~ Final Maximum Yield Total Maximum 

°C/s ATM Temperatm~ Tar + Aliphatic Gases Volatiles (wt.%) 

Measured Predicted M~_~ned l ~ e f l i ~ d  

TG-FTIR 0.5 1.0 600~C 25 29 35 37 

Entrained Flow 5(L~ 1.0 7C~C 36 37 a3 43 

Heated Grid 640 .85 745°C . . . .  40 47 47 
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Examination of the rates in the model shows that the major contribution to the 

variation in yield is the internal transport rate relative to the bond breaking 

rate. At low temperatures, internal transport severely l imits the evolution of the 

heavier molecules resulting in smaller tar molecules and inefficient use of the 

donatabl e hydrogens. 

A set of d~ta s~owing the effect of heating rate on yield for the Argonne 

Pittsburgh Seam coal was recently reported by Gibbins-Matham and Kandiyoti (84). 

Data were obtained in a wire grid apparatus at 1°C/sec and lO00°C/sec with no 

holding time and at 1000°C/sec with a 30 sec hold. These data (triangles) are 

compared to predictions of the model in Fig. 11. For all three cases, the theory 

predicts the correct pyrolysis final yields, the correct yield variation with 

heating rate and the correct temperature shift with heating rate~ 

The predicted yields, however, occur at temperatures from 20-80°C higher than 

the comparable experimental yields. At this time, the reason for the discrepancy 

is not clear. One possible reason is the assumptions used for the internal 

transport limitations. Calculations were made assuming that molecules for which 

Pj > Po + LiP evolve as they are produced, while only heavier molecules evolve as 

described in Eq. ~. The predicted curves (dashed lines in Fig. 11) are 20-40°C 

lower than in the original calculation. Alternatively, the vapor pressure may not 

be eccurately described by the expression of Suuberg e t a ! .  (32). Oh (89) compared 

a number of correlations for the tar vapor pressure. At I000°C, the expression of 

Suuberg et al. (32) gave vapor pressures from one to two orders of magnitude lower 

than other published expression (90,91). Calculations using the expression for 

aliphatic molecules of Maiorella (90) gave predictions at about 40°C lower 

temperatures, in better agreement with data of Gibbons-Matham and Kandi>'oti. The 

simulation, however, required a lower value of W B (0.060) to compensate for the 
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higher vo lat i l i ty .  Predictions using the same assumptions failed to match those of 

Fong e t a l .  (16) in Fig. 6 with regard to the temperture of evolution and the 

amount of extract produced. Possible refinements of the internal transport model 

are being considered. 

Another possible explanation for the discrepancy is the accuracy of the 

reported pyrolysis temperature which has been notoriously variable among 

investigators. 0tner Pittsburgh Seam coal data (not shown) from Niksa et ai. (40) 

under the same conditions as Fig. 11c (lO00:C/sec, 30 ° sec hold) and from Oh (89) 

and Suuberg e t a l .  (7) for the same conditions as Fig. 11a (1000°C/sec, zero hold) 

show substantial variations in temperature compared to the results of Gibbons- 

Matham apd Kandiyoti (B4). The theoretical predictions would l ie ~dthin the 

scatter of zhe several data sets. Work is in progress to resolve this question. 

Low rank coals also exhibit heating rates effects. I t  has been found that 

B~ulah l ignite chars soften and exhibit bubble formation at high heating rates 

(~20,O00°C/s) (13). Under these conditions, molecular weight distribution of tars 

of Beulah l ignite look like that of a bituminous coal (30,31). The infrared 

spectrum of the tar is also closer in appearance to that of the parent coal (31). 

