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Recent reviews of available energy sources t o  meet our rapidly escalating 
needs for e lec t r ic  power over the next 2-3 decades conclude that foss i l  fuel  
must supply a major portipn. Furthermore, these r e ~ e w e r s  s t ress  that coal 
m u s t  be the major source. However, government res t r ic t ioqs on stack emissions 
(particulates, sulfur and N%) severely tax present day approaches. As these 
restr ic t ions become m r e  binding, it becomes obvious that some new approach 
t o  generating electr ic  power by the w e  sf coal must be found. One such approach 
involves cycles employing coal gasification. Basically two types of cycles 
have been proposed as near term solutions. The simplest of these employs a 
conveqtional steam cycle as i l lustrated schematically by Figure 1. The second 
involves operation under pressure using a combination of steam and gas turbines. 

Inherent in cycles of these types are: 

1. 
2. 

3. 

Smaller gas quantities to  cleanup. 
Conversion of the sulfur t o  HzS, a more reactive and readily removable 
form. 
Two-stage combustion which results i n  reduced N4, production. 

The combined turbine cycle (Figure 2) also has the potential of improved efficiency 
over the conventional steam cycle. 
find acceptance in  the power industry it must, in addition t o  meeting l imits  on 
stack emissions, also have: 

However, i f  e i ther  of these approaches is to 

1. Good thermal efficiency 
2.  Reliability 
3. Favorable economics 

The key to the success of these cycles i s  most l ikely the coal gas i f ie r  
with gas cleaning running a close second. The ab i l i ty  t o  accurately predict 
gasif ier  performance i s  essential t o  designing and locating the various heat absorbers 
for maintaining a high cycle efficiency. 
leads to  the conclusion that  the gasif ier  must be a i r  blown (oxygen would be 
prohibitively expensive). Not quite as obvious is the lower cycle efficiency 
attained when steam is used as the gasifying medium. 
because this medium enters as water g t  ambient temperature and ex i t s  as steam 
at stack temperature. 

boqtom of the diagram are assumed to  be relat ively constant then the relationship 
between the chemical heating value of the gas (expressed as Btv/scf) and the 
sensible heat in the gas (expressed as gas temperature) can be calculated based 

A simple analysis of e i ther  cycle 

In this case heat is lo s t  

Figure 3 diagrams the perfonnance of a gasif ier .  If the three outputs a t  the 
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on a given se t  of inputs. 
set of assumptions as given in  the figwe. 
Figure 4 the heating value of the product g a s  can be calculated as a function 
of the fuel heat input per unit of a i r  fed t o  the gasif ier ,  
Figure 5, where the fuel t o  air r a t io  is expressed as Btu input from the fuel per l b  
of a i r ,  and gas  heating value is expressed as Btulscf. 

coal analysis, the preheated a i r  t w e r a t u r e .  the amount of heat l o s s  to  the 
enclosure, the unconsumed fuel (solids) heating value and the sensible heat in  
the discharge residue, the gasif ier  performance can be reasonably well defined i f  
the heating value of the product gas is known. However, here is where the 
diff icul ty  exists.  Although the concept of air-blown coal gasification is 
quite old a good theoretical treatment was presented by G u m z l  in  1950 - no 
experimental da ta  i s  given. 
review of gas generators conduct d by Bitminous Coal Research, Inc., on an 
Office of Coal Research project.? However, t h i s  data is very sketchy, incomplete, 
and i n  most cases involves the use o f  saturated air a t  about 140'F (0.15 lb.  steam 
per l b  of dry a i r ) .  

witn the General Electric Company conducted an intensive t e s t  program to develop 
a combined cycle concept involving coal gasification.4 Th i s  work covered limited 
testing of 1 - f t  diameter suspension and 3 f t  x 4 f t  fixed bed gasifiers and 
very extensive testing of a larger 5-f t  diameter suspension involving many major 
mdifications of the gasification chamber. 
using preheated a i r  and a l l  were operated at  atmospheric pressure. However, due 
to limitations of gas cleaning equipment complete gasification was not attained. 
Essentially complete gasification is considered necessary for the two cycle 
concepts described ea r l i e r ,  
on Figure 6 with the equipment arrangement for the larger t e s t  unit shown on 
Figure 7. 

gasif ier  into separately water-cooled sections for assessment of heat losses. 
Gas cleanup for solids was accomplished by twin single stage cyclone separators 
which permitted some carbon carryover with the product gas. 
was reasonably complete permitting extrapolation t o  obtain an estimate of the 
product gas a t  complete gasification. Also, i n  an actual process, complete 
gasification implies t o t a l  recycling, for a practical  gas cleanup system some s o l i d  
carbon w i l l  be entrained i n  the product gas. 

1 

This relationship is shown in Figure 4 for a specific 
Using the ccial anaiysis specified in  

This is i l lustrated in 

From an analysis of Fipures 4 and 5 it becomes anparent that  given a specific 

Limited data has been presented by Lowry2 and in a 

During the period 1960-1963 the Rahrnck $- %kcx C:r---- y-i, ;-A . CGupCldLLul l  

A l l  three gasifiers were air-blown 

The gasifier arrangement tested is shown schematically 

Some of the pertinent features of this  t e s t  unit were the division of the 

However, solids removal 

Wilhelm Guhz, D: Eng. "Gas Producers and Blast Furnaces", 1950, John Wiley E Snns T T . ,  
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" G a s  Generator Research & Development" BCR Report L-156 prepared for Office of 
Coal Research under Contract No. 14-01-0001-324, March 1965. 

E.A. Pirsh and W.L. Sage "Combined Steam Turbine - G a s  Turbine Super Charged Cycles 
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Cycles Toronto, Canada May 1970. 
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Based on the results of the above t e s t  program it was concluded that  the 
most important factor i n  determining high quality product gas was the heat 
available for promoting gasification and that th i s  heat available (ha) can 
be calculated as follows: 

ha (btu/lb a i r )  = heat of combustion of fuel a t  stoichiometric conditions + 
sensible heat i n  the air and fuel stream above 80°F mph the heat losses t o  
the gasification zone. 

