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INTRODUCTION 

Synthesis gas, a mixture of primarily CO,  Hg  and Cop, is a major building 
block in the production of fuels and chemicals. 
gaseous raw materials such as coal, shale oil, tar sands, heavy residue and 
biomass. 
materials used and the gasification process. 
and H2, with lower concentrations of Cog and CH4 and traces of H2S and COS 

The gas is derived from non- 

The composition of synthesis gas is dependent upon the raw 
Coal-derived gas is rich in CO 

(1). 

A wide variety of both liquid and gaseous fuels may be produced from 
synthesis gas using Fischer-Tropsch synthesis including light hydrocarbons 
(methane, ethane), fuel range hydrocarbon distillates and heavy waxes. The 
stoichiometry for product formation may be characterized by the empirical 
relation (2): 

CO + 2 . 1 2  Hp -t (HC, Alcohols, Acids) + 0.95 H 2 0  (1) 

As is noted, about 2 moles of Hq are required for every mole of CO. 

Since typical synthesis gas is deficient i Hp. a catalytic water gas shift 
conversion is used to adjust the H2/CO ratio: 

CO + H20 -t Cop + Hg (2) 

This same reaction may be carried out biologically at ambient conditions with 
high yield using bacteria such as Rhodospirillum rubrum ( 3 )  or 
Rhodopseudomnas gelatinosa ( 4 ) .  

Furnose 

The purpose of this paper is to present laboratory data from continuous 
culture experiments for the conversion of H 2 0  and CO in synthesis gas to C02 
and H2 using a biological process. 
employed. 
reactors are presented and discussed. 

BIOREACTOR DESIGN 

The choice of a suitable bioreactor for synthesis gas fermentations is a 
matter of matching reaction kinetics with the capabilities of the various 
reactors. 

The photosynthetic bacterium R. rubrum is 
Performance results from continuous stirred tank and trickle-bed 

It has been found that for these slightly soluble gases, the rate 
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of mass transfer usually controls the reactor size (5,6). 
capabilities of the reactor must be balanced with the cell density achieved. 
The proper reactors for these systems will likely be ones that achieve high 
mass transfer rates and high cell densities. 
in this and the following section. 

Gas-Liquid Mass Transfer Concents 

The transfer of gas phase substrates in fermentation systems involves three 
heterogeneous phases: the bulk gas phase, the culture medium (liquid) and 
microbial cells (solid) suspended in the medium. The reactants, present in 
the gas phase, must be transported across the gas-liquid interface and 
diffuse through the culture medium to the cell surface to be consumed by the 
microbes. 
expected (7):  

Mass transfer 

These concepts will be expanded 

In general, a combination of the following resistances can be 

1. 
2 .  
3 .  

4. 

5 .  

6 .  

Diffusion through the bulk gas to the gas-liquid interface. 
Movement across the gas-liquid interface. 
Diffusion of the solute through the relatively unmixed liquid region 
(film) adjacent to the bubble and into the well-mixed bulk liquid. 
Transport of the solute through the bulk liquid to the stagnant film 
surrounding the microbial species. 
Transport through the second unmixed liquid film associated with the 
microbes. 
Diffusive transport across the liquid/solid boundary and into the 
microbial floc, mycelia, or particle. if appropriate. When the 
microbes take the form of individual cells, this resistance 
disappears. 

site. 
7 .  Transport across the cell envelope to the intracellular reaction 

As with the conventional chemical engineering analysis of absorption 
processes, mass transfer through the bulk gas phase is assumed to be 
instantaneous. Also, when individual cells are suspended in a medium, the 
liquid film resistance around the cells is usually neglected with respect to 
other resistances, because of the minute size and the enormous total surface 
of the cells ( 8 ) .  Thus, for the transfer of sparingly soluble gases, such as 
CO, the primary resistance to transport may be assumed to be in the liquid 
film at the gas-liquid interface. 

It can be shown that the substrate transfer rate per unit of reactor volume, 

4 -, is given in terms of the gas phase partial pressures as: 
VLdt 

( 3 )  
d NE KL" - - (PE - Pi) - 
VLdt H 

where $ - moles substrate transferred from the gas phase, VL is the volume 
of the liquid phase, t is time, K~ is the overall mass transfer coefficient, 
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a is the gas-liquid interfacial area per unit volume, H is Henry's law 
constant, Pg is the partial pressure of the substrate in the bulk gas phase, 
and Pb is the artial paressure (dissolved tension) of the substrate in the 
liquid phase (Pi - HCL). The rate of transport from the gas phase must be 
equal to the rate of consumption in the liquid phase, given by a Monod 
relationship: 

where X is the cell concentration and qm. Ki, and W' are Monod constants. 

Equation (4) shows that a bioreactor for these gaseous systems must operate 
in either of two regimes. 
more solute, but the mass-transfer rate cannot keep pace. Therefore, the 
liquid phase concentration goes to zero and the reactor is mass transport 
limited. 
ability of that particular reactor to transfer substrate. In the other case, 
sufficient substrate can be supplied, but the cell concentration does not 
allow consumption at an equal rate. 
not zero  (with possible inhibitory effects) and the rate is limited by the 
cell concentrations in that particular bioreactor. Obviously, the best 
bioreactor is one that will achieve high cell concentrations and high mass 
transfer rates. 

In one case, sufficient cells are present to react 

The cell concentration and rate of consumption are limited by the 

Then the liquid phase concentration is 

The traditional reactor used in continuous fermentation processes is the 
stirred tank reactor, or CSTR. As it relates to gas phase substrates, the 
CSTR has continuous gas flow into a constant volume liquid phase reactor. 
small liquid feed stream is utilized to supply nutrients to the 
microorganisms in the reactor system and to remove products. 
rate in the system is relatively high in order to promote transfer of the 
sparingly soluble gas into the liquid culture medium. 

Experiments have been carried out in a CSTR at different gas flow rates under 
mass transfer-limited conditions. In these experiments, the progress of the 
reaction is followed by the use of an inert component, whose partial pressure 
does not change throughout the system. 
gas and the liquid phases, the CO uptake rate from the gas phase may be 
described by Equation (5) under mass transfer limiting conditions: 

A 

The agitation 

Assuming perfect mixing in both the 

Equation (5) may be easily rearranged to yield: 
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A plot of GO conversion as a function of pseudo retention time in the CSTR 
(defined as the liquid volume in the reactor divided by the gas flow rate) is 
shown in Figure 1. 
a retention time of 1 h. The maximum conversion was about 85 percent, 
attained at retention times of 3 h or above. Conversion in the CSTR is 
limited by the mixed flow pattern inside the reactor. 

The mass transfer coefficient, KLa, may be obtained for the CSTR experiments 
by employing Equation ( 6 ) .  If the left hand side of Equation (6) is plotted 
as a function of VL RT/HG a straight line should be obtained with a slope of 
KLa if the experiments are carried out under mass transfer limiting 
conditions. 
value of 70.0 h-l. It should be noted that these experiments were carried out 
at a constant agitation rate of 400 rpm. 
other physical characteristics of the reactor significantly affect the value 
of the mass transfer coefficient. 

As noted, a conversion of about 55 percent was attained at 

Such a plot is shown in Figure 2, where KLa is shown to have a 

Agitation rate, impeller design and 

Trickle Bed Reactor Studies 

Trickle-bed reactors are used conventially to obtain a low pressure drop or 
low liquid holdup when there is practically no heat to remove or supply, or 
the liquid is corrosive. 
higher driving force can be achieved than with cocurrent operation. However, 
when an irreversible reaction occurs between the dissolved gases and the 
absorbent (as in biological systems), the mean concentration driving force is 
the same for both modes of operation. 
columns is not limited by flooding and at any given flow rates of gas and 
liquid, the pressure drop in a cocurrent column is less (9). 

Experiments were conducted in a cocurrent column packed with ceramic Intalox 
saddles. In this experimental setup, the liquid and the gas were disengaged 
in a liquid/gas separator with the culture being recirculated back to the top 
of the column. 
maintained inside the reactor while at the same time using high L/G operating 
conditions inside the column. For this ystem, assuming perfect plug flow in 
the gas phase ascending through the column and constant partial pressure of 
the inert gas in the system (as closely substantiated from experimental data), 
the outlet ratio of CO to the inert can be related to other operating 
conditions according to the equation (10): 

They are usually operated countercurrently since a 

In this case, the capacity of cocurrent 

In this manner, a high concentration of cells can be 

A plot of GO conversion as a function of pseudo retention time in the trickle 
bed reactor is shown in Figure 3. 
complete conversion was seen in the trickle bed at a retention time of 0.6 h. 
Complete conversion was obtained because the trickle bed operates very 
closely to ideal plug flow behavior. 

Figure 4 shows the calculation of the mass transfer coefficient for the 
trickle bed as a rearrangement of Equation (7). 
is in good agreement with the value of 27.0 h-l calculated from the results 
of Charpentier (9). . 

In contrast to the CSTR results, nearly 

The value of KLa of 23.5 h-1 

1927 



CONCLUSIONS 

The performance of R .  rubrum in producing H2 was demonstrated in a continuous 
stirred tank reactor and a trickle-bed reactor. A conversion of 0.85 was 
obtained in the CSTR at a pseudo retention time of 3 h. The plug flow 
trickle-bed reactor gave a conversion of 100 percent at a retention time of 
only 0.6 h. 
reactors, with KLa equaling 70.0 h-l in the CSTR and 23.5 h-1 in the trickle- 
bed reactor. 
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EFFECT OF COAL PARTICLE SIZE ON VOLATILE YIELDS DURING RAPID HEATING 

J. R. Gibbins. J. Jacobs+, C. K. Man and K. J. Pendlebury. 

Dept. of Mechanical Engineering, Imperial College of Science, Technology and 
Medicine, Exhibition Road, London, SW7 2BX. 
+ Rheinisch-westfaelisch-technische Hochschule, Aachen. Germany. 

INTRODUCTION 

Typically a wide range of particle sizes, with mean diameters between about 10 and 
300 um, are present in feed coal streams to entrained flow combustion and 
gasification processes. 
particle size over this range is therefore relevant for computer modelling of such 
processes, and possibly specification of an optimum feed particle size distribution. 
The result will also affect the validity of coal characterisation measurements, made 
on a sample with a limited size range, for predicting the behaviour of a real coal 
feed. 

Mass transport effects should result in a monotonic increase in volatile yields 
during rapid heating with decreasing particle size, due to the progressive reduction 
in retrograde char-forming reactions as the residence time of the nascent volatiles 
within the particles is reduced. In practice, however, the magnitude of such mass 
transfer effects may be difficult to measure in isolation. One possible source of 
interference is the differences in heating rate which will also occur between 
different-sized particles in tests in entrained flow reactors, another is the 
difficulty in obtaining different size cuts of a coal with identical mineral and 
maceral composition. 
enriched with the more friable constituents of the coal. 
result, however, from the behaviour of intrinsically-homogenous sub-components of a 
coal (e.g. fossil spores'). 
matrix by grinding, but are then resistant to further comminution. 

Since a captive-sample wire-mesh reactor was used in the present study, differences 
in heating rate between different size cuts were not considered to be a problem. 
Under the test conditions used (1000 K/s heating to 950%) all of the samples 
softened in the early stages of heating, ensuring good heat transfer between the 
mesh and the sample. 
distributed was computer-controlled to give typically better than +/- 20 K 
compliance with the desired value. 

To allow for the effect of compositional differences between size cuts a number of 
approaches were used in the present study. 

The magnitude of any variation in volatile yield with 

The basic tendency will be for finer fractions to become 
Less uniform effects may 

These may be released virtually intact from the coal 

The temperature of the mesh in the area where the sample was 

(a) The ash content of size fractions was measured and data reported on a daf 
basis to avoid interference from mineral enrichment. 

(b) Maceral analyses were performed to identify whether or not maceral enrichment 
had occurred during grinding. 

(c) A second grinding step, using the top size fraction tested as the starting 
material instead of the raw coal, was used to give more homogenous samples (see 
below for more details). 

(d) A vitrain sample with essentially homogenous (>go% vitrinite) starting 
composition, and thus largely immune to maceral enrichment effects, was also 
tested. 
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EXPERIMENTAL 

Coal preparation 

Samples of two U.K. bituminous coals (Daw Mill, type 802, and Kellingley, type 602) 
and one hand-picked Shirebrook Blackshale vitrain sample (>go% vitrinite) were 
obtained in lump form from British Coal's Technical Services and Research Executive 
(TSRE) at Bretby. The Pittsburgh No. 8 sample from the Argonne Premium Coal Sample 
programme* was also used. 

