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SUMMARY 

The a priori prediction of coal char reactivity towards gasification from a simple 

characterization procedure has remained an elusive goal for many years. This is primarily due to 
the considearble variability of coal char reactivity as a function of a multitude of factors including, 

but not limited to, coal rank, pyrolysis regimen, mineral matter impurities, and pore structure 

morphology. Because of this complexity, this largely remains an unresolved but, nevertheless, 

important problem affecting many aspects of coal utilization. The available techniques are for the 

most part empirical correlations which may be useful for a single coal, or, at best, a special subset 

of coals, but are by no means global because they are not fundamental. This severely constrains 

the predictive capability of such methods. During the past two decades, however, a consensus has 

developed among workers in the field which focuses upon an understanding of the nature and 

behavior of “active sites” and the intermediate “complexes” which occupy them on char surfaces as 

the key to resolving this problem. It is reasoned that if these sites and complexes can be identified, 

characterized, and understood quantitatively, then in some fashion the key to the understanding 

and prediction of coal char reactivity would emerge. 

As a result of previous work, we have developed what amounts to an improvement in the 

understanding of this important problem. In short, we have developed what we believe to be the 

very first a priori correlatiordprediction technique for the gasification reactivity of coal char. With 

this method the gasification reactivity of a coal char as a function of temperature can be correlated 

using the data from a temperature programmed desorption (TPD) experiment following gasification 

under conditions where the reactivity is controlled by the thermal desorption of oxygen surface 

complexes formed during gasification. 

The current project was directed at extending and developing related techniques for the 

characterization and predictiordcorrelation of the reactivity of “young” chars to C02 and steam. Of 

particular interest was mapping of the reactivity behavior of the resultant chars, as revealed by the 

energetic heterogeneity of the complexes with char prepamtion conditions. 

Both Wyodak and Pittsburgh #8 coal chars and a non-mineral matter-containing, phenol- 



formaldehyde resin char were investigated. The results of the studies on char “age” are presented 

primarily in Sections 3.0 for C02 gasification and in Section 9.0 for steam gasification. It is 

concluded that the principal effect of char “age” on gasification reactivity is to cause a progressive 

depopulation of lower temperature, lower desorption activation energy complexes with increasing 

char “age.” The issue of desorption rate-control of reactivity was examined for both C02 and 

steam gasification. It was found that this condition is generally met at higher oxidant partial 

pressures and lower gasification temperatures. 

The role of calcium and iron, the principal catalytic ingredients in Wyodak and Pittsburgh #8 

coal, respectively, were investigated in Sections 7.0 a d  8.0 with respect to their effects on 

distributions of desorption activation energies and gasification reactivity. In general, it was found 

that these catalytic agents act in such a manner as to increase reactivity via increasing the effective 

number of active sites, but do not appreciably alter the overdu gasification activation energy. 

It was also found that a major difference between C02 and steam gasification is the role that 

the hydrogen product gas plays in interacting with highly reactive “nascent” sites produced by the 

desorption of oxygen surface complexes. The was investigated in TPD and TPR (temperature 

programmed reduction/reaction) studies in Section 5.0. It is shown that hydrogen interacts with 

oxygen surface complexes and reactive nascent sites during TPR, and directly reduces certain types 

of complexes. The TPD/TPR approach was also applied to the work in Sections 6.0,7.0, and 8.0 
to aid in the elucidation of the role of hydrogen. 

The effects of presumably ‘‘inert,’’ diluent gases on C02 gasification reactivity were 

investigated in Section 4.0. For a constant C02 partial pressure, it was demonstrated that the 

reactivities of all the chars investigated decrease in the order Xe>N2>Ar>He. However, the total 

amount of CO desorbed during post-reaction TPD was in the order Nz>Ar>Xe>He. It is 

concluded that the inert gas may induce a chemical as well as a transport effect in porous chars. 

This project has successfully advanced the technique of applying distributions of desorption 

activation energies to correlate/predict gasification reactivity in C02 and steam for a wide variety of 

chars and conditions. The next steps in the development of this approach are the investigation of 

the relationships between reactivity and populations of oxygen surface complexes under higher 

severity conditions (Le., at high temperatures and pressures) and in gas mixtures. 
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1.0. INTRODUCTION 

1.1. Overview. 
The a priori prediction of coal char reactivity towards gasification from a simple 

characterization procedure has remained an elusive goal for many years. This is primarily due to 

the considerable variability of coal char reactivity as a function of a multitude of factors including, 

but not limited to, coal rank, pyrolysis regimen, mineral matter impurities, and pore structure 

morphology. Because of this complexity, this largely remains an unresolved but, nevertheless, 

important problem affecting many aspects of coal utilization. The available techniques are for the 

most part empirical correlations which may be useful for a single cod, or, at best, a special subset 

of coals, but are by no means global because they are notfundamental. This severely constrains 

the predictive capability of such methods. During the past two decades, however, a consensus has 

developed among workers in the field which focuses upon an understanding of the nature and 

behavior of “active sites” and the intermediate ‘%omplexes” which occupy them on char surfaces as 

the key to resolving this problem. It is reasoned that if these sites and complexes can be identified, 

characterized, and understood quantitatively, then in some fashion the key to the understanding 

and prediction of coal char reactivity would emerge. 

As a result of previous work, we have developed what amounts to an improvement in the 

understanding of this important problem. In short, we have developed what we believe to be the 

very first a priori correlation/prediction technique for the gasification reactivity of coal char. With 

this method the gasification reactivity of a coal char as a function of temperature can be correlated 

using the data from a temperature programmed desorption QPD) experiment following gasification 

under conditions where the reactivity is controlled by the thermal desorption of oxygen surface 

complexes formed during gasification (Hall and Calo, 1989; Calo and Hall, 1991). 

* 

The current project is directed at extending and developing related techniques for the 

characterization and prediction/correlation of the reactivity of “young” chars to C02 and steam. Of 

particular interest is mapping of the reactivity behavior of the resultant chars, as revealed by the 

energetic heterogeneity of the complexes with char preparation conditions. 
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1.2. The Nature of Carbon and Char Surfaces. 

In carbonaceous materials, carbon atoms typically form hexagonal rings joined together 

imperfectly to form polyaromatic lamellar molecules (Edwards, 1989). These molecules, or 

lamellae, are not small, perfect sheets of graphite; they contain some heteroatoms, e.g. hydrogen, 

oxygen, nitrogen, sulfur and phosphorous. These may form crystallographic defects which affect 

the carbon structure. There may be single and multiple atom vacancies in the lamellar molecules, 

dislocations, grain boundaries, stacking faults, and other defects like point defects and basal and 

screw dislocations. Surface contaminations are often catalytic active during gasification. 

Carbon lamellae do not gasify evenly. Reaction occurs at active sites, which are principally 

located at the edges of the carbon layers, at defects, or at vacancies or dislocations in the basal 

plane (Marsh and Kuo, 1989). Inorganic impurities, by promoting catalytic activity, may also 

create additional dislocations. Edge carbon atoms are more reactive than those in the basal plane 

(Stein and Brown, 1985). They are also influenced by the presence of catalytic impurities. 

Geometrically, edge atoms readily form bonds with oxygen due to the availability of unpaired sp2 

electrons, presumably with their 7c-electrons forming chemical bonds with adjacent carbon atoms. 

Using structure resonance theory on large benzenoid polyaromatic molecules with different 

edge structures, Stein and Brown (1985), found that carbon atoms on the “zig-zag” edges are more 

reactive than those at “arm-chair“ edges. 
n 

Zig-Zag” “Arm-Chair” 

Theoretical analysis estimating electron localization energies has shown that the “zig-zag” edges are 

more reactive than the “arm-chair” edges (Heibronner and Bock, 1976). 

Carbon and char reactivity depends on three important characteristics of the sample: (1) the 
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chemical structure, which determines the active sites at dislocations, crystalline edges, and 

heterocyclic centers; (2) inorganic constituents, which promote catalytic activity and create further 

dislocations; and (3) porosity, which defines the total accessible surface area. 

1.2.1. The Active Site Concept. 
The theory of active sites hypothesizes that reactions occur at certain localized sites on the 

carbon surface. Such sites occur at edges and surface irregularities. The resulting valence forces 

induce electron transfer which can cause gas-solid bonding and chemisorption. In chars, the active 

sites can be caused by: (1) carbon edges or dislocations; (2) inorganic impurities; and (3) oxygen 

and hydrogen functional groups. At each active site, the following may occur: (1) reactant 

chemisorption (adsorption); (2) migration of intermediates; and (3) product desorption. Both 

adsorption and desorption can occur via single site or dual site mechanisms (Laurendeau, 1978). 

Active site theory usually also assumes the following: (1) localized adsorption involving 

collisions wia  vacant “active sites”; (2) one absorbed molecule or atom per site due to strong 

valence bonds, and (3) surface coverage less than a complete monolayer. 

1.3. The Relationship Between Char “Age” and Reactivity. 

The pyrolytic evolution of coal to a highly carbonaceous solid is known to be accompanied 

by dramatic changes in gasification reactivity. However, the knowledge of these changes still 

remains superficial. Most of the work on the behavior of active sites responsible for reactivity has 

focused on relatively graphitic carbons which may be adequately described by a “pure-carbon- 

surface-with imperfections” model. Although this approach has been demonstrated to be 

appropriate for chars of various types, including coal chars, that have been heat treated at relatively 

high seventies, resulting in low residual oxygen and hydrogen contents &e., “01d‘~ chars), there 

are indications that this is not necessarily so for “young” chars. This issue has been the subject of 

previous work in our laboratory (Suuberg, Wojtowicz, and Calo, 1989). In this latter study, we 

examined the behavior of oxygen gasification reactivity with respect to heat treatment of phenol- 

formaldehyde resin chars, produced in our laboratory as mineral-free models of coal char. A 
decrease in the gasification reactivity with heat treatment severity was observed, which was found 

to be best described by a f i s t  order, distributed activation energy model with a pre-exponential 

. 
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factor between 1013-1014 s-1 and activation energies in excess of 450 kJ/mol. This behavior is also 

observed for coals; Le., char reactivity decreases as the heat treatment temperature increases 

(Jenkins et al., 1973). 

In mild gasification processes, coal is exposed to relatively mild heat treatment severities. 

Thus the “young” chars produced will be more reactive than chars from conventional gasification 

processes, In addition, the low contact times and high heating rates expected in mild gasification 

processes also act to increase char reactivity (e.& see Ashu, 1976). 

1.3.1. Thermal Annealing in Coal Chars. 
Char is generally composed of a mixture of ordered aromatic regions and disordered carbon. 

It has been observed that during oxidation of carbon blacks and partially graphitized carbons, the 

disordered regions are the most reactive (Donnet, 1982). The same has been noted concerning low 

temperature oxidation of coals (Van Krevelen, 1961). Exactly how long these originally non- 

aromatic sites retain their identity as active sites during gasification processes is unknown, but 

would obviously have a significant effect on the evolution of reactivity. In the aromatic regions, it 

is well known that the edge atom of the graphitic clusters are considerably more reactive than 

those carbons located in the middle of the basal planes (at temperatures of lOOOK and above; 

Acharya and Olander, 1973). This means that the size of the aromatic clusters plays an important 

role in determining reactivity as well. Although this is initially a function of the parent coal, the 

evolution of ordered regions as a result of “thermal annealing” during pyrolysis and gasification 

ultimately controls char reactivity. This issue is the subject of the following discussion. 

The active site energy distribution framework developed by us, clearly demonstrates that as 

the temperature of gasification is increased for a particular char, more oxygen surface complexes 

become involved in gasification &e., “turn-overYy), which, when coupled with the Arrhenius 

temperature dependence of the desorption rates, accounts for the precipitous increase in reactivity 

usually observed for gasification reactions. However, this effect is not always observed for all 

chars under all conditions. For example, in the 1500-2000K temperature range, it has often been 

noted that the rate of char combustion actually decreases with increasing temperature (Euken, 

1930; Strickland-Constable, 1944, Nagle and Strickland-Constable, 1962; Meyer, 1952; Duval, 
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1950, 1955, 1961; Blyholder et al., 1958; Walls and Strickland-Constable, 1964; Rosner and 

Allendorf, 1965, 1968; Park and Appleton, 1973). This effect is not only observed during 

combustion, but has also been noted for gasifying agents other than oxygen as well (e.g., see 

Johnson, 1979; Moseley and Patterson, 1965; Zahradnik and Glenn, 1971; Field et al., 1967; 
Lewis, 1970; Yang and Steinberg, 1977). 

As indicated above, this decrease in reactivity has been observed to correlate well with heat 

treatment severity. The primary mechanism for these effects is structural ordering which is 

generally related to the graphitization process, although not all carbons and chars are graphitizable 

under all heat treatment conditions. In view of this, it would be expected that this process would be 

related to the late phases of pyrolysis; Le., when hydrogen evolution begins to slow, or of true 

graphitization. In fact, the range of activation energies noted for thermal annealing of relatively 

graphitic carbons does indeed lie in the range of 400-800 kJ/mol, which brackets the two 
aforementioned processes, respectively. In addition, the oxygen gasification reactivities of chars 

heat treated to varying extents have been observed to correlate reasonably well with hydrogen 

content (Solomon et al., 1986; Serio et al., 1987); i.e., as hydrogen content decreases, so does 

reactivity. In this latter work, it was noted that this was especially true when the hydrogen content 

fell below 2.5 to 3 wt%, where the evolution of most of the aliphatic hydrogen was completed, and 

mainly aromatic hydrogen was being gradually eliminated. The fact that this correlation is not 

unique, however, is most probably due to the effects of catalytic mineral matter. As will be shown 

subsequently below, in the case of Wyodak coal char, such mineral matter can control coal char 

reactivity under certain conditions; and, in these cases it is expected that the effects of changes in 
the carbon structure would be secondary. In fact, it has been noted that demineralization improves 

the correlation with hydrogen content (Serio et al., 1987). This implies that when catalytic effects 

are factored out, the reactivities of a wide range of coal chars are independent of the parent 

structures and are determined mainly by their hydrogen contents or structural features that correlate 

with hydrogen content. These observations also seem to hold independently of heating rate over a 

range of a few degrees per minute to 2 x 104 K/s (Serio et al., 1987). 
In summary, it is clear that significant differences exist in the reactivity behavior of different 

physical regions of coal char, and that their relative proportion and importance vary during the 
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course of heat treatment and gasification, and that these are quite different for “young” and “old” 

chars. The overall process of “thermal annealing” in “young” chars, as would be produced in mild 

gasification processes, involve a spectrum of pyrolytic reactions ranging from those involving the 

final stages of gas evolution to those responsible for the evolution of aromatic clusters. The 

influence of the parent material on both the concentration and nature of active sites, is greatest 

during the early phases of pyrolysis, decreasing thereafter as the coal char becomes more 

carbonaceous. 

The evolution of coal char under these conditions is quite complex, and, therefore, progress 

in correlating and predicting gasification reactivity of “young” chars has been slow, and, for the 

most part, empirical until now. The conceptual framework of considering reactivity in terms of the 

energetic distribution of the oxygen surface complexes responsible, developed in our recent work, 

provides the basis for quantitative description and analysis of coal char reactivity in a simpler, 

more compact, and fundamental manner that circumvents some of the formidable problems 

associated with describing reactivity in terms of the myriad detailed physical and chemical steps 

involved, as well as the pitfalls associated with empirical approaches. This is not to say that 

knowledge of the detailed, fundamental processes is not important and worthwhile pursuing, but 

ratherthat the proposed approach provides an immediately applicable and useful tool, which can, 

in fact, also be applied to investigations of the underlying mechanisms as well. 

1.4. The Influence of the Gaseous Environment on Char Reactivity. 

Since air (or more accurately, oxygen) is not present in mild gasification processes, all the 

reactive gases arise from the devolatilization process itself, or by introduction in the convective 

flow; e.g., the sweep or fluidization gases, depending on the reactor type. Thus, it is unavoidable 

that there will always be some relatively significant amounts of water (steam), hydrogen, and 

carbon monoxide present during coal conversion, in addition to supposedly “inert” gases such as 

nitrogen. All these gaseous species play a role in conversion and in determining subsequent char 

reactivity. These effects are discussed in this section. 

It is well known that the loss of residual volatile matter in “young” chars leaves behind 

nascent carbon sites which are highly reactive towards gasification by reactive gases (Mahajan and 
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Walker, 1978). In the absence of a reactive gas, the nascent sites are deactivated by 

rehybridization. This was quite clearly demonstrated in the work of Johnson (1974) with an HVA 
bituminous coal. The hydrogasification reactivity was greater by about a factor of two when the 

coal was directly and simultaneously devolatilized in hydrogen than in a sequential process 

involving devolatilization in nitrogen, followed by hydrogasification, even though the total weight 

loss was only slightly higher in the latter case. Similar, highly reactive "nascent" carbon sites, 

formed upon thermal desorption of oxygen surface complexes, were also cited as the reason for the 

enhanced C02 gasification reactivity noted by Phillips et al. (1970) during nonisothemal heating 

of Graphon (a graphitized carbon black). 

1.4.1. Effects of ptInert," Diluent Gases. 
One potentially important factor affecting the reactivity of chars from mild gasification 

processes, that has not yet received much attention, is the role of supposedly "inert," diluent gases 

on char reactivity. In a study involving both oxygen and C02 gasification of two carbons, Walker 

et al. (1977) noted that the presence of diluent increased the gasification rate in the order: 

N2>AnHe; and Xe was even more effective than N2 for C02 gasification, effectively doubling 

the rate. This effect was probably first observed for the carbon-oxygen reaction (Pentz, 1959). The 

same effect has also been cited by Britten et al. (1987) as responsible for differences in CO peaks 

(both shape and total amounts) in TPD experiments conducted in different gases. In this latter work 

it was concluded that nonreactive gases influence the desorption step of the C-CO2 reaction by 

affecting the transport rate of surflace complexes to desorption sites. In Ar and Kr, the transport 

rates were higher than they were in He. Similar effects have also been observed in the catalytic 
oxidation of SO2 over V2O5 (Hudgins and Silveston, 1975; Goodman, 1975; Rhodey et al., 

1976). Although some theories have been advanced to explain this effect (Walker et al., 1977; 

Britten et al., 1987), it is still far from understood. 

Although the liquids produced are not the fundamental thrust of the current proposed work, it 

is well known that the gaseous environment affects the hydrocarbon yield as well. In particular, as 

regards mild gasification processes, recently S teinberg and co-workers (1989) reported variations 

in hydrocarbon yields with the nature of the sweep gas used during mild gasification in a moving 
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bed reactor; Le., the yields were in the order N2>H2>C02. It is entirely possible that similar 

phenomena controlling the reactivity of the resultant char product via the behavior of nascent 

carbon sites is also reflected in the liquid yields. Thus char characterization via the technique 

proposed here may eventually be useful in correlating the yield of condensables from mild 

gasification processes -- a valuable %de benefit” of the proposed work. 

1.4.2. Effects of Carbon Monoxide. 

Although CO is “inert” in the sense that it does not gasify carbons and chars, it plays a 
potentially important role in determining subsequent char reactivity. Recently, we have reported 

that CO formed upon TPD or during char gasification can chemisorb on active carbon sites to 

produce extremely stable [C-CO] surface complexes (Hall and Calo, 1989). This was also 

concluded in the work by Marchon and co-workers (1988a,b) and Kapteijn et al. (1994). 

In order to completely remove such complexes from the char, it must be heated to 

temperatures ;1373K (i.e., 1 100°C or 2012OF) (Hall and Calo, 1989). Since these temperatures 

are obviously significantly in excess of those contemplated for mild gasification processes, it is 

unavoidable that some of the CO formed during devolatilization will be chemisorbed on the surface 

of the solid product. Although the extent of the effect of this chemisorbed CO on reactivity depends 

upon subsequent treatment, it will certainly affect char reactivity with respect to certain gasifying 

agents. This problem can be alleviated by thermal treatment at very high temperature, which, 

however, may actually result in a net reduction in reactivity due to the thermal annealing processes 

discussed above, or by using the char as fuel in a high temperature combustor. For all other 

scenarios and uses, however, CO fixed in this manner will reduce char reactivity, although this 

effect has not been quantEed. 

1.4.3. Effects of Steam and Hydrogen. 

The effects of steam and hydrogen are treated simultaneously in this section, since the use of 
steam invariably also involves hydrogen, although the converse, of course, is not necessarily true. 
The “steady-state” rate of steam gasification of chars and carbons has been shown by many 

workers to generally obey a Langmuir-Hinshelwood type of expression, with the rate inhibited by 

both steam and hydrogen. In most studies, the global kinetics of the steam gasification reaction are 

explained by some variant of the scheme (e+, Strickland-Constable, 1950; Blackwood and 

8 



McGrory, 1958; Ergun, 1962): 

H20 + Cf t) H2 + C(0)  

C(0) 3 eo + Cf 

The latter step represents the decomposition of oxygen surface complexes, which is believed to 

control the gasification rate at high temperatures. Hydrogen is formed in the first step via 

recombination of the hydrogen atoms from the steam. As noted below, C-H bonds or complexes 

can also form which give rise to the H2-dependent inhibition term in Langmuir-Hinshelwood-type 

expressions. Since the first step is first order in steam, the overall reaction order varies from about 

unity ca. one atmosphere, to close to zero at higher pressures where steam inhibition dominates 

(e.g., see Juntgen, 1981). The global rate of the steam gasification reaction is quite similar to that 

of the C@ gasification reaction. 

More recent treatments of gasification mechanisms are directed at universalizing gasification 

reactivity via oxygen surface complex behavior. This type of an approach focuses on the 

desorption of surface oxygen complexes, formed by various oxidants, to produce the oxides of 

carbon which are the primary products of char gasification. One example of this approach is the 

work of Marchon et al. (1988a). In this TPD and XPS study of oxygen surface complexes on 

carbon, it was concluded that H20 adsorption yields the same type of oxygenated species (mostly 

semiquinones and some lactones) on carbon surfaces as do 02 an,d C02. For these three oxidants, 

the desorption of CO from at high temperatures is the principal feature observed in TPD 
experiments. This result led these authors to propose that the principal mechanism for adsorption 

of these reactants is the formation of the CO precursor species, most probably semiquinone. The 

adsorption activation energies depend on the molecule itself, the site on which it adsorbs, and the 

coverage. 0 2  dissociates to give two CO precursors, C02 yields one precursor and a gaseous CO 
molecule, and H20 produces one CO precursor and two hydrogen atoms that can either recombine 

(most probable at higher temperatures), or form C-H bonds (less probable at higher temperatures). 

In the case of steam, Marchon et al. (1988a) reported H2 desorption in TPD experiments 

ca. 1300K. Similar behavior was reported by Matsumura et aZ. (1985). Marchon et aZ. (1988a) 

speculated that the C-H complexes responsible for this behavior are probably benzinic in character. 

Low temperature exposure of carbon to water also results in aliphatic C-H bonds which give rise to 
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hydrocarbons in TPD experiments at temperatures less than 800K. In both these studies, the total 

amount of H2 production in post-adsorption TPD experiments was found to be about one-third that 

of co. 
In addition to being surface intermediates for hydrogen gasification under the appropriate 

conditions, the relatively stable high-temperature C-H surface complexes effectively "poison" a 

fraction of the active carbon surface towards gasification by other agents. For example, in a study 

of the effect of hydrogen on C02 gasification (Biederman et al. ,1976), it was clearly shown that 

hydrogen at very low partial pressures markedly inhibited the C02 gasification rate. It was 

concluded that inhibition occurred by dissociative chemisorption of hydrogen onto active sites. 

1.5. Project Approach. 
1.5.1. Temperature Programmed Desorption (TPD) Techniques. 

Temperature programmed desorption (TPD) has become a standard technique for 

investigating the physicochemical state of adsorbed species on surfaces. The predecessor of TPD- 

type methods was the flash filament technique of Redhead (1962), whereby gases adsorbed on 

wire filaments are rapidly desorbed upon rapid heating in an ultrahigh vacuum. This technique was 

subsequently adapted to catalytic surfaces (Cvetannovic and Amenomiya, 1967, 1972). 
Experimental methods and interpretation of TPD spectra for well-defined crystalline surfaces have 

been reviewed on a number of occasions (e.g., see King, 1975). Complication of TPD spectra by 

such problem as species re-adsorption, desorption from spurious surface, and peak broadening by 

adsorbed species interactions, surface diffusion and inhomogeneous sample heating are also 

discussed in this review. 

Basically, the TPD technique involves the following procedure: pre-adsorption of a gas or 
gas mixture onto a solid surface; evacuation to remove any physically adsorbed gases; thermal 

desorption due to a programmed temperature increase (usually a linear ramp); and detection of the 

desorbed species (actually the rate of desorption) by any of a number of suitable techniques. The 

result of this procedure is known as a desorption spectrum. These spectra usually consist of one or 

more peaks. The shapes of these peaks and the position of the peak maxima with respect to 
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temperature are related in a fundamental manner to the desorption process, and, therefore, provides 

basic information regarding the nature of the adsorbed species. 

For a first order desorption process (Le., the rate proportional to the concentration of 

adsorbed species), the desorption rate can be expressed as: 
dO/dt = - Vo O eXp(-Ed/Rn [1*11 

where Ed is the activation energy for desorption, 0 is the surface coverage, and Uo is the frequency 

factor. At the maximum desorption rate, which corresponds to d[do/dt]/dT=O, the parameters are 

related by: 

EdRTp2=(”dp, exp(-EdmTp> K1.21 

where Tp is the temperature of the peak maximum, and b is the heating rate, dT/dt Redhead 

(1962) also gave the following linearized version of Eq.[1.2]: 

Ed/RT = In [~OTp/p]-3.64, 

which for 1013 > U& > 108 (K-l), is accurate to within & 1.5%. 

Eqns. [ 1:2] and [ 1.31 indicate that the higher the desorption activation energy, the higher the 

temperature of the peak maximum, Tp’ which is not a function of initial surface coverage for a first 

order process. The shape of peaks desorbed from a homogeneous surface are uniquely determined 

by the ratio and have been tabulated by CvetanoVic’ and Amenodya (1967). 

1 S.2. TPD of Carbon-Oxygen Surface Complexes. 

There have been a number of studies of surface oxygen complex formation and desorption 

from carbons and chars. Otake et aZ. (1993) showed that C02 production can result from thermal 

decomposition of carboxylic acid groups based on experiments performed on a polymer char. The 

detection of carboxylic acid group on oxidized carbon surfaces using Fourier Transform Infrared 

(FTIR) spectroscopy (e.g., Starsinic et al., 1983) proves that such functionalities do exist. 

Local micropore geometry primarily dictate the types of oxygen complexes that are most 

likely to form. Carbonyl and ketone groups (C=O) and perhaps ether linkage (-0-), either forming 

along pore wails or bridging them, are likely possibilities. The desorption behavior of such groups 

would be expected to vary depending upon their location within the pore. The reactivities of C=O 
and ether groups would be determined by the local width of the pore and the presence of 
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neighboring complexes. For example, for a C=O group formed in a particularly narrow region of 
the pore, the carbon-oxygen bond may tend to be distorted from the normal, equilibrium position 

and, consequently, the goup would tend to be more reactive with respect to desorption. Bridging 

ethers occurring at wide regions in the micropore would tend to be more unstable, and therefore to 

be more reactive than C=O groups. The result of this would be an effective continuum of complex 

binding energies between some lower and upper limits. Given the expected surface heterogeneity 

of micropore;, many oxygen groups may be in a chemical state somewhere between the 

equilibrium C=O and ether extremes, experiencing partial bonding with both pore walls. The mean 

reactivities of carbonyl and ketone C=O may differ, although the energy distributions of these 

groups may overlap significantly. Besides the oxygen complexes, there also be a certain amount of 

more weakly bound, undissociated molecular oxygen trapped in the micropores, as discussed by 

Marsh and Foord (1973) for example. The primary desorption products of such micropore 

complexes as described above would be CO. 

1.5.3. Distributions of Desorption Activation Energies From TPD Spectra. 
A number of reports have indicated that the activation energy for the adsorbed surface 

complexes is a distributed function due to surface heterogeneity (e.& see Feates et. aZ., 1970, 

Tremblay et al., 1978; Trapnell, 1955). Calo and Hall (1991) developed the following approach to 

determine the energy distribution of heterogeneous surface from TPD. 

For a he!erogeneous surface consisting of a population of noninteracting surface species, 

each obeying a first order desorption rate law characterized by a single desorption activation 

energy, Ei, the total desorption rate, W d t  , due to an increasing temperature heating regimen is: 

w d t  = Z dOi/dt = - Z Vi Oi exp(-&/RT) = - UO Z Oi exp(-E$RT), [1.41 
where Oi is the surface coverage and Vi is the frequency factor for the ith species. It has also been 
assumed that all the Vi are the same and equal to u,. 

For a continuous distribution of i species, there must also be a continuous distribution of 

maximum desorption temperatures, Tp,i, which are related to the Ei via an expression like Eq. 

C1.31; viz., 

Ei/RTp,i = In [~oTp,i//3] - 3.64. [1.51 
Since the Tp,i are described by a continuous probability density function, then each instantaneous 
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temperature, T, during a heating regimen corresponds to some Tp,i. As a consequence, Eq. [1.5] 

provides a direct transformation between the observed experimental desorption temperature, T, and 

the desorption activation energy distribution, S(Ei). Furthermore, since Eq.Cl.51 is evaluated at the 

peak temperature, Tp,i, then the heating rate, p, is rigorously defined as the local instantaneous 

heating rate at Tp,i. Therefore, in its most general form Eq. [1.5] can be written as: 

E/RT = In [u,T/p] - 3.64, 
for any first order desorption as a result of an arbitrary heating regimen. 

With these results in mind, then the thermal desorption of oxygen complex from a carbon 

surface with desorption activation energy between E and E+dE is given by: 

a[c-ol,,/at = kd@) [c'olE,t 1.71 
where h(E) = u, exp(-E/RT). 

~ ~ - ~ l ~ , t / ~ ~ - ~ I o ~ ,  t= eXP(-j; be) dt 
Defining the initial desorption activation energy probability density function , S@), as: 

~ @ ) = [ ~ ~ ~ ~ o E , t / [ ~ ~ ~ l ~  [1.91 

where [C-Ol0 is the initial amount of oxygen surface complex on the surface, then the Eq.[1.8] can 

be written as: 

[1.10] 

00 t 
CCOl= [C-01, - lo [C-01, S@) exp{-jo h@) dt) dE c1.111 

In this expression, the integral over the rate constant increases over a very narrow energy range 

from zero to unity. For this reason, it can be approximated (cf. Suuberg, 1986, and Du et al., 

1990) as a step function occurring at a critical activation energy, E*. In this manner, Eq. [ 1.1 13 
becomes: 
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[1.12] 
00 [co] = [c-o]o - jE* [c-o]$@) dE = [C-o], [l-jE*" s@) dE]. 

Taking the derivative of this latter expression with respect to time: 

d[CO]/dt = [C-01, S@*) dE*/dt [1.13] 

For the reasons cited above, Eq. [1.6] can also be used to provide E*, which can be 

diffemtiated to yield 



[1.14] dE*/dt = RP[ln (uoT/P)-3.64]. 

Combining Eqns. [1.13] and [1.14] yields: 

[C-01, S(E*)={ d[CO]/dt}/{ RP[ln(uoT/~)-3.64} [1.15] 

Since a TPD experiment yields the instantaneous d[CO]/dt directly, the energy distribution can be 

calculated directly from the TPD data. For a linear heating rate (p = constant), the transformation 

between the TPD spectrum and the energetic distribution is practically linear. Once the energetic 

distribution is known, then the total specific gasification rate, r, can be determined from Eq. [1.3], 

as noted previously. 

1.5.3. Reactivity and Distributions of Desorption Activation Energies. 
The specific gasification reactivity, r (e+, g/g h), is given in general by: 

r = -(l/C) dC/dt = h Ct 0, [1.16] 

where C is the amount of carbon, h the desorption rate constant, Ct the total moles of active sites 

per mole of carbon, and 0 is the fraction of the active carbon sites that are occupied by oxygen 

complex. For conditions where the char surface is saturated with oxygen complex, 0 =1 and Eq. 

[1.16] becomes simply: 
r = -(l/C) dC/dt = Ct, C1.171 

and thus in this case the desorption rate constant becomes equivalent to the specific gasification 

rate, r. Eq. [1.17] applies specifically to a homogeneous surface; i.e., one discrete surface 

complex with a single desorption activation energy. For char surfaces which are distinctly 

heterogeneous with a distribution of desorption energies, must be the energy-averaged, such 

that the corresponding expression for r becomes: 

r = Iooo v, exp(-ED”) [C-01, S(E*)  dE* [1.18] 

where Q has been written in its Arrhenius form with pre-exponential v,, and [C-O],S(E*) is the 

probability density function of desorption activation energies, as determined from Eq. [1.15], for 

example. 

This report presents the application of the preceding approach to the correlatiodprediction of 

C02 and steam gasification reactivity of chars as a function of various variables, including char 

“age.” 
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2.0. EXPERIMENTAL 

2.1. Char Samples. 
2. I . I .  General Sample Characteristics. 

The precursors of the char samples used in the project were Wyodak subbituminous coal and 

Pittsburgh #8 bituminous coal, obtained from the Argonne Premium Coal Sample Bank (Vorres, 

1993), and a phenol-formaldehyde resin synthesized in*our laboratory. The latter was used as a 

prototype of a non-mineral matter-containing sample. 

The Wyodak coal samples were collected about 6 miles northeast of St. Louis (St. Clair 

County) in December 1985. The sample consisted of a 6-inch core sample through the entire seam. 

Wyodak is a subbituminous coal, and its composition of Wyodak coal is presented in Table II.1. 

The composition of the ash in Wyodak coal is presented in Table II.2. As shown, Al2O3, SiO2,. 

CaO, and Fe2O3 are the principal impurities. 

The Pittsburgh #8 coal samples were collected about 60 miles south and west of Pittsburgh in 

Greene County, Pennsylvania, in March 1986. Pittsburgh #8 is a high volatile bituminous coal, 

and its composition is presented in Table II.1. The mean ash composition is presented in Table 

II.2. As shown, Al2O3, Si02, and Fe2O3 are the principal impurities. 

2.1.1-1. Phenol-Formaldehyde Resin. The overall synthesis process for phenol- 

formaldehyde-resin can be represented as: 

phenol formaldehyde 

The following procedure was followed in performing the synthesis (Wojtowicz, 1987). 150g 

of phenol were mixed with 500 ml of 40% vol. solution of formaldehyde (40g of formaldehyde in 

100 ml of solution ) in a 1 liter flask, which corresponds to a formaldehyde/phenol molar ratio of 

4.33. 50 drops of 30% NJ3,OH were added as a catalyst. The flask was connected to a reflux 

condenser and heated in a hot water bath until the contents of the flask were milky in appearance 
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(about 16 hour). In order to avoid oxidation during the condensation reactions, the flask was 

continuously flushed with argon. The flask was then cooled down (still under flowing argon). 