One problem arises i n  defining w h a t  portion of the gasification zone should be 
included in defining heat losses. 
t o  be very rapid, it is believed that only the surface up to  or shortly a f te r  the 
s t a r t  of the gasification zone should be included. 
obtained on the 5 f t  diameter gasif ier  and Figure 8 shows the gasif ier  configuration. 
pertaining to  the tes t  points. 

Since gasification reactions are believed 

Table I lists typical data 
' 

Figure 9 ,  similar to  Figure 5 ,  shows the heat available (ha) l ines  based 
on a correlation of about 150 data points obtained on various gasif ier  configurations. 
This data is directly applicable t o  an air-blown suspension type gasif ier  only. 
However, with the proper definition of terms, it should be useful for  predicting 
the performance of fluidized o r  fixed bed gasif iers ,  but actual experimental data 
is lacking to  verify th i s .  

Figure 9 serves t o  define operational limits of an air-blown suspension 
gasif ier .  
on figure 4, preheated air  temperature of 1000°F, a char recycle rate  equal t o  
50% of coal input heating value, and designed to  hold heat losses t o  10% of 
input. Then: 

For example, assume a gasif ier  operating with the coal analysis indicated 

Chemical heat @stoichiometric is (1) 
Sensible heat in air  (1000OF) 

1270 Btu/lb air 
230 Btu/lb air 

1500 

Less 10% heat loss 

(2)  Gasifier fuel input is 
Predicted product gas HHV (2 )  

150 
1350 
3750 

94 Btu/scf 

(1) based on coal e1320 Btu/# air and char (C8H) a t  1220 Btu/# air 
(2)  point located on Figure 9. 

Based on these operating conditions the coal feed rate t o  the gasif ier  i s  fixed 
for  a 100% gasification. I f  the coal feed ra te  drops then the gas quality drops, 
or  i f  the coal feed r a t e  is increased then excess char is produced. 
sample ci ted the exi t  gas temperature without heat removal would be 3500'F. 
Hence, s t e m  generating surface m u s t  be incorporated in the gas i f ie r  and gasifier 
exi t  zone t o  cool the gases t o  the desired temperature for  gas cleanup and 
sulfur remval. 

For the 
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The case shown has been that somewhat simplified with regard to  char 
recycle rate. Figure 9 indicated that  a higher recycle ra te  -vould increase 
product gas quality. 
decreases ha and also imposes a greater heat loss  on the gasification zone, 
since the char has been cooled before collection and recycle. 
recycle rates th i s  loss has a major effect  on product gas quality but i f  very 
high recycle rates are used gas quality w i l l  drop. 

controlled, a t  least  for  t h i s  gasification process. 

However, i n  actual practice a high excess of char recycle 

A t  moderate 

Figure 9 implies tha t  product gas quality is  kinetically and not equilibrium 
I f  the basic reaction is  

Coal + air  product gas heating value 4) 
then 

- d'b)= k (coal) (a i r )  
d t  

-E/RT where K is the apparent rate constant of the form to  Ae 

"hiz i n A i r Q + e ? c  +I,,+ +ha ---* :--------* _ - _ _ _  ____ _.._ .l-Jc ulyurcaLc ~ L ~ U L  LI increasing proauct gas heating 
value is temperature (T) . 
the above relationship also indicates that high char recycle rate or  the use of 
steam addition t o  the gasification zone w i l l  lower T and hence lower product gas 
quality. 

Figure 10  shows the basic components of a combined cycle including both the 
steam turbine and gas turbine. 
for  the turbine compressor then the same basic configuration applies to  the 
conventional steam cycle. Although the overall cycle efficiency is not affected 
by the gasif ier  product gas quality provided the same boundary conditions are 
maintained, the location of the various heat traps does have considerable bearing 
on the gas qual i t ies ,  and it i s  essential that  the detai ls  of such a cycle enable 
accurate prediction of t h i s  value. 

pollution limits may have considerable merit, it also creates problems. 
two of these: 

1. 

Actually ha is  very closely related to T. However, 

Limi ted  data obtained during th i s  test program verified this prediction, 

However, i f  a forced draf t  fan were substituted 

Although electr ic  power generation from coal gasification to  meet atmospheric 
To cite 

Because there are  few heat sinks where low level heat can be economically 
recovered, gas cleanup and sulfur removal should be accomplished a t  the 
highest feasible temperature leading t o  the needs for  developing a high 
temperature gas cleaning system. 

'Lo obtain the low level heat sinks, regenerative feed-water heating 
which i s  essential  t o  high steam cycle efficiency may have t o  be 
sacrificed t o  some degree. 

2 .  
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Microwave Pyrolysis of Coal and Related Hydrocarbons 
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INTRODUCTION 

The pyrolysis of  coal a t  high temperatures and short  reaction times has been 
investigated by a number of laboratories using a variety of experimental techniques. 
These t e  n i  ues include react io  with plasmasl-7, flash h t '  97-9, arc-image 
furnacesfb, l a s e r  i rradiationll-78 and micrwave Temperatures 
of thousands o f  degrees Kelvin are achieved i n  a fraction of a second. 
evolved and char and t a r  are produced from the coal. 
vary with experimental conditions, rank of coal, and reactor design. 
products from high-temperature pyrolysis are H 
products contain higher mole percentages of C26; and CO and l w e r  percentages of 
CH4 than the gaseous products of coal carbonization a t  900°C. Temperatures i n  the 
reactor vessels are not uniform and differences of thousands of degrees may ex i s t  
between the center and the walls of the vessel. 
i s  controlled by kinetics and may vary s ignif icant ly  from thermodynamic equilibrium. 

Blaustein and Fui f  have reviewed the reactions of organic molecules i n  e l e c t r i c  
discharges. 
i-n a microwave f ie ld  and reaction w i t h  reactive species prod ed by a discharge. 

major hydrocarbon, while CH4 and C2H are  present i n  lesser  amounts. Quenching of 
primary reaction products enhances tke y ie ld  of C2H2 Hydrogen and H20 vapor i n  
the discharge increased the yield of hydrocarbons anb of to ta l  gas16. 

argon. 

Gases are 

Major gaseous 
The yields of gaseous products 

The gaseous CO, C2H2, CH4 and HCN.  

The composition of the product gas 

Micrwave d '  charges have been extensively used t o  study chemical reactions. 