The lump coal samples were ground to all <150um using a Fritsch Pulverisette I1 
motorised grinder with frequent sieving to remove undersize material. 
Pittsburgh No. 8 was ground by hand. The ground coal was screened to produce the 
following size fractions : <38 um, 38-53 um, 53-75 um, 75-106 um and 106-150 um. 
The mass distributions from this first grinding process are shown in Table 1. 

For the coals (which showed significant maceral enrichment effects) a second 
grinding stage was also used. The 150-106um size fraction was divided into four 
equal sub-samples, using a Microscal spinning riffler. Three of these sub-samples 
were subsequently reground to all pass through 53, 75 and 106 um respectively, and 
then screened to give 38-53um. 53-75 um and 75-106 um size cuts. 

All samples were dried overnight in a nitrogen-purged oven at 105 OC and then stored 
under nitrogen until required. 

Sample analysis 

Small samples of each of the coal fractions (approx. 0.5g) were mounted in a 
fast-setting 'Buehler Epo-thin' low viscosity resin. After polishing, maceral 
compositions were observed by examination under a light microscope. To obtain 
quantitative maceral data, 500 point counts were made on each sample. 

Because of the limited amounts of sample available, a thennogravimetric analyser 
(TGA - Stanton Redcroft Model TG-780) was used to measure ash contents. 
mg samples were heated at 30 OC min-' to 900 OC in N,/air. 

Wire-mesh apparatus 

A version of the wire-mesh reactor previously developed at Imperial 
used for devolatilization experiments. 
temperature control system, with a two-colour pyrometer for temperature 
measurements. 
atmospheric pressure and using a heating rate of 1000 K/s to 950"C, with 10 s hold 
at peak temperature. Previous work5 has shown that volatile yields are insensitive 
to experimental variations in heating rate, temperature or hold time under these 
conditions. 

The sample holder was made from folded AIS1 304 stainless steel mesh (25 um wires x 
32 um aperture). 
the centre of the sample holder, and total volatile yields were measured by direct 
weighing before and after experiments. 

The 

Approx. 10 

was 
This incorporates a computer-based 

All experiments were undertaken with a flowing helium sweep gas at 

A 5-10 mg coal sample was spread within a 15 mm diameter circle at 
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BESULTS AND DISCUSSION 

Total volatile yields and ash, vitrinite, liptinite and inertinite contents for the 
sized fractions of the coals from the first and second grinding stages and the 
vitrain are shown in Figs 1-4. Data points are included for the daf volatiles 
values to indicate the experimental scatter in the data, with lines drawn through 
the average values. 
information is available. 

Considering first the volatile yields on a dry basis for the 'first grind' size 
fractions of the coals, it is interesting to note that there appears to be 
relatively little effect of particle size. 
grinding methods used make definitive general conclusions impossible, the results in 
Figs 1-3 do suggest that overall volatile release per unit mass from the different 
size fractions may be roughly constant under actual plant conditions (before any 
heating rate effects are taken into account). 

Inspection of the ash contents for the coal size fractions shows, however, that this 
apparent invariance in dry volatile yields is the result of two opposing trends 
rather than of an underlying uniformity in coal behaviourl 
findings6 the ash contents of the size fractions generally increase with decreasing 
size. 
release from the organic constituents of the coal with decreasing size, as shown in 
the daf yields for the first grind size fractions. 

Volatile yields on a daf basis from the first grind size fractions were not observed 
to increase monotonically, however, suggesting that a simple reduction in mass 
transfer resistance was not the only factor involved. This supposition is confirmed 
by the variation in maceral analysis between size fractions, although some allowance 
must be made for scatter in the maceral data (particularly at the smaller particle 
sizes when edge effects become more common with the point counting techniques used). 
No clear general trends for maceral enrichment emerge from the (somewhat limited) 
data presented, however, beyond a probable decrease in liptinite content for the 
smaller size fractions. 

The significance of changes in maceral composition can be inferred from the results 
of previous work on maceral concentrates'. 
experimental conditions, it was estimated that volatile yields from 'pure' 
vitrinite, liptinite and inertinite were of the order of 40%, 80% and 30% daf 
respectively. It was also found that in maceral mixtures (including whole coals and 
different maceral concentrates obtained by density separation), the contribution of 
individual maceral components to overall yields were simply additive. 

In an attempt to allow the effect of mass transfer to be examined with less 
interference from maceral enrichment effects, a similar set of size fractions was 
prepared using the 106-150 um fraction from the first grind, instead of the raw 
coal, as the starting material. For 
the UK coals. ash levels in the samples are relatively constant and, particularly 
for the Kellingley samples, the overall trend in maceral levels is roughly level. 
Significant differences stin exist in maceral contents for the Daw Mill coal, 
although the changes are now monotonic. The latter trends perhaps reflect more 
homogeneity within the individual maceral groups than occurred in the original coal, 
coupled with grindability differences. The limited data for the Pittsburgh No. 8 
sample showed little effect of maceral enrichment in the second grind, but a much 
more pronounced, monotonic increase in ash content with decreasing particle size. 
Overall the second grinding strategy can probably be regarded as at least partly 
successful, in that monotonic changes in daf volatile yields with changing particle 
size were observed for these samples. 

Points are also shown for other quantities if only limited 

Thus, although differences in the 

In line with previous 

This then tends to counteract the general trend for an increase in volatile 

For similar UK coals and under similar 

This method was at least partly successful. 
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The effect of mass transfer is still not easy to resolve, however, from the second 
grind daf volatile data. For the Kellingley and Pittsburgh samples volatile yields 
increased with decreasing particle size, in line with expectations. 
Mill samples no increase was observed, despite maceral changes that suggest that an 
increase in volatile yield should result even in the absence of any mass transfer 
effects. 

Data from the vitrain samples, shown in Fig. 4 .  supports the existence of a small 
mass transfer effect. Two sets of samples were used, obtained by sieving after 
grinding to all pass 150 um and 300 urn respectively. Because of the high vitrinite 
concentration in the original vitrain it was expected that maceral enrichment would 
not occur during grinding, although there is some evidence for slight enrichment in 
the limited data obtained. 
original sample, high levels of ash enrichment occurred in the smaller size 
fractions from the -300 um grind. 
sets of samples agreed closely in the overlapping region, despite the significantly 
different preparation procedures used, suggesting that maceral enrichment was not a 
major problem. 

For the Daw 

Interestingly, even with the small ash content of the 

Nonetheless, daf volatile yields from the two 

CONCLUSIONS 

When interference from mineral and maceral enrichment effects was minimised, small 
increases in daf volatile yields for rapid heating have been observed with 
decreasing particle size. This is likely to result from reduced resistance to 
volatiles mass transfer within the smaller particles. 
varied from nearly zero to 8 percentage points between the 100-150 um and 38-53 um 
size fractions. 

In practice, selective mineral and maceral enrichment of different size fractions is 
very difficult to prevent. 
effects can swamp any effect of changing mass transfer resistance. 

In ground samples prepared from whole coals selective enrichment effects probably 
tend to offset mass transfer effects. 
of invariant volatile yields with particle size, often made in combustion and 
gasification models, appears to be reasonably valid. 

The unavoidability of maceral enrichment effects imposes a limit on the accuracy 
with which a characteristic rapid-heating volatile yield for a whole coal can be 
measured if, as is often the case, the test method used (e.g. wire-mesh, entrained 
flow reactor) requires a sample with a restricted size range. The present study 
indicates a potential uncertainty of about i/- 3 percentage points in indicated daf 
values. 
sample is prepared by grinding all of the original coal to pass the top size 
required, instead of screening the test sample out of a grind with some wider size 
distribution. 

Volatile yield increases 

Without special preparation procedures these enrichment 

Because of this, the simplifying assumption 

More representative measurements are likely to be obtained if the test 
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THE INFLUENCE OF CHAR STRUCTURE ON LOW TEMPERATURE COMBUSTION 
REACTIVITY 

S. Charpenay, M.A. Serio, H. Teng, and P.R. Solomon 
Advanced Fuel Research, Inc., 87 Church Street, East Hartford, CT 06108 

Keywords : char structure, combustion reactivity, pore diffusion 

INTRODUCTION 

Coal char is a porous material with a structure which is intimately related to its combustion 
properties. In particular, the internal structure influences the degree of intraparticle diffusion 
limitations present at various temperatures. For fluid coals, the char structure is expected to 
depend on the extent of "reorganization" during the fluid stage, and should vary with the pyrolysis 
heating rate, the pyrolysis temperature and the holding time. On the other hand, coals which do 
not become fluid should produce chars with a structure similar to that of the original coal. It has 
been shown in a previous study' that the pyrolysis heating rate has an impact on the reactivity 
of fluid chars. Since reactivity was measured in the kinetic regime, this effect should not be 
related to the char physical structure, except for differences in internal surface area. However, 
the extent of rearrangement during the period when the char is fluid may well affect both the 
physical pore structure and the molecular order. The latter quantity will determine the active site 
concentration. In that previous study', the reactivity of low rank coals was found to be relatively 
independent of the time-temperature history, as long as the same degree of pyrolysis is reached. 
This is consistent with the fact that no important structure reorganization is expected to occur 
with these non-fluid coals. 

The current study investigated the influence of the starting coal type (softening or non-softening) 
and of the char formation conditions on the onset of the pore diffusion regime. The reactivity of 
chars produced from fluid coals at different healing rates, and from non-fluid coals at low heating 
rate was measured isothermally with a TGA. Cumulative pore volumes and nitrogen surface 
areas were measured in order to be correlated with the behavior of the chars towards pore 
diffusion limitations. 

The transition from zone I (kinetic regime) to zone II (combination of pore diffusion and kinetic 
regime) has been observed in a TGA apparatus by several resear~hers'.~~'.~. The chars studied 
were, in all cases, produced at low heating rate, Le., a few degrees per minute. Tseng and 
Edgar'.' observed variations in the activation energy for lignite chars (from approximately 28 
kcal/mol in the kinetic regime to 14 kcal/mol in the pore diffusion regime) and anthracite and 
bituminous coal chars (from about 33 kcal/mol to 22 kcal/mol). For an identical particle size of 
650pm, their results show that the lignite chars reach the pore diffusion regime at a much higher 
reaction rate (roughly an order of magnitude) than the bituminous or anthracite chars. This 
implies that the structure of the lignite char is probably more 'open", thus retarding diffusion 
limitations. The values of the N,-BET surface areas at 0% burnoff were measured and were found 
to be of the order of 100 m'/g for the lignite char, 15 m'/g for the bituminous char and 1-2 m'/g 
for the anthracite char. These values are consistent with the assumption of a more porous 
structure for the lignite chars. Su and Perlmutter' studied chars produced at different heating 
rates (in the range 1 to 10 K/min), for different pyrolysis temperatures (873 to 1223 K) and for 
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different starting coals (anthracite and bituminous coals). They concluded that chars with different 
pore structures can be generated from the same coals by varying pyrolysis conditions: a higher 
final pyrolysis temperature or a slower heating rate generate chars of more compact structure. 
Floess et a1.6 compared the behavior of a microporous sucrose char with a macroporous 
spherocarb char and observed that the reactivity of the former varied with particle size, while the 
latter did not display such an effect. They attributed the difference in behavior to the different 
structure of the chars (purely microporous versus microporous and macroporous), and in 
particular to the presence of large microporous domains in the sucrose char. As Hurt et a1.O 
pointed out, the degree of meso and macroporosity defines the size of the microporous regions, 
and consequently influences the degree of diffusion limitations in the micropores. In other words, 
for highly meso/macroporous chars, where the microporous regions are small, the micropores 
may not be diffusion limited before the meso/macropores themselves. This situation is similar 
to the one described in Thiele' where, even if most of the reaction occurs in small micropores, 
the meso/macropores configuration is assumed to control intraparticle diffusion. Walker' and 
Simons' arrived at the same general conclusion, although using different approaches. 
Consequently, it is important to estimate the degree of micro and meso/rnacroporosity of a char 
in order to predict the degree of pore diffusion limitations. 