After about 24 hours, two phases were clearly discernible in the liquid. The upper phase (water + 
methanol + unreacted formaldehyde) was decanted, and the catalyst in the lower phase (resin) was 

neutralized by adding about 30 drops of glacial acetic acid. The resultant creamy, resinous material 

was thoroughly washed with distilled water and dissolved in acetone. 

The curing procedure for the resultant phenol-formaldehyde resin involved: (a) 2 hours at 

60°C in vacuo; (b) 12 hours at 120°C in vacuo; followed by (c) 2 hours at 30°C in helium. Steps (a) 

and (b) were carried out in a vacuum oven, whereas a tube furnace was used for the last step. 

Resin char samples were prepared by pyrolyzing the cured resin at high temperature. The 

elemental composition of phenolic resin chars pyrolyzed at different temperature, as determined by 

Wojtowicz (1987), is presented in Table II.3. 

2.1.2. Char Preparation. 

Carbonization (pyrolysis) was performed in a tube furnace (Lindberg Co., Inc.). The 

pyrolysis temperature and heating rate were controlled with a digital controller. A quartz tube, 3.2 
cm ID. and 76 cm long, was located in the heating zone of the furnace. A ceramic boat containing 

3-4 g of sample was placed at the center of the quartz tube. After purging with ultrahigh purity 

helium for at least one hour at a flow rate of about 50 Wmin, the furnace was heated to the desired 

pyrolysis temperature (850°C to 1000°C) at a heating rate of about 20°C/minute. Following the 

completion of the pyrolysis procedure, the sample was cooled down in flowing helium. The 

resultant chars were ground if necessary, and sieved to -16 to +lo0 mesh. 

2.1.3. Char Demineralization. 

Some of coal samples and char samples were demineralized using a method similar to that 

described by Morgan and Jenkins (1981). The general procedure is as follows. 

The coal or char sample was treated with a mixed 5N HCl and 29N HF acid for two hours at 

50-60"C in a covered teflon beaker. The cover was then removed to allow all the liquid to evaporate 

until the sample was nearly dry. About 5 ml of 12N HCI and 10 ml of distilled water were added to 

the sample and mixed well. The sample was then filtered in a vacuum filtration system. The sample 
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was then M s e d  several times with distilled water until the sample was pH neutral. The sample was 

then dried in a vacuum oven at 60-7OoC. 

For Wyodak coal samples, atomic absorption (AA) spectroscopy measurements (see Table 

E4), indicate that 81% of the calcium and 86% of the iron was removed using this procedure. 

2.1.4. Calcium- and Iron-Loading and Atomic Absorption Spectroscopy. 

Calcium was ion-exchanged from a calcium acetate solution (1.5M, 4h) with resin char and 

demineralized Wyodak char samples. The Ca-char sample was washed with distilled water until the 

wash water was free of Ca2+ ions. AA measurements indicated that the resultant Ca content was 

less than 0.0051wt% in the resin char and 0.16 wt% in the demineralized Wyodak char. 

Other samples were loaded with calcium by impregnation using a 2.38 wt% calcium acetate 

solution, which is the average calcium content of the Wyodak char (Vorres, 1993). AA 
measurements indicated that the resultant calcium content was 0.16 wt% in the resin char and 1.40 

wt% in the demineralized Wyodak char using this method. All the calcium-loaded samples were 

dried in a vacuum oven at llO°C prior to use. 

Iron was ion-exchanged from a Fe(N03)3 solution (1.5M, 4h) (Yamashita, 1991) with resin 

char and demineralized Wyodak char samples. The Fe-char samples were washed with distilled 

water until the wash water was free of Fe ions. AA measurements indicated that the resultant Fe 
content was 0.038 wt% in the resin char and 0.098 wt% in the demineralized Wyodak char using 

this method 

Other samples were loaded by impregnation using a 1.56 wt% Fe(N03)3 solution, which is 

equivalent to the iron oxide content of Wyodak char (Vorres, 1993). AA measurements indicated 

that the resultant calcium content was 0.61 wt% in the resin char and 1.06 wt% in the 

demineralized Wyodak char using this method. All the iron-loaded samples were dried in a vacuum 

oven at 1 10°C prior to use. 

The calcium and iron contents of the various char samples were determined by atomic 

absorption spectroscopy at Covofinish Co. Inc. by Dr. George HradL Analyses were performed 

with a Perkin-Elmer atomic absorption spectrometer (Model 2380). A Ca-Mg hollow cathode lamp 

(Buck Scientific Co.) was used for the calcium analyses: 422 nm wavelength and, 0.7 mm slit, 6 

mA. A Jarrell-Ash lamp was used for the iron analyses: 248.3 nm wavelength ,0.2 mm slit, 20 
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mA. The results of these measurements are presented in Table II.4. As can be seen, the Ca and Fe 

contents are generally less than the average data reported by Vorres (1993). 

2.1.5. Char Characterization by Gas Adsorption Techniques. 
Multipoint adsorption isotherm and single point BET surface area measurements were 

determined for the various char samples with a Quantasorb Surface Area Analyzer (Quantachrome 

Corp.). A schematic of the gas flow circuit for this instrument is presented in Figure 2.1. Nitrogen 

at 77K was used as the adsorbate, and helium as the carrier gas. In most cases, a total flow rate of 
20 cm3/min was adequate for the measurements. Table II.5 presents the relative pressure, P/P”, 
values and the corresponding N2 and He flow rates. 

The experimental procedure was as follows: 

(1) The sample is first outgassed at 15OOC for 1 hour in the outgassing station. 

(2) The nitrogen flow rate is set to the desired P/p” value and the sample U-tube is immersed in a 

liquid nitrogen-filled dewar. 

(3) The sample is equilibrated at this flow rate for about 10 - 15 minutes. The “Ads/Des” switch is 
changed to “Des”, and the liquid nitrogen dewar is removed and the sample U-tube is immersed in 

a beaker of room temperature water. When the desorption is complete, the integrator number is 

recorded. 

(4) The desorption data are calibrated using the precision gas sampling syringes to withdraw gas 

samples from the “OUT” septum and inject them into the “IN” septum. The volume injected and 

the corresponding iritegrator readings are recorded. The calibration value should agree with the 

sample desorption signal within +15%. This will prevent any error due to nonlinear detector 

response. If the agreement is poor, the injection volume is changed until the criterion is satisfied. 

(5) After finishing the calibration, the “Ads/Des” switch is changed to “Ads”; the sample cell is 

immersed in the liquid nitrogen dewar at the same P/P” value. The adsorption signal is recorded. 

(6) In order to generate an isotherm, the P/pois then changed to a lower value, and the preceding 

steps are repeated for each value of PP”. 
From these data, the isotherms can be constructed, and surface areas and pore volumes can 

be determined. As an example, Figure 2.2 is the desorption isotherm of a Wyodak char sample 

gasified in oxygen at 420°C to 30% burn-off. 
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Complete nitrogen isotherms were not determined for all the samples. For all the samples that 

were used for steam gasification, a single point BET surface area measurement was sufficient. 

These measurements were conducted in the same apparatus using a similar procedure except that 

the measurement was performed at PA?" = 0.3 only. 

The resultant BET surface areas determined using this procedure are presented in Table II.6. 

Several comments should be made on these results. First of all, the surface area of the 

demineralized Wyodak char for steam gasification is 35 m2/g, which is less than that of the natural 
Wyodak char. This is because for the steam gasification samples, the Wyodak coal was 

demineralized first and then pyrolyzed. This process results in an initially less porous precursor. 

The BET surface area will be much larger if pyrolysis is performed prior to the demineralization 

process, as was done for the CO2-gasified demineralized Wyodak coal char samples. 

For the Ca- and Fe-doped samples, BET surface areas are much smaller than for the undoped 

samples, as shown in Tables JI.7 and II.8. 

2.2. Temperature Programmed Desorption-Mass Spectrometry/Thermogravirnetric 
Analysis (TPD-MS/TGA) System. 
2.2.1. TPD-MS/TGA Apparatus. 
An experimental system was developed for the current work which was designed to operate 

both as a TGA and as a TPD apparatus. In this manner, samples could be prepared, oxidized, and 

thermally desorbed without ever exposing them to the ambient atmosphere. 

A schematic of the TPD-MS/TGA apparatus is presented in Figure 2.3. This apparatus 

consists of five principal parts: (1) a gas flow/metering system which provides the oxidant gas and 

an inert carrier gas to convect away desorbed species from the vicinity of the char sample during 

TPD; (2) a Cahn D-200 digital recording microbalance; (3) a reactor where the sample is subjected 

to gasification and/or to the controlled heating program for desorption of surface species; and (4) a 
detector for eiolved species during TPD; and (5) a computer and application software to control 

the operation of the entire system and to record the data. 

A three-way ball valve, a flow meter, and an eight-port, zero dead volume rotary 
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chromatography valve were connected to the gas flow/metering system. The three-way valve 

enables the selection of either inert carrier gas or reactant gas to flow into the reactor. The flow 

meter and the rotary valve were installed in the inert carrier gas feed line. The former is used to 

control the flow rate of inert gas, and the latter is connected to a 0.5 cm3 calibration sample loop 

which is used to calibrate the mass spectrometer. The carrier gas bypasses the sample loop except 

during the calibration procedure. 

The digital recording microbalance, which is used to monitor the sample mass change, is 

enclosed in an aluminum cap. This cap was machined to minimize the dead volume inside the 

balance assembly, and to decrease the residence time of flowing gases. The reactor is a quartz 

hangdown tube connected to the balance assembly beneath the cap by an UltratorrTM connector. 

Char samples are loaded in a quartz bucket and suspended inside the quartz hangdown tube from a 

Nichrome wire connected to the microbalance. The reactor is enclosed by a furnace constructed for 

this purpose. Power to the furnace is provided by a high current Variac autotransformer. The 

Kanthal alloy wire-wound furnace allows linear heating rates up to 200Wmin to 1200OC. 

The detection of desorbed species is by means of a quadrupole mass spectrometer (MS). 

Computer software was developed to automatically switch the mass spectrometer among four 

selected mass numbers during the course of a TPD experiment. For the current applications, 

normally masses m/e=18,28,32 and 44, corresponding to H20, COY 02, and C02, respectively, 

were monitora during the course of an experiment. 

The electron energy and ion source voltages of the mass spectrometer were tuned in order to 

have sufficient sensitivity to detect low levels of CO and C02. Tests showed the existence of 

some cracking of C02 to CO+ upon electron impact. The relative sensitivity of the mass 

spectrometer to CO and C02 and the C02 “cracking factor” were determined by injecting a 
calibration gas mixture of 48/52 mol % CO/C02 and pure C02 separately. The levels of the two 

peaks for each gas injected were recorded and the averaged background for each peak was 

subtracted from these values. The method used to calculate the relative sensitivities of CO and 

C02, the C02 “cracking factor,” and a simple FORTRAN program to calculate these values from 
the known calibration data are presented in Appendix A. The MS signals during TPD were 

converted to an absolute basis from these calibration data. 
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A Macintosh Ilcx microcomputer with a MacADIOS Jr. 625 interface was used to control the 

experimental system and record the data. All the control software was written in Microsoft 

QuickBASICTM. The data recorded were time, temperature, pressure, and electrometer signal fkom 

the mass spectrometer. 

2.2.2. Experimental Tests and Results. 

The following tests were performed on the apparatus in order to characterize its behavior. 

2.2.2-1. Reactor Temperature Profile. As shown in the schematic of the TPD- 

MS/TGA reactor presented in Figure 2.4, the length of the furnace was about 22 cm, and the 

sample bucket was located in the center of the furnace, about 11 cm fkom the top. A thermocouple 

probe (Type R) was located immediately beneath the bucket. One major concern was whether the 

thermocouple reading accurately reflected the sample temperature. Consequently, the temperature 

profile in the reactor tube was measured. As shown in Figure 2.5, the temperature difference 

between the final location of the thermocouple probe and the bucket was less than 0.5OC. 

Therefore, it was concluded that the thermocouple accurately measured the sample temperature. 

2.2.2-2. Heating Rate Program. The sample temperature was measured using a Type 

R thennocouple. It is important to use accurate relationships in the application software to calculate 

corresponding temperatures from the digital voltage readings recorded using the microcomputer. 

The resultant expressions for the voltage-temperature relationships are listed in Table II.9. 
The power to the furnace is provided by means of a high current Variac autotransformer. The 

power input is controlled by the furnace control program via a solid state relay. One important 

objective of the control program was to achieve a linear ramp for temperature programmed 

desorption experiments. Since the temperature increase is not proportional to the applied power, to 

find the best relationship between the temperature variation and the power input was somewhat 

difficult, especially in the low temperature range (usually below 4OO0C), where temperature 

“overshoot” was more likely to occur. The key factor to achieving good linear behavior was power 

control of the Variac autotransformer. The power input to the furnace was determined as a function 

of the setting temperature and the difference between the actual measured temperature and the set 

point temperature. Many tests were performed, and different expressions for the relationship 

between the power input and temperature were used in order to achieve a linear temperature ramp at 
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various heating rates. Figure 2.6 presents the temperature programs corresponding to a few 

different heating rates. These data show nearly perfect linear behavior above 400°C, where the bulk 

of the desorption behavior typically occwed. 

2.2.2-3. Effect of Reactor Pressure on TPD Results. It was desirable to use a 

low carrier gas pressure in the reactor in order to maintain a high sensitivity for the CO and C02 

product gases during TPD. The most important aspect of achieving this condition was keeping the 

system oxygen-free. Another concern was the effect of pressure on the TPD spectra. Since the 

pressure inside the reactor is a function of inert carrier gas flow rate, and upstream and 

downstream pressure, it was essential to insure that these parameters were kept the same for each 

experiment in a series of runs if the total pressure had an effect the TPD spectra. 

Wyodak coal char gasified in oxygen at 38OOC to 10% bum-off and resin char gasified in 

oxygen at 47OOC to 10% bum-off were tested at different reactor pressures. Figure 2.7 presents the 

TPD spectra at different helium carrier gas pressures from 25 torr to 100 torr for the resin char 

samples. As can be seen, the reactor pressure does not affect the TPD results for these samples. 

Corresponding data are presented in Figure 2.8 for the gasified Wyodak coal char samples. 

As shown, th&e spectra exhibit two distinct maxima in the rate of production of CO. The lower 

temperature maximum does not change with the carrier gas pressure, but the higher temperature 

maximum appears to decrease with the carrier gas pressure. Figure 2.9 presents a comparison of 

TPD spectra between a natural Wyodak coal char sample and a demineralized Wyodak coal char 

sample. As shown, the first maximum in the CO production rate are the same for both samples. 

This suggests that the second maximum rate of CO production for the natural Wyodak coal char is 
apparently related to the mineral matter. Since apparently the reactor pressure can affect TPD 

results for samples containing mineral matter, it is important to keep the experimental conditions 

constant in each series of TPD runs. 

Another concern was the effect of the carrier gas pressure on the temperature measurement. 

The experimental data (cf. Figures 2.7 and 2.8) show that the corresponding desorption peaks are 

located at the same temperature at a heating rate of 5OK/min for the four different pressures. This 

result indicates-that even at the lowest carrier gas pressure of 25 torr, the temperature measurement 
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was not affected. This is due to the fact that the heating rates employed were sufficiently slow that 

the time response of the thermocouple probe was adequate. Therefore, the carrier gas pressure was 

standardized at 25 torr for all the current experiments. At the same time, helium was used as the 

standardized carrier gas since it was reported (Britten et al., 1985) that the nature of the carrier gas 

can also affect TPD results. 

2.2.2-4. The Effect of Buoyancy on Mass Measurement. As mentioned 

previously, the reactor for the TPD-MS/TGA apparatus was a quartz hangdown tube, and the char 

samples were placed in a quartz bucket and suspended inside the this tube from a Nichrome 

hangdown wEe connected to the microbalance. One important factor affecting the accuracy of the 

mass measurements is the effect of buoyancy during experiments. Precise quantitative prediction of 

the buoyancy effect inside the reactor is difficult, since it is a function of the velocity of the carrier 
gas, pressure, temperature, heating rate, heat transfer coefficient, the shape of the quartz bucket, 

the size of the reactor, etc. Therefore, in the current work, the buoyancy effect on mass 

measurement was determined experimentally. 

Figure 2.10 presents the TGA mass output signal of the empty bucket for a heating rate of 50 

K/min as a function of temperature. Since the balance was initially tared, the mass reading was due 

purely to the buoyancy effect during the heating process. This experimental result shows that the 

mass increase due to buoyancy becomes significant as the temperature increases. These values 

should be subtracted from the mass reading during a TPD m.. In order to obtain the actual mass 

variation of a sample during a heating program, the data were corrected for this effect as part of the 

data analysis procedure following each experhent. 

2.3. Correction of High Temperature CO Evolution From TPD. 

5OWmin CO TPD spectra are presented in Figure 2.1 1 for both Wyodak coal char and resin 

char samples gasified in one atmosphere of oxygen. As can be seen, the spectra are composed of 
one peak for resin char and two peaks for Wyodak coal char plus a high temperature "tail" which 

appears at temperatures greater than about 1000°C. This feature is significantly greater for Wyodak 

coal char than for resin char. This high temperature feature has been attributed to oxidation of the 

char samples with the quartz (Si09 sample bucket, amplified by the catalytic effect of the mineral 
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matter in the Wyodak coal char. Evidence for this conclusion includes the fact that little or no CO 

evolution was observed at the same temperatures when the quartz sample bucket was new. 

However, once the bucket was exposed to char samples, the feature appeared immediately and 

thereafter it occurred even with the empty bucket in the absence of a sample due to residual 

contamination of the quartz with char which diffuses into the quartz at high temperatures. 

Elimination of this feature proved to be quite difficult. Various attempts at cleaning the bucket and 

using a platinum lining met with only limited success. 

The procedure that was finally developed to cope with this problem is as follows. Spectra 

from an empty, “char contaminated” quartz bucket were found to be quite reproducible upon 

repeated temperature cycling; an example of such a spectrum is presented in Figure 2.12. This 

feature was fit to a fifth order polynomial. It was then assumed that this feature becomes amplified 

in the presence of a sample (due to the considerably greater interfacial area between the sample and 

quartz bucket), but that its shape remains unaltered. Consequently, the polynomial fit was scaled 

by the signal values at 120OOC and it was then subtracted from the data. Figure 2.13 presents the 

data from Figure 2.1 1 corrected in this manner. 

2.4. Experimental Procedures for TGA/TPD. 
The following experimental procedure was used for a typical TGA/TPD experiment. 

(1) The carbon sample was placed in the quartz sample bucket in the apparatus. The system 

was then purged using a repeated cycle of evacuation followed by backfilling with helium, a total 

of three times. 

(2) The sample was then thermally cleaned by heating in ultrahigh purity helium to a 
temperature 5OoC less than the sample pyrolysis temperature. The holding time for this temperature 

was 15 minutes or until no CO or C02 could be observed mass-spectrometrically evolving from 

the sample. The sample was then cooled to room temperature in helium. 

(3) The‘system was then evacuated, and the oxidant gas (Le., oxygen, C02 or other gas 

mixtures) was introduced into the system. The sample was then heated to the desired gasification 

or activation temperature, which was maintained until the desired burn-off was achieved. 

(4) At the end of a gasification run, the system was immediately evacuated and backfilled 
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with helium. After the oxidized sample was cooled to room temperature in helium, the helium 

carrier gas flow rate was set. 

(5) The mass spectrometer was calibrated prior to each TPD experiment, as discussed in 

Section 2.2.1. 
(6) The sample was then heated at the desired heating rate to an ultimate temperature of 

12OO0C, and the evolution rates of CO and C02 (as well as H20 and 02) were measured with the 

mass spectrometer. The temperature, pressure and the analog signal from the mass spectrometer 

electrometer were digitized and recorded in a data file on the microcomputer. 

Figure 2.14 presents a typical TGA time history for a resin char sample pyrolyzed in helium 

at 1000°C for 2 hours. An example of the raw TPD experimental data, along with the TGA trace is 
shown in Figure 2.15, for resin char gasified in oxygen at 47OOC to 15% burn-off. 

2.5. TGA System for Steam Reactivity Measurements. 
2.5.1. The Apparatus. 

An existing Cahn 113 TGA system was modified to conduct steam gasification experiments 

in steam/helium mixtures. A schematic of the resultant apparatus is presented in Figure 2.16 

Basically, a steady flow of steam is established by metering liquid water with a syringe pump 

(Harvard ApEaratus Co. Inc.) into the steam feed tube (1.0 mm stainless steel tube). The water 

charged to the syringe pump was deionized and degassed to eliminate any dissolved oxygen. The 

syringe and the liquid water feed tubing were fully purged with helium prior to initiation of the 

water flow. The liquid feed system was initially filled only to the needle valve (disconnect point), 

to avoid any liquid being present in the vaporization tube during iktial evacuation of the TGA 

enclosure. The liquid water flow rates and the corresponding steam partial pressures are presented 

in Table II. 10. 

This water feed tube passes upward through the furnace zone inside the “hangdown” tube. 

The water is vaporized in this region and is admitted in an upward direction above the sample 

bucket, where it rapidly mixes with a downward flow of ultrahigh purity helium. This juxtaposed 

flow configuration was found to improve mixing, while also serving to prevent steam from 

entering the microbalance mechanism. 
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About 50 mg of char were typically charged to the quartz sample bucket. The sample was 

heated at a rate of 40K/min in ultrahigh purity helium (1 10 ml/min) to a temperature 50°C below the 

pyrolysis temperature of the particular sample. This temperature was maintained for thirty minutes 

to thermally clean the surface of the char sample of any adsorbed oxygen. The sample was then 

cooled down to 600°C and the water flow to the steam generator was started. The sample was then 

heated up to the reaction temperature at a rate of 5OK/min. After the sample w k  burned-off to the 

desired extent: the syringe pump was shut off and the water supply valve was closed, the furnace 

was opened and the cooling fan located below the hangdown tube was turned on; and the sample 

was cooled down in flowing helium. This procedure was determined to produce a cooldown rate 

of 400Wmin @om 850°C to 400°C. 

2.5.2. Performance Tests of the Apparatus. 

In order to examine the effect of the degree of mixing between the upflowing steam and the 

downflowing helium, steam gasification reactivities at a constant set of conditions were measured 

at various steam feed tube outlet locations above the rim of the sample bucket. Figure 2.17 shows 

that the resultant reactivities are practically constant at the various locations investigated for 

Wyodak coal char pyrolyzed at 1000°C following burn-off to 10% in 50% steadhelium mixtures 

at 850°C. Consequently, it is concluded that the steam and helium flows were well mixed over this 

range of locations of the outlet of the steam feed tube. It was also found that this system could be 

operated quite well without any noticeable condensation of steam at steam fractions as high as 67% 
at the lowest reaction temperature of 750OC. 

2.6. Temperature Programmed Desorption (TPD)/Reduction (TPR) of 
Steam-Gasified Samples. 
As indicated above, the TPD spectra of the steam-gasified char samples were obtained in the 

TPD-MS/TGA apparatus schematized in Figure 2.3 TPD spectra were obtained at a heating rate of 

5OK/dn from ambient temperature to 1200°C at a pressure of about 30 torr in flowing ultrahigh 

purity helium at about 120 mI/min. The mass spectrometer was calibrated prior to each run as 

described above in Section 2.2.1. 
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For temperature programmed reduction (TPR) experiments, a carrier gas mixture of 4.86% 

H2 in He (Liquid Carbonic Co.) was used. The H2 signal was calibrated according to this mixture 

percentage, correcting for the background at d e  = 2 in pure helium. The hydrogen flow rates used 

for these experiments are listed in Table II. 11. 
TPD and TPR spectra data were taken using the program TPD DAQ. This program recorded 

temperature, pressure, and five mass peaks (H2, H20, CO, C02 and CHq) via analog signals to 

the MacADIOS Jr. 625 interface. The program also controlled mass programming of the mass 
spectrometer and the heating rate. Comparisons of CO desorption rate data for different runs with 

the same sample indicate that the properly calibrated TPD spectra are reproducible to & 10%. 

Another problem that was addressed is the effect of exposing the sample to ambient air 
during transit from the steam gasification TGA to the TPD-MS/TPD apparatus for measuring the 

TPD spectra. The samples were burned off and cooled down in the TGNreactivity system and 

were immediateIy (ca. 3-5 minutes) transported to the TPDDGA-MS apparatus. Exposure tests of 

the gasified sample to air at ambient conditions demonstrated that the desorption spectra remained 

quite similar with exposure time, but that the absolute levels of oxygen increased steadily with 

exposure timi. A one week exposure increased the surface oxygen by approximately 10%. Figure 
2.18 presents TPD spectra for Wyodak coal char (pyrolyzed at 1000°C) taken immediately 

following 5% burn off at 85OoC in 50% steam/helium mixtures and following exposure in ambient 

air for one week. As shown, the effect of transporting in air is minimal. 
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Table II.1. Elemental composition (wt %) of Wyodak and Pittsburgh #8 coal 
samples.? 

Element Wyodak Pittsburgh #8 

C 
H 
0 
S 
Ash 

75 
5.4 
18 
0.6 
5 

83 
5.3 
9 
2.2 
9 

TVorres, 1993; Cy H, 0 are on MAF basis; S and ash are on dry basis. 

Table II.2. Mineral matter composition of ash (%) for Wyodak and Pittsburgh #8 
coal samples.+ 

Pittsburgh #8 

At 
Ba 
ca 
Fe 
.K 
Mg 
Mn 
Na 
P 
S 
Si 
Sr 
Ti 

8.2 
0.4 
10.8 
7.1 
0.7 
2.2 
0.3 
1.1 
0.5 
8.8 
10.8 
0.3 
0.7 

13.3 

1.9 
13.6 
1.7 
0.8 
- 
- 

0.8 
15 
- 
0.7 

%ones, 1993. 



Table II.3. Elemental composition of phenolic resin char as a function of 

pyrolysis temperature.? 

wt% 

1000 

1111 

1243 

1400 

~~ 

N 

0.4 

0.2 

0.2 

0.1 

C 

97.1 

97.9 

98.5 

98.8 

H 

0.8 

0.7 

0.3 

0.3 

0 

1.7 

1.2 

1 .o 
0.8 

TWojtowicz, 1987. 
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Table II.4. Calcium and iron content of the various samples? as determined by 

Atomic Absorption (AA) Spectroscopy. 

Sample Ca (wt%) Fe (wt%) 

Wyodak Char (Wy) 

Pittsburgh # 8 

Wyodak(dem) Char 

0.67 

0.083 

0.13 

0.5 1 

1.79 

0.07 

Fe Ion Ex/Resin - 
Fe Ion Ex/Wy(dem) - 
Fe Impregnated/Resin - 
Fe Impregnated/Wy (dem) - 

0.038 

0.098 

0.6 1 

1.06 

Ca Ion Ex/Resin 

Ca Ion Ex/Wy(dem) 

e 0.0051 
0.16 

Ca Impregnated/Resin 0.16 

Ca Impregnated/Wy(dem) 1.40 

+All the char samples were prepared at a pyrolysis temperature of 1000°C for 2h. 



Table II.5. Relative pressure, PIP" values, and corresponding N2 (adsorbate) 
and He (carrier gas) flow rates.? 

PIP" vHe ccmS/min) 

1.00 0.00 

0.95 0.62 

0.90 1.64 

vNZ (cm3/min) 

20.00 

19.38 

18.36 

I 0.85 I 2.66 I 17.34 I 

0.75 

0.70 

0.65 

0.60 

0.55 

0.50 

0.45 

0.40 
0.35 

0.30 

0.25 

0.20 

0.15 

0.10 
0.05 

I 0.80 I 3.68 I 16.32 I 
4.70 15.30 

5.72 14.28 

6.74 13.26 

7.76 12.24 

8.78 11.22 

9.80 10.20 

10.82 9.18 

11.84 8.16 

12.86 7.14 

13.88 6.12 

14.90 5.10 

15.92 4.08 

16.94 3.06 

17.96 2.04 

18.98 1.02 

?Laboratory Manual, Chemical Engineering Laboratory, Division of Engineering, Brown 

University. 
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Table II.6. BET surface areas of various char samples. 

Resin Chars 

WY Chars 

850°C Resin 

276 

850°C WY 

s (m2/@ 158 

Pitts#8 Chars 850°C PA 

5.8 

900°C Resin 950°C Resin 

330 288 

900°C WY 950°C WY 

176 168 

900°C PA 950°C PA 

2.5 2.2 

1000°C Resin 

128 

lo0O0CwY 

158 

lO00"C PA 

3.8 

Table II.7. BET surface areas of Ca-loaded samples. 
~~ ~~ ~~ ~ ~~ ~~ ~ ~ 

Chars Ion Ex./Resin Ion Ex./ Impregnated/ Impregnated/ 

WY(dem) Resin WY(dem) 

7.1 4.5 2.2 51.4 

Table II.8. BET surface areas of Fe-loaded samples. 

Chars Ion Ex./ 

Resin 

2.3 

Ion Ex./ 

WY(dem) 

10.5 

Impregnated/ Impregnated/ 

Resin WY(dem) 

57.8 10.2 
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Table IL9. Summary of third order polynomial coefficients 
for the voltage-temperature relationship for 

the type R thermocoup1e:t 
T = c 1 +  ~2 x (em9 + ~3 x (ern92 + c4 x (em93 

Temperature 
Range 

[300,600] 

[600,1250] 

C1 

1.2446 

c2 

1.7168 

34.151 1.2069 

48.722 1.1096 

c 3  

. -3.299~ 

-2.46 1~10-~ 

"fT is the temperature in OC; emf is the voltage, 100 x mV. 

c4 

2.0 60x1 0-7 
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Table II.10. Liquid water flow rates and steam partial pressures.t 

Syringe ' 
Reading 

H2O Flow 
(ml/min) 

H20  Flow Steam % Partial Pressure 

(mol/min) (torr) 
~~ ~ ~ ~~ 

20 0.1558 0.008630 67 .O 516 

22 0.0794 0.004398 50.8 391 

24 0.0406 0.002249 34.6 266 

26 0.0208 0.001152 21.3 164 

29 0.00758 0.0004199 9.00 69 

?The density of H20 at 20°C is 0.9982 g/ml. The corresponding helium flow rate was 0.004247 
moVmin at the 50% mark on the flow meter. 

Table II.11. Hydrogen flow rates for TPR experiments. 

(4.86% H2 in He gas mixture (Liquid Carbonic Inc.) 

Scale 

Reading 

He 

(s115ml) 

H2/He 

(s/15ml) 
H2 

(ml/min) 

70 

80 

90 
100 

110 

120 

10.1 

8.4 

7.1 

5.8 

4.6 

3.8 

10 

8.2 

6.7 

5.5 

4.6 

3.9 

4.374 

5.334 

6.528 

7.953 

9.509 

11.215 
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Figure 2.1. Schematic of the gas flow circuit of the Quantasorb surface area 
analyzer. 
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Nitrogen uptake at 77 K on Wyodak coal char gasified in oxygen 
at 42OOC to 30% bum-off. 
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3.0. CO, GASIFICATION - 
THE EFFECTS OF PARTIAL PRESSURE AND CHAR “AGE” ON CHAR 

REACTIVITY VIA TEMPERATURE PROGRAMMED DESORPTION 

3.1. Introduction. 

3.1.1. Reactivity and C 0 2  Partial Pressure. 

The most generally accepted mechanism in the literature for the carbon-C02 reaction is the 

Ergun-Mentser mechanism (1956): 

k l  
c 0 2  + cfw co + C(0) p . 3 -  13 

k-1 

k2 
C(0) 3 co + cf p.3-21 

where C(0) is a carbon-oxygen surface complex and cf is vacant carbon active site. The first step 

represents an oxygen-exchange reaction in which certain active sites can remove an oxygen atom 

from C02 and, in the reverse reaction, oxygen surface complexes can be removed by carbon 

monoxide. The second step is the desorption of the carbon-oxygen complex to yield another 

molecule of carbon monoxide, thereby satisfying the overall stoichiometry, gasifying the carbon, 

and generating a new active site. 

The rate of the carbon-C02 gasification reaction is affected by many factors, including C02 

partial pressure. It is widely accepted that the pressure dependence of the gasification rate can be 

expressed as a Langmuir-Hinshelwood type expression, whether the reaction is catalyzed (e.g., 

Kapteijn and Moulijn, 1983) or not (Ergun, 1956); i.e., 
kl CtPco, r= 

where C, is total number of active sites, and PCO and PCO are the partial pressures of CO and 

CO,, respectively. Even though the single-site oxygen exchange mechanism has been questioned 
2 
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(e.g., see Turkdogan and Vinters 1969; Strange and Walker, 1976; Koenig, et al., 1985; Freund, 

1986), the experimental results all show that the C-C02 reaction rate varies monotonically with 

C02 partial pressure. 

Turkdogan and Vinters (1969) reported C02 gasification rates in the absence of CO in the 

reactor feed to be proportional to P OS at pressures less than 10 atm, and to be zeroth order with 

respect to CO, at P=lO-20 am. The results of Koenig et al. (1985) also agree with this result. 

These latter workers proposed a model involving a two site adsorption and dissociation of C02 to 
explain this behavior. The two site adsorption of C02 can be expressed as: 

co2 

kl  

k-1 

c02 +2cfc) c* 

where C* is the two-site surface complex. One possibility for the structure of C* is a lactone type 

surface species which can eventually decompose to reform the reactants or dissociate as follows: 

k2 

k-2 

c* f) C(0) + C(C0) 

where C(0) and C(C0) are surface complexes. The desorption of C(C0) and C(0) would then 

[R.3-31 

lp3-41 

proceedas: - 

[R3-51 
k3 

C(C0) c) Cf + co 
k-3 

k4 
C(0) + co ~ 3 - 6 1  

According to this model, the reaction rate, r, for a system with negligible CO exhibits a square root 

dependence on C02; viz., 
0.5 

Calo and Perkins [1987] demonstrated that the 1/2 order C02 partial pressure behavior can 
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also arise from the energetic heterogeneity of the carbon surface. These workers analyzed the 

steady-state kinetics of the Boudouard reaction based upon a heterogeneous surface description of 

carbon. The heterogeneous surface model (HSM) proposed indicates that the actual behavior 

exhibited by any particular set of gasification rate data in the chemically-controlled regime is 
dependent in a complex manner on a number of factors including surface heterogeneity, as well as 

temperature and amounts of CO and CO2 

Since gasification of carbon by an oxidant gas proceeds by the formation and decomposition 

of intermediate oxygen surface complexes at active sites, the desorption of the oxides of carbon 

from the surface is an important step in the gasification mechanism. In this regard, temperature 

programmed desorption (TPD) has become a standard technique for investigating the physico- 

chemical state of adsorbed species on carbon surfaces. In this chapter, TPD spectra are interpreted 

in terms of the energetic heterogeneity of the carbon surface. This technique yields the desorption 

activation energy distribution of the surface complexes, which is used to investigate the effect of 

C02 partial pressure on carbon reactivity. 

