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INTRODUCTION 

When pyrolyzed, coal forms a complex mixture of polycycl ic  aromatic compounds 
(PAC). many of which carry funct ional  groups a s  s u b s t i t u t e s  f o r  r ing hydrogen. 
Further subject ion of PAC t o  pyro ly t ic  condi t ions causes changes i n  t h e i r  composi- 
tion--manifested p a r t l y  by changes i n  the  degree of subs t i tu t ion .  The presence o r  
absence of subs t i tuent  groups i s  of importance t o  environmental i s sues  concerning 
both t h e  sources of environmental PAC and t h e i r  hea l th  e f fec ts .  Researchers 
(22.26.36.45) studying PAC i n  the  a i r .  water, and s o i l  have t r i e d  t o  deduce infor- 
mation about the  PAC source f u e l s  and t h e i r  process temperatures from r e l a t i v e  
abundance6 of c e r t a i n  a lkylated and unalkylated PAC. 

Focussing p a r t i c u l a r l y  on alkyl  and amino subs t i tuents .  several  researchers  
(14.18.30.31.32.54) have attempted t o  e s t a b l i s h  a l i n k  between biological  a c t i v i t y  
(i.~. , carcinogenici ty  o r  mutagenicity) and the  presence or absence of subs t i tuent  
groups. Resul ts  t o  da te  ind ica te  tha t  b io logica l  a c t i v i t y  i s  a complex funct ion of  
t h e  ident i ty  of the  parent PAC, t h e  na ture  of the funct ional  group. t h e  s i z e  of t h e  
funct ional  group (18.32). and the  posi t ion of t h e  subs t i tu t ion  (2.3.21.33.34.47)-- 
a l l  fac tors  t h a t  inf luence t h e  electron d i s t r i b u t i o n  within the  compound. It  is 
logica l  t h a t  these  f a c t o r s  should a l s o  be t h e  ones t h a t  govern PAC r e a c t i v i t y  under 
pyro ly t ic  condi t ions,  but a thorough inves t iga t ion  of a l l  of these  inf luences lies 
beyond I t  is our object ive t o  determine how the  de- 
gree of s u b s t i t u t i o n  and t h e  nature  of the  subs t i tuent  groups inf luence t h e  pyrol- 
y s i s  behavior of coal-derived PAC. 

t h e  scope of any s i n g l e  work. 

Previous work has  a l ready revealed some information about pyrolysis-induced 
changes i n  s u b s t i t u t i o n  of PAC from coal pyrolysis .  Ser io  (46) has used nuc lear  
magnetic resonance spectroscopy (NMR) t o  show t h a t  increasing pyrolysis  sever i ty  by 
e i t h e r  temperature o r  time e f f e c t s  an increase i n  aromatici ty  and a decrease in  t h e  
presence of func t iona l  groups. Employing Fourier  transform inf ra red  spectroscopy 
(FT-IR). Solomon, &. (50) and Freihaut and Seery (13) report  t h a t  high temper- 
a t u r e  coa l  t a r  e x h i b i t s  a considerable reduction (as  compared t o  lower temperature 
t a r )  of I R  absorpt ion i n  the  regions associated with funct ional  group attachment t o  
aromatic r ings.  Other researcher6 (5.25.53) have used gas chromatography-mass 
spectrometry (GC-MS) t o  ident i fy  some s p e c i f i c  a lkylated PAC produced i n  coal py- 
ro lys i s  experiments. We are unaware of any work t o  d a t e  t h a t  repor t s  t o t a l  mass 
y i e l d s  of s u b s t i t u t e d  and unsubst i tuted PAC from coal  pyrolysis .  

EXPERIKENTAL EQUIPMEhT AM) PROCEDURES 

To produce t h e  PAC of t h i s  study, 44-53 f i  p a r t i c l e s  of PSOC 997. a Pi t t sburgh  
Seam high v o l a t i l e  bituminous coal, a r e  f lu id ized  i n  argon and fed a t  a r a t e  of 2.5 
g/hour i n t o  t h e  laminar flov. drop-tube pyrolysis  furnace of Figure 1. Detai ls  of 
t h e  furnace appear elsewhere (41). An o p t i c a l  pyrometer is used t o  measure furnace 
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temperature, which can be s e t  t o  values  of 1000 K t o  2000 K by of t h e  
e l e c t r i c a l  power input .  P a r t i c l e  res idence t i m e .  or ”drop distance.” is cont ro l led  
by adjust ing the  v e r t i c a l  pos i t ion  of t h e  watercooled  co l lec t ion  probe. As pyrol- 
y s i s  products e x i t  the  react ion zone a t  5.3 s t d  l/min. they encounter 17.1 s t d  
l/min of argon quench gas a t  the  top of t h e  c o l l e c t i o n  probe and another  4.8 s t d  
l/min through the wal ls  of t h e  probe inner  tube as they t r a v e l  the length of t h e  
co l lec t ion  probe. Leaving t h e  probe, they e n t e r  an impactor f o r  s ize-separat ion of 
the s o l i d  pyrolysis  products. Char p a r t i c l e s .  the  l a r g e r  of these,  deposi t  on t h e  
f i r s t  s tages:  aerosols  (i.~.. PAC-coated soot )  end up on the  lowest impactor 
s tages  and the  Mil l ipore t e f l o n  f i l t e r  (hole s i z e ,  . 2  following the  impactor. 
After  passing through the f i l t e r ,  t h e  gases a r e  channeled t o  inf ra red  de tec tors  f o r  
measurement of CO and C02 and t o  a flame ioniza t ion  de tec tor  f o r  measurement of 
hydrocarbon v o l a t i l e s .  A small por t ion  of gas i s  diver ted t o  a 750 m l  g lass  bulb 
f o r  subsequent GC-MS analysis .  

adjustment 

After a l l  products a r e  weighed, t h e  aerosols  a r e  placed i n  teflon-capped. 
30-1 amber g lass  b o t t l e s  of Caledon d is t i l l ed- in-g lass  HPLC grade dichloromethane 
(DCM) and sonicated f o r  f i v e  minutes. Syringe-fulls of the  p a r t i c l e / l i q u i d  suspen- 
sion a r e  passed through a Mil l ipore t e f l o n  f i l t e r  (hole s i z e  . 2 ~ )  t o  remove t h e  
soot p a r t i c l e s  from t h e  PAC/DCM solut ion.  The mass of the  residue soot  i s  taken 
and subracted from t h a t  before sonicat ion t o  give t h e  mass of t h e  PAC. T r i p l i c a t e  
l O O - p l  a l iquots  of t h e  PAC/DCM solu t ion  a r e  removed, evaporated, and weighed 
according t o  the  procedure of Lafleur. a. (27) t o  v e r i f y  the  PAC y ie lds .  This 
l a t t e r  procedure g ives  2 90% recovery f o r  naphthalene and 100% recovery f o r  spec ies  
of 2 three r ings,  so negl ig ib le  PAC mass i s  l o s t  during evaporation s ince,  i n  our 
experiments. one-ring aromatics and l i g h t e r  hydrocarbons s t a y  i n  the  gas phase; 
only aromatics of 2 two r ings condense onto t h e  soot .  

The PAC/DCH solu t ions  undergo ana lys i s  by GC-MS. HPLC. and FT-IR. The GC com- 
ponent of t h e  GC-MS system is a Hewlett-Packard Model 5890. equipped wi th  a Quadrex 
Super Cap Series .  methyl s i l i c o n e  (f i lm thickness  .10 )xi?) high temperature, alumi- 
num clad capi l la ry  column (15 m x .2  mm i.d.1. Sam le  volumes of .1yl a r e  in t ro-  
duced i n t o  t h e  s p l i t l e s s  in jec tor ,  maintained a t  300 C. The de tec tor  i s  kept  a t  
32OoC. and the  column temperature i s  programmed from 4OoC t o  32OoC a t  10°C/min. 
The mass spectrometer, Hewlett-Packard Model 5970. operates  i n  e lec t ron  impact mode 
a t  an ionizing vol tage of 70 eV. Mass spec t ra  a r e  taken a t  a frequency of .77 
scanslsecond. over a mass t o  charge r a t i o  range of 41 t o  600. 

The HPLC system, f u l l y  described elsewhere (28). c o n s i s t s  of a Perkin-Elmer 
Series  4 quaternary solvent  de l ivery  system coupled t o  a Model LC-85B var iab le  
wavelength u l t r a v i o l e t  (W) detector .  1.5 ml/min of DCH (same grade as  above) 
flows through t h e  s t e r i c  exclusion column (50 cm long x 10 mm i.d.1. which is 
packed with 500 f i  Jordi-Gel poly(diviny1benzene). Samples a r e  in jec ted  through 
e i t h e r  a 6-pl o r  a l O O - p l  Rheodyne in jec t ion  loop, and a microswitch on the  injec-  
t o r  ac tua tes  t h e  da ta  system t o  insure reproducible s t a r t i n g  times. As 
demonstrated i n  another publ ica t ion  ( 2 8 ) .  subs t i tu ted  PAC e l u t e  i n  t h e  f i r s t  23.9 
m l ;  The proport ions of t h e  W response a reas  before and 
a f t e r  23.9 m l  a r e  taken t o  represent  respect ively t h e  proportions of subs t i tu ted  
and unsubst i tuted PAC. (To a l l e v i a t e  uncertainty about t h e  r e l a t i v e  W response 
fac tors  f o r  t h e  two c lasses  of PAC. w e  have co l lec ted  the  e l u a t e s  before  and a f t e r  
23.9 ml f o r  one sample. concentrated them under nitrogen, and subjected them t o  t h e  
microbalance weighing procedure (27) mentioned above. Because the  W a r e a  technique 
gives good agreement with the  weighing procedure, t h i s  l a t t e r ,  more time-consuming 
procedure is unnecessary.) 

unsubst i tuted.  afterward. 
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For FT-IR analysis .  drops of t h e  PAC/DCM so lu t ions  are placed on KBr d i s c s  (20 
mm x 2 mm). and t h e  solvent  is allowed t o  evaporate. The d iscs  a r e  placed i n  an IBM 
Model IR/32 Fourier  Transform Infrared Spectrometer, equipped with a Globar source 
and a mercury-cadmium t e l l u r i d e  detector .  3 e  r e s u l t i n g  absorbance spec t ra  repre- 
sen t  64 scans. taken a t  a resolut ion of 8 cm . To insure t h a t  t h e  PAC composition 
i s  uniform over t h e  surface of t h e  disc. each d i s c  i s  rotated s l i g h t l y  two times 
f o r  addi t iona l  determinations. 

RESULTS AND DISCUSSION 

Figure 2 d isp lays  t h e  y ie lds  of soot and PAC col lec ted  on the  aerosol  f i l t e r  
f o r  the two s e t s  of experiments: S e t  1. constant drop d is tance  (6 in)  and var iab le  
temperature. and Se t  2. constant  temperature (1375 K) and var iab le  drop dis tance.  
Firs t .  i t  should be noted t h a t  our maximum PAC yie ld  of -9% l i e s  s ign i f icant ly  
below t h e  24-26% primary t a r  y i e l d s  obtained from experiments conducted under l e s s  
severe condi t ions (7.46). Our m a x i m u m  PAC y i e l d  or "zero point" thus corresponds 
t o  a s i g n i f i c a n t  degree of primary ta r  conversion (-65%). Evident from Figure 2 
are the drop i n  PAC y i e l d  and the  compensating r i s e  i n  soot  y ie ld  as pyrolysis  con- 
d i t ions  increase i n  severity--by an increase i n  e i t h e r  temperature or distance.  
The 19.86% 
- + 1.09% f o r  Set 2 )  supports  the  previously reported not ion t h a t  PAC serve as pre- 
cursors t o  soot  (9.17.24.42.521. I t  should be borne i n  mind, however, t h a t  our 
experiments and ones done pr ior  t o  them (41) a l s o  show small temperature- and 
time-induced decreases i n  the y i e l d s  of char, C02. and hydrocarbons and an increase 
i n  t h a t  of GO. 

To b e t t e r  understand t h i s  apparent transformation of PAC t o  soot. i t  i s  neces- 
sary t o  i n v e s t i g a t e  t h e  compositional changes i n  t h e  PAC t h a t  accompany t h e i r  
conversion. We have chosen t o  descr ibe compositional changes of t h e  PAC i n  t e r n s  
of t h e i r  aromatic r i n g  number d i s t r i b u t i o n  and t h e i r  degree of funct ional  group 
subs t i tu t ion .  A discussion of changes i n  t h e  r ing  number d i s t r i b u t i o n s  of 
coal-derived PAC w i l l  appear elsewhere (55); t h i s  paper focusses on 
pyrolysis-induced changes i n  the degree of subs t i tu t ion .  

constancy of t h e  sum of PAC and soot  y i e l d s  (21.34% 2 0.97% f o r  Set 1; 

The quest ion of how the degree of s u b s t i t u t i o n  changes can be p a r t i a l l y  
answered by the  GC-MS t o t a l  ion chromatograms i n  Figure 3. fea tur ing  PAC from three  
Set 1 experiments. Since PAC e l u t e  in  the  order  of decreasing v o l a t i l i t y  or of 
increasing molecular weight, addi t ion of a funct ional  group br ings about a small 
increase i n  re ten t ion  time; addi t ion of an aromatic r ing,  a la rge  increase. 
Readily apparent from Figure 3 i s  the  loss of compositional complexity a s  tempera- 
ture  i s  raised.  The lowest temperature sample is comprised of a multitude of 
peeks. many unresolved. which correspond t o  unsubst i tuted PAC and t h e i r  subs t i tu ted  
homologs. )As temperature increases. the  number of peaks diminishes d r a s t i c a l l y .  
Large gaps emerge between c l u s t e r s  of unsubst i tuted PAC isomers--indicating a 
marked deplet ion i n  t h e  subs t i tu ted  species .  

Even though GC-MS can e a s i l y  give a q u a l i t a t i v e  p ic ture  of s u b s t i t u t i o n a l  
differences i n  PAC from coal. it i s  extremely d i f f i c u l t  t o  use GC-MS quant i ta t ive ly  
due t o  t h e  unreso lvabi l i ty  of some peaks. the  uncertainty of response fac tors .  t h e  
limited number of species  included i n  ava i lab le  mass spec t ra  l i b r a r i e s ,  and t h e  
v i r t u a l  i n d i s t i n g u i s h a b i l i t y  of mass spec t ra  of some isomeric PAC ( a t  l e a s t  f o r  
mas8 spec t ra  from systems with e lec t ron  impact ion iza t ion  sources (6.19.23)). Even 
i f  a l l  of these  d i f f i c u l t i e s  a re  surmounted. the  usefulness  of GC-MS s t i l l  extends 
only t h e  por t ion  of the PAC sample t h a t  is  gas chromatographable. i.~.. t o  t h e  t o  
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vaporizable components. ( I t  should be noted tha t  t h i s  vaporizat ion l imi ta t ion  of  
GC-MS systems promises t o  soon be eliminated by t h e  introduct ion of new supercr i t i -  
c a l  f l u i d  chromatography-MS systems (351.) 

Unlike GC. HPLC i s  l imited i n  a p p l i c a b i l i t y  only by component s o l u b i l i t y  i n  
t h e  mobile phase: but ,  except f o r  microcolumn HPLC techniques (43). t h e  p r i c e  f o r  
t h e  wider range of component a p p l i c a b i l i t y  is the  l o s s  of separat ion e f f ic iency  as 
evident i n  peak resolut ion.  This "drawback" can be an advantage i n  analyzing m i x -  
tu res  as complex as f o s s i l  fue l  products, however, because HPLC methods can be 
t a i l o r e d  t o  make bulk separat ions according t o  one or two s t r u c t u r a l  parameters. 
We have recent ly  developed a method with a s t e r i c  exclusion HPLC column t h a t  takes  
advantage of a nonexclusion e f f e c t  t o  separate  subs t i tu ted  from unsubst i tuted PAC 
(28). Non-nitrogen-containing PAC with alkyl .  phenyl, hydroxyl, carbonyl, car- 
boxyl, e ther ic .  e s t e r i c ,  cyano. or n i t r o  funct ional  groups e l u t e  as size-excluded 
species. Unsubstituted PAC a r e  adsorbed onto the  column and e l u t e  l a t e r  (28). 
Nitrogen-containing PAC a r e  a l s o  delayed by adsorption unless  they have a subs t i -  
tuent  group t h a t  s t e r i c a l l y  blocks t h e  N atom from the  adsorption s i t e  ( 2 9 ) .  

Figure 4 presents  the  r e s u l t s  of applying t h i s  technique t o  t h e  PAC from t h e  
two s e t s  of experiments. Yields of subs t i tu ted  PAC f a l l  monotonically with e i t h e r  
increasing temperature or drop dis tance.  Over the  temperature in te rva l  inves t iga t -  
ed i n  Set 1. the  drop is  by two orders  of magnitude: over the dis tance i n t e r v a l  i n  
Set  2. the  drop is by almost an order  of magnitude. Yields of unsubst i tuted PAC, 
on the  o ther  hand, exhibi t  a dual behavior. They appear t o  be insens i t ive  t o  pyrol- 
y s i s  conditions a t  temperatures 5 1312 K f o r  Set 1 and a t  dis tances  5 4 inches f o r  
Set 2. Beyond these " c r i t i c a l  values," however, they too decay with an increase  i n  
e i t h e r  temperature or distance.  Again t h e  decl ine i s  more dramatic f o r  t h e  experi- 
ments in  Set 1. 

The q u a l i t a t i v e  s i m i l a r i t y  of the  curves i n  Figure 4a t o  those i n  4b suggests  
t h a t  the  data of the two s e t s  of experiments be compared as  p l o t s  versus a parame- 
ter  of pyrolysis  severity--such as  t o t a l  PAC yield--that accounts f o r  both 
temperature and t i m e  e f f e c t s .  The r e s u l t  of combining Figures 2 and 4 appears i n  
Figure 5. which contains  data  from Sets  1 and 2 a s  wel l  as experiments conducted at  
combinations of temperature and d is tance  not covered by these  Sets. 

The f a c t  t h a t  a l l  t h e  data  ( t o  a f i r s t  approximation) l i e  on the  same l i n e s  
suggests the following f o r  the  ranges of temperature (1125 t o  1473 K) and time (ap- 
proximately .OS0 t o  .325 sec p a r t i c l e  residence times, corresponding t o  drop 
dis tances  of 2 t o  6 i n )  invest igated:  

1) The s p l i t  between subs t i tu ted  and unsubst i tuted PAC i s  so le ly  a func- 
t i o n  of PAC y i e l d  (or conversion) and depends on temperature or time 
only a s  much as  these var iab les  a f f e c t  PAC yie ld  (or  conversion). 

2)  Since pyrolysis  a t  long time and low temperature can give the  same 
r e s u l t s  as a t  shor t  time and high temperature. the  PAC conversion reac- 
t ions  have a narrow d i s t r i b u t i o n  of ac t iva t ion  energies .  

3) I t  is more p r a c t i c a l  t o  r e l a t e  subs t i tu ted  and unsubst i tuted PAC y i e l d s  
to t o t a l  y ie ld  than t o  temperature and residence t i m e ,  quant i t ies  whose 
measurements tend t o  be more system- and method-dependent. 

It is  convenient t o  approximate the  S ( subs t i tu ted  PAC) and t h e  U (unsubsti- 
tuted PAC) curves i n  Figure 5 as  two l i n e  segments of d i f f e r e n t  slope, i n t e r s e c t i n g  
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a t  a c r i t i c a l  PAC y i e l d  Y the  point  a f t e r  which there  is  n e t  loss of unsuhst i tut-  
ed PAC. The va lue  of Y 'is 4.5 mass% of coal--corresponding t o  48% PAC conversion 
i f  the  point  of m a x i m u m  SAC y ie ld  i s  taken as 0% conversion. Since both S and U 
must be 0 a t  Y = 0. t h e  equations f o r  the  l i n e s  can he obtained e a s i l y  i n  terms of 
Y. the  t o t a l  PAC y ie ld :  

Regime 1: Y&Y.lpc u = u  S = Y - u  

Regime 2: Y&YLO u = (UO/YC)Y s = (1- U0/Yc)Y 

Thus f o r  these  experiments. once the  c r i t i c a l  yield Y and t h e  i n i t i a l  y i e l d  of 
unsubst i tuted PAC U have been experimentally d e t e m g e d .  the  y ie lds  of subs t i tu ted  
and unsubst i tuted P8C can be calculated s o l e l y  from measurement of Y. The equa- 
t ions  imply a r a t i o  of S t o  U that .  in  Regime l. decreases with decreasing Y and, 
i n  Regime 2.  s t a y s  constant. The d a t a  match these approximations much b e t t e r  a t  
l a rge  Y than a t  amall Y, however, because t h e  r e l a t i v e  e r r o r  of the  s t r a i g h t  l i n e  
approximations f o r  S and U becomes grea te r  a s  Y decreases. Since secondary pyro- 
l y t i c  reac t ions  depend much l e s s  on the parent  coa l  than do the primary pyro ly t ic  
react ions.  one might expect PAC from other  coals  (especial ly  other  bituminous 
coals)  t o  exhib i t  t h e  same "two l i n e "  behavior of U and S y i e l d s  ( a l b e i t  with d i f -  
fe ren t  values  of Yc and U o ) .  