In order to assess differences in pore structures, multiple techniques such as gas adsorption (for 
surface areas and pore size distribution measurements), helium pycnometry (densities) and 
mercury intrusion (macropores distribution) can be used. White et al"' performed a 
comprehensive study on representative US coal chars (from lignite to bituminous) in order to 
determine surface area, pore size and volume distribution, and density. The chars were prepared 
at high heating rate in a flat flame burner (in the presence of oxygen), which is representative 
of char formation in pulverized coal combustion processes. They observed large variations in 
properties between the original coals and the corresponding chars : increase by two to three-fold 
for C0,-DP surface area, by 20-200-fold for N,-BET surface area, by 5-10-fold for pore volume, 
by three to four-fold for porosity. However, the differences between the chars produced from 
different coals were not very important, and varied by less than a factor of 2 for surface area, less 
than a factor of 2 for pore volume, and less than 15% for porosity. All of the chars were fairly 
porous (porosity of about 0.6-0.7) with most of the pore volume in macropores, and had N, 
surface areas of about 100-200 mz/g and CO, surface areas of about 200-500 m'/g. 

More significant variations between the chars studied in the present work were expected, due 
to the widely different char formation conditions used. 

EXPERIMENTAL 

Coal Samples - The coals used are from the Argonne Premium Coal Sample Program. The 
original coal particle size fraction is -100 mesh. 

Char Preparation - The chars prepared in the TGA were produced by heating at 30'C/min in 
helium up to the pyrolysis temperature. In the case of non-fluid, non-agglomerating chars, the 
isothermal combustion cycle was done immediately after the pyrolysis cycle (without removing 
the sample from the TGA). In that case, the coal sample Size was approximately 10 mg, which 
corresponds to a char sample sample of 4 to 7 mg. For fluid coals, since the particles have 
agglomerated during low heating rate pyrolysis, the char was prepared in larger quantity (150 
mg) and was separated into different size Iractions. The char average particle size was measured 
with an IS1 Scanning Electron Microscope. The Same procedure was applied to the char 
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prepared in an entrained flow reactor (EFR). 

Isothermal Reactivity Measurements - The reaction rates at low temperatures were measured 
isothermally using a Dupont 951 TGA. The reaction rate is constantly monitored during the entire 
burnoff process. All experiments were performed using an oxygen partial pressure of 17.2 kPa, 
a total flow rate of 240 cc/min, and a char sample size of 4 to 10 mg. For the chars prepared 
in advance in the TGA or the EFR, the char sample was heated under a helium atmosphere at 
30°C/min up to the combustion temperature, and the oxygen was introduced after 15 minutes 
to allow equilibrium. 

Nitrogen Adsorption Measurements - Adsorption isotherms in nitrogen were obtained using 
the dynamic, continuous flow method. The measurements were made using a Quantasorb 
instrument (Quantachrome Corp.). From the adsorption isotherm, the cumulative pore volume 
was calculated. The nitrogen surface areas were obtained using the BET equation (single point). 

RESULTS AND DISCUSSION 

Reactivity Measurements - Chars from the fluid coal Pittsburgh No. 8 were produced at low 
heating rate in a TGA (Pitts8 TGA) and at high heating rate in an entrained flow reactor (Pitts8 
EFR). In order to evaluate the influence of coal rank on pore structure, a char from a Zap lignite 
was also produced at low heating rate in the TGA (Zap TGA). A char from a demineralized Zap 
was produced under the same conditions for comparison (Zapd TGA). Table I gives a summary 
of the properties of the chars studied. 

Isothermal measurements of reactivity were obtained for each char over a wide range of 
temperature, which covered usually 3 orders of magnitude in reactivity. The reported rate was 
taken at 35% burnoff in all cases, in order to avoid any uncertainty in the calculation of the 
reaction rate because of the relatively high weight increase due to oxygen adsorption at lower 
burnoff levels. As shown in Fig. 1, a leveling off of the rate is observed for all chars at a rate of 
approximately 1 g/g.min. This behavior is due to external mass transfer resistances in the TGA, 
and would not occur under typical pulverized coal combustion conditions. The Zap TGA char 
was also found to ignite, which is indicated by the presence of a discontinuity in the reactivity. 

As shown in Fig. 1, at low temperature all the chars studied indicated a similar activation energy, 
which fell in the range of 28 to 34 kcal/mol. The Arrhenius plots for the low heating rate, fluid 
char PittsE TGA showed a gradual change in activation energy, from approximately 28 kcal/mol 
at low temperature, to 22 kcal/mol at higher temperature. This behavior is observed for the two 
different particle sizes studied, 150 pm and 800 pm. Following the Thiele' model, the observed 
change in activation energy is believed to represent the transition from regime I (kinetic) to 
regime Ii (pore diffusion). However, features relative to the effect of particle size in each regime 
need to be clarified. In particular, the fact that, at low temperature (Le. in the kinetic regime), the 
150 pm particle size presents a reactivity higher than the one from the 800 pm particle size 
requires some explanation. This phenomenon has been observed by other researchers6.". van 
Heek and Miihlen" proposed that the enrichment of product gases inside the larger particles 
caused by too small diffusion coefficients or too large flow resistances is responsible for the 
inhibition of the reaction rate. On the other hand, at higher temperatures (in the pore diffusion 
regime), the variation in rate between the two size fractions is smaller than expected : since the 
two particle sizes differ by about a factor of 5, the same factor should be obtained between the 
reaction rates. However, only a factor of 2 is found. A possible explanation of this effect may 
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result from finding out where the diffusion limitations take place in the particle. If we consider the 
char to be formed by microporous grains (or regions) surrounded by meso or macropores, 
diffusion limitations can occur either in the grains (if these are large) or in the meso/macropores 
(in the case of small microporous grains). In other words, for a char with large microporous 
regions, the diffusion parameter D,,c,o/Lz,,~,o (where D,,,,. is the effective diffusivity and I-,,,. is the 
diffusion distance in the microporous grains) is lower than the corresponding parameter 
D,~~,ac,JLzm,Q,,.m~ for the meso/macropores, where L-o,m,c,o represents a distance of the order 
of the particle size. In such a case, particle size effects may not be present, or would be weak, 
until the particle size is small enough (i.e. of the size of the microporous regions), in which case 
the diffusion distance is effectively reduced. The fact that a very low N, surface area of 0.5 m'/g 
at 0% burnoff is found for that char would also be consistent with this assumption, since it 
implies that few meso and macropores are present. In such a case, the microporous regions 
could be fairly large. 

In contrast with the low heating rate char, Pitts8 TGA, the char produced at high heating rate 
Pitts8 EFR, did not show much change in activation energy (Le. did not reach the pore diffusion 
regime) before entering the external diffusion limitation regime. Its N, surface area (at 0% burnoff) 
was also found to be higher (4 m'/g versus 0.5 m'/g) than the one from Pitts8 TGA. This 
behavior is consistant with the findings of Su and Perlmutter' that low heating rate chars have 
a more compact structure. The lignite and demineralized lignite chars Zap TGA and Zapd TGA 
behaved similarly to the Pitts8 EFR. Their surface areas (84 m'/g and 100 m'/g respectively) 
were also much higher than the ones from either of the Pittsburgh No. 8 chars. 

Pore structure characterization - In an attempt to characterize the pore structure of the chars 
studied, nitrogen adsorption measurements were performed. Nitrogen adsorption is done at the 
temperature of liquid nitrogen (77 K). Adsorption is assumed to occur in the mesopores but not 
in the micropores (at least in the case of 0% burnoff chars) because of activated diffusion. 
However, since the micropores open up at higher burnoffs, those also adsorb nitrogen in the 
case of partially combusted chars. 

The N, adsorption data at 0% burnoff provide useful information on the number and accessibility 
of the mesopores of the char. Since mesopores probably constitute the main pathway for oxygen 
to penetrate into the particle, their characterization is an important step in order to predict 
diffusion limitations. Fig. 2 shows the adsorption isotherms for the Pitts8 EFR and the Pins8 TGA 
at 0% burnoff. Pitts8 EFR char produces an isotherm of type IV (characteristic of the presence 
of pores in the transitional range) while Pitts8 TGA produces an isotherm of the types II or 111 
(non porous). Also, the adsorbed volume is larger in the case of the Pitts8 EFR than for the Pins8 
TGA. The adsorption isotherm for Zap TGA char is shown in Fig. 3, and is characteristic of a 
porous material with numerous mesopores. Fig. 4 gives the cumulative pore volume for the three 
chars. These results confirm, in the case of the high heating rate Pitts8 EFR, the presence of 
more mesopores than in the low heating rate Pitts8 TGA char and are consistent with the 
assumption that the latter possesses larger microporous regions than the former. Also, as 
expected, the structure of the Zap TGA char is much more porous than the chars from the fluid 
coals. This is consistent with the results from Tseng and Edgar2.' who found that for the same 
particle size, a bituminous char entered the diffusion limited regime before a lignite char. A more 
quantitative correlation of the pore volume with the degree of diffusion limitations will require 
additional data in the pore diffusion limited regime for the highly porous chars. 

It is well known that the N, adsorption pattern changes significantly after a few percent of burnoff. 
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In order to evaluate those variations, Pitts8 TGA and the Pitts8 EFR chars were produced at 10% 
and 35% burnoff respectively. Although the degree of burnoff of the two chars is different, it can 
be reasonably assumed that the internal structure does not vary significantly between 10 and 
35% burnoff. The combustion temperature was chosen to be sufficiently low as to be in the 
kinetic regime. Under these conditions, the pore structure is expected to vary uniformly through 
the whole particle. It should be noted that this may not be how the structure changes when 
burnoff is performed at higher temperature, Le., in the pore diffusion regime (in that case burnoff 
occurs mostly at the exterior of the particle, with the interior not being modified). Fig. 5 presents 
the adsorption isotherm for the Pitts8 TGA at 10% burnoff and the Pitts8 EFR at 35% burnoff. The 
two chars produce an adsorption isotherm characteristic of a microporous structure”, with most 
of the pores being smaller than about 20 A. In that case, the Kelvin equation cannot be utilized 
to calculate the pore size distribution. The value of the N, surface area also increased 
dramatically, from 0.5 to 98 m‘/g for the Pitts8 TGA char and from 4 to 310 m’/g for the Pitts8 
EFR. These results indicate that the structure of both coal chars is mostly microporous. However, 
the degree of meso and macroporosity (which is important to estimate for transport processes) 
cannot be evaluated easily from these measurements. Also, since the burnoff was performed in 
the kinetic regime, it does not give a representation of the structure obtained when the 
combustion is done under more severe conditions. Additional data from chars combusted at 
high temperatures (i.e. in the pore diffusion regime) is needed. This point will be addressed in 
more detail in a future publication. 

CONCLUSIONS 

From this study it can be concluded that low heating rate, fluid chars are less macroporous than 
high heating rate, fluid chars or lignite chars. This conclusion is consistent with the observation 
that the low heating rate, fluid chars enter the pore diffusion regime earlier than the other chars. 
It was also shown that char structural parameters such as surface area and cumulative pore 
volume can be correlated with the behavior of the char towards pore diffusion limitations. 
However, additional data obtained in the pore diffusion regime is necessary in order to establish 
a quantitative correlation between structural properties and the onset of diffusion limitations for 
a wide range of chars. 
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TABLE I Char ProDerties 

I 

In that case, the combustion cycle was performed immediately after the pyrolysis. The paRicle size is 
approximate, since the chars showed a cenospheric agglomerated Structure. 

u ZAPD TGA 
0 PIT TGA 900pm 
PIT TGA 150pm 

I I I . 8 . / , ,  I .  

4.OE-4 6.OE-4 8.OE-4 1.OE-3 1.2E-3 1.4E-3 1.6E-3 

1/T V/K) 

Figure 1. Measured Reactivity a t  35% Burn-off of PITTS8 TGA, PI"S8 EFR, 
ZAP TGA, ZAPD TGA Chars as a Function of VI'. 
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Figure 2. Nitrogen Adsorption Isotherms for PITY'S8 EFR and PITY'S8 TGA 
Chars. 
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Figure 3. Nitrogen Adsorption Isotherm for ZAP TGA Char. 
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GAS EVOLUTION FROM COAL IN SEALED GLASS AMPOULES* 

K. S. Vorres 
Chemistry Division, Building 211, Argonne National Laboratory 

Argonne, IL 60439, USA 

INTRODUCTION: 

Earlier publications reported studies on the gas content of Ar- 
gonne Premium Coal Samples (1,Z). These samples are available in 
ampoules of 5 grams of -100 mesh and 10 grams of -20 mesh. They 
were periodically opened in vacuum and analyzed with a mass 
spectrometer as part of a quality monitoring program. The 
samples were originally sealed under nitrogen in a glove box main- 
tained at less than 40 ppm of oxygen. Moisture present in the 
coal was kept in the samples as much as possible. Determinations 
of the gases were made and provide an opportunity to observe the 
changes due to transformations, release of dissolved gases or 
other processes in the samples. Changes in the gas content were 
observed and may be useful in interpreting a variety of 
phenomena. 

