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Abstract 

A rate expression with first- and second-order terms in the concentration of 

extractable compounds in solid coal particles is derived from a fundamental free- 

radical mechanism. The expression was suggested empirically by prior experiments 

for coal liquefaction in the presence of a hydrogen-donor solvent. Radical reactions 

are considered to occur in both coal and in solvent. The long-chain approximation 

justifies the neglect of initiation, hydrogen abstraction, and termination rates as 

quantitatively insignificant relative to propagation reaction rates. 

Introduction 

Coal liquefaction proceeds through a complex free-radical process.1 In the 

absence of strong hydrogen-donor solvent, first-order kinetics usually can describe 

the formation rate of dissolved product.2t3.4 In the presence of a strong donor 

solvent (e.g., tetralin) the reactions are not as simple.5,6,7~*,9 Wang et a1.10 described 

experimental data for coal thermolysis in a mixed solvent of tert-butyl alcohol and 

tetralin by a rate expression that includedfirst- and second-order terms in the 

concentration, C, a€ extractable compounds in the solid coal particles. An empirical 

rate equation of similar form was employed by Kang et a1.11 to describe their coal 

liquefaction data. Curran et a1.12 initially pointed out the significance of the 

relationship between the extent of coal conversion to soluble products and the 

amount of hydrogen transferred to these products. This concept, supported by the 

general observation that radical reactions control the thermal decomposition of most 
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organic substances, was reinforced by the discovery of free radicals in coal by 

Uebersfeld et al.13 and the experimental results of electron-spin-resonance (ESR) 

spectrometry.14t15 Detailed mechanisms for initiation, propagation, and termination 

reactions were proposed by Attar16 and Gun.17,1* 

In a recent examination of the long-chain approximation of Gavalas,l9 Nigam 

et a1.20 modeled complex reactions of radicals by representing the rate as the s u m  of 

initiation and long-chain rates. The result was a rate expression consisting of two 

terms: one first-order in reactant concentration, A, and a second of the form a1 

A3/2/(l+a2A). The approach has significant possibilities for treating other complex 

reaction systems involving free-radicals. 

Our current objective is to develop a kinetic model for coal liquefaction and 

thermolytic and supercritical extraction experiments in the presence of hydrogen- 

donor solvent. The development is based on the long-chain approximation for a 

complex mechanism of radical  reaction^,^^ and leads to a reaction rate expression 

with first-and second-order terms. The second-order term appears when the 

principal mechanism for free-radical termination is hydrogen abstraction from the 

donor solvent. 

Theoretical Background 

When coal is heated the products are determined by the reactions of radicals 

formed by bond scission.21 When the radicals have no access to an external 

hydrogen donor, the radicals may abstract hydrogen from the already hydrogen-poor 

coal molecular network, or combine with other large radical fragments to form a 

high molecular-weight insoluble residue. When a hydrogen donor is present, the 

radical may abstract hydrogen from the donor and form a relatively low molecular 

weight product. The reaction sequence of Curran et a1.12 focused on the scission of 

carbon-carbon bonds in coal molecules. The initial step is thermal decomposition, 
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which produces radicals that are stabilized by capture of hydrogen atoms from donor 

molecules or, less effectively, from within the coal itself. 

Gun et aI.l7g18 examined the individual roles of temperature, hydrogen-donor 

solvent, and catalyst in the mechanism of liquefaction. It was supposed that stable 

products can be produced by abstracting hydrogen atoms from hydrogen-donor 

molecules and through intramolecular and intermolecular rearrangement reactions. 

The derivation produced the kinetic expression, 

d[P&dt = pi C + p2 C2 + p3 

where PI, p2, and p3 are functions of hydrogen-donor concentration. The zero-order 

term, p3, is typically much smaller than PIC and p2C2. Three aspects of this 

mechanism can be modified and improved. First, the sites where all the free-radical 

reactions occur are not specified. Radical reactions occurring both on the coal surface 

and in the liquid phase may play important roles in the coal liquefaction.22 Second, 

not all the enhancement processes of hydrogen-donor solvents are represented in 

this mechanism. Third, since most good hydrogen donors are hydroaromatic 

compounds23, the hydrogen transfer can be described in greater detail. Tetralin, for 

example, is a model hydrogen donor from which a donor radical can be formed by 

abstraction of a hydrogen atom. This radical can continue to donate another 

hydrogen atom to form a stable molecule, dihydronaphthalene. In the proposed 

mechanism that follows we include these processes. 

Modified Free-Radical Mechanism 

Petrakis et al.24~15 made a systematic investigation of the free radicals during 

coal liquefaction using ESR spectroscopy. They found coal heated with naphthalene 

has the highest spin concentration, followed by the coal heated in tetralin, and then 

with the coal only (pyrolysis). The results agree with the expectation that 

naphthalene would not tend 

a good hydrogen donor. To 

to quench free radicals as efficiently as tetralin, which is 

explain why the spin concentration of the coal-only run 



FREE-RAD COAL 6-94 July 16,1994 4 

is lower than that of the tetralin run, we suggest that the presence of solvent can 

partially stabilize the free radicals. Thus, radicals formed in the thermal degradation 

will be more stable in donor solvent than in the pyrolysis run. This implies that the 

total concentration of radicals is higher when a solvent is present. Some radicals 

formed on the solid surface of coal particles could dissolve in the stagnant film of 

solvent after the initiation. Then, radicals both on the coal surface and in the 

solvent continue to undergo a series of chemical reactions to form stable products. 

