
1 

THERMAL SYNTHESIS AND HYDROGASIFICATION 
OF AHOMATIC COMPO- 

H. N. Woebcke, L. E. Chambers, P. S. V i r k  

In  order to synthesize low sulfur fue ls  from coal, the Stone & Webster 

Cos1 Solution Gasification Process employs the stepwise addition of 

hydrogen to coal. Enough hydrogen i s  added i n  the f i r s t  s tep  to convert 

the coal  to l iquids ,  which are then hydrogasified to methane, ethane and 

aromatic l iqu id  products. 

Since both these s teps  involve reactions of aromatic type molecules, 

the possible chemical pathways involved for t h e i r  thermal react ions 

have been studied,along with the kinet ics  of some of the l imit ing cases. 

Avail-able dzta  show t h a t  aromatics are  formed by pyrolyzing any of the 

simple paraff inic  hydrocarbons. 

the production o f  olef inic  intermediates. 

Formation appears to proceed through 

It was f e l t  t h a t  a t o o l  i n  evaluating the re la t ive  r a t e  of decomposition 

of simple aromatics would be their respective delocal izat ion energies, 

which can be calculated f r o m  simple o r b i t a l  theory. Available k i n e t i c  

data showed this to be m e .  

O f  the aromatics studied - benzene, d i p h e q l ,  naphthalene, phenanthrene, 

chrysene, pyrene, and anthracene - the rata of decomposition was found 

to increase i n  that order. 

rapidly as  benzene. 

intermediate compounds are  ordered inversely w i t h  respect  to t h e i r  

delocalization energies,  

Anthracene decomposes almost 800 times as 

Further, it was found t h a t  the k ine t ics  for the 
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A f u r t h e r  consequence of the r e l a t i o n  between delocalization energy 

and kinet ics  i s  that the rate of aromatic decomposition should be 

independent of the hydrogen p a r t i a l  pressure, or the character of 

the products. 

be independent o f  hydrogen p a r t i a l  pressure, from 0.1 to 100 atmospheres. 

Data showed the r a t e  of decomposition of benzene to 

A t  h igh hydrogen p a r t i a l  pressures, benzene decomposes pr imari ly  to 

methane, a probable intermediate being cyclohexadiene. 

. .  A +  Lzi L-- -1___- -  ----L:-- - -- - .V--u6Y.. yyL pAoaaw"a, G U ~ Q  IY iiia i inal .  proaucz. 'me 

intermediate in t h i s  case i s  probably diphenyl, w i t h  coke formation 

proceeding through stepwise react ions involving diphenyl ra ther  than 

the progressive addi t ion of  benzene molecules. 

conversion of benzene to diphenyl i s  rapid, and essent ia l ly  a t  

equilibrium, w i t h  the  second s tep,  the production of coke from 

diphenyl, being r a t e  controll ing.  

It appears that the 

Aromatic Synthesis 

When pyrolysis i s  carr ied out  a t  low pressure - for example, i n  steam 

cracking for  o le f ins  production, *&e yie ld  of methane and benzene 

increases monatonically a s  severi ty  i s  increased, u n t i l  conversion 

to coke becomes significant., 

( i )  E a r l y  invest igat ions 

from a l l  simple o l e f i n s  and paraffins.  

5 w t  $ were obtained from methane by pyrolysis a t  1,050 C for 10 seconds, 

showed that aromatic l iqu ids  could be 'produced' 

MaJdrmun aromatic y ie lds  of 
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while propane gave a y i e ld  of 12% a t  550 C. 

werz found to give higher y i e lds  of aromatic l iqu ids  t h a n  paraffins 

w d  at lower temperature. For example, at  10 seconds residence time, 

propylene yielded 19% aromatics a t  800 C, compared to 12% a t  850 C 

alresdy noted fo r  propane. 

I n  general, o l e f in s  

Most investigators concluded tha t  aromatics formed from paraffins 

during pyrolysis involved, as  a preliminary stcp,  the  formation of 

o ie f ias ,  a l l  o le f ins  from C2 to C q  playing a j i gn i f i can t  role in the 

synthesis. 

Stuili,es also shaded that nitrogzn acted as a t rue diluent,  reducing 

the rate by reducing the p a r t i a l  pressure of  the reactants. Oxygen 

enhanced the formation of aromatics from olefins,  w h i l e  hydrogen 

inhibited zromatization. 

twough olefins,  i t  is  reasonable to assume that this was a r e s u l t  of 

the hydrogenation of the o le f in i c  intermediates. 