The eight Argonne Premium Coal Samples 
# Name Rank State 
1 Upper Freeport MVB PA 
2 Wyodak-Anderson SUB WY 
3 Illinois #6 HVB IL 
4 Pittsburgh HVB PA 
5 Pocahontas #3 LVB VA 
6 Blind Canyon HVB UT 
7 Lewiston-Stockton HVB WV 
8 Beulah-Zap LIG ND 

are described below: 
Dmmf C Dmmf H Abbrev. 
88. 08 4.84 UF 
75.01 5.42 WY 
77.61 5.20 IL 
83.20 5.43 PITT 
91.05 4.48 POC 
80.69 5.81 UT 
82.58 5.44 WV 
74.05 4.90 ND 

LVB = Low volatile bituminous, MVB = Medium volatile bituminous, 
HVB = High volatile bituminous, SUB = subbituminous, LIG = Lig- 
nite, State = U. S. A. State of origin, Dmmf = dry mineral 
matter-free, Abbrev = Abbreviation used later 

EXPERIMENTAL: 

The Argonne premium coal samples have been sealed in borosilicate 
glass ampoules in a nitrogen atmosphere (3). A hydrogen-oxygen 
torch was used for the sealing. The hydrogen and oxygen gas 
f l o w s  were controlled with a gas mass flow controller to maintain 
stoichiometric conditions during the sealing. The oxygen content 
of the glovebox system was constantly monitored during the opera- 
tion and no significant deviations from the expected values were 
observed. 

*This work was supported by the Office of Basic Energy Sciences, 
Division of Chemical Sciences, U. S. Department of Energy, under 
contract number W-31-109-ENG-38. 
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A supply of coal ampoules for each of the eight samples in each 
Of the two mesh sizes was selected to provide samples for 
analysis over several years at initial sample consumption rates 
of about two per year. The ampoules were sent to the Analytical 
Chemistry Laboratory of the Argonne National Laboratory for gas 
analysis. The ampoules were placed in an evacuable chamber and 
the surrounding air was pumped out. A magnetic hammer was used 
to break the ampoule and release the atmosphere above the am- 
poules. 

For the measurements until 1991, the gas was passed into a Con- 
solidated Engineering Corporation (CEC) model 21-620 mass 
spectrometer and analyzed for nitrogen, methane, carbon dioxide, 
hydrogen, argon, water vapor, and higher hydrocarbons. Carbon 
monoxide could not initially be distinguished from nitrogen and 
was not reported. A VG Gas Analysis mass spectrometer, model 30- 
01 equipped with electron multiplier detector, was obtained in 
1990 to replace the CEC unit and provide better data. Carbon 
monoxide can now be detected in the nitrogen, and lower limits of 
detection exist for the oxygen measurements. 

The data obtained are condensed in Table I below. 

Table I. Methane and Carbon Dioxide Concentrations in Argonne 
Premium Coal Sample Ampoules. 

COBL 

UF 

w 

I L  

PIT1 

POC 

UT 

w 

ND 

C H 4  
M X .  

trend conc 
+ .40 

P- .02 

P- .23 

P- .a 

P 1.2 

P- .03 

P- .03 

P- .02 

-100 msh 

max. 
c02 

t im trend conc 
79 + .13 

63 P- .93 

65 P- .23 

64 P- .58 

62 + .78 

61 + .10 

59 + .13 

58 + 2.68 

.20 mesh 

maX 
CH4 co2 

mnx 
trend COW tim trend c-c 

P .70 79 + .15 

P .02 63 + 1.4 

P- .46 65 0 .66 

P- 14.5 64 0 3.7 

P- 7.6 62 P 5.1 

0 .02 61 P .37 

P- .23 59 0 .53 

0 .03 58 P 3.3 

major gas = gas at higher concentration in ampoule (other than 
, trend = trend of changes in concentration (+ = increasing, 0 

NZLonstant, - = decreasing, P = plateau before or after trend), 
P- = decrease after plateau, max conc = maximum concentration of 
gas in ampoule in 8 ,  time = maximum time since sealing in months 
for data. 

The data were plotted as concentration of gas versus time since 
sealing of the ampoules. Representative plots are shown in 
Figures 1-4. Figure 1 gives the concentration of CH4 versus time 
since sealing for -100 mesh material. Figure 2 gives a similar 
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plot for the -20 mesh material. Figure 3 gives the concentration 
of C02 versus time since sealing for -100 mesh material, while 
Figure 4 provides similar information for the - 2 0  mesh material. 

RESULTS AND DISCUSSION: 

Differences in the gas contents were observed as time passed. Con- 
siderable amounts of methane were released during the initial 
size reduction in the sample processing facility. The gas con- 
tents in Table I represent subsequent gas releases. Lower rank 
(Beulah-Zap and Wyodak-Anderson) and some intermediate rank 
(Illinois #6, Blind Canyon, Lewiston-Stockton) ampoules contained 
more carbon dioxide, while several higher rank (Pocahontas # 3 ,  
Upper Freeport, Pittsburgh seam) ampoules contained more methane. 
In most cases, if carbon dioxide contents increased then methane 
contents did not increase, and vice-versa. Oxygen contents 
remained at or below the limits of detection, indicating the in- 
tegrity of the ampoules. 

The data in Figure 1 indicate the variation in methane for the 
six most concentrated -100 mesh samples. In general, the con- 
centration increases as the time since sealing increases. The 
highest rank coal, Pocahontas, shows the largest methane con- 
centration. The next highest rank, Upper Freeport, has a lower 
methane concentration than the Pittsburgh seam (lower rank in 
this group). A comparison in a similar plot for -20 mesh par- 
ticles f o r  these three coals indicates the highest concentration 
for the Pittsburgh seam followed by the Pocahontas and Upper 
Freeport in that order. The data are more limited but show an 
increase with concentration with time. The maximum concentration 
for the Pittsburgh seam coal was about 14% of the gas volume, or 
more than an order of magnitude greater than for the -100 mesh 
material. For early measurements 

The data in Figure 3 indicate the carbon dioxide content of the 
gas space in the ampoules above the -100 mesh lower rank samples. 
The Beulah-Zap sample (legend ND) clearly released the most car- 
bon dioxide at 2.6%. The Wyodak-Anderson sample released the 
next largest amount with the concentration increasing almost 
linearly over time. A similar plot of releases from -20 mesh 
material indicated that the evolution was only about 50% larger 
for the Beulah-Zap material. The values for the other coals were 
two to three times as high. The concentrations for the remaining 
samples were Pittsburgh > Illinois #6 > Lewiston-Stockton (legend 
WV) > Blind Canyon (legend UT). The latter three were relatively 
constant for the period in which the samples were analyzed. 

The data in Figure 4 for -20 mesh samples indicate that the car- 
bon dioxide concentrations are higher than those for the -100 
mesh samples. This behavior is consistent with that observed for 
the methane measurements from the different particle sizes. The 
more striking difference is that the concentrations in the 
Pocahontas and Pittsburgh samples have increased to exceed that 
from the Beulah-Zap sample. 

It is believed that the gas is dissolved in the coal matter and 
is released very slowly. Bacterial activity is not considered 
responsible since either carbon dioxide or methane but generally 
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not both are released from the samples, as might: be expected from 
many bacterial actions. The most recent data indicate that sig- 
nificant quantities of carbon monoxide are not released in that 
the concentrations are at or below the limits of detection 
(.02%). 

CONCLUSIONS: 

1. Higher rank coals evolve methane, and lower rank coals 
evolve carbon dioxide with some evolution of both gases for the 
intermediate ranks. 

2. The evolution proceeds over times of years for pulverized 
coals in sealed ampoules. 

3. Gas concentrations are higher above -20 mesh samples than 
above -100 mesh material. 

4. Carbon monoxide is not evolved. 

5. The Wyodak sample evolves carbon dioxide approximately 
linearly with time. 

6. The gas evolution seems to be associated with evolution of 
dissolved species. 
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HYDROGASFICATION OF BROWN COAL WIH ACTIVE IRON CATALYSIS 
FROM FERRIC CHLORIDE 

Kenji Asami and Yasuo Ohtsuka 
Research Center  for Carbonaceous Resources 

Insti tute for Chemical Reaction Science 
Tohoku University, Sendai 980, JAPAN 

Keywords Coal, Hydrogasification, Iron Catalyst 

INTRODUCTlON 

It would be necessary nowadays that  coal is  converted into the  environmentally 
acceptable fuels. Gasification of coal with hydrogen is an important process for 
producing clean SNG. Since the reaction r a t e  is very slow, high temperature and high 
pressure a r e  required in the  absence of catalyst  [ I ] ,  and thus an active and inexpensive 
catalyst should be developed. Iron is one of the most promising catalysts for the 
hydrogasification of coal. We have been trying tout i l ize  acid wastes from metal pickling 
and titanium oxide production plants as  Fe catalyst sources, because the wastes a r e  cheap 
andabundant. WhenFe chloridesor sulfatesof themajor  componentsare added ontocoal 
by theconventional impregnation method, they a re  inactive for thegasification in Hp a t  
low temperatures 121, and CI- or S-containing gases evolved during gasification may result 
in serious problems such as  corrosion. However, we have recently found that CI-free Fe 
catalysts finely-dispersed on low-rank coals can besuccessfully prepared from an aqueous 
solution of FeC13 using several additives, and exhibit high activit ies for t he  low 
temperature gasification with steam [3,41. 

In the present work, these Fe catalysts a r e  applied to  the gasification of brown 
coal in atmospheric Hp a t  low temperatures below 1200 K. The relationship between the 
catalytic activity and the preparation method and the  catalytic s t a t e  is  examined. 

EXPERIMWTAL 

Coal and Catalyst. Australian Loy Yang brown coal with a particle size of 0.15 - 
0.25 mm was employed in this study. The proximate analysis was ash, 0.5; volatile 
matter,  52.4; fixed carbon, 47.1 wt% (dry), and the ult imate analysis was C, 66.7; H, 4.6; 
N, 0.5; S, 0.3; 0, 27.9 wt% (daf). 

Three kinds of Fe catalysts were precipitated onto brown coal from an aqueous 
solution of FeC13 with different additives, that  is, urea ((NHp))zCO), Ca(OH)2, and 
NHdNH4CI buffer solution. These catalysts  a r e  abbreviated as  Fe(U), Fe(C), and FefA), 
respectively. In the preparation of Fe(U), urea was added to  the mixture of coal and 
FeC13 solution so that  fine particles of FeOOH could be precipitated onto coal [SI, and 
the resulting mixture was stirred a t  370 K. For Fe(C) and Fe(A) Ca(0H)p powder and 
NHdNH4CI solution were added instead of urea, respectively, and the aqueous mixture 
wasstirred a t  room temperature. After each precipitation, t he  solution was filtered off, 
and t e Fe bearing coal was washed with deionized water  repeatedly to  remove t h e  CI- 
or c$+ ions. The preparation methods have been described in detail elsewhere [3,41. 

Hydrogasification. Gasification runs were isothermally conducted in a 
thermobalance under atmospheric H2 a t  873-1 173 K. Since all t he  samples were quickly 
heated up t o  a predetermined temperature,  t he  coal devolatilization first took place, and 
a f t e r  t he  completion within a few minutes char  gasification started.  The activity of Fe 
catalyst in the la t ter  stage will be discussed throughout the paper. The reactivity of char 
a f t e r  devolatilization is expressed by using both char conversion on a dry ash free and 
catalyst f ree  basis and the specific r a t e  of char, that  is, the  gasification rate  per unit 
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weight of remaining char. 

