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ABSTRACT 

Hydrogen atoms, produced by t h e  mercury p h o t o s e n s i t i z a t i o n  of  Hz, 
were made t o  i n t e r a c t  wi th  c o a l  d u s t ,  -53 t o  +38 microns, a t  200°C i n  a 
flow r e a c t o r .  I l l i n o i s  No. 6 ,  P i t t s b u r g h  Seam, and Utah-Emery c o a l s  pro- 
duced a l a r g e  number of products  i n  t h e  C2 t o  C 8  range.  Wyoming-Wyodak 
coa l  was cons iderably  less r e a c t i v e .  The k i n e t i c ,  q u a n t i t a t i v e ,  and 
s t r u c t u r a l  impl ica t ions  of t h e s e  r e s u l t s  a r e  d iscussed .  Experimentat ion 
with d i f f e r e n t  r e a c t o r  c o n d i t i o n s  cont inues .  

INTRODUCTION 

Considerable  i n t e r e s t  i n  t h e  i n t e r a c t i o n  of hydrogen atoms w i t h  c o a l  
sur faces  has  been ev ident  f o r  over  twenty-f ive y e a r s , 3  r e s u l t i n g  i n  a 
review of t h e  l i t e r a t u r e 4  i n  1965 and r e c e n t  r e s e a r c h  by N. Berkowitz, 
e t  a l . 5 - 6  Despi te  t h i s  i n t e n s e  i n t e r e s t  t h e  d a t a  a r e  c o n f l i c t i n g ,  and 
range a l l  t h e  way from r e p o r t s  of no r e a c t i o n  a t  ambient temperature  t o  
complete g a s i f i c a t i o n .  Some of t h e s e  d i s c r e p a n c i e s  arise from t h e  d i s -  
charge technique used t o  g e n e r a t e  t h e  H atoms; c o a l  d u s t  probably found 
i t s  way i n t o  t h e  d i s c h a r g e  i t s e l f  i n  some i n s t a n c e s .  Photochemical pro- 
duct ion of H atoms was mentioned and dismissed a s  be ing  too  i n e f f i c i e n t . 4  
Because of t h e  experimental  d i s c r e p a n c i e s  and t h e i r  probable  cause,  t h e  
system H . atoms + c o a l  w a s  r e i n v e s t i g a t e d  wi th  photochemical ly  generated 
H atoms. 

EXPERIMENTAL 

I n  work repor ted  e l sewhere  i n  t h i s  symposium i t  was found t h a t  cryo- 
crushing w a s  t h e  gr inding  method of choice  i f  t h e  s u r f a c e  of t h e  c o a l  w a s  
t o  represent  bu lk  c o a l  more a c c u r a t e l y .  The gr inding  techniques  are 
reported elsewhere7 and w i l l  n o t  be descr ibed  here .  The bi tuminous c o a l s  
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were d r i e d  a t  200°C i n  an oven through which N 2  gas  w a s  passed cont inuously.  
The sub-bituminous Wyoming-Wyodak c o a l  was d r i e d  i n  a vacuum oven a t  100°C. 
I l l i n o i s  No. 6 ,  P i t t s b u r g h  Seam, Utah-Emery, and Wyodak coa l  samples w e r e  
then cryocrushed,  s ieved ,  and s t o r e d  i n  a n i t r o g e n  environment. Only the  
-53/+38 micron f r a c t i o n s  were used i n  t h e s e  s t u d i e s .  