Since the formation of aromatics proceeded 

An in te res t ing  observation was t h a t  reactions l e d i n g  to the m-um 

e o a a t i c  yield from rl if ierent l i g h t  paraffins and o le f ins  generally 

produced a liquid haviiig about the same composition, i.e., 

0 w t  % Nonocycxc komatic  

20 u t  % Dicyclic 

10 w t  d p  Tricyclic 

As c o n v c s i m  7rogressed beyond peak aromatic conversion, coke was 

fa-me.i, presumably from aromatic precursors. 

r' 
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Figure 1 shows data  of Kunugi and h e y  and Crowley re la t ing  methane 

and aromatics y ie ld  w i t h  ethylene conversion. 

invest igators  form a smooth curve, the former l imited to low 

conversions. 

The data of both 

Figure 2 presents siinilar information for propylene. 

aromatics and methane production are l inear  w i t h  conversion up to the 

point of maximum aromatics production. This i s  shown more c lear ly  on 

Figure 3 which i s  a r e p l o t  of data  from the f i rs t  two figures.  

For both olef ins ,  

Cracking data  for naphtha obtained from the Stone & Webster bench scale 

pyrolysis u n i t  show this same charac te r i s t ic  relationship.  

somewhat unanticipated r e s u l t  i s  t h a t  the relat ionship bebeen  methane 

and aromatics y ie ld  is essent iaUy independent o f  pressure, over a 

very wide range of pressure conditions. 

Here a 

Some fur ther  ins ight  on the e f f e c t  of hydrogen p a r t i a l  pressure on the 

formation of aromatics can be found in the work of Moignard(2)et al. 

These experimentors found t h a t  under conditions selected for  the 

conversion o f  l i g h t  paraff inic  hydrocarbons to methane and ethane, there 

w a s  s t i l l  a s ign i f icant  production of aromatics. 

preciimpt.i.cn Lkt. e-c-~+Lcz 2-c pr*~ced fz~-on " le&~z,  h i s  suggested 

that the hydrogenation of the intermediates to paraff ins  was not  rapid 

enough to i n h i b i t  aromatic formation. Using methane formation as a 

guide to cracking severi ty ,  it is  in te res t ing  to compare Moignard's 

da ta  for  a l i g h t  paraf f in ic  naphtha, w i t h  other noted e a r l i e r .  

In view of the 
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This i s  shown on Table 1 (Slide 5) e 

hydrogen does significant& reduce the relative y ie ld  of benzene to 

me thane. 

As indicated, the presence of 

&matic Decomposition 

The remainder of this study was l imited ta noncatalytic reactions 

j-nvolving r e l a t ive ly  small aromatic molecules. 

studied are shown on Table 2 (Slide 6 ) .  

hydrogen content of 5.3 u t  $, compared to benzene w i t h  7.9 u t  % H2. 

Some of  the compounds 

The la rges t ,  chrysene, has a 

The detailed chemical pathway( s) for  aromatic molecule hydrogenolysis 

i s  u&nown, but it i s  convenient to consider it composed of three steps: 

1. Aromatic R i n g  Destabil ization 

2. Breakdown to Fragments 

3 .  Fragment Reactions 

These are describcii i n  turn. 

hromatic Ring Destabil ization 

The above demarcation s t e m s  from the we 1-known chemical premise that 

aromatic compounds owe the i r  unusual s t a b i l i t y  to a de loca l iza t ion  of 

pi-electrons among the ring molecular framework. To g e t  aromatic 

molecules to reac t ,  the "delocalization energy" must be overcome. 

Since t h i s  energy is  large,  of the order of 40 kcal/mol, i n i t i a l  

des tab i l iza t ion  of  the aromatic ring i s  invariably the rate determining 

step.  This argumeqt predicts t h a t  the r eac t iv i ty  of a l l  aromatic 

compounds should be ordered inversely to the i r  delocdlization energy. 

These energies can be computed from simple molecular o r b i t a l  theory. 
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Some indication of how this agrees with observation i s  given i n  

Table 3 (Slide 7), which shows the r e l a t ive  rates a t  which methyl 

rad ica ls  a t tack  some of  the compounds of i n t e re s t .  

the ra tes  a re  ordered according to the  delocalization energy. 

same pattern i s  observed for  a wide va r i e ty  of reactions,  such as 

f r ee  rad ica l  attack, n i t r a t i o n  and sulfonation. Further, note that  

benzene and anthracene represent the extremes of r eac t iv iw .  

Notice that a l l  

The 

A second consequence of  the  i n i t i a l  des tab i l iza t ion  step being r a t e  

determining i s  that, since the further course of reaction exer t s  l i t t l e  

influence on the ove ra l l  rate, a given aromatic molecule should r e a c t  

a t  a rate essen t i a l ly  independent of the products being formed. T h i s  

implies, f o r  example, that r a t e s  of benzene decomposition during 

hydrogeno2ysi.s and pyrolysis be comparable even though the products - 
methane bnd coke - are s t r ik ingly  d i f fe ren t .  

while qua l i ta t ive ly  true,  is  no t  quant i ta t ive ly  as u e l l  obeyed as the  

f i r s t .  