3.1.2. Reactivity and Char ‘‘Age”. 
A verynwide range of reactivities has been reported in the literature for the carbon-C02 

reaction. These values depend on many factors, including the nature of the char itself. One factor 

that plays an important role is the “age” of the char. A char is said to be “old” if it has been heat- 

treated at high seventy; that is, at high temperature for an extended time, and, consequently, has 

relatively low residual oxygen and hydrogen content. In general, it has been observed that the 

specific gasification rate decreases with increasing pyrolysis severity (e.g., Jenkins et al., 1973; 

Wojtowicz, 1987; Slaghuis et al., 1991; Johnson 1979; Radovic et al., 1983; Miua, et al., 
1989; Calemma and Radovic, 1991; and Rodriguez-Mirasol et al., 1993). This effect can be 

attributed to the loss of heteroatoms and the disappearance of structural defects. Gasification occurs 

primarily at active sites, which are usually thought to be associated with various types of 

imperfections in the carbon structure, such as defects in the basal planes and edge carbon atoms, 

and in combination with mineral matter. How the “age” of a char effects the active site density is an 

important factor in determining its reactivity. 

It is well known that char gasification by an oxidant gas proceeds via the formation of 
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oxygen surface complexes at active sites. The desorption of surface oxygen as CO from active sites 

is an important mechanistic step in the reaction kinetics of gasification. Temperature programmed 

desorption (TPD) has become a standard technique for investigating the physico-chemical state of 
adsorbed species on carbon surfaces. The theory and application of TPD to energetically 

homogeneous surfaces has been well developed. For example, Hiittinger and Nil1 (1990) 

developed a theory using TPD data to correlate gasification reactivity assuming a homogeneous 

carbon surface with a single desorption activation energy. However, other reports have indicated 

that the desorption activation energies of oxygen surface complexes are distributed due to surface 

heterogeneity (Feates and Keep, 1970; Tremblay et al., 1978; Trapnell, 1955; Calo and Hall, 
1990). In this section, the effect of char “age” on reactivity is investigated from the point of view 

of a heterogeneous char surface. More specifically, TPD spectra, interpreted in terms of energetic 

heterogeneity, are used to examine the effect of char “age” on the concentration of active sites and 

the concomitant desorption activation energy distribution, and to determine the relationship 

between char “age” and reactivity. 

3.2. Experimental. 
The basic experimental details and procedures have been presented in Section 2.0 The 

samples used in these experiments were Wyodak subbituminous coal char produced from coal 
samples obtained from the Argonne Premium Coal Sample Bank (Vones, 1993), and a resin char 

produced from phenol-formaldehyde resin synthesized in our laboratory. 

C02 partial pressure variation was achieved by mixing pure helium gas and pure C02 on an 

absolute pressure basis. All the oxidation and thermal desorption experiments were carried out in 

the TPD-MS/TGA apparatus. For gasification, the samples were exposed to the oxidant gas 

mixture at one atmosphere at the desired temperature to a certain level of bum-off. The gasification 

temperature selected for Wyodak coal char was 825”C, and the ultimate degree of burn-off was 

20%. For resin char, the gasification temperature selected was 900°C, and the burn-off was 5%. 
The thermal desorptions were all carried out at a heating rate of 50K/min to 120OOC in flowing 
ultrahigh purity helium carrier gas. The operating pressure for TPD was 25 torr. 

In order to study the effect of char “age” on reactivity and thermal desorption behavior, char 
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samples of varying “age” were produced at pyrolysis temperatures of 900,950, and 1000°C for 

resin char, and 1000, 1050, and 1100°C for Wyodak coal char respectively, for two hours. For 

convenience in the current work, each char sample is named after the corresponding pyrolysis 

temperature; e.g., a char pyrolyzed at 1000°C is called ‘‘1O0OoC char”. 

3.3. The Effects of CO2 Partial Pressure on Reactivity. 

3.3.1. Overview. 
The C02 partial pressure was varied from 100% to 40% of the at a total pressure of one 

atmosphere by dilution with helium. Figure 3.1 presents the plot of log-log plot of the reactivity, r, 
vs. the C02 partial pressure for resin char. Here reactivity, r, is defined as an intensive property, 

in terms of unit mass of solid reactant; i.e., 

C3-31 2 
r = -(l/m) (drddt) = exp(-Ea/RT) Prim 

where k = ko exp(-Ea/RT) is the apparent overall rate constant, ko is the pre-exponential factor, E, 
is the overall apparent activation energy, R is the gas constant, Tis the absolute temperature, P co2 
is the C02 partial pressure, and n is the apparent overall reaction order. 

As shown, the partial pressure has a significant effect on char reactivity at 900°C at 5% bum- 

off, and the reactivity of the char increases with increasing C02 partial pressure. From Eq.[3.3], 

the slope of the plot of ln(r) vs. ln(Pco ) is equal to the overall or apparent reaction order, n. As 

shown in Figure 3.1, for the resin char the apparent reaction order, n, is 0.71. 
2 

The CO2 partial pressure has a similar effect on the reactivity of Wyodak coal char gasified in 

C02/He mixtures to 20% burn-off at 825OC, as shown in Figure 3.2. Since the Wyodak coal char 

contains mineral matter, its reactivity is significantly higher than that of resin char, even at a lower 

gasification temperature. The apparent reaction order for the Wyodak coal char, determined from 

the plot in Figure 3.2, is 0.6. It has been reported that the reaction order for C02 gasification is 

first order in C02 at low pressure (c108 millitorr) (Biederman et al., 1976), and half order at 

higher pressure (Turkdogan and Vinters 1969; Koenig et al. 1985). The reaction order observed 

in the current work lies between these two values, as may be expected. 

When char samples oxidized in pure C02 or in mixtures of C02 and helium are subjected to 
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a program of increasing temperature, the intermediate oxygen surface complexes desorb primarily 

as CO and CO2 An example is shown in Figure 3.3, which presents TPD spectra for Wyodak 

coal char gasified in an 80/20 C02/He mixture at 825OC to 20% burn-off. As can be seen, there are 

at least two principal features centered at about 55OoC and 620°C in the C02 TPD spectra. These 

two C02 peaks are due to the existence of mineral matter in the Wyodak coal char samples. 

Wyodak coal ash contains large amounts of CaO (15.1%) and Fe2O3 (10.2%) (Vorres, 1993). 

Calcium-catalyzed carbon gasification has been studied by a number of workers (Kapteijn and 

Moulijn, 1983; Meijer, 1992; Cazorla-Amoros et aZ.,1991; Cazorla-Amoros et al., 1992; Perez- 

Florindo et al., 1993). It has been shown that the C02 peaks in this temperature range are 

associated with calcium in the samples. 

In a calcium-carbon interaction study, Cazorla-Amoros et aZ. (1991) proposed a three-zone 

model for the particles of calcium: the external surface of CaO without any contact with carbon, the 

contact interface with carbon, and the perimeter of the calcium-carbon contact zone. It was 

concluded that the lower temperature C02 peak is associated with the external surface of CaO with 

no contact with the carbon; i.e., it corresponds to the noncatalytically active calcium. The higher 

temperature C02 peak is associated with the CaO-carbon interface which corresponds to the active 

calcium catalyst. When C02 interacts with CaO, the external surface of the calcium catalyst and the 

perimeter of the calcium-carbon contact zone are occupied by CO2 Thus the *C02 (where * 
represents an active catalytic site) species is formed in combination with the catalyst (Cerfontah et 
al., 1987); Le., 

* + c02 --> "C02 [R3-71 
It is assumed that the C02 at the perimeter and the interface of the Ca-carbon contact zone is more 

stable than in the external surface due to the stabilizing interaction of the COZ- ion with the carbon. 

During TPD, the less stable C02, which corresponds to the external surface of the catalyst, will 

desorb first to-yield the lower temperature C02 peak. Subsequently, as the temperature increases, 

the more stable C02 from the perimeter of the CaO particle will desorb to yield the higher 

temperature C02 feature. 

Also, at these temperatures species at the interface have sufficient energy to dissociate C02 to 

yield CO, which accounts for the first low temperature CO peak (ca. 65OOC). Figure 3.4, presents 
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the corresponding TPD spectra for demineralized Wyodak coal char gasified in an 80/20 C02/He 

mixture. As shown, the C02 evolution is quite low, and the low temperature CO peak is absent. 

This supports the conclusion that these low temperature peaks are attributable to mineral matter 

impurities. 

The principal features of the CO TPD spectra for Wyodak coal char samples are three 

maxima, which include one major peak and two minor peaks. For each spectrum, the principal 

peak is located at about 95OoC, and the two minor peaks are centered at about 65OOC and 1O7O0C, 

respectively. As discussed above, the CO peak at 65OOC is associated with mineral matter 

impurities. The CO desorbed at high temperatures exhibits high desorption activation energies. 

Once formed on the char surface during steady-state gasification, these oxygen surface complexes 

desorb at a negligibly low rate. That is, they are stable unless they are removed by other means, 

such as raising the temperature of the sample during TPD, and/or by direct interaction with gas 

phase species (Zhuang et al., 1994). 

The C02 partial pressure during gasification has a significant effect on the population of 

oxygen surface complexes desorbed during post-reaction TPD. As shown in Figure 3.5, for 
Wyodak coal char the oxygen population increases steadily with increasing C02 partial pressure. 

These results .are similar to those obtained for catalyzed C02 gasification, as reported by Meijer 

(1992), for example. 

The TPD spectra for resin char are different from those observed for Wyodak coal char. 

Figure 3.6 presents TPD spectra for resin char gasified in a 40/60 C02/He mixture at 900°C and 

5% burn-off. As can be seen, there is almost no C02 evolution over the entire TPD process. This 

result further supports the conclusion that the C02 peaks and the low temperature CO peak 

observed in the TPD spectra for Wyodak coal char are related to the mineral matter impurities in the 

char. 

Figure 3.7 presents the CO TPD spectra for resin char samples gasified in various CO2/He 

mixtures. As shown, the amount of oxygen surface complexes on the resin char increases with 

C02 partial pressure, and is significantly less than for Wyodak coal char gasified at even lower 

temperatures. In addition, the CO spectrum is shifted significantly to higher temperatures than 
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those for Wyodak coal char. There is only one principal CO TPD feature evident in the spectra for 

resin char, centered at about 10IO°C. 

3.3.2. The Distribution of Desorption Activation Energies. 

Du et af. (1990) and Calo and Hall (1991) developed distributed activation energy models 

for the desorption of oxygen surface complexes from carbons following 0 2  and C02 gasification. 

Here the distribution of desorption activation energies was calculated using the method described 

by Calo and Hall (1991), as presented in Section 1.5.3. The resultant relationship between the 

instantaneous CO desorption rate and the distribution of desorption activation energies is: 

d[CO]/dt=[C-O]oS(E*)dE*/dt 13.41 
where E* is $e local desorption activation energy, as approximated by an instantaneous step at 

energy E*, S(E*) is the desorption activation energy probability density function, d[CO]/dt is the 

desorption rate of oxygen surface complexes as CO during TPD, and [C-01, is the total initial (i.e. 

prior to the initiation of desorption) amount of CO-evolving oxygen surface complexes on the 

surface. Based on the classical work of Redhead (1962), for 108,u,lp<1013 (K-l), the 

parameters are related by: 

E*/RT=h [U,T/~] -3.64 [W 
where E* is the approximation to the local activation energy for desorption, I+, is the pre- 

exponential frequency factor of the desorption rate constant, T is the absolute temperature, and p is 
the heating rate. From Eq. [3.5], for a linear heating rate, p: 

dE*/dt = E*p/I’ 13.61 
and substituting into Eq. 13.41: 

d[COl/dt=[C-O]oS(E*) E*p/T [3*71 
Since a TPD experiment gives the instantaneous desorption rate directly, then E* and dE*/dt 

define the initial energetic distribution of surface complexes experimentally. The oxygen surface 

complexes present on the char surface were essentidly completed decomposed by heat treatment to 

1200°C, as shown in Figures 3.3 to 3.7. Therefore the entire desorption activation energy 

distribution, [C-O],S(E)*, can be determined from Eq.[3.4] by knowing the instantaneous 

desorption rate from TPD. 

The determination of a desorption activation energy distribution requires a value of the pre- 
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exponential factor, uo. It was assumed that the pre-exponential factor is constant for the entire 

distribution and that it does not vary with heating rate. Therefore, in order to determine an 
appropriate value of vo, a series of TPD runs were at various heating rates for the same oxidized 

char samples. The distributions of desorption activation energies predicted from these TPD spectra 

as determined from Eq. [3.7] should be invariant with heating rate for the “c~rrect’~ constant value 

of Vo. 

Three TPD runs at heating rates of 50,75, and 100Wm.h for 1000°C resin char gasXed‘in 

C02 at 860°C to 5% bum-off were performed. The resultant TPD spectra are presented in Figure 

3.8. A value of uo=lO1o [min-l] yielded good predictions for the resin char, as shown in Figure 

3.9. The latter figure presents a comparison of predicted desorption activation energy distributions 

for TPD runs at the three heating rates for the resin char samples using a pre-exponential factor of 

uo=lO1o [min-l]. A sinlilar result was obtained for the Wyodak coal char samples. A value of 

v ~ = ~ O ~ ~  [min-l] was also reported by Calo and Hall (1991) for resin char, Wyodak and 

Pittsburgh #8 coal chars for TPD spectra obtained following oxygen gasification. 

Figure 3.10 presents the resultant desorption activation energy distribution for resin char 

samples gasified in various C02/He mixtures. As can be seen, as the C02 partial pressure during 

gasification decreases, the desorption activation energy distribution of the char also changes. The 

same trend was also found for Wyodak coal char samples gasified in various CO#e mixtures, as 
shown in Figure 3.11. In comparison to the results for Wyodak coal char, the energetic 

distributions of oxygen surface complexes for resin char samples are shifted to higher energies. 

3.3.3. The Rate-Controlling Step. 
Char gasification by oxidant gases occurs via formation and desorption of oxygen surface 

complexes. It has been suggested by some authors that C02 gasification is desorption rate- 

controlled (Marchon et al.,1988; Cerfontain et al., 1987; Chen and Yang, 1992; Calo and 

Hall,1991; and Mentser and ErgunJ973). However, Meijer (1992) has argued that for uncatalyzed 

C 0 2  gasification, two rate-determining processes are operative: (1) the decomposition of 

semiquinone .surface complexes; and (2) the formation of carboxylic acid species from the 

interaction of C02 with the semiquinone species. It was also concluded that their relative 

contribution to the gasification rate is controlled by the C02 partial pressure. 
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In order to address the issue of the rate-controlling step in the current work, some specific 

experiments were performed. In one series of experiments, resin char samples were initially 

gasified in various C02/He mixtures, varying the C02 partial pressure at a temperature of 900°C at 

5% burn-off. These chars were then rapidly cooled in helium to room temperature, and post- 

reaction TPD was performed at a heating rate of SOK/min to 1200OC. The same experiments were 

then repeated except that the char samples were slowly cooled in the reaction gas or gas mixtures to 

mom temperature. The latter experiments were performed to assess whether or not the surface was 

saturated with oxygen surface complexes at gasification conditions. It was reasoned that if the 

gasification reaction was not controlled by the desorption step, reactive unoccupied active sites 

would exist which by cooling in C02 or in a C02/He mixture in this manner could be saturated 

with oxygen surface complexes as the temperature decreased. Consequently, the resultant TPD 

spectra would differ from that obtained following rapid cooling in helium. 

Figure 3.12 presents a comparison of the TPD spectra for two resin char samples gasified ,in 

pure C02 at the same conditions (i.e., at 900°C to 5% burn-off), but cooled in helium and C02 

respectively. As can be seen, the two TPD spectra are virtually identical. This result implies that 

gasification in pure C02 for resin char under these conditions is indeed desorption rate-controlled. 

However, as shown in Figure 3.13, a similar set of experiments following gasification in 60/40 

COz/He mixtures yields different TPD spectra. As is evident, the principal difference lies in the 

low temperature suiface complex populations. That is, the CO desorption over the temperature 

range between 600°C and 900°C for the sample cooled down in the reaction mixture is greater than 

that for the sample cooled in He. This result is interpreted to mean that unoccupied active sites 

existed during the steady-state gasification in the 60/40 C02/He mixture. These unoccupied active 

sites remained unoccupied when the samples were cooled down in He, but were populated with 

oxygen surface complexes by cooling down in the reaction mixture. 

Figure 3.14 presents a comparison of the desorption activation energy distributions for these 

two resin char samples. Since the surface complexes with the lowest desorption activation energies 

desorb at the lowest temperatures, it is obvious that the population of these complexes was 

significantly less following cooling in helium than in the reaction mixture. Therefore, it is 
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concluded that gasification of the resin char in the 60/40 C02/He mixture probably involves two 

processes: (1) slower surface complex desorption-control for the high temperature or high 

desorption energy species; and (2) relatively fast surface complex desorption for low desorption 

energy species. This second process is obviously affected by the C02 partial pressure. For this 

latter case, the gasification rate is not controlled by the desorption rate, since it is comparable to the 

rate of surface complex formation. 

Kapteijn et af. (1994) proposed following four-step model for uncatalyzed C02  carbon 

gasification: 

kl  
co2+cft)co+cf(o)  

k-1 

k2 
c02 + CCf(0) t) co + C(O)cf(O) 

k-2 

k3 
C(O)Cf(O) + co + qo) 

Cr(0) -+ co + cf 
k4 

1R.3-81 

[R.3-91 

[R.3-101 

[R.3-111 
In the first step, [R.3-8], C02 reacts with an active carbon site to form a gas phase CO molecule 

and a stable, 'semiquinone-type Cf(0) complex. In the second step, [R.3-9], C02 reacts with a 

carbon atom that is adjacent to a semiquinone-type oxygen surface complex to produce CO and a 

new type of complex with an out-of-plane oxygen atom, that is less stable than the semiquinone- 

type complex. This new type of complex has been suggested by molecular orbital calculations 

(Chen et af., 1993), and it results in an important weakening of the neighboring carbon- carbon 

bonds such that its decomposition results in the formation of a gas phase CO molecule and a 
semiquinone-type complex according to [R.3-101. In the final step, CR.3-111, the semiquinone- 

type complex desorbs to produce a gas phase CO molecule and a free active site, although at a 

slower rate than [R.3-101. This model was used to explain the two-time scale isothermal 

desorption of oxygen surface complexes following steady-state gasification; i.e., 
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r = k3 C(O)C!&O) + k4 Cf(0) P.81 
where the isothermal desorption rate is slow for Cf(0) and fast for C(O)cf(O) complexes. It was 

also concluded that the weak temperature dependence of the rate parameters k3 and k4 are most 

probably due to a distribution of desorption activation energies (Kapteijn et al., 1994). 

In the current context, this model may also explain the behavior of the reactivity and surface 

complex populations with C02 partial pressure. That is, as the C02 partial pressure decreases, 

[R.3-91 would become rate-limiting, and the population of the low temperature (Le., low 

desorption activation energy) complexes would decrease; precisely as was observed. 

These conclusions for the resin char also holds true for Wyodak coal char. Figure 3.15 

presents a comparison of the CO TPD spectra for Wyodak coal char gasified in C02 and cooled 
down in C02 to that cooled down in He. As shown, the two spectra are almost identical, indicating 

that gasification of Wyodak coal char in pure C02 at one atmosphere is desorption rate-controlled. 

However, as shown in Figure 3.16, the TPD spectrum for Wyodak coal char gasified in a 60/40 

C02/He mixture and cooled down in the same mixture is different from that cooled down in He. It 

should be noted that mineral matter (most probably calcium) in the Wyodak coal char plays a 
significant role in determining the population of the low temperature surface complexes which turn 

over quickly during gasification. The absolute amount of the low temperature oxygen surface 

complexes is significantly greater for Wyodak coal char than for the resin char, which contains no 

mineral matter. Therefore the mineral matter in the Wyodak coal char preferentially catalyzes the 

formation of low desorption activation energy surface complexes. This represents the fundamental 

nature of the catalytic effect. This is the principal reason that the reactivity of Wyodak coal char is 

significantly higher than that for resin char even at lower gasification temperatures. 

3.3.4. Reactivity Predictions. 
For conditions where the gasification rate is desorption rate-controlled, the reactivity can be 

predicted/correlated from the desorption activation energy distributions. The desorption rate- 

controlled reactivity is given by: 
00 

r =I, u0 exp(-E*/RT) [C-O],S(E*) d ~ *  13.91 
Figure 3.17 presents a parity plot of predicted versus measured reactivities for resin char in 
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one atmosphere of C02 as a function of temperature. As shown, the agreement between the 

predicted and expeiimental measured values are reasonably good. It should be noted that these 

predicted reactivities are based on a TPD spectrum for resin char (pyrolyzed at 95OOC for 2 hours) 

gasified in C02 at 900°C, and the predicted values presented in Figure 3.18 are based on the TPD 

results for the same resin char, but gasified at 89OOC in C02. Both of these results are good. 

Therefore, it can be concluded that the correlation of reactivity with the TPD desorption rate is 

feasible. The agreement between predicted and measured reactivities are also good for Wyodak 

coal char, as shown in Figure 3.18. 

3.3.5. Summary and Conclusions. 
The objective of the preceding was to explore the relationship among reactivity, C02 partial 

pressure, and post-reaction TPD spectra in terms of energetic heterogeneity of the char surface and 

to predict/correlate reactivities using resultant distributions of desorption activation energies. The 

results show that C02 partial pressure during gasification has a signiscant effect on the population 

of oxygen surface complexes for both chars. Generally, the oxygen surface coverage increases 

with increasing C02 partial pressure. 

Reactivity is desorption rate-controlled for pure C02 gasification for both Wyodak coal char 

and resin char. However, as the C02 partial pressure decreases, the formation rate of surface 

complexes becomes comparable, and the reaction is no longer desorption rate-controlled for both 

chars. 

Mineral matter (most probably CaO) in the Wyodak coal char plays a significant role in 

determining the low temperature surface complex population. The amount of low temperature 

oxygen surface complexes is much higher for the Wyodak coal char than for resin char. It is 

concluded that this is the principal catalytic effect of the mineral matter and is the main reason that 

the reactivity for Wyodak coal char is significantly higher than that for resin char at even lower 

gasification temperatures. 

Prediction/correlation of reactivities from the desorption activation energy distribution is 

shown to be feasible for the carbon-C02 reaction operating under desorption rate-controlled 

conditions for both resin and Wyodak coal char. 
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3.4. The Effects of Char “Age” on Reactivity. 

3.4.1. Overview. 
A very wide range of reactivities has been reported in the literature for the carbon-C02 

reaction. These values depend on many factors, including the nature of the char itself. One factor 

that plays an important role is the “age” of the char. A char is said to be “old” if it has been heat- 

treated at high seventy; that is, at high temperature for an extended time, and, consequently, has 

relatively low residual oxygen and hydrogen content. In general, it has been observed that the 

specific gasification rate decreases with increasing pyrolysis severity (e.g., Jenkins et al., 1973; 
Wojtowicz, 1987; Slaghuis et al., 1991; Johnson 1979; Radovic et al., 1983; Miura, et al., 

1989; Calemha and Radovic, 1991; and Rodriguez-Mirasol et al., 1993). This effect can be 

attributed to the loss of heteroatoms and the disappearance of structural defects. Gasification occurs 

primarily at active sites, which are usually thought to be associated with various types of 

imperfections in the carbon structure, such as defects in the basal planes and edge carbon atoms, 

and in combination with mineral matter. How the “age” of a char effects the active site density is an 

important factor in determining its reactivity. 

It is well known that char gasification by an oxidant gas proceeds via the formation of 

oxygen surface complexes at active sites. The desorption of surface oxygen as CO from active sites 

is an important mechanistic step in the reaction kinetics of gasification. Temperature programmed 

desorption (TPD) has become a standard technique for investigating the physico-chemical state of 

adsorbed species on carbon surfaces. The theory and application of TPD to energetically 

homogeneous surfaces has been well developed. For example, Hiittinger and Nil1 (1990) 
developed a theory using TPD data to correlate gasification reactivity assuming a homogeneous 

carbon surface with a single desorption activation energy. However, other reports have indicated 

that the desorption activation energies of oxygen surface complexes are distributed due to surface 

heterogeneity (Feates and Keep, 1970; Tremblay et al., 1978; Trapnell, 1955; Calo and Hall, 

1990). In this section, the effect of char “age” on reactivity is investigated from the point of view 

of a char surface heterogeneity. More specifically, TPD spectra, interpreted in terms of energetic 

heterogeneity, are used to examine the effect of char “age” on the concentration of active sites and 

the concomitant desorption activation energy distribution, and to determine the relationship 
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between char “age” and reactivity. 

3.4.2. Reactivity Measurements and TPD Spectra. 
Figure 3.19 presents a comparison of the reactivities for Wyodak coal char pyrolyzed at 

various temperatures. As can be seen, the reactivities of the resin char samples decrease with 

increasing pyrolysis temperature; i.e., the “younger” coal chars are more reactive than the “older” 

coal chars, as expected. The same trend was observed for resin char, as shown in Figure 3.20. 

These experimental data are consistent with the results of a number of other workers (e.g., see 

Jenkins et al., 1973; Wojtowicz, 1987; Slaghuis and van der Walt, 1991; Radovic et aZ., 1983; 

and Calemma and Radovic, 1991). 
Apparent activation energies, as determined from the Arrhenius plots in Figures 3.19 and 

3.20 are presented in Table III.1. These values are in the range of 200 - 250 kJ/mol which is 

similar to that reported by other workers (e.g. see Rodriguez-Mirasol et al., 1993; Calemma and 

Radovic, 199 1) for different types of carbons. These results suggest that the apparent activation 

energies of the “younger” chars are lower than for the “older” chars. 

The TPD spectra for Wyodak coal char and resin char are similar to those obtained 

previously. CO TPD spectra from resin-chars as a function of pyrolysis temperature are presented 

in Figure 3.21. As shown, the “younger” char samples exhibit a greater amount of CO evolution. 

The same trend was found for Wyodak coal char, as shown in Figure 3.22. 
3.4.3. Reactivity Predictions. 
Under desorption rate-controlled, steady-state gasification conditions, the rate of reaction 

equals the desorption rate, which can be expressed as: 

r = kd c, 8 [3. lo] 

where is 

the total moles of active sites per mole of carbon, and 6 is the fraction of active carbon sites 

covered by oxygen complex. In Section 3.3.3 it was concluded that gasification of Wyodak and 

resin char samples in one atmosphere of C02 is desorption rate-controlled. Under these 

conditions, the surface is saturated with oxygen surface complexes (i.e., the fractional surface 

coverage, 8=1), and Eq.[3.8] can be simplified to: 

is the energy-averaged desorption rate constant over all oxygen surface complexes, 
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kdct = Uo eXp(-Ed/RT) ct 13.1 I] 

where kd has been written in its Arrhenius form with a pre-exponential factor of u0. 
Eq.[3.11] applies specifically to a homogeneous surface; Le., characterized by a single 

desorption activation energy, E d  However, real char surfaces are distinctly heterogeneous. Thus 

for conditions where gasification is oxygen surface complex desorption rate-controlled, the 

corresponding rate expression for heterogeneous surfaces with a distribution of desorption 

activation energies becomes the same as EQ. [3.9]: 
00 

r =Io v0 exp(-E*/RT) S(E*) dE* [3.12] 
The distribution of desorption activation energies can be determined from Eq. C3.71, as 

discussed previously. Figure 3.23 presents a comparison of desorption activation energy 

distributions for resin char pyrolyzed at various temperatures. As shown, as the pyrolysis 

temperature decreases, the desorption activation energy distribution of the char also changes. The 

same trend was also found for Wyodak coal char samples, as shown in Figure 3.24. Compared to 

Wyodak coal char, the energetic distributions of oxygen surface complexes for resin char samples 

are shifted to higher energies. 

Figures 3.25 to 3.27 present parity plots of predicted vs. measured reactivities for Wyodak 

coal char samples pyrolyzed at 1000, 1050, and llOO°C, respectively. As can be seen, the 

agreement between the predicted and measured values is reasonably good. The parity plots for 

predicted vs. measured reactivities for resin char samples pyrolyzed at 900,950, and 1000°C are 

presented in Figures 3.28 to 3.30, respectively. Again the agreement is generally good. These 

results indicate that application of the desorption activation energy distribution to correlate/predict 

C02 reactivity, assuming desorption rate-control, is feasible. 

3.4.4. Average Desorption Activation Energies and Active Site 
Concentrations. 

Two important parameters that can be used to characterize reactivity are the apparent mean 

concentration of active sites and the average desorption activation energy. Combining Eqns. [3.9] 
and C3.101 yields: 
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In this expression, the apparent mean concentration of active sites, Ct, is set equal to [C-01, 

because for both resin char and Wyodak char, the amount of C02-evolving surface complex 

formed on the carbon surface during C02 gasification is small in comparison to [C-01. Also, 

essentially all the [C-01 surface complexes present on the char samples are decomposed by heat 

treatment to 1200°C in helium. Therefore, the apparent mean concentration of active sites, C,, can 

be determined from the temperature programmed desorption data. 

Figures 3.31 and 3.32 present the apparent mean active site concentration as a function of 

pyrolysis temperature for resin char and Wyodak coal char, respectively. These plots show that the 

mean active site concentration decreases as the pyrolysis temperature of the chars increases. This 

result means that a “younger” char has more active sites than an “older” char on a per unit mass 

basis, A similar conclusion has been reported by other workers (e.g., Rodriquez-Mirasol et al., 

1993; Radovic et al., 1983; Wojtowicz, 1987). Since gasification occurs at active sites on which 

oxygen surface complexes are formed, a char with a higher active site concentration will exhibit a 

higher reaction rate. This conclusion is consistent with the results presented in Figures 4.1 and 

4.2, Le., the “younger” chars exhibit the higher reaction rates. 

On the other hand, the mean activation energies determined from Eq.[3.11] are almost 

constant with “age” for both resin char and Wyodak coal char. The values of Ed for resin chars are 

234,237, and 238 kJ/mol, corresponding to pyrolysis temperatures of 900,950, and 1000°C; and 

211, 212, and 212 kJ/mol for Wyodak coal chars corresponding to pyrolysis temperatures of 

1000, 1050, and 1 100°C, respectively. These values of mean desorption activation energies are 

quite close to those reported for C02 gasification of a PVC char by Hiittinger and Nil1 (1990). 

Therefore, it is clear that there is little apparent effect of char “age” on the mean desorption 

activation energy, but rather that the reactivity is controlled by the active site concentration, 

especially at the lower activation energies in the distribution. In a way, this is similar to the catalytic 

effect of metals and mineral matter on carbon gasification. That is, the catalytic effect in carbon 

gasification is predominantly an increase in the number of effective sites rather than the more 

typical catalytic effect of decreasing the effective activation energy. 

3.4.5. Summary and Conclusions. 

The objective of this section was to explore the relationship among char “age”, C02 
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reactivity, and TPD spectra by means of surface heterogeneity theory and to apply the resultant 

activation energy distributions to the correlation/prediction of char reactivity. 

The results show that char reactivity decreases with the increasing “age”; i.e., the “younger” 

char samples- are more active that the “older” char samples. A relationship between the 

instantaneous desorption rate and the distribution of desorption activation energies was derived by 

assuming a continuous energetic distribution for the heterogeneous carbon surface. The 

distribution of desorption activation energies shifts to higher values as the pyrolysis temperature 

decreases. Predicted char reactivities were determined from the desorption activation energy 

distributions. The comparison of the predicted and measured reactivities indicates that using 

desorption activation energy distributions to correlate reactivity is feasible. The results of predicted 

C02 reactivity for both chars also indicate that “younger” chars have higher reactivities. 

Apparent mean desorption activation energies were determined from the distributions of 

desorption activation energies. The results show that the char “age” affects the active site 

concentration significantly. The “younger” chars possess higher active site concentrations than the 

“older” chars. However, char “age” does not have a significant effect on the mean desorption 

activation energy. The values of apparent mean desorption energies are 2349 kJ/mol for the resin 

char samples and 21 1+2 Wmol for the Wyodak coal char samples. Therefore, there is no apparent 

effect of char “age” on the mean desorption activation energy, but rather the reactivity is controlled 

by the active site concentration, especially at the lower activation energies in the distribution. 
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Table 111.1. Apparent mean activation energies as determined from 
Arrhenius plots. 

Py 1'01 y s is 
Temperature 

("C) 

1000 

1050 

1100 

Wyodak Coal Char Resin Char 

Mean Pyrolysis Mean 
Activation Temperature Activation 

Energy ("C) Energy 
(kJ/mol) (kJ/mol) 

214 900 195 

233 950 207 

243 1000 230 
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Figure 3.1. Specific reactivity of resin char gasified in C o p e  mixtures 
at 900°C to 5% bum-off as a function of C02 partial 
pressure at a total pressure of 1 atm. 
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Figure 3.2. Specific reactivity of Wyodak coal char gasified in C o p e  

mixtures at 825OC to 20% bum-off as a function of C02 
partial pressure at a total pressure of 1 atm. 
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Figure 3.3. TPD spectra for Wyodak coal char gasified in 80/20 C o p e  mixture 
a t  82SOC and 20% bum-off at a total Dressure of 1 atm. 
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Figure 3.4. 5OK/mh CO and C02 TPD spectra for demineralized Wyoaak coal char 
gasified in 80/20 C o p e  mixture at 825°C to 20% bum-off. 
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Figure 3.5. Comparison of TPD spectra for Wyodak coal char gasified 
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Figure 3.6. TPD spectra for resin char gasified in 60/40 C o p e  
mixture at 900°C to 5% burn-off. 
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Figure 3.7. Comparison of TPD spectra for resin char gasified in various 
CO@e mixtures at 900°C to 5% burn-off. 
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Figure 3.8. TPD Spectra for 1000°C resin char gasified in C02 at 860°C 
to 5% burn-off. 
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Figure 3.9. Comparison of predicted activation desorption energy distributions 
for 1000°C resin char gasified in C02 to 5% burn-off; 

pre-exponential factor = 10'O/min. 
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4.0. THE EFFECTS OF “INERT” DILUENT GASES ON CHAR REACTIVITY 

4.1. Introduction. 

One potentially important factor affecting the reactivity of chars in gasification processes that 

has not yet received much attention, is the role of supposedly “inert” diluent gases. It is well 
known that chemical systems can be affected by nonreactive, diluent gases. Among these are: 

catalytic oxidation of SO2 over supported vanadia (Hudgins and Silveston, 1975) and over 

supported Pt (Silva et aZ., 1977); the oxidation of CO over supported vanadia (Silva et aZ., 1979) 

and over supported Pt (Chakrabarty .et al., 1982); porosity development during coal pyrolysis 

(Thakur and Brown, 1982), and temperature programmed desorption of hydrogen from supported 

Ni (Weatherbee and Bartholomew, 1984). 