F i f t e e n  grams of c o a l  w e r e  mixed wi th  a n  equal  weight of  ground g l a s s ,  
+50 micron s i z e s ,  and placed on a f r i t ,  F1, F igure  1, f o r  d i s p e r s a l  i n  t h e  
quartz  r e a c t o r .  
condenser water used t o  produce s a t u r a t i o n .  The r e a c t o r  w a l l s  were heated 
by pass ing  c u r r e n t  through t h e  nichrome h e a t e r s .  The s i x ,  meter-long, 
germicidal  lamps, 36 w a t t s  each,  were cooled w i t h  r a p i d l y  f lowing,  f i l t e r e d  
a i r  and turned on. 
dus t  (about 300 l i t e r s / m i n )  w a s  i n i t i a t e d .  
1/4"  g l a s s  beads,  w e r e  precooled i n  l i q u i d  n i t r o g e n  f o r  n ine ty  minutes  
before  t h e  experiment and w e r e  by-passed i n i t i a l l y .  When t h e  temperature  
i n  t h e  quar tz  r e a c t o r  reached 200°C, t h e  liquid-N2-cooled t r a p s  were opened 
and t h e  gas by-pass c losed .  Throughout t h i s  per iod  and t h e  remainder of the 
experiment, t h e  f i n e r  coa l  d u s t ,  which tended t o  accumulate on t h e  M i l l i -  
pore f i l t e r ,  Fq on Figure  1, was recyc led  u s i n g  a mechanical v i b r a t o r .  A t  
t h e  end of an hour ,  dur ing  which t h e  temperature  sometimes dropped a s  low 
a s  185OC, t h e  f low w a s  d i scont inued  and t h e  t r a p s  were i s o l a t e d  f o r  ana lyses .  

The mercury s a t u r a t o r  was hea ted  t o  near  100°C and ambient 

Next, a s t ream of H2 s u f f i c i e n t  t o  d i s p e r s e  t h e  c o a l  
Traps TI and T2, packed w i t h  

In t h e  act inometry experiments, t h e  i d e n t i c a l  procedure w a s  followed 
t 

except t h a t  t h e  c o a l  was omit ted and t h e  c a r r i e r  gas contained 2% e thylene .  

The t r a p s  were disconnected from t h e  appara tus  and t h e  excess  H2 was 
pumped away a t  l i q u i d  n i t r o g e n  temperature .  The r e s i d u a l  g a s e s ,  a f t e r  the  
t r a p s  were warmed t o  ambient temperature  f o r  s e v e r a l  hours ,  were sampled 
with a 25-cc sample loop and i n j e c t e d  on t o  a gas  chromatographic column a t  
6OoC, 1/8" x lo', packed wi th  fi-C18/Porasil C ,  i n  a Perkin-Elmer Model 990 
gas chromatograph equipped w i t h  a thermal  conduct iv i ty  d e t e c t o r  using 8% 
H2 i n  H e  c a r r i e r  gas. The r e s u l t a n t  gas  chromatograms a r e  reproduced i n  
Figures  2 through 5, i n c l u s i v e .  

RESULTS AND DISCUSSION 

Because t h e  vapor p r e s s u r e  of Hg was h igh ,  probably near  a m i l l i t o r r ,  
most of t h e  2537A resonance r a d i a t i o n  was absorbed w i t h i n  0 .2  c m  of t h e  
quar tz  wal l .  
were e s s e n t i a l l y  completely quenched by t h e  atmosphere of H2 and thus  gener- 
a ted two H atoms per  photon i n  t h i s  240 cm3 zone. 
r a p i d l y  moving H atoms a t t a i n e d  a uniform c o n c e n t r a t i o n  throughout t h e  
v e s s e l  i s  not  known, nor i s  t h e  rate a t  which they were removed a t  t h e  quartz  
r e a c t o r  s u r f a c e  by recombination. When 2% e t h y l e n e  w a s  added t o  t h e  f low 
stream in t h e  absence of c o a l  and t h e  r e s u l t a n t  butane,  e thane,  e thylene  
mixture  analyzed,  a r a t e  of H atom formation o f  2.90 x 10" atomsjsec i n  the 
r e a c t o r  w a s  i n d i c a t e d .  
cc / sec  w a s  t h e  s t a t i o n a r y  s ta te  r a t e  of hydrogen atom product ion  and a n  over- 
a l l  s teady  s ta te  concent ra t ion  of about 2 x 1013 H atoms/cm3 can be ca lcu-  
l a t e d ,  which compares w e l l  wi th  t h o s e  generated by d ischarge  techniques.  