X-ray diffraction. X-ray diffraction (XRD) measurements of Fe-bearing coals and 
chars were made with Mn-filtered Fe-Ka radiation to clarify the chemical form and 
dispersion s ta teof  Fecatalyst .  Theaverage crystallite size of Fe species wasdetermined 
by the Debye-ShZirrer method. 

RESULTS AND DISCUSSON 

Catalyst  Components. The actual Fe loading of each sample was 3.4, 4.7, and 4.6 
wt% for Fe(U), Fe(C), and Fe(A), respectively. The chlorine content determined by a 
standard Eschka method was nearly equal t o  that in the original coal (0.08 wt%) in every 
catalyst, indicating he complete removal of CI ions from FeC13 with water washing. A 
small amount of Ca” (0.5 wt%) from Ca(OH12 was retained with Fe(C). 

Catalytic Activity for Hydrogasification. Table I shows char conversion af ter  30 
min in the  hydrogasification a t  873 K. The enhancement of the gasification r a t e  by F e  
catalyst was observed only in the early period of reaction, though not so high, and all the 
catalysts seemed to  lose the activity in the la t ter  stage. Char conversion showed that  the 
order of t he  catalytic effectiveness was Fe(A) < Fe(C) < Fe(U). 

Figure 1 illustrates the change in char conversion with reaction t ime a t  1073 K. 
Every catalyst  promoted the  gasification, and the  effectiveness was strongly dependent 
on the preparation method. The order of the activity was Fe(A) < Fe(U) Fe(C), which 
is the same order as observed in the steam gasification 141. With the  most active Fe(C) 
char was completely gasified within about 100 min. The conversion at  120min with FeW) 
and Fe(A) increased from 18 Oh without iron to 52% and 37%, respectively. Figure 2 
shows the specific gasification r a t e  as a function of char conversion a t  1073 K. The rates  
for Fe(A) and the original coal were low and almost constant. The initial rates for Fe(U) 
and Fe(C) were almost the same, and they were about 20 times that  without iron. The 
specific r a t e  for Fe(U) decreased steeply with increasing conversion. On the contrary, 
t he  r a t e  for Fe(C) increased gradually as the gasification proceeded. This ra te  increase 
was also observed a t  1173 K. The change in specific ra te  with conversion may be 
determined by the balance between catalyst  agglomeration and enrichment due to  the 
consumption of char. When thecatalyst  enrichment ispredominant as in the K-catalyzed 
gasification 161, t he  specific r a t e  would increase with increasing conversion. The r a t e  
increase observed in the latter part  of gasification with Fe(C) may be this case. 

Thus, it is found that  these precipitated Fe catalysts, especially Fe(C), exhibit high 
activities for the gasification of brown coal in atmospheric H2 even a t  a temperature as  
low as  1073 K. 

Catalyst  State. Since no XRD lines of Fe species were detectable for each 
catalyst, the  chemical form of Fe catalyst  on coal could not be identified. However, 
other analytical techniques such as elemental analysis, ESCA, and FT-IR suggested that  
the catalyst  exists as finely dispersed FeOOH [3,41. 

The catalyst  s t a t e  immediately af ter  devolatilization in Hp a t  873 K is summarized 
in Table 1. Major XRD species were a-Fe irrespective of the catalyst  type. Small peaks 
due t o  cementite (Fe3C) were also observed fo r  Fe(C). The degree of catalyst  dispersion 
evaluated from the average crystall i te size of a-Fe increased in the order of Fe(A) 
Fe(C) e F e W .  This order corresponded to  that of the gasification activity, which 
suggests that  the dispersion may be a key factor determining the catalytic effectiveness 
in this temperature region. 

Figure 3 shows the XRD patterns for Fe-bearing chars devolatilized a t  1073 K. 
When the  devolatilization temperature was raised from 873 K to 1073 K, the  main species 
for Fe(C) changed from a-Fe to  Fe3C and strong XRD lines of unidentified iron carbides 
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appeared with smallsignals of a-Fe for Fe(U), whereas the major species for Fe(A), a-Fe, 
remained unchanged, though weak peaks of unidentified carbides were observed. As is 
seen in Figure 1, Fe(C) was the most active catalyst a t  1073 K, and it achieved the 
complete gasification of char. Although Fe3C is not always the actual active species 
because of the bulk chemical form identified by XRD, these observations suggest that  the 
formation of iron carbide, perhaps FesC, may be essential for such the high activity in 
the temperature region of around 1100 K. In other words, the hydrogasification may 
proceed through thecarbon dissolution mechanism [7,81. On the  other hand, the hydrogen 
spill-over mechanism [1,9] might be predominant in  the  Fe-catalyzed hydrogasification 
in the temperature region of around 850 K. 

CONCLUSIONS 

Hydrogasificationof browncoal with CI-free Fecatalystsprecipitated from FeC13 
solutionusing different additives iscarried out a t  ambient pressure. The activity depends 
strongly on the preparation method and the  gasification temperature. The use of urea a s  
an additive seems to  give the most effective catalyst  a t  873 K. The iron prepared with 
Ca(OH)2 shows the largest r a t e  enhancement a t  1073 K, and realizes complete 
gasification within a short time. The formation of Fe3C may be related to the catalytic 
activity in this case. 
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Table 1 Activity and state of Fe catalysts at 873 K. 

Sample Additive C0nv.a) Chem. f ormb) Sizeb) fc) 

(Wt%) (nm) 

Fe(U) (NH2 20 a-Fe 10 

Fe(A) N H ~ / N H ~ C ~  8 a-Fe 45 
Fe(C) Ca (OH ) 2 13 a-Fe, (Fe3C) 28 

Original - 5 - - 

a)Char conversion after 30 min. 
b)Immediately after devolatilization in H2. 

=)Average crystallite size of a-Fe. 
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Figure 1 Hydrogasification of Loy Yanq coal 
with iron catalysts at 1073 K. 

Char conversion (wt%, daf) 

Figure 2 Profiles of specific gasification 
rates at 1073 K. 
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Figure 3 XRD patterns of iron catalysts 
on the chars devolatilized at 1073 K. 
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IN'IRODUCIION 

Hydrogenation of carbon dioxide has been paid more and more 
attention recently because of its green house effect and for synthesis of 
hydrocarbons and alcohols1 92. Unfortunately, it was observed that carbon 
dioxide can be converted into only carbon monoxide and methane over the 
many effective Fisher-Tropsch catalysts. The selectivities forming more 
than C2 hydrocarbons and alcohols on them are, if any, very low3. In the 
recent years, Fe, Rh and other catalysts supported on suitable carriers and 
having some promoters were found to have high selectivities for C2-C4 
hydrocarbons under high pressures4t5. Some studies of adsorption of C 0 2  
by IR and the catalytical reaction kinetics under different temperatures 
and pressures were also reported6~7. All these researches have given 
great contribution to develop the catalytic conversion process of carbon 
dioxide to match the requirement of human environment protection and 
new energy source. 

In this paper it is reported that the Fe/ZSM-5 has good selectivity to 
C2-C4 in the hydrogenation of C 0 2  and EXAFS study shows the change of 
the local environment of Fe on the catalyst during the deactivation process. 

EXPERIMENTAL 

Preparation of catalysts: The weighed amount of metal nitrate, such 
as 2.93 g ferric nitrate, was dissolved in water to make a diluted solution 
in which 5.0 g support, HZSM-5 zeolite, was added. It stands in room 
temperature for two hrs by frequently stirring and dried a t  393K for 10 
hrs. The impregnated procursor was calcined at 723K. 2 hrs in flow of 40 
ml/min of air, and cooled to room temperature to get the oxidized state of 

1957 



the catalyst, 7.5% FeESM-5. 
hydrogen at 773K, for 4 hrs before hydrogenation of C02.  

It was reduced in a stainless steel reactor in 

Hydrogenation: The activity of the catalysts was determined in a flow 
system at space rate, 6000 ml/g.h with C 0 2 : H 2 = 1 : 4  at different 
temperatures between 500 to 650K and under 1-20 atmospheric 
pressures. The products were analyzed by a gas chromatographic system 
with HFD and TCD as detectors for hydrocarbons and the gases. 

X-ray absorption: The X-ray absorption experiments were performed 
on Rigaku, 6KVA anode-rorating X-ray machine. The photon intensity was 
recorded with a solid detector and TP-801 monitor. All data analysis was 
carried out with EXAFS program on IBM-PC computer. The fitting was 
done using experimentally determined Fe-0 and Fe-Fe phase shifts and 
backscattering amplitudes. 

RESULTS AND DISCUSSION 

1. The effects of supports on activity and selectivities 

The same amounts of Fe, such as 15%, were supported on S i 0 2 ,  
Al2O3, HZSMJ,  Cr2O3, Nb2O5 and La203 individually by impregnation, 
calcination and then reduction at 773K, in H2, for 4 hrs. The hydrogenation 
activity and selectivities were measured in the flow system 'at 600K, 6000 
ml/g.h of the reactant mixture of C02:H2=1:4. The activity expressed as the 
percentage of conversion of C 0 2  and the selectivities as percents of the 
converted C 0 2  are listed in Table 1. From the data it can be seen that the 
properties of supports affect conversion of CO2 very seriously, HZSM-5 
made the Fe catalyst active 50 time more than that on L a 2 0 3  and the 
selectivity forming C2+C3 can reaches to 33.2% on Fe/ZSM-5, only about 1% 
on Fe/Si02, Fe/A1203 and Fe/Cr203 and even nothing on Fe/La203. The 
better effect of Nb2O5 on the C2+C3 selectivities is in agreement with that 
reported in the literatureg. 

2.Loading of Fe on HZSMJ and its effects on catalytic properties 

The results listed in Table 2 indicate that the activity and C2 and C3 
selectivities gradually increase by loading more and more Fe until 30% on 
the support. XRD experiments demonstrate that the increasing loading of 
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Fe resulted in the growing up of Fe particles on the reduced'catalysts from 
170 to 310A (average particle diameter) from 5 to 30% Fe on HZSMJ.  It 
can also be seen from Table 2 that the changes of C2 and C3 selectivities 
parallel with each other for loading more Fe and rising reaction 
temperatures. These results show that the metal Fe surface plays the main 
role in the hydrogenation of carbon dioxide and for growing of the C-C 
chains. In  this particle size range, the larger, the particle of metal Fe, the 
better, the catalytical reactivity. 

3. The effects of some promoters 

Addition of 2.5% Cu, Ni, Ru, Rh, Co, the easily reduced metals to 
15%Fe/ZSM-5 increase the activity and C2. C3 selectivities at high reaction 
temperatures. At 650K the conversion of C02  reached 30.1% over Fe- 
Ru/ZSM-5 and CO, CH4, C2, C3 and C4 selectivities are 30.5, 27.7, 20.8, 14.0 
and 7.0 respectively, that is, hydrocarbons become the main products, 
C2+C3+C4, 41.8% besides 27.7% CH4 and CO only 30.5%. Promoter, Ni lets 
methane to be the main hydrogenation product, 51.5% in 4.1% converted 
C 0 2  at 550K. However at 650K, C2+C3 hydrocarbons reach to 21.7% , 
methane 22.9% and CO, 45.4% in 31.5 % converted C02.  As shown in the 
author's TPR experimentsg, Ni and Ru could move the reduction peak 
temperatures of Fe203  to the lower positions, that is, they could promote 
the reduction of Fe to metal state which is necessary to catalytical 
hydrogenation of C02  over Fe catalysts. 

N a 2 0  and MgO and other alkaline and alkaline earth metal oxides can 
increase a little bit of the hydrogenation activity, however, decrease the C2 
selectivity. They can inhibit the growing of C-C chain making methane as 
the main productslo. 

The transition metal oxides, such as V205, Moo3 and Cr2O3 decrease 
both the hydrogenation activity and C2, C3 selectivities a lot at low 
reaction temperatures. In comparison with Fe/ZSM-5. these promoted 
catalysts have great temperature dependence. At 650K they have a 
comparable activity to that over Fe/ZSM-5 except the lower selectivities. 
These phenomena could be related to the inhibition effect to reduction of 
FeO and this effect would decline at the temperatures as higher as 650K. 