In the case of carbon gasification, Walker and coworkers (1977) were apparently the first to 

report a “diluent gas effect”. In a study involving both oxygen and C02 gasification of a graphite 

with a BET surface wea of 1.8 m2/g, they noted that the presence of “inert” diluent increased the 

gasification rate in the order: Xe>N2>Ar>He. In a report by Ahmed and Back (1987) on the effect 

of water vapor and inert gases on the carbon-oxygen reaction, some effects of inert gases on the 

rate of gasification were explained by their influence on gas-phase reactions through stabilization of 
radicals and inhibition of diffusion of atoms to the wall. Britten et al. (1984) also reported on the 

effects of nonreacting gases on the post-reaction desorption of CO from graphite during TPD 

experiments. These results showed that at temperatures of about 1200 - 1220 K, the CO desorption 

rates were significantly higher in Ar and Kr than they were in He, but that the desorption of C02 

was not affected by the nature of the carrier gas. 

4.2. Experimental. 
The basic experimental details and procedures have been presented in Section 2.0 The 

samples used in these experiments were Wyodak subbituminous coal char produced from coal 
samples obtained from the Argonne Premium Coal Sample Bank (Vones, 1993), and a resin char 

produced fiom phenol-formaldehyde resin synthesized in our laboratory. 
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Four different diluent gases were used for the current experiments: Xe, Ar, N2, and He. 

C02 partial pressure variation was achieved by mixing pure diluent gas and pure C02 on an 

absolute pressure basis. All the oxidation and thermal desorption experiments were carried out in 

the TPD-MS/TGA apparatus described in Section 2.0. For gasification, the samples were exposed 

to the oxidant gas mixture at one atmosphere at the desired temperature, and burned-off to the 

desired extent. The gasification temperature for Wyodak coal char was 825"C, and the ultimate 

degree of burn-off was 20%. For resin char, the gasification temperature was 900°C, and the burn- 

off was 5%. The thermal desorptions were all carried out at a heating rate of SOK/min to 120OOC in 

flowing, ultrahigh purity helium carrier gas. The operating pressure for TPD was 25 torr. 

4.3. Results. 
While maintaining the total pressure at one atmosphere, the partial pressure of C02 was 

varied from 80% to 20% by adding the inert diluent gases, He, N2, Ar, and Xe. Figure 4.1 

presents the reactivities of resin char gasified in C02/inert diluent gas mixtures at 900°C to 5% 

burn-off as a function of C02 partial pressure. It is apparent that the reactivity of the resin char 
decreases in the order: CQ2/xe > C02/N2 > C02/Ar > C02/He. The same trend was found for 

Wyodak coal char gasified to 20% burn-off at 825OC, as shown in Figure 4.2. These results are 

similar to those found by Walker et al. (1977). 

As mentioned previously in Section 3.0, for both Wyodak coal char and resin char gasified in 

C02 and inert gas mixtures, the amount of C02 desorbed during TPD runs was found to be smal l  

and negligible. Consequently, the oxygen surface complexes desorb primarily as CO. Figure 4.3 

presents the CO TPD spectra of Wyodak coal char samples (pyrolyzed for 2 hours at 1000°C) 

gasified in four different 80/20 C02finert gas mixtures at 825OC to 20% bum-off. As shown, the 

oxygen surface complexes present on char surfaces were essentially completely decomposed by the 

heat treatment to 1200°C in the carrier gas helium. Unlike the reactivity, which was found to be in 

the order Xe>NpAr>He, the total amounts of desorbed CO are in the order NpAr>Xe>He. This 

same trend is also evident in Figures 4.4 and 4.5, which present the TPD spectra for Wyodak coal 

char samples iollowing gasification in four different gas mixtures at C02 partial pressures of 60% 

and 40%, respectively. 
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Figure 4.6 presents the reactivities of demineralized Wyodak char samples gasified in 

different gas mixtures. The results show that the inert diluent gases have the same effect on the 

reactivity of demineralized Wyodak coal char as on natural Wyodak coal char, and that the 

reactivity of demineralized Wyodak char decreases in the order Xe>NpAmHe. However, as in 

Figures 4.3 to 4.5, the total amount of CO desorbed upon TPD is in the order N2>Ar>Xe>He, as 

shown in Figure 4.7. This result is the same as for natural Wyodak coal char. 

Figures 4.8 to 4.10 present a comparison of CO TPD spectra of resin char samples 

(pyrolyzed for 2 hours at 95OOC) following gasification in four different C02/imert gas mixtures at 

900°C to 5% burn-off. Once again, the total amount of desorbed CO in these TPD spectra are in the 

order NpAr>Xe>He, for both natural and demineralized Wyodak coal char. 

4.4. Discussion. 
Hudgins and Silveston (1975) proposed various hypotheses to explain the “diluent gas 

effect”. These include: (1) increased rates of desorption of CO and C02 product gases due to 

collisions between inert gas atoms and intermediate oxygen surface complexes; (2) changes in the 

efficiency of heat transfer from carbon suiface sites by collisions with inert gas molecules; (3) 
changes in the mobilities of reactants and/or products on the surface due to the adsorption of inert 
gases; and (4) physical (Le., van der Waals) adsorption of inert gases at an activated complex, 

thereby weakening the bond with the carbon surface and facilitating desorption. 

Walker gt  ul. (1977) proposed another theory for the “diluent gas effect”. These workers 

suggested that nascent sites produced upon gasification with unpaired electrons (sp3 sites), 

rehybridize at some rate to s2p2 sites, which are less reactive towards 02 and CO2. Therefore, 

possibly the rate of rehybridization is affected (Le., slowed) by interaction with inert diluent gases; 

the greater the interaction, the slower the rehybridization rate. If this were the case, rehybridization 

would be slowest in Xe and most rapid in He. On average, the fewer the reactive nascent carbon 

sites which have undergone rehybridization before a collision with 02 or C02, the greater the 

collision efficiency for the oxygen transfer step, and hence, the greater the gasification rate. Thus, 

the gasification rates in the presence of an inert diluent gas should be: Xe>NpAr>He, as was 

observed. 
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Britten et a f .  (1985) argued that since the carbon-C02 reaction proceeds via two steps 

(oxygen exchange followed by surface complex desorption), and it is believed that the desorption 

step is rate-limiting, a more rapid supply of oxygen to the desorption sites would increase the 

reaction rate. It was hypothesized that the heavier inert gases cause faster surface transport of 

oxygen, such that the rate of the carbon-C02 reaction is greater in the heavier inert gases. 

One possible explanation for the results obtained in the current work is that intrapore 

transport rates are different for the various inert gases. The samples studied by Walker et al. 

(1977) were graphite, with a BET surface area of 1.8 m2/g, which is essentially a nonporous 

material. Therefore, there can be no intrapore transport effects in these materials. However, all 

three chars using for the current study are essentially microporous, as discussed in Section 2.0. 

The total specific suiface area prior to activation is 180 m2/g for Wyodak coal char, 61 m2/g for 

resin char, and 160 m2/g for demineralized Wyodak coal char. In these materials, reaction OCCUTS 

predominantly on the internal surface area. If the various diluent gases affect the transport rates of 
C02 and CO in the very narrow porosity differently, then the effective concentrations of these 

species within the reacting porosity would be different in each case. Coupled with the potential 

effect of the rehybridization rate, these two factors together could account for the observed 

differences in reactivity. 
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5.0. THE EFFECTS OF HYDROGEN ON THERMAL DESORPTION OF 
OXYGEN SURFACE COMPLEXES 

5.1. Introduction. 
Temperature programmed desorption/reaction techniques have developed into very useful 

tools for the investigation of the surface chemistry of carbonaceous materials. Typically, surface 

oxygen complexes decompose under thermal treatment to C02 and CO. The analysis of the 

evolution of these species under different regimens and gaseous atmospheres can provide 

important information concerning the amounts, nature, chemistry, and reactivity of oxygen 

complexes present on the carbon and char surfaces. This information is important for a numbr of 

reasons, including improving the understanding of the role of hydrogen during gasification. 

The interaction of hydrogen with “nascent” reactive sites formed upon desorption of oxygen 

surface complexes has often been reported in the literature (e.g., Biederman et al., 1976; Treptau 

and Miller, 1991). In a recent study on the reduction of an oxidized, activated carbon used as a 
catalyst support (Romh-Martinez et al., 1993), it was found that hydrogen has a number of 
marked effects on the CO and C02 profiles obtained upon temperature programmed reduction 

(TPR), in comparison to those obtained upon temperature programmed desorption WD) in an 

inert gas. The results from this latter study (RomSin-Martinez et al., 1993) showed that depending 

on the nature of the oxygen complexes, hydrogen interacts with the carbon surface in different 

ways. Hydrogen can occupy reactive sites formed upon desorption of oxygen swface complexes 

and reduce some of these complexes. Moreover, the presence of hydrogen can also induce some 

secondary reactions between oxygen complexes. 
Here, the mechanisms which may be responsible for the observed phenomena are 

investigated. 

5.2. Experimental. 
Phenol-formaldehyde polymer resin was carbonized in nitrogen at 5 Wmin to 1273K with a 

2h “heat soak time.” The resultant carbon is of high purity with a well developed porosity (N2 BET 

123 



surface area of about 600 m2/g). The carbon was subsequently oxidized with 15M HNO3 at 353K 
to dryness, yielding Sample A2. This oxidized sample was ''partially cleaned" of oxygen surface 
complexes by heating at SK/min to 800K in nitrogen, and holding the sample at this temperature 

for one hour. This latter sample is designated A4. As demonstrated in RomBn-Martinez et al. 
(1993), the porosity characteristics of Samples A2 and A4 were very similar to the original char. 
The samples were subjected to TPD in flowing helium (60 cm3/mi.n @ 298K, 0.1Mpa) at 50K/mi.n 
and 10K./min to 1200K.The TPR experiments were performed in a similar fashion in a mixture of 
5% hydrogen in helium. In both types of experiments, about 200 mg of sample were used in a 
packed bed, flow microreactor coupled to a quadrupole mass spectrometer. 

5.3. Results and Discussion. 
5.3.1 Overview. 
TPD and TPR spectra for Samples A4 and A2 obtained at SOK/min are presented in Figures 

5.1 and 2, respectively. As shown, there are several significant, qualitative and quantitative 
differences between the two sets of spectra for each sample. The total integrated amounts of CO 

and CO, for the various runs are presented in Table V.l. 
Sample A4. Since this sample was "thermally cleaned" of oxygen surface complexes to 

800K, little gas evolution is evident below this temperature. The two TPD runs at SOK/min and 
10Wmin differ by about 10% in both CO and CO2 This slight discrepancy is attributed to the fact 
that a greater.proportion of the complexes are observed in the 10Wmin run prior to the 1200K 
cutoff since the entire desorption is shifted to slightly lower temperatures at the lower heating rate, 
as expected. Therefore, it is concluded that the two experiments are consistent and yield about the 
same amounts of both species. 

The situation for the TPR runs is quite different. First of all, the total of amount of CO 
evolved at both heating rates is approximately half the corresponding amounts evolved during TPD 
of the same sample. On the other hand, the total amounts of C02 evolved are practically the same 
as observed upon TPD (cf. Table V.l). However, as can be seen in Figure 5.1, the C02 
desorption pattern is distinctly different in TPR than in TPD. Thus, the presence of hydrogen 
affects the CO-liberating complexes to a considerable degree, apparently destroying a significant 
fraction of them, while the CO2-liberating complexes are left virtually unaffected. 

Sample A2. The TPD and TPR spectra from this sample exhibit an order of magnitude 
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greater C02 evolution than from Sample A4. As is evident from Figure 5.2, this is primarily due to 

the large amount of C02 evolution at low temperature, which was not observed for Sample A4, 
which was thermally cleaned to 800K. It is also noted that the total amounts of C02 are greater in 
the SOK/min TPR and TPD spectra than in the corresponding 10Wmin spectra, which is opposite 
to that observed for Sample A4. 

The CO evolution is approximately of the same order as for Sample A4, and just as for 
Sample A4, the mount of CO evolved is about 10% greater for the lOK/min TPD run than for the 
50K/min run. Consequently, as previously, it is concluded that the amount of CO evolved in these 
latter two experiments is essentially the same. Moreover, just as for Sample A4, the total amount of 
CO evolved in TPR is less than in TPD, and considerably less at lOK/min than at SOWmin. 

Since significant methane production was not observed in any of the TPR experiments, 
hydrogasificafion was not appreciable, and, therefore, hydrogen consumption occurs primarily as a 
result of interaction with oxygen surface complexes and the carbon surface. 

In order to further the understanding of these interactions and the behavior of the surface 
complexes that are involved in these processes, the TPR and TPD spectra obtained from these 
samples were analyzed in detail. In the spectra deconvolution procedures discussed below, most 
peak shapes were fit numei-ically using a Levenberg-Marquardt nonlinear parameter estimation 
routine employing a least squares objective function (Press et af., 1976). The results of these 
analyses follow. 

5.3.2 TPR Spectra of Sample A4. 
It is known that the oxidation of carbon surfaces in concentrated nitric acid produces a 

relatively large amount of carboxylic acid { -COOH} surface complexes (Linares-Solano et af., 
1990; Otake, 1986; Otake and Jenkins, 1993). It has also been shown that these complexes can 
dehydrolyze and condense to form carboxylic acid anhydride surface complexes { O=(C)-0- 
(C)=O} upon heating. These complexes desorb at higher temperatures, typically exhibiting a peak 
in the vicinity of 900K (Otake, 1986; Otake and Jenkins, 1993). The decomposition of each 
carboxylic acid anhydride surface complex liberates one CO molecule and one C02 molecule. In 
the presence of hydrogen, such as in the current TPR experiments, it is reasonable to assume that 
the carbon-carbon bonds that are broken by the liberation of the oxides of carbon could be satisfied 
by the dissociative chemisorption of hydrogen; Le., 
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xH, + O=(C)-O-(C)=O + CO + CO2 + 2x(C)H [R.5- 13 
In an excess of hydrogen, process [R.5-11 could exhibit pseudo-fist order behavior in the 

evolution of CO and CO,. Indeed, the C02evolution peak for the 5OWmin TPR spectrum 
presented in Figure 5.1 is decidedly asymmetric and appears quite similar in shape to a first order 
desorption peak. This observation was used as the basis for the deconvolution of the CO spectrum, 
as presented in Figure 5.3. As shown, a first order shape for the COz peak produced a very good 

numerical fit, yielding the parameter values listed in Table V.2. Due to the 1:l stoichiometry of the 
decomposition of carboxylic acid anhydride complexes, CO must also exhibit a peak of the same 
shape and equal in magnitude to that of CO, from the same source. For this reason, the first order 
peak (hereinafter known as CO Peak #1) was subtracted from the total CO evolution rate, yielding 
a “residual” CO spectrum. The latter in turn appears to be composed of at least two major features. 
Numerical fits of the “residual” CO spectrum assuming the sum of two first order peaks, and the 

sum of a first order peak and a Gaussian peak shape all yielded poor results. However, the sum of 
two Gaussian peaks was found to fit the data reasonably well. These two peaks are termed here 
CO Peak #2 and CO Peak #3, and the resultant parameter values are presented in Table V.2 for 
Sample A4. 

Attention is now turned to the behavior of the hydrogen consumption rate during TPR of 
Sample A4. As shown in Figure 5.1, there is practically no hydrogen consumption from 600K to 
800K, where there is no CO or COz evolution. However, hydrogen consumption increases 
markedly as the oxides of carbon begin to evolve. According to process CR.5-11, at least one 
molecule of hydrogen can be consumed upon desorption of each carboxylic acid anhydride 
complex; Le., 1 atom of hydrogen for each unsatisfied bond. This is equivalent to 1 x CO Peak #1 
(actually, 0.5 for the CO, Peak + 0.5 for CO Peak #1). However, as shown in Figure 5.4, this is 
insufficient to account for all the hydrogen consumption. Assuming that two molecules of 
hydrogen are consumed for every dissociated complex improves the agreement at lower 
temperatures, but there is still a considerable discrepancy at higher temperatures. However, the 
evolution of CO as Peaks #2 and #3 also create unsatisfied carbon-carbon bonds which might be 
capable of dissociative chemisorption of hydrogen. But, as shown in Figure 5.4, although 2 x CO 
Peak #1+ CO Peak #2 + CO Peak #3 increases hydrogen consumption as required, this still does 
not account for the data very well. In fact, the evolution of CO as Peak #3 does not appear to be 

126 



associated with any hydrogen consumption at all. The best fit to the data was obtained by assuming 
2 x CO Peak #1+ 2 x CO Peak #2. The latter predicts the hydrogen curve reasonably well, except 
for temperatures greater than about 1100K. However, it is obvious that the high temperature tail in 
the hydrogen flow rate is due to hydrogen desorption from the carbon surface, since at these 
tempemtures the hydrogen evolution rate exceeds the level in the feed. The desorption of hydrogen 
is also evident in the TPD data at temperatures greater than about 1100K. 

. These results suggest that two molecules of hydrogen are consumed for every carboxylic acid 
anhydride complex that desorbs at a heating rate of SOK/min. Since there appears to be no water 
vapor associated with the evolution of CO Peak #1 (see below), it is concluded that these 
complexes are not directly reduced by hydrogen. The formation of a carboxylic acid anhydride 
complex must occur on two adjacent, “dangling” carbon sites (Otake, 1986; Otake and Jenkins, 
1993). Hydrogen attack on these complexes would most probably occur at the carbon-carbon 
bonds between the “dangling” carbon atoms and the aromatic ring. This would tend to weaken the 
carbon-carbon bonds, leading to desorption of CO and CO,. Two additional hydrogen atoms could 
then saturate each of the original ring carbon atoms. This type of mechanism involving the direct 
attack of hydrogen on the complex structure is also consistent with the pseudo-first order nature of 
CO Peak #1 and the high temperature C02 desorption peak (Romin-Martinez et al., 1993). 

The resultant fit also indicates that two molecules of hydrogen appear to be consumed for 
every oxygen surface complex that desorbs as CO Peak #2 under these conditions. The desorption 
of semiquinone or similar complexes creates two unsatisfied carbon-carbon bonds for every 
desorbing complex, which can account for the dissociative chemisorption of one hydrogen 
molecule. The desoi-ption of a carbonyl-type complex would create one broken bond that could be 

satisfied by either one hydrogen atom, or one hydrogen molecule if the ring carbon also becomes 
saturated by hydrogen. Thus the two most likely possibilities are either one atom or one molecule 
of hydrogen consumed by the surface for every CO molecule desorbed. In either case, however, 
this still leaves additional consumed hydrogen that must be accounted for, as discussed below. 

The evolution of water vapor was also recorded for the TPR experiments. However, absolute 
calibrations were not obtained for water due to well known sampling problems involving 
interactions with sufaces in the experimental apparatus and the sampling system, contributing to 
severe baseline “drift,” amongst other problems. Consequently, the water vapor measurements are 
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not quantitatiye. Examination of the water spectra presented in Figure 5.5, indicates that the water 
vapor evolution exhibits a low temperature peak centered ca. 420K, and a high temperature peak 
at about 1090K. As shown in Figure 5.3, the latter peak appears in the vicinity of the evolution of 
CO Peak #2, and its shape is almost exactly the same as this CO peak. However, the water vapor 
peak is displaced to higher temperatures by about 25K for these data, and it exhibits a noticeable 
“tailing” to higher temperatures. (In Figure 5.3, the water vapor peak was arbitrarily scaled to the 

amplitude of CO Peak #2.) This is interpreted as evidence that a portion of the CO complexes 
evolving as CO Peak #2 are directly reduced to water vapor in the presence of hydrogen. The 
hydrogen consumption rate data indicate that hydrogen must be consumed to form water-evolving 

precursors on the carbon surface coinciderzt with the desorption of complexes as CO Peak #2 in 
Figure 5.3. Consequently, the displacement of the water vapor peak to higher temperatures could 
be indicative of a reduction mechanism involving first formation of water-evolving precursors on 

the carbon surface, followed by a slower, rate-limiting desorption step. 
The low temperature water evolution peak does not coincide with any noticeable hydrogen 

consumption. Therefore, this peak is attributed to dehydrolysis of residual oxygen surface 
complexes, such as carboxylic acid groups to form carboxylic acid anhydrides. 

In summary then, hydrogen does not appear to directly reduce the carboxylic acid anhydride 
complexes represented by the high temperature C02 peak, but it does chemisorb on the nascent 
active carbon sites created by the desorption of the complexes. Therefore, the multiplicative factor 
of two which conelates the hydrogen consumption associated with this peak accounts solely for 
hydrogen consumption due to chemisorption on nascent sites on the carbon surface. On the other 
hand, hydrogen both reduces the surface complexes responsible for CO Peak #2 to water, and 
reacts with the nascent active sites created by the removal of these oxygen complexes as water and 
as CO. Consequently, the multiplicative factor of two which correlates the hydrogen consumption 
associated with this peak accounts for both direct reduction of a fraction of the complexes to water 
and chemisorption on the resultant nascent sites. Finally, that the desorption of CO as Peak #3 
does not cons’ume any hydrogen is consistent with the strong evolution of hydrogen from the 
carbon surface at these temperatures. In other words, hydrogen does not chemisorb as result of CO 
Peak #3 evolution primarily because the C-H bond becomes unstable at these temperatures. 

The 10Wmin TPR run was analyzed in a similar fashion as the 5OWmin run. The high 
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temperature C02 peaks for the 5OWmin and 10Wmin experiments, together with their best fit first 
order curves, are presented in Figure 5.6, and the resultant parameters are presented in Table V.2. 
It is noted that the activation energies for both fits are the same (i.e., 161 kJ/mol), and their pre- 
exponential factors are also quite close. Therefore, the hypothesis that the high temperature C02 
peak (and also CO Peak #1) during TPR in 5% hydrogen are first order in nature is considered 
proven. 

As for the 50K/min run, the fist order C02 peak was subtracted from the total‘ CO evolution 
to correct for the anhydride complex contribution to the CO spectrum. The resultant “residual” CO 
evolution and the high temperature water vapor peak for the lOK/min run are presented in Figure 
5.7. This figure reveals some interesting differences in comparison to the 50Wmin TPR data 
presented in Figure 5.3. First of all, the “residual” CO is a smaller fraction of the total CO 
evolution than was the case at 50Wmin, and it increases much more gradually to its peak as well. 
Although some of this leading edge behavior may be due to baseline errors in the data amplified by 
the subtraction of the smaller signals that arise due to the lower heating rate, it is also consistent 
with another explanation set forth below. Another notable difference is the high temperature water 
vapor peak which coincides almost exactly in temperature with the “residual” CO peak, unlike the 
50K/min results for both Samples A4 (above) and A2 (below). 

The “residual” CO from the 10K/min TPR data was fit to the sum of two Gaussian peaks, as 
previously. However, the fit was not as good as obtained for the SOK/min data. The resultant 
parameter values are listed in Table V.2. As for the SOK/min TPR run, these results were used to 
analyze the hydrogen consumption rate data as shown in Figure 5.8. For this run, 2 x CO Peak #1 
plus 2 x CO Peak #2 is insufficient to explain the hydrogen consumption rate at the higher 
temperatures: greater values of the multiplier are clearly required. However, even 2 x CO Peak #1 
plus 5 x CO Peak #2 does not fit the data very well either. The problem in this case appears to be 
that CO Peak #2 occurs at too high a temperature to provide a good fit. If the peak temperature is 
shifted down to 970K, the resultant fit becomes much more reasonable with 2 x CO Peak #1 plus 5 
x C0.Pea.k #2. The increased value of the multiplier and the required peak “shift” are probably 
related as discussed below. 

The fact that a larger multiplier for CO Peak ##2 (5x) must be used to explain hydrogen 
consumption at lOK/min than at 5OWmin (2x), suggests that a greater fraction of the surface 
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complexes is directly reduced to water vapor at high temperatures at the slower heating rate. This is 
qualitatively supported by the water desorption spectra presented in Figure 5.5, which show that 

considerably more water appears to be evolved in the high temperature (reduction) peak in the 
lOK/min run than in the SOK/min run, although, as indicated above, the water vapor data cannot be 
interpreted quantitatively with certainty. However, the data in Table V.1 also show that 
approximately half the suface oxygen from Sample A4 which desorbs as CO upon TPD is “lost” 

(i.e., does not appear as CO or CO,) during both the 1OIVmin and SOIVmin TPR runs (-1 
mmovg), while the total CO, evolution remains about the same. It is also noted that the 5OWmin 
run shows a similar amount of water evolved at low temperatures as at high temperatures. This is 
not the case for the 10K/min run. Thus, the water vapor evolution appears to be distributed 
differently as 0 function of heating rate, with lower rates favoring more high temperature evolution 
due to direct reduction. 

The greater de@& of direct reduction of the complexes that normally appear as CO Peak #2 

may also be related to the peak “shift” required to explain the hydrogen consumption for the 
10K/min runs. As noted previously, these peaks do not appear to be first order in nature. It is 
expected then that this is due to some distribution in desorption or binding energies of the oxygen 
surface complexes involved (Calo and Hall, 1991). If hydrogen reduction preferentially affects the 
lower energy poi-tion of the distribution, the proportionately greater reduction of this peak at 

lOK/min would have the effect of moving the mean desorption temperature to higher values for the 
remaining, higher energy C(0)  complexes that are not reduced and desorb as CO. It is noted that 
CO Peak #2 is shifted -80K, while CO Peak #3 is shifted -60K lower in temperature in the 
10K/min run, in comparison to the 50K/min TPR run. If this were due to heating rate alone, both 
peaks would be expected to shift to lower temperatures more or less by a similar amount. The 
larger apparent shift of CO Peak #2 is consistent with the hypothesis of greater preferential 
reduction of this peak in the lower energy portion of its distribution. In fact, the non-Gaussian 
behavior in the leading edge of this peak, as shown in Figure 5.7 and noted above, can also be 
explained by preferential reduction of complexes in this portion of the spectrum. In addition, it is 
noted that the higher temperature portion of CO Peak #2 is already in the temperature regime where 
molecular hydrogen begins to evolve from the char surface. Consequently, it is reasonable to 
conclude, given the reduced propensity for hydrogen chemisorption under these conditions, that 
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direct reduction of the complexes at the higher end of the energetic distribution will not be as facile 
as at the lower end. 

Since the heating rate apparently affects the selectivity of the oxygen surface complexes for 
water formation versus desorption as COY then the reaction order of reduction with respect to the 
C(0) population must be greater than the reaction order for desorption as CO. In other words, the 
formation rate of water-evolving complexes must be dependent on the C(0) surface population to a 
greater order than desorption, which is presumably first order. In this manner, lower heating rates 
would favor the conversion of a greater fraction of these surface complexes to water-evolving 
complexes. 

5.3.3 TPD Spectra of Sample A4. 

As can be ascertained from the data for Sample A4 presented in Figure 5.1, the high 
temperature C02 peak in the TPD spectrum is considerably different in appearance than in the 
corresponding TPR spectrum. It is more symmetric, and is apparently not first order in nature. 
However, the total amount of C02 evolved is the same as evolved upon TPR for this sample, as 
shown in Table V.l. Therefore, it is reasonable to conclude that the same oxygen surface 
complexes arc responsible for this peak in both the TPR and TPD spectra. During TPD in the 
absence of hydrogen, the desorption rate appears to be controlled by the inherent energetic 
distribution of desorption activation energies of the carboxylic acid anhydride complexes, yielding 
a peak that is more Gaussian in shape with a longer tail. The primary effect of the hydrogen in TPR 
is to transform the "natural" broader C02 evolution to a first order form, either via interaction with 
the carbon surface or directly with the carboxylic acid anhydride complexes. In other words, in 
hydrogen, desorption becomes controlled by a single activation energy characteristic of the rate- 
limiting step. Evidently, this rate-limiting step for process [RS-l] is hydrogen attack either at the 
complex or a nearby site, which destabilizes the complex and causes it to decompose. This is 
consistent with the shift to lower temperature in the TPR spectrum. However, since there is no 
water vapor production associated with the first order TPR peak, it is concluded that these 
complexes are not directly reduced by hydrogen like the complexes responsible for CO Peak #2. 

Since it is concluded that the high temperature C02 arises primarily from carboxylic acid 
anhydrides during TPD, these complexes must still yield one CO molecule for every C02 molecule 
that desorbs. Therefore, it is assumed that a CO peak exists which is the same in shape and 
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amplitude as the CO, peak. This CO (Le., CO,) peak was then subtracted from the total CO 
evolution to yield a "residual" CO spectrum. This procedure is presented in Figure 5.9. From this 

figure, it is apparent that the residual spectrum is composed of at least two major desorption 
features, just as in the "residual" CO TPR spectra. 

The "residual" CO spectrum was numerically fit to the sum of two Gaussian peaks, with 
good results. The resultant parameter values are listed in Table V.2. As shown, the peak 

temperatures of both peaks are somewhat similar to those obtained in the analysis of the TPR 
spectrum, but are shifted, Peak #2 to lower temperatures, and Peak #3 to higher temperatures. The 
shift of CO Peak #2 to lower temperatures is consistent with the hypothesis that the lower energy 
portion of the energetic distribution of these complexes is preferentially reduced by hydrogen. 
Also, the variances of CO Peaks #2 and #3 are larger than the corresponding variances from the 
TPR spectra. Apparently, hydrogen also has an effect on these two peaks, as well as CO Peak #l. 

The most significant differences, however, are that both CO Peaks #2 and #3 are significantly 
larger in the TPD spectra than they were in the TPR spectra. 

The 10K/min TPD run was analyzed in the same fashion as the 5OWmin TPD run, and the 
results are also summarized in Table V.2. As shown, CO Peaks #2 and #3 are both shifted to 
lower temperatures as expected due to the effect of the lower heating rate, and both peaks are more 
comparable in magnitude than they were in the 5OWmin run. Thus, the heating rate has an effect 
on the relative magnitudes of these two peaks. A similar effect of heating rate has also been 
observed in other work on TPD spectra from oxygen-gasified carbons (Zhang, 1995). However, 
as shown in Table V.l, the total amount of surface oxygen remains the same in both TPD runs. 

5.3.4 TPR Spectra of Sample A2. 

As is evident in Figure 5.2, the TPR spectra from Sample A2 are more complex than for 
Sample A4, with considerable evolution of both CO, and CO at lower temperatures, which does 
not occur in the spectra of Sample A4. It has been shown that the low temperature evolution of 
CO, from nitric acid-oxidized carbons is primarily due to the decomposition of carboxylic acid 
groups {-COOH}, and that this evolution peaks in the vicinity of 600K (Otake, 1986). Since this 
is the same as what we observed for Sample A2, we also attribute the low temperature C02 

evolution to carboxylic acid and possibly other similar oxygen surface complexes (e.g., lactones). 
A comparison of the C02 spectra in Figure 5.2 indicates that the low temperature C02 evolution is 
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essentially th; same for both TPD p d  TPR. Consequently, it is concluded that hydrogen does not 
interact with the low temperature C0,-liberating complexes. 

Although the low temperature surface functional groups account for the bulk of the C02 
evolution over this temperature range, there is still significant CO, liberated at higher temperatures 
as well, similar to what was observed for Sample A4. This is not completely unexpected since the 
heating process during TPR would be expected to transform some of the carboxylic acid 
complexes present on the surface of Sample A2 to anhydrides in a fashion similar to what was 
intentionally done in the preparation of Sample A4 from A2. 

Below about 760K, the TPR and TPD spectra are practically identical. Above 760K, 
however, they become significantly different, not only qualitatively, but quantitatively as well. 
More specificslly, the TPR spectrum exhibits a significant “excess” of C02 over that evolved in the 
TPD spectrum of about 0.21 mmol/g. This is unlike the case for Sample A4, where the total 
amount of high temperature C02 was about the same in both the 50K/min TPD and TPR spectra. 
For Sample A2, it is noted that in the high temperature region, both the the intrapore level of “fiey’ 
or desorbed CO, and the population of active CO-liberating oxygen surface complexes are both at 
their peak values simultaneously. Under such conditions, it has been shown (Hall and Calo, 
1989; Calo and Hall, 1991) that secondary reactions of the type, 

co + C(0) t) CO, -t Cf [R.5-2] 
can occur. Reaction [RS-21 is simply the reverse of the first step in the Ergun and Mentser 
oxygen-exchange mechanism for CO, gasification (Ergun, 1956). This reaction can be the source 
of the “additional” CO, over that observed from the same Sample A2 during TPD. This additional 
process complicates the analysis of the TPR spectra somewhat. 

As was observed for Sample A4, the presence of excess hydrogen and carboxylic acid 
anhydride surface groups should produce pseudo-first order evolution peaks of CO and C02 in 
accordance with process [R.5.-1]. Although a fist order evolution peak is not very apparent in the 
CO spectrum,. the decay edge in the CO, spectrum at high temperature may be fit to a first order 
peak. The high temperature CO, “decay edge” was numerically fit to a first order peak shape, 
assuming the same activation energy determined above for Sample A4; that is, 161 kJ/mol. This 
procedure is shown in Figure 5.10, and the resultant parameter values are listed in Table V.3. As 
shown, the resultant peak temperature and pre-exponential factor are essentially the same as that 
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determined above for Sample A4. However, the total amount of C02 evolution in this Peak #1 
(i.e., 0.29 mmol/g) is considerably less than for Sample A4. This is to be expected in view of the 
longer (intentional) heatingJpreparation time experienced by Sample A4. That is, more carboxylic 
acid anhydride complexes were formed on the surface of Sample A4 than Sample A2 by the heat 

treatment procedure. 
The analysis of the CO TPR spectrum was performed in the same manner as previously. That 

is, a peak equivalent to the first order C02 peak was subtracted from the CO spectrum. The tail of 
this spectrum was fit to the sum of two Gaussians. The results of this deconvolution procedure are 
presented in Figure 5.10, and the resultant parameter values are listed in Table V.3. Although CO 
Peaks #2 and #3 are similar to those obtained for Sample A4, they are both shifted to slightly lower 
temperatures, and smaller than they were for Sample A4. 

