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INTRODUCTION 

In a comprehensive investigation of the composition of low- tempera ture  
bituminous coal t a r  it was necessa ry  to analyze the high-boiling neut ra l  oil  f r a c -  
tions in  the range 275" to 344" C. The method se lec ted  f o r  this was fractionation 
by disti l lat ion,  fur ther  separa t ion  by countercur ren t  distribution (CCD), and final 
ana lys i s  by inf ra red  and ultraviolet  spectrophotometry.  A recent  review on coun- 
t e r c u r r e n t  distribution (E) shows that relatively l i t t le  work has  been done on the 
CCD of high-boiling neut ra l  polynuclear compounds and  nothing on separation of 
na tura l  mix tures  by this method. 
parti t ion coefficient of 18 polynuclear compou:ds in the solvent sys t em cyclo- 
hexane/80 percent  ethanol and proposed this solvent sys t em f o r  the ana lys i s  of the 
heavy-oil fractions of coal-hydrogenation products.  
tition, coefficient of 24 a romat ic  compounds in /3, /3 '-oxydipropionitrile/isooctane 
and proposed this solvent sys tem for CCD separa t ions  of petroleum f rac t ions  and 
oils der ived f rom coal  t a r s .  
poiycyclic a romat ic  compounds w i t h y  solvent sys t em containing te t ramethylur ic  
ac id  but did not analyze na tura l  mix tures .  The p resen t  work  fully demonst ra tes  
the capabili t ies of CCD, supplemented by in f r a red  and  ultraviolet  spectroscopy fo r  
the separa t ion  and ana lys i s  of complex high-boiling neut ra l  a romat ic  coa l  t a r ,  
shale oil ,  o r  petroleum components. It was found that c l a s s  separations were  suf- 
ficient to allow reliable spectrophotometr ic  ana lyses  to be applied. 
i s o m e r s  occurr ing in sufficiently l a rge  enough amounts  were  individually de t e r -  
mined. 

Golumbic (8)  has  r epor t ed  an investigation of the 

Chang (5) repor ted  on  the pa r -  - 

Mold (1 1 )  has  recently conducted work on the CCD of 

Many specific 

EXPERIMENTAL 

Pre l imina ry  Fract ionat ion by Distillation. - The neut ra l  oil  used in this 
,' work was  obtained f rom a low-temperature  West Virginia bituminous coa l  t a r .  

Prev ious  r epor t s  (2,4) have presented  the ana lys i s  of this ma te r i a l  fo r  fractions 
up to the p re sen t  boiling range ,  using gas-liquid chromatography.  
dist i l lat ions,  
obtained, these  represent ing 33. 46 wt pc t  of the total  neut ra l  oil ( the to ta l  neut ra l  
oil distilling up to about 360" C r ep resen t s  16.92 wt pct of the t a r ) .  
fo r  the f i r s t  of these  disti l lat ions,  including ana lys i s  of f rac t ions  1 to 8, is included 
in a previous paper  (2). 
giving 38. 7 g disti l late,  7 .7  g res idue ,  and 0. 9 g l o s s  and hold up. This ma te r i a l  
was disti l led a t  3 .  0 m m  Hg with a reflux ra t io  of 20 to  1 in a spinning band sti l l .  
Equivalent a tmospheric  boiling points were  es t imated  f rom a s tandard  nomograph. 
Inf ra red  and ultraviolet  spec t r a  were  obtained on all d is t i l l a te  f rac t ions .  These 
were  combined on the bas i s  of qualitative s imi la r i ty  to give 14 samples  which were  
each fractionated by countercur ren t  distribution. 

In two separa te  
1 the 29 neut ra l  oil  f rac t ions  analyzed in the p re sen t  work were  

' Complete data 

The second disti l lat ion was  made  on  a 47:2 g charge ,  
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Countercur ren t  Distribution. - The ins t rument  used  w a s  a Cra ig  60-tube 
a l l -g l a s s  model  with a n  automatic f rac t ion  collector.  
phase  was  40 ml. 
were  co l lec ted  in the f rac t ion  collector.  ,Each distribution was  made with a charge  
of 500 mi l l i g rams ,  obtained by using the p r o p e r  volume of a solution of known con- 
cent ra t ion  of the disti l late f rac t ion  i n  the upper  phase. The upper phase solvent 
was  spec t r a l  g rade  i sooc tane ,  and the lower  phase  was  a 9 0  wt  pct ethanol in water 
mixture .  This  solvent sys t em was chosen  on the bas i s  of i t s  ability to separa te  
var ious  a romat i c  hydrocarbons  f r o m  each o ther .  A thorough investigation was 
conducted on an thracene ,  a typical component of these neut ra l  oil fractions.  Its 
par t i t ion  coefficient i n  a var ie ty  of solvent p a i r s  was de te rmined ,  and the final 
choice was  made  for that in which the value was nea res t  1. 
the m a t e r i a l  where enough tubes could be efficiently utilized in  the separations., 
The solvent sys tem choice was  a l so  l imi ted  to those mixtures  sufficiently immis -  
cible to give complete separa t ion  of l a y e r s  during the p re se t  instrument cycling 
t ime.  
equilibrated at the s a m e  t empera tu re .  This  pre-equilibration produced a volume 
change fo r  equal volumes to 1. 83 p a r t s  90  wt  pct ethanol per  1. 00 p a r t s  isooctane 
a f te r  equilibration. The equilibrated solvents were  used  in making all necessary  
dilutions for  ultraviolet  ana lys i s .  

The tube capacity fo r  each 
The ins t rument  was  opera ted  to give 120 t r a n s f e r s  and 60 tubes 

This placed the bulk of 

The distributions w e r e  c a r r i e d  out at 26" C ,  and the solvents were  p r e -  

Spectrophotometric Analysis.  - Ultraviolet  spec t r a  w e r e  obtained on the 
contents of all CCD tubes,  taken d i rec t ly  f r o m  the ins t rument ,  on a Pe rk in -E lmer  
Model 350 spectrophotometer.  Inf ra red  s p e c t r a  were  obtained on a Pe rk in -E lmer  
Model 21 spectrophotometer equipped with a Pe rk in -E lmer  6x u l t r amic ro  sampling 
unit mqunted in the sample  beam.  
u l t ramicrocavi ty  ce l l s  in th i s  unit, h a s  been  descr ibed  (6). 
preceding inf ra red  ana lys i s  was  as follows: 

The sample  holder ,  designed to mount the 
Sample preparation 

The contents of a single tube a f te r  u l t rav io le t  analysis w e r e  placed in  a 
150-ml distillation f l a sk  and  dry  nitrogen passed  slowly into the flask through a 
g l a s s  tube extending near ly  to the bottom of the flask where  the tube was  drawn 
into a fine tip. The nitrogen flowed out through the s ide  a r m .  
was  completely removed, the m a t e r i a l  w a s  t r ans fe r r ed  f rom this f lask  by means  
of a 6-in.  hypodermic needle and syr inge  and  seve ra l  washings of carbon disulfide 
into a sma l l  t a r ed  t ape red  tube. 
nitrogen through a syr inge  needle. It was  seen  f r o m  inf ra red  spec t ra  that the last 
t r a c e s  of CS, could be removed by this method. 
m a t e r i a l  in the  tip of this tube was f i r s t  weighed and then t r ans fe r r ed  with the  aid 
of a 50 p1 mic rosy r inge  to a n  u l t ramicrocavi ty  NaCl ce l l  (purchased f r o m  the 
Barnes  Engineering Company).  Samples  w e r e  run  undiluted in  these ce l l s  when- 
e v e r  possible.  
the m a t e r i a l  was  diluted with CS, and  the in f r a red  spec t rum obtained in  solution. 

When the solvent 

The CS, w a s  evaporated f rom this sma l l  tube with ' 

The sma l l  amount of liquid 

When the re  was  not enough sample recovered  to f i l l  the ce l l  cavity, 

Determination of Distribution Curves .  - The amount of m a t e r i a l ~ r e c o v e r e d  
in each tube was  plotted to obtain a weight distribution fo r  each run. 
of m a t e r i a l  in a single tube typically ranged  f r o m  0. 5 to 21 mil l igrams.  
violet  absorbance  distribution c u r v e s  a l so  w e r e  p repa red  at  var ious  key wave- 
lengths for  each  run. 
m a j o r  components and  in the quantitative ana lys i s .  When there  was  no peak tube 
d iscern ib le  on  the distribution plot f o r  m i n o r  o r  t r ace  components de te rmined  to 

The amount 
Ultra- 

These were  used  f o r  the determination of peak tubes of 
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be p resen t  f r o m  spec t r a ,  it was possible to reso lve  the "envelope" of ultraviolet  
absorbance  into i ts  component par ts .  Since the countercur ren t  distributions a r e  
essent ia l ly  Gaussian and symmetr ica l ,  it i s  possible to construct  individual 
absorbance  distribution cu rves  by following the appearance  and disappearance of 
individual bands in consecutive fractions and noting the peak tubes f r o m  spectra .  
This procedure  was  a l so  helpful in  determining which bands belonged to  the same 
compound. 

RESULTS AND DISCUSSION 

The r e su l t s  of the disti l lat ions a r e  given in Table 1. On the bas i s  of the 
qualitative information f rom ultraviolet  and in f r a red  spec t r a ,  the consti tuents f rom 
each CCD fractionation were  distinguished and assigned numbers .  It was essent ia l  
to number these consti tuents since they frequently appeared in more  than one run. 
A total  of 51 separate  identifications were  made in this  6 9 "  C boiling range,  and 
these a r e  shown in Table 2.  

The quantitative ana lyses  for  a romat i c s  were  conducted in the ultraviolet  
using absorptivit ies at cha rac t e r i s t i c  bands where  interferences f r o m  other con- 
st i tuents were  a t  a minimum. Absorbance values were  obtained f r o m  the curves  
a l ready  described. Where the ultraviolet  absorption bands fo r  components over -  
lapped too great ly ,  their  re la t ive amounts could generally be es t imated  f rom their  
infrared bands. In those instances where ve ry  s imi l a r  i s o m e r s  overlapped exten- 
sively,  they were  analyzed a s  a c l a s s  ra ther  than as individual compounds. 
qualitative and quantitative ana lyses  of each c l a s s  a r e  descr ibed  under  separa te  
headings. 