4. Stability of the catalysts 
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In Fig.1 the hydrogenation activity and C1. C2 and C3 selectivities on 
Fe/ZSM-5. Fe-Cu/ZSM-5, Fe-Ru/ZSM-5, Fe-Cr/ZSM-5 and Pe-Cu-Ru/ZSM-5 
were plotted against the reaction time. Although the initial activities on 
Fe/ZSM-5 and Fe-Cu/ZSM-5 are very high and reach the maxima after 1 
hour, they drop very quickly later. After 5 hrs, the selectivities forming C1, 
C 2  and C3 gradually decrease to the lowest values. On the contrary, the 
effect of Ru is very interesting. Over Fe-Cu-Ru/ZSM-5 the selectivities of 
C 2  and C3 keep increasing with reaction time at expense of that of 
methane when the conversion of C02 gradually increases to a stable level, 
around 10%. After 10 hrs, selectivities of C1, C2 and C3 reach to 38.0, 19.0 
and 16.5% respectively. It seems that the active centers which favor to 
growing of C-C chains were formed with reaction time instead of that for 
methane. The co-promoters, Cu-Ru, make Fe-Cu-Ru/ZSM-5 the best 
hydrocarbon synthesis catalyst from C02 and H2 under our experimental 
conditions. 

5. EXAFS study of the structure of the catalysts 

EXAFS as a powerful tool has been widely used for study of the 
structure of catalysts.12 The data obtained by fitting the filtrated k2.x(k) 
with models of Fe-C and Fe-Fe for the Fe local environments of different 
catalysts at the different reaction times are listed in Table 3. The Radial 
Structure Functions (RSF) of Fe in Fe/ZSM-5 catalyst measured after 0.5, 
2.0 and 24h are shown in Fig.2. It can be seen from Table 3 that the new 
Fe-C coordination was formed in the deactivated Fe- and Fe-Cu catalysts, 
the coordination numbers of nearest Fe around Fe centers decrease with 
time from 7.5 and 8.5 (Oh) to 2.5 and 3.0 (24h) and a farther Fe-Fe formed. 

From Fig.2 we can see that the peak height of Fe-Fe obviously 
decrease with time if we know the different Y-scales in the three figures 
from 40 (Oh) to 20 (24h) being used and the large noise level in the third 
figure. The Fe-Fe interaction was interrupted by the carbon atoms which 
enter between iron atoms and some kind of Fe-C species are formed owing 
to the deposit of the carbon atoms on the surface during the reaction 
process. On Fe-Cu- 
Ru/ZSM-5, Fe-Fe coordination number almost does not change comparing 
7.0 after 24h to 7.5 for Oh FeKSM-5 and at the same time only 0.4 carbon 
atoms approach to Fe atoms on Fe-Cu-Ru/ZSM-5 comparing 2.5 on Fe/ZSM- 
5. It is known that Cu can inhibit the deposit of inactive carbon on Fe 
surface1 3. The better activity and stability of the Fe-Cu-Ru/ZSM-5 than 

All these caused the deactivation of the catalysts. 
. 
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that of the others can be explained from the viewpoint of the local 
structure of Fe on the catalysts by EXAFS study. 
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Table1 

Support  Conv. Selectivity, % 

Si02 2.3 89.9 8.9 1.2 0.0 1.2 
~ 1 2 0 3  6.4 98.0 1.4 0.4 0.1 0.5 
HZSM-5 15.1 43.6 23.2 14.8 18.4 33.2 
c r 2 0 3  5.2 92.2 6.5 1.0 0.3 1.3 
~ b 2 0 5  5.4 74.6 17.9 4.3 3.2 7.5 
La203 0.3 95.2 4.7 0.0 0.0 0.0 

Effects of Supports on the Activity and Selectivities 

% (D CH4 C2 C3 C2+C3 

Table 2 The Effects of Loading of Fe 

Content Temp. Conv. Selectivity % 
% K % CO CHd C, C u 4  
1.0 6 0 0  1.5 97.0 3.0 0.0 0.0 0.0 

650  5 . 1  98.8 1.0 0.2 0.0 0.0 
5.0 5 5 0  1.8 82.0 16.4 1.6 0.0 0.0 

6 0 0  6.4 83.7 12.4 3.1 0.8 0.0 
6 5 0  11.5 88.8 8.5 2.4 0.3 0.0 

7.5 5 5 0  2.5 76.8 17.9 2.3 1.2 0.5 
6 0 0  6.8 73.1 16.8 5.3 2.6 0.7 
6 5 0  5.5 71.5 14.9 6.7 3 .2 0.2 

15.0 5 0 0  1.2 85.0 12.0 2.0 1.0 0.0 
5 5 0  3.9 60.0 21.6 6.8 7.6 6.4 
6 0 0  5.1 43.6 23.2 14 .8  12.0 6.4 
650  30.5 65.1 16.0 9.6 6.8 1.9 

30.0 5 0 0  1.5 79.6 9.6 3.4 5.4 2.0 
5 5 0  5.3 67.3 13.5 5.7 5.6 7.9 
6 0 0  25.7 42.6 17.4 13.0 12.8 14.2 
650  39.4 53.8 1 6.7 12.0 11.4 6.1 

60.0 5 0 0  3.0 82.9 12.3 1.7 1.7 1.4 
5 5 0  11.9 58.5 15.7 8.4 10.5 8.9 
6 0 0  27.7 36.9 16.9 11.9 16.7 17.6 
6 5 0  35.7 63.2 14.5 9.4 8.3 4.6 
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Table 3 EXAFS Results of the Catalysts 

Catalyst 

15%Fe ' 

15%Fe,lO%Cu 

15%Fe,lO%Cu 
2.5%Ru 

Bond Reaction Time (h) 
0.0 0.5 2 . 0  2 4  

Fe-C R 2.00 2.00 1.90 

Fe-Fe R 2.49 2.51 2.55 2.48 

Fe-Fe R 2.60 2.65 

(N 0.5 1.5 2.5 

(N 7.5  6 .0  5 . 0  2 .5  

(N 2.5 3.8 

Fe-C R 2.00 2.00 1.87 

Fe-Fe R 2.50 2.52 2.50 2.48 

Fe-Fe R 2.60 2.65 

CN 0.7 1.5 2 .0  

CN 8 .5  7.5 4 . 0  3.0 

CN 2.5 5.0 

Fe-C R 2.00 2.00 
CN 0.3 0.4 

Fe-Fe R 2.5 2.5 
a 8.0 7.0 

Notes: All catalysts were supported on HZSM-5. The unit of R is 
A. CN-coordination number. 
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Fig.1 The relationship between the hydrogenation activity. 
selectivities and reaction time over several catalysts. 

T-.----. .- ___- . 

0 I I s b . S  

Dlatanoea ( A )  

Fig.2 The RSFs of Fe measured at different reaction time. 
a-O.5h. c-2h and e-24h. The main peak at around 
2.5A is from the Fe-Fe coordination in Fe/ZSM-5. 
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Keywords: c h a r ,  env i ronmenta l ,  a d s o r p t i o n ,  m i l d  g a s i f i c a t i o n ,  Coal  

INTRODUCTION 
M i l d  g a s i f i c a t i o n  i s  an  a l t e r n a t i v e  t o  t r a d i t i o n a l  c o a l  b u r n i n g  f o r  c o a l  

u t i l i z a t i o n .  M i l d  g a s i f i c a t i o n  produces gas, l i q u i d ,  and s u b s t a n t i a l  q u a n t i -  
t i e s  of coke.  C o a l  l i q u i d  and g a s  a r e  b e i n g  s t u d i e d  as a l t e r n a t i v e s  t o  
pe t ro leum and n a t u r a l  gas, as sources  o f  chemica l  feeds tocks  and f u e l s .  T h i s  
p r o j e c t  concent ra tes  on an a l t e r n a t e  use f o r  t h e  s o l i d  coke, upgrad ing  i t  t o  
a higher va lue  product,  an a c t i v a t e d  char,  and use f o r  Sorp t ion  o f  p o l l u t a n t s .  

A c t i v a t e d  c h a r c o a l  i s  c o n v e n t i o n a l l y  produced from a source  such as 
coconut husk. We repor ted  e a r l i e r  on the  conversion of coke t o  a c t i v a t e d  char 
by a p r o c e s s  of c o n t r o l l e d  o x i d a t i o n  ( 1 ) .  There i s  a l a r g e  marke t  f o r  
a c t i v a t e d  c h a r c o a l  as a s o r b e n t  f o r  remova l  o f  o r g a n i c  compounds from w a t e r  
s u p p l i e s  and i n d u s t r i a l  o u t f a l l s .  P r e s e n t l y ,  a c t i v a t e d  c h a r c o a l  f o r  t h i s  
purpose i s  p r i c e d  a t  more t h a n  $1,0001ton. I f  c o a l  c h a r  can s u c c e s s f u l l y  
compete i n  t h i s  arena, t h e  v a l u e  of t h e  coke would be upgraded d r a m a t i c a l l y ,  
and the  economics o f  c o a l  u t i l i z a t i o n  changed s u b s t a n t i a l l y .  I n  t h i s  paper, 
we r e p o r t  on success fu l  t e s t i n g  o f  a c t i v a t e d  c o a l  char under l a b o r a t o r y  cond i -  
t i o n s  as a s o r b e n t  f o r  remova l  o f  v o l a t i l e  o r g a n i c  compounds from d e i o n i z e d  
w a t e r .  

. Organohalogens a r e  common e n v i r o n m e n t a l  p o l l u t a n t s .  We r e p o r t e d  e a r l i e r  
t h a t  a c t i v a t e d  c o a l  char  c a t a l y t i c a l l y  promoted dehydroha logenat ion  and o t h e r  
e l i m i n a t i o n  r e a c t i o n s ,  p r o d u c i n g  o l e f i n s  ( 2 - 5 ) .  If an o v e r a l l  p r o c e s s  of 
s o r p t i o n  o f  o r g a n i c  compounds f r o m  w a t e r  and t h e i r  c a t a l y t i c  d e c o m p o s i t i o n  
and convers ion  t o  more u s e f u l  o r  l e s s  nox ious  compounds can be demonstrated, 
i t  would r e p r e s e n t  an advantage f o r  c o a l  d e r i v e d  c h a r  o v e r  o t h e r  c h a r c o a l  
types. Las t  minute r e s u l t s  o f  experiments t e s t i n g  f o r  decomposition o f  p r e v i -  
o u s l y  sorbed compounds w i l l  a l s o  be  r e p o r t e d ,  i f  ready  i n  t i m e  f o r  t h e  
meet ing .  

EXPERIMENTAL 
E x p e r i m e n t a t i o n  c o n s i s t e d  of p r e p a r a t i o n  o f  a c t i v a t e d  c h a r  f r o m  c o a l ,  

e q u i l i b r a t i o n  w i t h  d e i o n i z e d  water  c o n t a i n i n g  37 o r g a n i c  compounds, and GC-MS 
a n a l y s i s  t o  measure t h e  amounts of these compounds remain ing  i n  t h e  water  a t  
t h e  end of  t h e  s o r p t i o n  p e r i o d .  D e t a i l s  f o l l o w  be low.  

Preparatlon of Coal Char A c t i v a t e d  c o a l  char  was prepared from a b l e n d  o f  
I l l i n o i s  #5 ( S p r i n g f i e l d )  and I l l i n o i s  #6 ( H e r r i n )  c o a l s  u s i n g  t h e  f o l l o w i n g  
method. The s t a r t i n g  m a t e r i a l  was c h a r  f rom a U n i t e d  C o a l  Company p i l o t  
s c a l e ,  f i x e d  bed, m i l d  g a s i f i c a t i o n  r e a c t o r .  T h i s  m a t e r i a l  was f u r t h e r  
d e v o l a t i l i z e d  u s i n g  a f l u i d i z e d  bed r e a c t o r  a t  ISGS, h e a t i n g  i n  an atmosphere 
of pure n i t r o g e n  a t  a r a t e  o f  20°Clmin, and h o l d i n g  a f i n a l  t e m p e r a t u r e  o f  
500% f o r  15 minu tes .  A f t e r  c h a r a c t e r i z a t i o n ,  steam t r e a t m e n t  fo l lowed.  The 
m a t e r i a l  was heated  a t  a r a t e  of  20'Clmin t o  870'C i n  p u r e  n i t r o g e n .  The 
atmosphere was changed t o  50% steam in n i t r o g e n ,  and c o n d i t i o n s  h e l d  c o n s t a n t  
f o r  3 hours  t o  i n c r e a s e  p o r o s i t y .  A f t e r  c h a r a c t e r i z a t i o n ,  m i l d  o x i d a t i o n  
fo l lowed.  The 
atmosphere was changed t o  10% oxygen i n  n i t rogen,  and c o n d i t i o n s  he ld  constant 
f o r  15 m i n u t e s  t o  a c t i v a t e  t h e  s u r f a c e .  T h i s  p r o d u c t ,  w h i c h  had a s u r f a c e  
a r e a  of 557 meter' lgram, was used f o r  t h e  s o r p t i o n  s t u d i e s  d e s c r i b e d  be low.  