This second consequence, 

Breakdown to Fragments 

Possible pathways for aromatic decomposition are i l l u s t r a t e d  on Figure 5 

(Slide 8) .  

The destabil ized aromatic ring i s  a short-lived species which w i l l  

e i t h e r  r eve r t  to t;ie o r ig ina l  s tab le  aromatic ring or su f fe r  a breakdown 

to various fragments, 

be nonaromatic and hence subject to more conventional reaction pathways. 

For example, the des tab i l ized  benzene nucleus may go to cyclohexadiene, 

In  the la t ter  event, some of b e '  fragments w i l l  
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o r  it may go to phenyl, pentadienyl or allyl  radicals ,  which w i l l  

h t h e r  pyrolyze or be hydrogenated. 

r ings,  e.g., anthracene, the i n i t i a l  breakdown products are very 

l i k e l y  t o  contain smaller aromatic r ings,  e.g., benzene, i n  addition 

to nonaromatic fragments'. 

For aromatics w i t h  multiple 

Fragment Reactions 

The nonaromatic fragments formed from aromatic r ing  breakdown can 

undergo a grea t  var ie ty  of reactions,  among which are: (a) Molecular 

Reactions, such as simple f i s s i o n  (pyrolysis) o r  hydrogenation- 

dehydrogenation reaction; (b) Concerted electrocycl ic  reactions,  for  

example, f i s s ion  and rearrangements; (c) Free rad ica l  chain reactions such as 

hydrogenation/dehydrogenat-ion, and polymerization, 

The complexity of possible fragment pathways can be reduced by cer ta in  

generalizations.  

Molecular f i ss ions  have high act ivat ion energies  about equal to the 

strength of the bond being broken. 

break much faster than t h e  very smallest. 

order of s t a b i l i t y  i s  methane, ethane, propane, butane, and the 

approximate f i s s i o n  rata constant fo r  ethane i s  O.Ol,.; that for  butane. 

Likewise, a lkyl  benzene or other aromatics containing side chains w i l l  

tend to lose these much fas te r  than t h e  aromatic nucleus i s  destabil izad. 

As a resu l t ,  larger  hydrocarbons 

Among the paraff ins ,  the 

- 

Electrocyclic reactions,  which are  concerted, are  usually much faster 

than molecular reactions which involve bond breaking or m a k i n g .  
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Free radical  chains, when operative, can be much f a s t e r  than molecular 

pathways. 

f r e e  radicals  w i l l  abound. 

I n  our case, a t  the high temperatures required for  hydrogenolysis, 

It is  probably reasonable to suppose that the hydrogen-olefin-paraffin 

chain pathways are  so f a s t  t n a t  equilibrium prevai ls  among these components. 

Rate and  equilibrium da ta  indicate  t h a t  the segments of the pathway from 

benzene fraprnentslt.inn t,-. -+h-ce f c - y z E ~ r .  L-: CZ;C;';~ 'L & ;=ai, r a i a i i v e  

to benzene des tab i l iza t ion  tmd ethane pyrolysis. 

i s  that whereas the ring destabi l izat ion s tep  (1) i s  expected to be 

essent ia l ly  unaffected by hydrogen, the subsequent product pathways 

(s teps  2 and 3) - whether hydrogenolysis to gas or pyrolysis to coke - 
should be qui te  strongly influenced by hydrogen concentration. Finally,  

multiple-ring aromatics  w i l l  break down into both nonaromatic and 

aromatic fragments, o f  which the former w i l l  decompose fur ther  by the 

reactions of s tep  (3) ,  while the l a t t e r  w i l l  tend to lose side chains 

and go to benzene, the s t a b l e s t  aromatic, which w i l l  then fur ther  r e a c t  

v ia  the pathway o f  Figure 5 (Slide 8) e 

A fur ther  point to note 

Data Analysis 

The essent ia l  theore t ica l  hypothesis that aromatic react ion r a t e s  we 

controlled by the r i n g  destabi l izat ion s tep  can be t e s t e d  by comparing 

the rates of hydrogenolysis and pyrolysis. I f  the hypothesis i s  true,  

the ra tes  of decomposition of a given aromatic compound should be 

identic 'al  for e i t h e r  process. 

associated act ivat ion energies should correlate  w i t h  the delocal izat ion 

energy of that compound. 