The 

F r o m  the quantitative data obtained for  each consti tuent,  plots of mil l i -  
g r a m s  vs .  tube number were  prepared .  F igu res  1 ,  2 ,  and 3 show these distribution 
cu rves  for  only 3 of the 14 neutral  oil f ract ions.  
and 14. Tubes a r e  numbered f rom 0 to 59 in the direct ion of t r ans fe r  in  the 
ins t rument  and f r o m  0 up in the o r d e r  of use  in the fract ion col lector .  
b e r s  on the distribution cu rves  in F igu res  1, - 2 ,  and 3 r e f e r  to some of the consti t-  
uents l i s ted  in  Table 2 .  
was obtained f rom the distribution cu rves  and the weights of the or iginal  dist i l late 
f ract ions.  

These a r e  f o r  CCD numbers  4, 9 ,  

The num- 

The weight-percent of each constituent in the neutral  oil 

These quantitative r e su l t s  a r e  summar ized  in Table 3 .  

0-Dimethylphthalate. - Identification of this compound was made  by infrared 
spectroscopy. 
with i t s  polarity. 

I ts  location in the lower tube numbers  of the lower phase i s  in line 

Carbazoles .  - The weak but significant polar cha rac t e r  of the unsubstituted 
nitrogen atom of carbazoles  p laces  this c l a s s  in the lower numbered tubes of the 
lower phase,  beginning with the parent  s t ruc tu re  in tube 27 of CCD No. 9 .  
quent runs  show the peak tube to shift to tubes 29 and 3 1 ,  indicating methylation, 
and both in f r a red  and ultraviolet  spectra  confirmed the presence  of monomethyl 
carbazoles .  
was straightforward, using the absorption band a t  2 3 0  to 240 mp. 
nation of the mixed monomethyl i s o m e r s ,  the absorptivity data used was  obtained 
f r o m  available samples  of 1 - and 2-methylcarbazole.  Infrared l i t e ra ture  spectra  
were  available fo r  the 3 -  and 4-methylcarbazoles (z), and ultraviolet  was  avail-  
able for  3-methylcarbazole (?). 

Subse- 

The quantitative determination of carbazole  and i t s  methyl  derivatives 
.For the de t e rmi -  
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Long-chain Aliphatic Hydrocarbons.  - These w e r e  effectively separa ted  
f r o m  a romat i c  hydrocarbons in  the f i r s t  15 tubes of the f rac t ion  collector in each 
CCD run. Infrared ana lys i s  (1) showed th is  aliphatic ma te r i a l  to consist  of f ive 
c l a s s e s :  0 -o le f ins ,  b ranched  a -olefins,  t rans- in te rna l  olefins,  n-alkanes,  and 
2-methylalkanes.  Since the CCD solvent sys t em was  selected f o r  optimum sepa-  
ra t ion  of a romat i c s ,  t he re  w a s  only a sma l l  separa t ion  by c l a s s  for  the aliphatic 
compounds.  
en t i r e  boiling range although boiling points indicate a change in molecular weight 
f r o m  C,, through C20.  

In Table 2 each  c l a s s  was  ass igned  a single number throughout the 

Alkylnaphthenes. - According to Bellamy (2 ) ,  the inf ra red  bands observed 
a t  10. 7 2 ,  10. 50, 10. 27, and 9 .  73 p in aliphatic f rac t ions  can be assigned to the 
ring deformation vibrations of s ix-membered  ring naphthenes. 
the i r  concentration was  m a d e  using data f r o m  l i t e r a tu re  spec t r a  ( 1 ) .  

An es t imate  o f .  

- 

Aliphatic Carbonyl.  - The carbonyl bands a t  5. 72 to 5 . 9 3 ~  along with the 
CH, rocking vibration a t  13. 8 8 p  w e r e  assigned to aliphatic carbonyl,  e i ther  
ketones o r  e s t e r s .  
13. 8 8 p  band, balances the polar  e f f ec t  of the carbonyl group to place them in  tubes 
56 to 58 of the fraction co l lec tor .  
made  by using absorptivity da ta  fo r  the carbonyl band f r o m  pure  samples  of ali- 
phatic e s t e r s .  

The f a i r ly  long chain,  a s  indicated by the intensity of the 

Es t ima tes  of concentration f o r  this c l a s s  were  

Naphthalenes. - Alkylnaphthalenes were  identified in all neut ra l  oil  f r a c  - 
On the bas is  of boiling point and ultraviolet  cor re la t ions ,  i t  was found that 

There  was  no evidence of any 
Inf ra red  bands at 6. 25  and 9. 67 p along 

tions.  
they were  predominantly polymethylnaphthalenes. 
long chain o r  branched alkyl substitution. 
with strong out-of-plane hydrogen deformation vibration bands in  the 11. 0 to 14. 0 p 
region w e r e  observed. The increas ing  number of possible i s o m e r s  with increasing 
molecular  weight of methylnaphthalenes made  identification of specific i s o m e r s  
ex t r eme ly  difficult. It was  observed  f rom this l abora to ry ' s  data and a collection of 
methylnaphthalene spec t r a  f r o m  the l i t e r a tu re ,  that  in genera l ,  fo r  polymethyl- 
naphthalenes the specific absorptivity of the 2 3 0 . m ~  band d e c r e a s e s  regular ly  i n  
intensity with increasing molecular  weight. The values f o r  each  carbon number  
w e r e  in a range nar row enough to justify the use  of an  average .  The average  spe- 
cific absorptivity f o r  14 trimethylnaphthalenes (C13) was 530, fo r  7 te t ramethyl -  
naphthalenes (C14) ,  442, f o r  3 pentamethylnaphthalenes (C,,), 346, and f o r  4 hexa- 
methylnaphthalenes (Clb), 3 17. 
ethylmethylnaphthalenes (C13)  fa l l s  ve ry  c lose  to the value of trimethylnaphthalenes 
(C13) ,  and a n  average of 4 diethylmethylnaphthalenes (C15) falls  ve ry  c lose  to that of 
pentamethylnaphthalenes (C,,). 

A n  average  specific absorptivity of 7 l i t e r a tu re  

Hydroaromat ics  and Biphenyls. - A broad ultraviolet  band a t  259 m p  a t  a 
maximum in tubes 11 to 14 F C  rep resen ted  a mixture  of biphenyls and hydroaro-  
ma t i c s .  
band and a l so  by an  in f r a red  band a t  1 4 . 3 0 ~ .  The hydroaromatic s t ruc tu re  was  
indicated by the a romat i c  band a t  6. 25 p which, although p resen t ,  was relatively 
weak. 
quantitative data. 
abso rbances ,  ultraviolet  absorp t iv i t ies  w e r e  approximated and found to be low, 
indicating saturation of a romat i c  r ings .  

Biphenyls were  indicated by a s e r i e s  of shoulders occurring on-this ma jo r  

Additional evidence to support  this c l a s s  was  obtained f r o m  ultraviolet  
F r o m  the actual weight of these  fractions and the observed  
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Fluorenes.  - Fluorenes  were  identified by their  dist inctly cha rac t e r i s t i c  
ul t raviolet  spec t r a  and their  strong out-of-plane hydrogen deformation bands in the 
inf ra red .  The ul t raviolet  band a t  300 mp,  which shifts to slightly higher wave- 
lengths for  methyl i s o m e r s ,  fortunately o c c u r s  in a region where  analysis  w a s  
unhindered by other components. 
s t ra ightforward,  using specific absorptivity values of 59 and 41 respectively,  
determined a t  300 m p  f r o m  available samples .  The amount of the 2- and 3- 
methylfluorene mix tu re  was determined a t  260 m p  using an  ave rage  specific 
absorptivity value of 116 obtained f r o m  pure  samples .  

F o r  fluorene and 1-methylfluorene, analysis was  

Phenanthrenes.  - Differentiation among the 1-methyl,  2-methyl,  and 3- 
methyl i s o m e r s  was readily made  f r o m  strong infrared bands in  the out-of-plane 
hydrogen deformation region a t  11 to 1411. 
ranged f r o m  251 to 253.5 m p  in these CCD fract ions indicated monomethyl- 
substi tuted phenanthrenes.  This band shifts f r o m  250. 2 m p  for  phenanthrene to a 
range of 251 to 254.4 mp a s  observed in spec t r a  of monomethylphenanthrenes. 
Dimethylphenanthrenes were  a l so  identified in the ul t raviolet  f r o m  the position of 
this  strong band with a range of 252 to 256 mp. F r o m  l i te ra ture  spec t r a  of 12 
dimethylphenanthrenes this range was observed to be 252 to 258 m p .  The shift in  
peak tubes accompanying the change in range of this ultraviolet  band ver i f ied 
methylation. Phenanthrene determination was made  in the ul t raviolet ,  using a 
specific absorptivity value of 359 a t  250. 2 mp. 
322 was determined f r o m  pure  samples  of 1-methyl-,  2-methyl-,  and 3-methyl- 
phenanthrene. 
.shifted f r o m  251 to 253. 5 mp. The rat ios  of the individual monomethyl i s o m e r s  
were  est imated f r o m  their  s t rong infrared out-of-plane hydrogen deformation 
bands.  F o r  dimethylphenanthrenes,  using the s a m e  intense ul t raviolet  band, an 
ave rage  specific absorptivity of 293 was determined f r o m  ul t raviolet  spec t r a  of 12 
dimethylphenanthrene s. 

The strong ul t raviolet  band which 

An average specific absorptivity of 

Absorbances were  r ead  f r o m  the peak of the l a r g e  band a s  it 

Anthracenes.  - Qualitatively the distinction between anthracene and i ts  
monomethyl and dimethyl de r lva twes  can  best  be made  in the ul t raviolet  region 
where their  longest wavelength bands a r e  highly diagnostic. Neither the mono- 
methyl nor the dimethyl anthracenes were substi tuted in the 9 o r  10 position, a s  
this  c a u s e s  a marked  shift  to longer wavelengths as compared to other positions. 
Quantitative analyses  for  anthracenes were  conducted a t  375.6 mp for  anthracene,  
377.6 mp for  monomethylanthracenes,  and 380. 0 m p  for  dimethylanthracenes.  A 
specific absorptivity value of 43 for  anthracene was determined f r o m  a pu re  sample.  
A monomethyl specific absorptivity value of 43 was obtained f r o m  a sample of 2-  
methylanthracene and a l i t e ra ture  spectrum of 1 -methylanthracene (E). 
l i t e ra ture  spec t r a  of 7 dimethylanthracenes,  a value of 30 was determined for  spe-  
cific absorptivity.  