The mass spectra of the tars formed at high heating rate (20,OOO°C/s) and low 

heating rate (O.05°C/s) are shown in Figs. !2a and 12b, respectively. The low 

values of intensity between 100 and 200 mass units in Fig. 12b are believed to be 

due to loss of these components due to their high vo la t i l i t y .  The molecular weight 

distribution of the tars is very sensitive to the heating rate. The effect is 

attributed to the higher rate of depolymerization reactions relative to 

crosslinking reactions at high temperatures, as discussed in the sensitivity 

secti on. 
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The FG-DVC model, assuming the internal mass transport l imitations, was used 

to simulate the low heating rate (0.05°C/s) and high heating rate (20,O00°C/s) 

pyrolysis of Beulah l igni te.  The activation energy for C02 (extra loose) in the FG 

subroutine was reduced from 60 kcal/mole to 45 kcal/mole in order to make i t  lower 

than the activation energy for bond breaking (55 kcal/mole). This was done since 

measurements of the rate of crosslinking at high heating rates suggested that the 

relative rate of bond breaking and crosslinking reactions associated with C02 

evolution is increased with increasing t~mperature (92). This change in the 

activation energy makes only a slight change in the C02 evolution profiles for high 

heating rate (20,000°C/s) and low heating (0.5°C/s) predictions. The C02 gas 

evolution profiles are compared to the data in Figs. 13a and 13b for high heating 

rate (20,000°C/s) and low heating rate (0.5:C/s) experiments with Beulah l ign i te  

using activation energies of 60,45 and 30 kcal/mole. When the activation energy 

for C02 (extra loose) evolution was reduced to 45 kcal/mole, acceptable f i t s  to the 

gas evolution data were s t i l l  obtained. However, at 30 kcal/mole, the high heating 

rate C02 evolution profile was quite different and did not agree with the 

experimental data. 

The model, with internal mass transport limitations included, was used to 

simulate the tar molecular weight distributions with AP = 0 atm for Beulah l igni te 

for high heating rate (20,O00°C/s) in Figs. 14a and 14b. The simulations were done 

for both the original activation energy (60 kcal/mole) and altered activation 

energy (45 kcal/mole) for C02 (extra loose) evolution. The tar molecular weight 

distributions (for 4P = 0 arm) at high heating rates (Figs. 14a and 14b) show the 

observed high values of the tar molecular weight at heating rate (Fig. 12a)~ -he 

lower activation energy case (Fig. 14a) exhibits more high molecular weight 

molec:~les and gives a higher tar yie~., (10%) than the high activation energy case 

(8%) (Fig. 14b). The low heatinq rate (0.05°C/~) case (Ap = O) (Fig. 14c), 
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exhibits lower molecular weights consistent ',,fith Fig. 12b. A~ high heatir~ci ~-~i:es, 

where crosslinking reactions are curbed and the l ignite melts~ ziP'is like1:,, r_o be 

low. At low heating rate, due to the higher extene, of'crosslinking before tar 

evolution, the coal is less fluid and hence, z~P (which is related to viscosi~.y of 

the solid/liquid mixture) is l ikely to be higher. A simulation for the ~Io~ 

heating rate case with AP = 10 atm is shown in Fi~. 14d. The measured ~olecular 

weight distribution ih Fig. 12b appears to be intermediate between the A? = 0 

and AP = 10 arm cases. 

Sensitivity Ama]ysis. This section considers the sensitivity of ~he FG-DVC 

model to variations in the DVC parameters. The FG parameter sensitivities hav~ 

been considered elsewhere {52). 

a) Variations in W B. The number of labile bridges is ~he most important 

parameter in determining tar yield. The value of W B for thF- Pi~.tsburgh Sea~ coal 

vtas reduced from i ts value of 9.4 to 7.4 and 5.4. The results in Fig. 15a wer~ 

calculated for Zhe case considered in Fig. 6d. The reduction in W B reduces the tar 

yield, the total volati le yield and the extract yield. Higher values of WF~ could 

not be considered because the molecule already contained the maximum number of 

labile bridges. This is a limitation in the model as i t  is currently formulated 

since all the ~onatable hydrogens are assumed 'co be in bridges. 

b) Variations in ~ .  The parameter~affects mainly the extract yield in the 

raw coal. Figure 15b demonstrates variations in Lfrom 6 to 10 around the ~s~ 

value ef 7. The in i t ia l  extract yield varies substantially while there is only 

minor effect on the :ar yield, total volati le yield, and extract yield at elevate~I 

temperature. 
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c) Variations in ~P, The effect of variations in ~P on the overall yield 

are considered in Fig. 10. There is no effect at one atmosphere pressure and ~bove 

but a strong effect at lower ambient pressures, Figure ]5c confirms that AP has 

l i t t l e  effect on the tar yield or the total volatile yield for pyrolysis at one 

atmosphere pressure. 0nly the extract yield is sl ight ly affected. 