Further, react ion r a t e s  and t h e i r  
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Sources of experimental information for  the aromatic compounds of 

i n t e r e s t  t o  us are l i s t e d  i n  Table 4, along w i t h  associated react ion 

conditions. I n  each case, the da ta  were processed by the usual  simple 

methods to yie ld  f irst  order rate constants kl, sec-l  as a function of 

temperature f o r  the initial decomposition o f  the aromatic: 

Product; - dCA = - klCA 
d t  

A kl : 

It should be noted that the assumption of f i r s t  order k ine t ics  was not  

generally ver i f iab le  f'rom the data and consequent;ly the precision o f  

these inferred r a t e  constants i s  not  especial ly  good; but the r a t e s  

are  probably of the r i g h t  order of  magnitude i n  a l l  cases. 

Results obtained fo r  benzene and anthracene, theoret ical ly  expected 

to be the extreme cases, are  presented on Figure 6 (Slide 9). 

-ne Uecomposition ib- 

It i s  apparent that ,  while the data of separate invest igators  can each 

be f i t t e d  w i t h  s t ra ight  l i n e s  o f  somewhat d i f fe ren t  slopes, all the 

da ta  are  adequately described by the single heavy line shown. This 

indicates  t h a t  the rates of benzene decomposition during hydrogenolysis 

and pyrolysis are  essent ia l ly  the same over a rather wide range of 

experimental conditions. I n  par t icular ,  the insens i t iv i ty  to hydrogen 

pressure, which var ies  from 0.1 a b  t o  100 a b ,  i s  noteworthy. The 

experimentally observed equal i ty  among benzene decomposition rates 

suggests a common rate-determining s tep  w h i c h ,  i n  turn, lends support 

to the thought t h a t  aromatic r ing  destabi l izat ion,  common to both 

hydrogenolysis and pyrolysis reactions,  i s  rate-determining. 
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Benzene DecomDosition Products 

Some fur ther  i n s i g h t  into the reaction pathway can be obtained from 

the reported react ion products. 

the lowest temperature data (Lang,  900 F) show diphenyl as the sole 

product, whereas the higher temperature data (Schuitz, 980-1,200 F, 

Dent, i,100-1,500 F) indicate  m a i n l y  methane and some e h e  a s  products, 

with the mole r a t i o  C 2 / C 1  tending to uni ty  a t  benzene conversions below 

5%, while approaching zero at  high benzene conversion. 

product suggests e i t h e r  a destabil ized r i n g  breakdown to a phenyl 

Pzgment o r  a concerted hydrogen elimination from b o  benzene molecules. 

I t  i s  also in te res t ing  because it rapresents n e t  dehydrogenation of  the 

benzene for purely k ine t ic  reasons even though thermodynamic equilibrium 

strongly  favors gasif icat ion.  

In the presence of substant ia l  hydrogen, 

The diphenyl 

None of the above authors repor t  coke (carbon) formation, nor do they 

mention any hydrogenated c6 l iquid products. 

on Schultz 's  data  reveal  t h a t  the empirical formula C g H ,  of the Cg+ 

components does change from n=6 to n=8 as benzene conversion proceeds 

from 0 to 50$, indicat ing a t  l e a s t  some d i r e c t  hydrogenation of the c6 

ring. 

products a r e  pr inc ipa l ly  hydrogen and methane. 

variable,  about 2-4 i n  Dent's experiments (1,100-1,450 F, 50 atin N2) and 

8-30 in  Kinney's case (1,450-2,000 F, 1 atan N2). 

s m a l l  amounts of ethane (C1/C2=1) a t  the temperatures of  1,100-1,300 F 

while Kinney detected t races  o f  acetylene. 

However, hydrogen balances 

In the absence of much hydrogen (pyrolysis) ,  the gaseous reaction 

The Hz/CHk mol r a t i o  i s  

Dent also reports  

7 
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Dent makes no mention of coke or  condensed products, but  Kinney reported 

diphenyl and carbon (coke) as the major products of benzene pyrolysis and 

showed fur ther  (as shown on Figure 7, Slide LO) t h a t  the diphenyl/carbon 

product r a t i o  decreased i n  the presence and increased in the absence of  

coke packing, even though the packing d id  not  appreciably a f f e c t  the 

overa l l  benzene decomposition ra te .  The implications concerning the 

benzene to dipheqyl to coke pathway are, first,  t h a t  both r i n g  

destabi l izat ion and breakdown are probably noncatalytic,  homogeneous 

gas phase s teps  and, second, t h a t  the carbon formation react ion i s  

catalyzed by the product, coke, and probably does not  involve fur ther  

benzene par t ic ipat ion.  