F r o m  

Dibenzofurans. - Alkyldibenzofurans can  be cha rac t e r i zed  in  the infrared by 
a sha rp ,  strong band in the 8. 2 to 8. 5 p region (13) assigned to the C - 0  stretching 
vibration. The analysis  was conducted in the ultraviolet  region f o r  dibenzofurans 
using a strong absorption band nea r  250 mp. F o r  dibenzofuran a value of 115 at  
248.8 m p  f o r  the specific absorptivity was obtained f r o m  a pu re  sample.  The 
monomethyldibenzofurans were  determined by using an  average specific absorp-  
tivity value of 98 a t  251 to 253 m p ,  obtained f r o m  pure  samples  of 2-methyl-,  
3-methyl-,  and 4-methyldibenzofurans,  and the spec t rum f o r  l-methyldibenzo- 
fu ran  (e). 
81 n e a r  250 rnp was obtained f r o m  spec t r a  of 6 dimethyldibenzofurans (2). 

F o r  dimethyldibenzofurans, an average specific absorptivity value of 
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methyldibenzofuran; S. Tr ippe t t ,  University of Leeds ,  England, for  spec t ra  of a 
var ie ty  of alkyldibenzofurans; and W. E .  Haines,  L a r a m i e  Pe t ro leum Research  
Cen te r ,  Bureau of Mines ,  L a r a m i e ,  Wyo., for  a sample  of 1-methylcarbazole and 
a n  ul t raviolet  spec t rum of 3-methylcarbazole.  



. .  
I . . .  - ' I  

TABLE 
I 

I 
1 
I CCD 

No. 

I 1 
I 

2 

3 
i 
t 
1 

4 

) 

5 

I 6 

7 I 
1 
I 8 1  
1 

9 

10 
I 

7 

11 

12 

13 

14 

' 
total  

1. - F r a c t i o n a l  d i s t i l l a t ion  of n e u t r a l  o i l s  

Dis t i l l a te  
f r a c t i o n  Boiling r a n g e ,  C Weight,  
No. 1 0 m m  7 6 0 m m  g r a m s  

9 138 - 139 275 - 276 9 . 0  
10 139 - 141 276 - 278 9 . 0  

I 1  141 - 143 278 - 280 8 . 6  
I 2  143 - 144 280 - 282 9 . 4  

13 144 - 146 282 - 284 9 . 2  
14 146 - 148 284 - 286 9 . 3  

15 148 - 149 286 - 287 9 . 6  
16 149 287 3 . 6  

'67 .7  
- 

3 . O m m  760 m m  
1 123 - 125 287 - 290 1 9  
2 125 - 127 290 - 292 2 0 

3 127 - 128 292 - 293 1.6 
4 I28  29 3 1 . 7  

5 I 128 - 132 293 - 298 1 7  
6 132 - 134 298 - 300 1 . 9  

7 I34 - 1 3 5  300 - 301 1 .  6 
8 135 - 136 301 - 302 1.9 
9 I36 - 1 3 7  302 - 303 1 6  

10 137 - I38 303 - 3011 1 9  
I I  138 - 1-13 305 - 310 2 . 0  

I 2  143 - 144 310 - 311 2 1  
144 - 145 311 - 313 2 . 0  13 

14 145 - 148 313 - 316 2 2 
15 148 - 150 316 - 318 2.  3 
16 150 - 152 318 - 321 2 .0  

17 152 - 153 321 - 322 2 . 0  
18 453 - 160 322 - 329 1.9 

19 160 - 167 329 - 337 1 . 9  

L O  167 - 171 337 - 342 2 .0  
21 171 - 173 342 - 344 .5 

511t 
F r a c t i o n s  9 through 16 a r e  9 . 7 2  we igh t -pe rcen t  of the 

neut ra l  oil .  
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TABLE 2. - Countercurrent  distribution of high-boiling 
neut ra l  o i l s  

1 

3 
4 
5 
b 
7 
8 
9 

10 
1 1  
1 2  

7 ‘- 

I 
L 
3 

13 
5 

I 4  

b 
7 
8 
9 

10 
1 1  
I 2  

15 
I 
L 

16 
13 
14 

Constituent 
Ident itv 

CCD NO. I 
Unknown I 
Aliphatic c a rbony 1 
Dibenzofuran 
Ac enaphthene 
Trimethylnaphthalenes ( N I B  N,, N,, N4) 
Hydroaromatic  s ,  Biphenyls 
Alkylnaphthenes (6-membered  r ing)  
t rans- In te rna l  olefin 
T e r m i n a l  olefin 
n - Alkane 
Branched- t e rmina l  olefin 
2 -Methylalkane 

CCD NO. 2 
Unknown I 
Aliphatic c a  r bo nyl 
Dibe n z ofu r a n 
F l u o r e n e  
Trimethylnaphthalenes (N1 ,  N,, N,, N4) 
T r i - o r t e t r a m  e th y lna ph t ha1 ene s 
(N5’ N6. N7) 
Hydroa romat i c s ,  Biphenyls 
Alkylnaphthenes (6-membered  r ing)  
t rans- In te rna l  olefin 
Te rmina l  olefin 
n-Alkane 
Branched t e rmina l  olef in  
2-Methylalkane 

CCD NO. 3 
o - Dimethylphthalate 
Unknown I 
Aliphatic c a r bo ny 1 
4-Methyldibenzofuran 
F l u o r e n e  
T r i  - or  t e  t r a m e  thylnaph thalene s 
(N5s N6, N7) 

Peak 
tube 
no. 

34  
‘58 F C  
44 F C  
34 F C  
26 F C  
14 F C  
10 F C  
10. 5 F C  
10. 5 F C  
9 . 0  F C  
8 . 5  F C  
6 F C  

34. 5 
58 F C  
48 F C  
44 F C  
25 F C  
25 F C  

14 F C  
10 F C  
9 F C  
9 F C  
8 F C  
6 F C  
3 . 5  F C  

4 
33 .5  
58 F C  
48 F C  
42 F C  
26 F C  

See footnotes a t  end of table .  
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- 
No. 

6 
7 
8 
9 

10 
11  
1 2  

- 

15 
1 
2 

16 
13 
14 

. 6  
8 
9 

10 
11 
12 

17 
2 

18 
19 
16 
20 
2 1  

6 
8 
9 

10 
11 
12 

Consti tuent 
Identity 

Hydroaromat ics ,  Biphenyls 
Alkylnaphthenes (6 -membered  ring) 
t r a n s  -Internal olefin 
Te rmina l  olefin 
n-Alkane 
Branched- te rmina l  olefin 
2 -Methylalkane 

CCD NO. 4 
0- Dimethylphthalate 
Unknown I 
Aliphatic carbonyl 
4 -Me thyldibenzofuran 
Fluorene  
T r i  - o r  te t r  amethylnaphthalene s 

Hydroaromatic s ,  Biphenyls 
t rans- In te rna l  olefin 
Termina l  olefin 
n- Alkane 
Branched te rmina l  olefin 
2 -Methylalkane 

(Nst N6, N,) 

CCD NO. 5 
Unknown I1 
Aliphatic carbonyl 
2 -Methyldibenzofu r a n  
3 -Methyldibenzofuran 
4-Methyldibenzofuran 
1 -Methyldibenzofuran 
Tetramethylnaphthalene s 
Hydroaromat ic  s, Biphenyls 
t r ans  -Internal olefin 
Termina l  olefin 
n- Alkane 
Branched- te rmina l  olefin 
2-Methylalkane 

See footnotes a t  end of table. 

Peak  
tube 
no. 

14 F C  
10 F C  
8 F C  
8 . 5  F C  
8 F C  
8 F C  
5 FC 

4 
34 
56 F C  
45 F C  
42 F C  
26 F C  

14 F C  
8 F C  
8 F C  
7 . 5  F C  
7 F C  
3 F C  

3 4 . 5  
56 F C  

’36 F C  
‘36 F C  
‘36 F C  
‘36 F C  
23 F C  
14 F C  
8 F C  
8 F C  
8 F C  
7 .  5, I2 F C  
5 F C  
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No .  - 

17 
18 
19 
16 
L O  
L 1  
6 
8 
9 

10 
I 1  
I 2  

17 

2 3  
24 
18 
I9 
L O  
2 5  
26 
27 
2 1  

6 
8 
9 
IO 
1 1  
12 

> ,  
- L  

17 
28 
29 
30 
18 
19 
25 
26 

Constituent 
Identity 

CCD NO. 6 
Unknown I1 
2 -Methyldibenzofuran 
3 -Met hy ldibenzo f u ran  
4 -Methyldibenzofuran 
1 -Methyldibenzofuran 
Tetramethylnaphthalenes 
Hydroaromat ic  s ,  Biphenyls 
t r a n s  - Internal  olefin 
T e r m i n a l  olefin 
n - Alkane 
Branched- te rmina l  olefin 
2-Methylalkane 

CCD NO. 7 
Unknown I1 
Aliphatic carbonyl 
Unknown I11 
Dimethyldibenzofuran 
2 -Methyldibenzofuran 
3 -Methyldibenzofuran 
1 -Methyldibenzofuran 
I - Methylfluo r ene 
2 -  a n d / o r  3-Methylfluorene 
Diinethyldibenzofurans 
Tetramethylnaphthalenes 
Hydroa romat i c s ,  Biphenyls 
t rans- In te rna l  olefin 
Te rmina l  olefin 
n -  Alkane 
Branched- te rmina l  olefin 
2-Methylalkane 

CCD NO. 8 
Unknown I1 
Unknown I V  
Phenanthrene 
Unknown V 
2-Methyldibenzofuran 
3 -Methyldibenzofuran 
I -Methylfluorene 
2 -  a n d / o r  3-Methylfluorene 

Peak  
tube 
no. 

36 
’36  F C  
236 F C  
‘36 F C  
‘36 F C  
24 F C  
14 F C  
8 . 5  F C  
8 . 5  F C  
8 .  5 F C  
7.5 F C  
5 F C  

35 
55 F C  
55 F C  

‘41 F C  
241 F C  
*41 FC 
‘41 F C  
38 F C  
38 F C  
24 F C  
23. 5 F C  
14 F C  
8 F C  
8 F C  
8 F C  
7 F C  
5 F C  

35 
55 F C  
51 F C  
48 F C  

‘44 F C  
244 F C  
38 F C  
38 F C  

See footnotes a t  end of table. 
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- 
No. 