The high temperature water evolution peak, indicative of direct reduction of oxygen surface 

complexes, is also presented in Figure 5.10, arbitrarily normalized to the intensity of CO Peak #2. 
As in the SOWmin TPR data for Sample A4, the water vapor peak is once again located -25K 
higher in temperature than CO Peak #2. As previously discussed, there is evidence to suggest that 
the fraction of C(0) complexes directly reduced to water is kinetically-controlled and varies with 
the heating rate. Consequently, it was assumed that the same fraction was reduced to water as in 
the 5OK/min,run for Sample A4. Thus, the hydrogen consumption rate was first calculated 

assuming 2 x CO Peak #I (Le., CO plus CO, evolution from the carboxylic anhydride 
complexes), plus 2 x CO Peak #2. As shown in Figure 5.11, however, this still does not fit the 
hydrogen consumption curve very well, especially at lower temperatures. An inspection of the 
hydrogen data shows a distinct downward slope in the low temperature region which appears to 
parallel the CO evolution curve only. This was absent in the hydrogen consumption rate curve of 
Sample A4 because this sample had been thermally cleaned of CO-liberating complexes in this 
region. Therefore, it was assumed that the nascent surface sites created by this CO evolution could 
also consume hydrogen. The best fit to the hydrogen consumption rate data was obtained using 2 x 
CO Peak #1+ 2 x CO Peak #2, plus 1/2 x all the CO not accounted for in Peaks #1, #2, and #3; 
Le., the low temperature “CO residual.” As shown in Figure 5.11, this fits the data quite well, 
except at the very highest temperatures (>11OOK) where, as noted previously, hydrogen 
desorption from the carbon surface becomes dominant. 
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Data from a 1OK/min TPR run for Sample A2 were analyzed in the same fashion as described 
above. These results are summarized in Table V.3, and the analysis of the hydrogen consumption 
rate data are presented in Figure 5.12. From this figure it is noted that just as for Sample A4, the 
lower heating rate requires a greater multiplicative factor associated with CO Peak #2, as well as a 
shift of this peak to lower temperature (i.e., to 97OK) in order to adequately describe the hydrogen 
consumption rate data. In addition, the 1/2 factor for the “CO residual” is also necessary to 
describe the hydrogen consumption evident at lower temperatures. Thus, the results from this run 
are entirely consistent with the Sample A4 results, as well as the 5OWmin TPR data from Sample 
A2. 

The reason for the 1/2 factor associated with the low temperature “CO residual” is not known 

unequivocally. There is some continuous water vapor evolution over the entire temperature range 
involved (cf. Figure 5.8), although this may be primarily due to the dehydrolysis of carboxylic 
acid complexes to carboxylic anhydrides. On the other hand, if these complexes are not appreciably 
reduced, the resultant stoichiometry is consistent with one hydrogen atom being chemisorbed per 
complex desorption. This would be expected if the low temperature “CO residual” consists 
primarily of carbonyl-like, rather than a semiquinone-like, complexes such that their desorption 
produces only one unsatisfied carbon-carbon bond, which would require only one atom of 
hydrogen to satisfy. The data indicate that the CO Peak #2 complexes are more stable than the “CO 
residual” complexes, which desorb at lower temperatures, which is consistent with this 
hypothesis. In addition, the 1/2 stoichiometry does not appear to vary with heating rate (cf. 
Figures 5.11 and 5.12), as it does for CO Peak #2 which does undergo direct reduction. 
Therefore, it is not known with certainty whether a portion of these complexes are directly reduced 
or not. However, the limited evidence available suggests that these complexes may not be 
appreciably reduced by hydrogen. The resolution of this issue awaits further investigation. 

5.3.5 General Comparison of TPR and TPD Spectra, 
One of the major differences between all the TPD and TPR spectra discussed above is that in 

TPR, CO Peaks #2 and #3 are always markedly reduced in comparison to the corresponding TPD 
experiments. The direct reduction of CO Peak #2 by hydrogen explains some of the diminution of 
this peak in TPR in comparison to TPD. However, this does not apply to CO Peak #3 which 
appears to be unaffected by hydrogen. There are some reports (Hall and Calo, 1989; Calo and 
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Hall, 1991; Marchon et al., 1988) that the high temperature CO peak may be at least partially 
attributable to rechemisorption of CO under conditions of high intrapore CO levels simultaneously 
with high concentrations of empty, nascent reactive sites created under conditions of high 
desorption rates; i.e., 

co + x c, H C(O), C(C0) [R.5-3] 
In the presence of hydrogen, when CO desorbs to produce a reactive nascent site, it can interact 

with CO via [R.5-31 and also with H2. If these sites are preferentially occupied by dissociative 

chemisorption of H2, then CO cannot compete for these sites and must be removed in the gas 
phase. This would explain why CO evolution is much greater at lower temperatures during TPR 
than in TPD; i.e., H2 chemisorption indirectly impedes [RS-31. In addition, if some of the high 
temperature CO arises from CO rechemisorption at lower temperatures, there will also be 
considerably less high temperature CO evolution during TPR than in TPD; i.e., the sites 
responsible for the formation of these complexes have been lost to H2. While this hypothesis has 
not been proven unequivocally, it may account for the observations. 

A summary of the water vapor evolution data for all the various TPR runs has been presented 
in Figure 5.8. As noted previously, these data are affected by severe baseline problems. Therefore, 
absolute quantitative interpretation of the data is not possible. As shown in Figure 5.8, however, 
the water vapor evolution pattern can be characterized in general terms as composed of low and 
high temperature features. The high temperature water peak is attributed to direct reduction of a 
portion of the complexes responsible for CO Peak #2. As shown, this feature is centered ca. 

-1100K for the 50Wmin runs, and ca.-980K for the 10Wmi.n runs. It is noted that the high 
temperature water peaks for the 5OWmin runs for Samples A2 and A4 are almost identical, 
suggesting that similar amounts of CO Peak #2 complexes are directly reduced for both samples. 
The same behavior is also evident in the corresponding data for the two lOK/min runs. That is, the 
peak shapes and amounts, although different than in the SOK/min runs, are also almost identical, 
taking into account a baseline correction. This implies that heating Sample A2 to 800K to produce 
Sample A4 does not affect the population of these complexes. In addition, it is obvious that 
integration of the high temperature water peaks would show that considerably more water is 
produced in the high temperature peak at 10Wmin than at SOWmin for both Samples A4 and A2, 

as discussed previously. 
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The behavior of the low temperature water evolution is more complex and varied. It is 
believed that much of this water is evolved as a result of dehydrolysis of species such as the 

carboxylic acid complexes. But, as discussed above, for Sample A2, hydrogen is also consumed 
in the low temperature region (e-8OOK). Consequently, some direct reduction cannot be ruled out 
completely. However, it is noted that some water vapor evolution occurs in this region for Sample 
A4 as well, for which there is no corresponding hydrogen consumption. Therefore, it is concluded 
that most probably the bulk of the water vapor evolved in the low temperature range is due to 
dehydrolysis of surface complexes. 

The effects of varying hydrogen partial pressure were also investigated to a limited extent. In 
particular, it was of interest to determine whether or not the high temperature C02 peak remains 
pseudo-fit order over a range of hydrogen concentrations. For example, doubling the hydrogen 
concentration would roughly double the pre-exponential factor and slightly lower the peak 
temperature in order to accommodate an activation energy similar to what was obtained for the 5% 
hydrogen data. Unfortunately, there was not enough of the original Sample A4 for these runs, so a 
new sample was prepared in a similar fashion and designated as Sample A4*. However, for 
various reasons, this latter sample liberated significantly more oxygen than the original Sample A4, 
and exhibited considerably greater water evolution. Therefore, direct, quantitative comparisons 
with all the preceding results could not be made. On the other hand, the preliminary results 
obtained were sufficiently interesting to have defined this as an avenue that merits further 
investigation. For example, the amount of C02 evolved in a 10% H2 in helium TPR run with 
Sample A4* was more than twice that from the corresponding TPD run. Apparently, the greater 
amount of surface oxygen, coupled with the effects of the higher hydrogen concentration, created 
conditions which were favorable for significantly increased production of secondary C02 via 
w.5-21. This latter source of C02 convolutes the C02 evolution from the carboxylic acid 
anhydride complexes, and makes the analysis of the high temperathe C@ peak more difficult. For 
these reasons, the investigation of the effects of varying the hydrogen partial pressure will be the 
principal thrust of continuing investigations. 

5.4. Conclusions. 
The presence of hydrogen during thermal desorption of oxygen complexes from carbon 
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surfaces has a number of significant effects on the evolution patterns of the oxides of carbon and 
water vapor. A number of important conclusions have been deduced from the preceding analyses; 
namely: 

(1) Hydrogen interacts with carboxylic acid anhydride surface complexes in such a manner as 

to destabilize them and cause them to desorb more facilely &e., at lower temperatures) than in the 
absence of hydrogen. 

(2) In the presence of excess hydrogen (5% hydrogen in helium), carboxylic acid anhydride 
complexes desorb in a pseudo-fitst order fashion with an apparent activation energy of 161 lcJ/mol. 

(3) The carboxylic acid anhydride complexes are not directly reduced to water. 
(4) During temperature programmed reduction, hydrogen is consumed by chemisorbing on 

reactive nascent sites created by the desorption of these surface complexes. The stoichiometry 
appears to be two hydrogen molecules for every carboxylic acid anhydride complex; presumably, 
one for each CO and CO2 desorbed. 

(5 )  Hydrogen is also consumed by CO-evolving complexes that desorb at higher 
temperatures as what is termed here CO Peak #2 (most probably due to semiquinone-type 
complexes). These complexes can be directly.reduced by hydrogen to water vapor in a process that 
appears to involve fast formation of water-evolving complexes via direct hydrogenation of oxygen 
surface complexes, followed by a slower desorption of the water vapor product. A greater 
proportion of these complexes are directly reduced to water vapor at slower heating rates. This 
leads to the conclusion that the water-evolving complex formation process is higher order than 
desorption of the complexes as CO. There is evidence to suggest that the lower desorption energy 
complexes from CO Peak #2 are more susceptible to reduction than the higher desorption energy 
complexes in this peak. 

(6) The CO-evolving oxygen surface complexes responsible for the peak termed here CO 
Peak #3, do qot appear to consume hydrogen, neither by direct reduction nor by chemisorption 
onto sites produced by the desorption of CO. 

(7) Chemisorbed molecular hydrogen begins to evolve appreciably fiom the carbon surface at 
temperatures greater than about 1000K. 

(8) The low desorption energy complexes termed here the low temperature “CO residual” 
from Sample A2, which evolve CO at temperatures less than about 800K are also responsible for 

138 



consuming hydrogen either by direct reduction or by interactions with the reactive nascent sites 
created upon CO desorption. The stoichiometry in this region appears to be one atom of hydrogen 
for every CO evolved. 

(9) The low desorption energy complexes which evolve C02 at temperatures less than about 
800K from Sample A2 are not affected by hydrogen. The TPD and TPR C02 spectra over this 
temperature region remain the same. 

(10) The work presented here clearly demonstrates that the interaction of hydrogen with 
oxygen surface complexes during temperature programmed experiments can be a useful “tool” to 
probe the nature and origin of these complexes. 
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Run 

Table V.l. Integrated CO and C02 Evolution. 

co co2 Total Oxygen 
(mmol/g ) (mmol/g) (excluding H20) 

(mmol/g) 

Sample A4: 

A. SOK/min T P R  
B. 10K/minTPR: 
C. SOK/m.in TPD: 
D. lOK/minTPD: 

0.9 
1 .o 
2.0 
2.2 

0.5 
0.6 
0.5 

0.55 

1.9 
2.2 
3.0 
3.3 

Sample A2: 

A. SOK/min TPR 2.4 2.5 7.4 
B. 10K/min TPR 1.6 2.2 6.0 
C. SOK/min TPD: 2.7 2.1 7.0 
D. 10K/min TPD: 2.8 1.9 6.5 
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Table V.2. Summary of parameter values obtained from TPD and TPR spectra for 
Sample A4. 

A. 5OWmin TPR: 

TP Ed k0 Amount 
(K) (kJ/mol) (x 1W8min-l) (mmol/g) 

C02 Peak (first order): 
CO Peak #1 (first order): 

CO Peak (Gaussian): 
CO Peak #3 (Gaussian): 

B. lOWmin TPR: 

C02 Peak (first order): 
CO Peak #1 (first order): 

CO Peak #2 (Gaussian): 
CO Peak #3 (Gaussian): 

C. 5OWmin TPD: 

C02 Peak (data integral): 
co Peak #1: 

CO Peak #2 (Gaussian): 
CO Peak #3 (Gaussian): 

D. 10Wmin TPD: 

C02 Peak (data integral): 
co Peak #1: 

CO Peak #2 (Gaussian): 
CO Peak #3 (Gaussian): 

996 161 
996 161 

1067 47 
1170 45 

Tp (K) (3 (K) 

Tp (K) Ed (kJ/mol) 
919 161 
919 161 

985 49 
1110 75 

Tp (K) (3 (K) 

2.7 0.43 
2.1 0.43 

0.35 - 0.18 

2.3 0.53 
2.3 0.53 

- 0.24 
- 0.16 

0.43 
0.43 

0.74 
1 .os 

0.32 
0.32 

0.98 
0.82 
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Table V.3. Summary of parameter values obtained from TPR spectra for 
Sample A2. 

A. 5OWmin TPR: 

TP 
(K) 

C02 Peak (first order): 990 
CO Peak #1 (first order): 990 

TP 
(K)  

CO Peak #2 (Gaussian): 
CO Peak #3 (Gaussian): 

B. 10Wmin TPR: 

1060 
1165 

TP 
(K)  

CO, Peak (fist order): 925 
CO Peak #1 (fist order): 925 

CO Peak #2 (Gaussian): 
CO Peak #3 (Gaussian): 

TP 
(K) 
985 
1110 

Ed k0 Amount 
(kJ/mol) (x 10'8min'1) (mmol/g) 
161 4.0 0.29 
161 4.0 0.29 
Q Amount 
(K) (mmol/g) 
49 0.22 
49 0.20 

Ed k0 Amount 
(kJ/mol) (x 108min'l) (mmol/g) 

161 3.7 0.34 
161 3.7 0.34 
(r Amount 

(K) (mmol/g) 
49 0.18 
75 0.14 
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SOWmin CO, CO, and H2 (TI?R only) TPD and TPR spectra 
obtained from Sample A4. 
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Figure 5.2, 50K/min CO, CO, and H2 ("PR only) TPD and TPR spectra 
obtained from Sample A2. 
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Figure 5.5. Water vapor evolution spectra obtained from TPR runs for 
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6.0. STEAM GASIFICATION - THE RELATIONSHIP BETWEEN STEAM 
REACTIVITY AND OXYGEN SURFACE COMPLEX POPULATIONS ON RESIN 

CHAR VIA TEMPERATURE PROGRAMMED DESORPTION 

[R.6- 1 J 

6.1. Steam Gasification Mechanisms. 

The principal features of the carbon-steam reaction have been reported by a number of 

researchers beginning with about fifty years ago (Gadsby et al., 1946; Long and Sykes, 1948; 

Strickland-Constable, 1950; Johnstone et at., 1952; Wicke and Rossberg, 1953; Binford and 

Eyring, 1956; Ergun, 1961; Giberson and Walker, 1966; Hermann and Hiittinger, 1986a,b,c). 

Essentially two different mechanisms have been postulated: 

k2f 
H20 + Cf t) H2 + C(0) 

k2b 

k3 
C(0) + co + Cf 

H20 + Cf + H2 + C(0) 

C(0) + co + Cf 

Hz + Cf .H C(H2) 

[R.6-2] 

CR.6-31 

[R.6-2] 

[R.6-4] 

In Mechanism I, inhibition occurs as a result of simple oxygen exchange (Strickland- 
Constable, 1950; Ergun, 1961), as in the Ergun (1961) oxygen-exchange mechanism for the 

carbon-CO2 reaction; while in Mechanism II, inhibition is caused by hydrogen adsorption (Gadsby 

et al., 1946; Long and Skyes, 1948; Johnstone et al., 1952). Both mechanisms yield similar 

global rate expressions. 

Significant evidence for the oxygen exchange mechanism is as follows: 

(1) A strong analogy with the carbon-C@ reaction; 

(2) Agreement between experimental values of the equilibrium constant K2= k2f/k2b measured 

during steam gasification and values calculated based upon K2=K1K, where K1 is the equilibrium 

constant for: 
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c 0 2  + Cf = co + C(0) cR.6-51 

as measured during C02 gasification, and K is the equilibrium constant for the water-gas shift 

reaction: 

H20 + CO = H2 + C02 B.6-61 
(3) Agreement between values of E3 measured during carbon dioxide and steam gasification 

(Ergun, 1961); 

(4) Evidence that H2 undergoes dissociative chemisorption (Blackwood, 1962; Biederman et al, 

1976); 

(5) Simple consistency with the water-gas shift equilibrium (Ergun, 1961). 

For Mechanism I, at steady-state, assuming the number of free active sites, Cf, remains 

approximately constant during steady-state gasification, the following rate expression results, 

which is analogous to the carbon-CO2 reaction: 

dWdt = k2fP~206f - k2bP&eo - k30, = O w.11 

eo+&= 1, c6.21 

where 8, and Bf are the fractions of the surface sites that are occupied and free, respectively; Le., 

and 

80 = k2fpH2~[k2fpH2O+k2bpH2+k3k2bpH,+k31; c6.31 

c6.41 

finally: 

r = k PH2($[1+ a H 2 +  b pH201 
where: k=~(Ct)k2f,  a=k2&3, b=k2&, m, is the amount of carbon, and Ct is the total number 

of sites per unit carbon. The form of this expression has been successfully used to correlate steam 

gasification rate data at atmospheric pressure and below by a number of workers (cf, 

Laurendeau, 1978). 

Other researchers (Long and Sykes, 1948; Blackwood and McGrory, 1958; Johnstone et 

al., 1952; Wehrer et al., 1974; Blackwood and McTaggart, 1959), however, have recognized the 

need for a more elementary mechanism for the carbon-steam reaction. Although still speculative, 

dissociation of steam to OH and H is one of the most common suppositions: 

H20 + 2Cf- C(H) + C(0H) 

C(0H) + Cf t) C(0) + C(H) 

[R.6-71 

CR.6-81 
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C(H) + C(H) f-) H2 + 2Cf 

C(0) 3 co + Cf 

[R.6-91 

[R.6-2] 

Evidence for dissociation of the hydroxyl radical is provided by the work of Blackwood and 

McTaggart (1959). If C(H) and C(0H) are short-lived surface intermediates, the simple three-step 

oxygen-exchange mechanism results. 

In the case of extensive steam conversion, carbon dioxide arises as a secondary product, 

particularly for high ash chars (Blackwood and McGrory, 1958). In addition, water-gas shift 

equilibrium is often achieved in practice, especially for T > 120OOC (Von Fredersdorff et al., 

1963; Ergun, 1961). These observations are consistent with the following mechanism: 

c 0 2  + Cf t-) co + C(0) 

H20 + Cf t) H2 + C(0) 

C(0) + co + Cf 

CR.6-51 

[R.6-1] 

ER.6-21 

The two oxygen-exchange reactions clearly provide the water-gas shift equilibrium. The reaction 

p.6-11 typically controls the movement toward equilibrium. 
Blackwood and McGrory (1958) investigated the carbon-steam reaction over a large pressure 

range (1-50 am) and found larger global gasification rates than could be predicted by the simple 

oxygen exchange mechanism. This observation was attributed to methane production at the higher 

pressures. Also, the rate of methane formation was found to exhibit a f ist  order dependence on 

steam concentration. At 75O-83O0C, these workers proposed a global rate expression of the form: 

R= (k h 2 0  + c p%20 dpHzpH20 a PH2S.b pH2) C6.51 
Blackwood and McGrory (1958) assumed that high steam partial pressures promote conversion of 

adsorbed H2 to methane, thereby increasing C(0) which increases the global reaction rate as well. 

In view of their findings, these workers suggested adding the following reactions to those of 

Mechanism II: 

C(H2) + H20 -+ CHq + C(0) 

C(H2) + H2 + CHq + Cf 

[R.6-101 

[R.6-1 I] 

With these additions, the global rate expression, Eq. [6.5], follows. 

Holstein and Boudart (1982, 1983) assumed that desorption of the carbon-oxygen surface 

complexes and cleavage of the C-C bonds represents the rate limiting step. However, Hermann 
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and Hiittinger (1986a,b) have suggested another mechanism which the rate-controlling step is the 

formation of oxygen surface complexes. These authors hypothesized that steam gasification 

becomes self-inhibiting via the formation of stable, unreactive ether surface groups. Dissociation 

of water occurs at these ethers, then water reacts with these complexes to form the products CO 

and hydrogen. 
Marchon et al. [1988a,b] have suggested that the carbon-C02 reaction is desorption rate- 

controlled. As discussed in Section 3.0, Kapteijn et al. (1994) studied the mechanism of the 

carbon-C02 reaction using isotopically labeled C02. These workers concluded that gasification 

occurs via two routes; a slower route involving the direct desorption of complexes, most probably 

semiquinones, and another faster route involving the interaction of CO2 with more labile 

complexes which form with an “out-of-plane” oxygen. The slower desorbing complexes were 

found to be more abundant than the faster desorbing complexes. This model was used to explain 

the two-time scale isothermal desorption of oxygen surface complexes following steady-state 

gasification. It was also concluded that the weak temperature dependence of the desorption rate 

constants are most probably due to a distribution of desorption activation energies. 

Zhuang et al. (1994, 1995) recently studied the oxygen gasification reaction using 

isotopically-labeled oxygen with a transient kinetics approach. This work concluded that carbonyl 

and ether surface complexes produce CO and C02  via direct reaction with 02, while the acid 

anhydride and lactone complexes desorb as CO and C@ without interaction with 02. 

Yang et al. (1981, 1983, 1984, 1985) made considerable use of the site decorationEEM 

technique to study the mechanism of the carbon-steam reaction on single crystal graphite. All etch 

pits formed by H20 are hexagonal in shape and have identical orientations. The etch pits are 

composed of [ 1010) faces, or the “zig-zag” planes, on the six sides. The active sites are carbon 

atoms with one unbonded or free sp2 electron. These atoms are more active than thecompletely 

bonded “bulk” atoms. After the first three layers of active sites are removed, the pit is already 

bounded by the surface atoms on the { 1010) faces. Further removal of the active sites, layer by 

layer, simply expands the hexagonal etch pit. The formation of a circular pit requires the removal 

of additional atoms near the middle of each side, making the hexagon rounded. Once rounded, 

however, continued removal will lead to a larger circular pit. Thus, the conformation of each pit is 
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determined in the early stages of pit formation. Both monolayer and multilayer edges were 

investigated for the carbon-steam reaction at 700, 800, and 900OC. The resultant reaction rate 

expression was: 

r = kl%z0/[1-l- k2pxH2 i- k3PH201 16.61 
where x=OS at 7OO0C, n=0.85 at 80OOC and n=1.0 at 900°C for monolayer edges; and for 

multilayer edges, x=OS at all three temperatures. Additional experimental results indicated that 

x=OS is due to dissociative chemisorption of H2. On monolayer edges, dissociative chemisorption 

preferentially took place on the { 1010}, or “zig-zag” faces. The turnover rates on the multilayer 

edges were approximately one order of magnitude greater than on the monolayer edges. The rate of 

vacancy formation on the basal plane was also determined. Atomic oxygen formed by dissociation 

of H20 was responsible for vacancy formation, and H or OH species were responsible when H;! 

was present in the gas phase. 

Literature values for the apparent or global reaction order and activation energy for steam 

gasification are presented in Table VI, 1. As shown, there is a relatively large degree of variation in 

the apparent rate parameters for steam gasification. For ultrapure carbons (Le., c 5 ppm 

impurities), the activation energy is about 80 kcal/mol @ossberg, 1952; Walker et al., 1959; 

Hermann and Huttinger, 1986). This is about 25 kcal/mol greater than for impure samples with 

greater impurities (Walker et al., 1959; Lewis, 1970; Laurendeau, 1978). 

6.2. Experimental. 
The basic experimental details and procedures have been presented in Sections 2.5 and 2.6. 

Char produced from phenol-formaldehyde resin synthesized in our laboratory was used in the 

current experiments. All the samples were gasified in the steam gasification TGA apparatus 

described in Section 2.5. The thermal desorptions were all carried out in the TPD-MSRGA 

apparatus, described in Section 2.2, at a heating rate of SOK/min to 120OOC in flowing ultrahigh 

purity helium carrier gas. 

6.3. Results. 
6.3.1. Steam Gasification Reactivities. 
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Steam reactivity data for resin char samples are presented in Figures 6.1 and 6.2. As shown 

in Figure 6.1, at a constant reaction temperature of 85OoC, the reactivity increases almost linearly at 

low steam partial pressure. But at high steam partial pressure, it appears to asymptotically approach 

a constant value. 

As described in Section 6.1, steam gasification reactivity has been shown to typically follow 

classical Langmuir-Hinshelwood kinetics; i.e., the reaction is first order at low steam partial 

pressure and asymptotically approaches zero order at higher steam partial pressures, as described 

by Eq. [6.4]: 
r = kPm-J[l+ aPm + b P ~ o ]  ~6.41 

f WH20/(1+ bpH20) 16.61 
which for very low hydrogen partial pressures, as in the current work, becomes: 

or 
1/r = 1/kpHzo + b/k 16.71 

The latter expression indicates that a plot of l/r vs l /J?~~o should be linear. From Figure 6.3, for 

a reaction temperature of 850°C at 10% burn-off, the corresponding value of k = 4.9 x 10-5 (min 
torr)-l and b = 3.4 x 10-3 torr1. Table V1.2 summarizes some of the kinetic rate constants 

reported in the literature for steam gasification. As shown, k z 10-5-10-6 (min torr)-l, and b E 

10-3-10-4 torr 1. Thus the present values are in fair agreement with other reported values. 

From Figure 6.4, the apparent reaction rate at 850°C and 10% bum-off is given by r = 1.7 x 

Po065 min-1 for resin char. This may be compared with the results in Table VI.2. For 

example, r = 1.3 x 10-6 Po05 (g/g min) for nuclear graphite (Giberson and Walker, 1966) reacted 

at 850°C and pressures from 1 to 10 torr. Activated resin char has a relatively large surface area, 

and its reactivity should be larger than nuclear graphite. So, the apparent frequency factor of resin 

char is greater than nuclear graphite. However, the overall reaction orders are somewhat similar. 

The Anhenius plot for the data in Figure 6.2 is shown in Figure 6.5. The corresponding 

activation energies and frequency factors for resin char pyrolyzed at 1000°C are 195 kJ/mol and 

8.9 x 106 min-1 for 50% steam in helium, and 190 kJ/mol and 4.5 x 106 min-1 for 20% steam in 

helium respectively. In the literature, the activation energy for steam gasification for graphite 

ranges from about 200 to 330 kJ/mol, and for coal chars from about 125 to 200 kJ/mol 
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(Laurendeau, 1978). For high purity carbon materials such as PVC char, the activation energy can 

be as high as 310 kJ/mol (Hiittinger and Merdes, 1992). The activation energies obtained here for 

phenol-formaldehyde resin char correspond quite well to this range of values. 

6.3.2. The Effect of the Quench Process. 
Figures 6.6 - 6.8 present CO TPD spectra of resin char samples (pyrolyzed at 1000°C in 

flowing helium for 2h) at 10% bum-off in 50% steamhelium mixtures at 750, 850, and 95OoC, 

respectively. In each case, similar samples were quenched both in 50% steadhelium mixtures and 

in pure helium. The effective cooldown rate was not linear, but varied over the range 400- 

300K/& in each of the cases. These experiments were performed to assess whether the oxygen 

surface complexes present during steady-state state gasification were retained on the surface during 

the quench process, and if the gasification process was desorption rate-controlled. It was reasoned 

that if the gasification reaction was not controlled by desorption, and/or if complexes were lost 

during the quench procedure, unoccupied active sites would exist, which by cooling down in the 

reaction mixture could become at least partially covered with oxygen surface complexes as the 

temperature decreased. Consequently, the resultant TPD spectra would differ from those obtained 

following rapid cooling in helium where sites could not be filled. 

As shown, the two quench procedures did produce differences in the resultant TPD spectra. 
The principal difference lies in the population of the low temperature surface complexes. That is, 

less surface complex was desorbed during TPD following cooling in pure helium than following 

cooling in the reaction mixture over this temperature region; and this difference increased with the 

gasification-temperature. On the other hand, the population of high temperature surface complexes 

did not change appreciably with the quench procedure. The fact that complexes were preferentially 

lost from the low temperature portion of the spectrum definitively supports the hypothesis of a 

distribution of desorption activation energies. 

Hermann and Huttinger (1986b) also examined the effect of the quenching rate and procedure 

on surface oxygen complexes created during steam gasification of a PVC (polyvinylchloride) char. 

It was noted that quenching in the reaction mixture at 300K/s caused the desorption of CO to begin 

above 900°C, whereas CO desorption was noted to begin at 8OOOC following quenching at 300 

K/min in the reaction mixture. In the current context this result could be understood in terms of the 



fact that the low temperature carbon-oxygen surface complexes have more time to form in the latter 

case during the slower quenching process in the reaction mixture. 

6.3.3. CO TPD Spectra Following Steam Chemisorption. 

Figure 6.9 presents CO TPD spectra of resin char samples following chemisorption of steam 

over the temperature range 400-600°C in 50% steadhelium mixtures at a total pressure of one 

atmosphere for 30 minutes. Over this temperature range, no gasification occurred and the char 

surface became saturated with water vapor within a few minutes, as indicated by the sample mass 

records obtained in the TGA. As shown, oxygen surface complexes are readily formed below 

gasification temperatures, and these desorb over a large temperature range. The principal feature of 

the CO desorption is centered at 97OoC, and its intensity increases monotonically with the 

chemisorption temperature; however, the population of the surface complexes at the lowest 

temperatures from 600-800°C varies hardy at all with the chemisorption temperature. In other 

words, these sites were apparently already saturated at the lowest chemisorption temperature, while 

the higher temperature sites filled in progressively with increasing temperature in the chemisorption 

regime. 

Hermann and Huttinger (1986b,c) reported that extremely stable ether-type surface 

complexes could form on PVC char at temperatures as low as 500°C, and that their population 

increased with gasification temperature up to 850°C and then began to decrease. Our results are 

qualitatively similar in certain respects, although the identity of the surface complexes are not 

known with certainty. 

6.3.4. The Behavior of CO TPD Spectra With Gasification Temperature. 
Figure 6.10 presents CO TPD spectra of resin char (pyrolyzed at 1000°C in flowing helium 

for 2h) following 10% bum-off in 50% stearnhelium mixtures at one atmosphere and then 

quenched in helium, as a function of reaction temperature. As shown, for resin char CO desorbs as 
a broad peak centered ca. 970°C. The intensity of the peak decreases monotonically with reaction 

temperature, and the peak temperature increases slightly with reaction temperature. Figure 6.1 1 is a 

plot of the same spectra normalized to unity. Thus, as shown, although the intensities of the 

spectra decrease with reaction temperature, the shape of the desorption spectra actually changes 
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very little. In addition, these spectra are quite similar to those obtained following chemisorption 

(@. Figure 6.6), with the exception of the spectra at the very lowest temperatures. Therefore, it is 

concluded that the oxygen surface complexes formed during gasification are similar to those 

formed during chemisorption. 

6.3.5. The Behavior of CO TPD Spectra With Steam Partial Pressure. 
Figure 6.12 presents CO TPD spectra of resin char (pyrolyzed at 1000°C in flowing helium 

for 2h) following 10% burn-off at 85OoC, as a function of steam partial pressure ranging from 9 to 

67% in helium at one atmosphere total pressure. As shown, the total population of surface 

complexes increases slightly and appears to approach a constant value with increasing steam partial 

. pressure. In Figure 6.1, the reactivity also appears to asymptotically approach a constant value 

with increasing steam partial pressure. This suggests that the increase in reactivity with steam 

partial pressure may be related to the increase in the surface complex population at a constant 

reaction temperature. 

Hermann and Hiittinger (1986b,c) studied the mechanism of steam-carbon gasification using 

TPD for PVC char. These workers concluded that steam gasification is controlled by the formation 

of stable surface complexes which begin to form at about 50OoC, and that dissociation of water at 

these surface complexes represents the rate limiting step. Marchon et aZ. (1988a) studied the 

kinetics of noncatalytic as well as catalytic steam gasification, and CO TPD spectra from 

polycrystalline graphite. The gasification appears to be controlled not only by the decomposition of 

the surface complexes, but also by the surface “wettability” of steam. 

6.3.6. Comparison of CO TPD and TPR Spectra. 

It was demonstrated in Section 5.0 that certain types of oxygen surface complexes can be 

reduced by hydrogen during temperature programmed reduction (TPR). Under these conditions, 

hydrogen in the carrier gas can interact with surface complexes and affect 

Figures 6.13 and 6.14 present CO TPR spectra for resin char in the presence of helium 

carrier gas containing 4.86% hydrogen, and the corresponding CO TPD spectrum obtained for 

resin char following 10% burn-off at 85OOC and 75OoC, respectively, in 50% steamhelium 

mixtures. As shown, the CO desorption peak shifts to lower temperatures in the hydrogen- 

containing atmosphere and its intensity decreases. Figures 6.15 and 6.16 show the behavior of 
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hydrogen during TPR and TPD for resin char following 10% burn-off in 50% steamhelium 

mixtures gasified at 75OOC and 95OoC, respectively. No methane was observed in any of the TPR 

experiments. Consequently, hydrogasification was not appreciable. Changes in the water vapor 

level were more difficult to detect due to well known sampling problems. Therefore, the extent of 

direct reduction of oxygen surface complexes to water vapor could not be ascertained with any 

certainty. However, the significant reduction in CO evolution from the TPD to the TPR 

experiments could be due to direct reduction to water. 

As shown in Figures 6.15 and 6.16, there is significant hydrogen consumption over the 

temperature range of 75O0C-10OO0C where the CO evolution is the greatest. The hydrogen 

consumed in TPR experiment for the char gasified at 75OOC is greater than for the sample gasified 

at 95OOC. Comparing CO TPD spectra at different reaction temperatures (tf. Figure 6.10), the 

population of CO surface complexes of the sample gasified at 75OOC is greater than that of the 
sample gasified at 95OOC. It was shown in Section 5.0 that hydrogen can dissociatively chemisorb 

at reactive sites created by oxygen surface complex desorption, as well as interact with oxygen 

surface complexes directly. In the current case, the experimental results also clearly show that 

hydrogen can interact with CO surface complexes, and that this interaction changes the energetic 

distribution of the oxygen surface complexes such that it shifts the desorption of CO to lower 

temperatures. In addition, hydrogen is lost to the surface by reacting with and “capping” the 

reactive nascent sites created by CO desorption. Consequently, C(H) or C(H2) groups are formed. 