Based on these concepts the following mechanism can be proposed. 

Suppose Fn' is a group of free radicals having molecular weight n, F(n,m)* is a 

group of radicals with molecular weight n-m, and Pm* is a group of radicals of 

molecular weight m. The indexes n, n-m, and m represent ranges of molecular 

weights, where in general, m is much smaller than n. The subscripts s and 1 denote 

coal surface and stagnant film of solvent respectively. In the initiation reaction weak 

bonds in the macromolecular network are decomposed by thermal cleavage, yielding 

radicals. Thermal effects are the main driving force in initiating the extraction 

process, and subsequent progress depends on the interaction of the coal-derived 

radicals. The extent of the reaction, or conversion, is a measure of the primary and 

secondary formation and stabilization of radicals. The radicals formed in the 

initiation process will either migrate on the coal particle surface or dissolve into the 

surrounding film of solvent. In the absence of a hydrogen donor these radicals can be 

stabilized only through intramolecular or intermolecular rearrangements, which 

leads to a group of products denoted as Pd and l'ms- The sigxuficant reaction between 

a radical and coal, reaction (4) below, is not included in some earlier models. 

Ln the scheme with strong donor solvent, DH2 denotes the hydrogen donor 

(e.g., tetralin); DH. corresponds to a radical produced by abstraction of one hydrogen 

atom from the solvent molecule; D represents a molecule produced by abstraction of 

two hydrogen atoms. The radicals formed in the initiation stage can be stabilized by 
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capture of hydrogen atoms from donor molecules or from within the coal itself. 

There are three pathways available for such stabilization: (1) H-abstraction from the 

solvent or from a hydrogen-rich portion of the coal; (2) elimination of part of the 

radical molecule by associated group migration, or rearrangement to form another 

more stable structure; (3) a combination reaction such as condensation or alkylation 

with another molecule in the solvent, which could be a radical. The presence and 

type of hydrogen donors will determine the preferred reaction path23 represented in 

the proposed mechanism. The coal-derived radicals (Fn* and Pm*) are large 

(molecular weight of 300-3000) and contain several aromatic rings. Therefore they 

have a small translational motion. The donor molecules and radicals are smaller 

and much more mobile on the solid surface and in the solution. Hence, the 

abstraction reaction is more important than the intermolecular rearrangement 

reactions. Another function of donor solvent is to enhance the intermolecular 

rearrangement as a hydrogen carrier, that is, to move hydrogen atoms from one coal 

fragment to another. 

Reactions on the Coal Surface 

Initiation reaction (thermal cleavage, molecular dimensions mcn-mcn) 

C(coa1) L Fm*+ Pm* kl (1) 

Fm* - pms + F(*-rn)s* k2 (2) 

Fm* L PmS* + C1 (insoluble residue) k3 (3) 

Pm* + C (coal) _I_) Pm + Fns* k4 (4) 

Propagation (intramolecular rearrangement) 

Termination (intermolecular rearrangement) 

F-0 + Pm* II_) C1 (residue) + Pm k5 (5) 

F-0 + Fns* - C1 (residue) + Pm ks (6)  

Pms*+Pms* ___) P m  k7 (7) 

F(n-m)s* + Pms* - Cl(residue) + Pms k5' (5') 
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Propagation (intramolecular rearrangement) 

Fn1. - Pm1 + F(n-m)l* 

Fn1. I Pd* + C1 

Termination (intermolecular rearrangement) 
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k27 

k28 

k26' 

k27' 

k29 

k30 

k31 

k32 

k25' 

k26' 

are negligible for the coal particles. 

2. Free-radical reactions account for all covalent-bond scission and formation 

processes and all hydrogen-transfer processes. 

3. All the elemental reactions except the processes of adsorption and desorption are 

treated as irreversible reactions 

4. The products formed both on the coal surface and in the stagnant film are totally 

soluble in the solvent, which is present in large excess. 

5. The long-chain approximation19 is applicable. 

6. The processes of adsorption and desorption between solid surface and solvent are 

at equilibrium. 

Assumption 6 is based on the following arguments. Free radicals in coal 

chemistry include highly reactive radicals, reactive delocalized radicals, and inert 

radica1s.B Highly reactive radicals do not possess resonance stabilization energy and 
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are known to be highly reactive in radical-molecule reactions. Small radicals, such as 

H atoms, hydroxyl radicals, aryl radicals, and alkyl radicals, belong to this group. 

These radicals will be stabilized on the coal surface immediately after formation. 