31 
27 
'3 2 
6 
8 
9 

10 
1 1  
1 2  ~ 

- 

33 
34 
29 
30 
35 
26 
3 1  

3 2  
6 
8 
9 

10 
I 1  
1 2  

33 
34 
29 
30 
35 
36 
31 

32 
6 
8 
9 

10 
1 1  
1 2  

Consti tuent 
Identity 

2,4-Dimethyldibenzofuran 
Dimethyldibenzofurans 
Alkylnaphthalenes (NE, N,) 
Hydroaromat ic  s ,  Biphenyls 
t r a n s  -Internal olefin 
Te rmina l  olefin 
n- Alkane 
Branch e d - t e r m inal o 1 e f i n 
L -Methylalkane 

CCD NO. 9 
Carbazole  
Unknown V I  
Phenanthrene 
Unknown V 
Anthracene 
2 -  a n d f o r  3-Methylfluorene 
Dimethyldibenzofuran 
(principally 2 ,  4-dimethyldibenzofuran) 
Alkylnaphthalenes (NE, N,) 
Hydroaromat ics ,  Biphenyls 
t r a n s  -Internal olefin 
Te rmina l  olefin 
n - Alkane 
Branched- te rmina l  olefin 
L -Methylalkane 

CCD NO. 10 
Carbazole  
Unknown V I  
Phenanthrene 
Unknown V 
Anthracene 
C a r  bony 1 compound 
Dimethyldibenzofurans 
(principally Z,4-dimethyldihenzofuran) 
Alkylnaphthalenes (NE, N,) 
Hydroaromat ic  s , Biphenyls 
t rans- In te rna l  olefin , 

Termina l  olefin 
n- Alkane 
Branched- te rmina l  olefin 
2 -Methylalkane 

Peak  
tube 
no. 

31 FC 
24 FC 
22.5 FC 
14 FC 
8 FC 
8 FC 
8 FC 
7 FC 
5 FC 

27 
37.5 
51 FC 
48 FC 
48 FC 
38 FC 
30 FC 

22 FC 
14FC . 
7 FC 
7 FC 
7 FC 
7 FC 
4 FC 

27 
38 
51 FC 
48 FC 
47 FC 
42 FC 
32.5 FC 

22 FC 
13 FC 
7 FC 
7 FC 
7 FC 
7, 10FC 
4 FC 
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- 
No. - 

33 
34 
37 
29 
30 
35 
38 
39 
40 
41  
42 

6 
8 
9 

10 
I 1  
1’ 

4 3  
3 3  
41 
35 
38  
39 
4 0  
15 
41 
42 

6 
8 
9 

10 
1 1  
IL 

46 
1 3  
47  
38 

Constituent 
Identitv 

CCD NO. 11 
Carbazo le  
Unknown VI  
Unknown VI1 
Phenanthrene 
Unknown V 
Anth r a c e 11 e 
L-Methylphenanthrene 
3 -Mt:thylphenanth rene 
1 -Methylphenanth rene 
Dimethyldibenzofurans 
Alkylnaphthalenes ( N , , .  N l o )  
Hydroa romat i c s ,  Biphenyls 
t r a ns - Int e r nal 01 e iin 
Te rmina l  olefin 
n -  Alkane 
Branched - t e r im inal 01 ef in 
2 -  iMethy1;i lkanc 

CCD NO. 12 
I -Methylcarbazole 
Carbazo le  
Unknown VU1 
Ant h r a c  e n e  
2 - Met h y I ph e na n th  r e  nc 
3 - Met hy 1 phenan th r ene 
I -1Methylp1ienantlirenc 
1 - a n d / o r  2-Methylanthracene 
L)imethyldibenz~)Turans 
Alkylnaphthalenes (N,,, N l o )  
Hydroa romat i c s ,  Biphenyls 
t r a n s  - In te rna l  olefin 
Te rmina l  olefin 
n - A1 ka ne 
Branched-terminal  olefin 
L-Methylalkane 

C C D  NO. 13 
L- a n d / o r  3-Methylcarbazole 
1 - a n d / o r  4-Methylcarbazole 
Unknown IX 
L -Methylphenanthrene 

Peak 
tube 
no. 

27 
39 
54 F C  
5 1  F C  
48 F C  
15 F C  
43 F C  
41 F C  
38 F C  
30 F C  
21 F C  
13 F C  
7 F C  
7 F C  
7 F C  
7 .  1 0 F C  
4 F C  

2 2 6 .  5 
‘26. 5 
42 
45 F C  

‘40 F C  
‘40 F C  
‘40 F C  
40 F C  
28 F C  
18. 5 F C  
1 1  F C  
6 ,  9 .  5 F C  
6 F C  
7 F C  
6 ,  9 F C  
4 . 5  F C  

‘29 . 
‘29 
46 

‘40 F C  

See footnotes a t  end of table .  
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- 
No. 

39 
40 
45 
48 
42 

6 
8 
9 

10 
1 1  
1 2  

- 

46 
43 
47 
49 
45 
50 
51 
48 
42 

6 
8 
9 

10 
1 1  
1 2  

Constituent 
Identity 

3 -Me thylphenanthr ene 
1 -Methylphenanthrene 
1 - a n d / o r  2-Methylanthracene 
Alkyldibenzofurans 
Alkylnaphthalenes (Nil, Nl0)  
Hydroaromatic  s ,  Biphenyls 
t rans-Internal  olefin 
Termina l  olefin 
n-Alkane 
Branched-terminal  olefin 
2 -Methylalkane 

CCD NO. 14 
2 -  a n d / o r  3-Methylcarbazole 
1 - and/or  4-Methylcarbazole 
Unknown IX 
Unknown X 
1 - a n d / o r  2-Methylanthracene 
Dimethylphenanthrene s 
Dimethylanth racene s 

A1 k y 1 d ib en z o fu r an s 
Alkylnaphthalenes (Nil, Nl0)  
Hydroaromatic  s ,  Biphenyls 
t r a n s  -Internal olefin 
Termina l  olefin 
n - A1 ka ne 
Branched-terminal  olefin 
2 -Met h y 1 a1 k a ne 

F C  = f ract ion col lector .  
Peak tube f o r  a mixture  of compounds.  

Peak  
tube 
no. 

240 F C  
‘40 F C  
38 F C  
26 F C  
18. 5 FC 
1 1  F C  
7 F C  
7 F C  
6 F C  
7 F C  
4 F C  

23 1 
‘3 1 
46 
57 F C  
39 F C  
35. 5 F C  
3 2  F C  
25 F C  
18 F C  
1 1  F C  
6 F C  
6 F C  
6 F C  
6 F C  
3 F C  
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TABLE 3 .  - Quantitative ana lys i s  of neut ra l  oils 
boiling f r o m  275'  to 3 4 4  C 

Con s t i tuent 

Alkylbinuc lear  naphthene s 
n -  Alkane s 
2 -Me thylalkane s 
Terminal  o le f ins  
Branched- t e rmina l  olefins 
t rans  -Internal olefins 
Aliphatic ca rbony l  

Ac enaphthene 

Hydroaromatics  , biphenyls 

Trimethylnaphthalene,  No.  5 
Alkylnaphthalenes ( te t ramethyl ) ,  No. 14 
Alkylnaphthalenes, N o s .  2 1 ,  3 2 ,  4 2  

Fluorene 
1 -Methylfluorene 
2 -  and /o r  3-Methylfluorene 

Phenanthrene 

1 -Methylphenanthrene 
2 -Methylphenanthrene 
3 -Me thylph enanthr  ene 

Dime thylphenanth r ene  s 

Anthracene 
Monome thylanth rac enes 
Dimethylanthrac enes  

Weight-percent , 

in  neut ra l  oil' 

0. 15 
3.  16 
1. 09 
2 .  42  
. 37 

1. 29 
. 2 1  

8 . 6 9  

. 37 

3. 02 

1 .  88 
2 .  60 
7 . 7 5  

12. 23 

. 2 0  

. 10 

. 2 3  

. 5 3  

. 39 

. 1 1  

. 19 

. 2 3  

. 2 3  
1. 15 

. 0 5  

. 04 

.Ol  

. I O  

c 

Total neut ra l  oil (distilling u p  to about 360" C )  constituted 
1 6 . 9 2  weight-percent of the total  t a r .  
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(Continuing) - 
TABLE 3. - Quantitative analysis  of neutral  o i l s  

boiling f r o m  275' to 344" C 

Constituent 

Dibenzofuran 

1 -Methyldibenzofuran 
2 -Methyldibenzofur a n  
3-Methyldibenzofuran ' 

4 -Methyldibenzofur a n  

Dimethyldibenzofurans 
(Approximately 50 percent  
2 ,  4-dimethyldibenzofuran) 

Alkylated dibenzofurans ( t r imethyl-)  

o - Dimethylphthalate 

Carbazole  
'1 - and/or  4-Methylcarbazole 
2 -  a n d / o r  3-Methylcarbazole 

Unknowns I through X 

Weight -percent  
in  neut ra l  oil' 

0. 32 

. 19 

. 27 

. 4 6  
* 34 

3. 8 4  

. 6 8  
6 .  10 

. 0 3  

. 09 

. 08 

. 17 

1. 02  

Total neutral  oil (disti l l ing up to  about 360" C )  consti tuted 
16.92 weight-percent  of the total  tar. 



FIGURE 1. - Countercur ren t  Distribution of Neutral  Oil, Run No. 4. 

* TUBE ""YOE" 

FIGURE 2. - Countercur ren t  Distribution of Neutral  Oil, Run No. 9.  

FIGURE 3 .  - Countercur ren t  Distribution of Neutral  Oil, Run No. 14. 
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FORMATION AND NATURE OF NITROGENOUS GUM DERIVED FROM 
COKE-OVEN GAS UNDER CRYOGENIC CONDITIONS 

bY 
W. Kulak 
E. V. Nagle 
J, G.  Crist 

Applied Research Labnrztsry 
United States Steel Corporation 

Monroeville, Pennsylvania . 

Introduction 

A type of nitrogenous gum called "vapor-phase gum" 
been known to form in coke-oven gas. It is generally accept 

has long 
d that 

the formation of this gum is due primarily to the interaction of nitric 
oxide (SO), oxygen, and organic compounds such as the unsaturated 
hydrocarbons. Another type of nitrogenous gum is one that is formed 
in coke-oven gas under cryogenic conditions that also involves the 
interac-lo ifgic oxide, oxygen, and hydrocarbons. It is widely 
re cos r. - i: 2 d "" ' that NO by itself does not react with gum-forming 
hydrcc:.rbons; however, under cryogenic conditions the oxidation of NO 
or i:~ ,;mer, (NO)2, is rapid and the products of the oxidation, 
nitroci,; trioxide (N2O3) and nitrogen tetroxide (N2O4) , react with 
gun-forming hydrocarbons. In the liquid phase, ethylene is known to 
react with S2O3 and N2O4; however, such reactions are slow at low 
temperacdes. ' I 5 )  

primarily with cyclopentadiene and butadiene when present in liquid 
ethylene. It is the purpose of this paper to present the results of 
work undertaken to investigate the reactions, and the products of the 
reactions, of N2O3 and N2O4 with cyclopentadiene and butadiene in 
liquid ethylene. For comparison, some investigations were made in 
which liquid ethane was used in place of liquid ethylene. 