The t r a n s i t i o n  from Regime 1 t o  Regime 2 in  Figure 5 suggests a change i n  t h e  
nature  of t h e  func t iona l  groups associated with the  subs t i tu ted  PAC. Figure 6 d is -  
plays the  FT-IR spec t ra  of samples from t h r e e  Set 1 experiments--each labeled wi th  
the funct ional  groups conventionally assigned (4.48) t o  peaks a t  p a r t i c u l a r  bands. 
These spec t ra  appear unretouched. i . ~ . ,  t h e i r  basel ines  have not been "corrected" 
t o  screen out t h e  d r i f t  a l legedly due t o  scattfr (44.49.51). The pzyminent func- 
t i o n a l  group absorbances-pccur a t  2850-2980 cm and 1370-1460 c m  f o r  a l k y l  
groups; a t  3150-3550 cm f o r  OH or  t e NH of amides or amines; a t  1260-1280 cm 
f o r  e t h e r i c  C-0; and a t  1690-1730 cm-' f o r  carbonyl groups. The t h r e e  oxygen- 
containing groups--hydroxyl, e ther ,  and carbonyl--are the  same as those reportedly 
found i n  coa ls  of 2 80% carbon (1). 

Socrates  (48) caut ions against  comparing changes i n  r e l a t i v e  i n t e n s i t i e s  of 
funct ional  groups' bands t o  get changes i n  t h e i r  r e l a t i v e  amounts because s i g n a l s  
associated with p a r t i c u l a r  funct ional  groups can be augmented (and sometimes s h i f t -  
ed) by c e r t a i n  adjacent  atoms or  funct ional  groups (=.&.. t h e  in tens i ty  of t h e  C-H 
aromatic s t r e t c h  hand a t  1600 cm-' can be enhanced by e i t h e r  r ing ni t rogen or 
hydroxyl groups (51)): Nevertheless, we can make some q u a l i t a t i v e  observat ions 
from the spec t ra  i n  Figure 6 respon- 
s i b l e  f o r  t h e  3150-3550 cm-I band i n  Figure 6a disappear by 1312 K ( 6 4  and remain 
absent from t h e  spec t ra  of sam l e s  produced a t  higher  temperatures. This ohserva- 
t i o n  is  cons is ten t  with t h e  'H NMR determination of a temperature-induced drop i n  
hydroxyl content of the  bituminous coa l  t a r s  of Collin. e t  1. ( 8 ) .  If. as  recom- 
mended (50). a q m a t i c  H is represented by t h e  700-900 *band and a l i p h a t i c ,  by 
the  2800-3000 cm band, then Figure 6 a l s o  reveals  a reduction i n  a l i p h a t i c  (or 
hydroaromatic) hydrogen r e l a t i v e  t o  aromatic hydrogen--a reduction cons is ten t  w i t h  
the  r e s u l t s  of Solomon. &. (50) f o r  t a r s  of another Pi t tsburgh Seam bituminous 
coal .  Figure 6 a l s o  implies a r e l a t i v e  decrease i n  e ther ic  f u n c t i o n a l i t i e s  and a 
r e l a t i v e  increase  i n  carbonyl f u n c t i o n a l i t i e s  as  temperature increases .  PAC t h u s  
appear t o  adhere t o  the  following order  of reac t iv i ty :  

Most no t iceable  i s  t h a t  the  OH or NH groups 

hydroxyl- and/or amino-substituted PAC > alkyl-  and ether-subst i tuted PAC > 
unsubst i tuted PAC and PAC with carbonyl groups. 
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It i s  i n s t r u c t i v e  t o  compare t h i s  experimentally observed order  of r e a c t i v i -  
ties According t o  t h i s  
theory (11). the  bonding between two reac tan ts  par t ic ipa t ing  i n  any of a number of 
kinds of react ions (e.g.. concerted, f r e e  radical .  ionic)  occurs by overlap of t h e  
highest energy occupied molecular o r b i t a l  (HMO) of one species  with t h e  lowest 
energy unoccupied o r b i t a l  (LUMO) of t h e  other .  Reactions a r e  most e n e r g e t i c a l l y  
favored f o r  high HOMO energies and low LUMO energies. I f  the reac tan t  providing 
the LUMO i s  f ixed,  then the  r e a c t i v i t i e s  of compounds reac t ing  with t h i s  spec ies  
w i l l  follow the  order of t h e  compounds' HOMO energies. Except f o r  a minus s ign .  
ionizat ion poten t ia l s  a r e  "roughly t h e  energies  of the  HOMOs" (11). so lower ion i -  
zat ion poten t ia l s  denote higher  energy HOMOs and higher r e a c t i v i t i e s .  Figure 7 
displays t h e  values of ionizat ion poten t ia l s ,  measured by photoionization mas6 
spectrometry. a s  reported by Franklin. g. (12) f o r  a v a r i e t y  of one- and 
two-ring PAC. Figures 7a. b. and e show t h a t  t h e  r e a c t i v i t y  of an aromatic spec ies  
i s  increased by an increase i n  e i t h e r  t h e  number of a lkyl  s u b s t i t u t e n t s  or t h e  
number of carbons within an a lkyl  subs t i tuent .  Figure 7c reveals  t h e  s t rongly  
ac t iva t ing  e f f e c t  ( r e l a t i v e  t o  benzene) of an amino N at tached d i r e c t l y  t o  the  aro-  
matic ring. Figure 7d shows the a c t i v s t i n g  e f f e c t  of e t h e r i c  o r  hydroxyl groups 
and the s l i g h t l y  deact ivat ing e f fec t  of the carbonyl group. Thus PAC r e a c t i v i t y .  
as  inferred from ionizat ion poten t ia l s ,  follows the  order: 

with what might be predicted from f r o n t i e r  o r b i t a l  theory. 

aromatic amines > aromatic e t h e r s  mult ia lkylated PAC ='phenols  > 
monoalkylated PAC > unsubst i tuted PAC 2 carbonyl-substituted PAC, 

consis tent  with our experimental observations. 

The above order  helps  t o  explain t h e  behavior of the  S curve i n  Figure 5. I n  
Regime 1. the  subs t i tu ted  PAC are  composed of a s igni f icant  port ion of very reac-  
t i v e  compounds with hydroxyl and/or NH. e ther ic ,  and a l k y l  funct ional  groups. The 
S curve f a l l s  s teeply as  these very reac t ive  subs t i tu ted  PAC disappear. By the  end 
of Regime 1. t h e  t o t a l  mass of subs t i tu ted  species--especially t h a t  of t h e  most 
reac t ive  ones--is severely reduced. The s lope of t h e  S curve thus becomes less 
steep. 

In te rpre ta t ion  of the U curve i n  Figure 5 i s  less clear-cut .  I n  addi t ion  t o  
the  values i n  Figure 7. Franklin. 1. (12) provide ionizat ion p o t e n t i a l s  f o r  
some PAC of 2 two r ings (e.&.. anthracene, 7.55 eV; benzo[clphenanthrene. 8.12 e V ;  
and acenaphthylene. 8.73 eV). which ind ica te  a var ia t ion  i n  r e a c t i v i t y  among t h e  
unsubst i tuted PAC a s  w e l l .  of 
the  U curve. 

Two a l t e r n a t i v e s  emerge t o  account f o r  t h e  behavior 

Alternat ive 1 holds t h a t  there  i s  a s igni f icant  difference between t h e  reac- 
t i v i t i e s  of the  unsubst i tuted PAC and t h e  subs t i tu ted  PAC with the  more a c t i v a t i n g  
funct ional  groups (amino. hydroxyl, e ther ,  mult ia lkyl)  . While these highly reac- 
t i v e  subs t i tu ted  PAC are present  (Regime 1). soot  formation i s  dminated  by t h e  
conversion of these  species .  There may be conversion react ions within the  unsub- 
s t i t u t e d  PAC c l a s s  t o  accomodate differences i n  individual  species '  r e a c t i v i t i e s .  
but there  is negl ig ib le  t r a n s f e r  i n t o  t h e  c l a s s  from conversion of subs t i tu ted  PAC 
o r  out of the  c l a s s  from conversion of unsubst i tuted PAC t o  soot  i n  Regime 1. A t  
the  end of Regime 1. however. the  remaining subs t i tu ted  species  a r e  much less reac- 
t i v e  than those i n i t i a l l y  present ,  and t h e r e  is no longer a la rge  d i s p a r i t y  between 
the  r e a c t i v i t i e s  of t h e  subs t i tu ted  and unsubst i tuted PAC. The unsubst i tuted PAC 
begin t o  convert t o  soot  too,  and the  U curve decl ines  i n  Regime 2. 
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Alternat ive 2 suggests  t h a t ,  although the  subs t i tu ted  PAC a r e  more reac t ive  a s  
a c l a s s  than t h e  unsubst i tuted PAC, there  a r e  cer ta in  unsubst i tuted PAC with reac- 
t i v i t i e s  comparable t o  those of the more reac t ive  substi.tuted PAC. These more 
reac t ive  unsubat i tuted PAC convert t o  soot  i n  Regime 1. where t h e i r  loss is o f f s e t  
by a gain i n  unsubat i tuted PAC produced by react ions of subs t i tu ted  PAC. As pyro- 
l y t i c  condi t ions become more severe (Regime 2). conversion of unsubst i tuted PAC t o  
soot preva i l s  Over production of unsubstituted PAC. The balance i s  upset. and t h e  
U curve dec l ines .  

The two Al te rna t ives  represent f a i r l y  extreme cases .  It  i s  c e r t a i n l y  l i k e l y  
t h a t  the  t r u e  i n t e r p r e t a t i o n  l i e s  somewhere between these  extremes. but  our data 
do not permit us t o  be any more exact a t  t h i s  time. 

The three  pronounced peaks between 700 and 900 cm-' i n  the  spectra  of Figure 6 
a r i s e  from aromatic C-H out-of-plane deformation. The p o f i t i o n  of each peak 
denotes the  pumber of adjacent  r ing hydrogen atoms' 830-900 cm , one lone H atom; 
800-860 cm- , two adjacent  H atoms; 735-820 cm-'. th ree  t o  f i v e  adjacent  H atoms 
(40.48). f o r  
t h e  six samples analyzed. Although s e l e c t i v e  removal of PAC with subs t i tuents  a t  
c e r t a i n  pos i t ions  would have some influence on t h e  d i s t r i b u t i o n  of aromatic H 
atoms. one might expect t h e  overal l  loss  of subs t i tu ted  PAC t o  cause a general 
s h i f t  toward a higher  number of adjacent H atoms. Figure 8 displays a s l i g h t  
decrease i n  t h e  f r a c t i o n  of lone H--more pronounced i n  Regime 1 (8.7,Y,4.5)--that 
could be considered cons is ten t  with t h e  l o s s  of subs t i tu ted  PAC. L e s s ' q n a b l e  t o  
explanation, however: is the  increase i n  two adjacent  H a t  the  expense of  the  t h r e e  
adjacent H i n  Regime 2 (Y<4.5)--a sign. perhaps. t h a t  o ther  fac tors  a r e  a l s o  a t  
work. e.&.. des t ruc t ion  of heterocycl ic  s t ruc tures  and r ing  build-up processes t h a t  
can form PAC of l a r g e r  r ing  number and a higher  degree of peri-condensation. 
Figure 8 al lows no conclusions t o  be drawn about t h e  r e l a t i v e  r e a c t i v i t i e s  of d i f -  
fe ren t  pos i t iona l  isomers of subs t i tu ted  PAC. 

Figure 8 por t rays  t h e  var ia t ion  i n  d i s t r i b u t i o n  of aromatic hydrogen 

EXTENSION: IMPLICATIONS FOR SOOT FORMATION 

The conversion of PAC t o  soot  can be approximated by the  following scheme: 

Sub. PAC A U n s u b .  PAC 

where t h e  t h r e e  reac t ions  a re  depicted as i r r e v e r s i b l e  s ince  our experiments never  
show a ne t  production of subs t i tu ted  PAC or  a n e t  des t ruc t ion  of aoot. Although 
many uncer ta in t ies  remain about the r e l a t i v e  dominance of the  three  react ions.  t h e  
data  imply t h e  following about t h i s  network: 

1) I n  both Regimes. at l e a s t  one of e i t h e r  RZ or R1-R3 must occur. 

2)  R3 must occur i n  Regime 2. 

3) I f  soot forms v i a  the combination Rl-R3 .  then R 1  = R3 i n  Regime 

It occurs in  Regime 1 only i f  R1 = R3.  

1 and 
R1 5 R 3  i n  Regime 2. 

4) I f  soot cannot form v i a  the  combination Rl-R3. then R2 must occur 
throughout Regimes 1 and 2; and R 3  must occur only i n  Regime 2. 
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It would appear t h a t  i f  conversion of subs t i tu ted  PAC t o  soot  does f i r s t  
e n t a i l  conversion t o  unsubst i tuted PAC, then it does not merely involve removal of 
the  subst i tuent  group: L e w i s  and Edstrom (38) report  7.12-dimethylbenz[al-anthra- 
cene t o  form s igni f icant ly  more soot  than benz[alanthracene. Davis and Scul ly  (10) 
and Glassman (16) report  t h e  alkylated naphthalenes and benzenes t o  have higher  
sooting tendencies than t h e i r  unalkylated homologs. If benzene, naphthalene. and 
benzIalanthracene a r e  lesh l i k e l y  t o  form soot  than t h e i r  a lkylated der ivat ives .  
then it is unl ikely t h a t  conversion of an a lkyla ted  PAC t o  soot  proceeds v i a  the 
removal of t h e  a lkyl  group t o  form the unalkylated homolog. 

I f .  as  asser ted  by o thers  (20.24,37). the  conversion of PAC t o  soot  involves 
the  formation of a reac t ive  f r e e  rad ica l ,  then PAC r e a c t i v i t y  should c o r r e l a t e  with 
the ease of rad ica l  formation. The formation of a u-type rad ica l  (e.!.. phenyl, 
naphthyl) by abs t rac t ion  of a ring-attached H atom or methyl group requi res  approx- 
imately 100 kcal/mole (37)--a high bond d issoc ia t ion  energy due t o  the  l o c a l i z a t i o n  
of the resu l t ing  f r e e  electron.  To form n-type rad ica ls  like benzyl. however, 
requires  only about 77 kcalfmole because t h e  resu l t ing  unpaired electron i s  reso- 
nance-stabilized (37). Alkyl-substituted PAC would then be expected t o  be more 
react ive than unalkylated PAC. 

Subst i tuted PAC with hydroxyl groups can evident ly  form rad ica ls  even more 
eas i ly .  Gavalas (15) repor t s  t h e  profound ac t iva t ing  e f fec t  of a hydroxyl group 
substitut>ed i n  the ortho or para posi t ion of an aromatic un i t  (Ar) l inked by a 
methylene bridge. Because of keto-enol tautomerism. d issoc ia t ions  of t h e  type 

HO-Ar-CHZ-X HO-Ar-CH2' + X'  (X = H. CH3. Ar. CH2-Ar) 

a r e  very highly energe t ica l ly  favored over t h e  type 

Ar-CH2-X Ar-CH2' + X'. 

Activation energies  f o r  the  dissociat ion of a r y l  and a r y l j a l k y l  e thers  l i e  i n  t h e  
same range as those of aromatics with a lkyl  subs t i tuents  or methylene bridges (15). 
Thus our experimentally observed order of deplet ion of PAC p a r a l l e l s  tha t  suggested 
by ease of rad ica l  formation: hydroxyl-substituted PAC > alkyl-  and ether- subs t i -  
tuted PAC > unsubst i tuted PAC. 

CONCLUSIONS 

1. A s  observed i n  previous s tud ies  i n  our laboratory (42). there  is  a constancy of 
summed PAC and soot  y ie lds  t h a t  ind ica tes  a conversion of PAC t o  soot .  

The a b i l i t y  t o  separate  subs t i tu ted  PAC from unsubst i tuted PAC reveals  d i f fe rences  
i n  t h e i r  pyrolysis  behaviors: A t  low temperatures (I 1312 K a t  6 in )  or shor t  
times (drop dis tances  5 4 i n  a t  1375 K), y i e l d s  of subs t i tu ted  PAC f a l l  markedly 
with an increase i n  e i t h e r  temperature or  t i m e ;  y i e l d s  of unsubst i tuted PAC remain 

! constant. Both c lasses  of PAC reac t  away, however, st higher  temperatures or 
longer times. 

2 .  

I 

). 
3. P lo t t ing  subs t i tu ted  and unsubst i tuted PAC yie lds  versus  t o t a l  PAC y ie ld  Y recon- 

c i l e s  d a t a  taken a t  constant dis tance and var iab le  temperature with those taken a t  
constant temperature and var iab le  distance. Because subs t i tu ted  and unsubst i tuted 
PAC yie lda  prove t o  be so le ly  functions of Y. Y apt ly  serves  as  a s ing le  parameter 
f o r  pyrolysis  sever i ty  s ince it accounts f o r  v a r i a t i o n s  i n  composition due t o  
e i ther  temperature or time. 
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For the bituminous c o a l  invest igated.  the y i e l d s  of subs t i tu ted  and unsubst i tuted 
PAC suggest two PAC conversion regimes. Although r e a c t i v i t i e s  may vary from spe-  
c i e s  t o  species  wi th in  a c lass .  a t  low PAC conversions. subs t i tu ted  PAC as  a c l a s s  
c lear ly  display a much higher  decay than the  unsubst i tuted PAC: Subst i tuted PAC 
y ie lds  f a l l  by a f a c t o r  of -3.5: whereas the  unsubst i tuted PAC show no n e t  change. 
Though s t i l l  evident a t  high PAC conversion, d i f fe rences  i n  the  two c lasses '  decays 
a r e  much less pronounced. those 
of the  subs t i tu ted  PAC, but  both c lasses  undergo s i g n i f i c a n t  conversion t o  soot .  

Conversion of PAC corresponds t o  d i f fe rences  i n  the  kinds of funct ional  groups 
present. A t  h igh values  of Y. FP-IR shows t h a t  there  a r e  s i g n i f i c a n t  amounts of  
PAC with a l k y l ,  e t h e r ,  carbonyl, and hydroxyl and/or amino groups. Further  pyrol- 
y s i s .  however. e f f e c t s  s e l e c t i v e  removal of the hydroxyl- and/or amino-substituted 
PAC. A s  t h e  unsubst i tuted PAC become more prevalent ,  r e l a t i v e  contr ibut ions from 
a l k y l  and e t h e r  f u n c t i o n a l i t i e s  go down and carbonyl subs t i tu t ion  becomes s l i g h t l y  
more s igni f icant  . 
Wirhout specifying t h e  kind of react ion mechanism, w e  can apply f r o n t i e r  o r b i t a l  
theory t o  PAC conversion react ions.  This theory, along with values  of ion iza t ion  
poten t ia l s  found i n  t h e  l i t e r a t u r e  (12). suggests t h a t  PAC r e a c t i v i t y  follows t h e  
order: 

Unsubstituted PAC yie lds  remain appreciably above 

aromatic amines aromatic e thers  2' mult ia lkylated PAC 2' phenols > 
monoalkylated PAC > unsubst i tuted PAC 2 carbonyl-substituted PAC. 

which is  cons is ten t  with our experimental r e s u l t s .  

I f  w e  restrict t h e  PAC conversion react ions t o  involve f r e e  rad ica l  formation, then 
we  again see agreement between theory end experiment. Less energy is  needed t o  
form f ree  rad ica ls  from PAC with hydroxyl. a lkyl ,  and e t h e r  subs t i tuents  than from 
unsubst i tuted PAC. 
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THERMOLYSIS OF SURFACE-ATTACHED 1,3-DIPHENYLPROPANE: IMPACT OF SURFACE 
IMMOBILIZATION ON THERMAL REACTION MECHANISMS 

A. C. Buchanan, 111 and C. A. Riggs 

Chemistry D i  v i  s i  on 
Oak Ridge National Laboratory 

P. 0. Box x 
Oak Ridge, Tennessee 37831-6197 

INTRODUCTION 

Attempts t o  understand t h e  thermal chemistry o f  coal a t  the molecular l e v e l  are 
severely complicated by i t s  inherent  p roper t ies :  a d iverse  ar ray  o f  s t r u c t u r a l  u n i t s  
(e:g., aromatic, hydroaromatic, and h e t e r o c y c l i c  aromatic c l u s t e r s  connected by s h o r t  
a l i p h a t i c  and e ther  l i n k s )  and f u n c t i o n a l  groups (e.g., phenol ic hydroxyls,  car -  
boxyls,  and bas ic  n i t rogens)  i n  a cross-1 inked macromolecular framework w i t h  no 
repeat ing u n i t s  (1,2). h e  s i m p l i f y i n g  experimental approach has been t h e  study o f  
i n d i v i d u a l  model compounds t h a t  high1 i g h t  s t r u c t u r a l  fea tures  i n  coal. A compl i -  
c a t i n g  f e a t u r e  i n  t h e  i n t e r p r e t i v e  e x t r a p o l a t i o n  o f  model compound behavior t o  coal 
i s  the  poss ib le  mod i f i ca t ions  i n  f r e e - r a d i c a l  r e a c t i v i t y  pa t te rns  r e s u l t i n g  from 
r e s t r i c t e d  t r a n s l a t i o n a l  m o b i l i t y  i n  t h e  coal where breaking one bond i n  t h e  macromo- 
l e c u l a r  s t r u c t u r e  w i l l  r e s u l t  i n  r a d i c a l  centers t h a t  are s t i l l  attached t o  t h e  r e s i -  
dual  framework. We are modeling t h i s  phenomenon by s tudy ing  the thermolys is  o f  model 
compounds t h a t  are immobilized by covalent attachment t o  an i n e r t  surface. Previous 
s tud ies  o f  s u r f a c e - i m o b i  1 i zed  bibenzyl  ( 1 , 2 d  iphenyl ethane) showed t h a t  immobi 1 i za- 
t i o n  can pro found ly  a l t e r  f r e e - r a d i c a l  reac t ion  pathways compared w i t h  the  
corresponding f l u i d  phase behavior (3).  
became dominant decay routes lead ing  t o  rearrangement, c y c l i z a t i o n ,  and hydrogenoly- 
s i s  o f  t h e  bibenzyl  groups. 
e f f e c t s  o f  surface immobi l i za t ion  on t h e  thermolysis o f  1,3-diphenylpropane, whose 
f l u i d  phase behavior has been ex tens ive ly  inves t iga ted  (4-8). 