Studies of coal and other carbonaceous materials include direct  pyrolysis 

Pyrolysis products include H2, CO, CO2, H20 and hydrocarbons Y8 . Acetylene is  the 

In th i s  work, coal was subjected t o  rapid heating i n  a microwave discharge o f  
Naphthalene, anthracene, methane, ethane and acetylene were a lso  studied. 

EXPERIMENTAL 

The experimental equipment is shown in Figure 1. The microwave f i e ld  was 
generated by Raytheon Model PGM-100 Microwave Power Generator. The frequency of 
the f i e l d  was 2450 MHZ and the power level was about 200 watts. The micrcwaves 
traveled down a wave guide containing a monitor and tuner and were focused by a 
tapered section. The reaction vessel was constructed of Vycor and quartz. The 
sample could be suspended i n  the micrwave f i e ld  or below the f i e l d  i n  a discharge 
generated plasma. The volume of the reaction vessel was 160 ml. Pressures of 20 
torr was used fo r  argon discharges. 

chromatography. 
and thermal conductivity detectors was used for  analysis. 
colum of activated alumina was used f o r  separation of gases. The colurm temperature 
was increased a t  5"C/min to  250°C. 
checked by mass spectrometry using a Hewli tt-Packard mass spectrometer. 
from naphthalene pyrolysis was extracted w i t h  tetrahydrofuran and analyzed by gas 
chromatography using 10 foot column of 10% carbwax 20 M supported on chromosorb W. 

After i r radiat ion the gases were collected i n  the trap and analyzed by gas 
A Packard 7401 dual column chromatograph w i t h  flame ionization 

In some cases, chromatographic resul ts  were 

A 1/4 inch by 10 fee t  

The residue 
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The coal sample i s  from the Hiawatha, Utah mine and i s  a high vola t i le  bituminous 
coal (47% VM, daf basis). A -60 t 100 mesh sa  1 w used. Mallinckrodt purified 
naphthalene and Baker grade anthracene WeP Us3 !n 8 % ~  experiments. Matheson 
u l t ra  purity grade methane and CP grade ethane'and acetylene were used. A dry ice- 
acetone t rap was used t o  remove inpuri t ies  from the gases. 

RESULTS AND DISCUSSION 

The gaseous pyrolysis products from coal, naphthalene and anthracene are shown 
i n  Table. I .  
bottom o f  the vessel was immersed i n  a dry-ice acetone bath. H ,COY and CO2 were 
n o t  measured i n  these experiments. Hydrogen yields have been $etermlned for  
naphthalene pyrolysis, i n  which case hydrogen is a major product. Coal and anthracene 
do n o t  react when the sample is  placed outside the  microwave f i e ld ,  b u t  w i t h i n  the 
argon discharge. Naphthalene was found t o  react i n  the discharge, b u t  the product 
y ie ld  i s  different. 

The resu 2 o r  coal pyrolysis are i n  agreement w i t h  the observations of other 
invest igators lE 26. The yield of C2H4 i s  higher than others have reported. 

Naphthalene and anthracene both give h i g h  yields of C H2. 
observed over 80 ercent  y ie ld  of C H 

of crysene i n  an argon plasma. 

The samples were placed i n  the focus of the microwave f i e ld  and the 

Wiley and Veeravagu22 
from these compoun$s i n  l aser  pyrolysis. 

Fu and Blausteinl 1 obtained C2H2 as2t2e major hydrocarbon product i n  the reaction 

Table I 
Gaseous Products From Pyrolysis of Solids 

Coal Naphthalene 
Sample weight, gm 0.196 0.140 
Argon pressure, torr 20 20 
Reaction time, sec. 15 20 
Gaseous products 
mole % of hydrocarbons 

25.70 6.85 
1.62 0.40 

19.91 2.48 
46.70 83.57 

C2H4 

0.23 0.06 C3H8 
2.54 0.34 

Trace 0.01 
C3H6 
C4H10 

1.60 - - 0.12 Butaliene H8 

Benzene 1.70 5.96 
To1 uene - 0.21 

Liquid Products - Naphthalene 

C2H2 

a-methyl naphthalene 

Anthracene 
0.140 

20 
30 

32.75 
2.02 
8.13 

50.28 

1.14 

0.32 
0.32 
4.58 
0.46 

Anthracene 
crmethyl naphthalene 

- 
- 

Sanada an!! !krkc:;::!t~~fi att i - ;h ied  ine  formation o f  C t o  C saturated hydrocarbon 
i n  the microwave pyrolysis of coal t o  the non-aromatic s t b u r &  i n  the coal. These 
resul ts  tndicate that  saturated hydrocarbons are produced from to ta l ly  aromatic molecules. 

The y i e l d  o f  hydrocarbon gases from pyrolysis of organic gases i s  shown i n  
Table 11. 
Acetylene was not detected as a major product from CH4 or  C H6 pyrolysis. 
investigators r e p 0 r t 2 0 ~ 2 1 ~ 2 3 ~ 2 4  acetylene as a major produca and benzene as a minor 

Methane pyrolysis yielded C2H6, C2H4 and C6H6 as hydrocarbon products. 
Other 
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product.  The presence of benzene was verified by mass spectrometry. Acetylene 
s h w s  a h i g h  yield o f  aromatic products. 
reacted w i t h  the argon plasma. Acetylene seems t o  be produced only a t  the very 
h i g h  temperatures a t  the focus of the f ie ld .  

Table I1 
Products from Pyrolysis of Organic Gases 

Naphthalene a l so  yields l i t t l e  C2H2 when 

"d' 
20 

Reaction time, sec. 30 30 60 
Mole X of hydrocarbons 

Sample pressure, t o r r  CH4 10 c?;6 
Argon pressure, t o r r  20 20 

C2H4 

C3H8 
C3H6 
C4H10 
Benzene 
Toluene 
Uni den ti f ied 

C2H2 

94.74 
2.73 
0.14 

0.02 
- 
- - 

2.33 

0.04 
- 

0.61 
97.63 

1.23 

0.18 
0.04 
0.09 
0.20 

0.02 

- 

- 

0.18 
0.17 
0.07 

96.56 
0.08 
0.01 

Trace 
0.55 
2.38 

The y ie ld  of products varies s ignif icant ly  with reaction time as sham i n  
figures 2 and 3. 
3 is for  naphthalene placed 5 cm below the focus point .  