Hermann and Huttinger (1988b,c) and Huttinger and Merdes (1992) found that hydrogen desorbed 

over two temperature ranges in the presence of hydrogen in the reactant gas: ca. 600°C and the 

ca. 1000°C. These two hydrogen desorption features were assigned to C(H2) and C(H) 

complexes, respectively, and C(H) is very stable. Since no low temperature hydrogen evolution 

was detected, it is concluded that the complexes responsible for the evolution of hydrogen at high 

temperatures (> 1000°C) are most probably C(H). 

6.3.7. C02 TPD Spectra of Steam-Gasified Resin Char. 
The evolution of C02 from the steam-gasified samples is considerably less than that of CO. 

Figure 6.17 presents the corresponding C02 TPD spectra for resin char (pyrolyzed at 1000°C in 

flowing helium for 2h) at 10% burn-off in 50% steamhelium mixtures as a function of reaction 
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temperature. As shown, the C02 desorption rate is about an order of magnitude less than that of 

CO. At desorption temperatures above 700°C there is almost no C02 evolution. 

Only for the 750°C reaction temperature case are there noticeable, but weak C02 peaks at 

about 900°C and 62OoC, and more intense peaks at 37OOC and slightly less than 20OOC. The C02 

desorption below 200°C is attributed to physisorbed C02 from the mass spectrometer calibration 

gas mixtures since this peak is absent for TPD runs when the sample has not been exposed to the 

calibration gas; Le., it is an artifact of the experimental procedure. The C02 evolution at about 

370°C is thought to arise from carboxylic acid groups (-COOH) (Otake, 1986), most probably 

formed during the cooldown process following gasification. 

The weak C02 desorption peaks at about 620°C and 900°C may result fmm oxygen surface 

complexes formed during gasification. These may arise from lactone or acid anhydride surface 

groups (cf. Section 5.0, Marchon et al., 1988a,b; Zhuang et al., 1994, 1995; Otake, 1986). 

Since there is no appreciable CO evolution at 62OoC, and since acid anhydride groups decompose 

to form one CO and C02 molecule, this peak may be attributable to lactone groups. The higher 

temperature peak at about 900°C may arise h m  carboxylic acid anhydrides (Otake, 1986; Section 

5.0). 

6.4. Discussion. 
6.4.1. CO TPD Spectra. 
A first order CO desorption peak with a single activation energy (e.g., Redhead, 1962) does 

not fit the CO desorption spectra very well. Although a combination of multiple peaks with 

different activation energies can be made to fit the CO spectra, this would require the unlikely 

condition that the intensity ratios of all the CO desorption peaks do not vary with reaction 

temperature. However, as discussed in Sections 1.5.2 and 1.5.3, it is known that char surfaces 

can exhibit heterogeneous behavior due to both the nature of the surface itself, as well as the fact 

that in microporous materials, chemically similar surface complexes can exhibit a range of bond 

energies that may overlap considerably even between chemically different surface groups (Chen et 

al., 1993). Therefore, it is plausible that these complexes would desorb as a single broad peak 

which perhaps could be better described by a continuous distribution of desorption activation 
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energies, rather than the superposition of a number of individual first order peaks. 

The decrease in total oxygen surface complex population with increasing gasification 
temperature can be explained in terms of the behavior of the active sites responsible. Phillips et al. 

(1970) have suggested that the decomposition of surface complexes creates highly reactive 

“nascent” sites in oxygen gasification. A mechanism involving highly reactive nascent sites has 

also been hypothesized for hydrogen gasification (Treptau and Miller, 1991), and in the 

interactions between hydrogen and the oxygen surface complexes on carbon samples oxidized in 

HNO3 (cf. Section 5.0.). 
The desorption of CO from edge sites during TPD ruptures carbon-carbon bonds. This 

process destroys the benzenoid resonance electron structure. The resultant electronic state of the 

carbon atom is sp3 with two electron orbitals out of the carbon basal plane. These carbon atoms are 

highly reactive sites, However, if the electronic state of the carbon rehybridizes to sp2, it becomes 

less reactive. The sp2 state has three s electrons and one n electron. The n electron is delocalized in 

the carbon hexagonal rings with resonance stabilization energy. It is general accepted that the 

electronic state of edge site carbon atoms is sp2 (Chen et aZ., 1993). Gao et al. (1989) also found 

by transmission electron energy loss spectroscopy (EELS) that all C-C bonding in amorphous 

carbon is sp2. This process can be schematized as follows: 

* c : sp3 e: sp2 

Using this concept, it is hypothesized that steam molecules react more rapidly with nascent reactive 

sites than with regular sp2 edge sites to form surface complexes. As the reaction temperature 

increases, it is likely that the rehybridization rate will also increase, such that the population of 

highly reactive nascent sites would probably decrease with temperature, resulting in an overall 

lower population of surface complexes, as observed. 

Another possible contribution to the apparent decrease in surface complex population with 

temperature is hydrogen chemisorption. Giberson and Walker (1966) have hypothesized that 

166 



steam molecules and hydrogen from the products compete to occupy the reactive “nascent” sites. 

Hydrogen atoms can form stable C(H) complexes which effectively “block” active sites. The TPR 

data presented in Section 5.0, and also discussed below, indicate that the formation rate of these 

stable C(H) complexes increases with reaction temperature. Consequently, both the increase in 

rehybridization rate with temperature, as well as the competitive effect of hydrogen chemisorption 

as hydrogen production proceeds with gasification, would cause the steady-state population of 

oxygen surface complexes to decrease with hcreasing reaction temperature. 

The structures of the surface complexes in TPD spectra are still a matter of controversy. 

Marchon et aZ. (1988a,b) studied water adsorption on graphite by TPD and XPS. Hemann and 

Hiittinger (1986b,c) studied the mechanism of steam-carbon gasification by TPD, and concluded 

that the principal oxygen surface complexes are very stable ethers. Chen et al. (1993) studied the 

reaction by SEM, TPD, and also performed molecular orbital calculations of possible surface 

complex configurations, It was concluded that the oxygen surface complexes are mainly 

semiquinone structures. Zhuang et aZ. (1994,1995) studied oxygen surface complexes involved 

in oxygen gasification using transient kinetics techniques and DRIFT. It was concluded that the 

surface complexes could be carbonyl, ether, lactone, and/or acid anhydrides. Moulijn et al. (1995) 

recently summarized gasification mechanisms and surface oxygen complexes on carbonaceous 

materials by oxygen-containing reactant molecules. It was concluded that the chemical states of the 

“stable” surface complexes could be semiquinone, carbonyl, and pyrone structures. 

Steam gasification shares certain similarities with C02 gasification. Some studies concerned 

with C02 gasification contend. that some of the surface oxygen complexes which release CO on 

TPD are not intermediates, but rather inhibitors of the reaction because of their stability at high 

temperatures. Chen and Yang (1992) indicated that liberation of C(0) from the carbon structure (by 

breaking neighboring C-C bonds) is the rate-limiting step for C02 gasification. In Section 3.0 it 

was concluded that C02 gasification is desorption rate-controlled in pure C02 at one atmosphere, 

but that this system rapidly deviates from desorption rate-control as the partial pressure of C02 is 

reduced. Meijer (1992) has argued that the gasification rate is not always controlled by the 

desorption step. For potassium-catalyzed gasification, it was concluded that the rate is determined 

by the decomposition rate of surface oxygen complexes. For uncatalyzed C02 gasification, 
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however, it was claimed that two rate-determining processes are operative: the decomposition of 

semiquinone surface complexes, and the formation of carboxylic acid anhydride species from the 

interaction of C02 with the semiquinone surface complexes; and that their relative contribution to 

the gasification rate is controlled by the C02 partial pressure. This mechanism was subsequently 

revised by Kapteijn et al. (1994) to focus on the interaction of C02 with labile complexes which 

include an “out-of-plane” oxygen atom. 

As steam partial pressure increases, it was found that the gasification rate and the population 

of oxygen surface complexes both increase and approach constant values. Apparently, the 

formation rate of surface complexes may be rate-limiting at low steam partial pressures. However, 

at high steam partial pressures, the population of surface complexes approaches a constant, so that 

desorption becomes the controlling step for the overall reaction. 

6.4.2. Distributions of Desorption Activation Energies. 
From the behavior of the CO TPD spectra following quench, chemisorption, and reaction, it 

was concluded that a continuous distribution of desorption activation energies may provide the best 

description of the desorption behavior of the surface oxygen complexes. Du et al. (1990) and Calo 

and Hall (1991) developed distributed activation energy models for the desorption of oxygen 

surfaCe complexes from carbons following 02 and C02 gasification. Here the distribution of 

desorption activation energies is determined using the method described by Calo and Hall (1991), 

as presented in Section 1.5.3. The resultant relationship between the instantaneous CO desorption 

rate and the distribution of desorption activation energies is: 

d[CO]/dt=[C-O]oS (E*)dE*/dt 16.83 
where E* is the local desorption activation energy, as approximated by an instantaneous step at 

energy E*, S(E*) is the desorption activation energy probability density function, d[CO]/dt is the 

desorption rate of oxygen surface complexes as CO during TPD, and [C-01, is the total initial (i.e. 

prior to the initiation of desorption) amount of CO-evolving oxygen surface complexes on the 

surface. Based on the classical work of Redhead (1962), for 108c~0/p<1013 (K-I), the 

parameters are related by: 

E*/RT=ln [u0T@J -3.64 E.91 

where E* is the approximation to the local activation energy for desorption, v0 is the pre- 
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exponential frequency factor of the desorption rate constant, T is the absolute temperature, and p is 

the heating rate. From Eq. [6.9], for a linear heating rate, p: 
&*/dt = E*j3/T [6.10] 

and substituting into Eq. C6.81: 

d[CO]/dt = [C-O]oS(E*) E*PE [6.11] 

Once the instantaneous desorption rate, d[CO]/dt, is known experimentally from TPD spectra data, 

Eqns. c6.91 and [6.11] can be used to determine the distribution of desorption activation energies. 
The determination of a desorption activation energy distribution requires a value of the pre- 

exponential factor, uo. It was assumed that the pre-exponential factor is constant for the entire 

distribution and that is does not vary with heating rate. Therefore, in order to determine the value 

of uo, a series of CO TPD runs were performed at various heating rates for the same char sample. 

The distributions of desorption activation energies predicted from these TPD spectra as a function 

of heating rate from Eq.[6. 111 should all be the same for the “correct” constant value of uo. 

Figure 6.18 presents the CO TPD spectra obtained at heating rates of 30, 40, 50, and 

60K/min for resin char samples gasified at 85OOC in 50% steamhelium mixtures to 10% bum-off. 

A value of 109 min-1 gave the most consistent predictions for the resin char samples. Figure 6.19 

presents the resultant distributions of desorption activation energies for these samples. Figure 6.20 

presents the predicted and measured CO TPD spectra for the 40Wmin heating rate. It is noted that a 

constant pre-exponential factor uo=lO1o min-1 was obtained in a similar manner for resin char, 

Wyodak coal char, and Pittsburgh #8 coal char from CO TPD spectra following oxygen 

gasification (Calo and Hall, 1991) and in Section 3.0 for C02 gasification. 

6.4.3. Steam Gasification Reactivity. 
Under steady-state conditions, the gasification rate is equal to the desorption rate of COY 

which can be expressed as: 

r=kdCt8  [6.12] 

where kd is the desorption rate constant over all active surface complexes, Ct is the total amount of 

active sites per mole of carbon, and 8 is the fraction of active carbon sites occupied by desorbing 

surface complexes. Under conditions where the gasification rate is desorption rate-controlled, the 

formation rate of surface complexes is greater than the desorption rate, and the surface is saturated 
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with oxygen surface complexes (i.e., 8 = 1). Under these conditions, Eq. [6.12] can be written: 

r = kd Ct = 9, exp(-Ed/RT) Ct [6.13] 
where has been written in its Arrhenius form with a pre-exponential factor of I+,. 

EqJ6.131 applies specifically to a homogeneous surface; Le., characterized by a single 

desorption activation, Ed. However, actual char surfaces can be distinctly heterogeneous. Thus for 

conditions where gasification is surface complex desorption rate-controlled, the corresponding rate 

expression for a heterogeneous surface with a distribution of desorption activation energies 

becomes: 
00 

r = lo vo exp(-E*/RT) [C-O]oS(E*) dE* C6.141 

Therefore, once the desorption activation energy distribution function is determined, the reactivity 

can be calculated from Eq. [6.14]. 
Figure 6.12 indicates that at 85OoC, the resin char surface appears to be saturated with 

oxygen surface complexes at steam partial pressures of 34% and above at one atmosphere total 

pressure, and thus for these cases gasification may be desorption rate-controlled. Figure 6.21 

presents desorption activation energy distributions for resin char as a function of reaction 

temperature in 50% steamhelium mixtures at 10% burn-of, as determined ftom Eq. C6.111. As 
shown, the transformation from CO desorption rates to distributions of desorption activation 

energies is such that the resultant distributions are similar to the CO TPD spectra. Table VI.3 
presents values of predicted reactivities for resin char as a function of temperature in 50% 
steam/helium mixtures at 10% burn-off, as calculated from Eq. [6.14], vs. the measured values. 

As indicated, the agreement between measured and predicted values is good for the lowest reaction 

temperature of 7OOOC (within a factor of two), but becomes progressively worse with increasing 

temperature, such that the values differ by about an order of magnitude at 95OOC. 

There are several possibilities that may account for the predicted reactivities becoming 

progressively worse with increasing reaction temperature, as shown in Table VI.3. As discussed 

above, it has been concluded that a portion of the lowest temperature complexes are missing from 

the TPD spectra, and that this loss increases with increasing gasification temperature, as clearly 

shown in Figures 6.6 - 6.8. This could be due to the quench process itself and/or the possibility 

170 



that the population of these complexes gradually change from desorption rate-controlled at 700OC to 

formation rate-controlled at 950°C under the current experimental conditions. In either case, this 

result is consistent with the hypothesis that the complexes are energetically distributed. This is the 

same conclusion arrived at for C02 gasification in Section 3.0, and has also been hypothesized by 

other workers, such as Chen et al. (1993) and Kapteijn et al. (1994). 

The kernel of the integral in Eq. [6.14] represents the differential reactivity, &/dE*; i.e., 

dr/dFi* = vo exp(-E*/RT) [C-O],S(E*) [6.15] 
The differential reactivity can also be expressed with respect to temperature during TPD: 

dr/dT = &/a* dE*/dT [6.16] 
where dE*/dT is given by Eq. C6.101. Figure 6.22 presents the differential reactivities, &/dT, for 

resin char samples at different reaction temperature in 50% steamhelium mixtures to 10% burn- 

off. As shown, the total reactivity is controlled primarily by the desorption of the low temperature 

(i.e., low desorption activation energy) surface oxygen complexes. As the temperature increases, 

the higher temperature complexes gradually become more involved, such that at the highest 

temperatures practically all the complexes are involved. As discussed above, steam gasification 

appears to be desorption-rate controlled at conditions of low reaction temperature and high steam 

partial pressure. These results support this conclusion. 

Loss of the lowest energy portion of the complexes due to desorption during the quench 

process can be estimated as follows. The amount of surface complex desorbed at each value of the 

desorption activation energy, E*, following removal of the reaction gas mixture during the quench 

process, is given by: 
t 

~ ~ [ c ( o ~ l / r c ( o ) l , ~  Ig* = - I, vo exp(-E*/RT) dt [6.17] 

Estimating the temperature decrease during the quench process as approximately linear (Le., dT/dt 

= -p>: 

[6.18] 

where Tr is the initial reaction temperature and Tf is a temperature by which the surface complex 

desorption becomes negligible. This expression can be solved by integrating by parts and using the 

identity: 
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U I, [exp(z)/~) dz = [exp(u)/ul ~ ( u ) ,  for u >> 1 

where 

H(u) = 1 + l!/u + 2!/u2 + ... 
Taking only the first two terms in the expression for H(u), Eq.[6.18] becomes: 

~n([C(0)l/Cc(o)lo) I E* = -['ORE*pl Tf2 exp(-E*/RTf) [6.21] 

Eq. c6.211 can be used to determine the loss of surface complexes during the quench process 

due solely to desorption. Figures 6.23 and 6.24 present both the measured TPD spectra for resin 

char gasified at 85OOC and 95OOC in 50% steamhelium mixtures to 10% bum-off, and the predicted 

spectra from Eq. [6.21], assuming an average linear quench rate of 300K/min. These figures 

clearly show that some oxygen surface complexes can be lost due to desorption during the quench 

process, and that these are preferentially from the population of the lowest temperature (i.e., the 

fastest desorbing) oxygen surface complexes. In addition, this cclossyy becomes progressively 

worse with increasing gasification temperature. At gasification temperatures of 700 and 75OoC, the 

loss of oxygen surface complexes from the quench process is negligible. 

It is noted that Figures 6.23 and 6.24 are also quite similar to Figures 6.6 - 6.8, obtained 

experimentally using the two different quench procedures; i.e., in helium and in the reaction 

mixtures. Consequently, both these calculated losses and the experimental data are completely 

consistent with a distribution of desorption activation energies whereby the lower temperature, 

lower desorption activation energy complexes are preferentially affected in comparison to the 

higher activation energy complexes. Therefore, it is concluded that the preferential loss of low 

temperature oxygen surface complexes at the higher gasification temperatures is a principal factor 

in causing a considerable underestimation of the "predicted" reactivity. 

In view of the preceding results, coupled with the fact that at the lowest gasification 

16.191 

[6.20] 

temperature of 700°C it was speculated that the char surface was saturated with oxygen surface 

complex, the prediction of gasification reactivity with temperature was attempted using the 

desorption activation energy distribution derived from the CO TPD spectrum obtained following 

gasification at 700°C. The results are presented in Table VI.4. As shown, the predicted reactivities 

compare much more favorably With the measured values than in Table VI.3. The reason, 

apparently, is that the low temperature surface complex population, which has been shown to 
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account for most of the reactivity, as demonstrated in Figure 6.22, is better represented by the 

suIface complex population from the 700°C run where there was little or no loss from desorption 

during the quench procedure. However, as shown in Figures 6.6 - 6.8 and 6.23 and 6.24, the 

high temperature surface complex population is not affected appreciably by the quench procedure, 

and it definitely decreases with gasification temperature such that the population at high desorption 

temperatures at 950OC is much less than at 700°C. This is also consistent with these complexes still 

being desorption rate-controlled. That is, it is expected that the low temperature complexes with 

high desorption rates will become formation rate-limited before the higher temperature complexes. 

Consequently, the loss of surface complexes at the higher desorption temperatures was attributed 

above to the loss of highly reactive sites via processes such as “capping” with hydrogen and 

increased rehybridization rates of highly reactive “nascent” sites with temperature. Although this 

can explain the decrease in desorption intensities with gasification temperature, how can the 

reactivity continue to increase with temperature, as observed, if the total surface complex 

populations continue to decrease? The answer to this apparent inconsistency may lie with the 

influence of hydrogen. 

From the post-reaction hydrogen TPD spectra (cf. Figure 6.15 and 6.16), it is noted that 

hydrogen begins to desorb at about 850OC. This temperature also approximately coincides with the 
temperature at which the measured and predicted reactivities begin to diverge appreciably. If steam 

reacts with the empty active sites produced by hydrogen desorption to preferentially produce 

surface complexes with very low activation energies, the high temperature complex populations 

could decrease with gasification temperature, but the reactivity would still continue to increase as 

the carbon-hydrogen complexes become increasingly unstable. The increased population of low 

temperature, very reactive surface complexes would not be observed in the TPD spectra because 

they would either be lost during the quench process and/or they would be formation rate-controlled 

such that their steady-state populations would be very low in any case. 

From the post-chemisorption TPD spectra presented in Figure 6.9, it is obvious that a 

relatively significant population of very low temperature oxygen complexes can be formed on the 

resin char surface over the range 600 - 800”C, at least under chemisorption conditions. They can be 

observed in these data because their desorption rates during the quench process are so low at 
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chemisorption temperatures. Therefore, in order to estimate how much of a low temperature 

surface complex population would be required to reconcile the measured reactivities at high 

gasification temperatures, the distribution of low temperature surface complexes for gasification at 

950°C was assumed to be the same as observed following chemisorption. A “composite” spectrum 

was put together by splicing the low temperature, saturated surface complex spectrum up to 900°C 

onto the high temperature spectrum from the 950°C gasification run following quenching in the 

reaction mixture. The 900°C point was chosen because the desorption rates from the two spectra 

match quite closely at this point. The resultant composite spectrum is presented in Figure 6.25. It is 

hypothesized that this is the spectrum that may exist under gasification conditions at 950°C. The 

predicted reactivity obtained from the distribution of desorption activation energies derived from 

this spectrum is 0.0171 g/g min, which compares favorably with the measured reactivity at 950°C 

of 0.0351 g/g min (cf. Tables VI.3 and VI.4). Of course, the actual distribution of oxygen surface 

complexes that exists during steady-state gasification is unknown since it could not be observed. 

However, in any case, this simple approximate calculation demonstrates how the reactivity may 

continue to increase rapidly with temperature, while the high temperature surface complex 

population decreases with gasification temperature. 

6.5. Conclusions. 
The data indicate that the population of oxygen surface complexes apparently decreases 

monotonically with increasing gasification temperature, and approaches a constant value with 

increasing steam partial pressure at a constant reaction temperature. The gasification reaction 

appears to be predominantly desorption rate-controlled at low reaction temperatures and high steam 

partial pressures. 
It has been shown that a portion of the surface complexes that desorb at the lowest 

temperatures are missing from the post-reaction TPD spectra. The severity of this discrepancy 

increases from almost zero at the lowest gasification temperature of 700°C to a significant amount 

at the highest reaction temperature of 950°C. 

The hypothesis of highly reactive “nascent” sites produced upon CO desorption was used to 

explain the decreasing population of the high temperature surface complexes with increasing 
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gasification temperature. TPR spectra show that hydrogen interacts with the surface complexes and 

can occupy these “nascent” sites to form carbon-hydrogen surface complexes. 

A relationship between the instantaneous desorption rate and the distribution of desorption 

activation energies was derived by assuming a continuous energetic distribution for the 

heterogeneous carbon surface. Predicted steam reactivities were determined from the resultant 

desorption activation energy distributions. Since a portion of the surface compIexes at low 

desorption temperatures is lost during the quench process, the predicted reactivities are typically 

less than the measured reactivities; and this discrepancy increases with increasing gasification 

temperature. Because of this, reactivities predicted from the desorption activation energy 

distribution determined from the most saturated case following gasification at 7OO0C, agreed the 

best with the measure reactivities as a function of reaction temperature over the range of 700- 
950°C. The apparent inconsistency between increasing reactivity and decreasing surface complex 

populations with increasing gasification temperature was explained by the creation of additional, 

low desorption activation energy oxygen surface complexes formed by the interaction of steam 

with reactive sites created by the desorption of hydrogen at higher temperatures. Due to their low 

desorption activation energies and formation at high temperatures, these complexes could not be 

observed during post-reaction TPD. 
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Table VI.l. Global kinetic parameters for steam gasification, 

Zielke and Gorin (1957) 

Blakely and 

Overholser (1965) 

Stewart and Diehl(l972) 

van Heek et al. (1973) 

Fuchs and 

Yavorsky (1975) 
Kayembe (1976) 
and Pulsifer 

Kaftanov and 

Fedoseev (1976) 
Linares-S olano 

et al. (1977) 
Hermann and 

Huttinger (1986a) 

Disco Char 

Graphite 

Coal Chars 

Coal Chars 

Coal Chars 

Bituminous 
Coal Char 

Graphite 

Lignite Char 

PVC char 

1090- 1200 1-30 0.1-1.5 40-75 

1050- 1200 1 0.7 50 

1175-1275 1 0.6 34-40 

875- 1375 1-70 0 36- 50 

1025-1 175 18-70 0 50 

875-1 125 1 - 61 

1175-1475 - 1 70 

1025-1205 8.5-23 x 10-3 0.6 42 

973-1173 1 - 80 

~ ~ 

Reference Sample Temperature Pressure Order Ea 
Range (K) Range (atm) (kcal/mol) 



Table VI.2. Kinetic constants for steam gasification. 

Reference k(min torr)-l b (torr-1) k*(min-1 torr-") n E (kJ/mol) 

(overall) 

- 176 Gadsby et al. (1946) 1.4 10-5 2.9 10-3 - 
@3riquetted coal char; 800°c3 

Johnstone et al. (1952) 

[Graphite; 925Oq 

Blackwood et al. (1958) 

[Coconut char, 830°C] 

Pilcher et al. (1955) 

[Graphite; 1 100°c] 

Giberson et al. (1966) 

[Graphite; 850"q 

Yang and Yang (1985) 

[Graphite; 800°c] 

Huttinger and Merdes (1992) 

lpVC char, 1000°C] 
This work 

1.4 x 10-6 

5.8 x10-5 

2.6 10-3 

1.8 10-4 

1.1 10-3 

1.7 x 10-5 

4.9 10-5 

6.6. x 10-3 

2.2 10-4 

3.4 10-3 

8 . o ~  10-4 0.66 

1.3 x 10-6 0.5 

1.7 x 10-4 0.65 

310 

195 

___I_. 
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Table VI.3. Measured vs. predicted reaction rates calculated from 
distributions of desorption activation energies determined from the TPDs at 

each gasification temperature. 

Reaction Temperatwe 

0 
Predicted Reactivity 

Wdmin) 
~ 

700 
750 
800 
850 
900 
950 

~ 

2.85 10-4 2.04 10-4 
8.98 10-4 2.76 10-4 
2.57 10-3 4.53 x 10-4 
8.01 10-3 5.50 10-4 
1.95 x 2.07 10-3 
3.51 x 10-2 2 . 9 ~ ~  10-3 

Table VI.4. Measured vs. predicted reaction rates calculated from the 
distribution of desorption activation energies determined from the TPD 

spectrum following gasification at 70OOC. 

Reaction Temperam 

("c) 

Measured Reactivity 

(g/g 

Predicted Reactivity 

W & m  

700 
750 
800 
850 
900 
950 

2.85 10-4 2.58 10-4 
8.98 10-4 6.95 10-4 
2.57 10-3 1.73 10-3 
8.01 10-3 4.01 10-3 
1.95 x 10-2 0.87 x 
3.51 x 10-2 1.80 x loe2 
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Figure 6.1. Reactivity as a function of steam hction in helium at 1 atm for resin 
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Figure 6.3. Plot of l/r vs. 1/P for the resin char data presented in Figure 6.1. 
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Figure 6.4. Plot of h(r) vs. ln(P) for resin char gasified at 85OoC to 10% burn- 
off in 50% stearn/helium mixtures at a total pressure of 1 am. 
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Figure 6.8. Comparison of SOK/min CO TPD spectra following quenching in 
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steamhelium mixtures to 10% burn-off in atm total pressure. 
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Figure 6.16. Hydrogen evolution during TPD and TPR for resin char gasified 
at 95OOC to 10% burn-off in 50% steadhelium mixtures at 1 atm 
total pressure. 
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spectrum. 
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7.0. STEAM GASIFICATION OF PITTSBURGH #I8 COAL CHAR 
AND THE,CATALYTIC ROLE OF IRON 

7.1. Introduction. 
Coal char reactivity is known to be greatly influenced by catalytic effects from certain mineral 

matter impuyities. Iron compounds are potentially attractive catalysts for steam gasification because 

of their effectiveness and relatively low cost. In this section, the role of naturally occurring and 

intentionally doped iron is investigated with respect to its effects on reactivity, as well as its 

influence on the population of carbon-oxygen surface complexes. 

7.2. Experimental. 
The basic experimental details and procedures have been presented in Sections 2.5 and 2.6. 

Pittsburgh #8 and Wyodak coal char, produced from coal samples obtained from the Argonne 

Premium Coal Sample Bank (Vorres, 1993), were used in the current experiments, as well as char 

produced from phenol-formaldehyde resin synthesized in OUT laboratory (cf. Section 2.1.1-1). 

Demineralization and iron-doping procedures were outlined in Sections 2.1.3 and 2.1.4. The iron 

content of the various samples used are presented in Table II.4. 

All the samples were gasified in the steam gasification TGA apparatus described in Section 

2.5. The temperature programmed desorption (TPD) and reduction (TPR) experiments were all 

carried out in the TPD-MSD’GA apparatus, described in Section 2.2, at a heating rate of 5OK/min 

to 1200°C, in either flowing ultrahigh purity helium carrier gas (TPD), or 4.86% hydrogen in 

helium gas mixtures (TPR). 

7.3. Steam Gasification Reactivities. 
Figure 7.1 presents steam gasification reactivities for Fe ion-exchanged resin char (0.038 

wt% Fe) and undoped resin char samples as a function of steam partial pressure gasified at 850°C 

to 10% bum-off. As shown, the reactivities follow the familiar Langmuir-Hinshelwood-type 

behavior. The only difference between the behavior of the two types of samples is that the 
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reactivity of the Fe-ion-exchanged resin char is greater than that of the undoped resin char. 

Figure 7.2 presents the reactivities of Fe-ion-exchanged demineralized Wyodak coal char 

(0.098 wt% Fe) and undoped demineralized Wyodak coal char as a function of steam partial 

pressure gasified at 85OOC to 10% burn-off. Most of the catalytic impurities were removed from the 

demineralized Wyodak coal char, as described in Section 2.0 (cf. Table II.4). Once again, the 

reactivity behavior for both types of samples are qualitatively similar¶ but the absolute differences 

in reactivities are much greater than for the resin char (cf. Figure 7.1). 

Pittsburgh #8 is a high volatile bituminous coal. It contains a number of mineral matter 

impurities; principally Fe2O3, CaO, and K20 (Vorres, 1993). The primary impurity is Fe2O3 

which is thought to be catalytic in the presence of hydrogen (McKee, 1974,1981). CaO and K20 

account for only 2.6 wt% and 2.1 wt%, respectively, of the ash (Vorres, 1993). Hippo et al. 

(1979) compared the catalyzed reactivity of steam gasification for these latter two catalysts at the 

same loading and the same reaction conditions. It was found that Ca and K exhibited a greater 

catalytic effect than Fe (the ratio of the catalyzed reactivities to Fe were about 1.4 and 1.8, 

respectively), and Mg exhibited significantly less catalytic activity than Fe. Therefore, Fe is most 

probably the dominant catalytic species for steam gasification in Pittsburgh #8 coal char. 

Reactivities of Pittsburgh #8 coal char in steam as a function of gasification temperature are 

presented in Figure 4.3. The relatively low reactivities are attributed to low surface areas; e.g., the 

BET surface area of unactivated Pittsburgh #8 coal char is 3.8 m2/g. As shown in Figure 4.4, the 

reactivity of Pittsburgh #8 coal char as a function of steam partial pressure at a constant reaction 

temperature (850°C) also appears to follow a Langmuir-Hinshelwood-type rate form. 

Table VII. 1 summarizes the global kinetic parameters for all the preceding char samples, as 

determined from the reactivity data. As can be seen, k and b are of the same order for all the char 

samples, and k increases with increasing reactivity. The apparent reaction order for undoped resin 

char is similar to that for Fe-doped resin char, which is greater than for Pittsburgh #8 coal char, but 

less than for Fe-doped and undoped demineralized Wyodak coal char. The frequency factors are 

similar for all the chars. 

For steam gasification, the amount of Fe catalyst required to significantly increase the 

reaction rate is quite low. Only 0.05 wt% Fe metal on carbon via ion-exchange has been shown to 
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considerably increase reactivity (Huttinger, 1983); and these authors recommended 0.5 wt% Fe on 
carbon by vacuum impregnation. Increased Fe loading beyond this point does not continue to 

increase the reactivity (Hiittinger, 1983). However, considerably higher Fe loadings have been 

used in other work, ranging from 2 - 5 wt% (Yamashita et al., 1991; Hermann, and Hiittinger, 

1986a,b; Furimmsky et al., 1988; Zhang, et al., 1995; Mastral et al, 1995). Yamashita et al. 

(1991) showed that the specific catalytic activity of iron is much higher at 0.5 wt% loading than at 

2 and 10 wt%. 

7.4. CO Desorption Spectra. 
7.4.1. CO TPD Spectra Following Steam Gasification. 

Figure 7.6 presents CO TPD spectra from Fe-ion-exchanged resin char as a function of steam 

partial pressure following reaction at 850°C to 10% burn-off. These spectra are qualitatively similar 

to the CO TPD spectra from undoped resin char (cf. Section 6.0). The CO TPD spectra for the 

Fe-doped samples consist of a single broad peak centered at about 970"C, which is the same as for 

the undoped resin char samples. The total CO evolution as a function of steam partial pressure also 

behaves quite similarly. That is, the populations of oxygen surface complexes appear to approach a 

constant value at higher steam partial pressures. The major differences noted between the TPD 

spectra of the Fe-doped and undoped resin char is that the oxygen surface complex populations are 

greater by a factor of 2-3, and there is a proportionately greater population of oxygen surface 

complexes in the low temperature regime (e 800°C) for the former samples. The steam gasification 

reactivities, however, are only slightly greater for the Fe-doped than for the undoped resin char. 

Figure 7.7 presents CO TPD spectra from Fe-ion-exchanged, demineralized Wyodak coal 

char as a function of steam partial pressure following gasification at 850°C to 10% burn-off. Once 

again, the populations and distributions of the CO evolution at different steam partial pressures are 

quite similar, and there is a major peak centered ca. 970OC. The principal difference between Fe 

ion-exchanged demineralized Wyodak coal char and undoped resin char is that the CO evolution 

increases, especially above 1000°C for Fe-ion-exchanged demineralized Wyodak coal char. This 

additional CO is attributed primarily to catalyzed reactions between carbon in the sample and the 

Si02 sample bucket, as discussed in Section 2.0. 
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The steam gasification reactivities of Fe-ion-exchanged, demineralized Wyodak coal char are 

much larger than the undoped demineralized Wyodak coal char. The Fe content in these samples 

was determined to be 0.098 wt% in the doped demineralized Wyodak coal char, and 0.038 wt% on 

the doped resin char. Consequently, the Wyodak coal char samples apparently take up more Fe 
than resin char samples under similar conditions. 

For Pittsburgh #8 coal char, like Wyodak coal char, the CO TPD spectra are more complex 

than the undoped resin char because of the high CO evolution at temperatures greater than 1000°C. 

Figure 7.8 presents CO TPD spectra from Pittsburgh #8 coal char as a function of steam partial 

pressure gasified at 850°C to 10% bum-off. As shown, the CO evolution does not change 

significantly with steam partial pressure, just as for the other chars. 