Figure 16 illustrates the effect on the molecular weight distribution for 

three values of ~P for pyrolysis in vacuum (Po = 0). T~e yield of higher 

molecular weight tars present for ~P : 0 is lower for ~P = 0.1 arm, and 

eliminated for ~P = 0.2 atm. The total tar yields are 39%, 21% and 17% for 

AP = 0, 0.1 and 0.2 arm respectively. The tar molecular weignt distribution for 

4P = 0 atm gives the best match to Fig. 9c, but ~P = 0.1 to 0.2 arm provides th~ 

best match to the yield. 

The var ia t ion of ~P in the ta r  molecular weight d i s t r i b u t i o n  for l i g n i t e  is 

discussed wi th reference to Fig. 13. 

d) Variations in m(C02) and m(CH4). Variations in m(C02) were considered for 

the l igni te in the discussion accompanying Fig. 7o Variations in both m(C02) and 

m(CH4) are considered in Fig. !5d. These have a major effect on the yields. 

Increasing m(C02) from 1 to 10 reduces the extract and volati le yields while 

reducing m(CH4) from I to 0 prevents the repolymerization of the extract. 

e) Variations in M c. Variat ions in tne M~ values were made. These ch ie f ly  

a f fec t  the extract y ie ld ,  requir ing an adjustment i n ~ .  They have l i t t l e  ~f fect  

on the subsequent crossl inking in the coal. The reason fo r  th i s  can be seer, in 

Table I .  The i n i : i a l  value of M c consistent with the l i t e r a t u r e  required only 0.09 

and 0.18 crosslinks/monomer for the b i t ~ i n o u s  coal and l i g n i t e ,  respect ively.  The 
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total  crosslinks added during pyrolysis are ,49 and .89, respectively. The added 

crosslinks is thus much larger than that in the raw coal, and, consequently~ 

dominates the char's behavior. 

f)  Variations in Mavg and o. Figures !7a, b, and c il lustrate the effects of 

variations in Mavg. Varying Mavg changes the shape of She tar spectrum, but not 

drastically. The shape is s t i l l  dominated by the transport properties (e.g., see 

Fig. 16). The effect on the tar yield is also modest, giving values of 45~, 44%, 

and 42% for Mavg values of 156, 256, and 356, respectively. 

A similar lack. of sens i t i v i t y  of the molecular weight d is t r ibut ion to ~.~g ~ s  

exhibited for the l i gn i te  for  both high heating rate (~-20,000°C/sec) and low 

heating rate (0.05~C/sec) cases (not sho~n). 

The effect of variations in c is ~llustrated in Figs. i7d, e and f .  c = 250 

f i l l s  in the spectrum in a more realistic fashion and is more aesthetically 

pleasing than the two smaller values o fa .  The effect on the total tar yield is 

minor with yields of 41%, 46%, and 45% for c= Or 50, and 250, respectively. 

g) Variations in W N. This parameter ~hich is taken from the FG model crjnzrols 

the spl i t  between tar, char, and gas. 

h) Vaporization Law. The results are sensitive to the choice of the tar 

vapor pressure correlation. Higher vapor pressures result in faster tar evolution 

and higher yields as discussed in reference to Fig. 11. 

A summary of the sensit ivity analysis is presented in Table IV. The 

concentration of labile bridges W 8 and the CO 2 crosslinking parameter m(C02) are 
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TABLE IV 

SUMMARY OF SENSITIVITY ANALYSIS 

WN WB 2 ~ m(coz) n,(C~4) eavg ~ Ap 

Tar Molecular Weight W t~ I~ ~ S V1 M M S 

Tar YI el d S S W W S H I,~ W S 

Char Extract Yield W S W W S S W W M 

Coal Extract Yield W W S M W I,I W W W 

Char Solvent Swelling W ~ I~ S S S ~ W W 
rat io 

Coal Sol vent %~el Iing I'I U I-~ ~'~ ~.I ~,~ II I,I ~,J 
Ratio 

~ = I,leak or none 

[4 ~ I4oderate 

S = Strong 
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most important parameters in determining yields. 