Generally it is assumed that nitrogen oxides react 

Materials and Experimental Work 

;.',e-,erials - All materials were obtained from The Matheson Company. 
Ethylex (99.5% minimum purity) and ethane (99.0% minimum) were 
puri5isc by passage through activated carbon. Butadiene and N2O3 
(both 59.0% minimum purity) and N2O4 (99.5% minimum) were used as 
receivad. Cyclopentadiene was freshly distilled as needed; mass- 
spectrometric analysis of the distilled material showed it to contain 
93.8 percent cyclopentadiene, 2.7 percent dicyclopentadiene, 2.9 
percent 1,3-cy,clohexadieneI 0.5 percent benzene, and less than 0.1 
percbnt toluene. 

ADparatus and Procedure - Liquid ethylene (or ethane) for the 
tests was prepared by passing the Matheson gas through activated 

-~ 
* See iieferences. 
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carbon and condensing it a t  a tmosphe r i c  p r e s s u r e  and,  a s  w e l l  a s '  
p o s s i b l e ,  i n  t h e  absence  o f  a i r .  A s  t h e  f i r s t  s t e p . i n  p r e p a r i n g  t h e  
guns ,  t h e  Pyrex condenser  and r e c e i v e r  w e r e  purged wi th  gaseous  
e t h y l e n e  (or e thane )  a n d  t h e  r e c e i v e r  was cooled  wi th  l i q u i d  n i t r o g e n .  
When cyc lopen tad iene  was c s e d ,  a weighed amount of  t h e  d i e n e  was 
i n j e c t e d  i n t o  t h e  r e c e i v e r  th rough a septum-covered p o r t  by means 
of  a s y r i n g e  and abou t  2 0 0  c u b i c  c e n t i m e t e r s  (cc) of l i q u i d  e t h y l e n e  
( o r  e t h a n e )  were t h e n  condensed i n t o  t h e  r e c e i v e r .  When bu tad iene  
was u s e c ,  it was more conven ien t  t o  condense t h e  l i q u i d  e t h y l e n e  
( o r  e t h a n s )  i n t o  t h e  r e c e i v e r  f i r s t  and t h e n  i n j e c t  a measured volume 
of  b u t a d i e n e  q a s - i n t o  t h e  l i q u i d  by means of  a g radua ted  s y r i n g e .  With 
e i t h e r  p rocedure ,  t h e  n e x t  s t e p  was t o  i n t r o d u c e  a measured volume of 
N20; o r  S2O4 i n t o  t h e  l i q u i d  w i t h  a g radua ted  s y r i n g e .  The fo l lowing  
?rocsd:ure was fo l lowed t o  minimize t h e  amount of n i t r o g e n  o x i d e - t h a . t  
e scapee  a s  vapor  d u r i n g  t h i s  o p e r a t i o n .  The s y r i n q e  t i p  ( a  po lye thy lene  
t u b e )  was i n se rked  i n t o  t h e  l i q u i d  and a sma l l  p o r t i o n  of  l i q u i d  w a s  
wi thdrawn i n t o  t h e  p a r t i a l l y  f i l l e d  s y r i n g e  c o n t a i n i n g  n i t r o g e n  ox ide ;  
this l i q u i d  vapor ized  and e x p e l i e d  t h e  n i t r o g e n  ox ide  from t h e  s y r i n g e .  
The o?era t iop .  was r e p e a t e d  s e v e r a i  t ines  t o  e n s u r e  t h a t  a l l  o f  t h e  
n i t roqGn o x i c e  was f l u s h e d  i n t o  t h e  receivzi- .  (With e t h y l e n e ,  t h e  
t e a p e r a t u r e  of t h e  r e a c t i o n  mix tu re  w a s  about  -105 s; w i t h  e t h a n e ,  t h e  
teangerature  of t h e  r e a c t i o n  mix tu re  was about  -9O.C.) A f t e r  1 5  minutes  
i n  t h e  r e c e i v e r ,  t h e  m i x t u r e  was p l a c e 2  i n  a l o o s e l y  covered v e s s e l  
and l s f t  t o  s t a n d  u n t i l  t h e  l i q u i d  evapora t ed  ( abou t  1 h o u r ) .  

Fo r  c o l o r i n e t r i c  examina t ions ,  t h e  gums remaining a f t e r  
e v a 9 o r a t i o n  of t h e  r e a c t i o n  m i x t u r e s  w e r e  weighed and t h e n  d i s s o l v e d  i n  
2 0  x i l l i l i t e r s  ( m l )  of a 1 p e r c e n t  aqueous s o l u t i o n  of sodium hydroxide.  
The s o l u t i o n s  were a l lowed  t o  s t a n d  2 0  t o  30 minutes  f o r  c o l o r  develop-  
x e n t ,  and t h e  s p e c t r a l  abso rbance  was t h e n  measured a t  a wavelength 
of 4 2 5  a i l l i m i c r o n s  on a Beckman Model D'J spec t ropho tomete r .  W i t h  
sox2 s o l u t i o n s ,  t h e  o p t i c a l  d e n s i t i e s  were t o o  h igh  t o  be measured and 
611 A Liar. w i t h  known amounts of a d d i t i o n a l  c a u s t i c  was necessa ry .  

For  i n f r a r e d  measurement,  t h e  gum r e s i d u e  was mounted on a 
sociu:: c h l o r i d e  p l a t e  immedia te ly  a f t e r  it was i s o l a t e d ,  and i t s  
spsckrux Zrox 2 t o  1 5  mic rons  was o b t a i n e d .  I n f r a r e d  measurements 
w e r e  also r e p e a t e d  a f t e r  t h e  gum r e s i d u e s  had been s t o r e d  f o r  va ry ing  
nu;nbers of days on t h e  p l a t e s .  

For  d e t e r m i n a t i o n  of  t h e  n i t r o g e n  c o n t e n t  of  a gum r e s i d u e ,  
t h e  gna was f i r s t  a l l owed  t o  s t a n d  o v e r n i g h t .  On t h e  f o l l o w i n g  day,  
t h e  weight  o f  t h e  gum w a s  de te rmined  and t h e  gum was d i s s o l v e d  by 
ad6ii-q d i l u t e  (1%) aqueous  sodium hydroxide  t o  t h e  v e s s e l .  The gum i n  
t h e  c a u s t i c  s o l u t i o n  was t h e n  reduced  w i t h  Devarda 's  m e t a l  and 
s u b s e q u e n t l y  ana lyzed  f o r  n i t r o g e n  by t h e  K j e l d a h l  method. 

R e s u l t s  arid Di scuss ion  

G u m s  w e r e  formed r a p i d l y  when N2O3 and e i t h e r  b u t a d i e n e  
o r  cyc io?en tad iene  w e r e  i n t r o d u c e d  i n t o  l i q u i d  e t h y l e n e ;  however,  t h e  

\ 
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y i e l d s  of gum v a r i e d  c o n s i d e r a b l y  w i t h  d i f f e r e n c e s  i n  t h e  mole r a t i o  
o f  N2O3 t o  bu tad iene .  I n  f a c t ,  d i f f i c u l t i e s  were encoun te red  i n  
r ep roduc ing  t h e  y i e l d  o f  gum wi th  any p a r t i c u l a r  mole r a t i o  o f  
r e a c t a n t s .  V a r i a t i o n s  were most n o t i c e a b l e  w i t h  t h e  r e a c t i o n  mix tu res  
p repa red  w i t h  bu tad iene .  Because o f  such  v a r i a t i o n s ,  t h e  r e a c t i o n  
m i x t u r e s  i n  which t h i s  compound had been i n t r o d u c e d  were d i v i d e d  i n t o  
a l i q u o t s  so t h a t  m u l t i p l e  d e t e r m i n a t i o n s  o f  t h e  gum c o n t e n t  c o u l d  be 
made. The v a r i a b i l i t y  i n  t h e  y i e l d  of gum might  be e x p l a i n e d  i f  t h e  
i n i t i a l  p r o d u c t s  formed from t h e  r e a c t a n t s  can  e i t h e r  evaporate o r  
po lymer i ze  i n t o  t h e  n o n - v o l a t i l e  gum. , 

I n  an  a t t e n p t  t o  deve lop  a method f o r  q u a n t i t a t i v e  de te rmi-  
n a t i o n  of t h e  gums, aqueous sodium hydrox ide  s o l u t i o n s  of gums were 
p r e p a r e d  and examined spectrophotcinetrically. The abso rbance  o f  l i g h t  
of 425-mi l l imicron  wavelength ( s e l e c t e d  f r o n  an  examinat ion  of  t h e  
a b s o r p t i o n  s p e c t r a  of  such  s o l u t i o n s )  was found t o  be  rough ly  pro-  
p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  of  t h e  gum, F i g u r e  1. As t h e  r a t i o  of 
n i t r o g e n  ox ide  t o  d i e n e  was i n c r e a s e d ,  however, t h e  s l o p e s  of  t h e  
Beer 's  law p l o t s  s h i f t e d  markedly and i r r e g u l a r l y ,  F i g u r e s  1 and 2. 
The t echn ique  t h e r e f o r e  cou ld  n o t  be  used  t o  e s t i m a t e  gum c o n c e n t r a t i o n s .  

S i g n i f i c a n t l y  more gun was o b t a i n e d  from c y c l o p e n t a d i e n e  t h a n  
f r o n  butadiene. For  example,  a t  a r a t i o  o f  abou t  0 .75  moles  of'N2O3 
p e r  mole of  d i e n e  ( i n  l i q u i d  e t h y l e n e )  cyc lopen tad iene  y i e l d e d  about  
0 . 5  grams of  gum p e r  gram of  d i e n e  whereas  b u t a d i e n e  y i e l d e d  on ly  
abou t  0 . 1  grams. One p o s s i b l e  r eason  f o r  t h i s  d i f f e r e n c e  may be t h a t  
t h e  produces  of t h e  r e a c t i o n  wi th  cyc lopen tad iene  a r e  less v o l a t i l e  
.and t e n d  t o  remain as r e s i d u e  upon e v a p o r a t i o n  o f  t h e  e t h y l e n e .  

As shown i n  F i g u r e  3,  a i r  appeared  t o  r e t a r d  t h e  gum 
f o r m a t i o n  when N2O3 and cyc lopen tad iene  were i n t r o d u c e d  i n t o  l i q u i d  
e t h y l e n e ,  s i n c e  g r e a t e r  y i e l d s  of gum were o b t a i n e d  when a i r  w a s  
exc luded  from t h e  r e a c t i o n  mix tu res .  
N2O3 t o  N 2 O 4 ,  which is  less r e a c t i v e  a s  a gum former .  