I n  p a r t i c u l a r ,  f ree- rad ica l  chain pathways 

In t h i s  paper we descr ibe pre l im inary  r e s u l t s  on t h e  

EXPERIMENTAL 

Surface-immobilized 1 ,3d ipheny l  propane (--DPP) was prepared a t  s a t u r a t i o n  
coverage by t h e  condensation a t  225 'C o f  excess pHOPh(CH2)3Ph w i t h  the  surface 
hydroxyl  groups o f  a fumed s i l i c a  (Cabosil M-5, Cabot Corp., 200 m2/g) according t o  
t h e  procedure descr ibed prev ious ly  f o r  surface-immobilized bibenzyl  (3) .  Excess phe- 
no l  was removed by heat ing  a t  300 (Batch A) o r  270 O C  (Batch B) f o r  0.5 h under a 
dynamic vacuum. The lower temperature used f o r  Batch B appears t o  minimize a t r a c e  
amount o f  r e a c t i o n  (ca. 0.02%) t h a t  occurs dur ing  t h i s  p u r i f i c a t i o n  stage. GC analy-  
s i s  f o l l o w i n g  a base h y d r o l y s i s  assay procedure (3) gave coverages o f  0.586 (Batch A) 
and 0.566 (Batch B) mmol --DPP per  gram o f  f i n a l  product. The s t a r t i n g  phenol was 
prepared by t h e  a c i d  catalyzed condensation o f  cinnamyl alcohol  (PhCH=CHCH20H) and 
phenol (9) fo l lowed by c a t a l y t i c  hydrogenation (10% Pd/carbon) o f  t h e  o l e f i n i c  i n t e r -  
mediate. 

been thoroughly descr ibed elsewhere (3).  
mater ia l  (0.17-0.23 mmol --DPP) are employed, and v o l a t i l e  products are c o l l e c t e d  i n  
a c o l d  t r a p  and then analyzed by GC and GC-MS. 
at tached products a re  l i b e r a t e d  as phenols f o l l o w i n g  d i g e s t i o n  o f  the  s i l i c a  i n  1 N 
NaOH, s i l y l a t e d  t o  t h e  corresponding t r i m e t h y l s i l y l  ethers,  and analyzed as above. 

Thermolysis ( i n  sealed, evacuated tubes) and product ana lys is  procedures have 
Typ ica l l y  0.3-0.4 g o f  surface-attached 

In  a separate procedure sur face-  
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RESULTS AND D I S C U I S I f i  

Thermolyses have been performed a t  345 and 375 "C, and the  product d i s t r i b u t i o n s  
f o r  the f o u r  major p r imary  products and t h e  major secondary products are shown as a 
f u n c t i o n  o f  --DPP conversion i n  F igure  l a .  
1.94%) were obtained a t  345 "C, w h i l e  t h e  remainder o f  t h e  data was obtained a t  375 
"C. 
terms o f  products de tec ted  and t h e i r  r e l a t i v e  y i e l d s .  The only d i f f e r e n c e  observed 
was a s l i g h t l y  s lower r e a c t i o n  r a t e  f o r  batch B (ca. 30%) perhaps r e f l e c t i n g  a 
s l i g h t l y  h i g h e r  p u r i t y  as a r e s u l t  o f  p u r i f i c a t i o n  a t  the  lower temperature (see 
experimental sec t ion) .  

i n  e s s e n t i a l l y  equal amounts as shown below. 

The two lowest conversion runs (1.50 and 

Resul ts f rom t h e  two d i f f e r e n t  h igh  coverage batches o f  --DPP were cons is ten t  i n  

We f i n d  t h a t  a t  low conversions (<-3%) --OPP cracks t o  form f o u r  major products 

--Ph(CH2)3Ph + --PhCH3 + PhCH=CH2 + --PhCH=CH2 + PhCH3 1) 

1 2 3 4 

Thermolysis o f  l i q u i d  DPP a t  very l o w  conversions a l s o  gave a correspondingly s imple 
product d i s t r i b u t i o n  as shown i n  Eq. 2 (4).  

Ph(CH2)3Ph + PhCH3 + PhCH=CH2 2) 

Hence a t  l o w  conversions, t h e  surface- immobi l ized DPP i s  reac t ing  i n  an analogous 
fash ion  t o  l i q u i d  DPP. The a d d i t i o n a l  product p a i r  observed i n  the  thermolysis o f  
--DPP r e s u l t s  f rom t h e  f a c t  t h a t  t h e  two ends o f  t h e  DPP molecule are no longer 
equ iva len t  u on cova len t  sur face  attachment. The i n i t i a l  r a t e  o f  t h e  --DPP r e a c t i o n  

9 min r e a c t i o n  p e r i o d ) ,  and t h i s  decomposition r a t e  i s  comparable t o  t h a t  measured 
f o r  l i q u i d  DPP (ca. 19% h - l )  (4) .  
a t  h igh coverage i s  n o t  per tu rb ing  the  i n i t i a l  r e a c t i o n  behavior o f  the  DPP moiety. 

cha in  r o u t e  whose c h a i n  propagat ion steps are  shown i n  Eqs. 3 and 4 (4).  I n  the case 

i s  1 5 2 0 %  h- P a t  375 O C  f o r  t h e  two batches (based on a 2.3-3.0% conversion a f t e r  a 

This f u r t h e r  i n d i c a t e s  t h a t  surface immobi l i za t ion  

The f a c i l e  decomposition o f  l i q u i d  DPP was demonstrated t o  a r i s e  from a r a d i c a l  

PhiH2 + PhCH2CH2CH2Ph + PhCH3 + PhiHCH2CH2Ph 3) 

PhCHCH2CH2Ph + PhCH=CH2 + PhCH2 4) 

o f  --DPP, two d i s t i n c t  benzy l i c  r a d i c a l s  can be formed by hydrogen a b s t r a c t i o n  
(Eq. 6) f o l l o w i n g  a smal l  amount o f  i n i t i a l  homolysis (Eq. 5 ) .  Each rad ica l  can then 
undergo a r a p i d  8 - s c i s s i o n  process (Eqs. 7 and 8) t o  produce the surface bound and 
f r e e  styrene products ( 3  and 2 respec t ive ly )  analogous t o  Eq. 4. The f r e e  and 
surface- immobi l ized benzyl r a d i c a l s  propagate the  cha in  by reac t ing  w i t h  --DPP 
(Eq. 6; R = PhCH?) t o  form t h e  f r e e  and surface bound to luene products ( 4  and 1 
r e s p e c t i v e l y )  w h i l e  regenerat ing 5 and 6. 

--PhCH2 + PhCH2CH2 

--PhCH2iH2 + PhiH2 

--Ph( CH2)3Ph 
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--PhtHCH2CH2Ph t RH 6a 1 

--PhCH2CH2iHPh t RH 6b 1 

( o r  --RH) 
5 

( o r  --RH) 
6 

--PhCHCH2CH2Ph + --PhCH=CH2 t PhCH2 7) 
5 

--PhCH2CH2CHPh + --PhCH2 + PhCH=CH2 8) 

6 

No s e l e c t i v i t y  i s  observed f o r  t h e  two poss ib le  decay routes t h a t  form the  product 
p a i r s  1 and 2 o r  3 and 4. This  suggests t h a t  a t  low conversions, rad i ca l s  5 and 6 are 
formed w i t h  equal p r o b a b i l i t y  and t h a t  t h e i r  8-sc iss ion react ions (Eqs. 7 and 8) 
occur a t  equal rates.  Trace q u a n t i t i e s  o f  o ther  pr imary products (each <0.05 mol% o f  
t h e  products) i n c l u d i n g  f r e e  and sur face bound PhC2H5 (Eq. 6; R = PhC2H4) and f r e e  
bibenzyl ( f rom benzyl rad i ca l  coupl ing)  a re  a l so  detected. 

As t he  convers ion o f  --DPP increases, there i s  a divergence i n  t h e  y i e l d s  o f  t he  
f o u r  main products  (Fig. l a ) ,  and several  secondary products a re  formed i n  small b u t  
increas ing y i e l d s .  The most s i g n i f i c a n t  of these (reaching about 2.8 mol X o f  the  
products a t  23% conversion) i s  --Ph(CH2)3Ph--, 7 ( i d e n t i f i e d  by GC-MS as t h e  
corresponding b i s t r i m e t h y l  s i l y l  e the r  a f t e r  workup). The format ion o f  t h i s  doubly 
attached product  a r i s e s  from a secondary reac t i on  t h a t  consumes 3, perhaps v i a  addi -  
t i o n  of  surface-attached benzyl r a d i c a l  (which would normally have reacted t o  form 1) 
t o  the  surface-attached styrene. Addi t ional  secondary products observed a t  h igher  
conversion i n c l u d e  several u n i d e n t i f i e d  isomers o f  composit ion corresponding t o  
--C23H22--. These products a l s o  i n v o l v e  the consumption o f  sur face bound s ty rene  
(and a --DPP) and have a formal analog, 1,3,5-triphenylpentane, amongst t he  secondary 
products detected i n  t h e  thermolys is  o f  l i q u i d  DPP (4).  
conversion s tud ied  (23%), t he  secondary products sum t o  on l y  5 mol % of t h e  t o t a l  
products. The rad i ca l  chain decomposition of surface-immobil ized DPP i s  a very e f f i -  
c i e n t  process w i t h  an estimated k i n e t i c  chain l eng th  (c.1.z (PhVi + --PhVi)/4PhEt) o f  
200 a t  345 "C. 
homolysis (Eq. 5) and t h a t  a l l  PhC2H4. s t a r t  chains. 

One o f  t h e  most i n t e r e s t i n g  features t o  emerge from t h i s  study i s  an observed 
s e l e c t i v i t y  f o r  t h e  rad i ca l  cha in  r e a c t i o n  path t h a t  forms 1 and 2 r e l a t i v e  t o  t h a t  
which forms 3 and 4 as the  conversion increases. 
Fig. l b  where the  s tyrene t o  to luene y i e l d  r a t i o  (these products are no t  consumed i n  
secondary reac t i ons )  i s  used as an i n d i c a t o r  o f  t h i s  s e l e c t i v i t y .  
increases monotonica l ly  from a va lue o f  1.00 (k0.02) i n d i c a t i n g  no s e l e c t i v i t y  a t  
conversions ~ 4 %  t o  a va lue o f  1.41 (t0.04) a t  23% conversion. We prev ious l y  observed 
i n  the  case o f  surface-immobil ized bibenzyl t h a t  reac t i on  ra tes  o f  rad i ca l  chain 
pathways are ve ry  s e n s i t i v e  t o  changes i n  surface coverage (3). These s tud ies  a l so  
l n d i c a t e d  t h a t  un imolecular  steps such as Eqs. 7 and 8 should be unaf fected by such 
surface coverage changes. 
h ighe r  conversions may i n d i c a t e  t h a t ,  as the  molecules o f  --DPP become spread apar t  on 
t h e  surface, hydrogen abs t rac t i on  a t  t h e  benzy l i c  carbon t h a t  i s  f a r t h e s t  f rom t h e  
surface i s  becoming favored, i.e., s e l e c t i v i t y  f o r  format ion o f  6 (Eq. 6b) r e l a t i v e  
t o  5 (Eq. 6a). However t h e  compl icat ion r e s u l t i n g  from t h e  format ion o f  secondary 
products, which l i k e l y  i nvo l ve  t h e  reac t i on  o f  5 and 6, does n o t  a l l o w  a f i r m  

However even a t  t h e  h ighes t  

This  c a l c u l a t i o n  assumes t h a t  t he re  i s  no s e l e c t i v i t y  i n  t h e  i n i t i a l  

I 

1 This  i s  most c l e a r l y  seen i n  

The r a t i o  

The observed r e g i o s p e c i f i c i t y  i n  the  reac t i on  of --DPP a t  
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conclusion t o  be reached a t  t h i s  time. Pdd i t iona l  i n s i g h t s  i n t o  the  cause o f  t h i s  
r e g i o s p e c i f i c i t y  should be gained from c u r r e n t  studies being performed a t  lower i n i -  
t i a l  surface coverages. 

CONCLUSIONS 

Covalent attachment of  o rgan ic  compounds onto an i n e r t  s i l i c a  surface has proven 
t o  be a successful  methodology f o r  exp lo r ing  t h e  thermal r e a c t i o n  chemistry o f  coal  
model compounds under surface- immobi l ized cond i t ions  a t  temperatures re levant  f o r  
coa l  thermolysis.  Previous s tud ies  of surface-attached bibenzyl  showed t h a t  r e s t r i c -  
t i o n s  on f r e e - r a d i c a l  m o b i l i t y  can have a s i g n i f i c a n t  impact on r e a c t i o n  ra tes  and on 
t h e  nature and composi t ion of  t h e  r e a c t i o n  products when compared w i t h  f l u i d  phase 
behavior. The c u r r e n t  i n v e s t i g a t i o n  o f  t h e  thermolysis o f  surface-immobilized 
1,3diphenylpropane has shown t h a t  f a c i l e  decomposition o f  the  t r imethy lene l i n k  by 
means o f  a r a d i c a l  c h a i n  process can s t i l l  occur under surface-immobilized con- 
d i t i o n s .  
p e t i n g  r a d i c a l  cha in  decay pathways t h a t  cyc le  through benzy l i c  r a d i c a l s  5 and 6. 
However a t  h igher  conversions, a s e l e c t i v i t y  i s  observed favor ing  the  r a d i c a l  cha in  
rou te  c y c l i n g  through 6. Experiments a re  i n  progress t o  determine i f  t h i s  selec- 
t i v i t y  i s  a r e s u l t  o f  r e g i o s p e c i f i c  hydrogen t r a n s f e r  on t h e  surface a t  lower sur face  
coverages. 

I 

For --DPP no s e l e c t i v i t y  i s  observed a t  low conversions f o r  t h e  two com- 
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THE.CASE FOR INDUCED BOND SCISSION DURING COAL PYROLYSIS 

Donald F. McMillen, Ripudaman Malhotra, and S .  Esther Nigenda 

Department of Chemical Kinetics, SRI International 
333 Ravenswood Ave., Menlo Park, CA, 94025 

INTRODUCTION 

Most coal pyrolysis models invoke spontaneous thermal scission of inherently 
weakbonds as the sole pyrolytic reaction leading to depolymerization of coal 
structures (1) .* 
the only additional chemical factors that impact the "net" cleavage are 
scavenging and crosslinking of thermally generated radicals, which can be 
affected primarily by varying heating rates and other factors that affect heat 
and mass transport. In contrast to this traditional picture, data obtained by 
various researchers (partly in the context of coal liquefaction), when taken 
together, provide a strong argument that induced scission of strong bonds plays a 
significant role during coal pyrolysis. In this paper we attempt to summarize 
this argument. 

In this view, bond scission is dependent only on temperature; 

The types of bond cleavage occurring during pyrolysis have been obscured in 
part because of the inherent difficulty of obtaining mechanistically significant 
pyrolysis activation energies. It is now well appreciated ( 3 , 4 )  that the 
apparent activation energy for a mixture that decomposes by a sequence of 
parallel first order reactions can, under conditions of rising temperature, lie 
below that of any member of the sequence. This factor is evidently responsible 
for reported activation energies as low, or lower than, 15 c l/mole , when 
coupled with plausible unimolecular scission A-factors (lo1'.' to 10i5.%nd a 5 
to 15 kcal distribution of activation energies, rates measured under non- 
isothermal conditions have been shown to correspond to mean activation energies 
of 50 to 65 kcal/mol (5). 
supporting the original presumption of weak bond thermolysis. 
kcal/mol activation energies in no way exclude bond scission that is chemically 
induced by other components in the pyrolyzing substrate. 
paragraphs, we outline some of the evidence that such induced bond scission can 
take place under pyrolysis conditions, and show how including them helps explain 
certain coal conversion phenomena. 

EVIDENCE FOR THE OCCURENCE OF INDUCED BOND SCISSION DURING PYROLYSIS 

This result has quite naturally been taken as evidence 
However, 50 to 65 

In the following 

Analogy with Coal Liquefaction. Since the acceptance of the weak-bond- 
scission/radical-capping model in coal pyrolysis has followed in large part on 
the acceptance of a similar model in coal liquefaction, and it has now been shown 
that such a model is inadequate (6-9) for liquefaction, it should also be 
considered whether the model is inadequate for pyrolysis. 
relegates the liquefaction solvent to a role of merely scavenging thermally 
generated radicals. However, liquefaction effectiveness of various polycyclic 
aromatic hydrocarbons (PCAH) has been shown very distinctly not to correlate with 
scavenging, or radical-capping, effectiveness ( 6 . 9 ) .  For instance, 9,lO- 
dihydroanthracene and its parent hydrocarbon are generally seen to be 

The traditional model 

*In the most mechanistically complete model of coal pyrolysis presented to date, 
Gavalas and co-workers have included bond scission induced by ipso attack of H- 
atoms on linkages to aromatic rings (2). Their suggestion seems to have been 
either largely ignored, or considered to be a minor side reaction in the 
production of volatiles. 
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substantially inferior to dihydrophenanthrene and dihydropyrene, even though 
dihydroanthracene is a markedly better scavenger. The inferiority of anthracene 
is most pronounced in the case where the solvent has no hydroaromatic hydrogen to 
transfer to the coal, but can only assist in shuttling hydrogen from one part of 
the coal structure to another (10-12). Under these conditions, the traditional 
mechanism requires in-situ formation of hydroaromatic, which then acts as the 
capping agent. Dihydroanthracene is not only the most effective scavenger (13) 
but because of thermochemical and kinetic considerations, is the hydroaromatic 
most readily formed by hydrogen transfer from coal structures. Nonetheless, it 
is typically much less effective than either of the other two PCAH. 

Since it is clear that the hydrogen being "shuttled" is not serving merely 
to scavenge fragments of bonds that have already been broken, it is very likely 
that this hydrogen shuttling is actually inducing bond scission. It is 
interesting to note that liquefaction under shuttling conditions not only 
provides the most striking examples of the inadequacy of the traditional 
liquefaction mechanism, but also resembles coal pyrolysis, in that all of the 
hydrogen demand must be supplied by the coal itself. 

Strong Bond Cleavage by Solvent Mediated Hydrogenolysis. We have used model 
compound studies (6,8) to show that in hydroaromatic-aromatic PCAH systems, 
hydrogen-transfer-induced bond scission (hydrogenolysis) of bonds too strong to 
thermolyze can be significant on liquefaction time scales, even in the absence'of 
H2 pressure. 
show (7) that such cleavage tends to be accelerated by the presence of coals, and 
moreover, to occur by a hydrogen transfer process that does not involve the 
production of free H-atoms. This "radical hydrogen-transfer" (RHT) occurs in a 
direct bimolecular process from cyclohexadienyl "carrier" radicals formed from 
PCAH solvent or coal structures. 

In addition, we have used hybrid coal/model-compound studies to 

r 

The existence of this reaction was for a long time obscured by the fact 
is often in competition with elimination and addition reactions of free H- 
atoms. Evidence for RHT has now been presented by several groups (14-16). 
an addition-elimination sequence can yield the same products as RHT, side 
reactions (H2 formation and ring hydrogenation) are associated with elimination 
addition. For this reason, a shift in the competition between H-transfer by the 
RHT process and an elimination-addition process can have a substantial impact on 
the utilization efficiency of solvent or coal hydrogen (6). Thus, we suggest not 
only that hydrogen-transfer-induced bond scission may be important in coal 
pyrolysis as well as in liquefaction, but also that the mode of hydrogen transfer 
may be more critical in pyrolysis, where the available hydrogen is limited to 
that which can be transferred from the relatively hydrogen-rich portions of the 
coal structure. The importance of hydrogenolysis mediated by solvent radicals 
(or coal radicals) moves such radicals from the category of species for which the 
only goal is to prevent retrograde reactions, to species which can, in addition, 
be sources of bond cleavage activity. 

that it 

While 

Strong-Bond Scission in Pyrolysis of Coal Models. Direct evidence for 
induced scission of alkyl-aryl linkages in the nominal absence of solvents can be 
seen in the pyrolyses of polymeric coal models consisting of aliphatic linkages 
between PCAH clusters. 
polymers (-Ar-CH2-CH2-), at 400 to 430'C and analyzed the tars by field 

Solomon and co-workers have pyrolyzed a series of 
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ionization mass spectrometry (17). This analysis revealed that polymeric coal 
models purposely synthesized to decompose entirely by thermolysis of the weak 
central bond, provide, in addition, a small but significant amount of product 
indicative of cleavage of the much stronger aryl-alkyl linkage. 

i qw2* Y F  + "g-2p,ek, f48 +c% 1 

o~igorneric Countsrwts 

-90% -10% 
Requtres scision of othu 

than benzylic linkages 

The known strengths of the two bonds (18) are such that at 400'C, the thermolysis 
halE-life of the weaker bond several hundred seconds, whereas the half-life of 
the stronger bond would be 10'' times longer - -  wholly unobservable if 
thermolysis were the only available cleavage route. 