However, t h e  r e s u l t a n t  e x c i t e d  3Pl Hg atoms, T~ 2 lo-' s e c ,  

The e x t e n t  t o  which t h e  

If t h e s e  were uniformly d i s t r i b u t e d ,  5.4 x lOI4 atoms/ 

Although no c o a l  d u s t  depos i ted  on t h e  w a l l s  of t h e  quar tz  r e a c t o r ,  i t  
d id  c o l l e c t  on t h e  pyrex thermometer, t h e  M i l l i p o r e  f i l t e r  paper ,  F4, and i n  
t h e  lower un- i r rad ia ted  zone. This  d e p o s i t i o n  precluded a q u a n t i t a t i v e  
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determination of the particle concentration. Swirling coal dust in the 
reactor zone is visible to acute eyes and is inferred readily by light 
scattering when He-Ne laser beam is directed through the reactor. A coarse 
(and, probably, high) estimate of the particle concentration can be made 
if one assumes that 0.01% of the coal is dispersed in the flowing Hp at any 
given time; making this admittedly poor assumption, we calculate 6 x l o 6  
coal particles/cc in the reactor. This suggests about Avogadro's Number of 
collisions per second between atomic H and coal dust, and the yields sug- 
gested in Figures 2 to 4 are consistent with the formation of 10'4-10'5 
product molecules per second. 
order of lo-' to lo-' which is below the lo-' value observed by Snelson' 
for graphite; the estimated coal particle concentration must be far too 
high and/or the profile of atomic hydrogen not uniform across the reactor. 
Based on the overall product yield estimates and the actinometry for the 
entire reactor, the product efficiency per hydrogen atom must be in the lo-' 
to range. Clearly, further experimentation, especially product iden- 
tity and quantification, is required to decrease the uncertainty in the 
yield per H atom. 

This suggests a collision efficiency of the 

Examination of Figures 2, 3, and 4 shows that the gas chromatographic 
traces are extremely similar for the hydrogenation products from Illinois 
No. 6, Pittsburgh Seam, and Utah-Emery coals. Although all three are indeed 
bituminous coals, they are physically very different and one would be sur- 
prised if they had identical surface compositions. The "fingerprints" do 
show subtle differences, but in view of the uncertainties just discussed, 
one is struck more by their similarity than anything else. (At this writ- 
ing, on ly  a few of the peaks have been identified. It is hoped that GC-MS 
identification will be made on every peak this summer.) Either the surface 
structures which can be "cracked off" by H atoms at 185°-2000C are the same 
for these three coals or all the products represented by peaks have common 
precursors which are liberated from the coals in the experiment, e.g., BTX 
and naphthalenes. Worth mentioning is one experiment in which He carrier 
gas was used instead of H2. Only very small yields of benzene (20 minute 
elution time) and the product with 35-minute retention time were found in 
the traps, presumably photo-detached from the coal surface. The yields 
were far too small to account for all the other products by hydrogen atom 
cracking of these compounds. 
ultraviolet lights off gave no detectable products in an hour. 
siderable experimentation remains to be done, the similarity of the products 
from the three bituminous coals suggest the following mechanism: 

Blank experiments using H2 but leaving the 
While con- 

Hg + hv -+ Hg* (3Pl) (1) 

Hg* + H2 -+ Hg + 2H (2) 

H + coal -t BTX + ? (3) 