P a r t i c i p a t i o n  of E thy lene  i n  Gum Formation 

I t  may be t h a t  a i r  o x i d i z e s  t h e  

Under t h e  c o n d i t i o n s  of  t h e  d e s c r i b e d  tests,  no gums were 
f o r m e l  w'nen o n l y  N 2 O 3  w a s  added to l i q u i d  e t h y l e n e .  
e t h y l e n e  was found t d t a k e  p a r t  i n  t h e  gum fo rma t ion  when bo th  N2O3 
and cyc lopen tad iene  w e r e  i n t r o d u c e d  i n t o  l i q u i d  e t h y l e n e .  

N e v e r t h e l e s s ,  

When t h e  amount of  N2O3 charged  was i n  c o n s i d e r a b l e  excess o f '  
t h e  anount  of  cyc lopen tad iene ,  t h e  y i e l d  o f  gum was Cons ide rab ly  g r e a t e r  
t h a n  =:-.e amount of cyc lopen tad iene  charged ,  F i g u r e  4 .  The n i t r o g e n  
conter , t  o f . s u c h  gums was o n l y  6 . 7  t o  7.8 p e r c e n t ,  however,  i n d i c a t i n g  
t h a t  :\:;S3 d i d  n o t  comprise  t h e  major  p o r t i o n  of  t h e  gum. I t  w a s  
t h e r e f o r e  a p p a r e n t  t h a t ,  t h e  gum c o n t a i n e d  e t h y l e n e ,  and b e c a u s e  of t h e  
p a r t i c i p a t i o n  of e t h y l e n e ,  t h e  y i e l d s  o f  gum were n o t  l imi ted  by t h e  
amounts of di 'enes  a v a i l a b l e .  

Because e t h a n e  w a s  n o t  expec ted  t o  react w i t h  t h e  gum-formers 
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a t  t h e  t e m p e r a t u r e s  exployed  ( a b o u t  -100 C), s e v e r a l  t e s t s  were made i n  
which t h e  n i t r o g e n  o x i d e  and d i e n e  were mixed w i t h  l i q u i d  e t h a n e  i n s t e a d  
of l i q u i d  e t h y l e n e .  Comparison of t h e  r e s u l t s  of t h e s e  tes ts  w i t h  t h e  
r s s u l t s  o b t a i n e d  w i t h  e t h y l e n e  gave f u r t h e r  ev idence  t h a t  e t h y l e n e  
2 a r t i c i p a t e d  i n  g m  f o r m a t i o n .  

P l o t s  05 t h e  y i e l d s  o f  gum p e r  gram of c y c l o p e n t a d i e n e  
ct .arqsd a g a i n s t  t h e  s t a r t i n g  r e a c t a n t  r a t i o s  a r e  shown i n  F i g u r e  5. 
I n  l i q u i d .  e t h a n e ,  t h e  h i g h e s t  y i e l Z  o f  gum p e r  gram of c y c l o p e n t a d i e n e  
v:as o b t a i n e d  when n e a r  e q u i m o l e c u l a r  amounts of N2O3 and cyc lopenta-  

' . d i e m  were u s e d , . a n d  i n  c o n t r a s t  t o  t h e  r e s u l t s  o b t a i n e d  w i t h  l i q u i d  
et;?yle::s, t h e  y i e l d  of sui p e r  gram o f  c y c l o p e n t a d i e n e  subsequent ly  
C s c r e a s e d  a s  th2 2 r o p o r t i o n  of c y c l o p e n t a d i e n e  charged was decreased .  

c y c l o p e n t a c i e n e  i a  t h e  t w o  l i q u i d s  i n d i c a t e s  t h a t  e t h y l e n e  was ' incorpo-  
r a t e d  i n  t h e  gux .  A s  i l l u s t r a t e d  by t h e  c u r v e s  p r e s e n t e d  i n  F i g u r e  6 ,  
t h e  gun y i e l d s  ?er gram of N2O3 charged a l s o  appeared  t o  d i f f e r  some- 
what  i n  t h e  two n e a i a .  

rl'- ~ ~ . u s ,  t h e  diverger .ce  o f  t h e  curv2s  for  t h e  gum y i e l d s  p e r  gram of 

Gus  ?or;nakion From t h e  A d d i t i o n  of N 2 0 4  and Cyclopentadiene  t o  . 
5 i c: u i 1 3 t:. 17 122 e 

G u i i s  were a l so  formed when N 2 0 4  and c y c l o p e n t a d i e n e  were 
aZded to l i q u i d  et:-.ylerie, F i g u r e  7 .  The gum-forming reaction w a s  
s i i ? i l a r  to t h a t  o b t a i n e d  w i t h  N2O3 i n  c h a t  gum of about  t h e  same 
n i t r o s e n  conter , t  w a s  produced and a t  l e a s t  some and probably  a i l ,  o f  

s s a l l s r  . 
- "  Lie gczs  c o n t a i n e d  e t h y l e n e ;  however, t h e  gum y i e l d s  were somewhat 

The qui produced  from N2O4 and c y c l o p e n t a d i e n e  i n  e t h y l e n e  
. .  conzainzc 5 . 8  t o  7 . 1  w e i g h t  p e r c e n t  n i t r o g e n ,  which w a s  about  t h e  same 

to 7 . E  w; 2 ) .  T h a t  t h e  CJL, formed from N2O4 c o n t a i n e d  e t h y l e n e  was 
evi&s;-.t f r o m  t h e  f a c t  t h a t  t h e  y i e l a s  of gum a t  t h e  h i g h e r  N204-to- 
c y c i o s a : - . ~ a a i s n e  r a t i o s  t e s t e d  w e r e  u n u s u a l l y  h i g h  f o r  t h e  amounts o f  
cycicsz:.=zdiene charged  and ,  a s  shown by t h e  n i t r o g e n  c o n t e n t  o f .  t h e  
cpxs, ::?ese u n u s u a l l y  h i g h  y i e l d s  could  n o t  b e  accounted f o r  by t h e  
? ro?orz ion  of N 2 O 4  i n c o r p o r a t e d  i n  t h e  gun.  
o f  SsC4 to c y c l o p e n t a d i e n e ,  t h e  gums a l l  c o n t a i n e d  a b o u t  t h e  same 
a e r c s n t a g e  of n i t r o g e n .  

2 s  for -:? L..L gu;ns produced from N2O3 and c y c l o p e n t a d i e n e  i n  e t h y l e n e  ( 6 . 7  

Regard less  of t h e  ra t ios  

The gum y i e l d s  w i t h  N 2 0 4  were somewhat l e s s  t h a n  wi th  N2O3, 
as i r i i c a t e d  by e x p e r i n e n t s  i n  which g.ums were produced w i t h  t h e  t w o  
r . icrogen oxiCes by p r o c e d u r e s  made as ' i d e n t i c a l  as  p o s s i b l e .  
s t 6 r t i r - S  w i t h  i . 5  moles or' t h e . n i t r o g e n  o x i d e  p e r  mole of cyc lopenta-  
cieze, =:?e y i e l d  of gun p e r  gram of c y c l o p e n t a d i e n e  was about  1 . 5  grams 
w i t h  S 2 G ;  a n 6  a b o u t  1 . 2  grams w i t h  N 2 O 4 .  

I z f r a r e Z  S x a x i n a t i o n  of Gums 

By 

- .  

I c f r a r e d  s p e c t r a  were o b t a i n e d  f o r  1 3  samples  o f  gum produced 
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by mixing cyclopentadiene and N2O3 with liquid ethylene. 
s?ectra are those of a highly unstable gum was confirmed when one of 
the freshly isolated samples "fumed-off'' after it was placed on a 
sodium chloride plate for infrared examination. Typical spectra are 
shown in Figures 8, 9, and 10 for gums produced from N203-to-cyclo- 
pentadiene mole ratios of 0.52, 2.3, and 7.7, respectively. 

That the 

In the spectra of the gum, characteristic absorptions were 
noted for several groups of atoms. Evidence of the following groups 
was obtained in all gum samples: 

(1) -OH or -NH (possibly representing hydrogen bonding). 
(2) -CH (merely indicating carbon-hydrogen linkages in 

(3) C=O (shifted in concentration and structure during 

( 4 )  -ON02 (definitely organic nitrate). 
( 5 )  -CN02 (organic nitro groups). 
( 6 )  NaN03. 

general). 

storage of samples). 

The same identifications were also made in samples prepared by passing 
N2O3 through cyclopentadiene in the absence of ethylene: however, the 
residue from the evaporation of ethylene treated with N2O3 in the 
absence of cyclopentadiene showed only the NaN03 absorption. NaN03 
is probably present in all of the samples because of a reaction of 
nitrogen oxides with the salt plate in the presence of moisture. 

The functional groups whose presence was detected (carbonyl, 
nitro, and nitrate) or suspected (5 droxyl) in the gum were among 
those found by Levy and co-workersJ~ in the products of the reaction of 
N2O3 and N2O4 with simple olefins at 0 C. 
N2O3 and an unsaturated compoune are reacted, the primary reaction is 
a sinple addition to yield products (usually several) containing nitro 
(-NO2) , nitrite (-ONO) , and nitroso (-NO) groups. Products containing 
nitrite and nitroso groups are seldom isolated, apparently because of 
their instability (if isolated from solution they usually explode) and 
ensuing secondary reactions. Nitrite groups are frequently oxidized 
by N20i to nitrate groups; however, they may also be hydrolyzed (for 
example, by water produced by oxidation) to produce hydroxyl groups 
and nitric or nitrous acid. The fate of nitroso groups is not kr.own. 
Carbonyl groups might be expected to result from the nitrogen oxide 
oxidation of carbons having nitro groups. 