BDE - ca 55 kcdlmol BDE m. 07 kmVmol 
hall life (400'C) - 150 e hall life (400.C) - 10 12h 

These results with weakly bonded polymers are parallel to those of Buchanan 
(19) and co-workers who have shown that when bibenzyl is immobilized by bonding 
to a silica surface, induced bond-scissions become substantially more important 
than they are in the liquid phase. The yield of benzene and ethylbenzene ranges 
from about 40 to 70% of the yield of toluene. In other words, for every one to 
two bibenzyl linkages that break spontaneously, there is another, very strong 
bond whose scission is induced by hydrogen transfer. As discussed by Buchanan, 
the restraint provided by the bonding makes radical-radical reactions less 
likely, and unimolecular reactions such as rearrangement and H-atom elimination 
more likely. 
bibenzyl structure. 

The latter reaction can then lead to hydrogenolysis of an adjacent 

1.9 . 36% 15.2.G?4 

Similarly, earlier work by Van Krevelen (20) on polymers that contained no 
weak linkages whatsoever had shown that when heated in a nitrogen stream at 
3'C/min, these single methylene bridged polymers were roughly half converted into 
volatile material during the 30 minute passage through the 450 to 550'C 
temperature range. 

BDE I EB. 85 kcaVmol 
half life (500°C) > 10' h 

-50 wffi 

For the case of the methylene-bridged naphthalene polymer, where the central 
linkage has a bond st ength of - 85 kcal/mol (18). the thermolysis half-life even 
at 550'C would be >10 hours. 
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Pyrolysis of 0- and C- Alkylated Coals. Various groups have shown that the 
methylation of coals (17,21), particularly low-rank coals, prior to pyrolysis 
improves the yields of the volatiles. These yield increases have been 
attributed to inhibition of retrograde reactions involving phenolic -OH, but they 
can also reflect an increased contribution from induced bond scission 
processes. 
have examined the product of 0- methylated and 0- and C- benzylated coals and 
found not only the expected cleavage (thermolysis) of the weak 0-benzyl and C- 
benzyl bonds, but also the cleavage of the much stronger phenyl-C bond. 

This has been illustrated recently by Stock and co-workers (22) who 

IMPORTANCE OF INDUCED BOND SCISSION 

The above results provide a very clear demonstration that induced scission 
of strong bonds in known structures does take place under pyrolysis conditions. 
These results suggest, but do not prove, that such cleavages also take place in 
coals during pyrolysis. However, the pertinent question we have to ultimately 
consider is whether such cleavage is of any significance to the practice of coal 
pyrolysis. 
transfer steps we have found to be important under liquefaction conditions can 
account for striking variations in the yields of oil and gas resulting from 
modest changes in pyrolysis conditions. 

In the following paragraphs we show that the same competing H- 

Oil and Gas Yield Variations in Hydropyrolysis. Gorbaty and Maa have 
reported (27) that the product distribution in a fixed-bed hydropyrolysis is 
critically dependent upon whether the reaction temperature exceeds the threshold 
above which there is a pronounced exotherm. The incremental yields obtained by a 
switch of the pyrolysis gas from N2 to H2 go almost exclusively to oil if the 
temperature remains below this threshold, but go almost exclusively to gas if the 
threshold temperature is exceeded. These results are shown in Figure 1. As 
indicated by the authors, the higher temperatures produced in the exotherm 
evidently result in more ring hydrogenation and ring opening (followed by 
cleavage of the newly produced side chains), yielding more gas. 

c=@ 01111 + cl-  c4 
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Higher gas production with increasing temperature is, of course, a well known 
trend in hydroliquefaction. 
the change, and what makes it so sharp. In the most general terms, it is clear 
that a shift in product distribution is a result of a shift in competing reaction 
types. More specifically, we suggest that it results from a changing competition 
between free H-atom addition and the 
transfer (RHT) process. Both of these processes, in that they put an H-atom on 
the ipso positions of aromatic structures bearing critical linkages, can lead to 
the fragmentation necessary to produce oils. However, under conditions where 
free H-atoms dominate, hydrogen is transferred much more unselectively to aroma- 
tic ring positions, regrardless of whether or not they bear linkages. Conse- 
quently there are, as suggested in reactions 9 and 10, many more side reactions 
that lead to excessive gas formation. 

The question is, what factors are responsible for 

H-transfer via the radical hydrogen- 

To understand why dominance by free H-atoms leads to very inefficient use of 
transferred hydrogen to cleave linkages, it is necessary to consider the fate of 
the "non-ipso" radicals - -  cyclohexadienyl radicals in the coal structure formed 
by H-transfer to positions not bearing any linkage. In contrast to the ipso- 
radicals, which result in rapid and irreversible cleavage of the linkage, the 
non-ipso radicals are sufficiently long-lived to allow subsequent bimolecular 
reactions. Either the initial hydrogen transfer can be followed by further 
hydrogen transfers to produce reduced-but-uncleaved product, or the non-ipso 
radical can transfer a hydrogen transfer back to an aromatic by RHT ( 6 )  leading 
to no net change.* 

radical  ipso  & B - fast @ + x .  11) 

X 

13 1 

*Cleavage of the ipso radical ArX' will generally be so rapid as to be 
.irreversible regardless of the nature of X'. For instance, we estimate, from the 
known bond strengths (18,24), that elimination of an unstablized primary radical 
(a simple alkyl chain from the 9-position of a phenanthrene ring has a half-life 
at 400'C of about lo-' seconds; that is, sufficiently short to make transfer of a 
second hydrogen from any available source (ArH2, H', H2, ArH') uncompetitive. 
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The effectiveness of the aromatic pool in regaining "wastefully" transferred 
hydrogen is a function of the nature and concentration of the aromatic and the 
temperature. 
increases with increasing aromatic concentration in the solvent (or in the coal 
if there is no solvent). 
of aromatic is too low, the non-ipso radicals will obtain a second hydrogen 
(e.g., from another molecule of ArH2) to yield uncleaved dihydro product. 
higher temperatures, the endothermic reactions 

At a given temperature, the rate of this retrieval of hydrogen 

On the other hand, to the extent that the concentration 

At 

ArH' -+ Ar + H' AHH'(Ar - PCAH) > 25 kcal/mol 14) 

are shifted to the right, and any given Ar becomes less effective as a 
"reservoir" for H-transfer activity. 
have a greater opportunity to obtain a second hydrogen to form dihydro- 
aromatics. Such dihydronaphthalene-type species are very reactive and will be 
rapidly further reduced to tetrahydro products. The dihydro and tetrahydro 
products are then subject to ring-opening and loss of all or part of the newly 
formed chains as C1 to C4 hydrocarbons. 

This means that the non-ipso radicals will 

What helps make the shift in incremental yields from oil to gas so dramatic 

When 
is the fact that the decreasing effectiveness of the aromatic pool with 
increasing temperature provides the system with marked feedback potential. 
the temperature reaches the point where ineffectiveness of the solvent pool in 
regaining H-atoms allows sufficient ring hydrogenation such that the heat evolved 
exceeds the fixed-bed heat transfer capability, the temperature begins to rise 
faster. This rise further decreases the ability of the aromatic pool to regain 
wastefully transferred H-atoms, ring hydrogenation is further promoted, the 
temperature goes up still faster, and so on. in an accelerating manner. 

Role of Coal Fragments in Induced Bond Scission. All of the results 
summarized here support, in one way or another, the hypothesis that aromatic/ 
hydroaromatic reaction media, and H2 as well, serve not only to scavenge coal 
radicals, but also to generate hydrogen Zransfer activity. 
probable assumption that the connections in coals consist of some weak covalent 
linkages, which will undergo thermal scission regardless of the reaction medium, 
and some linkages so strong they will cleave only when induced to do so by 
hydrogen transfer, it becomes clear that the radicals generated by scission of 
the weak links have a much more important role to play than merely being "capped" 
by hydroaromatic species (or H2). 
radicals ( e g . ,  benzyl), these radicals typically have no hydrogenolysis activity: 
they cannot transfer a hydrogen to a cleavable substrate because they cannot, in 
so doing, form an aromatic system. If not capped, such thermally generated 
radicals may indeed become involved (as the conventional view would have it) in 
retrograde reactions. The important point however, and the one not included in 
most pyrolysis pictures, is that when the scavenger is a hydroaromatic, the 
capping process actually contitutes a chain transfer step that converts a radical 
with no hydrogenolysis activity into a radical that can induce hydrogenolysis. 

Making the very 

To the extent they are non-hydroaromatic 

ArCH2. + PhenH2 + ArCH3 + PhenH' AH' - -5 kcal/mol 15) 

The potential role of coal radicals in providing hydrogenolysis activity suggests 
that the high reactivity of coals in the initial stages of conversion may result 
from a "burst" of coal radicals that is large compared to the steady state level 
of ArH' supplied by the hydroaromatic media. If this is the case, then the 
conversion of inactive, non-donor radicals into ArH' carrier radicals (by either 
the solvent or by hydroaromatic coal species) could help explain the initial high 
reactivities of coals. If the number of initiating radical species is too high 
to.be quickly disposed of via the normal termination pathways of the medium 
(i.e., radical disproportionation), then there should be a significant increase 
in activity. In hybrid studies involving mixtures of coals and model compounds, 
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we observed (7) that the addition of coal substantially increases the model 
compound hydrogenolysis rate. At 400'C, the rate in the modest liquefaction 
solvent, tetralin, was increased by a factor of about forty. In the more 
effective solvents, dihydrophenanthrene and dihydropyrene, the rate was increased 
by a factor of two to three. Thus, under the liquefaction conditions of these 
experiments, some species generated by the coal (presumably free radicals) very 
clearly were a source of bond cleavage activity, not merely something to be 
scavenged. In the absence of evidence to the contrary, it is reasonable to 
assume that the same phenomenon occurs under pyrolysis conditions. 

Coal Pyrolysis in Reactive Vapors. An awareness of the triple role of 
aromatic/hydroaromatic media (radical scavenger, agent for conversion of inactive 
radicals into hydrogenolytically active radicals, and retriever of wastefully 
transferred hydrogen) raises questions about the relative merits of two different 
approaches to augmenting hydrogenolysis activity in coal pyrolysis: the use of 
high pressure hydrogen and the use of hydroaromatic PCAH vapor. 

The use of hydrogen pressure to augment volatiles yields during coal 
H2 is, of course, a thermodynamically powerful pyrolysis is not a new approach. 

reducing agent. 
kinetically ineffective at low temperatures (in the absence of a catalyst). 
Unfortunately, the low temperature range of coal pyrolysis (300 to 500'C) is 
precisely the region in which coals become highly reactive and in which they seem 
particularly suuceptible to oxidative retrograde reactions. In fact, it is 
already well appreciated (26) that the presence of H2 actually tends to decrease 
volatiles yields (relative to pyrolysis in a vacuum) at temperatures below about 
600'C. 
produced from H2 emphasizes why this is the case. 

However, owing to the strength of the H-H bond, H2 is 

Consideration of the kinetics of the reaction by which H-atoms are 

ArCH2' + H2 + ArCH3 + H' AH' - +16 kcal/mol 16) 

log k16,400(1 m-ls-l) = 1.7 

For Ar -phenyl, this reaction is 16 kcal/mol endothermic (18) in contrast to the 
analogous "scavenging" reaction shown above (reaction 15). which is 5 kcal/mol 
exothermic, and at least 100 times faster at 400°C (at equivalent concentrations 
of the respective "scavengers"). 

log k15,400(1 m-ls-') = 3 . 8  

While the hydrogen carrier radical generated (ArH') is not nearly as active as H' 
on a per molecule basis, it, as discussed above, is much more efficient in 
transferring hydrogen selectively to places where it is utilized for cleavage, 
and it cannot abstract another H-atom to uselessly form H2. In addition, in the 
low temperature pyrolysis region, near-molar concentrations of such PCAH and 
their hydroaromatic derivatives can be generated at pressures in the vicinity of 
one atmosphere, whereas, maintenance of 1M [H ] requires about 800 psi. Finally, 
the Ar/ArH2 mixtures are themselves sources o$ these hydrogenolytically active 
radicals (by reverse radical-disproportionation (25.26) that can rival in numbers 
the radicals thermally generated from the coal structures. Thus, it seems likely 
that heating the coal in the presence of ArH2/Ar vapors (or with "pre-loaded" 
Ar/ArH2) could offer some of the conveniences of pyrolysis, and be, in the 350 to 
500'C temperature range, a more effective way of inducing hydrogenolysis in the 
coal structures than is provided by heating in hydrogen pressure. 
work of Gorbaty and co-workers (27) will presumably shed some light on the 
practicality of this approach, as well as providing data that will help to unify 
the chemical pictures of coal liquefaction and gasification. 

The recent 
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CONCLUSION 
In summary, experimental evidence now strongly supports the hypothesis that 

induced cleavage of strong bonds is a significant part of coal pyrolysis as well 
as liquefaction. Furthermore, conversion results indicate that shifts in the 
modes of hydrogen transfer affect hydrogen utilization efficiency and product 
distribution, and that variations in reaction conditions do indeed have an impact 
on the induced bond scission processes. 
fruitful working hypothesis for coal pyrolysis/gasification research is that such 
induced bond scissions can be substantial and are subject to manipulation, and 
assert that attempts at manipulation are more likely to be successful to the 
extent that we obtain an improved understanding of the chemistry of these 
cleavage processes. 
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Taken from the data of Gorbaty and Maa, 1986. 

Condition Changer 

Each of the three sets of bars should be viewed in i so lat ion from the other 
n o .  Each represents the distributlon of the gJdttlanaL yie lds  obtained as a 
result changing from one set  of conditions t o  mother. 

Cond. 1. 372 -> 465"C, 35 mln, N 2  

Cond. 2.. 372 -> 46SoC, 35 mln, H 
Cond. 3. 372 -> 525"C, 85 mln, H z  

Figure 1. Incremental Yields Resulting from Gas and Temperature 
Changes in Coal Pyrolysis 
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I 

Kodelling the Thermal Reactions of Benzyl Phenyl Sulfide 

by 

Xarzin A. Abraham' and Michael T. Klein* 
Departuent of Chemical Engineering 

Cnivers i ty of Delah-are 
Newark, DE 19716 

The reactions of benzylphenylsulfide (BPS) neat, in benzene, in 
tetralin and with added thiophenol were studied. A free-radical 
mechanism described the neat pyrolysis of BPS to the major 
products zoluene, thiophenol, diphenyldisulfide, and diphenylsul- 
fide. An analytical rate expression deluced from this mechanism 
was consistent h-ith resulrs from both neai pyrolysis and reaction 
wizh additives. The secondary reactions of primary products were 
detailed. 

Our i2terest in the resolution of reaction fundaentals in supercritical fluid 
(SCF) solvenzs has motivated careful study of the thermolysis pathways, 
kinetlcs and mechanisms that will generally occur in parallel with any 
possijle solvolysis. 
taining oxygen (Lawson and Klein, 1085; Townsend and Klein, 1985) and nitrogen 
(abra5am and Klein, 1985; Tiffany, et al., 1984), but not sulfur, have been 
reported, our interest extended eo the reactions of benzylphenylsulfide (BPS). 
Herein we report on a mathematical model of BPS pyrolysis that is based on our 
o m  esperiments and also the literature base on which our work is built. 

Previous studies suggest that neat pyrolysis of SPS proceeds by a free-radical 
mechanisn! (Actar, 1978). The mechanism likely involves fragmentation of the 
C-S bond :o a free-radical pair followed by stabilization through hydrogen a3- 
stracrion, from either a hydrogen donor source, such as tetralin, or other hy- 
drocarbon moleccles in the reaction mixture. Fisari and coirorkers (198&) py- 
rolysed B?S in benzene and in zetralin. For rePCtion in beazene, they ?est"- 
lated char B?S clea-:ed io a benzyl-phenylthiyl radical pair, which stabllized 
primarily by recombination. 
was from zetralin, which led to a tetralyl radical intermediate whose dispro- 
portionacion ultimately led to naphthalene. Huang and SeocZ (1982) also de- 
scribe a free-radical mechanism f o r  BPS decoaposition. 
provides a good foundation from which to model the reaczion of BPS. 

Our irvescigazion into the reactions of BPS addressed its neat pyrolysis 
first. 
tailed probe of :he mechanism, which included reaction in the hydrogen-donor 

Since reactions with a SCF solvent of compounds con- 

For reaction in tezralin, hydrogen abstraczion 

Thus the literazure 

Siecial attention was paid to derivative experiments, used in a de- 

~ 
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solvent t e t r a l i n ,  r eac t ion  i n  the  i n e r t  so lvent  benzene, reac t ion  with :he ad-  
d i t i on  of thiophenol. and the  pyro lys i s  of diphenyldisulfide.  This provided a 
bas i s  with vhich t o  summarize the experimental r e s u l t s  i n  terms of p laus ib le  
reacrion parhways and a reac t ion  model. 

EXPERIMENTAL 

Tne reacranrs ,  so lven t s ,  and GC standards were a l l  corrmercially ava i lab le  and 
used as received. A t yp ica l  experilrental procedure was as  follows: the reac-  
t a n t s ,  so lvent ,  and the demonstrably i n e r t  (Toh-nsend and Klein,  1985) in t e rna l  
s tan lard  biphenyl were loaded i n t o  batch "tubing bomb" r eac to r s  comprising one 
Swagelok por t  connector and two caps o f  1/4"  nominally s i zed  s t a i n l e s s  s t e e l  
pa r t s .  
sandjath.  In a?proximately two min. t h e  reac tors  reached the  nominal reac t ion  
temperature and, a f t e r  t h e  des i red  t i m e  had passed, reac t ions  were quenched by 
inser r ion  of the r eac to r  i n t o  a cold water bath.  
concentration of BPS was 0 .5  mol/L. 

Spectrophotometric-grade acetone o r  reagent-grade retrahydrofuran was used t o  
co l l ec t  a l l  mater ia l  from the  reac tors  i n  one phase. Product i den t i f i ca t ion  
was accorrplished on an HP 5970 se r i e s  GC/t?SD equipTed with a 60m DB-5 fused- 
s i l i c a  capillar; ;  column. 
using an HP 5863 instrument with the same type of cap i l l a ry  column and a flame 
ioniza t ion  Cetector.  Response fac tors  were estimared from analyses of s tan-  
dard a ix tu res ,  -ihich allowed quan t i t a t ive  ca l cu la t ion  of product y i e lds  and, 
hence, an obser..ed product index (OPI). This was :he sum of the  mass of  
identified GC-elutable products divided by the  i n i r i a l  mass of reac tan t  
charged. 

The tubing bombs were sea led  and immersed i n  a cons tan t  temperature 

A representa t ive  i n i t i a l  

Quant i ta t ion  of individual product y i e lds  was by GC 

RESULTS 

The reactions of benzylphenylsulfide (BPS) with a s e t  o f  coreactants comple- 
mented the s:udy o f  i t s  nea t  pyrolysis and allowed a deeper probe of operarive 
pathvays and mechanisms. 
highlighted uniuolecular f i s s i o n  s t eps ,  whereas reac t ion  i n  benzene allowed 
de tera ina t ion  of t he  ove ra l l  reac t ion  order .  
no1 probed a major non-primary pathway, and the  secondary reac t ion  of 
diphenyldisulfide (DPDS) was inves t iga ted  through its nea t  pyro lys i s .  
experimental conditions and major products a r e  sumrarized i n  Table 1. 

The presentation of the r e s u l t s  is organized i n t o  sectcons t h a t  
respec t ive ly ,  nea t  pyro lys i s  and the  de r iva t ive  copyrolysis experiments. 
Withirt each secr ion ,  the iden t i ty  of a l l  products and ;he temporal v a r i a t i o n  
of tha y i e lds  ( , T ~  = ni/nBPSo) of  major products a r e  presented f i r s t .  
follo;.ed by exauination of product s e l e c t i v i t y  (yi/x) and the  e f f e c t  of the 
loadizg of add i t ive  i (Si - :io/nBPSo). Likely pathways and t h e i r  kinezics 
a re  presented i r?  t he  discussion. 

Neat Jv ro lvs i s .  
Other major 3ro luc ts  were DPDS, diphenylsulfide (DlS), and thiophenol;  
diphezyluethane and bibenzyl were minor products.  The :emporal va r i a t ions  o f  
the  yields of major products from pyro lys is  a t  300'C a re  shown i n  Figure 1, 
which ind ica res ,  by t h e i r  i n i t i a l l y  pos i t i ve  associated. s lopes ,  t h a t  toluene, 
DPDS and thiophenol were primary products.  O P I  w a s  g rea t e r  than 0.9 a t  a BPS 

Reaction i n  t h e  hydrogen-donor so lvent  t e t r a l i n  

Experiments with added thiophe- 

The 

d e s c r i j e ,  

Tnis is  

Toluene was :he major product o f  t i e  nea t  pyro lys i s  of BPS. 
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conversion x - 0 . 9 ,  which occurred after 120 min. 
constants and associated Arrhenius parameters for the disappearance of BPS 
during neat pyrolysis are summarized in Table 2 .  