Sorbates. A m e t h a n o l i c  s t o c k  s o l u t i o n  o f  37 a n a l y t e s ,  each a t  1000 ppm, 
was purchased from a vendor o f  e n v i r o n m e n t a l  a n a l y t i c a l  s tandards  (Accustan- 
dard) .  Components a r e  l i s t e d  i n  Tab le  I. T h i s  s o l u t i o n  c o n t a i n s  most of t h e  
v o l a t i l e  o rgan ic  compounds (VOC) f o r  which f e d e r a l  and s t a t e  discharge permi ts  
u s u a l l y  r e q u i r e  sc reen ing .  These a r e  a l s o  known as VOA, f o r  v o l a t i l e  o r g a n i c  
a n a l y t e s .  P o r t i o n s  o f  t h i s  s t o c k  s o l u t i o n  were i n j e c t e d  ( s p i k e d )  i n t o  water  
as d e s c r i b e d  i n  t h e  e x p e r i m e n t s  d e t a i l e d  below. 

The m a t e r i a l  was heated a t  2O'Clmin t o  45OoC i n  pure  n i t r o g e n .  
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Equilibration Experiments. Samples of char  were covered w i t h  d e i o n i z e d  water,  
and were e i t h e r  s p i k e d  i m m e d i a t e l y  w i t h  t h e  s t o c k  s o l u t i o n  (Exper iment  l ) ,  
o r  sp iked a f t e r  a f o u r  hour c o n d i t i o n i n g  p e r i o d  d u r i n g  wh ich  t h e  char  e q u i l i -  
b r a t e d  w i t h  t h e  unsp iked w a t e r  (Exper iment  2 ) .  A f t e r  s p i k i n g ,  t h e  c h a r  was 
e q u i l i b r a t e d  w i t h  t h e  spiked water f o r  20 hours (Experiments 1 8 2 ) .  Sampling 
o f  t h e  water l a y e r  f o r  GC-MS a n a l y s i s  fo l lowed.  To do Exper iment 3 ,  s e v e r a l  
r e f i l l e d  samples from Experiment 2 were used. A second 20 hour  e q u i l i b r a t i o n  
and second GC-HS a n a l y s i s  f o l l o w e d .  E x p e r i m e n t a l  d e t a i l s  f o l l o w .  

Experimental Details. A sample of char  ( e i t h e r  0.100 gram o r  I .OO gram) was 
p l a c e d  i n  a p r e c l e a n e d  g l a s s  40 m i l l i l i t e r  e n v i r o n m e n t a l  w a t e r  sample v i a l  
(VOA v i a l ) .  A second v i a l  was d e s i g n a t e d  i m m e d i a t e l y  as c o n t r o l .  Each was 
f i l l e d  w i t h  d e i o n i z e d  w a t e r  and s e a l e d  i m m e d i a t e l y  w i t h  i t s  t e f l o n  f a c e d  
septum screw cap. A f t e r  t h e  unspiked c o n d i t i o n i n g  t imes descr ibed above, each 
v i a l  was opened m o m e n t a r i l y  i n  t u r n ,  and a s y r i n g e  ( o r  g l a s s  m i c r o p i p e t t e )  
used t o  add a s p i k e  volume (0.002 t o  1.00 m i l l i l i t e r )  of t h e  s o r b a t e  s o l u t i o n  
t o  each, i n j e c t i n g  i t  w e l l  be low t h e  w a t e r  s u r f a c e .  T a k i n g  c a r e  t o  exc lude 
bubbles,  t h e  v i a l  was resea led  immedia te ly  and was mixed by i n v e r t i n g  s e v e r a l  
t i m e s .  

A f t e r  t h e  20 hours s p i k e d  e q u i l i b r a t i o n ,  t h e  v i a l s  were sampled f o r  GC-MS 
ana lys is .  The de ion ized water needed f o r  a d i l u t i o n  was placed i n  a VOA V i a l .  
Each v i a l  was opened momentarily, and t h e  volume f o r  a n a l y s i s  removed. Except 
f o r  t h e  v i a l s  s p i k e d  w i t h  t h e  s m a l l e r  volumes, t h e  a l i q u o t  t a k e n  was t h a t  
requ i red  t o  prepare a d i l u t e d  s o l u t i o n  approximat ing 125 ppb i n  concentrat ion.  
The volume was removed e i t h e r  by syr inge ( o r  g lass  m i c r o p i p e t t e )  o r  by decant- 
i n g  and w e i g h i n g  (when t h e  d e s i r e d  volume exceeded 5 .00  m i l l i l i t e r s ) .  When 
a s y r i n g e  ( o r  g l a s s  m i c r o p i p e t t e )  was used, t h i s  a l i q u o t  was i n j e c t e d  below 
t h e  s u r f a c e  o f  t h e  d e i o n i z e d  w a t e r  i n  t h e  a n a l y s i s  v i a l .  When decanted ,  i t  
was poured w i t h o u t  vor tex  i n t o  the  water i n  t h e  a n a l y s i s  v i a l .  For Experiment 
3, the  water volume removed f o r  t h e  GC-MS a n a l y s i s  i n  Experiment 2 was immedi- 
a t e l y  r e p l a c e d  w i t h  f r e s h  d e i o n i z e d  w a t e r .  The v i a l s  were i m m e d i a t e l y  r e -  
sealed, and e q u i l i b r a t e d  f o r  20 hours more. No makeup s p i k e  was added. T h i s  
b rought  t h e  cumula t ive  e q u i l i b r a t i o n  t i m e  f o r  Experiment 3 t o  40 hours b e f o r e  
t h e  second sampl ing .  I m m e d i a t e l y  a f t e r  a d d i n g  t h e  sampled a l i q u o t  t o  t h e  
a n a l y s i s  v i a l ,  0.080 m i l l i l i t e r  of t h e  i n t e r n a l  s tandard  and s u r r o g a t e  s o l u -  
t i o n  descr ibed below was added by mic rop ipe t te ,  t h e  v i a l  topped up w i t h  deion- 
i z e d  water ,  resea led  and mixed. The r e s u l t i n g  s o l u t i o n  was analyzed by GC-MS 
as d e s c r i b e d  below. 

internal Standard Solutlon. A combina t ion  s o l u t i o n  o f  t h r e e  i n t e r n a l  standards 
( 2 0  ppm each) and t h r e e  s u r r o g a t e  a n a l y t e s  ( 2 5  ppm each)  was p r e p a r e d  b y  
d i l u t i n g  m e t h a n o l i c  s tock  s o l u t i o n s  (Accustandard,  Supelco, o r  o t h e r  vendor) .  
H igh  p u r i t y  methanol  was used as s o l v e n t .  I n t e r n a l  s tandards  a r e  used as GC-  
MS re fe rences ,  f o r  l o c a t i n g  t h e  chromatography peaks of t h e  a n a l y t e s ,  and f o r  
c a l c u l a t i o n  of c o n c e n t r a t i o n s  of a n a l y t e s  p r e s e n t .  S u r r o g a t e  a n a l y t e s  a r e  
used t o  a s c e r t a i n  t h a t  t h e  GC-MS a n a l y s i s  and c a l c u l a t i o n  methods a r e  i n  
c o n t r o l .  Compounds used as i n t e r n a l  s t a n d a r d s  and s u r r o g a t e s  a r e  l i s t e d  i n  
Tab le  11. 

Method of Analysis. C o n c e n t r a t i o n s  of t h e  v o l a t i l e  a n a l y t e s  r e m a i n i n g  i n  
s o l u t i o n  were measured by Purge and Trap GCIMS u s i n g  an automated v e r s i o n  
of  EPA Method 8240, as was s p e c i f i e d  by EPA f o r  a n a l y s i s  o f  waste w a t e r  
r e g u l a t e d  under t h e  Resource Conserva t ion  and Recovery A c t  ( 3 ) .  T h i s  method 
I S  l a r g e l y  t h e  same as t h e  e a r l i e r  EPA Method 624 f o r  s i t e s  r e g u l a t e d  under 
t h e  Clean Water Ac t  ( 4 ) .  The a n a l y s i s  v i a l s  p repared as d e s c r i b e d  above were 
p l a c e d  i n  an au tosampler ,  where t h e y  were h e l d  u n t i l  a 5 m i l l i l i t e r  volume 
Was t r a n s f e r r e d  a u t o m a t i c a l l y  t o  t h e  p u r g e  and t r a p  d e v i c e  ( 0 1  A n a l y t i c a l  
4460A). Helium was used t o  purge t h e  v o l a t i l e  organics from t h e  room tempera- 
t u r e  w a t e r  sample, t r a n s f e r r i n g  t h e  o r g a n i c  v a p o r s  t o  a m u l t i l a y e r  ( O V - 1 ,  
Tenax, S i l i c a  Gel,  A c t i v a t e d  Charcoa l )  t r a p  where t h e y  were h e l d  f o r  a n a l y s i s  
by GC-MS. On s i g n a l  from t h e  GC, t h e  o r g a n i c  vapors were t h e r m a l l y  desorbed 
and t r a n s f e r r e d  t o  t h e  GC, which was equipped w i t h  a 2 meter g l a s s  column (1% 
Sp-1000 on 60-80 mesh Carbopack 8 ) .  The temperature programmed GC sequent ia l -  
l y  e l u t e d  t h e  components t o  t h e  mass s p e c t r o m e t e r  o v e r  a p e r i o d  o f  about 40 
minutes .  The mass s p e c t r o m e t e r  was a F i n n i g a n  4500 q u a d r u p o l e  i n s t r u m e n t  
o p e r a t i n g  i n  t h e  E I ,  p o s i t i v e  i o n ,  f u l l  scan mode. Scan t i m e  was 2 seconds, 
mas8 range 34 t o  340 M I Z ,  and t u n i n g  was t o  EPA s p e c i f i c a t i o n s  f o r  t h e  
spec t rum f o r  b romof luorobenzene.  

Standard F inn igan peak search software was used t o  l o c a t e  t h e  chromatogra- 
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phy peaks, i n t e g r a t e  t h e  €PA recommended q u a n t i t a t i o n  i o n  f o r  each compound, 
and c a l c u l a t e  r e s u l t s .  To c a l c u l a t e  r e s u l t s ,  t h e  peak a r e a  f o r  t h e  a n a l y t e  
and t h a t  f o r  t h e  i n t e r n a l  s tandard  e l u t i n g  neares t  t h e  a n a l y t e  peak were ob- 
t a i n e d  f o r  a s e r i e s  of 5 c a l i b r a t i o n  s t a n d a r d s  i n  t h e  range 10-200 ppb. 
R e l a t i v e  response f a c t o r s  ("RRFs', r e l a t i n g  a n a l y t e  a r e a ,  a n a l y t e  concen- 
t r a t i o n ,  i n t e r n a l  s t a n d a r d  area  and i n t e r n a l  s t a n d a r d  c o n c e n t r a t i o n )  were 
c a l c u l a t e d .  EPA s t a t i s t i c a l  q u a l i t y  c o n t r o l  r e q u i r e m e n t s  were f o l l o w e d  i n  
e v a l u a t i n g  t h e  a n a l y t i c a l  range, e s t a b l i s h i n g  i n i t i a l  average RRFs, and t h e n  
f o r  checHing and updat ing  t h e  response f a c t o r s  t o  be used f o r  c a l c u l a t i o n  on 
a d a i l y  b a s i s .  Concent ra t ions  were t h e n  c a l c u l a t e d  i n  t h e  a n a l y s i s  s o l u t i o n s  
u s i n g  t h e  l i b r a r y  o f  d a i l y  RRFs. 