H + BTX + C2, C 3 ,  C 4 ,  C5, C6 

hydrogenation products 

8A. Snelson, A.C.S. Div. Fuel Chem. Proc. Is, 101 (1973) 
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In o t h e r  words, t h e  s i m i l a r i t y  of t h e  product  d i s t r i b u t i o n s  from t h e  d i f f e r -  
en t  bituminous c o a l s  is proposed t o  be a r e s u l t  of t h e  s i m i l a r i t y  of second- 
ary H atom cracking  of t h e  product  precursors  from r e a c t i o n  (3)  under t h e  
i d e n t i c a l  r e a c t o r  c o n d i t i o n s ,  r a t h e r  than  an i n d i c a t i o n  t h a t  t h e s e  t h r e e  
coa ls ,  wi th  d i f f e r e n t  h i s t o r i e s  and d i f f e r e n t  p h y s i c a l  p r o p e r t i e s ,  have 
sur faces  t h a t  a r e  s i m i l a r .  A t  t h i s  p o i n t ,  the  only  l i k e n e s s  i n  sur face  
t h a t  can be i n f e r r e d  is t h e  a b i l i t y  of H atoms t o  l i b e r a t e  t h e  hydrogena- 
t i o n  precursors  from t h e  s u r f a c e  of I l l i n o i s  1 6 ,  P i t t s b u r g h  Hi -Seam,  and 
Utah-Emery bituminous c o a l s .  React ion (3)  must be similar i n  r a t e  and reac- 
t i o n  products  t o  account  f o r  t h e  s i m i l a r i t y  of F igures  2 ,  3 ,  and 4.  Kin- 
e t i c  in format ion  about r e a c t i o n  ( 4 )  is  appearing’-” and should a i d  i n  t h e  
i n t e r p r e t a t i o n  of f u t u r e  experiments  involv ing  more uniform concent ra t ions .  

F i n a l l y ,  t h e  f a i l u r e  of Wyoming-Wyodak c o a l  t o  r e a c t  under i d e n t i c a l  
condi t ions  must be a t t r i b u t e d  t o  a slowness of r e a c t i o n  ( 3 ) .  A g r e a t e r  
d i v e r s i t y  of  products  from a sub-bituminous c o a l  might have been expected 
s i n c e  its o r g a n i c  s t r u c t u r e s  had been subjec ted  t o  less s t r i n g e n t  coal- 
i f i c a t i o n  c o n d i t i o n s .  S ince  F i g u r e  5 looks remarkably similar t o  r e s u l t s  
from experiments e a r l y  i n  t h i s  program us ing  I l l i n o i s  16  c o a l  a t  ambient 
temperature ,  one might expect  a g r e a t l y  enhanced ESR spectrum such a s  was 
observed then. That i s ,  a r e s u l t  of H atom bombardment i s  t h e  product ion  
of n o n v o l a t i l e  f r e e  r a d i c a l s .  Fur ther  work i s  c l e a r l y  warranted.  

Nonetheless ,  i t  has  now been demonstrated t h a t  photo-produced H atoms 
do i n t e r a c t  wi th  t h e  s u r f a c e  of bituminous c o a l s  a t  200°C t o  y i e l d  C2 t o  Cg 
hydrocarbons. However, t h e  a u t h o r s  f e e l  t h a t  f u r t h e r  experiments ,  some 
a l t e r i n g  t h e  s teady  state H atom concent ra t ion  and adding suspec ted  pre-  
cursors ,  are requi red  t o  e l u c i d a t e  t h e  mechanisms. Also,  an a c c u r a t e  
method f o r  de te rmining  c o a l  p a r t i c l e  concent ra t ions  i n  t h e  photoreac tor  
needs t o  be found before  r e l i a b l e  ra te  d a t a  can be forthcoming. F i n a l l y ,  
o ther  sub-bituminous c o a l s  need t o  be examined t o  s e e  i f  t h e  Wyodak r e s u l t s ,  
reproduced s e v e r a l  times, are common t o  t h i s  rank  of  coa l .  Whether H atoms 
w i l l  prove a n  e f f e c t i v e  c o a l  s u r f a c e  probe remains t o  be proven. 
pre l iminary  r e s u l t s  are encouraging i n  some r e s p e c t s .  
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