Reaction in tetralin. Thermolysis of BPS in tetralin led to toluene and thio- 
phenol as major products along with minor amounts of diphenylmethane and DPDS. 
The temporal variations of the yields of the major products from thermolysis 
at 340°C are shobn in Figure 2 ,  which indicates, by their initially positive 
slopes, that both toluene and thiophenol were primary products. 
above 0.9 at a BPS conversion of 0.95, which occurred after 120 min. BPS 
disappearance in zetralin was described by the pseudo-first order rate 
constants indicated in Table 2 .  
0.087, indicating that BPS reaction in tetralin was much slower than its 
disappearance during neat pyrolysis. 

The effect of tetralin loading on the reaction of BPS was studied over the 
range ST = nTETo/nBPSo from 0.0 to 2.0 at 300'C. 
decreased BPS conversion (x) and increased selectivity (si - yi/x) to the 
major products toluene and thiophenol. 
x and T~/X are plotted vs. ST for a constant reaction time of 50 min. During 
neat pyrolysis (ST - 0 )  of BPS. x was approximately 0.9 after 50 min, whereas 
it was only 0.15 at ST - 2.0 after the same reaction time. 
toluene increased from 0.4 to 1.0 and the selectivity to thiophenol increased 
from 0.1 to 0 . 8  as ST increased from 0.0 to 2.0. 

Reaction ;n Benzene. Reaction of BPS in benzene at 2 7 5 ° C  at varying initial 
BPS concentrations allowed determination of an apparent overall reaction or- 
der. Tne resulting pseudo-first order rate constants for the disappearance of 
BPS are plotted vs. initial BPS concentration in Figure 4. The best-fit 
straight line has a slope of approximately 0.2, in6ica:ing an overall reaction 
order of 1 .2  in BPS concentration over the range of conditions examined. 
pseudo-first order rate constant correspondi g to 
tration of 0.6 mol/L in Figure 4 is 4 . 4 7 ~ 1 0 - ~  min-':somewhat less than the 
experimentally determined neat pseudo-first order rate constant of 0.01 min-l 
at the same conceniration. 

Reaction with Thio3henol. 
phenol vitn initial molar ratios [STHp - nTHPo/nBPSa] ranging from 0.0 (neat 
pyrolysis) to 1 .68  yielded toluane, DPDS, and DPS is major products; diphenyl- 
methane and bibenzyl were rrinor products. 
variation of product yields for Smp - 1.68. The disappearance of BPS in the 
presence of th'ophenol was characterized by a pseudo-first order rate constant 
of 0.0445 min-*, comparable to that observed from nsat pyrolysis. 

The effect of added thiophenol on BPS decomposition is illustrated in Figure 
6 ,  a plot of BPS conversion and major product selecxivities vs. STHp for a 
constant reaction time of 20 min at 300°C.  
x decreased from approximately 0 .85  to 0.7, whereas toluene and DPDS se- 
lectivity ( ~ T ~ ~ / x ~ ~ ~ ;  yDPDS/xBDS) increased from 0 . 3  to 0.7 and 0.6 to 1 . 3 ,  
respectively. 
zyl radical, and the thus-formed phenylthiyl redicel underwent termination by 
coupling. 

The pseudo-first order rate 

OPI remained 

For reaction at 3 0 0 " C ,  krel - kTET/kNUT - 

Increasing ST simultaneously 

This is illustrated in Figure 3 ,  where 

The selectivity to 

The 
neat pyrolysis concen- 

Pyrolysis of BPS at 300'C in the presence of thio- 

Figure 5 surunarizes the temporal 

As STHp increased from 0 to 1 . 6 8 ,  

Evidently thiophenol functioned as a hydrogen donor to the ben- 
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Neat pvrolvsis o f  Diphenvldisulfide.  
DPS as a primary product;  thiophenol was a minor product. OPI was 0 .9  a t  60 
min, which corresponded t o  a DPDS conversion and DPS y i e l d  of 0 .7 .  Thus the 
se l ec t iv i zy  of the  reac t ion  of DPDS t o  DPS was e s s e n t i a l l y  1 . 0 ,  which implies 
t h e  formation o f  elemental su l fu r .  The disappearance of PDS w a s  charac te r -  
i zed  by a pseudo- f i r s t  order r a t e  constant of 0.0196 min- . 

Neat pyro lys i s  o f  DPDS a t  300°C y ie lded  

f 
DISCUSSION 

The l i ce ra tu re  and present  r e s u l t s  f o r  nea t  p y r o l p i s  and r eac t ion  in t e t r a l i n  
combine t o  provide the b a s i s  f o r  development of the msthematical model. 

BPS Thernolvsis Mechanism. The decomposition of  BTS i s  reasonably in te rpre ted  
as a s e t  of f r e e  r a d i c a l  s teps  l i k e  those described by At ta r  (1978), Mi l le r  
and Ste in  (1979), and Huang and Stock ( 1 9 8 2 ) .  I l l u s t r a t e d  i n  Figure 7a,  a 
consisten: sequence of  s t eps  is i n i t i a t e d  through f i s s i o n  a t  t he  r e l a t i v e l y  
weak (bond d i s soc ia t ion  energy = 53 kcal/mol (F ixar i  e t  a l . ,  1 9 8 4 ) )  C - S  bond. 
BPS consurqtion a l s o  occurs through hydrogen abs t r ac t ion  by the  i n i t i a t i o n -  
generated benzyl o r  phenylthiyl r ad ica l s ,  which leads io  toluene o r  thiophenol 
and a BPS r a d i c a l .  
c a l  w i l l  produce roluene and a phenylthiyl r ad ica l .  
recombination can involve: two phenylthiyl r ad ica l s ,  y ie ld ing  DPDS; two benzyl 
r ad ica l s ,  producing bibenzyl;  o r  o ther  r ad ica l s  (B3S r ad ica l s ,  fo r  example), 
y ie ld ing  uobse rvab le ,  higher-molecular-weight oligomers. 
mencary scep Ls requi red  t o  account fo r  the  minor amounts of diphenylmethane 
observed and a l s o  the secondary conversion o f  DPDS t o  DPS. 
t e r  might no t  ac tua l ly  occur i n  a s ing le  elementary s t e p .  

Pseudo-steady s t ace  ana lys i s  of the elementary s t eps  o f  Figure 7 allows 
der iva t ion  of an ana ly t i ca l  r a t e  expression. Under the condition of  a steady 
s t a i e ,  the  r a t e  of i n i t i a t i o n  must equal the r a t e  o f  termination of r ad ica l s ;  
w e  a l so  consider che concentration of each r ad ica l  pl, B 2 ,  and p t o  be in  a 
pseudo-steady s t a t e .  Thus, with the  ove ra l l  BPS reac t ion  r a t e  as  i n  Eq. 1, 

Abstraction of hydrogen from thiophenol by a benzyl r a d i -  
Termination by r a d i c a l  

An add i t iona l  e l e -  

Note t h a t  the  l a t -  

r [BPSl(k1 + k281 +k382) (1) 

t he  balanccs on B1 and B2, which y i e l d  E q .  2 and 3 f o r  B1 and p 2 ,  
respectively , 

81 kl[BPSl/(k2[BPSl f k5[THP1) (2) 

allow formulation o f  the  ove ra l l  r a t e  of decomposition as  i n  Eq. 4 .  
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Thus the overall BPS reaction rate is a combination of a first-order term and 
higher-order terms and is therefore consistent with the experimentally deter- 
mined reaction order of 1 .2 .  

The dependence of r (Eq. 4 )  on the addition of thiophenol to the reaction 
mixture provides further scrutiny of the mechanism of Figure 7. This is the 
derivative of the rate with respect to thiophenol concentration. shown as Eq 
6 .  

dr - =- 

Since the square root term in Eq. 6 is greater than unity, the term in the 
braces must be positive. 
in thiophenol loading. This is consistent with the observed decrease in 
conversion with the increase in thiophenol loading illustrated in Figure 6. 

The observed effect of thiophenol loading on produce selectivities also probes 
the candidate mechanism. According to Figure 7, the rate of toluene formation 
is 

Thus the rate of reaction decreases with increases 

d[TOL]/dt - k2P1[BPS] + kjP1iTHPj ( 7 )  

which, after substitution for ,91 from Eq. 2 reduces to 

d[TOL)/dt - kl[BPS] (8) 

It is convenient to use the instantaneous selectivity s1 - dyTOL/dx 
vehicle with xhich to analyze the overall selectivicy s2 - yToL/x. 
[BPSl0tx/d: and d[TOL]/dt - [BPS],dyTOL/dt, s1 is given as Eq. 9. 

as a 
Since r - 

s1 - d[TOL]/r - kl[BPS]/r (9) 

Differentiation with respect to thiophenol concentration, holding (BPS] con- 
stant is in the present experiments, provides Eq. 10 as the sensi:ivity of the 
instantaneous selectivity to the addition of thiophenol. 

dsl/d [ THP] - - kl [ BPS ] r -2  (c'r/d [ THP ] ) (10) 

Thus, since dr/d[THP] is always negative, as shown in Eq. 6, s1 will always 
increase with increases in [THP]. 
perimentally is consiscent with the mechanism of Figure 7 .  

Likewise, the elementary step leading to DPDS suggests Zq. 11 for its 
formation rate. 

Hence the increase in s 2  observei ex- 
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d[DPDS]/dt - k4p22 (11) 

This combines w i t h  the  pseudo-steady s t a t e  concentration of p2 from Eq. 3 t o  
a l l o w  formulation of Eq. 12 

f o r  the  overa l l  r a t e  of formation DPDS. This ,  i n  t u rn ,  allows the determina- 
t i on  of s1 f o r  DPDS and, hence, dsl/d[THP] f o r  DPDS a s  Eq. 13. 

k, b k, tBPs1' 1 =+ 
d mp1 ( k, Wsl+ k, ITHPlf 

Eq. 13 pred ic t s  t h a t  t he  s e l e c t i v i t y  t o  DPDS w i l l  increase  as the  concen- 
t r a t i o n  of thiophenol i n  the  reac t ion  mixture increases.  This was observed 
experimentally, as shown i n  the  p lo t  of s2 f o r  DPDS vs. thiophenol loading of 
Figure 6.  

Thermolysis of BPS i n  t e t r a l i n  is by the  nea t  pyro lys i s  s t e p s  and add i t iona l  
s teps  involving t e t r a l i n  and its derived r ad ica l s .  These a r e  i l l u s t r a t e d  i n  
Figure 7b, s t eady- s t a t e  ana lys i s  of which allows formulation of the  ove ra l l  
BPS reac t ion  rate a s  Eq. 1 4 :  

I n  the l i m i t  of high t e t r a l i n  loading, Eq. 14 reduces t o  r - kl[BPS], l e s s  
than one-half  rhe  r a t e  predicted fo r  nea t  pyro lys i s .  This i s  consiscent w i th  
the  experimentally determined r a t e  cons tan ts  l i s t e d  i n  Table 2 .  Under these  
condi t ions ,  the r a t e s  of  toluene and thiophenol formation a r e  given by Eq. 13, 

d[TOL]/CC 5 d[THP]/dt kl[B?S] (15)  

which shows cha t  added t e t r a l i n  w i l l  increase  the s e l e c c i v i t y  t o  both to luene  
and thiophenol. 
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CONCLUSIONS 

1. 
to toluene, thiophenol, and diphenyldisulfide. Pseudo-steady state analysis 
of consistent elementary steps allowed formulation of the rate expression as: 

Neat pyrolysis of benzylphenylsulfide was through a free-radical mechanism 

Results of experiments with a set of co-reactants were consistent'with the 
rate expression and aided in the elucidation of the mechanism. 

2 .  
This is consistent with the theoretical rate expression derived from the pos- 
tulated mechanism. 

The overall reaction order for pyrolytic decomposition of BPS was 1.2. 
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NOMENCLATURE 

ki 
"i 
OPI 
r 
si 
s1 
s2 

Yi 
[ I  

X 

rate constant 
mole number of i 
Observed Product Inde Cwe-ghti/weightBpSo 
reaction rate, mol L-f'min-' 
coreactant loading, nio/nBPSo 
instantaneous selectivity of i, dyi/dx 
integral selectivity of i, yi/x 
conversion, l-nBpS/nBPSo 
molar yield of i, ni!yBPSo 
concentration, mol L 

Chemical Species 
BPS Benzylphenylsulfide, PhCH2SPh 
DPDS Diphenyldisulfide, PhSSPh 
DPS Diphenylsulfide, PhSPh 
THP Thiophenol, PhSH 
TOL Toluene, PhCH3 

Greek Symbols 
benzyl radical 
phenylthiyl radical 
BPS radical 

p1 
82 
P 

Subscripts 
0 initial condition 
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I 

Table 1: 
Benzyl Phenyl Sulfide. 

Experimental conditions for the reactions of 

Additive Temperature Major Products 
(“C) 

Neat 275-386 Toluene, Thiophenol 
Diphenyldisulfide, 
Diphenylsulfide 

Tetralin 300-386 Toluene, Thiophenol 

Benzene 275 Toluene, Thiophenol 
Diphenyldisulfide, 
Diphenylsulfide 

Thiophenol 300 Toluene, Diphenyl- 
disulfide, Diphenyl- 
sulfide 

Table 2: Pseudo-firsc-order rate constants 
summarizing the reactions of Benzyl Phenyl Sulfide. 

Temperature Neat Pyrolysis In Tetralin 
(‘C) 

275 0.0182+0.0039 

300 0.0334+0.0019 0.0029f0.0006 

340 0.175+0.045 0.0269f0.0008 

386 0.530+0.046 0.3467f0.0286 

loglOA(min-l) 7.25 13.4 

E*(kcal/mol) 22.6 41.7 



1 ? 

Figure 1: 
pyrolysis e.c 300'C. 

Iec?oral var iat ion of che y ie lds  of chhe products of neat BPS 
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Figure 3:  DvenCence of product selectiviry and SPS conversion on recralin 
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Figure 4 :  Overall Order 05 reaczion of BPS in beirene. 
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Figure 5 :  
1 . 6 8 .  

BOS pyrolys is  az 300'C wirh added cniophenol: Sv,p - flTsp/flBpS - 

l n I  
L i  

o . o !  , , , . , . , . , . : , ,  

0.0 0.2 0.4 0:6'0,3 1.0 1.2 1.4 1.6 
Thiophenol Loac'ing 

STHP = n T H P ~ P S  

Figure 6 :  
concentra:ion during rezccion ac 300.C. 

DepnCence of product se1ec: iv iq  a d  5PS conversion on thiophenol 
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Figure 7: Free-rzlicnl sre?r for BPS reaction: (a) 6eat 7yrolysis: (b) Alei- 
:ional sreps :or renc:ion virh tezralin. 
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A NOVEL APPLICATION OF 31P NMR SPECTROSCOPY TO THE ANALYSIS 

I N  COAL EXTRACTS AND CONDENSATES 
A. E. Wroblewski, R. Markuszewski, and J. G. Verkade 

F o s s i l  Energy Program, Ames Laboratory  
and 

Department o f  Chemistry, Iowa S ta te  U n i v e r s i t y ,  Ames, Iowa 50011 

OF ORGANIC GROUPS CONTAINING -OH, -NH AND -SH FUNCTIONALITIES 

Abs t rac t  

Over one hundred model o rgan ic  compounds i n c l u d i n g  phenols, a l i p h a t i c  
a l coho ls ,  aromat ic  ac ids ,  a l i p h a t i c  ac ids ,  amines. and t h i o l s  have been 
d e r i v a t i z e d  w i t h  two members o f  a ph s ho 
reagents, namely, C l m  and Clkkd.$$. Measurement o f  proton-decoupled 
3 lP  chemical s h i f t s  o f  t6ese d e r i v a t i v e s  revea ls  t h a t ,  i n  genera l ,  t h e  resonances 
f a l l  i n t o  we l l - separa ted  reg ions  f o r  d e r i v a t i z e d  c lasses o f  these o rgan ic  
compounds. Both phosphorus reagents were a l s o  t e s t e d  on p y r i d i n e  e x t r a c t s  o f  
I l l i n o i s  No. 6 coal ,  r e v e a l i n g  t h e  presence of  va r ious  phenols, c a r b o x y l i c  ac ids,  
and a l i p h a t i c  a lcohols .  
condensate f rom I l l i n o i s  No. 6 coal  showed no  d e t e c t a b l e  concen t ra t i ons  o f  
c a r b o x y l i c  acids, a r e l a t i v e l y  small  amount o f  a l i p h a t i c  a lcohols ,  b u t  
cons iderable q u a n t i t i e s  o f  a v a r i e t y  o f  phenols. 
l i m i t a t i o n s  o f  t h i s  NMR techn ique  and i t s  a p p l i c a b i l i t y  t o  t h e  q u a n t i t a t i o n  o f  
-OH, -SH and -NH f u n c t i o n a l i t i e s  i n  o rgan ic  s o l u t i o n s  o f  coa l -de r i ved  m a t e r i a l s  
a r e  discussed. 

e e r i e s  o f  phosphorus-conta in ing 

S i m i l a r  d e r i v a t i z a t i o n  o f  a low- temperature p y r o l y s i s  

The c u r r e n t  scope and 

I n t r o d u c t i o n  

Analys is  o f  coal -de r i ved  m a t e r i a l s ,  such as low- temperature p y r o l y s i s  
condensates, i s  u s u a l l y  c a r r i e d  ou t  by GC/MS methods. 
a r e  r e l a t i v e l y  non - rou t i ne  and t i m e  consuming. As an a l t e r n a t i v e  as w e l l  as 
complementary approach, I S  and NMR spec t roscop ic  procedures have been developed 
i n  recent  years. A l though d i r e c t  a n a l y s i s  o f  complex m ix tu res  ob ta ined  i n  coa l  
process ing can sometimes be performed, d e r i v a t i z a t i o n  o f  c e r t a i n  c lasses  o f  
compounds with s u i t a b l e  reagents i s  advantageous i n  NMR spectroscopy i f  t h e  
reagent  i n t roduces  an NMR-reactive l a b e l  t h a t  g i ves  a resonance s i g n a l  s p e c i f i c  
f o r  t h e  component b e i n g  analyzed. 

been performed by s i l y l a t i o n z - 6  o r  a c e t y l a t i o n 6 ~ 7  fo l l owed  by IR5,  FT-IR297 
and/or  ‘H 2 * 3 9 6 ,  2 9 S i  4, and 13C NMR2s6 measurements. I n  o t h e r  s t u d i e s ,  
d e r i v a t i z a t i o n  of v a r i o u s  phenols  w i t h  hexaf luoroacetone a l lowed obse rva t i on  o f  
19F NMR s i g n a l s  assoc ia ted  w i t h  t h e  adducts.6’8’9 The 31P nucleus i s  a l s o  
s u i t a b l e  f o r  NMR mon i to r i ng .  The P ( V )  reagents d ie thy l ch lo rophospha te  and 
chloro(dimethy1)thiophosphinate have been used f o r  t h e  d e r i v a t i z a t i o n  o f  v a r i e t y  
of phenols; however, t h e  resonances o f  t h e  r e s p e c t i v e  a romat i c  e s t e r s  spanned 
reg ions  o f  o n l y  about 1 ppm. 1 0  I n  con t ras t ,  t h r e e  P ( I I 1 )  organophosphorus 
reagents were examined p r e v i o u s l y  i n  t h i s  l a b o r a t o r y ,  o f  which 
2-chloro-1,3,2-dioxaphospholane appeared t o  be ve ry  p romis ing  i n  terms o f  
widening t h e  chemical s h i f t  range t o  achieve b e t t e r  peak separat ion.  11 

o f  2-chloro-l,3,2-dioxaphospholane (1) l2 and i t s  4,4,5,5-tetramethyl analogue 
(qi3 as reagents f o r  t h e  d e r i v a t i z a t i o n  and a n a l y s i s  by 31P NMR 
spectroscopy o f  a v a r i e t y  o f  phenols, a l i p h a t i c  a l coho ls ,  c a r b o x y l i c  ac ids ,  

However, t hese  techniques 

Previous de te rm ina t ions  o f  OH f u n c t i o n a l i t i e s  i n  coa l -de r i ved  m a t e r i a l s  have 

I n  t h i s  repo r t ,  we present  p r e l i m i n a r y  r e s u l t s  on t h e  scope and l i m i t a t i o n s  
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amines, and t h i o l s .  I n  a d d i t i o n ,  t h e  a p p l i c a b i l i t y  o f  bo th  reagents t o  t h e  
i d e n t i f i c a t i o n  o f  components b e a r i n g  -OH, - N H ,  and - S H  f u n c t i o n a l i t i e s  i n  coa l  
e x t r a c t s  and p y r o l y s i s  condensates i s  assessed. The condensates were ob ta ined  
from a low-temperature p rehea t ing  s tep  in tended t o  modify a chemical l e a c h i n g  
process f o r  d e s u l f u r i z a t i o n  o f  coal. l4 

Exper imenta l  

An NMR tube (10 mm) was charged under N ,  with ch lo ro fo rm-d  (2.0 mL), 
chlorophospholane (1, 0.20 mL o r  2, 0.25 mL), and t r i e t h y l a m i n e  (0.31 
mL). For  q u a l i t a t i v e  measurements, t h e  s tandard s o l u t i o n s  were reac ted  a t  room 
temperature wi th model compounds (a drop o f  l i q u i d  o r  a few c r y s t a l s  o f  s o l i d ) .  
31P NMR spect ra were recorded a f t e r  success ive a d d i t i o n s  o f  d i f f e r e n t  model 
compounds u n t i l  t h e  reagent was almost exhausted. 
m a t e r i a l s ,  approx imate ly  100-200 mg o f  t h e  coa l  e x t r a c t s  o r  p y r o l y s i s  condensates 
were added t o  t h e  s tandard s o l u t i o n s ,  and 31P NMR spec t ra  were recorded a f t e r  15 
m i  nutes. 