GRAPHICAL PRESENTATION OF RESULTS 
Most peaks f o r  t h e  37 a n a l y t e s  were r e s o l v e d ,  e i t h e r  by e f f e c t i v e  GC 

separa t ion ,  o r  by i d e n t i f i c a t i o n  o f  a un ique q u a n t i t a t i v e  mass. However, i n  
t h e  case o f  t w o  peaks, each of w h i c h  c o n t a i n e d  two isomers ,  r e s o l u t i o n  was 
n o t  p o s s i b l e .  T h i s  r e s u l t e d  i n  35 c a l c u l a t e d  d a t a  p o i n t s  t o  be r e p o r t e d  f o r  
each s o l u t i o n ,  i n c l u d i n g  t h e  sum peaks  f o r  t h e  i s o m e r i c  p a i r s .  I n  a d d i t i o n  
t o  the  35 a n a l y t e s ,  t h e  t h r e e  s u r r o g a t e  compounds were determined i n  t h e  same 
manner. The amount o f  methano l  was n o t  d e t e r m i n e d .  A v a l u e  f o r  t h e  amount 
of  each a n a l y t e  ( t h e  ith a n a l y t e )  s o r b e d  on t h e  c h a r  was c a l c u l a t e d  as a 
p e r c e n t ,  r e l a t i v e  t o  t h e  m a t c h i n g  c o n t r o l  s o l u t i o n ,  u s i n g  t h e  e q u a t i o n :  

[Concentration 1 in Control - Concentration I in Sample] 

Concentration, in Control 
Percent Sorbed I = 100 X --- - 

A t y p i c a l  component i s  i l l u s t r a t e d  i n  F i g u r e  I, where t h e  d a t a  f o r  benzene 
a r e  shown. A t o t a l  o f  35 s i m i l a r  g r a p h s  r e s u l t e d  f rom t h e  d a t a  p r o c e s s i n g .  
Severa l  more graphs w i l l  be presented  a t  t h e  meet ing,  as germane t o  a d i s c u s -  
s i o n  of t h e  s l i g h t  d i f f e r e n c e s  between s o r p t i o n  p r o p e r t i e s  o f  t h e  i n d i v i d u a l  
components and c l a s s e s  o f  components.  

However, i t  proved e a s i e r  t o  c o n t r a s t  and compare t h e  d a t a  a f t e r  f u r t h e r  
m a n i p u l a t i o n .  The Average P e r c e n t  S o r p t i o n  was c a l c u l a t e d  f o r  each sample 
from the  percent  s o r p t i o n  f o r  t h e  i n d i v i d u a l  a n a l y t e s  i n  each s a m p l e l c o n t r o l  
p a i r .  Average s o r p t i o n s  a r e  shown i n  F i g u r e  X I .  

as 

1 is Percent Sorbed I 
Average Percent Sorption = 

35 

F i g u r e  I 1 1  shows t h e  r e l a t i v e  s t r e n g t h  of  s o r p t i o n  l i s t e d  b y  component. 
The s o r p t i o n  f o r  benzene can be seen t o  c l o s e l y  resemble t h e  average s o r p t i o n .  
T h i s  was seen e a r l i e r  by compar ison o f  F i g u r e  I and F i g u r e  11, b u t  t h e  
comparison i s  e a s i e r  when F i g u r e  111 i s  cons idered.  T h i s  d a t a  f o r  c o n s t r u c -  
t i o n  of  F i g u r e  I11 was o b t a i n e d  by f u r t h e r  c a l c u l a t i o n .  U s i n g  t h e  sample 
average s o r p t i o n  d e s c r i b e d  f o r  F i g u r e  11, t h e  r e l a t i v e  s t r e n g t h  o f  s o r p t i o n  
f o r  each ( t h a t  i s ,  t h e  i s )  component i n  each sample was c a l c u l a t e d  u s i n g  t h e  
e q u a t i o n  : 

Relative Sorption Strength 

The average r e l a t i v e  s o r p t i o n  s t r e n g t h  f o r  t h i s  ( t h e  i a )  component i n  f o r  a l l  
( j  = 1 7 )  samples was t h e n  c a l c u l a t e d  and p l o t t e d  i n  F i g u r e  111. 

= [Percent Sorbed I - Average Percent Sorption] 

11 

1 . - Relative Sorption Strength I 
Average Relative Sorption, = _I='-------- 

17 

I n  F i g u r e  111, t h e  a n a l y t e s  a r e  l i s t e d  a l o n g s i d e  a b a r  graph r e p r e s e n t i n g  t h e  
average S o r p t i o n s  of t h e  a n a l y t e s  f o r  a l l  e x p e r i m e n t s .  The a n a l y t e s  w h i c h  
sorb  b e s t  a r e  t o  t h e  l e f t  of t h e  v e r t i c a l  l i n e .  The c e n t e r  of t h e  b a r  r e p r e -  
s e n t s  t h e  average s o r p t i o n  o v e r  a l l  e x p e r i m e n t s ,  t h e  l e n g t h  of t h e  b a r  i s  a 
measure of t h e  p r e c i s i o n  (each b a r  i s  2 s t a n d a r d  d e v i a t i o n s  i n  l e n g t h ) .  
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DISCUSSION AND CONCLUSIONS 
Fresh, d r y  A c t i v a t e d  c o a l  Char can be  seen t o  have sorbed t h e  a n a l y t e s ,  

w i t h  e f f i c i e n c i e s  improving a t  lower concent ra t ions .  Some i n d i v i d u a l  ana ly tes  
proved t o  be more s t r o n g l y  sorbed t h a n  o t h e r s ,  and t h e  s t r o n g  sorbency 
p e r s i s t e d  t o  h i g h e r  c o n c e n t r a t i o n s .  

The average r e s u l t s  f o r  Exper iment  1, as p r e s e n t e d  i n  F i g u r e  I ,  w i l l  be 
c o n s i d e r e d  f i r s t .  I n  e x p e r i m e n t s  a t  o r  be low a t  100 mic rograms of  each 
a n a l y t e  p e r  gram of char,  removal  vas e s s e n t i a l l y  complete f o r  most a n a l y t e s  
(96% s o r p t i o n  a t  t h e  l o w e s t  c o n c e n t r a t i o n  l e v e l  s t u d i e d ,  50 ppb, l e a v i n g  a 
c o n c e n t r a t i o n  o f  o n l y  2 ppb i n  s o l u t i o n ) .  Above 100 mic rograms of  each 
a n a l y t e  p e r  gram of c h a r ,  per fo rmance degraded. I n  t h e  e x p e r i m e n t  a t  5000 
micrograms o f  each a n a l y t e  p e r  gram o f  c h a r ,  remova l  of t h e  s o r b a t e s  f rom 
s o l u t i o n  was l a r g e l y  incomple te  (approx imate ly  60% of a l l  35 a n a l y t e s ,  a t  an 
aqueous c o n c e n t r a t i o n  o f  25 ppm, l e a v i n g  10 ppm i n  s o l u t i o n ) .  

R e s u l t s  f o r  t h e  second (p re-soaked)  exper iment proved somewhat more v a r i -  
a b l e  and t h e  char  somewhat l e s s  e f f e c t i v e .  Most o f  t h e  samples showed lower  
s o r p t i o n s  ( f o r  t h e  same s p i k e  amount) t h a n  i n  t h e  case of samples wh ich  were 
n o t  p re-soaked.  Two e x c e p t i o n s  were n o t e d  t o  l i e  c l o s e r  t o  t h e  l i n e  r e p r e -  
s e n t i n g  t h e  f i r s t  e x p e r i m e n t .  These two a r e  b e l i e v e d  t o  r e p r e s e n t  samples 
which s t i l l  con ta ined e n t r a i n e d  a i r .  Note was n o t  taken o f  samples wh ich  d i d  
n o t  s i n k ,  and t h u s  m i g h t  s t i l l  c o n t a i n  a i r ,  s i n c e  t h i s  was n o t  known t o  
represent an impor tan t  v a r i a b l e  a t  t h e  t ime. For t h e  severa l  samples r e f i l l e d  
w i t h  d e i o n i z e d  water ,  and a l lowed t o  r e e q u i l i b r a t e  w i t h  t h e  s p i k e d  s o l u t i o n s ,  
t h e  amounts o f  each a n a l y t e  sorbed i n c r e a s e d .  

S i n c e  p r e s o a k i n g  w i t h  w a t e r  was observed t o  degrade per fo rmance o f  t h e  
char somewhat, i t  i s  proposed t h a t  water b inds  a c t i v e  s i t e s  which would o t h e r -  
w ise  be a v a i l a b l e  t o  t h e  a n a l y t e s .  A h idden component, methanol ,  i s  probab ly  
a l s o  s o r b i n g  on  t h e  c h a r ,  occupy ing  a c t i v e  s i t e s .  If methano l  i s  a l s o  
s o r b i n g ,  t h e  t o t a l  c a p a c i t y  o f  t h e  c h a r  f o r  o r g a n i c s  i s  t h e n  p r o b a b l y  much 
h i g h e r  t h a n  t h e  sum of t h e  37 a n a l y t e s ,  b u t  f u r t h e r  work w i l l  be needed t o  
measure t h e  t o t a l  c a p a c i t y .  

K i n e t i c s  have n o t  been c h a r a c t e r i z e d  a t  t h i s  p o i n t .  I n  t h e  presence o f  
p resoaked c h a r ,  a t  a s p i k e  l e v e l  o f  50 micrograms o f  each a n a l y t e  p e r  gram 
of c h a r ,  s o r p t i o n  appears  t o  be  a p p r o x i m a t e l y  60% comple te  i n  20 hours  and 
increases t o  t h e  about 750 i n  40 hours. Since t h e  40 hour e q u i l i b r a t i o n  never 
p roduced s o r p t i o n s  h i g h e r  t h a n  t h o s e  produced by t h e  20 h o u r  e q u i l i b r a t i o n  
w i t h  d r y  c h a r ,  i t  i s  p o s s i b l e  t h a t  t h e  s o r p t i o n  i s  e s s e n t i a l l y  comple te  b y  
20 h o u r s  i n  t h e  presence of  d r y  char ,  b u t  f u r t h e r  e x p e r i m e n t a t i o n  w i l l  be 
r e q u i r e d  t o  be  c e r t a i n .  

I n  summary, a c t i v a t e d  c o a l  c h a r  appears  t o  be  an e f f e c t i v e  s o r b e n t  f o r  
VOCS, b u t  t h e  e q u i l i b r i u m  i s  d i s p l a c e d  somewhat a n d l o r  t h e  s o r p t i o n  r a t e  
s lowed by p r e s o a k i n g  t h e  c h a r  i n  w a t e r .  
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TABLE 1. COMPONENTS OF SPIKE SOLUTION 
(each at 1000 Micrograms/Milliter, Except Methanol = Balance) 

HALDGFNATES 

C-2 (Unsatd. 1 C-3 (Unsat 'd. 1 
1,l-Dichloroethene Vinyl Chloride 
Cis-1.2-Dichloroethene Cis-l,3-Dichloropropene 

c-l 
Chloromethane 
Bromomet hane 
Methylene Chloride TransLl, 2-Dichloroethene Trans-l,3-Dichloropropene 
Bromodichloromethane Trichloroethene 
Dibromochloromethane Tetrachloroethene 
Chloroform 
Bromoform C-2 (Satd.1 C-3 ISat'd.1 
Carbon Tetrachloride Chloroethane 1,2-Dichloropropane 

1 , l  -Dichloroethane 
1,2-Dichloroethane 
l,1,1-Trichloroethane 
1,1,2-Trichloroethane 
1,1,2,2-Tetrachloroethane 

OXYGENATES 

Methanol (Solvent) Acetone 
Vinyl Acetate Methyl Ethyl Ketone (2-Butanone) 

4-Methyl-2-Pentanone (MIBK) 
2-Hexanone (MBK) 

Benzene 
Toluene 
Et hylbenzene 

Ortho-Xylene 
Meta-Xylene 
Para-Xylene 

Styrene 
Chlorobenzene 

MISCEl I ANEOUS 

Carbon Disulfide 

TABLE II. COMPONENTS OF INTERNAL STANDARD & SURROGATE SOLUTION 

SURROGATES 

1 ,2-Dichloroethane-D4 Toluene-DB 4-Bromofluorobenzene 

INTERNAL STANDARDS 

Bromochloromethane 2-Bromo-1-Chloropropane 1,4-Dichlorobutane 
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FIGURE 111. AVERAGE RELATIVE STRENGTH o f  SORPTION L I S T E D  by COMPONENT 
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