Anthracene Decomoosition 

The two sources of anthracene decomposition data are Dent and h e y .  

For benzene, the coincidence between decomposition r a t e s  during 

pyrolysis and hydrogenolysis a l s o  supports the notion that r i n g  

destabi l izat ion i s  rate-determining. 

ikcomposition products from anthracene pyrolysis noted by Kinney 

were mainly carbon, with the carbon formation catalyzed by coke. 

Product gases were mainly hydrogen and methane, H2/CH4 = 10, w i t h  

t races  o f  acetylene. 

mainly methane and ethane and small aromatic rings, benzene, and 

naphthalene. No carbon formation uas reported. Dent repor t s  only 

the f ract ion of anthracene converted to gas. 

the breakdown of a destabi l ized anthracene ring, i n  the presence of 

The hydrogenolysis products noted by Dent were 

It appears likely that 
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hydrogen, leads to one benzene molecule as a fragment. 

associated w i t h  t h i s  initial. anthracene breakdown contains methane 

and ethane i n  the mol r a t i o s  C1/C2 = 3.5 a t  1,200 F and 5.3  a t  1,300 F. 

This does not  yield any c lear  clues about the nonaromatic fragments 

except, perhaps, t h e t  E &carbon specied (which would give Cl/C, = 2) 

may be involved. 

la rge  to be explained by simple ethane pyrolysis with methyl rad ica l  

hydrogenation. 

The gas 

The change in C1/c2 r a t i o  w i t h  temperawe i s  too 

Other Aromatic Molecules 

Decomposition ra ta  d a t a  for some of the other aromatic molecules of 

i n t e r e s t  are  shown on Figure 8 (Slide ll) , 
points l i e  bebeen the anthracene and benzene limits and reasonably 

s t r a i g h t  l i n e s  can be drawn to represent the var ia t ion of decomposition 

r a t e  constant vs. temperature for each o f  the molecules. 

Substant ia l ly  all of the 

Decomposition products observed were as follows: 

DivhenvJ,: During hydrogenolysis a t  930 F, 200 atin H2, benzene 

was the sole product. The products of  pyrolysis, besides coke, are not  

c lear  because the diphenyl r e s u l t s  a re  derived from the benzene pyrolysis 

da ta  of KiMey. 

Navhthalene : During hydrogenolysis a t  1,160 F and 200 atn H2 , 
Schultz reports  methane, ethane and s m a l l  amounts of  propane in the gas 

w i t h  the molal C1/C2 

s igni f icant  amounts, and t races  of toluene and ethylene were a l so  found. 

1 a t  low conversions. Benzene was detected in 
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Hydrogen balances indicate  some d i r e c t  hydrogenation of the C10 r ing  

as well, but no coke formation was reported. During pyrolysis, Kinney 

found the gaseous products are  mainly hydrogen and methane w i t h  t races  

of acetylene a t  l,5OO-l,8OO F in 

was solid ca-.bon, and t races  of  condensation products l i k e  2-2' binaphthyl 

and perilene were a l s o  detected. 

to diphenyl and suggests an analogous pathway to coke. 

N2 a t  1 a h .  The pr incipal  product 

The binaphthyl is, o f  course, analogous 

Chrvsene: Orlow found w i t h  70 a h  H2 that the hydrogenolysis reaction 

products (by weight) were 25% methane, 35% coke, with the remaining 

40% containing phenanthrene, naphthalene, benzene, and various hydrides 

of each. 

of acetylene i n  the gas, and so l id  carbon. 

The pyrolysis products were hydrogen and methane w i t h  t races  

Correlation 

The experimental decomposition r a t e  constant data  can be f i t t e d  by the 

s+uraight l i n e s  shown t o  yield Arrhenius expressions of the form 

kl = A exp (-E*/RT) 

for each molecule. Values of these Arrhenius parameters, the frequency 

fac tor  A and act ivat ion energy E*, are  collected in Table 4 (Slide U), 

effect ively summarizing the available data.  

According to Molecular Orbi ta l  theory, the act ivat ion energy should be 

proportional to the delocal izat ion energy, i .e. ,  a p l o t  of E" (experimental) 

VS. delocalization energy (calculated) should have all molecules lying 

on the l i n e  between the or ig in  and the benzene coordinates. 

(Slide l3), an arithmetic p l o t  of act ivat ion energy vs. delocal izat ion 

Figure 9 
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energy, shows a trend i n  accord w i t h  theory. 

the two cases w i t h  most data,  are i n  especially good agreement. 