F o r  a p p l i c a t i o n  t o  coal  -de r i ved  

The e x t r a c t s  and condensates were prepared f rom an I l l i n o i s  N o .  6 coal .  For  
p r e p a r a t i o n  o f  t h e  e x t r a c t ,  about 1 g o f  coa l  was r e f l u x e d  f o r  2 hr. w i t h  d r y  
p y r i d i n e  under N,.  
t h e  same I l l i n o i s  N o .  6 coal  a t  455' f o r  
N and c o l l e c t i n g  t h e  v o l a t i l e s  condensing i n  an a i r - c o o l e d  column packed w i th  
gfass beads. 

The condensate was ob ta ined  by p y r o l y z i n g  another  sample o f  
45 min. i n  a p r o t e c t i v e  atmosphere o f  

For a 25-9 charge o f  coa l ,  t h e  y i e l d  o f  condensate was about 1-2 g. 

Resu l t s  and Discuss ion 

Regions assoc ia ted  w i t h  t h e  31P NMR resonances f o r  r e p r e s e n t a t i v e  model 
phenols, a l i p h a t i c  a l coho ls ,  c a r b o x y l i c  ac ids ,  amines, and t h i o l s  d e r i v a t i z e d  
w i t h  1 and 2 a r e  shown i n  F igu res  1 and 2, r e s p e c t i v e l y .  

O e r i v a t i z a t i o n  o f  phenols wi th 1 a t  room temperature a f f o r d e d  t h e  
respec t i ve  2-aryloxy-l,3,2-dioxaphospholanes ins tan taneous ly .  Most o f  t h e s e  
compounds gave 31P NMR resonances i n  a r a t h e r  narrow reg ion  (128.5 t o  129.1 ppm). 
Only d e r i v a t i v e s  o f  d i - o r t h o  s u b s t i t u t e d  phenols  showed s i g n a l s  a t  lower  f i e l d  
(131.0 - 131.5 ppm), w i t h  a l o w - f i e l d  l i m i t  o f  136.42 ppm f o r  2 ,6-d i - t -buty l -4-  
methylphenoxy-1,3,2-dioxaphospholane. With reagent 2, b e t t e r  separa t i on  o f  
t h e  3 l P  NMR s i g n a l s  o f  d e r i v a t i z e d  phenols (138.0 - 139.7 ppm) and d i - o r t h o  
s u b s t i t u t e d  phenols (142.9 - 143.7 ppm) was achieved. 
r e a c t i o n  was completed a t  room temperature i n  l e s s  than  f i v e  minutes, except  f o r  
2,6-di-t-butyl-4-methyl phenol which d i d  no t  r e a c t  a t  a1 1, presumably because o f  
i t s  bu l ky  nature.  

d i s p l a y i n g  31P NMR s i g n a l s  between 127.4 and 129.5 ppm, and between 134.8 and 
136.2 ppm, r e s p e c t i v e l y .  4 l t hough  t h e  se ts  o f  resonances f o r  phenols  and 

I n  these  cases, t h e  

Carboxy l i c  ac ids  r a p i d l y  reac ted  w i t h  1 and 2 t o  g i v e  d e r i v a t i v e s  
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c a r b o x y l i c  a c i d  d e r i v a t i z e d  w i t h  1 were p a r t i a l l y  superimposed, good 
separa t i on  o f  these reg ions  was observed when 2 was used as the  d e r i v a t i z i n g  
reagent. 

A l i p h a t i c  hydroxy f u n c t i o n a l i t i e s  can a l s o  be analyzed by 31P NMR 
spectroscopy a f t e r  d e r i v a t i z a t i o n  w i t h  t h e  reagents 1 and 2. 
4 lkoxyphosphi tes d e r i v e d  f rom 1 presented 31P NMR s i g n a l s  between 133.4 and 
136.0 ppm, w h i l e  those  obta ined from 2 revealed abso rp t i ons  from 146.4 t o  
148.8 ppm, w i t h  e x c e p t i o n  o f  d e r i v a t i v e s  o f  t e r t i a r y  a l c o h o l s  ( t r i p h e n y l c a r b i n o l  
and t - b u t a n o l )  which resonated f a r  u p f i e l d  (both a t  142.8 ppm). I n  both cases 
t h e  reg ions o f  abso rp t i ons  f o r  d e r i v a t i z e d  a l i p h a t i c  a l c o h o l s  a re  w e l l  separated 
from those o f  phenol s and c a r b o x y l i c  acids. 

31P NMR resonances o f  amines d e r i v a t i z e d  w i t h  reagents 1 and 2 are 
w i d e l y  spread, o v e r l a p p i n g  reg ions  represented by a l i p h a t i c  a lcohols ,  phenols and 
c a r b o x y l i c  acids. On t h e  o t h e r  hand, 31P NMR s i g n a l s  o f  compounds hav ing t h e  P-N 
bond are s i g n i f i c a n t l y  broader  than  those f rom o t h e r  d e r i v a t i v e s ,  t hus  making 
t h e i r  assignment t o  amines easy. 

The few t h i o l s  examined showed t h a t  t h e  31P NMR s i g n a l s  f o r  t h e i r  r e a c t i o n  
products  w i t h  1 and 2 (190 t o  210 ppm and 210 t o  220 ppm, r e s p e c t i v e l y )  
a re  down f ie ld  from t h e  reg ions  observed f o r  phenols and a l i p h a t i c  a l coho ls .  
Thus, t h e  technique shows good promise f o r  i d e n t i f i c a t i o n  of SH-bearing groups. 

D e r i v a t i z a t i o n  o f  a low- temperature p y r o l y s i s  condensate f rom I l l i n o i s  No. 6 
coal  w i t h  1 and 2 revea led  t h e  almost e x c l u s i v e  presence o f  a v a r i e t y  o f  
phenols  (F igures 3 and 4, r e s p e c t i v e l y ) .  I n  add i t i on ,  r e s i d u a l  q u a n t i t i e s  o f  
a l i p h a t i c  hyd roxy l  groups were de tec ted  a t  135 - 135.5 ppm and 147 - 148 ppm, 
r e s p e c t i v e l y .  No c a r b o x y l i c  ac ids  were found, however. An i d e n t i f i c a t i o n  o f  
phenols  was c a r r i e d  o u t  by t h e  a d d i t i o n  of s e l e c t e d  a u t h e n t i c  compounds t o  t h e  
d e r i v a t i z e d  condensate c o n t a i n i n g  an excess o f  2. Th is  procedure a l lowed us 
t o  t e n t a t i v e l y  ass ign  most o f  t h e  prominent  s i g n a l s  t o  s p e c i f i c  s u b s t i t u t e d  
phenols  (F igu re  4). The presence o f  such a v a r i e t y  o f  pheno l i c  compounds i s  
cons i s ten t  w i t h  t h e  well-documented r o l e  t h a t  phenols p l a y  du r ing  low- temperature 
p y r o l y s i s  o f  coal . I 5 9 1 6  

A p y r i d i n e  e x t r a c t  o f  I l l i n o i s  No. 6 coal  was d e r i v a t i z e d  w i t h  both reagents 
t o  g i v e  deep-brown opaque s o l u t i o n s .  Examination o f  these s o l u t i o n s  by 31P NMR 
spectroscopy showed broad abso rp t i ons  (F igures 5 and 6), which revealed t h e  
presence o f  mos t l y  phenols  (a t  138-140 ppm), t o g e t h e r  wi th a small  amount o f  
d i - o r t h o  s u b s t i t u t e d  phenols ( a t  about 143 ppm). I n  a d d i t i o n ,  s i g n i f i c a n t  
amounts o f  c a r b o x y l i c  ac ids  were found i n  t h e  e x t r a c t  a t  135-136 ppm. 
I d e n t i f i c a t i o n  o f  p a r t i c u l a r  pheno l i c  and/or a c i d i c  components was prec luded b y  
t h e  breadth o f  s i g n a l s .  Furthermore, t h e  e x t r a c t  d e r i v a t i z e d  w i t h  1 
d isp layed  a p p a r e n t l y  s i g n i f i c a n t  amounts o f  a l i p h a t i c  OH f u n c t i o n a l i t i e s  ( a t  
about 135 ppm), w h i l e  t h e  e x t r a c t  d e r i v a t i z e d  w i t h  2 showed only  a r e l a t i v e l y  
smal l  q u a n t i t y  o f  t h i s  f u n c t i o n a l i t y .  Th i s  c o n t r a d i c t o r y  r e s u l t  i s  c u r r e n t l y  
under  f u r t h e r  i n v e s t i g a t i o n .  

Conclus ions 

Reagents o f  t h e  t ype  1 and 2 p r o v i d e  improved 31P chemical s h i f t  
d i s p e r s i o n  f o r  compounds d e r i v e d  f rom c a r b o x y l i c  ac ids,  phenols, a l coho ls ,  
amines, and t h i o l s .  Therefore, t hey  o f f e r  cons ide rab le  promise f o r  t h e  
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.o PPM 
COOH - 

A l i p h a t i c  OH groups - -  
Phenols Phenols 

lib 165 160 155 150 1 45 140 1% 130 125 150 PPM 

F igure  5. 31P NMR spectrum o f  a pyr id ine  ex t rac t  o f  I l l i n o i s  No. 6 coal d e r i v a t i z e d  w i t h  1. 

4.0 ppm - c__ c1 

A l i p h a t i c  OH groups Phenols Phenol S COOH 

115 170 16b 160 155 Id0 145 140 1$5 130 1kPPM 

F igure  6. 31P NMR spectrum of a pyr id ine  e x t r a c t  o f  I l l i n o i s  No. 6 coal d e r i v a t i z e d  w i t h  2. 
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i d e n t i f i c a t i o n  (and p o s s i b l y  q u a n t i f i c a t i o n )  o f  coa l -de r i ved  o rgan ic  m o i e t i e s  
bonded t o  -OH, -NH, and -SH f u n c t i o n a l i t i e s .  Such a c a p a b i l i t y  w i l l  be ex t reme ly  
u s e f u l  i n  c h a r a c t e r i z i n g  coal  e x t r a c t s ,  p y r o l y s i s  condensates, and l i q u e f a c t i o n  
products. 
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INTRODUCTION 

Most coal devolatilization studies so far have focussed on the determination o f  
reaction rates for reactions occurring under widely different conditions 
encountered in liquefaction, gasification, coking or combustion processes. 
Published rates on more or less comparable coals may differ by several orders o f  
magnitude, especially when obtained at high temperatures (>lo00 K) and/or high 
heating rates (102-105 K/s)  (1,2). 

At the present state-of-the-art in coal devolatilization research, more emphasis 
should perhaps be placed on elucidating the mechanisms of the chemical reactions 
underlying the observed phenomena. When studying thermal conversion reactions in 
coal it seems correct to concentrate first on the so-called "primary" reactions 
before attempting to elucidate the many possible secondary reaction pathways. 
This is especially true since most secondary reaction pathways are strongly 
influenced by reactor design and experimental conditions. 

The devolatilization behavior of coal will be determined primarily by the chemical 
composition of coal and secondly by the experimental conditions. Under properly 
designed vacuum micropyrolysis experiments working with sufficiently small 
particles (<50 M diameter), it is possible to avoid mass and heat transport 
limitations (3) and minimize the secondary reactions. Using premium coal samples 
from Argonne National Laboratory (4) the chemical composition can be well defined 
and possibly characterized by major factors such as rank and depositional 
environment (5). Recent advances in pyrolysis mass spectrometry (Py-MS), viz, 
time-resolved Py-MS (TR Py-MS), along with multivariate analysis techniques enable 
extraction of underlying chemical components (6) from a single experiment; thus 
reducing the uncertainty due to varying reactions conditions in different 
experiments. This paper demonstrates the feasibility of obtaining valuable 
mechanistic and kinetic data using microgram amounts of carefully selected coal 
samples under properly designed reaction conditions using TR Py-MS techniques in 
combination with advanced multivariate data analysis methods. 

EXPERIMENTAL 

A sample of hvAb Pittsburgh #8 coal was picked up in large chunks from the mine 
mouth and subsequently ground and sieved under nitrogen. 
analysis data are shown i n  Table I. 
in detail. 

(Time-Resolved Pyrolysis Mass Spectrometry) 
Time-resolved Py-MS analyses were done under the following conditions: Curie-point 
temperature 61OoC, temperature-rise time 5.4 s, total heating time 10 s, electron 
energy 12 eV, mass range scanned 50 to 200 amu, scanning speed 1000 amu/s, number 
of scans 41, total scan time 8 s. Each spectrum scanned was stored separately in 
the IBM 9000 computer. 
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Ultimate and proximate 
Sample preparation was discussed earlier (7) 



(Mult ivar ia te  Data Analysis) 
In order t o  give a l l  t h e  var iables  an equal contr ibut ion,  and f o r  reasons ex- 
plained by Malinowski ( 8 ) ,  f a c t o r  ana lys i s  was done on the  "correlat ion around the  
or igin"  matrix. 
determining t h e  leve l ing  off of  the s lope (8)  and the  r a t i o  of the eigenvalue ( 9 ) .  
Deconvolution of t h e  components was performed by using a combination of "pure mass" 
(8 , lO) and "var iance diagram" (VARDIA) ( 6 )  techniques. 

(Kinet ic  Analyses) 
Kinetic ana lys i s  was based on the  t o t a l  ion cur ren t  p lo t .  
t h a t  each maximum i n  the  bimodal curve r e f l e c t s  a s ing le  r a t e  process and t h a t  a 
f i r s t  order r a t e  equation descr ibes  the  process. 
the maximum r a t e  o f  generat ion a t  t h e  peak of the curve a r e  l i s t e d  in Table I .  
d i s t r ibu ted  a c t i v a t e d  energy model (11) was used a s  an a l te rna t ive  approach. 

For t h i s  s tudy,  the number of fac tors  used was selected by 

The assumption was made 

The parameters computed based on 
The 

RESULTS AN0 DISCUSSION 

The time-resolved t o t a l  ion cur ren t  (TIC) p r o f i l e  of the  Pittsburgh #8 coal sample 
i s  shown in Figure l b .  The TIC p r o f i l e  has a d i s t i n c t l y  bimodal character  with a 
pronounced low temperature maximum near 37OoC and a l a r g e r ,  high temperature 
maximum near 56OoC. These temperatures, estimated from the  temperature/time 
p r o f i l e  of t h e  blank Curie-point pyrolysis  f i lament  (shown in Figure l a )  a r e  
believed t o  be accurate  within 5%. The time-integrated spectrum of t h e  coal 
sample, shown in F i g u r e  2, shows t h a t  the most abundant homologous ion s e r i e s  in  
the pyrolysis  mass spec t ra  of f resh whole coals  a re  the  "phenols". 
components dominating t h e  spec t ra  a r e  the "benzenes", "naphtha1 enes" and the shor t  
chain a l i p h a t i c  hydrocarbons. 
obtained on 102 Rocky Mountain coals  ( 5 ) .  

Us ing  the  mul t ivar ia te  data  ana lys i s  procedures, mentioned before, the  evolution 
p r o f i l e s  of t h e  components ( separa te  groups of correlated mass peaks) were 
obtained. These p r o f i l e s ,  labeled A ,  B ,  C and D a r e  shown in Figure I C .  The 
corresponding numerically extracted spec t ra  showing the  composition of each com- 
ponent along with t h e  t o t a l  variance percentage a re  shown i n  Figure 3a, b, c and d .  

The low temperature component A appears t o  represent  a vacuum d i s t i l l a b l e  o i l  
consis t ing la rge ly  of aromatic hydrocarbon s e r i e s  ("benzenes", "naphthalenes" and 
"biphenyls/acenaphthenes"). Bench sca le  vacuum extract ion s tudies  of a hvBb 
Hiawatha coal showed t h e  naphthene r i c h  d i s t i l l a b l e  f rac t ion  t o  represent  approx. 
4% of t h e  f resh  coal (12) .  I t  i s  now ra ther  widely accepted t h a t  coal deposi ts  go 
through an " o i l  formation window" during t h e i r  coa l i f ica t ion  h is tory  i n  a s imi la r  
manner observed f o r  o i l  shale  deposi ts .  Maximum o i l  generation i s  l i k e l y  t o  occur 
in  coals  of high v o l a t i l e  bituminous rank. In te res t ing ly ,  in our experience this  
component i s  not  readi ly  observed under typical  thermal analysis  conditions. 

Components B, C ,  and D together  make up the  main pyrolysis  event in Figure lb .  
Component B appears  a t  a somewhat lower temperature than components C and D. 
near symmetrical shape of the in tens i ty  p r o f i l e s  of components B and C ind ica tes  a 
depolymerization (such as  found in thermoplast ic  mater ia ls)  degradation behavior 
leading t o  rap id ,  complete pyrolysis  without major charr ing tendencies. Component 
D, however, behaves more l i k e  a crossl inking substance (such a s  found in  thermo- 
p l a s t i c  mater ia l s )  with a wider temperature p r o f i l e  and a slow, high temperature 
t a i l  ind ica t ing  incomplete pyrolysis ,  presumably accompanied by char formation. 

Which s t r u c t u r a l  moiet ies ,  i f  any, a r e  represented by components B, C and D? 
Ident i f ica t ion  of component 0 is r e l a t i v e l y  s t ra ightforward.  As shown i n  Figure 
3d, this component i s  dominated by a s t rong s e r i e s  of alkyl subs t i tu ted  phenols and 
resembles the  PY-MS pa t te rns  of  pure v i t r i n i t e s  (13) and f o s s i l  wood, (14) samples. 
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Other major 

This matches w i t h  the  r e s u l t s  from t h i s  laboratory 

The 

1 



I 

Highly similar patterns have been observed in numerically extracted component 
spectra of various coal data sets obtained by Py-MS (15). Consequently, component 
D appears to represent the abundant vitrinite macerals present in the Pittsburgh #8 
coal sample. 

Component B is the early component in the "depolymerization" region (see later) and 
is characterized by branched or alicyclic hydrocarbons. 
characterized by a prominent ion series at m/z 60, 74, 88, 102, etc. (most 
prominent i n  the corresponding loading spectra, not shown here), as marked by stars 
in Figure 3b and thought to represent short chain fatty acids. Patterns similar to 
Figure 3b can be observed in Messel shale (16) as well as i n  sporinite concentrates 
(13) and may represent liptinitic structural moieties present in several different 
coal maceral s. 

The numerically extracted spectrum of component C (Figure 3c) reveals an entirely 
different chemical structure consisting nearly exclusively of aliphatic hydrocarbon 
moieties. On the basis of previously reported Py-MS studies of model compounds and 
maceral concentrates (13), this component is believed to consist primarily of 
straight chain a1 kanes, a1 kenes and alkadienes. Under the low voltage electron 
ionization conditions used in this experiment, short chain alkanes (<C15) produce 
mainly the alkene and alkadiene molecular ion series as well as various fragment 
ion series, which are visible in Figure 3c. Mixtures of straight chain aliphatic 
hydrocarbons such as seen in Figure 3c are typical of the pyrolyzates of 
polyethylene-like structures such as found under vacuum micropyrolysis conditions 
in liptinitic macerals derived from fossil plant cuticles (17) and or algal 
materials (16). 

It should be mentioned, however, that by selecting a limited mass range (m/z 
50-200) many important small molecules (e.g., CH4, NH3, H20, HCN, CO, CH20, 
CHsOH, HzS, HC1, CO2 and various Cz compounds) are ignored in addition to 
many large organic molecules. 
process, as well as making it hard to compare our data with the data of other 
workers on the kinetics of evolution of small molecules (18, 19). 

In spite of these limitations, the data obtained on the kinetic parameters seem to 
match very well with our understanding of the events marked by the two distinct 
humps in Figure lb. 
expect for the thermophysical kinetics related to 
phase. 
calculated using the distributed activation energy model, is expected for thermo- 
chemical kinetics for breaking of ethylene bridges between aromatic rings and 
agrees well with reported values for this step (2). 

The observation o f  three different types of thermal behavior, as judged from the 
shape of the deconvoluted components, namely "desorption" (vacuum distillable 
component A), , "depolymerization" (thermoplastic components B and C), and "thermal 
degradation (thermosetting component D )  points to the need for a kinetic model 
with at least three different reaction order terms. The desorption process is 
likely to have a reaction order between 0 and 1. 
formation) terms, on the contrary, would be expected to exhibit reaction orders 
substantially greater than 1. Only the two thermoplastic components (B and C) 
should follow first order unimolecular decomposition pathways under our vacuum 
micropyrolysis conditions. 
model based on these TR Py-MS observations. 
applied to the "pure" maceral constituents of coal. 
each macyal type are well established, a useful devolatilization model for the 
"mixture 
techniques enable deconvol ution o f  chemical components, thereby a1 1 owing more 
insight into the chemistry of coal devolatilization. 