Figure 2 is  fo r  naphthalene placed a t  the focus p o i n t  and figure 

Griffi ths and Standing25 have reviewed the thermodynamics of  hydrocarbon 
gases. Above 900°K the free energy o f  formation o f  CH4 is positive. The free 
energy of formation of C2H2 decreases w i t h  temperature and becomes negative a t  
about 4000'K. Acetylene i s  thermodynamically favored over methane above 1200°K. 
Although the pyrolysis system is  not  a t  thermodynamic equilibrium, thermodynamics 
inflUenceS tfw formation of H2 and C2H2 a t  the h igh  temperatures o f  the discharges 
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F I G U R E  2 
HYDROCARBON GASES FROM NAPHTHALENE PYROLYSIS 
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Catalytic Activity of Coal Hydrogenation Catalysts 

Kanjiro Matsuura, David M. Bodily and Wendell H.  Wiser 

Mining,  Metallurgical and Fuels Engineering 
University of Utah 

Sa l t  Lake City, Utah 84112 

I NTROW CTION 

Catalytic hydrog nation of coal has  been the subject of extensive investigation 
for  many years. Mill: has reviewed recent developments i n  catalyst  system. Molten 
halide sa l t s  ave been shown to  be effect ive catalysts fo r  hydrocracking coal and 

catalysts for the hydrogenation of coal i n  a short-residence-time reactor  . This 
study is part  of an investigation of the ca ta ly t ic  processes i n  coal hydrogenatio . 
The acidity of hydygenation catalysts  and the i r  ca ta ly t ic  ac t iv i ty  fo r  simple 
reactions are discussed. 

9 coal extracts  9 . Zinc chloride and stannous chloride have been found to  b effect ive 

A previous paper was concerned w i t h  the thermal behavior of coal-catalyst  system '4 . 

EXPERIMENTAL 

The acid s t r e n g t h  of the catalysts  was determined w i t h  amine bases. A 0.2 g 
sample was placed i n  a t e s t  tube w i t h  4.0 m l  of a solution containing 0.1 mg of 
indicator i n  benzene. The mixture was agitated br ief ly  and color changes wep noted. 
The benzene was d i s t i l l ed  over metall ic sodium t o  remove water and the sol id  
catalysts  were heated t o  150°C for  5 t o  6 hours prior t o  the experiments. Experiwnts 
were performed a t  room temperature. 

chloric acids. 
butylamine i n  benzene. 
t o  remove the so l id  catalyst .  The amine solution was t i t r a t e d  w i t h  aqueous hydro- 
chloric acid using phenolphthalein indicator.  The acidity of the sample was calculated 
from the decrease i n  the n-butylamine concentration. All samples except SmC12 - 2H20 
and FeC13 

1 .5  - 2.0 g of catalyst  was evacuated to  10-6 t o r r  i n  the vessel and heated t o  
200°C for  3 hours. Propylene was introduced a t  400 t o r r  and the temperature was 
held a t  150°C. Changes in pressure were noted. The propylene was purified by 
al ternate  condensation and vaporization, w i t h  evacuation following condensation. 

The isomerization of n-butenes was studied i n  the system shown i n  Figure 1. 
A large vessel was used to  eliminate diffusion e f fec ts .  About 1.5 g of catalyst  
was evacuated a t  150°C for 3 hours. A sample of n-butene or  trans-2-butene was 
introduced to  the vessel a t  a pressure of 300 torr .  
a t  100-150°C w i t h  periodic sampling of the gas. Gas samples were analyzed by 
chromatography a t  room temperature using a 15 f t .  column of propylene carbonate 
on activated alumina and a thermal conductivity detector. 

The hydrogenation of ethylene was studied i n  the apparatus shown i n  Figure 
1. The catalyst  was introduced into the vessel and evacuated and heated. A known 
mixture of hydrogen and ethylene was introduced and the reaction was followed a t  
130-140°C by periodic sampling and analysis by gas chromatography i n  the  system 
previously described. A typical composition would be an i n i t i a l  hydrogen pressure 
of 40 t o r r  and an ethylene pressure of 19 tor r .  

Surface ac id i t ies  were determined by back t i t r a t ion  of n-butyl amine w i t h  hydro- 
About 5 g of sanple was added to 25 ml of 0.0963 M solution of n- 

The suspension was stirred vigorously fo r  3 hours and f i l t e r ed  

6H2O were heated a t  150°C for 6 hours prior t o  the experiment. 

The polymerization of propylene was studied i n  a 90 m l  reaction vessel. About 

The reaction was carried out 
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Reagent grade chemicals were used as catal s i s .  In so cases, the catalysts 
were inpregnated on Hiawatha, Utah coal (47% V . k ,  daf bas,!!! from aqueous so lu t ion .  

RESULTS AND DISCUSSION 

The acid strength of various halide catalysts are shown i n  Table 1 along w i t h  
a silica-alumina catalysts (Houdry, 13% Al2O3). Zinc chloride shows a s l igh t ly  
higher acid s t r e n g t h  w i t h  a maximum pKa of 1.5. The other haljde catalysts show 
a maximum pKa of 3.3. The acid s t r e n g t h  of the halide catalysts  i s  much less  than 
t h a t  of the silica-alumina catalyst .  The surface ac id i t ies  are shown i n  Table 11. 
The ac id i t ies  of the halide catalysts  are greater  than the silica-alumina catalyst .  
Impregnation of t h e  catalyst  on coal decreases the acidi ty  s ignif icant ly .  