CONCLUSIONS 

A general FG-DVC model for coal devolatilization which combines a functional 

group model for gas evolution and a statistical model for tar formation has been 

presented. The tar formation model includes depol~nnerization, crosslinking, 

external transport and internal transport. The cross!inking is related to the 

evolutions of CO 2 and CH4, with one crosslink formed per molecule evolved. The 

predictions of the tar formation model are made using Monte Carlo calculation 

methods. Predictions take between 10 sec and 10 rain, (depending on coal rank, 

experimental conditions and accuracy required) on a Sun 3/260 computer. 

The FG-DVC model predictions compare favorably wit:, a variety of data for the 

devolatilization of Pittsburgh Seam coal and North Dakota (Beulah) l igni te,  

including volatile yields, extract yields, crosslink densities and tar molecular 

weight disZributions. The variations with pressure, devo!atilization temperature, 

rank and heating rate were accurately predicted. Comparison of the model with 

several sets of data employing alternative assumptions on transport suggests 

assuming that the particle is well mixe~ (i .e. the surface concentration of tar 

molecules is the same as the bulk) overpredicts the transport rate. For 50Rm 

particles, assuming that the internal transport l imitation dominates ( i .e.  

neglecting the external transport) provides a good f i t  to the data. This is 

consistent with: a) assuming that the internal and external transport mechanisms 

act in series, or b) they act in parallel but liquid phase diffusion of tar 

molecules to the surface is very small and so the external transport term can be 

neglected. 
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The rank dependence of tar formation, extract y ie lds,  crosslinking, ~:nd 

viscosity appears to be explained by the ran!< dependence of CO 2 yields. The nigh 

CO 2 yields in low rank coals produce rapid crosslinking at low temperature~ and 

hence low tar yields, low extract y ie lds,  loss of solvent swelling properties and 

high viscosi t ies.  The relat ive importance of crosslinking compared to boF, d 

breaking is ,  however, sensitive to heating rate and th is  effect is predicted by the 

FG-DVC medel. The predicted crosslinkin9 associated with methane evolution 

appears to match the observed crosslinkin9 in high rank coals (which evolve l i t t l e  

COz). 

The model has eight coal structure parameters which must be determine~ for 

each coal from selected laboratory experiments. Once determined, these rE~in 

fixed for all experiments. The model also contains one adjustable parameta-r, AP, 

the internal pressure difference which drives the vo lat i les out of the parr.icle. A 

sensi t iv i ty  analysis shows that the vo la t i le  yield is most sensitive Zo the 

fraction of lab i le  bridges, WB, the crosslinking eff ic iency parameters r.~(C02) and 

m(CH4) , and, in some cases (low rank coals~ low pressure),I:o z~P. The monomer 

t ~ eCt Oil molecular weight distribution parameters, Mavg and a= have only a weak ~:~ 

yields and tar molecular weigh~ distribuZions. The initial molecular ~eight 

between crosslinks, M c, and the i n i t i a l  oligomer length, ~ ,  affect, the coal'z 

solvent swelling ratio and extract yield but have l i t t l e  ef fect on zhe subsequent 

pyrolysis behavior. 

The model currently has several deficiencies. There is no model for 

estimating l iquid phase di f fusion of tar  molecules which may be imporzan~ for very 

small part ic les.  The calculation of the average molecular weight between 

crosslinks neglects the effect of lab i le  bridge rupture. The ass~T, ption that al l  

the dona~able hydrogen is in bridges may b~ rest r ic t ive  for some high hydrogen 
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coals. The model presented here has neglected polymethylenes in coal and the 

effect of other types of weak bonds besides ethylene bridges. There are some 

discrepancies between the predictions and reported temperatures of pyrolysis 

experiments. I t  is unclear at this time whether this is due to errors in the 

reported temperatures or in the transport predictions. Many of these deficiencies 

require only minor modifications to the model and are currently being addressed. 
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