This component is also 

This limits the characterization of the char forming 

The activation energy of 10 Kzal mol-1 is reasonable to 
desorption" of the mobile 

The latter value of 62 Kcal mol-1, which also matches with the value 

The thermosetting (char 

We are working on the development of a devolatilization 
In principle, this methodology can be 

Once the kinetic models for 

In conclusion, computer-assisted TR Py-MS coal might be within reach. 
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TABLE I 1  
KINETIC PARAMETERS CALCULATED FROM TIME-RESOLVED PY-MS DATA 

Energy o f  Ac t i va t i on ,  
Kcal m o l - l  

~ 

Thermal Ex t rac t i on  Bulk Py ro l ys i s  
Step Step 

10 62 ( 60 )* 

Frequency Factor, s - l  

Figure 1. (a )  Temperature-time 
p r o f i l e  o f  blank Cur ie-point  
py ro l ys i s  f i l amen t  (T,=6100C); 
(b) t o t a l  i o n  count p r o f i l e  o f  
P i t tsburgh #8 coal sample; (c)  
deconvoluted components (A, 8, C, 
0). 

105 1012(1013**) 

I 
O d 4 6  6 

TIME, s 

4 1  

0 L 4 6 Q  
TIME, s 
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Figure 2. Time-integrated spectrum obtained by summing all 41 spectra recorded 
during time-resolved pyrolysis MS run. 
cular ions characteristic of rank (hvAB) a s  well as o f  depositional environment and 
weathering status. 

Note dominant series of homologous mole- 

Compare with deconvoluted spectra in Figure 3. 
1.0- 

0.5- 
CnH2n+1’ 

.... L... 
’ ’ ;  .,I; 

.,,,_, 
01 

Figure 3. Numerically extracted (“deconvoluted”) spectra of the four components 
shown in Figure 1. 
the four components is 99% of the total variance in all 41 spectra). 

Note differences in % variance represented (summed variance o f  
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EPR STUDY OF THE CATALYTIC EFFECTS OF 
MINERALS ON FREE RADICAL FQRMATION DURING COAL PYROLYSIS 

M.S. Ali and W.R.M. G r a h a m  

Department of Physics, Texas Christian University 
Fort Worth, Texas 76129 

A systematic i n  s i t u  study of free radicals in Pittsburgh No. 8, acid treated 
coal (ATC) as a function of temperature and residence time has been carried 
out using the electron paramagnetic resonance (EFR) technique at temperatures 
up to 900 K. The catalytic effects of pyrite, pyrrhotite, calcite, and clays 
on free radical formation during pyrolysis have been examined. 

L 

Various investigators have reported that the inherent mineral matter in 
coal may have a positive effect during conversion processes (1-3). m i t e  and 
pyrrhotite are of particular interest since pyrite, which is the major iron- 
sulfur compound in coal, is known to affect various stages in coal processing, 
and pyrrhotite, which is formed from pyrites under liquefdtion conditions, 
has been found in one study ( 4 )  to influence conversion efficiency, although 
other work is in disagreement with this conclusion (5). 

pyrolysis is believed to be an important step in liquefaction, the EF'R tech- 
nique has been used to advantage in studies on pyrolyzed and heat-treated 
coals (6,7). 
studies on the effects of pyrite and pyrrhotite on free radical formation in 
two West Virginia coals which were heated to -900 K. 
m increase in the number of free radicals occurred at -800 K for coal 
samples containing 8% added pyrite, with a somewhat smaller increase for 
pyrrhotite, they concluded that both the conversion of pyrite to pyrrhotite 
and pyrrhotite itself contributed to the enhancement in the number of free 
radicals. An overall increase in the number of free radicals which was 
smaller on heating in HZ than in vacuum, was interpreted as indicating that 
free radicals were stabilized by hydrogen. 

of pyrite and pyrrhotite on free radical formation, is that the EPR measure- 
ments were carried out on coal samples which had been sealed in evacuated or 
gas-filled sample tubes, heated in a furnace, and then cooled.. %is procedure 
may preclude the observation of information on transient effects, which ~y be 
lost on cooling down the sample before EFR measurements are taken. A signifi- 
cant objective of the present work therefore, was to examine mineral effects 
on radical formation i n  s i t u  during pyrolysis at temperatures up to 900 K. A 
step in this direction was recently reported by Seehra and coworkers (10) who 
carried out i n  s i t u  measurements on samples of raw coal, and were able to de- 

Since the formation of free radicals by the rupture of coal bonds during 

Recently Srinivasan and Seehra (8,9) have reported results of 

Observing that the maxi- 

An important point to note about the studies so far (8,9) on the effects 
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tect several distinct stages in pyrolysis based on the variation in spin con- 
centration as the temperature increased during pyrolysis. 

The coal samples used in this work were derived from a g r d  sample 
(C19825 in reference 14) from the Pittsburgh No. 8 seam, a high volatile bitu- 
minous coal, which has been the subject of several previous EFR investigations 
in this laboratory (11-13) and has been otherwise extensively characterized 
(14). Mineral samples used include pyrite from Custer, South Dakota, pyrrho- 
tite from Falconbridge, Cntario, and calcite. 
crystallized kaolinite (KGa-I), illite (M-l), and montmorillonite ( S a - 2 )  
were obtained from the Clay Minerals Society. 

Small samples for EPR studies were prepared by thoroughly grinding 
mineral/coal mixtures so that the average particle size was much smaller than 
the microwave skin depth (15). The coal and mineral were dispersed in KBr in 
the ratio 1:lOO (16), and then ground further in a ball grinder using plexi- 
glass vials and balls to avoid metal contamination. 
vacuum and usually used immediately following grinding; however, when neces- 
sary, they were stored for 24 h under nitrogen, with no observable deterior- 
ation in the EPR spectrum. 

The low temperature ash fraction (14.5%) from the Pittsburgh No. 8 coal 
has been analyzed to contain 16% pyrite, 25% calcite, 8% quartz, with the re- 
maining 54% composed of kaolinite, illite, expandable clays, and other miner- 
als. For experiments designed to study the evolution of free radicals in the 
absence of the inherent mineral matter, acid treated samples were used. These 
were prepared by boiling raw coal with 5M €IC1 for 30 minutes, thoroughly wash- 
ing with acetone and ethanol, and then drying at 375 K for 8 h. Subsequent 
preparation pmceeded as already described for raw coal. 

Prior to carrying out the EPR measurements, each coal sample was placed 
in a 4 mn 0.d. quartz sample tube which was evacuated #ro* a side arm. 
sample tube WBS inserted into a double-walled quartz dewar inside the micro- 
wave cavity. Nitrogen gas heated by passage over a series of two ch-1- 
alumel heater elements flowed through the dewar. suitable adjustment of 
the gas temperature 4 flow rate, the sample temperature, as measured by a 
chromel-alumel thermocouple, could be raised to 900 K with a stability of 
fl K. The Varian "ELo2 d e  cavity was maintained at room temperature by 
means of refrigerated water circulating inside a jacket hich surroded,  and 
was in good thermal contact w i t h  the cavity. The signal intensity from a 
sample of DPPH fixed to the cavity wall was unchanged by heating the sample 
inside the dewar, confirming that the sensitivity of the cavity was not 
affected. 

equipped with 100 lrHz field modulation. 
iments has already been described; 
following demineralization were done using a Varian variable temperature 

Standard clay samples of well 

Samples were placed in 

The 

EPR measurements were made at -9 0 l z  using a Varian V-4500 spectmmeter 
The arrangement for pymlysis exper- 

low temperature experiments on the acid 

1 
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accessory. 
and a Hewlett-Wkard frequency counter. 
IBM XT computer which is used for data acquisition, calibration, storage, and 
analysis. 

Field measurements were made using a Harvey-Wells NMR gaussmeter 
The spectrometer is interfaced to an 

RESULTS AND DISCUSSION 

I Figure 1 shows plots of the absolute temperature (T) versus the product 
I 

I 
I 

of the temperature and the intensity of the EPR absorption obtained by numeri- 
cal double integration of the observed line profile (IT). The results illus- 
trated are for a sample of raw Pittsburgh No. 8 coal and for two other sam- 
ples, coal + 8% pyrite and coal t 8% pyrrhotite, heated for 20 minutes at -40 
K intervals. In the case of raw coal there is no significant change in free 
radical concentration until -600 K ,  after which it rises, but at a slower rate 
than the curves for the samples with mineral added. Both of the latter sam- 
ples show evidence of an intermediate step in which a small increase in con- 
centration is followed by a decrease, before the onset of the steep rise at 
-600 K .  The preliminary step is similar to that observed by Seehra et al. 
(10) for i n  s i t u  measurements on three raw coals, but was not observed in 
their earlier study (8 ,9)  on the effects of the addition of pyrite and 
pyrrhotite in which measurements were made after heating outside the cavity. 
The number of free radicals increases faster for added pyrrhotite than for 
pyrite until it reaches a peak at 800 K and then drops rapidly thereafter. 
The pyrolysis of the raw coal and coal t 8% pyrite continues to 'yield addi- 
tional free radicals up to the cutoff in the data at 900 K. This continued 
enhancement of the free radical yield in coal + 8% pyrite samples contrasts 
with the earlier observations for samples pyrolyzed outside the cavity and 
recorded cold (8 ,9 ) ,  where all three samples showed a decline in free radical 
concentration back to prepymlysis levels, and suggests the importance of i n  
s i t u  observations in monitoring the dynamic process. The observation that at 
temperatures up to 800 K the coal t 8% pyrrhotite sample shows higher concen- 
trations of free radicals than pyrite, which then continues to enhance free 
radical formation as the yield from pyrrhotite declines, suggests that the 
catalytic activity of the pyrrhotite has been depleted, while in the coal t 8% 
pyrite sample the pyrite continues to convert to pyrrhotite which then en- 
hances the free radical yield. This tends to support the view that the con- 
version to pyrrhotite as well as the mineral itself are positive influences. 

matter on radical yield. In an attempt to investigate this possibility sam- 
ples of acid treated coal were studied. 
spectm of the raw coal at room temperature (296 K )  and after heating at 814 
K, respectively. The room temperature spectrum show evidence of Fe3+ at g 4 

4.4 which is probably contained in clays, and a broad weak signal underlying 
the free radical signal at g 9 2.0, which may be from metallic iron. Pyrite, 
with Fez+, has no EF'R spectrum; however, after heating, conversion of pyrite 
to pyrrhotite has occurred, and a strong ferromagnetic resonance signal is 

I 

A significant question is the possible influence.of the inherent mineral 

Figs. 2(a) and (b) show the EPR 
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1 

observed at center field. 
temperatwe shows that the Fe3+-bearing mineral has been removed, and Fig. 2 
(d) recorded at 869 K shows no evidence of converted pyrrhotite. 
when 8% pyrite is added to A X - 1 ,  heating to 8 7 1  K again reveals the presence 
of pyrrhotite as shown in Fig. 2 (e). The spectnnn shown in Fig. 2 (f) of a 
glass of the HC1 which was used in the demineralization, shows evidence of the 
iron extracted from the coal. 

treated coal (ATC-1 and ATC-2) which were heated in s i t u  for -85 min at -40 K 
intervals, compared to the curve for the same ground sample of raw coal before 
acid treatment which was heated for -20 min at each interval. The consistent- 
ly higher concentration of free radicals generated in the pyrolysis of the raw 
coal compared to the ATC supports the contention that the inherent mineral 
component contributes to the radical yield. 

Prior to examining the influence on free radical yield of adding specific 
minerals to the A X ,  a series of experiments was carried out to determine the 
effect of residence time. Figs. 4(a) - (e) show the time evolution of radical 
concentration for ATC with added pyrite, pyrrhotite, calcite, clays (4% kao- 
linite, 2% illite, 2% montmorillonite), and a mixture of calcite and pyrite. 
In each case the results were obained by pre-heating the dewar in the cavity 
to -830 K, inserting the sample tube, and beginning to record observations 
after 5 minutes residence. It is seen that the maximum in free radical con- 
centration occurs for widely different residence times for the various coal/ 
mineral combinations. 
pyrrhotite reaches a maximum after only 10 min, while at least 50 min are re- 
quired for ATC-1 + 8% pyrite. This again points to the importance of conver- 
ed pyrrhotite. 
even more effective. Radical concentration increases rapidly in the first 5 
minutes, and after 30 minutes has reached a maximum. By contrast, the addi- 
tion of clays, pyrite, or calcite separately, appears to produce no dramatic 
increases. 

Plots of the the relative concentration of free radicals as a function of 
temperature for ATC and ATC with the five minerals mentioned earlier are shorn 
in Fig. 5. 
is generally best for a mixture of calcite and pyrite. 
hances free radical yield, but only up to -800 K. m i t e  appears to be much 
less effective then added to the A X  than it was when added to the raw coal. 
Pittsburgh No. 8 coal does, of course, contain calcite, and these results at 
least raise that this inherent calcite and the pyrite together play a role in 
the observed increase in free radical concentration shown in Fig. 1. 

The spectrum shown in Fig. 2(c) of ATC-1 at man 

Finally, 

Figure 3 shows the IT versus T curves obtained for two samples of acid 

In particular, the radical concentration for ATC-1 + 8% 

A mixture of 4% calcite + 4% pyrite added to ATC appears to be 

A t  temperatures up to -825 K the number of free radicals produced 
Pyrrhotite also en- 

coNcLus1oNs 

Several conclusions may be drawn from the results reported here. 
increase in radical concentration observed on the addition of pyrrhotite to 
ATC in contrast to the relative ineffectiveness of pyrite supports the view 

The 
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that the conversion of pyrite to pyrrhotite and pyrrhotite itself are respon- 
sible, 
radical yield. In studies on the pyrolysis of Pittsburgh No. 8 coal in helium 
and hydrogen at temperatures up to 1300 K Franklin et al. (17,18) found strong 
effects by calcium minerals. In particular, they concluded that CaCO, and its 
decomposition product during pyrolysis Cao, are especially active in cracking 
oxygen functional groups and aromatics. We note however, that the free radi- 
cal yield shows substantial enhancement only when in the presence of pyrite. 

Of interest, is the apparent positive influence of calcite on free 

Am- 
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COPPER CATALYZED LOW-TEMPERATURE PYROLYSIS A S  A MEANS FOR 
UPGRADING LOW-RANK S O L I D  FUELS 

S. Stournas, M. Papachristos and G .  B. Kyriakopoulos 

Chemical Engineering Department. National Technical University 
42 Patission Street, 106 82 Athens, Greece 

ABSTRACT 

Low-rank solid fuels (lignite and peat) are characterized by a 
high oxygen content on a DAF basis, a large proportion of which 
belongs to carboxyl and hydroxyl groups. These groups being 
thermally labile, the oxygen content of low-rank coals can be 
substantially decreased (and their heat content per unit mass 
correspondingly increased) by subjecting them to simple pyrolytic 
treatment. 

It has been found that the behavior of certain types of lignite 
and peat is similar to that of simple carboxylic acids, in that the 
thermal decarboxylation process can be catalyzed by specific metal 
ions. Thus when lignite and peat, in the presence of small amounts 
of copper, are pyrolyzed at low temperatures (160"-200' C), they 
readily undergo decarboxylation and dehydration and their higher 
heating values on a DAF basis show increases of the order of 30%. 
When uncatalyzed, these same reactions require temperatures in 
excess of 300' C. 

INTRODUCTION 

Among the known fossil fuel reserves those of the low-rank 
coals (i.e. lignite and peat) remain underutilized. despite their 
significant potential as a readily recoverable energy resource. The 
main problem associated with these solid fuels is their low heat 
content per unit mass. which in turn is due to the high moisture and 
ash content but also to the relatively low heating value of the DAF 
coal itself. 

It has been a well known fact for many yearsL that, on moving 
from high rank to low rank coals. the ratio of oxygen content to 
carbon content increases substantially: it is not unusual for a 
lignite coal to contain around 30% oxygen on a DAF basis, whereas 
peat approaches 40%. 

It is evident that the upgrading of lignite and peat to forms 
that come close to hard coal in properties and performance may 
i nvo lve : 

a. Moisture removal through the various drying processesz 
b. Ash removal through processes such as leachine and 

c. Oxygen removal from the DAF coal 
f lotation4 

The first two approaches deal with the separation of the fuel 
component (DAF coal) from extraneous materials (moisture and ash), 
whereas the third approach is concerned with the chemistry of the 
fuel component itself. 

The higher oxygen content of low-rank coals is coupled with 
marked differences in the relative contents of the various oxygen 
functionalities. This is particularly pronounced in the case of the 
carboxyl group. which is one of the main oxygen functionalities 
occurins in lignite and peat but is almost totally absent in coals 
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of bituminous and higher An efficient means of decarbo- 
xylation, therefore, could lead to a significant improvement of the 
overall properties, and particularly the heat content of lignite and 
peat. 

The decarboxylation of low-rank coals can be achieved by 
heating the coal at a high enough temperature. Thus, simple heating 
of lignite to about 330' C leads to decarboxylation and an increase 
of about 21% in the gross calorific value of the Similar 
results were obtained by heating low-grade solid fuels at about 
400' C either in the presence of base8 or in the presence of acid.- 
whereas processes involving even higher temperatures have also been 
reported. io- I 

It is apparent that, for thermal decarboxylation of low-rank 
coals to take place to any significant extent, temperatures in 
excess of 300' C are required. However, it has been known for a long 
time that copper will catalyze the decarboxylation of carboxylic 
acids.12-i3 and the mechanism of this reaction has been studied in 
detail.f4*1s The purpose of the present study was to assess the 
possibility of utilizing copper as a catalyst for the decarbo- 
xylation of lignite and peat at low temperatures, thus making the 
process energetically more efficient. 

EXPERIMENTAL 

Three types of coal were used in this study, Megalopolis 
lignite, Ptolemais' lignite, and Philippi peat; their characteristics 
are given in Table I. The experimental procedure was similar to that 
described in a preliminary report on the heat-treatment behavior of 
two of the above coals" and is summarized below. 

Samples of about 10 g of each coal (40 to 200 mesh) were 
\.slurried with 20 mL of a dilute aqueous solution of cupric sulfate: 
the copper content was equal to 1% or 3% of the DAF coal of the 
sample. An amount of sodium carbonate equivalent to the copper 
sulfate was dissolved in distilled water and was added to the 
previous slurry with stirring. The coal was then filtered off under 
mild suction and washed with distilled water. This method achieved 
an intimate mixture of the coal under study with copper in the form 
of cupric carbonate. The treated coal was then transferred to a 
porcelain crucible and placed in an oven at the desired temperature 
(140' - 400' C) for a period of 30 minutes. This length of time was 
found adequate for low temperature pyrolysis after a series of 
experiments with varying heating durations. For comparison purposes, 
blank samples of coal (i.e. containing no copper) were subjected to 
exactly the same procedure. except that the initial slurry was made 
with distilled water. 

RESULTS AND DISCUSSION 

The measured higher heating values of the various samples, 
before and after heat treatment, are shown in Tables 1 1 ,  1 1 1 ,  and 
IV. It can be seen that thermal treatment invariably increases the 
heat content of Megalopolis lignite and Phi lippi peat: the magnitude 
of the increase. however, depends both on the temperature of the 
treatment and on the presence of copper as the decarboxylation 
catalyst. This behavior can be more easily visualized if one refers 
to figures 1 and 2. which illustrate the increase in higher heating 
value as a function of temperature and copper content. 
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TABLE I 
COAL CHARACTERISTICS 

Megalopolis Philippi 
Lisnite Peat 

As Received Basis 
Moisture ( % I  
Volatile Matter (%1 
Fixed Carbon 
Ash (%I  
HHV (MJ/Kg) 

DAF Basis 
C %  
H %  
S %  
N %  
0 % (by difference) 
HHV (MJ/Kg) 

45 .0  
2 4 . 4  
12.5 
1 8 . 1  

9 . 0 2  

1 6 . 1  
4 5 . 8  
16 .7  
2 1 . 4  
12 .72  

60 .4  5 6 . 7  
5 . 9  5 . 5  
2 .9  1.1 
1 . 8  1 . 8  

29.0 34.9 
24.42 20.36 

Pto lemais 
Lignite 

5 6 . 3  
1 8 . 0  
1 2 . 1  
1 3 . 7  

7 . 0 5  

6 3 . 2  
5 . 2  
1.6 
1.6 

2 8 . 4  
2 3 . 4 3  

TABLE I 1  
CHANGE IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT 

TEMPERATURE AND COPPER CONTENT 
MEGALOPOLIS LIGNITE 

Treatment Temperature ('C) Higher Heating Value (MJ/Kg) 
1% cu 3% cu 

No Heat Treatment 24.42 24.25 24.28 
No Cu 

140  
160 
200 
250 
300 

24 .45  24 .64  24 .70  
26 .06  30.43 30.08 
2 6 . 7 4  3 0 . 9 8  3 1 . 2 4  
27 .67  31 .62  31 .82  
33 .34  3 4 . 0 7  33.16 

TABLE I 1 1  
CHANGE IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT 

TEMPERATURE AND COPPER CONTENT 
PHILIPPI PEAT 

Treatment Temperature ( 'C) Higher Heating Value (MJ/Kg) 
No cu 1% cu 3% cu 

No Heat Treatment 20.36 20.25 2 0 . 3 8  
140 
160  
200 
250 
300 

2 0 . 3 8  20.39 20.56 
20.44 20 .57  21 .83  
20.55 23.87 2 5 . 6 3  
21 .38  24.36 26.12 
2 5 . 8 4  28 .05  28 .79  

In the case of Megalopolis lignite (Figure 1) it is evident 
that the presence of copper is of minor significance UP to about 
140'  C. the temperature being too low even for the catalyzed decar- 
boxylation to take place. Starting at around 160'  C. however. the 
catalytic effect of copper becomes significant and an increase of 
the order of 20% is observed in the higher heatins value of the 
heat-treated lignite. Increasing the concentration of copper from 1% 
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to 3% appears to have essentially no effect on its catalytic 
activity. When the heat-treatment temperature reaches 300'  C, the 
role of copper becomes much less significant, inasmuch as the rate 
of decarboxylation is suite fast even in the absence of catalyst. 