Reactive delocalized radicals have a resonance stability resulting from odd-electron 

delocalization. Such radicals are stable and can build up to relatively high 

concentration. Most coal-related radicals belong to this group. Inert radicals are very 

stable and can build up to high concentrations (>0.02 M) in coal pyrolysis 

mixtures.26127 Of the above groups, reactive delocalized radicals are most important 

in coal thermolysis. The reactions involving these radicals are relatively slow. For 

example, the rate constant25 for these radicals to abstract a H atom from tetralin at 

425°C is 10-3 to 100 s-1. Kinetic data of adsorption and desorption for free radicals are 

apparently not available. Based on the data for n-C4H10 absorbed on silica gel 

obtained at 50°C,28 a very approximate estimate suggests a rate constant of 105 s-1 at 

425°C. These results support the adsorption-desorption equilibrium assumption, at 

least for delocalized radicals. 

The overall kinetics in the presence of strong donor solvent can be expressed as 

the s u m  of rates for the initiation and long-chain processes: 

r = d[PJ/dt = ri + rLc (1) 

where the rate of reactant consumption by initiation is 

r i= kAC (2) 

Nigam et a1.20 utilized the concept that for long chains, initiation, hydrogen 

abstraction, and termination rates become quantitatively insignificant compared to 

propagation reaction rates (assumption 5). With this approximation, a mass balance 

of Fn* leads to 

k4Frn' ]s[c] - (k2 +- k3)[Fn' IS - (k24 f k2!5)[Fn' 11 = 0 

where 

EFn. 11 = KF [Fn* Is 

(3) 

(4) 
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Equating initiation and termination rates and neglecting terms second-order in 

radical concentration gives, 

kl = ksFm* Is iDH21.s + klO[Fn* ls[DH2Is + kld[F(n-rn)' Is [DH21s + k29 F m *  ]l[DH211 

+ k31[Fn* ]l[DH211 + k25'[F(n-m). 11 [DH211 (6)  

If all the rate constants for hydrogen-abstraction reactions are considered equal to k, 

and if [DHz], = [DHAl, this equation reduces to 

ki C = k Dl3211 tFm* Is + [Fn. Is + [F(n-m)* Is + P m *  11 

+ EFn. 11 + [F(n-mY 11 1 

Defining the total concentration of free radicals, CT, as the sum of concentrations 

inside the brackets { } yields 

CT = ki C /k [DHdl 

We further assume that the concentration of radicals, [F(,-my 1, can be ignored 

relative to that of the larger radicals, and that radicals in the solid and liquid phases 

are equilibrated with phase partitioning coefficients K 

Since in the long-chain approximation the propagation steps dominate: 

rLc = bC[pm* Is + k2[Fn* Is + k24Fn'lI = k4 c Frn* Is + (k2 + k24 KF Fn' 11 (10) 

Combining (5) and (10) leads to 

RC = k4 C 1Pm. Is (1 + (k2 + k24 K + k) + K(k24 + ks)) 
and when Eq (9) is substituted for [Pm. Is, Eq (11) becomes 

and 
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Substituting far ri and rLc in Eq (1) yields 

r = = kA c + kB C 2/(1 + kc c) 
For a strong hydrogen donor, 

k4 << k2 + k3 + K (k24 + k25) 

so that Eq (15) becomes 

r = = k A  c +kB c2 (17) 

which the expression developed empirically by Wang et al.>o and is similar to the 

one proposed by Kang et alJ1 

The mechanism derived here by means of the long-chain approximation is 

different from previous ones in two respects. First, all the radical reactions are 

considered to occur in both coal (solid) and in solvent (liquid); second, the two types 

of elementary reaction proposed by Curran et a1.,12 which are the reactions between 

radicals and coal network and the reactions with donor radicals, have been combined 

with the others proposed by Gun et al.17 The second-order rate tern is a measure of 

the hydrogen-transfer effect and is especially significant in the early stages of the coal 

thermolysis. The rate constants in the model are functions of hydrogen-donor 

solvent concentration. 
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Nomenclature 
Concentration of reactive components in coal particles 

Total concentration of free radicals 

Concentration of radicals with molecular weight dimension of n on 

the coal surface 

Concentration of radicals with molecular weight dimension of n in 

the stagnant film of solvent 

Concentration of radicals with molecular weight dimension of m on 

the coal surface 

Concentration of radicals with molecular weight dimension of m in 

the stagnant film of solvent 

Concentration of radicals with the molecular weight dimension 

of n-rn on the coal surface 

Concentration of radicals with the molecular weight dimension 

of n-m in the stagnant film of solvent 

Concentration of hydrogen-donor solvent on the coal surface 

Concentration of hydrogen-donor solvent in the stagnant film of 

solvent 

Concentration of radicals produced by abstraction of a hydrogen 

atom from donor solvent molecules on the coal surface 

Concentration of radicals produced by abstraction of a hydrogen 

atom from donor solvent molecules in the stagnant film of solvent 

Concentration of product dissolved in the solvent 

First-order rate constant 

Second-order rate constant 

Equilibrium constant for [Fn* 1s and [Fn* 11 

Reaction rate from the long-chain approximation 

Reaction rate for initiation 
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