Figure 7.9 presents CO TPD spectra of Pittsburgh #8 coal char as a function of gasification 

temperature in 50% steam/helium mixtures to 10% bum-off. Again, just as for the other chars, the 

CO evolution decreases with increasing gasification temperature. At the highest gasification 

temperature of 950°C the CO desorption peak almost disappears. In addition, the spectrum shifts 

decidedly to higher temperatures with higher reaction temperature. Since these samples were 

quenched in helium, as discussed in Section 6.0, this shift is most probably due to increasing loss 

of low temperature oxygen surface complexes with gasification temperature during the quench 

process. 

From the preceding data, it appears that the kinetic behavior of natural Pittsburgh #8 coal char 

and resin char, and the Fe-doped chars are qualitatively similar. 

There is a considerable amount of data in the literature for Fe as a carbon gasification catalyst. 

One common mechanism is the metal-oxide cycle (Hermann and Huttinger, 1986a,b). i.e.; 

Me + H20 H Me-(0) + H2 

Me-(0) -t C t, Me + C(0) 
cR.7- 11 
[R.7-21 

C(0)  3 eo [R.7-31 

C + H20 u CO + H2 [R.7-4] 

where Me is a metal ion and C is an empty carbon site. Hemann and Huttinger (1986a,b) 

hypothesized that the Fe catalyst accelerates the dissociation of water, m.7-11, and the overall 
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reaction rate is controlled by the oxygen transfer step, [R.7-21. 

It is generally accepted that iron catalysts are active only in their reduced state (Huttinger, 

1983; McKee, 1974; Kasaoka et al., 1979, 1981; and Ohtsuka et al., 1986). The chemical state 

of iron catalysts has been found to have a profound effect on gasification rates. Iron in its elemental 

state is very active in steam gasification; wiistite (FeO) is less active, and magnetite (Fe3O4) is 

completely inactive (Huttinger, 1983). Yamashita et al. (1991) suggested a similar mechanism for 

iron-catalyzed steam gasification, where FeOOH is the active catalytic intermediate (Me-(0) in 

above mechanism), and Fe3O4 is an inactive state in the absence of hydrogen. Also, the reactivity 

was found to decrease with conversion of the elemental Fe to FeO in hydrogen, and from FeOOH 

to Fe3O4 in the absence of hydrogen . This general behavior is also apparent for other gasification 

catalysts; e.g., Ni is very active, while NiO is much less active (March and Rand, 1971); and Pt is 

also active, while PtO is much less active (Holstein and Boudart, 1982). 

From the preceding data for Fe-doped resin char and demineralized Wyodak coal char, and 

Fe-rich natural Pittsburgh #8 coal char, the effects of Fe on steam gasification can be summarized 

thus far as follows: 

(a) The distribution and the desorption temperatures of oxygen surface complexes from Fe- 
doped samples are similar to those from undoped chars. 

(b) The population of oxygen surface complexes is significantly greater fro the Fe-containing 

chars. Therefore, Fe apparently increases the rate of the oxygen-transfer step, [R.7-21; which, of 

course, also means that the steam adsorption step, m.7-11. is also facilitated. 

(c) The global activation energy is the same for Fe-impregnated resin char (192 kJ/mol; cf. 

Table VII.l), as well as undoped resin char (195 kJ/mol; cf. Table VI.2). This is consistent with 

the observation that the Fe catalyst does not seem to be involved in the CO desorption process. 

Consequently, the reaction path appears to be similar for both Fe-catalyzed and uncatalyzed steam 

gasification; the major effect of the Fe catalyst is to create additional oxygen surface complexes. 

7.4.2. Comparison of TPR and TPD Spectra Following Steam Gasification. 
CO TPD and TPR spectra were measured for the three Fe-containing chars (Pittsburgh #8 

coal char, Fe-doped resin char, and Fe-doped demineralized Wyodak coal char). Figures 7.10 and 

7.11 present the CO TPD and TPR spectra for Fe-impregnated resin char and the demineralized 
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Wyodak coal char gasified at 850°C in 50% steamhelium mixtures to 10% bum-off. In 
comparison to their corresponding TPD spectra, the evolution of CO decreases, and the peak 

temperature decreases from 97OOC to about 900°C for TPR. No methane was observed in any of 

the TPR experiments. Consequently, hydrogasification was not appreciable. Changes in the water 

vapor level were more difficult to detect due to well known sampling problems. Therefore, the 

extent of direct reduction of oxygen surface complexes to water vapor could not be ascertained 

with any certainty. 
Figures 7.12 and 7.13 present H2 TPD and TPR spectra for Fe-impregnated resin char and 

Fe-impregnated, demineralized Wyodak coal char following reaction at 850°C in 50% steam/helium 

mixtures to 10% burn-off. As shown, there is some hydrogen consumed over the temperature 

range from 750-10OO0C where the CO complexes desorb. The consumption of hydrogen for Fe- 

impregnated, demineralized Wyodak coal char is greater than for Fe-impregnated resin char. This 

is consistent with the observation that the amount of oxygen surface complexes desorbed from the 

Fe-impregnated, demineralized Wyodak coal char is greater than from the Fe-impregnated resin 

char. 

Hydrogen has been shown to be capable of interacting directly with oxygen surface 

complexes (cf. Section 5.0). In Section 6.0, it was clearly shown that the CO desorption was 

changed dramatically under TPR conditions for undoped resin char, with a significant peak shift to 

lower temperatures, and decreased overall CO evolution. Figure 7.10 and 7.1 1 show qualitatively 

similar effects for the Fe-doped chars, but to a greater degree. That is, there is a greater peak shift 

from 97OOC in TPD to 900°C in TPR. Hydrogen obviously can reduce Fe from an oxidized state to 

its elemental state. The temperatures required for Fe reduction by hydrogen are similar to those for 
CO desorption (Hemann and Huttinger, 1986b). Consequently, reduction of oxides associated 

with iron may be involved in this process. 

Yamashita et aZ. (1991) investigated the chemical state of Fe during steam gasification using 

transmission Mossbauer spectroscopy and extended X-ray absorption fine structure spectroscopy 

( E M S ) .  In the absence of hydrogen, it was found that the active iron species was FeOOH at low 

loadings, and Fe3O4 at high loadings. Only these two species were found to exist under these 
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conditions. However, the reactivity for FeOOH was found to be lower than for iron in its metallic 

state. It was also found that the reactivity decreased as FeOOH aggregated to Fe3O.4. 
* 

From the preceding discussion, Fe catalysts apparently increase the population of oxygen 

surface complexes and accelerate the oxygen transfer process. The surface complexes are probably 

formed in the vicinity of Fe sites, and the interactions between the reduced Fe and the surface 

complexes can decrease the activation energy for desorption of surface complexes. This situation is 

similar to the catalyst-carbon contact model for the catalytic effect of Ca suggested by Cazorla- 

Amorbs et al. (1991). In this work, a Ca catalytic mechanism for C02 gasification was suggested 

based on Ca-carbon interactions. The model was also further conf'iied by an X-ray absorption 

fine structure (XAFS) study (Cazorla-Amor6s et al., 1993). Essentially, the existence of the 

catalytically active species CaO on a carbon surface was divided into three zones: 

Zone A: the contact interface with carbon. 

Zone B: the perimeter area of zone A. 

Zone C the external surface of CaO without any contact with carbon. 

Zones A and B are responsible for the observed catalytic activity. The CaO in Zone C is 

catalytically inactive. 

This catalyst-carbon contact model can be applied qualitatively to the catalytic effect of Fe on 
gasification reactivity. 

7.5. C02 Desorption Spectra. 
In Section 6.0 it was shown that the C02 evolution for undoped resin char was practically 

negligible except at the very lowest reaction temperatures (cf. Figure 6.17). As shown in Figure 

7.14, the situation is similar for Fe ion-exchanged resin char gasified at different steam partial 

pressures at 85OOC to 10% burn-off. That is, several C02 peaks are apparent in the TPD spectra at 

about 180°C, 38OoC, very weak peaks at 62OOC and 92OoC, and a broad peak at about 115OOC. The 

C02 evolution rate is about an order of magnitude less than CO evolution rate, the same as for the 

undoped samples. The positions of the C02 desorption peaks for the Fe-doped samples are the 

same as for the undoped resin char, except for the peak at 115OOC. As discussed in Section 6.0, the 

CO;! peak at 18OOC is attributed to physisorbed C02 from the calibration gas; and the peak at 38OOC 

212 



is attributed to carboxylic acid surface complexes (-COOH) (Otake, 1986). These C02 peaks are 

assumed to be formed during the calibration and quench processes. The C02 peak at 620°C could 

be due to lactone surface groups (Marchon et al., 1988a,b), and the peak at 920°C to carboxylic 

acid anhydride groups [O=(C)-0-(C)=O] (Otake, 1986). Currently, we have no explanation for the 

peak at 1 15OoC, perhaps these arise from Fe-C-0 related complexes. 

Figure 7.15 shows the C02 TPD spectra from Pittsburgh # 8 coal char gasified in 50% 

stemelium mixtures to 10% burn-off as a function of gasification temperature. As shown, these 

spectra are quite similar to those presented in Figure 7.14 from the Fe-doped resin char, and the 

peaks are attributed to the same sources. 

7.6. Analysis of CO TPD Spectra.. 

7.6.1. . Distributions of Desorption Activation Energies. 

Distributions of desorption activation energies were calculated using the method described by 

Calo and Hall (1991) (see Sections 1.5.3 and 6.4.2 for detailed derivations) from: 

d[CO]/dt = [CO]oS(E*) dE*/dt 17-11 
where E* is the local desorption activation energy, as approximated by an instantaneous step at 

energy E*, S(E*) is the desorption activation energy probability density function, d[CO]/dt is the 

desorption rate of oxygen surface complexes as CO during TPD, and [CO], is the total initial (Le., 

prior to the initiation of desorption) amount of CO-evolving surface complexes. Based on the 

classical work of Redhead (1962), for lo8 e e 1013 (K-l), the parameters are related by: 

E*/RT = In [II~T/P] -3.64 r7.21 
where I+, is the pre-exponential frequency factor of the desorption rate constant, T is the absolute 

temperature, and p.is the heating rate. 

For a linear heating rate, p: 
dE*/dt = E*PR 17.31 

and substituting into Eq. [7.1]: 

[C-OlOS (E*) = (E*P/r>/(d[CO]/dt) L7.4 

Once the instantaneous desorption rate, d[CO]/dt, is known experimentally from TPD spectra data, 

Eqns. [7.2] and [7.4] can be used to determine the distribution of desorption activation energies. 
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As discussed in Section 6.4.2, the value of the pre-exponential factor, vo, was assumed to 

be constant, A series of TPD runs was performed at various heating rates from 30 - 60 K/min for 

the same steam-gasified samples. The value of vo was obtained such that the distributions of 

desorption activation energies predicted from these TPD spectra at the various heating rates from 

Eq. [7.4] were the same. A value of vo = 109 (min-1) yielded the best predictions for resin char. 

Figures 7.16-18 present the resultant desorption activation energy distributions for the three 

Fe-containing chars (Fe-ion-exchanged resin char, Fe-ion-exchanged, demineralized Wyodak coal 

char, and Pittsburgh #8 coal). The Fe-ion-exchanged and undoped (cf. Figure 6.21) resin chars 

have similar distributions. The principal differences for the coal chars are the high temperature CO 

evolution, as discussed above. 

7.6.2. PredictionlCorrelation of Steam Gasification Reactivity. 

For conditions where gasification is desorption rate-controlled, the char reactivity can be 

determined from the distribution of desorption activation energies given by Eq. 17.41. As discussed 

in Section 6.4.3, the energy-averaged rate expression for a heterogeneous carbon surface is given 

by: 
00 

r = lo vo exp(-E*/RT) [C-OJ0S(E*) dE* 17-51 
Table VII.2 presents measured and predicted (from Eq. 17.51) reactivities for the three Fe- 

containing chars (Fe-ion exchanged resin char, Fe-ion-exchanged, demineralized Wyodak coal 

char, and Pittsburgh #8 coal char), gasified at 850°C in 50% steadhelium mixtures to 10% burn- 

off. As shown, there is reasonably good agreement between measured and predicted reactivities for 

the Pittsburgh #8 coal and the Fe-ion-exchanged resin char. The prediction for the Fe-ion- 

exchanged, demineralized coal char is much lower'than the measured value. This discrepancy is 

perhaps due to other residual mineral matter impurities in the demineralized char. 

Figure 7.19 presents the differential reactivities (Le., the kernel of the reactivity integral in 

Eq. [7.5]) for the three Fe-containing samples gasified at 85OOC in 50% steamhelium mixtures to 

10% burn-off. As shown, although the majority of the contribution to the total reactivity is from 

the low temperature surface complexes, practically the entire distribution is involved under these 

conditions. 
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7.7. Conclusions. 
The presence of iron during steam gasification increases the total amount of oxygen surface 

complexes on the char. The global activation energy and the distribution of oxygen surface 

complexes do not appear to be affected by iron. This result supports the general hypothesis that the 
primary catalytic effect of iron is to create a greater number of oxygen surface complexes and active 

sites over the entire desorption activation energy distribution, but especially in the low temperature, 

highly reactive portion of the distribution. Essentially, iron accelerates the oxygen transfer step in 

the overall mechanism. 
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Table VII.1. Global kinetic parameters for steam gasification for the various 

chars. 

Char b 

(torr)-l 

Frequency Factor 

(min torr")-1 

n 

Resin 4.2 x10-5 2.4 x10-3 1.7 10-4 0.65 

Ion-Ex Fe/Resin 4.8 x10-5 3.0 x10-3 2.3 x 10-4 0.61 
wvdem) 3.4 x 1 ~ - 5  8.9 x10-3 7.8 x 10-5 0.80 
Ion-Ex Fe/WY(dem) 8.8 xlO-5 1.1 x10-3 2.2x 10-4 0.78 
Pittsburgh #8 2.3 x10-5 7.3 x10-3 1.5 10-4 0.46 

Table VII.2. Measured and predicted reactivities for the various Fe-containing 
chars at 85OoC in 50% steamlhelium mixtures and 10% burn-off. 

Char Predicted Reactivity 

<g/g min) 

Measured Reactivity 

<g/g min) 

Undoped resin 
Fe-ion-ex resin 

Fe-ion-ex WY(dem) 

Pittsburgh #8 

5.5 10-4 

2.14 10-3 

2 . 7 6 ~  10-3 

1 . 1 9 ~  10-3 

8.01 10-3 

8.26 10-3 

2.34 10-3 

2.47 x lo-* 
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Figure 7.1. Reactivity as a function of steam partial pressure at a total pressure 
of 1 atm for undoped resin char and Fe ion-exchanged resin char 
gasified at 850OC to 10% bum-off. 
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Figure 7.2. Reactivity as a function of steam partial pressure at a total pressure 
of 1 a m  for demineralized Wyodak coal char and Fe ion- 
exchanged demineralized Wyodak coal char gasified at 85OOC to 
10% bw-off. 
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Figure 7.3. Reactivity as a function of gasification temperature for Pittsburgh 
#8 coal char gasified in 50% steam/helium mixtures to 10% burn- 
off. 
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Figure 7.4. Reactivity as a function of steam partial pressure at a total pressure 
of one atmosphere for Pittsburgh #8 coal char gasified at 85OOC to 
10% bm-off. 
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Figure 7.5. Plots of l/r vs 1/P for Pittsburgh #8 coal char, Fe ion-exchanged 
resin char, and demineralized Wyodak coal gasified at 850°C to 
10% burn-off at 1 atm total pressure. 
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Figure 7.6. 5OK/min CO TPD spectra from Fe-ion-exchanged resin char as a 
function of steam partial pressure gasified at 85OOC to 10% burn- 
off at 1 atm total pressure. 
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Figure 7.7. SOWrnin CO TPD spectra from Fe-ion-exchanged demineralized 
Wyodak coal char as a function of steam partial pressure, gasified 
at 850°C to 10% burn-off at 1 a m  total pressure. 
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Figure 7.8. SOK/min CO TPD spectra from Pittsburgh #8 coal char as a 
function of steam partial pressure, gasified at 85OOC to 10% burn- 
off at 1 atm total pressure. 
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Figure 7.9. 5OK/min CO TPD spectra from Pittsburgh #8 coal char as a 
function of reaction temperature, gasified in 50% steadhelium 
mixtures to 10% burn-off at 1 atm total pressure. 
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Figure 7.10. 5OK/min CO TPD and TPR spectra from Fe-impregnated resin 
char gasified at 85OOC in 50% steam/helium mixtures to 10% 
burn-off at 1 atm total pressure. 
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Figure 7.11. 5OK/min CO TPD and TPR spectra from Fe-impregnated, 
demineralized Wyodak coal char gasified at 85OoC in 50% 
steam/helium mixtures to 10% burn-off at 1 atm total pressure. 
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Figure 1 7.12. 50K/min hydrogen TPD and TPR spectra from Fe-impregnated 
resin char gasified at 85OOC in 50% steamhelium mixtures to 10% 
burn-off at 1 atm total pressure. 
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Figure 7.13. SOWmin hydrogen TPD and TPR spectra from Fe-impregnated, 
demineralized Wyodak coal char gasified at 850°C in 50% 
steam/helium mixtures to 10% bum-off at 1 am total pressure. 
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Figure 7.16. Desorption activation energy distribution for Fe-ion-exchanged 
I resin char gasified at 85OoC in 50% steamhelium mixture to 10% 
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Figure 7.17. Desorption activation energy distribution for Fe-ion-exchanged, 
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Figure 7.19. Differential reactivities for the various chars gasified at 850°C in 
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8.0. THE CATALYTIC ROLE OF CALCIUM IN STEAM GASIFICATION 

8.1. Introduction. 
Coal char reactivity is known to be greatly influenced by catalytic effects fiom certain mineral 

matter impurities. Calcium compounds, like iron, are potentially attractive catalysts for steam 

gasification because of their effectiveness and relatively low cost. In the current section, the role of 

naturally occurring and intentionally doped calcium is investigated with respect to its effects on 

reactivity¶ as well as its influence on the population of carbon-oxygen surface complexes. 

8.2. Experimental. 
The basic experimental details and procedures have been presented in Sections 2.5 and 2.6. 

Wyodak coal char, produced from coal samples obtained from the Argonne Premium Coal Sample 

Bank (Vorres, 1993), were used in the current experiments, as well as char produced fiom phenol- 

formaldehyde resin synthesized in OUT laboratory (cf. Section 2.1.1-1). Demineralization and 

iron-doping procedures were outlined in Sections 2.1.3 and 2.1.4 

In this section, a number of different samples were selected to investigate the influence of 

calcium on steam gasification: demineralized Wyodak coal char; Ca ion-exchanged demineralized 

Wyodak coal char; Ca ion-exchanged and Ca-impregnated resin char, which have different Ca 

contents and dispersions due to different preparation methods; and undoped resin char and 

Wyodak coal char.. The Ca contents of all these samples, as determined by AA spectroscopy, are 

listed in Table II.4. 

All the samples were gasified in the steam gasification TGA apparatus described in Section 

2.5. The temperature programmed desorption (TPD) and reduction (TPR) experiments were all 

carried out in the TPD-MS/TGA apparatus, described in Section 2.2, at a heating rate of SOWmin 

to 12OO0C, in either flowing ultrahigh purity helium carrier gas (TPD), or 4.86% hydrogen in 

helium gas mixtures (TPR). 
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8.3. Steam Gasification Reactivities and Global Rate Parameters. 
Figure 8.1 presents steam gasification reactivities as a function of steam partial pressure for 

five different types of chars gasified at 85OOC to 10% burn-off. As shown, the reactivities of these 

chars are in the order: Ca ion-exchanged, demineralized Wyodak coal char > demineralized 

Wyodak coal char > Ca-impregnated resin char > Ca ion-exchanged/resin char - resin char. The Ca 

content is 0.16 wt% for Ca ion-exchanged demineralized Wyodak coal char and Ca-impregnated 

resin char, and 0.13 wt% for demineralized Wyodak coal char. The reactivity of the demineralized 

Wyodak coal char is greater than the reactivity of Ca ion-exchanged resin char, most probably due 

to the effect of residual catalytic impurities, as well as the creation of additional active sites due to 

acid treatment during the demineralization process. 

Figure 8.2 presents reactivities as a function of gasification temperature for Ca-impregnated 

resin char and undoped resin char in 50% steam/helium mixtures at 10% burn-off. As shown, Ca- 

impregnated resin char exhibits a greater reactivity than undoped resin char. The overall activation 

energies for Ca-impregnated resin char and the undoped resin char are 200 kJ/mol and 195 kJ/mol 

respectively. Thus, although Ca accelerates the reaction, the activation energy remains unaltered. 

As is evident from Figure 8.1, the reactivity behavior can be described by a classical 

Langmuir-Hinshelwood rate form for all the char samples (Gadsby et aZ., 1946; Giberson and 

Walker, 1966). As in Sections 6.0 and 7.0, Langmuir-Hinshelwood rate parameters can be 

obtained from the plots of l/r vs. 1/p, as shown in Figure 8.3, and the overall reaction orders 

from logarithmic plots of r vs. P, as presented in Figure 8.4. Table VIII.1 summarizes the global 

kinetic rate parameters obtained in this manner for all the chars. 

8.4. Thermal Desorption Spectra. 
8.4.1. CO TPD Spectra. 
CO TPD spectra are presented in Figures 8.5 and 8.6 from demineralized Wyodak cod char 

and Ca ion-exchanged demineralized Wyodak coal char following gasification at 85OOC to 10% 

burn-off as a function of steam partial pressure. As shown, the most notable feature of these 

spectra is the broad CO peak centered at about 97OOC for all these samples. As shown, the oxygen 

surface complex populations and the peak temperatures do not change very much as a function of 
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steam partial pressure. However, the total CO evolved from these Ca-doped samples is 2-4 times 

greater than from undoped resin char (see Section 6.0 ). 

Figure 8.7 presents CO TPD spectra for Ca-impregnated resin char as a function of steam 

partial pressures gasified at 850°C to 10% burn-off. Once again, these CO TPD spectra are similar 

to those for undoped resin char as presented in Section 6.0. The spectra are also very similar to 

those from Ca ion-exchanged demineralized Wyodak coal char and demineralized Wyodak coal 

chars, as shown in Figures 8.5 and 8.6. The total population of oxygen surface complexes for the 

Ca-doped resin char is also greater than from undoped resin char (see Section 6.0). 

There is a significant amount of literature concerning the catalytic mechanism of carb’on 

gasification by alkaline-earth elements. McKee et al. (1979) reported that the calcium catalyst can 

decrease the activation energy from 87.6 kcal/mol to 53.5 kcal/mol, and they proposed a 

mechanism for steam-gasification which involves a carbon-oxide cycle (where M= Ca, Sr, and 

Ba). Chen and Yang (1992) used electron microscopy to study the mechanism of alkali and 

alkaline earth catalyzed gasification. These workers concluded that water is dissociatively 

chemisorbed on catalytic sites, followed by diffusion of 0 atoms/ions to edge carbon sites where 

the breakage of C-C bonds takes place to liberate CO. It is generally agreed that the mechanism for 

steam gasification share certain similarities with that for C02 gasification. Kapteijn et al. (1986) 

concluded that the activation energy is not affected by the presence of catdysts in C02 gasification, 

and suggested that the catalysts only serve to increase the number of active sites. This is consistent 

with the results in the preceding section. 

More recently, Cazorla-Amor6s et at. (1995) studied the mechanism of C02 gasification in 

the presence of Ca catalyst using isotopic steady-state and step-response techniques. These 

workers ruled out the mechanism involving Ca02 as the intermediate, and concluded that the active 

species is CaC03. The calcium carbonate at the interface with carbon dissociates as follows 

(Cazorla-Amor6s et at., 1991,1995): 

CaC*Q-C t) CaO-C(0) -t- C*O 

CaO-C(0) f-) CaO-0 .t CO 
In reaction IR.8-11, the CO desorbs in from the nearest Ca atom 

Linares-Solano et al. (1990) also studied the nature and structure of calcium dispersed on 

[R.8- 13 

[R. 8-21 
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carbon by ion-exchange and impregnation. At low calcium loading, the ion-exchanged calcium has 

its coordination sphere completed with H20 and C02 molecules with a coordination number of 

six, indicative of having an atomic distribution through the carbon matrix. At higher calcium 

loading, the Ca ion has a coordination sphere more similar to that of calcium carbonate. 

Yamashita et al. (1992) and Ohtsuka and Tomita (1986) reported that, in Ca-loaded coal, the 

Ca species exist in two chemical forms during C02 gasification: atomically dispersed Ca species, 

and amorphous calcium salt. The local structure around the Ca atom as a highly dispersed species 

was partly maintained even at high heat-treatment temperature, and a portion of the Ca atoms 

aggregated to form fine CaO. The amorphous salt aggregated and transformed to CaC03 at 

relatively low heat treatment temperature, and to large grains of CaO at high heat treatment 

temperature. 

In the current work, the activation energies of Ca-doped resin char (200 ki/mol) and undoped 

resin (195 kJ/mol) are almost the same. Apparently, the Ca catalyst does not change the mechanism 

from that in uncatalyzed gasification, but rather it increases the population of surface complexes 

and the reactivity. The shape of the principal CO peak at 970°C remains essentially unchanged after 

Ca doping. Therefore, Ca does not seem to be involved with the CO desorption process. 

8.4.2. Comparison of TPD and TPR Spectra From Ca-Doped Chars. 

Figures 8.8 and 8.9 present CO TPD and TPR spectra for Ca ion-exchanged and 

impregnated resin char following gasification at 850OC in 50% steam/helium mixtures to 10% 

bum-off. The CO TPR spectra on the Ca-doped chars are similar to those on resin char (see 

Section 6.0); that is, the intensity of CO peak in the TPR spectrum is less than in TPD spectrum, 

and the TPD peak temperature at 970°C on TPD spectra is unchanged on TPR spectra, but the low 

temperature CO desorption increases in TPR. There is no methane detected. 

Figure 8.10 presents an H20 TPR spectrum for Ca ion-exchanged resin char following 10% 

bum-off gasified at 850°C in 50% steamhelium mixtures. As shown, some H20 is formed in the 

temperature range where the CO surface complexes desorb during TPR. Therefore, it is 

hypothesized that the population of CO surface complexes observed upon TPR decreases from that 

upon TPD because hydrogen directly reduces a portion of the oxygen surface complexes to form 
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H20. 

Figures 8.11 and 8.12 present H;! TPD and TPR spectra for Ca ion-exchanged and Ca- 

impregnated resin char following gasification at 85OoC to 10% burn-off in 50% steamhelium 
mixtures. As shown, much less hydrogen was consumed in these experiments over the 

temperature range of CO evolution (Le., 750 - 1000°C) than for Fe-doped char samples (see 

Section 7.0). Although the Fe loading was significantly greater than the Ca loading, hydrogen can 

reduce the oxidized Fe more readily than Ca. 

The catalytic activity of calcium in gas-carbon reactions depends on many factors, especially 

its concentration and dispersion on the carbon matrix. The porous texture and surface chemistry of 

the carbon may control the dispersion and the chemical state and the activity. In recent years, 

considerable efforts have been made to understand the interactions between carbon and calcium, 

and the dispersion of calcium on carbon matrix (Linares-Solano et al., 1989, 1990a,b, 1991; 

Cazorla-Amorbs et al., 1991a,b, 1992, 1993; Perez-Florindo et al., 1993; Salinas-Martinez de 

Lecea et al., 1990; Joly et al., 1990). Most of this work has been focused on the carbon-C02 

reaction, and is based on the fact that C02 chemisorbs on alkali and alkaline-earth oxides. A 
carbon-oxide cycle mechanism occurs in which the carbon-catalyst contact is a key factor. Haga et 
al. (1991), however, reported on the influence of char structure on steam gasification catalyzed by 

potassium and calcium. The catalytic effect of Ca on char gasification was sensitive to the 

preparation temperature of the char and the nature of original coal, in contrast to K catalysis which 

is essentially independent of these pqrameters. These results can be explained in terms of catalyst 

dispersion, which is the principal factor controlling catalytic activity. 

In the work of Cazorla-Amorh et al. (1991), a Ca catalytic mechanism for C02 gasification 

was suggested based on Ca-carbon interactions. The model was confirmed by an X-ray absorption 

fine structure (XAFS) study (Cazorla-Amorbs et al., 1993). A model of the action of the 

catalytically active species, CaO, was proposed based on the behavior of three different zones: 

Zone A: Contact interface with carbon. 

Zone B: Perimeter of zone A. 
Zone C: External surface of CaO without any carbon contact. 

In this model, Zones A and B are responsible for the observed catalytic activity. Zone C accounts 
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for the inactive CaO. A similar catalyst-carbon contact model can also be applied to steam 

gasification. 

8.4.3. C02 TPD Spectra. 
The C02 evolution rates upon thermal desorption for all the char samples following steam 

gasification are considerably less than for CO. There is m o s t  no C02 evolution from undoped 

resin char following steam gasification (cf. Section 6.0). The C02 TPD spectra from the 

demineralized Wyodak coal char exhibit four broad peaks (see Figure 8.13). It is believed that the 

fist peak at around 2OOOC arises from physisorption of C02 from the calibration gas (see Section 

6.0). The second broad peak at about 380OC-500°C is attributed to carboxylic acid surface 

complexes (-COO?$ (Otake, 1986; Marchon et al., 1988; see Section 5.0). The third small peak at 

about 65OOC could arise from lactone surface complexes (Marchon et al., 1988). The fourth peak 

appears ca. 800OC-880OC. It is noted that the C02 TPD spectrum of pure CaC03 at 5OWmin 

produces a peak at 780OC. Therefore, the fourth peak is probably the result of the thermal 

decomposition of CaC03. The first three peaks also appear in resin char C02 TPD spectra 

following steam gasification, but the intensities are weaker. Thus, impurities appear to play a role 

in the formation of CO2-liberating surface complexes. It is noted that catalytic impurities were not 

completely removed from the demineralized Wyodak coal char; in particular, about 81% of the Ca 

was removed (see Section 2.0). 

Figure 8.14 presents the C02 TPD spectra for Ca ion-exchanged on demineralized Wyodak 

coal char gasified at 85OOC to 10% burn-off. As shown, there are clearly three peaks in the C02 

TPD spectra; the same as for demineralized Wyodak coal char. 

Figure 8.15 presents the C02 TPD spectra on Ca-impregnated resin char gasified at 850°C to 

10% bum-off. As shown, some of the C02 peaks are considerably enhanced in this figure. In 
these samples, the Ca loading is large enough that a calcium oxide phase is probably formed. The 

C02 peaks below 200OC and above 1000°C are attributed to adsorption of the calibration gas and 

possibly calcium-associated complexes.The C02 peak ca. 5OOOC is considerably enhanced by the 

calcium-doping, especially for the 67% steam run. It is noted that for Ca ion-exchanged resin char, 

the resultant C02 TPD spectra are almost the same as from undoped resin char because the Ca 

loading is so low. There is essentially only one peak at 200OC which is attributed to physisorption 
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of the calibration gas. 

8.4. Analysis of CO TPD Spectra.. 
8.4.1. Distributions of Desorption Activation Energies. 

Distributions of desorption activation energies were calculated using the method described by 

Calo and Hall (1991) (see Sections 1.5.3 and 6.4.2 for detailed derivations) from: 

d[CO]/dt = [CO]oS(E*) dE*/dt 18.11 
where E* is the local desorption activation energy, as approximated by an instantaneous step at 

energy E*, S(E*) is the desorption activation energy probability density function, d[CO]/dt is the 

desorption rate of oxygen surface complexes as CO during TPD, and [CO], is the total initial (Le., 

prior to the initiation of desorption) amount of CO-evolving surface complexes. Based on the 

classical work of Redhead (1962), for lo8 < u& e 1013 (K-l), the parameters are related by: 

E*/RT = In [voT/p] -3.64 l8.21 
where vo is the pre-exponential frequency factor of the desorption rate constant, T is the absolute 

temperature, and p is the heating rate. 

For a linear heating rate, p: 
dE*/dt = E*p/T C8.31 

and substituting into Eq. 18.11: 

[C-010s (E*) = (E*J3LO/(d[COl/dt) ~8.41 
Once the instantaneous desorption rate, d[CO]/dt, is known experimentally from TPD spectra data, 

Eqns. 18.21 and [8.4] can be used to determine the distribution of desorption activation energies. 

As discussed in Section 6.4.2, the value of the pre-exponential factor, vo, was assumed to 

be constant. A series of TPD runs was performed at various heating rates from 30 - 60 K/min for 

the same steam-gasified samples. The value of u0 was obtained such that the distributions of 

desorption activation energies predicted fiom these TPD spectra at the various heating rates from 

EQ. [7.4] were the same. A value of vo = 109 (min-1) yielded the best predictions for resin char. 

Figures 8.16 presents the resultant desorption activation energy distributions detennond fiom 

the CO TPD spectra for three chars (Ca ion-exchanged resin char; Ca ion-exchanged, 
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demineralized Wyodak coal char; and demineralized Wyodak coal char samples). The Ca ion- 

exchanged resin char and undoped resin char (see Secton 6.0) exhibit essentially the same 

desorption activation energy distributions. 

Figure 8.17 presents the differential reactivities for these chars gasified at 850OC in 50% 

steam/helium mixtures to 10% burn-off. As shown, practically the entire distribution contributes to 

the total reactivity under these conditions. 

8.4.2. PredictionlCorrelation of Steam Gasification Reactivity. 

For conditions where gasification is desorption rate-controlled, the char reactivity can be 

determined from the distribution of desorption activation energies given by Eq. [8.4]. As discussed 

in Section 6.4.3, the energy-averaged rate expression for a heterogeneous carbon surface is given 

by: 
00 

r = Jo v0 exp(-E*/RT) [c-oI~s(E*) a* ~8.51 

Table Vm.2 presents measured and predicted (from Eq. [8.5]) reactivities for the various 

chars gasified at 850OC in 50% steamhelium mixtures to 10% bum-off. As shown, there is 

reasonably good agreement between measured and predicted reactivities for the Ca-doped chars. 

The predicted reactivities for Ca ion-exchanged, demineralized Wyodak coal char and undoped 

demineralized Wyodak coal char are consistently less than the measured reactivities. The reasons 

for this have been discussed in previous sections; i.e., some of low desorption activation energy 

surface complexes that desorb at low temperatures have been shown to be lost during quench 

process (see Section 6.0), and these complexes have a disproportionately large contribution to the 

total reactivity. In addition, oxygen surface complexes formed by steam on highly reactive sites 

created by hydrogen desorption (which has been show to be quite rapid at temperatures of 850OC 

and higher) have been hypothesized to fall into this same category of high reactivity, low 
temperature surface complexes. 