Anthracene and benzene, 

Ef fec t  o f  Hvdroaan 

While it appears that tue rate-determining aromatic. ring destabi l izat ion 

s t e p  i s  essent ia l ly  unaffected by hydrogen, the products of decomposition 

most assuredly are.  

decomposition pathway from pyrolysis, which leads primarily t o  solid 

carbon (coke), to hydrogenolysis, where the product is gas, mainly 

methane. Understanding how hydrogen concentration controls the 

crossover between pathways is  of in te res t .  However, since the 

detai led pathway is  n o t  expl ic i ty  defined, we w i l l  focus on ly  on a 

few aspects expected to be important. 

r e f e r s  to benzene decomposition, since t h i s  case has the most data. 

Increasing hydrogen concentration switches the 

Much of the following discussion 

Thermodvn amic E q u i l i b r i u m  

It is  of i n t e r e s t  t o  examine the equilibrium concentration of Hz, CH,,, 

and C6H6 d ic ta ted  by the following reaction: 

I$, a t  1,3@ F 

k i l u  
(1) c6H6 + 9 '12 -CHq 10.5 -4 

(3 )  C b K b  - 6C ?. :E2 AU.)l 

(3) CHh - W;! + C 1.3ll 1 

+2 . L  cri 

where (a) is the exponent t o  tile base 10 and (b) i s  

the power of the pressure t e r m  i n  atmospheres \ 
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Calculations for t h i s  system show t h a t  carbon can always form before 

benzene has reached gas i f ica t ion  equilibrium. 

Fbrther, a t  atmospheric pressure, carbon formation can occur a t  very 

low benzene conversions, unless very la rge  excess of hydrogen is  used. 

A t  a f i x e d  hydrogen to benzene r a t i o ,  increasing the total pressure 

favors gasif icat ion and re ta rds  carbon deposition, based on equilibrium 

considerations. 

A study was therefore made of the e f f e c t  of total pressure, hydrogen 

to benzene r a t i o  i n  the feed, and benzene decomposition on the gross 

heating value of the product gas. 

a t  which r e t i o s  o f  hydrogen to methane i n  the prodcut gas would be i n  

excess of t h a t  required to i n h i b i t  the presence of carbon a t  equilibrium. 

The r e d t s a r e  presented on Figure 10 (Slide l.4). 

The study was l imited t o  conditions 

Note t h a t  a 15% decomposition of benzene, the maximum heating value 

t h a t  can be obtained a t  1,@0 F i s  about 800 Btu/SCF, while a t  1,500 F 

the GHV would be reduced to about 600 Btu/SCF - under conditions where 

no carbon could e x i s t  a t  equilibrium. The pr incipal  curves, i.e., 

those r e l a t i n g  benzene conversion w i t h  GHV of product gas, are  those 

for constant pressure and hydrogen to c6% r a t i o  i n  the feed. 

H2/C6% r a t i o s  selected for  plot t ing a t  any given total pressure were 

those leading to maximum product GHV f o r  a given benzene conversion. 

The 
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Carbon Formation 

Coke i s  the t e r m i n a l  product of the aromatic pyrolysis pathway and it i s  

of some i n t e r e s t  to explore the formation mechanism. Ins ight  i n t o  t h i s  

process is provided by the benzene pyrolysis data  of Kinney (1954) i n  a 

flow reactor.  The diphenyl concentration vs. time behavior reported 

by Kinney i s  charac te r i s t ic  of an intermediate i n  a sequential  reaction 

A + B C wherein A (benzene) decreases and C (carbon) increases,  

both monotonic w i t h  time, while the intermediate B (diphenyl) increases 

a t  s m a l l  times and decreases a t  long times. 

compare r e s u l t s  a t  the same temperature, 1,800 F, with and without coke 

packing as shown in Figure 7 (Slide 10). 

carbon formation proceeds through a sequence of react ions i n  ser ies  

It i s  a l s o  ins t ruc t ive  to 

T h i s  fu r ther  suggests t h a t  

The f i r s t  reaction i s  unaffected by coke, whereas the second i s  catalyzed 

by coke. 

increasing the intermediate diphenyl concentration as observed. 

Removal of ca ta lys t  would slow down the second reaction, thus 

I n  regard to the molecular reactions leading to carbon, the l i t e r a t u r e  

contains many references t o  a benzene-by-benzene addition w i t h  hydrogen 

elimination (2). 

Some of the intermediate products, e .g., diphenyl-benzenes and triphenylene 

have indeed been detected i n  the tarry residue resu l t ing  from benzene 

pyrolysis. However, i f  (2) were the main pathway to carbon, it would 
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i 

1 

I 

essent ia l ly  involve benzene i n  every s tep and so carbon forma'tion 

should be very high order i n  benzene. 

carbon formation should strikingly increase the benzene decomposition 

rate (and vice-versa). 

reactions with benzene in every s tep  would fzce the maximum benzene 

delocalization energy bar r ie r  compared to reactions between more 

condensed species with l e s s  LE than benzene. Thus, although the 

concentrations of tne condensed species would undoubtedly be lower 

t h a  benzene, the adverse e f f e c t  of lower concentration on overa l l  

reaction r a t e s  could eas i ly  be o f f s e t  by the lower act ivat ion energies,  

and nence higher r a t e  constants, of the more condensed molecules. 