In the case of Philippi peat (Figure 2) the experimental 
results display a similar pattern, except that the onset of signi- 
ficant catalytic activity of the added copper does not occur until 
the heat-treatment temperature has reached about 200'  C. It is also 
worth noting that in this particular case the catalytic effect of 
copper is more pronounced at the hisher metal concentration (3%). 

TABLE IV 
CHANGE IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT 

TEMPERATURE AND COPPER CONTENT 
PTOLEMAIS LIGNITE 

Treatment Temperature ( 'C) 

No Heat Treatment 
160  
200 
25 0 
280 
300 
320  
340 
370 
400 

Higher Heating Value 
No Cu 1% cu 
2 3 . 5 1  23.22 
23 .56  23.90 
25.26 25.54 
25 .66  26.34 

26.35 27.34 
26.88 28.35 

29.66 29.27 

- - 

- - 
- - 

(MJ/Kg) 
3% cu 
23.43 
24 .06  
26.36 
26 .58  
25.64 
23.73 
22.95 
22.50 
22.59 
22.66 

As can be seen in Table IV and Figure 3. the behavior of 
Ptolemais lignite is quite different than that of the other two 
coals under the experimental conditions that were employed. In the 
presence of 1% copper. the increase in higher heating value of the 
pyrolysis residue is only slightly higher than the one occuring in 
the absence of catalyst. In the presence of 3% copper the results 
are even more remarkable, in that the higher heating value of the 
residue starts decreasing at around 250'  C and falls below that of 
the unheated sample at temperatures above 300' C. It thus appears 
that, in the case of Ptolemais lignite, the presence of copper can 
lead to the evolution of combustible gases in addition to carbon 
dioxide and water. The exact nature of this reaction is currently 
under investigation in our laboratory. 

Due to the loss of volatiles (mostly carbon dioxide and water), 
the mass of the fuel that is recovered after heat treatment is lower 
than the original one: this loss of mass increases with increasing 
temperature. The recovery of total heat content. however. is almost 
quantitative (over 98% in most cases) UP to a treatment temperature 
of 200' C. At higher temperatures the observed heat loss is more 
pronounced, due to evolution of combustible gases such as carbon 
monoxide. In the case of Ptolemais lignite the loss of both mass and 
heat content is much more significant in the presence of 3% copper. 
Figure 4 is an illustration of typical heat recovery patterns. i.e. 
the total heat content of the pyrolyzed coal as a percentage of the 
amount that was contained in the sample before thermal treatment. 

The Process described in this paper appears to offer the 
possibility of additional improvements in the quality of the treated 
coals, including: 
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a. Lowering of the ash content of the treated coals. probably 
due to the leaching of the water-soluble components during the 
slurrying operation. 

b. Lowering of the sulfur content. 
c. Decrease of the hydrophilicity of the coal, thus making it 

Potentially more amenable to ash-removing processes such as 
flotation and gravity separation. 

The magnitude and mode of occurence of the above effects are 
currently under study. 

CONCLUSIO@ 

In two of the three samples of low-rank coals that were studied 
in the course of this work. the addition of small amounts of copper 
appears to catalyze decarboxylation of the coals in a manner 
reminiscent of the copper catalyzed decarboxylation of carboxylic 
acids. As a result, low temperature (160'-250' C) heat treatment in 
these cases leads to an increase of about 25-30% in the higher 
heating value of the DAF coal. 

The third coal, Ptolemais lignite, offers a different picture. 
Decarboxylation in the presence of copper is more sluggish. and it 
appears that other reactions are also being catalyzed. leading to 
the evolution of combustible gases at comparatively low 
temperatures. 
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PYROLYSIS OF WILSOMILLE COAL LIQUEFACTION RESIDUES 

By W. A. Lee t  and D. C. Cronauer 
Amoco O i l  Company 

P. 0. Box 400 
Napervi l le ,  I l l i n o i s  60566 

Wilsonvi l le  c o a l  l i q u e f a c t i o n  r e s i d u e s  inc luding  vacuum tower bottoms (VTB), 
c r i t i c a l  s o l v e n t  deashing (CSD) product r e s i d s ,  and CSD ash concent ra tes  
were pyrolyzed v i a  isothermal  thermogravimetr ic  a n a l y s i s .  
g a s ,  l i q u i d ,  and coke were found t o  be i n s e n s i t i v e  t o  temperature  over t h e  
range of 800-1200°F. The y i e l d s  of p y r o l y s i s  products  generated from t h e  CSD 
r e s i d s  i n d i c a t e  t h a t  t h e  CSD r e s i d s  r e p r e s e n t  t h e  more thermally r e a c t i v e  and 
v o l a t i l e  p o r t i o n s  of t h e  VTB. The tendency of such r e s i d s  t o  form coke upon 
p y r o l y s i s  c o r r e l a t e s  wi th  phenol ic  hydroxyl  conten t .  Unusually low gas  p lus  
l i q u i d  y i e l d s  f o r  t h e  r e l a t i v e l y  hydrogen r i c h  a s h  c o n c e n t r a t e s  c o r r e l a t e s  
with high heteroatom and mineral  m a t t e r  c o n t e n t s .  Di f fe rences  observed i n  
p y r o l y s i s  y i e l d s  for samples from Wilsonvi l le  r u n s  made with and without  
recyc le  o f  unconverted c o a l  and mineral  mat te r  f u r t h e r  c h a r a c t e r i z e  t h e  r o l e  
of such r e c y c l e .  

Pyro lys i s  y i e l d s  of  

INTRODUCTION 

I n  t h e  development of c o a l  l i q u e f a c t i o n  processes ,  t h e  p y r o l y s i s  (notably 
delayed and f l u i d  coking)  of c o a l  l i q u e f a c t i o n  r e s i d u e s  ( r e s i d s )  has been 
incorpora ted  i n t o  l i q u e f a c t i o n  process  des ign  t o  supplement l i q u i d  y i e l d s .  
The fo l lowing  r e p o r t  p r e s e n t s  a n  update on t h e  v i a b i l i t y  of low tempera- 
t u r e  p y r o l y s i s  f o r  t h e  processing of c o a l  l i q u e f a c t i o n  r e s i d s .  S p e c i f i c a l l y ,  
t h e  r e p o r t  examines s h o r t  contac t  t i m e  p y r o l y s i s  y i e l d s  from var ious  l ique-  
f a c t i o n  r e s i d s  genera ted  a t  t h e  Advanced Two-Stage Coal Liquefact ion RBD 
F a c i l i t y  at Wilsonvi l le .  

EXPERIMENTAL 

Liquefac t ion  r e s i d  a p p l e s  were obtained from t h e  c o a l  l i q u e f a c t i o n  f a c i l i t y  
a t  Wi lsonvi l le ,  AL. The Wilsonvi l le  p i l o t  p l a n t  was opera t ing  i n  a two- 
s t a g e  mode w i t h  d i r e c t  coupl ing of t h e  thermal  l i q u e f a c t i o n  and c a t a l y t i c  
( h y d r o t r e a t e r )  r e a c t o r s  a s  shown i n  t h e  schematic ,  F igure  1. Af te r  f l a s h i n g  
and vapor recovery,  t h e  r e s i d u a l  vacuum bottoms (VTB) c u t  w a s  fed  t o  a c r i t i -  
c a l  s o l v e n t  deashing (CSD) u n i t  ( c u r r e n t l y  des igna ted  t h e  ROSE-SR process  by 
Kerr McGee Corp.) t o  r e j e c t  an ash  c o n c e n t r a t e  and recover  an ash  f ree- res id .  
The VTB product ,  CSD r e s i d ,  and CSD a s h  c o n c e n t r a t e  from t h r e e  Runs were 
s tud ied .  I n  Run 250D, t h e  l i q u e f a c t i o n  feed s o l v e n t  c o n s i s t e d  of r e c y c l e  
d i s t i l l a t e s  p l u s  CSD r e s i d .  I n  Runs 250H and 251E, t h e  recyc le  of VTB r e s i d ,  
inc luding  unconverted coal and mineral  m a t t e r ,  was added t o  t h e  feed so lvent .  
In  Run 251E. c a t a l y s t  was a l s o  loaded i n t o  t h e  thermal  l i q u e f a c t i o n  r e a c t o r .  
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A l l  t h r e e  runs were made wi th  I l l i n o i s  No. 6 c o a l  a t  e s s e n t i a l l y  t h e  same 
r e a c t i o n  condi t ions.  The r e l e v a n t  c h a r a c t e r i z a t i o n  d a t a  a r e  presented  i n  
Table I f o r  t h e  runs of i n t e r e s t .  

Thermogravimetric (TGA) w a s  used to  screen  p y r o l y s i s  coke, l i q u i d ,  and gas  
y i e l d s  a s  a func t ion  of temperature .  
atmosphere a t  a preprogrammed h e a t i n g  r a t e  of  5-50°C/min., an i so thermal  
TGA procedure was developed t o  mimic t h e  more rap id  hea t ing  r a t e s  charac-  
t e r i s t i c s  of s h o r t  contac t  t i m e  p y r o l y s i s  processes .  Provis ion  was made t o  
c o l l e c t  and weigh t h e  l i q u i d s  a s  w e l l  a s  recovered "coke" ( r e s i d u a l  m i n e r a l  
m a t t e r ,  unconverted c o a l ,  and coke) .  Gas y i e l d s  were c a l c u l a t e d  by d i f f e r -  
ence. Although r e p r e s e n t a t i v e  process  v a r i a b l e  e f f e c t s  and product q u a l i t y  
d a t a  could not  be obtained due t o  t h e  small sample s i z e s  involved,  such 
screening provided a r e l a t i v e  measure of p y r o l y s i s  y i e l d s  among samples as 
a func t ion  of temperature. 

T r a d i t i o n a l l y  operated under a n  i n e r t  

RESULTS 

Prel iminary screening  of t h e  coke y i e l d  of t h e  Wilsonvi l le  samples w a s  
c a r r i e d  out  by s tandard  and i so thermal  TGA runs.  I n i t i a l  sc reening  of 
Run 250H VTB ind ica ted  t h a t  coke y i e l d s  were i n s e n s i t i v e  t o  h e a t i n g  r a t e ,  
s a m p l e  s i z e ,  and purge n i t r o g e n  flow r a t e .  Pyro lys i s  y i e l d s  f o r  Run 250D 
and Run 250H VTB products  a r e  p l o t t e d  i n  F igure  2 as a f u n c t i o n  of p y r o l y s i s  
temperature. The i n s e n s i t i v i t y  of t h e  y i e l d s  t o  pyro lys i s  temperature  over  
t h e  range (800-1200°F) i n v e s t i g a t e d  sugges ts  t h a t  t h e  VTB c u t s  a r e  h ighly  
aromatic and not  r e a d i l y  thermally cracked under p y r o l y s i s  condi t ions .  Such 
high aromat ic i ty  i s  due t o  t h e  condensed s t r u c t u r e  of the  o r i g i n a l  c o a l  
feedstock and t h e  l i q u e f a c t i o n  and concomitant r e t r o g r e s s i v e  r e a c t i o n s  t o  
which i t  i s  subjec ted  i n  t h e  l i q u e f a c t i o n  process .  The decrease  i n  l i q u i d  
y i e l d s  with VTB recyc le ,  which is seen  i n  comparing products  of Run 250D w i t h  
those  of Run 250H and 251E, i s  a t t r i b u t e d  t o  a d d i t i o n a l  s o l u b i l i z a t i o n  and 
r e a c t i o n  of recycled VTB organic  mat te r  i n  t h e  l i q u e f a c t i o n  r e a c t o r s .  This  
leads  t o  t h e  formation of more h ighly  condensed r e s i d s .  

For t h e  key Wilsonvi l le  runs  on bituminous coa l .  average p y r o l y s i s  l i q u i d  
y i e l d s  a r e  p l o t t e d  versus  feed  H / C  r a t i o  i n  Figure 3. The l i q u i d  y i e l d s ,  
d e s p i t e  diminished vapor phase cracking of t h e  v o l a t i l e s  evolved i n  t h e  TGA 
experiments, a r e  comparable t o  average Exxon s imulated f l u  king y i e l d s  
f o r  samples of r e s i d s  from t h e  H-Coal and SRC-I processes .  "-" Such r e s u l t s  
support  a phys ica l  p i c t u r e  i n  which f l u i d  coking of Wi lsonvi l le  r e s i d s  l e a d  
pr imar i ly  t o  v a p o r i z a t i o n  of remaining v o l a t i l e s  w i t h  l i t t l e  concomitant 
l i q u i d s  upgrading. Liquid y i e l d s  obtained from pyro lys is  of t h e  CSD r e s i d s  
represent  t h e  more v o l a t i l e  f r a c t i o n s  of t h e  thermally r e a c t i v e  p o r t i o n  of 
t h e  CSD feeds.  MoKeOVeK. cons ider ing  t h e  high H/C r a t i o ,  t h e  CSD a s h  con- 
c e n t r a t e s  y i e l d  unusual ly  low q u a n t i t i e s  of l i q u i d  product upon p y r o l y s i s .  
The organic  mat ter  r e j e c t e d  i n  t h e  ash  concent ra te  r e p r e s e n t s  h ighly  condens- 
ed and n o n v o l a t i l e  aromatic  s t r u c t u r e s  which a r e  heteroatom r i c h  and e x h i b i t  
s t r o n g  i n t e r a c t i o n s  (adsorpt ion and/or  chemical bonding) w i t h  t h e  a s h  minera l  
matr ix .  

To examine t h e  coking tendencies  of t h e  Wilsonvi l le  Streams, s e l e c t e d  CSD 
feed and product  r e s i d s  were f r a c t i o n a t e d  by s e q u e n t i a l  Soxhlet  e x t r a c t i o n  
with n-pentane. toluene,  and te t rahydrofuran  (THF) t o  o i l  (pentane s o l u b l e ) ,  
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asphal tene  (pentane  i n s o l u b l e ,  toluene s o l u b l e ) .  p reasphal tene  ( toluene 
inso luble ,  THF s o l u b l e ) ,  and lumped ash/unconverted coal /coke (THF-insoluble) 
f r a c t i o n s .  Although a r b i t r a r y  i n  measure, such a f r a c t i o n a t i o n  scheme permi ts  
a f i n e r  r e s o l u t i o n  of t h e  chemistry involved i n  terms t r a d i t i o n a l l y  appl ied  t o  
coal-derived products .  The f r a c t i o n s  i n  t u r n  were pyrolyzed a t  1100°F t o  
examine t h e  p r o p e n s i t y  of each t o  form coke. The r e s u l t s  are summarized i n  
Table I1 f o r  VTB and CSD r e s i d s .  

Comparison of  t h e  r e s u l t s  of Table I1 shows t h a t  a l l  t h r e e  VTB c u t s  a r e  
s i m i l a r  i n  c h a r a c t e r .  Coke y i e l d s  from CSD feed o i l s ,  asphal tenes ,  pre- 
asphal tenes ,  and THF-insoluble r e s i d u e s  average about 4 ,  47, 67, and 89 w t % ,  
respec t ive ly ,  seemingly independent of  t h e  a c t u a l  feed  c o n t e n t s  of each 
f r a c t i o n .  Given Soxhle t  e x t r a c t i o n  d a t a  of a Wilsonvi l le  CSD feed,  l i n e a r  
weighting of t h e  above r a t i o s  by concent ra t ion  r e s u l t s  i n  a p r e d i c t i o n  of 
a c t u a l  coke make a c c u r a t e  t o  2 3%. Devia t ions  from t h e  c i t e d  averages and 
r e s u l t a n t  y i e l d  p r e d i c t i o n s  co inc ide  wi th  s h i f t s  i n  phenol ic  hydroxyl a c t i v -  
i t y  measured by FTIR. Decreasing coke make i n  the  p y r o l y s i s  of 250D. 250H, 
and 251E VTB o r g a n i c  f r a c t i o n s  ( o i l s .  asphal tenes .  and preasphal tenes)  
p a r a l l e l s  decreas ing  phenol ics  conten t  of t h e  whole r e s i d  (Figure 4 ) .  Quick 
c a l c u l a t i o n s  show t h a t  t h i s  s imple r a t i o  approach a l s o  p r e d i c t s  w e l l  the coke 
make of t h e  CSD ash  c o n c e n t r a t e s ,  underpredic t ing  coke y i e l d  by only 1%. A s  
with t h e  VTB c u t s ,  the d e v i a t i o n s  can  be c o r r e l a t e d  wi th  phenol ic  hydroxyl 
content  v i a  FTIR. 

Attempts t o  c o r r e l a t e  the  CSD product  r e s i d  f r a c t i o n s  of Table  I1 proved l e s s  
successfu l .  The m a t e r i a l  which i s  recovered as product  r e s i d  r e p r e s e n t s  t h e  
more v o l a t i l e  and thermally r e a c t i v e  components of t h e  VTB c u t s .  
na ture  of such m a t e r i a l  v a r i e s  with l i q u e f a c t i o n  s e v e r i t y  and subsequent CSD 
u n i t  opera t ion ,  t h e  tendency of the  v a r i o u s  CSD r e s i d  f r a c t i o n s  ( o i l s ,  
asphal tenes ,  etc.) to  form coke appears  t o  vary  g r e a t l y  with c o a l  feeds tock  
and process  c o n f i g u r a t i o n .  The CSD r e s i d  o i l  f r a c t i o n  makes up the bulk of 
t h e  VTB o i l  f r a c t i o n  recovered by e x t r a c t i o n  and s o l i d i f i c a t i o n .  
r e s i d  asphal tene  and preasphal tene  f r a c t i o n s  form less coke than  t h e i r  VTB 
product c o u n t e r p a r t s ;  thus they appear t o  represent  t h e  more v o l a t i l e  f r a c -  
t i o n s  and cracked products  of t h e  parent  VTB r e s i d  f r a c t i o n s .  Among the  t h r e e  
CSD r e s i d s  s t u d i e d ,  l i k e  r e s u l t s  a r e  obtained for  coke y i e l d s  from t h e  Soxhlet  
f r a c t i o n s  f o r  Runs 250D and 251E. Again, t h e  increased  coke make of  Run 250H 
asphal tene  and preasphal tene  f r a c t i o n s  r e l a t i v e  t o  t h e  corresponding f r a c t i o n s  
of 250D and 251E CSD r e s i d s  co inc ides  with an increase  i n  t h e  phenol ic  
hydroxyl conten t  of  t h e  whole r e s i d s .  

A s  t h e  

The CSD 

CONCLUSIONS 

Despi te  an i n c r e a s e  of  l i q u i d  y i e l d s  due t o  t h e  development of  two-stage 
l i q u e f a c t i o n  processes ,  Wi lsonvi l le  l i q u e f a c t i o n  r e s i d s  a r e  s i m i l a r  t o  those  
obtained from o l d e r  l i q u e f a c t i o n  processes  i n  t h a t  they  g ive  s i m i l a r  y i e l d s  
when subjec ted  t o  thermal  pyro lys i s .  
hence r e s i s t a n t  t o  thermal  c racking ,  lead ing  t o  a p y r o l y s i s  i n  which l i q u i d  
recovery is e f f e c t e d  by l i m i t e d  cracking and e x t e n s i v e  vapor iza t ion  of l i g h t e r  
o i l  ap$asphal tenic  f r a c t i o n s .  Heteroratom content  and r e t r o g r e s s i v e  reac- 
t i o n s  p a r t i a l l y  masked by poorly understood organic- inorganic  i n t e r a c t i o n s  
with t h e  minera l  m a t t e r  play a dominant r o l e  i n  determining t h e  n a t u r e  of t h e  
l i q u e f a c t i o n  r e s i d s .  

The r e s i d s  a r e  h ighly  aromatic  and 
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TABLE I1 

PYROLYSIS YIELDS OF WILSONVILLE RESID FRACTIONS AT 1100°F 

Wilsonville Extracted Feed Composition, Pyrolysis Coke Yield, 
Run No. Fraction Wt% Wt% Feed Sample 

I. VTB FRACTIONS 

250D Oils 46.4 
Asphaltenes 24.0 
Preasphaltenes 8.8 
Ash + Unconverted 20.8 
Coal + Coke 

250H Oils 29.3 
Asphaltenes 21.4 
Preasphaltenes 13.1 
Ash + Unconverted 36.2 
Coal + Coke 

251E 

250D 

250H 

251E 

Oils 33.2 
Asphaltenes 17.7 
Preasphaltenes 9.4 
Ash + Unconverted 39.7 
Coal + Coke 

11. CSD PRODUCT RESID FRACTIONS 

Oils 22.2 
Asphaltenes 49.7 
Preasphaltenes 27 .o 
Ash + Unconverted 1.2 
Coal + Coke 

Oils 39.8 
Asphaltenes 27.2 
Preasphaltenes 33.0 
Ash + Unconverted 0.0 
Coal + Coke 

Oils 39.8 
Asphaltenes 34.4 
Preasphaltenes 25.5 
Ash + Unconverted 0.3 
Coal + Coke 

7 
52 
74 
88 

4.5 
49 
68 
91 

1.9 
46 
58  
89 

8 
26 
40 
76 

4.5 ?: 0.7 
49 t 2.3 
58 2 3.5 -- 

3.7 
37 
51  
86 
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