According to Levy, when 

* * * 

In summary, the experimental investigations have confirmed 
=hac nitrogenous gums are formed when N2O3 or N2O4 and cyclopentadiene 
GZ butadiene are introduced into liquid ethylene. Indications were 
c5taineCi that ethylene is readily incorporated in the gum. Some of 
t?.e reaction products are apparently volatile; however, other material 
forned remains as a gmTy residue when the solvent ethylene is evapo- 
rateb. Whereas the yields of gum per unit weight of diene increase 
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w i t h  an  i n c r e a s e  i n  t h e  r a t i o  of N2O3 t o  d i e n e ,  t h e  n i t r o g e n  c o n t e n t  
of t h e  gum prepa red  f rom N2O3 and cyc lopen tad iene  i n  e t h y l e n e  w a s  5.8 
t o  7 . 1  we igh t  p e r c e n t ,  r e g a r d l e s s  o f  t h e  s t a r t i n g  r e a c t a n t  r a t i o .  
Fur the rmore ,  t h e  y i e l d s  w e r e  n o t  l i m i t e d  by t h e  amount o f  d i e n e  p r e s e n t  
b u t  o n l y  by t h e  amount of n i t r o g e n  o x i d e  a v a i l a b l e .  The y i e l d s  of gum 
r e s i d u e  were g r e a t e r  w i t h  cyc lopen tad iene  t h a n  w i t h  b u t a d i e n e  and t h e  
y i e l d s  appeared  t o  b e  f a v o r e d  by t h e  absence  o f  a i r .  I t  may be  t h a t  
a i r  o x i d i z e s  N203 t o  N 2 O 4 ,  which i s  less r e a c t i v e  as a gum former .  
I n f r a r e d  s t u d i e s  have shown what f u n c t i o n a l  g roups  a r e  p r e s e n t  i n  t h e  
gum, and t h e  s p e c t r a  o b t a i n e d  shou ld  be u s e f u l  as  r e f e r e n c e s  i n  
examining m a t e r i a l s  formed under  s i m i l a r  c o n d i t i o n s .  
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HOT GAS IGNITION TEMPERATURES OF HYDROCARBON FUEL VAPOR-AIR MIXTURES 

Ralph J. Cato,  and Joseph M. Kuchta 

Exp los ives  Research Cen te r ,  Bureau of Mines 
U.S. Department o f  t he  I n t e r i o r ,  P i t t sbu rgh ,  Pa. 

ABSTRACT 

Laminar hot  a i r  j e t s  o f  1 /4  t o  3/4-inch diameter were employed t o  determine the  
h o t  gas i g n i t i o n  temperatures  of v a r i o u s  combustible vapor -a i r  mixtures .  The combus- 
t i b l e s  were n-hexane, n - o c t a n e ,  n-decane, a hydrocarbon j e t  f u e l  (JP-6) and an ad ipa te  
e s t e r  a i r c r a f t  engine o i l  (MIL-L-7808). 
f u e l - a i r  weight r a t i o  of abou t  0.5 and were n o t  g r e a t l y  s e n s i t i v e  t o  v a r i a t i o n s  of 
f u e l  concen t r a t ion .  
t h e s e  i g n i t i o n  temperatures .  However, t hese  temperatures decreased with an inc rease  
i n  h e a t  source dimensions ( j e t  d i ame te r )  s i m i l a r  t o  t h a t  observed i n  t h e  h o t  su r f ace  
i g n i t i o n  o f  the hydrocarbon combust ibles .  Furthermore,  i t  was noted t h a t  t h e  h o t  gas 
i g n i t i o n  temperatures o f  t h e  combust ibles  tended t o  approximate corresponding au to -  
i g n i t i o n  and wire i g n i t i o n  temperatures  when t h e  s i z e  of t he  h e a t  source and t h e  
i g n i t i o n  c r i t e r i o n  w e r e  t h e  same. Temperature p r o f i l e s  ob ta ined  f o r  1/2-inch diameter 
h o t  a i r  j e t s  ind ica t ed  t h a t  t h e  j e t  temperatures  r equ i r ed  t o  produce "hot" flame igni -  
t i o n s  and luminous o r  "cool" flame r e a c t i o n s  with t h e s e  combustibles are o f  g r e a t e r  
s i g n i f i c a n c e  than t h e  corresponding h e a t  f l u x  values .  

Minimum i g n i t i o n  temperatures occured a t  a 

Moderate v a r i a t i o n s  of j e t  v e l o c i t y  a l s o  had l i t t l e  in f luence  on 

INTRODUCTION 

Most of the  i g n i t i o n  temperature  d a t a  a v a i l a b l e  f o r  combustible f l u i d s  have been 
ob ta ined  us ing  heated vessels,  w i r e s ,  o r  t ubes  as t h e  sources  o f  i g n i t i o n .  A j e t  of 
hea t ed  a i r  o r  o t h e r  g a s ,  i f  s u f f i c i e n t l y  h o t ,  can a l s o  produce i g n i t i o n  when it comes 
i n t o  c o n t a c t  with combust ible  gases  o r  vapors .  Such an i g n i t i o n  source may be a 
problem dur ing  t h e  r u p t u r e  of an o i l  s e a l  i n  a j e t  engine o r  du r ing  b l a s t i n g  ope ra t ions  
i n  a c o a l  mine where h o t  g a s e s  a re  r e l e a s e d  from t h e  explosives  employed. The tempera- 
t u r e s  a t  which combust ible  g a s  m i x t u r e s  can b e  i g n i t e d  by laminar j e t s  of h o t  a i r  and 
ine r t  gases  have been determined on ly  i n  r e c e n t  yea r s  by Wolfhard and o t h e r s  (5,6,7) 
f o r  hydrogen, carbon monoxide, and v a r i o u s  l o w  molecular weight hydrocarbons.  The 
p r e s e n t  work was conducted t o  i n v e s t i g a t e  t h e  h o t  gas  ( a i r )  i g n i t i o n  temperature  
c h a r a c t e r i s t i c s  of several high molecular  weight hydrocarbon combust ibles  mixed with 
a i r .  

Hot gas  i g n i t i o n s  d i f f e r  from w i r e  i g n i t i o n s  and a u t o i g n i t i o n s  i n  hea ted  v e s s e l s  
p r i m a r i l y  i n  t h a t  s u r f a c e  e f f e c t s  a r e  absen t  with a h o t  gas  hea t  sou rce ,  p rov id ing  
t h e  r e a c t i o n  chamber i s  r e l a t i v e l y  l a r g e .  The h o t  gas  i g n i t i o n  temperatures  of hydro- 
carbon combustible m i x t u r e s  have been r epor t ed  t o  ag ree  g e n e r a l l y  with corresponding 
w i r e  i g n i t i o n  temperatures  b u t  t o  be much h ighe r  than t h e  a u t o i g n i t i o n  temperatures  
(AIT's) of  t h e  mix tu res  ( 7 ) .  However, according t o  our  h o t  su r f ace  i g n i t i o n  s t u d i e s  
(2 )  and t o  t h e  p re l imina ry  f i n d i n g s  of the  p r e s e n t  s tudy  (3)  which a r e  included he re ,  
t h e  v a r i a t i o n  between such i g n i t i o n  temperatures  can depend g r e a t l y  on t h e  s i z e  of 
t h e  h e a t  source and on the  i g n i t i o n  c r i t e r i o n  used. The h o t  gas  i g n i t i o n  temperature 
d a t a  of t h i s  work were ob ta ined  wi th  laminar j e t s  of ho t  a i r  i n j e c t e d  i n t o  combustible 
v a p o r - a i r  mixtures  under nea r - s t agnan t  flow cond i t ions .  
e f f e c t s  of combustible c o n c e n t r a t i o n ,  j e t  d i ame te r ,  and j e t  v e l o c i t y  f o r  a given s i z e  
of r e a c t i o n  chamber. S ince  a r e l a t i v e l y  s t a b l e  luminous j e t  i s  o r d i n a r i l y  observed 
p r i o r  t o  t h e s e  i g n i t i o n s ,  t empera tu re  p r o f i l e s  o f  t h e  j e t s  were ob ta ined  t o  compare 
t h e  h e a t  requirements f o r  t h e  i n i t i a l  luminous o r  "cool" flame r e a c t i o n s  and t h e  

Data a r e  included on t h e  
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subsequent "hot" flame i g n i t i o n s  with each combust ible .  
n-hexabe, n-octane,  n-decane, a hydrocarbon j e t  f u e l  (JP-6), and an  a d i p a t e  e s t e r  
a i r c r a f t  engine o i l  (MIL-L-7808). 

The combust ibles  included 

EXPERIMENTAL APPARATUS AND PROCEDURES 

i n  
wo 

The appara tus  used f o r  t h e  h o t  gas  i g n i t i o n  temperature  de te rmina t ions  is shown 
f i g u r e  1 and, except  f o r  some minor m o d i f i c a t i o n s ,  i s  s i m i l a r  t o  t h a t  employed by 

l f h a r d  ( 7 ) .  
was used t o  h e a t  t h e  a i r  s t ream, a c y l i n d r i c a l  r e a c t i o n  chamber i n t o  which w a s  fed t h e  
h o t  a i r  j e t  and t h e  combustible vapor-a i r  mix ture ,  and t h e  feed assembl ies  t h a t  pro- 
v ided  t h e  d e s i r e d  mixture  a t  a uniform r a t e .  The t u b u l a r  furnace  w a s  wound e x t e r n a l l y  
with platinum-rhodium w i r e  and was enclosed i n  a c y l i n d r i c a l  Nichromen-wound furnace 
(3- inch I D ) .  
long) t h a t  was a l s o  hea ted  t o  main ta in  t h e  combustible mixture  a t  a given temperature .  
Narrow s l i t s  were l o c a t e d  on both s i d e s  of t h e  enclosed p i p e  a long  i t s  l o n g i t u d i n a l  
a x i s  t o  permi t  v i s u a l  observa t ion  of flame propagat ion.  The combust ible  mixture  was 
fed  t o  t h e  r e a c t i o n  chamber through a "mixing r i n g "  ( p e r f o r a t e d  c o i l  of tub ing)  l o c a t e d  
j u s t  below t h e  base  of t h e  h o t  j e t ;  a water  j a c k e t  between t h e  r i n g  and t h e  ceramic 
t u b u l a r  furnace helped main ta in  t h e  mixture  a t  a uniform i n i t i a l  temperature .  