Table I 
Acid Strength of Catalysts 

Phenyl azo Dimethyl Benzeneazo D i  cinnamal Anthaqui- 
Naphthylamine Yellow Diphenylamine Acetone none 

PKa 4.0 3.3 1.5 -3.0 -8.2 

W t .  % H2SO4 of 
co rres pon di ng 

Color Change 

ac id  s t r e n g t h  5X10-5 3X10-4 0.02 48 90 

ZnCl2 Yes Yes Yes No No 
ZnBr2 Yes Yes NO NO No 
ZnI Yes Yes No No No 
SnC?2.2H20 Yes Yes No No No 
FeC13.6H 0 Yes Yes No NO No 
Si02.A1&3 Yes Yes Yes Yes Yes 

Catalyst 

ZnC12 
ZnBr2 
ZnI2 
SnC12.2H20 
FeC13.6H 0 
S i  02 - A1 283 
ZnCl /coal (12.3%) 
ZnI ?coal (12.4%) 
Sncfplcoal (12.2%) 

Table I1  
Surface Acidity o f  Catalysts 

Decrease i n  n-butylamine 
concentratfon, M moles/l M moles/g 

Aci d i  t y  , 

0.0907 
0.0739 
0.0590 
0.0844 
0.0847 
0.0216 
0.0545 
0.0398 
n.c3?.!3 

4.54 
3.98 
2.90 
4.16 
4.26 
1.02 
1.36 
1-00 
0.78 

The ca t a ly t i c  act ivi ty  of ZnCl  , ZnBr  and ZnI was determined fo r  the polymeriz- 
ation o f  propylene. Th i s  reaction 3s catafyzed by ironsted acids The catalystsshcw 
no ac t iv i ty  fo r  t h i s  reaction. 
acidi ty  i s  very weak, i f  present a t  a l l ,  are n o t  responsible f o r  carbonium ion reactions. 
Bronsted and Lewis acids may catalyze the isomerization o f  butenes. Zinc chloride 
and bromide shw very l i t t l e  ac t iv i ty  fo r  the isomerization of 1-butene or trans-2- 
butene under the conditions of these experiments. The ac t iv i ty  w a s  much less than 
t h a t  of other so l id  acids such as silica-alumina and BF3 t reated alumina7. Zinc 
chloride and bromide a l so  show no ac t iv i ty  f o r  the hydrogenation of ethylene a l t h o u g h  
other s o l i d  aci 

, 
I 

I t  is concluded tha t  the halides whose Bronsted I 

I 

L 

ow considerable ac t iv i ty  a t  lower temperatures t h a n  those employed 
i n  these studies 9-71 . 
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The metal halide catalysts used in these s tudies ,  w i t h  the exception of FeC13.6H 0, 
show strong catalyt ic  act ivi ty  f o r  the hydrogenation of coal a t  short  reaction times3? 
They a l l  show high acidi ty ,  but much l w e r  acid s t r e n g t h  than silica-alumina cracking 
catalysts.  They show l i t t l e  ac t iv i ty  f o r  the acid-catalyzed reactions of this study. 
Tenperature would be expected t o  be an important factor.  
catalysts  were i n  the so l id  fom. 
is about 500°C and the catalysts are molten. 

In these experiments, the 
In coal hydrugenation reactions, the temperature 
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EVALUATION OF ANALYTICAL TECHNIQUES FOR THE DETERMINATION O F  TRAGI? ELEMENTS I N  C O X ,  
FLY ASH, FUEL O I L ,  AND GASOLINE - Darryl 3. von Lehmden, Robert H .  Jungers, and 

Robert E. Lee, Jr., Environmental Pro tec t ion  Agency, Nat ional  Environmental Research 
Center, Research Triangle  Park, North.Carol ina 277J1. 

The Environmental Pro tec t ion  Agency has i n i t i a t e d  a program o f  r o u t i n e  monitoring 
of f u e l s  and r e l a t e d  emissions f o r  elements i n  t r a c e  q u a n t i t i e s  ( a t  t h e  ppb l e v e l ) .  An- 
a l y t i c a l  method,com?arisons a re  underway f o r  twenty-six elements t o  determine optimal 
a n a l y t i c a l  schemes f o r  s e l e c t e d  f u e l  and emission matr ices .  Included i n  t h e  elements 
under inves t iga t ion  a r e  mercury, beryl l ium, l e a d ,  cadmium, a r s e n i c ,  vanadium, manganese, 
chromium, and f luor ine .  Methods compared include 'neutron a c t i v a t i o n  a n a l y s i s ,  a t o n i c  
absorpt ion,  spark source mass spectrometry, o p t i c a l  emission spectrornetry, anodic s t r i p -  
ping voltammetry, and x-ray fluorescence. The r e s u l t s  of  t h e  eva lua t ion  program a r e  
evaluated with respec t  t o  accuracy and prec is ion .  The r e s u l t s  from an in te r labora tory  
comparison f o r  t r a c e  elements i n  c o a l ,  f l y  ash ,  r e s i d u a l  f u e l  o i l ,  and gasol ine a r e  used 
f o r  the  evaluat ion of the var ious methods employed. The i n t e r l a b o r a t o r y  comparison f o r  
the  twenty-six t r a c e  elements showed t h a t  f o r  a t  l e a s t  seven t r a c e  elements i n  each of 
the  four  matr ices  t h e  reported concentrat ion ranges were g r e a t e r  than one order  of mag- 
ni tude.  The l a r g e  range i n  reported r e s u l t s  p o i n t s  o u t  t h e  need f o r  s tandard reference 
mater ia l s  c e r t i f i e d  i n  trace elements which a r e  e s s e n t i a l  f o r  method evaluat ion and 
q u a l i t y  control .  A program t o  brovide s tandard reference m a t e r i a l s  f o r  t r a c e  elements 
i n  coa l ,  f l y  ash,  r e s i d u a l  f u f l  o i l ,  and gasol ine  w i l l  be described. 
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WASTE COAL RECLAMATION 

by 

Joseph W. Leonard 

W i l l i a m  F. Lawrence 
and  

One of the major problems fac ing  t h e  e l e c t r i c  power genera t ing  indus t ry  is 
t h e  ever  increas ing  demand f o r  energy coupled wi th  a r e a l  and vociferous 
publ ic  demand f o r  reduced p o l l u t i o n  levels. A p a r t i a l  s o l u t i o n  t o  t h i s  dilemma 
could l i e  i n  t h e  redemption of w a s t e  c o a l  p i l e s  (gob o r  culm banks) which 
would result in t h e  product ion of needed energy whi le  reducing t h e  ecologic  and 
a e s t h e t i c  problem t h e s e  banks c u r r e n t l y  represent .  
based upon banks p r e s e n t  i n  t h e  Monongahela River Drainage Basin in Southwestern 
Pennsylvania, Northern West Virginia  and p a r t s  of Maryland, t h e  conclusions to  
be drawn w i l l  b e  a p p l i c a b l e  wi th  minor modif icat ions t o  o t h e r  c o a l  mining areas  
of t h e  U. S. 