A comparison of the reactivities of undoped and Ca-doped resin chars in Table Vm.2 reveals 

that although they are similar for the Ca-ion-exchanged sample, the Ca-impregnated char is 

significantly more reactive. In addition, in both cases calcium-doping considerably increases the 

population of oxygen surface complexes by about a factor of six (Le., compare Figure 6.12 to 
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Figures 8.8 and 8.9). It is noted that this is quite similar, both qualitatively and quantitatively, to 

the effect of iron (see Section 7.0), at least insofar as doping by ion-exchange is concerned. This 

result supports the general hypothesis that the primary catalytic effect of calcium (and also iron) is 
to create a greater number of oxygen surface complexes and active sites over the entire desorption 

activation energy distribution, but especially in the low temperature, highly reactive portion of the 

distribution. Essentially, both metals accelerate the oxygen transfer step in the overall model. 

8.5. Conclusions. 
Steam gasification reactivities of Ca ion-exchanged resin char, Ca-impregnated resin char, Ca 

ion-exchanged, demineralized Wyodak coal char, and undoped, demineralized Wyodak coal chars 

were examined. The kinetic rate form for the catalytically-doped chars was of the Langmuir- 

Hinshelwood type, just as for the undoped chars. In additon, the overall, apparent activation 

energy was the same for both the doped and undoped chars. 

The form of the CO evolution spectra also remained essentially unchanged for the Ca-doped 

chars. However, the post-reaction population of oxygen surface complexes was larger than that 

from the undoped chars by about a factor of six or so. Apparently, the existence of Ca on the 

carbon surface increases the rate of the oxygen-transfer step, thereby creating additional active 

sites. These results are consistent with the Ca-carbon contact model (Cazorla-Amor6s et al., 

1991b), and that the active Ca are involved in a CaO/CaC03 cycle (Yamashita et al., 1992; 

Cazorla-Amor6s et al, 1995). 
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Table VIII.1. Global kinetic parameters for steam gasification for the various 

chars. 
~ 

k b 

(min torr)-l (torr)-1 

Frequency Factor 

(min torrnl-1 

n 

Resin char 4.2 ~ 1 0 - 5  

Ion EX. Ca/Resin 4.3 ~ 1 0 - 5  

Impre. W e s i n  6.8 xlO-5 

W(dem) char 3.4 x10-5 

Ion Ex. Ca/wy(dem) 7.9 xlO-5 

2.4 x10-3 

2.3 x10-3 

3.4 x10-3 

8.9 x10-4 

4.1 x10-4 

1.7 10-4 

1.9 10-4 

3.2 10-4 

7.8 x 10-5 
1.7 10-4 

0.65 

0.65 
0.60 

0.80 

0.83 

Table VIII.2. Measured and predicted reactivities for the various chars at 850°C 

in 50% steadhelium mixtures and 10% burn-off. ’ 

Char Measured Reactivity 

( g k  min) 

Predicted Reactivity 

(g/g min) 

Undoped resin 
Fe-ion-ex resin 

Ca ion ex. resin 
Ca ion impreg. resin 

Ca ion ex.WY(dem) 

WY(dem) coal char 

0.0080 
0.0083 

0.00833 
0.0116 

0.025 1 

0.00955 

0.000055 
0.00214 

0.00172 
0.00377 

0.00208 

0.00126 

I 
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Figure 8.1. Reactivity as a function of steam partial pressure for the various 
chars gasified at 85OOC to 10% burn-off. 
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Figure 8.10. H20 TPR spectrum for Ca ion-exchanged resin char gasified at 
850°C in 50% steam/helium mixtures to 10% burn-off. 
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burn-off at 1 am total pressure. 

259 



0.014 

0.012 

n 
E 

0.01 
CD : 
i 

2 
E - 0.008 
Q) 
Y 

E _ ~ _  
0 

3 
0 

= 0.006 
rn 

I5 
e4 $ 0.004 

0.002 

0 
0 200 400 600 800 1000 1200 

Temperature (“C) 
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9.0. THE EFFECT OF CHAR “AGE” ON STEAM GASIFICATION REACTIVITY 

9.1. Background. 
As discussed in Section 3.0, in general it has been observed that the specific gasification rate 

decreases with increasing pyrolysis seventy (e.g., Jenkins et al., 1973; Wojtowicz, 1987; 

Slaghuis et al., 1991; Johnson 1979; Radovic et al., 1983; Miura, et al., 1989; Calemma and 

. Radovic, 1991; and Rodriguez-Mirasol et al., 1993). This effect can be attributed to the loss of 

heteroatoms and the disappearance of structural defects. Gasification OCCUTS primarily at active 

sites, which are usually thought to be associated with various types of imperfections in the carbon 

structure, such as defects in the basal planes and edge carbon atoms, and in combination with 

mineral matter. How the “age” of a char effects the active site density is an important factor in 

detexmining its reactivity. 

It is well known that char gasification by an oxidant gas proceeds via the formation of 

oxygen surface complexes at active sites. The desorption of surface oxygen as CO from active sites 

is an important mechanistic step in the reaction kinetics of gasification. Temperature programmed 

desorption (TPD) has become a standard technique for investigating the physico-chemical state of 

adsorbed species on carbon surfaces. The theory and application of TPD to energetically 

homogeneous surfaces has been well developed. For example, Hiittinger and Nil1 (1990) 

developed a theory using TPD data to correlate gasification reactivity assuming a homogeneous 

carbon surface with a single desorption activation energy. However, other reports have indicated 

that the desorption activation energies of oxygen surface complexes are distributed due to surface 

heterogeneity (Feates and Keep, 1970; Tremblay et al., 1978; Trapnell, 1955; Calo and Hall, 
1990). In this section, the effect of char “age” on reactivity is investigated from the point of view 

of a heterogeneous char surface. More specifically, TPD spectra, interpreted in terms of energetic 

heterogeneity, are used to examine the effect of char “age” on the concentration of active sites and 

the concomitant desorption activation energy distribution, and to determine the relationship 

between char “age” and reactivity. 
i 
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9.2. Experimental. 
The basic experimental details and procedures have been presented in Section 2.0 The 

samples used in these experiments were Pittsburgh #8 bituminous coal char produced from coal 

samples obtained from the Argonne Premium Coal Sample Bank (Vorres, 1993), and a resin char 

produced from phenol-formaldehyde resin synthesized in our laboramy. 

All the samples were gasified in the steam gasification TGA apparatus described in Section 

2.5. The temperature programmed desorption (”PD) experiments were all carried out in the TPD- 

MS/TGA apparatus, described in Section 2.2, at a heating rate of 5OWmi.n to 120OOC in flowing 

ultrahigh purity helium carrier gas (TPD). 

In order to study the effect of char “age” on reactivity and thermal desorption behavior, char 

samples of varying “age” were produced at pyrolysis temperatures of 850,900,950, and 1000°C 

for resin char Pittsburgh #8 coal char for two hours. For convenience in the current work, each 

char sample is named after the corresponding pyrolysis temperature; e.g., a char pyrolyzed at 

1000°C is called “lOOO°C char”. 

9.3. Steam Gasification Reactivities of Chars of Different “Age.” 
Just as for all the other chars in this report, it was found that the reactivities of the chars of all 

the various “ages” followed Langmuir-Hinshelwood rate forms. Table IX.1 lists all the resultant 

global rate parameters As shown, Wyodak coal char exhibits the largest overall reaction orders. 

The overall orders for all the other chars are quite similar. 

The measured reactivities for the resin char samples are presented in Tales IX.2 and IX.3, as 

functions of steam partial pressures and reaction temperature (in 50% steantlhelium mixtures), 

respectively. Just as for C02 gasification in Section 3.0, it was found that the “youngest” chars 

always exhibited the highest reactivities. 

The corresponding apparent activation energies are presented in Table IX.4. As shown, 

except for the low values of 166 kJ/mol for the 850°C resin char, all the others exhibited essentially 

the same apparent activation energy ca. 195 kJ/mol. 

The steam gasification reactivities measured for the Pittsburgh #8 coal chars are presented in 

Tables IX.5 and IX.6. Just as for the resin chars, the qualitative behavior with char “age” is 
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precisely the same. The apparent overall reaction order for the Pittsburgh #8 coal chars are 
presented in Table M.7, and the apparent activation energies are listed in Table IX.8. As shown, 

the activation energies are greater than those for the resin chars, but the 85OOC char sample has a 

lower value (196 kJ/mol) than the three “older” samples, which exhibit essentially the same value 

of 223 kJ/mol. 

Even though Pittsburgh #8 char contains significant amounts of catalytic mineral matter in the 

form of iron (cf. Section 7.0), the specific steam gasification reactivity of resin char is about a 

factor of two or so greater than for Pitkburgh #8 coal char, on a per unit mass basis. The principal 

reason for this is that Pittsburgh #8 coal char has good coking properties which results in 

significantly smaller surface areas than for resin char. Table IX.8 presents the BET surface areas of 

freshly pyrolyzed chars of varying “age,” as well as the same chars gasified in 50% steamhelium 

mixtures at 85OOC to 10% burn-off. As expected, the surface areas of all the chars increase 

significantly between 0 and 10% bum-off. On a per unit surface area basis, the steam gasification 

reactivity of Pittsburgh #8 coal char is always considerably larger than that of the corresponding 

resin char at 10% burn-off 

9.4. CO TPD Spectra From Chars of Different “Age.” 
Figure 9.1 presents CO TPD spectra for resin chars of varying “age” following gasification at 

85OOC to 10% burn-off in 50% steam/helium mixtures. As shown, there are no significant 

qualitative differences among the spectra as a function of char “age.” In fact, although there are 

quantitative differences, these appear to be less than was found for C02 gasification of resin char 

of different “ages” in Section 3.0 (cf. Figure 3.21), for which the total amount of surface complex 

decreased more markedly and monotonically with increasing char “age.” The principal difference 

between the steam-gasified and CO2-gasified chars is the presence of hydrogen in the former case, 

resulting in the possibility of strong interactions with highly reactive”nascent” sites during 

gasification, as discussed in detail in Section 6.0. If the “younger” chars exhibit a greater number 

of highly reactive, low temperature active sites, as may be concluded from their consistently greater 

reactivities, hydrogen could interact with them more effectively, thereby causing a decrease in the 

total amount of oxygen surface complex population. 
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Figures 9.2,9.3, and 9.4 present CO TPD spectra for the different age resin chars pyrolyzed 

at 850, 900, and 95OoC, respectively, as a function of gasification temperature in 50% 
steam/helium mixtures at 10% bum-off in a 1 atm total pressure. As shown, the data are quite 

similar to that found for the 1000°C resin char, as presented in Figure 6.10, and discussed at length 

in Section 6.0. That is, the total amount of oxygen surface complex evolved as CO decreases 

monotonically and the peak temperature shifts to slightly higher temperatures with increasing 

gasification temperature. As discussed in Section 6.0, this is attributed primarily to increasing 

rehybridization rates of “nascent” sites with temperature; i.e., rapid annealing of the most reactive 

portion of the active site population, plus increased loss of low temperature surface complexes 

during the quench process at the higher gasification temperatures. 

Figure 9.5 presents CO TPD spectra for the 900°C resin char as a function of steam partial 

pressure following gasification at 850°C in 50% steam/helium mixtures to 10% bum-off. As 

shown, the total amount of evolved CO does not change very much with steam partial pressure, 

just as was the case for the 1000°C char, as discussed in Section 6.0. 

Consequently, the major difference between the behavior of steam-gasified and C02 gasified 

resin char with “age” is that the oxygen surface complex population appears to be less sensitive to 

“age” in the case of steam-gasification. It is hypothesized that the interaction of hydrogen with 

highly reactive, “nascent” sites during steam gasification may account for this difference. 

Figure 9.6 presents the CO TPD spectra from Pittsburgh #8 coal chars of varying “age” 

followihg gasification at 850°C in 50% steam/helium mixtures to 10% bum-off. As shown, in 

general the total CO evolution actually increases with increasing char “age.” This is exactly the 

opposite of what was found for C02 gasification in Section 3.0. Apparently, the presence of 

catalytic mineral matter in the Pittsburgh #8 coal char (primarily iron, as discussed in Section 7.0), 

amplifies the effect of hydrogen, as hypothesized above. That is, if the “younger” chars exhibit a 
greater number of highly reactive, low temperature active sites, as may be concluded from their 

greater reactivities, hydrogen could interact with them more effectively, thereby causing a decrease 
in the total amount of oxygen surface complexes with decreasing “age.” 

CO TPD spectra from Pittsburgh #8 coal chars of two different “ages” as a function of steam 

partial pressure following gasification at 850°C to 10% burn-off, are presented in Figures 9.7 and 
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9.8 for the 900°C and 850OC chars, respectively. As shown, in both cases, the total evolved CO is 

not a strong function of steam partial pressure, consistent with what was generally found for 

1000°C Pittsburgh #8 coal char and for all the iron-doped chars in Section 7.0. 

9.5. Analysis of CO TPD Spectra. 

Distributions of desorption activation energies were calculated using the method described by 

Calo and Hall (1991) (see Sections 1.5.3 and 6.4.2 for detailed derivations), and as set forth in 

previous sections. 

For conditions where gasification is desorption rate-controlled, the char reactivity can be 

determined from the distribution of desorption activation energies. As discussed in Section 6.4.3, 
the energy-averaged rate expression for a heterogeneous carbon surface is given by: 

00 

r = Io uo exp(-E*/R’Q [C-O]oS(E*) dE* ~9.11 

As discussed in Section 6.0, the CO TPD spectra obtained from the chars gasified at the 

higher reaction temperatures are believed to suffer from problems such as loss of lower 

temperature complexes during the quench process and the interaction of hydrogen generated during 

steam gasification. Therefore, distributions of desorption activation energies obtained from these 

spectra are not truly representative of the situation at reaction conditions. However, it is expected 

that the results obtained at the lowest gasification temperature of 75OoC, where the observed 

surface complex populations were always the greatest, should be closest to what the saturated char 

surface might actually be. These spectra are presented in Figure 9.9 as a function of char “age.” It 

is evident that the peaks shift to higher temperatures with increasing char “age,” consistent with a 

decreasing population of the lower temperature surface complexes. 

The corresponding distributions of desorption activation energies are presented in Figure 

9.10. A noticeable shift to higher desorption activation energies and a decrease in the low 

desorption activation energy portion of the distribution are discernible with increasing char “age.” 

These changes will result in decreasing ‘predicted” steam gasification reactivities with char “age” 

from Eq. [9.1]. The results of such calculations are presented in Figure 9.11 as parity plots in 

terms of “predicted” @e., from Eq. C9.11) vs. measured reactivities. As shown, in general the 

269 



agreement is quite good. However, there is an unmistakable trend of underpredicting reactivity 

with increasing char “age.” Evidently, there is a systematic error of underestimating the population 

of desorbing surface complexes with increasing char “age.” 

The effect of increasing gasification temperature is illustrated in Figure 9.12 in terms of 

“differential reactivities,” which constitute the kernel of Eq. C9.11. As shown in this figure, as the 

gasification temperature increases, the reactivity integral increases most rapidly at the lower 

activation energies, but also progressively includes more of the high temperature surface 

complexes, such that at a gasification temperature of 95OOC almost the entire distribution is actively 

involved in gasification. This behavior is reflected in a progressively increasing mean desorption 

activation energy with gasification temperature, as was found for C02 gasification in Section 6.0. 
However, unlike for C02 gasification, the amount and concentration of active sites do not decrease 

with char “age,” as is evident from Figure 9.10, for example. All the preceding results obtained for 

resin char are summarized in Table IX.9. 
CO TPD spectra from Pittsburgh #8 char as a function of gasification temperature for chars 

pyrolyzed at 850,900, and 1000°C are presented in Figures 9.13,9.14, and 9.15, respectively. As 

shown, in each case the spectra move progressively to higher temperatures with increasing 

gasification temperature, just as for the resin char. For the same reasons discussed above, 

distributions of desorption activation energies obtained from these spectra are not believed to be 

truly representative of the situation at reaction conditions. However, it is expected that the results 

obtained at a gasification temperatures of 750 and 8OO0C, where the observed surface complex 

populations were always the greatest, should be closest to what the saturated char surface might 

actually be. These spectra are presented in Figure 9.16 as a function of char “age.” It is evident that 

the peaks shift to higher temperatures with increasing char “age,” consistent with a decreasing 

population of the lower temperature surface complexes. 

The corresponding distributions of desorption activation energies are presented in Figure 

9.17. The results of steam gasification reactivities “predicted” from these distributions are 

presented in Figure 9.18 as parity plots in terms of “predicted” (Le., from Eq. [9.1]) vs. 

measured reactivities. As shown, in general the agreement is quite good. However, just as for the 

resin char, there is an unmistakable trend of underpredicting reactivity with increasing char “age.” 
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Evidently, there is a systematic error of underestimating the population of desorbing surface 

complexes with increasing char “age.” 

The effect of increasing gasification temperature is illustrated in Figure 9.19 in terms of 

“differential reactivities,” which constitute the kernel of Eq. 19.13. Just as in Figure 9.12 for resin 

char, as the gasification temperature increases, the reactivity integral increases most rapidly at the 

lower activation energies, but also progressively includes more of the high temperature surface 

complexes, such that at a gasification temperature of 950°C almost the entire distribution is actively 

involved in gasification. This behavior is reflected in a progressively increasing mean desorption 

activation energy with gasification temperature, as was found for C02 gasification in Section 6.0 
and steam gasification of resin char above. However, unlike for C02 gasification, the amount and 

concentration of active sites do not decrease with char “age,” as is evident from Figure 9.16, for 

example. All the preceding results obtained for Pittsburgh #8 coal char are summarized in Table 

IX.10. 

9.6. Conclusions. 
Steam gasification reactivities of resin char and Pittsburgh #8 coal char of varying “ages” 

were measured as a function of reaction temperature and steam partial pressure. As was found for 
C02 gasification, steam gasification reactivities decrease monotonically with char “age.” 

It was also found that the oxygen surface complex populations on steam-gasified chars of 

varying “age” do not change as much as for C02-gasified chars. However, the populations did 

change much more markedly with gasification temperature, shifting to progressively higher 

desorption temperatures with increasing gasification temperature. It was concluded that this 

behavior is due to losses of lower temperature complexes during the quench process and the 

. interaction of hydrogen generated during steam gasification. Therefore, distributions of desorption 

activation energies obtained from these spectra are not truly representative of the situation at 

reaction conditions. However, it is expected that the results obtained at the lowest gasification 

temperatures, where the observed surface complex populations were the greatest, should be closest 

to the saturated populations on the char surface. Consequently, these spectra were used to 

determine distributions of desorption activation energies and the “predicted” reactivities. For both 
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resin char and Pittsburgh #8 coal char it was found that reactivities predicted in this manner agreed 

reasonably well with measured values. 

It is concluded that the principal effect of char “age” on steam gasification reactivity is to 

cause a progressive depopulation of lower temperature, lower desorption activation energy 

complexes with increasing char “age.” 

REFERENCES 

Calemma, V. and Radovic, L.R., Fuel 70, 1027, (1991). 
Calo, J.M., and P.J. Hall, in Fundamental Issues in the the Control of Carbon Gasification 

Reactivity, J. Lahaye and P. Ehrburger, eds, NATO AS1 Series, Seies E: Applied 

Sciences, Vol192, p.329, Kluwer Academic Publishers, Dordrecht, 1991. 

Hiittinger, K. and Nill, J.S., Carbon 28,4,457, (1990). 
Jenkins, R.G., Nandi,S.P., Walker,Jr P.L. Fuel 52, 288, (1973). 
Johnson, J.L., Kinetics of Coal Gasification, Willey, (1979). 
Marchon, B., Tysoe, W.T., Carrazza, J., Heinemann, H., and Somorjai, G.A., J.  Phys. 

Chem. 92, 5447, (1988). 
Miura, K. and Hashimoto, K., and Silveston, P.L., Fuel 68, 1461, (1989). 

Radovic, L.R., Walker,Jr., P.L., Jenkins,R.G., Fuel 62, 849, (1983). 
Redhead, P. A., Vacuum 12,203 (1962). 
Rodriguez-Mirasol, J., Cordero, T., and Rodriguez, J.J., Carbon 31, 1,53, (1993). 

Slaghuis, J.H., Tjaat, J., Walt, van der, Fuel,70, (1991). 
Trapnell, B.M.W., Chemisoiption, Butterworths, London (1955). 
Tremblay, G. Vastola, F.J., and WalkerJr., P.L., Carbon 16,35 (1978). 

Vorres, K.S., “Users Handbook for the Argonne Premium Coal Sample Program” 

ANL/PCSP-93/1. Argonne National Laboratory, USDOE, October, 1993. 
Wojtowicz, M., Ph.D. Dissertation, Division of Engineering, Brown University, 1987. 

272 



Table M.1. Global kinetic parameters for steam gasification of resin an'd 
Pittsburgh #8 coal chars 

Char k b Frequency Factor n 

(min torryl (torr)-l (min torrn)-1 

Resin 
850 8.4 10-5 5.2~ 10-3 3.7 10-4 0.58 

900 . 6.2 10-5 3.4 10-3 2.4x 10-4 0.64 

950 5.9 10-5 3.7 10-3 2.5 10-4 0.62 

1000 4.2 10-5 2.4x 10-3 1.7 10-4 0.65 

850 

900 

950 

1000 

Pittsburgh #8 

2.8 10-5 4.0 10-3 1.3 10-4 0.59 

2.8 10-5 5.5 10-3 1.5 10-4 0.54 

2.6 10-5 6.8 x 10-3 1.7 10-4 0.47 

2.3 10-5 1.3 10-3 1.5 10-4 0.46 



Table M.2. Steam gasification reactivities of resin chars of different ''age" as a 

function of steam partial pressure in helium at 850°C,and 10% burn-off in 1 atm. 

Steam % 9 20 34 5 0  67 

TPyro. Reactivity 

("C) <g/g min) 
850 0.00458 0.00661 0.00841 . 0.0130 0.0140 

900 0.00354 0.00623 0.00783 0.0109 0.0129 

950 0.00334 0.00559 0.00753 0.0102 0.0112 

1000 0 .O 0245 0.00493 0.00690 0.00801 0.0091 

Table M.3. Steam gasification reactivities of resin chars of different "age" as a 

function of reaction temperature in 50% steadhelium mixtures at 850°C and 10% 

burn-off in 1 atm total pressure. 

Reaction 750 800 850 900 950 

Temp.("C) 

TPyro. ("0 Reactivity (g/g min) 
850 0.00135 0 .O 0423 0.0130 0.0298 0.0397 

900 0.000997 0.00335 0.0109 0.0252 0.0393 

0.000973 0.003 15 0.0 102 0.02 16 0.0391 950 

1000 0.000898 0.00257 0.00801 0.0195 0.035 1 



Table M.4. Apparent activation energies for resin chars of varying ‘hge.” 

850 

166 

900 

196 

950 

195 

1000 

195 

Table M.5. Steam reactivities of Pittsburgh #8 coal char samples of different 
ccage’y as a function of steam partial pressure in helium at 85OoC and 10% burn-off 

in 1 atm total pressure. 

Steam % 9% 20% 34 % 50% 67 % 

TPyro. (“C) 
850 
900 

950 
1000 

0.00163 

0.00147 
0.00123 
0.00108 

0.00221 

0.00208 

0.00187 
0.00152 

Reactivity (g/g min) 
0.00368 

0.00316 
0.00228 
0.00203 

0.00449 

0.0036 1 

0.00279 
0.00234 

0.00487 
0 .O 0422 
0.003 18 
0.0027 1 
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Table M.6. Steam reactivities of Pittsburgh ##S coal char samples of different 
“age” as a function of reaction temperature in 50% steadhelium mixtures at 

850°C and 10% burn-off in 1 atm total pressure. 

Reaction 750 800 850 900 950 

Temp.(”C) 

Tqro. (“C) Reactivity (g/g min) 
850 0.00043 0.0019 0.0045 0.0100 0.020 

900 0.00027 0.00069 0.0036 0.0088 0.017 

950 0.00023 0.00055 0.0028 0.0056 0.015 

1000 0.00019 0.00055 0.0023 0.0057 0.015 

Table M.7. Apparent activation energies for Pittsburgh #8 coal char of 
varying “age.” 

900 

223 

950 1000 

224 223 
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Table M.8. Nitrogen BET surface areas (rn2/g) of the various char samples. 

TpJTdOC) 850 900 950 1000 

Resin Char 

0% b-0 

10% b-0 

Pitts. # 8 

Coal Char 

0% b-0 

10% b-0 

276 

431 

5.8 

157 

330 

392 

2.5 

81.6 

288 

483 

2.2 

91.6 

128 

391 

3.9 

74.0 

217 



Table IX.9. Values determined from distributions of desorption activation 
energies for resin char of varying "age." 

Tpyro("C) 850 900 950 

T ( O C )  Meas. Pred. Meas. 

(g/g (g/g mid  (kJ/mol) (g/g e) 
750 0.0014 0.0033 225 0.0010 
800 0.0042 0.0068 229 0.0033 
850 0.013 0.013 234 0.011 
900 0.030 0.024 238 0.025 
950 0.040 0.043 243 0.039 

oxygen (mmo~m2) 
Total 2 10-4 

Pred. Ern 

0,0022 228 
0.0045 233 
0.0087 238 
0.016 243 
0.0028 247 

W g  (kJ/mol) 

2.2 10-4 

Meas. Pred.. Ern 

0.00097 0.0015 232 
0.0032 0.0029 237 
0.010 0.0055 242 
0.022 0.010 247 
0.039 .0.017 252 

(gg min)(g/g min)(k;r/moU 

1.5 10-4 

Table M.10. Values determined from distributions of desorption activation 
energies for Pittsburgh #B coal char of varying cCage." 

Tpyro("C) 850 900 1000 

TCC) Meas. Red. E, Meas. 
(g/g (g/g min) (kJ/mol) (g/g 

750 0.00043 0.0012 234 0.00027 
800 0.0019 0.0026 238 0.00069 
850 0.0045 0.0054 242 0.0036 
900 0.010 0.010 247 0.0088 
950 0.020 0.020 251 0.017 

Oxygen (mmoUm2) 
Total 5 10-4 

Pred. Meas. Pred.. 

W g  (kJ/moD (g/g min>(g/g min)(kJ/mol) 
0.0010 235 0.00019 0.00061 239 
0.0021 240 0.00055 0.0013 244 
0.0043 244 0.0023 0.0027 249 
0.0083 249 0.0057 0.0052 254 
0.0152 253 0.015 .0.0096 258 
1.3 10-3 1.4 10-3 
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Figure 9.1. 5OWmin CO TPD spectra from resin char as a function of char age 
following gasification at 85OOC in 50% steamhelium mixtures to 
10% burn-off at 1 atm total pressure. 
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Figure 9.2. SOK/min CO TPD spectra from 850°C resin char as a function of 
gasification temperature in 50% steam/heliurn mixtures to 10% 
burn-off. 
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Figure 9.3. 5OWmin CO TPD spectra from 900°C resin char as a function of 
gasification temperature in 50% stearnhelium mixtures to 10% 
burn-&. 
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Figure 9.4. SOK/min CO TPD spectra from 950°C resin char as a function of 
gasification temperature in 50% steamhelium mixtures to 10% 
bm-off. 
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Figure 9.5. 5OK/min CO TPD spectra from 900°C resin char gasified at 85OOC 
to 10% burn-off as a function of steam percentage in 1 atm total 
pressure. 
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Figure 9.6. 5OWmin CO TPD spectra from Pittsburgh #8 coal char as a 
function of char age following gasification at 85OOC in 50% 
steam/helim mixtures to 10% bum-off at 1 a m  total pressure. 
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Figure 9.8. 5OK/min CO TPD spectra from 85OOC Pittsburgh #8 coal char as a 
function of steam percentage following gasification at 850°C to 
10% burn-off at 1 atm total pressure. 
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Figure 9.10. Distributions of desorption activation energies as a function of 
“age” for resin char gasified at 75OOC in 50% steamhelium 
mixtures to 10% burn-off at 1 am total pressure. 
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Figure 9.11. “Predicted” vs. measured steam gasification reactivities for resin 
char as a function of gasification temperature in 50% steam/heliun 
mixtures. The “predicted” values were calculated from Eq. [9.1] 
using the distributions of desorption activation energies presented 
in Figure 9.10. 
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Figure 9.12. “Differential reactivities" for resin char as a function of 
gasification temperature, as calculated from the distribution of 
desorption activation energies derived from the 85OOC resin char 
following gasification at 75OOC in 50% steam/helium mixtures 
(@. Figure 9.10). 
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Figure 9.13. 50IVmin CO TPD spectra from 85OOC Pittsburgh #8 coal char as a 
function of reaction temperature following gasification in 50% 
steam/helium mixtures at 10% burn-off at 1 atm total pressure. 
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Figure 9.15. SOK/min CO TPD spectra from 1000°C Pittsburgh #8 coal char as 
a function of reaction temperature following gasification in 50% 
steamhelium mixtures at 10% burn-off. 
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Figure 9.16. SOK/min CO TPD spectra as a function of Pittsburgh #8 coal char 
“age” following gasification at 800°C in 50% steam/helium 
mixtures at 10% burn-off. 
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Figure 9.17. Distributions of desorption activation energies as a function of 
"age" for Pittsburgh #8 coal char gasified at 800°C in 50% 
steam/helium mixtures to 10% bum-off at 1 atm total pressure. 
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Figure 9.18. “Predicted” vs. measured steam gasification reactivities for 
Pittsburgh #8 coal char as a function of gasification temperature in 
50% steamhelium mixtures. The “predicted” values were 
.calculated from Eq. [9.1] using the distributions of desorption 
activation energies presented in Figure 9.17. 
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Figure 9.19. “Differential reactivities” for Pittsburgh #8 coal char as a function 
of gasification temperature, as calculated from the distribution of 
desorption activation energies derived from the 85OoC Pittsburgh 
#8 char following gasification at 800°C in 50% steam/helium 
mixtures ( c f .  Figure 9.17). 
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APPENDIX A. 
CALCULATION OF THE CO2 “CRACKING FACTOR” AND 

THE RELATIVE SENSITIVITIES OF CO AND CO2 

A.l. Analysis. 
IXI the ion source of the mass spectrometer, some of the C O ~  fragments to CO+ upon electron 

impact ionization; i.e., 

[R.A-11 

Two types of gases were used for calibration in order to calculate the “cracking factor” and 

the sensitivities of CO and COP One is a mixture of CO and C02, and another is pure C02 gas. 

Here the sensitivity of a specific species is defined as the signal recorded during calibration for per 

specific amount of that species. The “cracking factor” is defined as the fraction of C02 producing 

CO+ in the mass spectrometer ion source, which can be calculated from the pure C02 calibration. 

If (xC0Z)a and (EC0)a are the integrals of the C02 and CO signals obtained during the 

calibration run with pure C02¶ then the amount of C02 “cracked” into CO+ is: 
[A. 11 

where Sco2 and S c o  are the sensitivities of C02 and CO, respectively, [mv/cm3], and subscript 

“a” corresponds to pure C02 calibration run. 

~ c o 2 ) c ~ c k ~ =  (cco>, (s C02/sC0) 

The fraction of C02 “cracked” in the pure C02 calibration run (Le. the “cracking factor”, C) 

can be calculated from: 

From the calibration run using the CO/CO2 mixture, the total amount of C02 “cracked” to 

CO+ is then: 



w.31 
where “b” corresponds to the CO/C02 mixture calibration run, and (cc02)b is the sum of the 

C02+ signal from the calibration run. Therefore, the sensitivities for C02 and CO are given by: 

where (VCO ) and (VCO)b are the volumes of CO2 and COY respectively, in the CO/C02 

mixture calibration run. 
2 b  

Setting X as the relative sensitivity of C02 to CO; i.e.,: 

x=sc0~~sc0 
gives: 

Combining Eqns[C.2] and [C.3] yields: 

After the “cracking factor” and relative sensitivities are determined for Eqns.[A.7] and [A.8], 

the sensitivities of CO and C02 can be calculated from Eqns.[A.4] and [A.5]. 
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A.2. Computer Program Listing. 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

This program calculates the C02 ''cracking factor" and the relative sensitivity of CO to C02 
for calibration of the mass spectrometer signals. 
Parameters: 
FCO calibration factor for carbonmonoxide, mv*min*g/mol; 
FC02 calibration factor for carbon dioxide, mv*mk*g/mmol; 
X relative sensitivity,= SCO/SCO2; 
C cracking factor for C02, =% of C02 cracked, 
COA integral of CO fiompure C02 calibration data; 
CO2A integral of C02 fiompure C02 calibration dae 
COB integral of CO from CO/C02 calibration data; 
C02B integral of CO from CO/C02 calibration data; m total volume of calibration gas; 
PCO percentage of CO in CO/C02 mixture; 
PC02 percentage of C02 in CO/C02 mixtur~ sw sample weight, [GI 

OPEN(UNIT=l O,mLE=TPD.DAT',FORM='FO€WA~D',STATUS='OLD') 
OPEN(uNIT=ll ,FILE='TPD.OUT',FORM='FORMATTED',STATUS='NEW) 
FtE!AD(lO,*) COA,C02A,COB,C02B,TOTVYPCO,PCO2,SW 
CkO.04 
I=O 

IMPLICIT REAL*8 (A-H, 0-2) 

100 X 1 =C02B *(PCO/PCO2+C l)/COB/( 1 -C) 
I=I+l 
IF (I.GT.2000) GOTO 900 
C=X1 *COA/(C02A+Xl*COA) 
IF (ABS(C1-C).LT. 0.0005) GOTO 300 
Cl=C1+0.0005 
GOTO 100 

300 C=Cl 
X=Xl 
CO=COB-C*CO2B/X/( 1-C) 
C02=C02B/( 1-C) 
RATE=8.0 
RATE=RATE/60. ! MIN/SET DATA 
FCO=RATE*22.4./(TOTV*(PCO/lOO.)) ! 1 MMOk22.4 CC 
FC02=RATE*22.4/(TOTV*(PC02/100.)) 
FCO=FCO*CO*SW 
FCO2=FCO2*CO2*SW ! m*MIN*G/MMOL] 

! CORRECTED SUM FOR CAL,BRATION. 
! SEC/SET DATA , RECORDING RATE 

wRITE(11,*) ' 
WRITE(ll,*) ' 
WRITE( 1 1 ,*) 'COA=',COA,' C02A=',C02A,' COB=',COB,' CO2B=',CO2B 
WRITE( 11 ,*) 'TOTV=',TOTV,' %CO=',PCO,' %CO2=',PCO2,' SW=',SW 
WRITE( 1 l,*) 'C=',C,' X=',X, ' FCO=',FCO,' FC02=',FC02 
GOTO lo00 

WRITE(11,*) ' NO SOLUTION 

STOP 
END 

A -- FOR PURE C02 CALIBRATION 
B -- FOR CO/CO2=52/48% CALIBRATION 

900 CONTINUE 

1000 CONTINUE 

300 
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