2lausible a l ternat ive scheme for  the main pathway to carbon formation 

i s  therefore  of the form 

Catalyt ic  e f fec ts  enhancing 

This i s  n o t  the case as  noted above. Further, 

I 

which involves 1,2,4.. * .  benzene nuclei  ra tner  than the 1,2,3.. . . 
sequence of ( 2 ) .  According to the above scheme, since the bigger 

molecules are more reactive,  the overal l  r a t e  should be controlled 

by the f i r s t  few steps,  namely, 



Qualitatively,  we can l e t  approximate carbon and since 

reactions (6) (a) and (b) are  intra-molecular hydrogen eliminations 

which one would expect to be f a s t  compared to the bimolecular hydrogen 

elimination s teps  (4) and (51, the reactants  of (5) can, i n  e f fec t ,  

be considered to y ie ld  the products of (6b). 

of the al ternat ive benzene 

The essent ia l  components 

carbon pathway are  thus 

of which (4) i s  a homogenous gas-phase reaction, unaffected by coke, 

whereas (5) can be catalyzed by coke product. 

Kinney's data for benzene pyrolysis to carbon may be modeled by a scheme 

of two sequential  react ions (4) and (5) simplified such t h a t  (a) both 

react ions are k i n e t . i q c . 3  1;_?3i+pd i:: ~ \ c  fc,-;L-,-c: < ~ - , - s c ~ s f i j  &-A (b) 

react ion (4) i s  a t  equilibrium while (5) i s  k ine t ics  controlled. 

(b) i s  the more plausible  f o r  the bulk of the data, but some o f  the 

experimental trends at low conversions a t  the lower temperatures are 

qua l i ta t ive ly  as predicted f o r  case (a). A combination of cases (a) 

Case 

114 



and (b),  i n  which both forward and backward react ion rates are considered 

for (4) while (5) i s  assumed kinetcs  controlled in the forward direct ion,  

would probably describe all of  Kinney's data  adequately. 

Fin-, we consider the e f f e c t  of hydrogen on carbon formation. 

overa l l  equilibrium, discussed e a r l i e r ,  shows t h a t  increasing hydrogen/ 

hydrocarbon r a t i o s  and increasing total pressure both re ta rd  carbon 

formation a d  enhance gasif icat ion.  

recognize t h a t  there e x i s t  a t  l e a s t  two types of routes to carbon, 

namely, by surface react ion and by gas-phase reactions.  It i s  n o t  

obvious how these combine. The carbon formation model formulated 

above i s  primarily a homogeneous gas phase model and its s e n s i t i v i t y  

to hydrogen must recognize that the gas-phase route is only one of 

several  possible p a r a l l e l  pathways to carbon. The presence of subs tan t ia l  

hydrogen w i l l  tend to enhance the back reactions f o r  both (4) and ( 5 )  

and, c lear ly ,  the forward k ine t ics  only,  scheme (a) ,  w i l l  not  be adequate. 

The m a x i m u m  conceivable carbon formation t h a t  can occur i s  when react ion 

(4) i s  a t  equilibrium (this gives the maximum diphenyl concentration) 

and reaction ( 5 )  i s  not  retarded by products (even though hydrogen i s  

a product). 

The 

Kinetically,  however, we have to 

T h i s ,  of course, i s  precisely scheme (b) considered above. 
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KlNECTlCS OF AROMATIC HY DROGASlFlCATlON 
SUMMARY OF EXPERIMENTAL DATA FOR AROMATIC 