Although t h i s  s tudy was 

A waste c o a l  p i l e  o r  culm bank is heterogeneous r a t h e r  than homogeneous 
i n  composition and v a r i a t i o n  w i l l  occur, both h o r i z o n t a l l y  and v e r t i c a l l y .  
Culm bank materials i n  t h e  Monongahela Basin w i l l  genera l ly  c o n s i s t  of coa l ,  
s h a l e ,  bone c o a l ,  s u l f a t e s ,  carbonates and p y r i t e  (FeS2) o r  marcasi te  (Pes,), 
I n  a d d i t i o n ,  s l a g  materials may b e  present  i f  combustion of por t ions  of the  bank 
hea  n*P-?reA- 
f a c t o r s  as t h e  market f o r  which t h e  c o a l  was cleaned and t h e  methods of c leaning,  
the e f f i c i e n c y  of  t h e  c leaning  process ,  t h e  mining methods and systems employed 
and such n a t u r a l  f a c t o r s  as t h e  q u a l i t y  of t h e  c o a l  seam. I n  o r d e r  t o  i l l u s t r a t e  
the  e f f e c t s  of t h e  many v a r i a b l e s  upon t h e  composition of t h e  materials being 
placed on a culm bank, a hypothe t ica l  h i s t o r y  of an imaginary culm bank is 
included. 
can be seen in e x i s t i n g  banks. Figure 1 has  been prepared t o  show t h e  major 
markets f o r  bituminous c o a l  from 1917 t o  1956. The h i s t o r y  of a mine in its 
c leaning  f a c i l i t y  and i ts  r e s u l t a n t  culm bank could t h e r e f o r e  b e  as follows: 

T1-.= =zk:L-.-z ;;;;.~.t.i ; Z  soc;. G ; V i i a L i L u t m c  wiii be aependent upon such 

While no such bank may a c t u a l l y  have been formed, many of i t s  fea tures  

1917--A coal  mine is opened and a picking and screening f a c i l i t y  is 
constructed t o  h e l p  supply an e x i s t i n g  market f o r  m e t a l l u r g i c a l  and r a i l r o a d  
locomotive f u e l  and f o r  f u e l  f o r  i n d u s t r i a l  and commercial h e a t i n g  p l a n t s  as 
w e l l  as f o r  household furnaces .  Mining is not  ye t  mechanized t o  any e x t e n t ,  
and waste mater ia l  from t h e  p ick ing  and screening f a c i l i t y  conta ins  mainly 
hand picked p ieces  of rock  and coaly m a t e r i a l  a long wi th  t h e  undersize mater ia l  
f o r  which no s teady  market e x i s t s .  
and i s  mixed with the  waste rejects and discarded. 
dumping, t h e  s o f t e r ,  more f r i a b l e  materials tend t o  b e  concentrated in t h e  
i n t e r i o r  of t h e  p i l e  w h i l e  t h e  harder ,h igher  ash ,  hand s o r t e d  materials acc- 
umulate a long t h e  edges.  

"his f i n e  material is predominately coal 
Due t o  t h e  method o f  

1920--Coal product ion and coa l  sales a r e  dro??inz. I?? nr&r C-5 z = t = k  
markets, g rea te r  s e l e c t i v i t y  in mining is employed and t h e  prepara t ion  f a c i l i t y  
is enlarged and improved t o  produce a h igher  q u a l i t y  coal .  
p ickers  a r e  h i r e d  and more r igorous  s o r t i n g  and s i z i n g  are i n i t i a t e d .  The ash 
and t h e  s u l f u r  conten t  o f  t h e  coal being marketed are s u c e s s f u l l y  reduced, and 
more f i n e  coa l  is being deposi ted on t h e  p i l e .  

Addit ional  

1923--A new market f o r  in te rmedia te  q u a l i t y  c o a l  develops wi th  t h e  
cons t ruc t ion  of an  e l e c t r i c  power generat ing s t a t i o n  nearby. 
gas and o i l  a r e  beginning t o  rep lace  lump c o a l  as t h e  common f u e l  f o r  comm- 
ercial b o i l e r s  and household furnaces .  
t h e  waste mater ia l  being p laced  on t h e  p i l e  cont inues t o  be high in f i n e  coa l  
content .  Due t o  t h e  need t o  remain competi t ive.  some machinery is introduced 
i n t o  t h e  mine with the  r e s u l t  t h a t  less prel iminary cleaning and  s e l e c t i o n  
occurs  during mining. 
m a t e r i a l s  a r e  handled a t  t h e  prepara t ion  f a c i l i t y  and more m a t e r i a l  having high 
ash and s u l f u r  conten t  is discarded  t o  t h e  p i l e .  

I n  a d d i t i o n ,  

A buyers  market s t i l l  exists and 

Consequently, more rock,  f i n e s ,  and o t h e r  d i l u t a n t  
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1925--The demand f o r  high q u a l i t y  me ta l lu rg ica l  and in t e rmed ia t e  q u a l i t y  
power p l a n t  f u e l  continues t o  increase.  Concentrating u n i t s  are added t o  t h e  
screening and picking f a c i l i t y .  The waste materials reaching t h e  bank now 
contain less f u e l  values  and are r e l a t i v e l y  h ighe r  i n  rock and ash cons t i t uen t s  
than during any previous per iod.  

1929--A major dec l ine  i n  the n a t i o n a l  economy beg ins  and w i l l  continue f o r  
several yea r s .  In  order  t o  sell coa l  i n  a dec l in ing  market,  r igorous p repa ra t ion  
is p r a c t i c e d ,  thereby maintaining competit iveness in a s e r i o u s l y  oversupplied 
market. Although growth o f  t h e  culm bank is l i m i t e d ,  a r e l a t i v e l y  l a r g e  amount 
o f  coa l  f i n e s  improve t h e  f u e l  value.  

1933--The marketing s i t u a t i o n  f o r  coa l  is unstable ,  b u t  t h e  t r end  appears 
t o  be upwards. Additional mechanization takes  p l a c e  i n  t h e  mine with t h e  
r e s u l t  t h a t  f l u c t u a t i n g  tonnages of high ash and high f u e l  va lue  material are 
i n t e r m i t t a n t l y  being placed on t h e  culm bank. 