HY DROGEMOLY SIS AND PYROLYSIS 
Run Conditions Reactor 

Temp, Press HC Residence, 
Compound Source Type -- 

Benzene 1 
1 

2 
3 

Di ph eny I 3 

1 

4 
Naphthalene 2 

3 
Anthracene 1 

3 
Chry sene 3 

5 

H 
P 
H 
P 

P 
H 
H 
P 
H 
P 
P 
H 

U 
I #  

Atm Mol Fr. Diluent Type Set --- K -  

873*1,123 50 
873-1,073 50 
800.973 200 

1,073-1,373 1 
1EO orn 
I UU LJU 

1,0734,373 1 
773 200 

838-958 200 
1,073-1,273 1 
923-1,073 50 

1,073-1,273 1 
1,0734,273 1 

723 70 

0.10 
010 
0.15 
0.10 

0.05 
0.05 
0.1 0 
0.02 
0.04 
0.01 

0.005 
0.13 

n ar  
U.J3 

F 
F 
B 
F 
ii 
F 
B 
B 
f 
F 
f 
F 
B 

Sources: 1. Dent, FJ.; 43rd regar! n! !he !&? !hserrs!! Ccr?,zi!!?a, Kkk 

2. Schultz, E.B. and M.R. linden, Ind. Eng. Chem. 49, 2011, (1957) 
3. Kinney,C.R. and E. Delbel, Ind. Ing. Chem. 46, 548 (1954) 
4. Lang, K. and F. Hoffman, Brenstoff-Chemie 19, 203 (19291 
5. Orlow, N.A. and N.D. lichatschew, Ber., 6 3 ,  719 (1929) 

6as Council, (19391 

Abbreviations: H -  Hydrogenolysis P. Pyrolysis B- Batch f -  Flow 
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60 
60 

1,000 
2 - 4 0  

1u4 
2 - 4 0  
2x10' 
1,000 
2-40 

60 
1 -40  
2 - 4 0  
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Table 1 
( S l i d e  5) 

i 

\ 

i 

Cracked A t  
Inve s t i pa to r  Feedstock Press. H;! 

Kunugi, e t  61 C2H4 1 No 

5% 1 No 

Paraff inic  1 No 

Naphtha 10 Yes 

Kunugi, e t  a 1  

Stone & Webster 

Moignard, e t  al 
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Pounds c& 
Per 

Pound CHL 

1.4 

0.7 

0.U 



MODEL AROMATIC MOLKIJLIES 
Table 2 
(S l ide  6 )  

KINETICS OF AROMATIC HY DROGASlflCATlON 

RINGS NAME STRUCTURE FORMULA Tb, F 

1 BENZENE 0 c6 H6 176 

2 NAPTHALENE ClOH8 424 
1 

DIPHENY 1 o+ C12H10 491 I 

k 

1 

3 ANTHRACENE C14H10 646 

PHENANTHRENE & ~141110 643 

4 PYRENE C16H10 740 
L 

827 Y CHRYSENE C18H12 
i 
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Table 3 
( S l i d e  7) 

I KINETICS OF AROMATIC HY DROG ASIFICATION 
REACTIVITY TO METHYL RADICAL ATTACK \ 

‘1 DELOCALIZATION EXPERIMENTAL REACTION 
COMPOUND ENERGY RATE RELATIVE TO BENZENE (‘1 

8 

BENZENE 1.155 

OIPHENY 1 1.032 
1 

NAPHTHALENE 0.904 

1 PHENANTHRENE 0.899 

’ CHRYSENE 0.833 

4 PY RENE 0.755 

J ANTHRACENE 0.632 

1 

5 

22 

27 

58 

125 

820 

h 

/ 111 Data from l e v y  and Swart, I.A.C.S. 77 1949 [1955) 
I 
J 
t 
1 
1 

3 
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Table 4 
(S l ide  12) 

KINETICS OF AROMA TIC H YDROG ASIFICA llON 
ARRHENIUS PARAMETERS FOR 

A RO M ATlC 0 ECO M PO SlTlO N RATES 
1 H[l,OOO O K ]  

A E* Half=life, 
COMPOUND Sec Kcal/Mol Sec 

BENZENE 4 .4~10 * 52.6 499 ' 

DIP HEHY L 1.6X1U7 43.1 118 

NAPHTHALENE 4 . 5 ~ 1 0 ~  36.8 171 

CHRYSEHE 3.4~10 33.5 43 
. *  

ANTHAAIENE 1 . 8 ~ 1  O 5  30.7 20 
: \ 

Note: k,  = A exp (=E*/RT] 

1 '/2 = half-life = (0.693/k1 ] 
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Figure 2 
(Slide 2) 
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Figure 3 
(S l ide  3) 
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Figure .!+ 

( S l i d e  L )  
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Figure 5 
(Slide 8 )  
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Figure 6 
(S l ide  9 )  
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Figure 7 
( S l i d e  10) 

EFFECT OF COKE ON PRODUCT DISTRIBUTION FOR BENZENE PYROLYSIS 
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Figure 8 
( S l i d e  11) DECOMPOSITION RATES FOR SELECTED AROMATICS 
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RELATION BETWEEN ACTIVATION AND DELOCALIZATION ENERGIES 
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EFFEET OF OPERA'CING VARIABLES ON GASIFICATION OF AROMATICS 
Figure 10 
( S l i d e  U) 
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