1940--World War I1 is approaching, and inc reas ing  i n d u s t r i l i z a t i o n  is 
c rea t ing  a demand f o r  a l l  forms of energy. A se l le r ' s  market e x i s t s  and 
be fo re  it peaks i n  1943, many e x i s t i n g  culm banks will b e  s p o t  loaded to 
recover pockets con ta in ing  high f u e l  value materials. IIaterial e n t e r i n g  the  
culm bank is high i n  ash and moderate i n  s u l f u r  and because of spontaneous 
combustion and the  mining o f  t h e  r i c h e r  pockets  t he  bank is becoming inc reas ing ly  
d e f i c i e n t  i n  f u e l  value.  

1945--The advent of t he  d i e s e l  engine signals the  beginning o f  t he  end of 
t he  r a i l r o a d  locomotive market. Also, o the r  domestic markets are decl ining.  
Pa re r  s t a t i o n s  and me ta l lu rg ica l  coking ovens are the  only growth markets f o r  
coa l .  
f a c i l i t y  and a high a s h ,  high s u l f u r  and moderate f u e l  value material is placed 
on t h e  culm bank. 

Hore advanced cleaning and mining methods cont inue t o  b e  i n s t a l l e d  a t  t h e  

1950--The power s t a t i o n  is modernized and pulver ized f u e l  b o i l e r s  a r e  
i n s t a l l e d ;  moreover, i nc reas ing  tonnages of c l e a n ,  high q u a l i t y  me ta l lu rg ica l  
coa l  are produced and marketed. More mechanical equipment is introduced i n t o  
t h e  mine. A t  t h e  p l a n t ,  c rushe r s  are i n s t a l l e d  and t h e  c l ean ing  process is made 
more e f f i c i e n t .  A s  a r e s u l t  of t he  demands f o r  a high q u a l i t y  me ta l lu rg ica l  
product a n d  t h e  wi l l i ngness  of t h e  power s t a t i o n  t o  accept a lower cost middling 
q u a l i t y  f u e l ,  t h e  waste material being p l ace  on t h e  bank is very l e a n  i n  f u e l  values 
and h a s  a high ash and s u l f u r  content .  

1969--Increasing s a f e t y  l e g i s l a t i o n  causes more water t o  b e  used i n  t h e  
mine and more d i l u e n t  material t o  b e  removed. The ash o r  mineral  content  of 
t he  coa l  en te r ing  t h e  c l ean ing  p l a n t  cont inues t o  inc rease .  Much more ma te r i a l  
e n t e r s  t h e  culm bank o f  high ash content  and low t o  to  moderate f u e l  value.  
Older s e c t i o n s  of t h e  bank are being mined t o  recover  p rev ious ly  discarded 
f u e l  values  as a r e s u l t  of a sel ler ' s  market. 

1972--A major change occurs  as a r e s u l t  o f  a i r  p o l l u t i o n  c o n t r o l  l e g i s l a t i o n .  
Coal is now being s o l d  t o  u t i l i t i e s  on the  b a s i s  o f  s u l f u r  content  r a t h e r  than 
on t h e  t r a d i t i o n a l  BTU value.  In  o rde r  t o  meet t h e  new requirements ,  new and more 
c o s t l y  methods of concentrat ion are employed and l a r g e  tonnages of medium ash ,  
high s u l f u r  and high f u e l  value material are be ing  placed on t h e  bank. 
add i t ion ,  more of t he  o l d e r  po r t ions  o f  t h e  p i l e  are be ing  mined f o r  t h e  moderate 
ash ,  moderate s u l f u r  f u e l  values  placed t h e r e  previously.  

I n  
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While t h i s  h i s t o r y  is of n e c e s s i t y  b r i e f  and overly s i m p l i f i e d  and 
such a culm bank is pure ly  hypothe t ica l ,  i t  can serve  t o  i l l u s t r a t e  some 
of  t h e  complex i n t e r - a c t i n g  f a c t o r s  which determine t h e  composition of the 
m a t e r i a l  p resent  a t  any s p e c i f i c  l o c a t i o n  wi th in  t h e  p i l e .  It  can a l s o  serve  
t o  i l l u s t r a t e  t h e  extreme c a r e  which must be taken t o  obtain representa t ive  s a m p l e s  
f o r  t h e  p i l e .  
be based on a combination of sample d a t a  and a knowledge of t h e  bank's h i s t o r y .  

'Ihe d e c i s i o n  t o  reclaim f u e l  values  from a p a r t i c u l a r  bank should 

Older p i l e s ,  formed using simple dumping methods, w i l l  o f t e n  have a p r o f i l e  
Such a p i l e  w i l l  have general  d i s t r i b u t i o n a l  similar to  t h a t  shown i n  f i g u r e  2. 

zones which w i l l  r e f l e c t  the  d i f f e r e n t  coa l  assoc ia ted  s t r a t a  which were be ing  
mined. Assuming t h a t  t h e  c o a l  m a t e r i a l s  are r e l a t i v e l y  s o f t e r  than t h e  ass- 
oc ia ted  rock m a t e r i a l ,  t h e  coa l  would degrade more rap id ly  and t h e  r e s u l t i n g  f i n e r  
p a r t i c l e s  would tend t o  migrate  towards t h e  c e n t e r  of t h e  p i l e  (zone A ) .  
This c o a l  mater ia l  w i l l  genera l ly  b e  r e l a t i v e l y  low i n  moisture and ash and 
high i n  Btu value.  The material a t  t h e  o u t e r  edge of t h e  p i l e  w i l l  general ly  b e  
l a r g e r  i n  s i z e  and w i l l  b e  more prone t o  combustion r e s u l t i n g  i n  burnt  out  
pockets of s l a g  m a t e r i a l .  

llore recent  p i l e s ,  i n  which t h e  waste was l a i d  down i n  l a y e r s  and then 
Lvlllpcl~kL w i i i  Lend co nave nor izonta l  pockets  o f  r e l a t i v e l y  r i c h  c o a l  mater ia l  
a l t e r n a t i n g  with l a y e r s  of high a s h ,  high rock content .  

Affects  Upon Power P l a n t  Operations 

I t  has  long  been known t h a t  mater ia l s  with very low hea t ing  values  can 
Coal r e f u s e  crushed t o  one-quarter i n c h  s i z e  and wi th  as l i t t l e  be burned. 

a s  3,000 t o  3,500 B t u  h e a t i n g  va lue  has been burned i n  t h e  Off ice  of Coal 
Research p i l o t  s c a l e  f luid-bed column designed and operated by Pope, Evans 
and Robb1ns.l Coal waste  wi th  as l i t t l e  as 5,000 B t u  hea t ing  value can be 
burned i n  s p e c i a l l y  designed,  conventional b o i l e r s  provided t h a t  t h e  wastes 
are f r i a b l e  enough t o  permit  economical gr inding  t o  a f i n e  s i z e . 2  Boi le rs  
designed t o  burn c o a l  waste must b e  equipped wi th  overs ize  ash handing 
c a p a b i l i t y  s i n c e  approximately one-half o r  more of  t h e  coa l  wastes fed t o  t h e  
b o i l e r  would remain as ash  and would therefore  have t o  be continuously removed. 

The d i r e c t  burning of l e a n  gob p i l e s  t o  produce power is w e l l  e s t a b l i s h e d  
from experience i n  France where a n t h r a c i t e  waste banks have been used up as  a 
source of  f u e l  dur ing  t h e  p a s t  twenty-five y e a r s . 3  
t h e  Ignaf lu id  b o i l e r  which b u m s  coa l  r e f u s e  crushed t o  approximately 1 / 4  inch .  
Refuse wi th  a dry ash conten t  a s  high a s  40 percent  and hea t  content  a s  low as 
7,500 B t u ' s  was found t o  provide a s a t i s f a c t o r y  f u e l .  Moreover, i t  is  p r e f e r a b l e  
t h a t  r e f u s e  fed to  an I g n a f l u i d  i n s t a l l a t i o n  should contain between 15 t o  20 per-  
cent  v o l a t i l e  m i t t e r ,  less ther? 5 p ~ r c c a t  s ~ l f i i r  &id kava ash w i t h  a fusion temp- 
e r a t u r e  ranging from 2,000 t o  2,6000'F. 

Combustion was achieved using 

l p r i v a t e  communication wi th  John Bishop, Pope, Evans and Robbins , Alexandria, 

2Pr iva te  communication wi th  Combustion Engineering Company, Windsor, Connecticut. 
% r i v a t e  communication wi th  Paul  A. Mulcey , Consulting Engineer, Dal las ,  Pa. 

Virginia .  
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Most p re sen t  coa l  burning power p l a n t s  ope ra t e  wi th  coa l  having f u e l  
values  ranging between 10,000 and 12.000 Btu p e r  pound and w i t h  ash con ten t s  
ranging up t o  approximately 30 percent .  The r e fuse  from most banks can b e  
mixed d i r e c t l y  with coa l  provided t h a t  t h e  hea t ing  value and ash content  of 
t he  mixed product meets t h e  Btu design l e v e l  of t h e  b o i l e r  f o r  which t h e  f u e l  
is intended. 

Economic U t i l i z a t i o n  Potent* 

The attached t a b l e  is included t o  provide preliminary information about t h e  
s i z e  and composition of some randomly s e l e c t e d  r e fuse  banks i n  t h e  Monongahela 
River Drainage Basin. 

Test increments f o r  banks of  var ious s i z e s  a r e  reported i n  the  t a b l e  under 
composition on an as received b a s i s .  Composition includes v o l a t i l e  matter, 
f ixed carbon, a sh ,  s u l f u r  and Btu va lues .  Because an extensive and long term 
sampling program would be required t o  e s t a b l i s h  the  composition of a l l  banks i n  
t h e  area, no conclusions are o f fe red  concerning the  q u a l i t y  o f  t h e  t o t a l  deposi t .  
Nevertheless,  i t  is i n t e r e s t i n g  to no te  t h a t  8 of t he  2 0  increments contain a vol- 
a t i l e  matter content  o f  g r e a t e r  than 1 9  pe rcen t  while 1 4  of t h e  20 increments 
contain heat ing values  g r e a t e r  than 3,500 Btu wi th  the  r e s u l t  t h a t  nea r ly  75 
percent  of t h e  bank increments meet a t  least one of these  gene ra l ly  favorable  
c i i a r ac t e r i s t i c s .  Had t hese  increments been bene f i ca t ed ,  t he re  is  l i t t l e  doubt 
t h a t  considerably more than 75 percent  would y i e l d  a product w i t h  3 , 5 0 0  Btu 
and/or 1 9  percent  v o l a t i l e  matter on an as received b a s i s .  

While t h e  preceding estimates provide a measure of the  r e l a t i v e  number of 
bank increments t h a t  might b e  u t i l i z e d  i n  new or s p e c i a l l y  desingned b o i l e r s ,  
i t  is  equal ly  important t o  no te  t h e  r e l a t i v e  number of bank increments  t ha t  
might q u a l i f y  f o r  u t i l i z a t i o n  as a f u e l  for  t h e  already commercially 
a v a i l a b l e  Ignaf h i d  process .  
t o  r ead i ly  q u a l i f y  as an Igna f lu id  f u e l  and, with some bene f i ca t ion ,  as many as 
14 ou t  of 20 bank increments might b e  beneficated t o  meet s p e c i f i c a t i o n s .  

Hence, 3 ou t  of 20 bank increments would appear 

F ina l ly ,  i t  would appear t h a t  t h e  same raw and/or bene f i ca t ed  14  o u t  of 
20 bank increments could b e  used i n  blends wi th  h ighe r  grade c o a l  f o r  u t i l i z a t i o n  
i n  e x i s t i n g  power s t a t i o n s .  

The preceding information s t r o n g l y  i n f e r s  t h a t  a high percentage o f  coa l  
r e fuse  banks i n  t h e  Xonongahela drainage bas in  could b e  burned i n  new, mod- 
i f i e d  or e x i s t i n g  combustion processes  t o  produce use fu l  power wi th  t h e  
simultaneous b e n e f i t  o f  convert ing ‘unsightly p i l e s  of r e fuse  t o  g r e a t l y  reduced 
q u a n t i t i e s  o f  more r e a d i l y  u t i l i z e d  ash.  
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Figure 2 - PROFILE OF TYPICAL APPALACHIAN GOB PILE 
FORMED BY DUMPING RATHER THAN SPREADING 
AND COMPACTION. 
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