B a s i c a l l y ,  t h e  appara tus  c o n s i s t e d  of a t u b u l a r  ceramic furnace  t h a t  

The r e a c t i o n  chamber c o n s i s t e d  of a 4-inch diameter  Pyrex p i p e  (26 inches  

The temperatures  of t h e  h o t  a i r  je ts  were measured wi th  a 33-B&S gage plat inum/ 
platinum-10 percent  rhodium thermocouple a t  a p o i n t  of about  114 inch  above t h e  j e t  
base ;  t h e  temperature  decreased p r o g r e s s i v e l y  wi th  t h e  h e i g h t  above t h e  j e t  base  a t  a 
r a t e  t h a t  was determined i n  p a r t  by t h e  j e t  diameter  and v e l o c i t y .  The temperatures  
of t h e  combustible mixtures  were measured with t h r e e  thermocouples spaced 3 inches 
a p a r t  as shown i n  f i g u r e  1; recorded temperature  d i f f e r e n c e s  were u s u a l l y  n o t  i n  ex- 
cess  of +25". 
t a i n e d  h igher  b o i l i n g  poin t  c o n s t i t u e n t s  than  d i d  t h e  f u e l s .  The mixture  f low r a t e  
was 365 in3/min (-1 i n / s e c ) ,  and t h e  j e t  f low rate was 185 in3/min (2 50 i n / s e c ) ,  
both a t  N.T.P. c o n d i t i o n s ,  i n  t h e  experiments wi th  114, 318, and 1 /2- inch  diameter  
j e t s ;  a j e t  f low rate of 365 in3/min (-50 i n / s e c )  was used wi th  a 3 /4- inch  s i z e  j e t .  
These j e t  flow r a t e s  were used s i n c e  they appeared t o  be optimum f o r  i g n i t i o n  of t h e  
mixtures  i n  t h e  4-inch diameter  r e a c t i o n  chamber. 

A mixture temperature  of 600" F was used f o r  t h e  engine  o i l  which con- 

To conduct an experiment, t h e  temperatures  of t h e  h o t  a i r  jet  and ambient atmos- 
phere i n  t h e  r e a c t i o n  chamber w e r e  measured i n i t i a l l y .  
removed and t h e  combustible mixture  w a s  in t roduced ,  flowing c o a x i a l l y  wi th  t h e  hot  
j e t .  I f  i g n i t i o n  d id  n o t  occur ,  t h e  j e t  temperature  w a s  increased  i n  success ive  
increments  u n t i l  i g n i t i o n  was evidenced by t h e  propagat ion of flame throughout the  
combust ible  mixture .  Normally, a small precursor  flame or luminous column w a s  f a i n t l y  
v i s i b l e  above t h e  base of t h e  je t  p r i o r  t o  i g n i t i o n  ( f i g u r e  2 ) ;  t h i s  flame extended 
t o  a h e i g h t  of 6 inches o r  l e s s  above t h e  j e t  base  and resembled a p a l e  b l u e  "cool" 
flame. Fuel  res idence  time and f u e l - a i r  r a t i o  were a l s o  v a r i e d  t o  o b t a i n  t h e  minimum 
i g n i t i o n  temperatures  wi th  each s i z e  of h o t  a i r  j e t .  Genera l ly ,  i g n i t i o n s  occurred 
i n  10 t o  60 seconds,  a l though a few took p l a c e  a f t e r  as much as 180 seconds from t h e  
t i m e  t h e  combustible mixture  w a s  admit ted.  The minimum i g n i t i o n  temperature  va lues  
were r e p e a t a b l e  t o  w i t h i n  +25". 

The thermocouples were then 

Temperature p r o f i l e s  of 1/2- inch diameter j e t s  of h o t  a i r  w e r e  determined with 
t h e  j e t s  f lowing i n t o  prehea ted  a i r  and i n t o  prehea ted  combust ible  v a p o r - a i r  mix tures .  
For t h i s  purpose,  the  c y l i n d r i c a l  r e a c t i o n  chamber w a s  equipped wi th  a probe which 

* Reference t o  t r a d e  names i s  f o r  information only  and endorsement by t h e  Bureau of 
Mines i s  not  implied.  
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could be ad jus t ed  t o  make axial  and r a d i a l  temperature  measurements a t  v a r i o u s  he igh t s  
w i t h i n  t h e  h o t  gas j e t .  Adjustment of t h e  temperature  probe was made by r o t a t i n g  a 
micrometer i n  con tac t  with a movable p l a t e  suppor t ing  t h e  probe. The thermocouple 
bead o f  t h i s  probe w a s  made w i t h  36-gage platinum/platimum-rhodium wire and was coated 
wi th  a ceramic material recommended by t h e  Bureau of Standards;  a d d i t i o n  of t h e  coat-  
i n g  r e s u l t e d  i n  s l i g h t l y  lower (< 25') j e t  temperatures .  
j e t  base  temperatures  were s e l e c t e d  t o  produce t h e  i n i t i a l  luminous r e a c t i o n s  and the  
subsequent "hot" flame i g n i t i o n s  under the  given f low cond i t ions .  However, t h e  ign i -  
t i o n  r e a c t i o n s  were u s u a l l y  quenched when t h e  temperature  probe was i n s e r t e d  a t  a 
d i s t a n c e  between 0 and 4 i n c h e s  above t h e  j e t  base ;  under such cond i t ions ,  i g n i t i o n s  
were ob ta ined  only when t h e  probe w a s  pos i t i oned  a t  d i s t a n c e s  i n  excess  of about 4 
inches  above the  base  o f  t h e  j e t .  

I n  making t h e s e  measurements, 

A l l  of  t h e  n e a t  hydrocarbon f u e l s  used i n  t h i s  work were of chemical ly  pure grade,  
a t  l e a s t  99 pe rcen t  pure.  The MIL-L-7808 engine o i l  cons i s t ed  p r imar i ly  of a d i p a t e  
d i e s t e r s  which vaporized a t  temperatures  between 480" and 780" F; i t s  f l a s h  p o i n t  was 
435" F. The JP-6 j e t  f u e l  con ta ined  about 85  pe rcen t  s a t u r a t e d  hydrocarbons and 14 
percen t  aromatic  hydrocarbons;  i t s  f l a s h  p o i n t  w a s  100' F. 

RESULTS AND DISCUSSION 

Hot Gas I g n i t i o n  Temperatures 

The temperature  r e q u i r e d  t o  i g n i t e  a combust ible  vapor -a i r  mixture  with a j e t  of 
h o t  gas  depends on tQe dimensions of t h e  j e t  as w e l l  a s  on t h e  composition and v e l o c i t y  
of t h e  j e t  and combustible mix tu re .  
work, t h e  combustible v a p o r - a i r  mix tu re  was d i l u t e d  by t h e  a i r  j e t ,  p a r t i c u l a r l y  along 
t h e  i n t e r f a c e  between the two moving f l u i d s .  Accordingly,  r e l a t i v e l y  high f u e l  con- 
c e n t r a t i o n s  and low j e t  f low r a t e s  should b e  t h e  most optimum f o r  i g n i t i o n ;  low flow 
rates  p rov ide  low a i r  d i l u t i o n  r a t e s  and long  c o n t a c t  times with t h e  combustible which 
are h i g h l y  favorable  f o r  i g n i t i o n .  The r e s u l t s  p re sen ted  h e r e  f o r  n-hexane, n-octane,  
n-decane, JP-6 j e t  f u e l ,  and MIL-L-7808 engine o i l  vapor -a i r  mixtures  were c o n s i s t e n t  
i n  t h i s  connection. 

Since j e t s  o f  h o t  a i r  were used in t h e  p re sen t  

F i g u r e  3 s h o w s  t h e  v a r i a t i o n  of t h e  h o t  gas i g n i t i o n  temperatures with f u e l - a i r  
weight r a t i o  (F/A) employing 1/2- inch diameter  a i r  j e t s  flowing concur ren t ly  i n t o  the 
combust ible  vapor -a i r  mix tu res ;  j e t  flow r a t e  was 185 in3/min, and the  mixture  flow 
r a t e  w a s  365 in3/min. A s  i n  h o t  s u r f a c e  i g n i t i o n  temperature  determinat ions ( 2 ) ,  t h e  
e f f e c t  o f  F/A r a t i o  i s  seen t o  b e  s l i g h t  except  a t  low r a t i o  va lues  (-0.30) where 
t h e  i g n i t i o n  temperatures  t e n d  t o  i n c r e a s e  n o t i c e a b l y  as t h e  F/A r a t i o  i s  decreased. 
S imi l a r  behavior was a l s o  n o t e d  i n  t h e  i g n i t i o n  temperature  de t e rmina t ions  made with 
1/4, 3/8 and 3/4-inch d i ame te r  h o t  a i r  j e t s ;  f i g u r e  4 shows t h e  d a t a  obtained f o r  
n-decane with t h e  v a r i o u s  s i z e d  j e t s .  Genera l ly ,  a F/A r a t i o  of approximately 0.5 
was r e q u i r e d  t o  o b t a i n  t h e  minimum temperatures  f o r  i g n i t i o n .  Since uniform mixtures  
of t hese  combustibles i n  a i r  u s u a l l y  would n o t  b e  expected t o  propagate flame a t  such 
high F/A r a t i o s ,  t h e  observed behavior  i s  probably a t t r i b u t e d  t o  t h e  d i l u t i o n  of the  
mix tu res  and the e l e v a t i o n  o f  t h e  mix tu re  temperatures  (2 350° F) by t h e  h o t  a i r  je t .  

I n  t h e  above experiments ,  with t h e  1/2-inch diameter j e t  t he  j e t . v e l o c i t y  was 
about  50 i n / s e c  (185 in3/min)  and t h e  mix tu re  v e l o c i t y  1 i n / s e c  (365 in3/min).  Data 
ob ta ined  under o t h e r  flow c o n d i t i o n s  are  summarized i n  t a b l e  1 from experiments con- 
ducted w i t h  1/2-inch d i ame te r  j e t s  o f  h o t  a i r  and MIL-L-7808 engine o i l  vapor -a i r  
mix tu res .  It i s  ev iden t  from t h e s e  d a t a  t h a t  t h e  in f luence  of je t  v e l o c i t y  on minimum 
i g n i t i o n  temperature was n o t  g r e a t  f o r  t he  range of v e l o c i t i e s  used i n  these  experi-  
ments ;  t h i s  behavior  i s  c o n s i s t e n t  with t h a t  r epor t ed  by o t h e r  i n v e s t i g a t o r s  ( 5 ) .  
The i g n i t i o n  temperature  i n c r e a s e d  o n l y  s l i g h t l y  when t h e  j e t  v e l o c i t y  was v a r i e d  
f r o m  36.5 t o  81.0 i n / s e c  wi th  a cons t an t  mixture  v e l o c i t y  of 1.0 in / sec .  They a l s o  



increased  s l i g h t l y  when t h e  mixture  v e l o c i t y  w a s  v a r i e d  between 0.7 and 1.5 in / sec ;  
h e r e ,  t h e  j e t  v e l o c i t y / m i x t u r e  v e l o c i t y  r a t i o  was maintained a t  a c o n s t a n t  v a l u e  
s l i g h t l y  above 50. 
f o r  i g n i t i o n  of t h e  mixtures  with 1/2- inch and 3/4- inch s i z e  je ts ,  h igher  j e t  v e l o c i -  
t ies  were requi red  with 1/4- inch and 3/8-inch diameter  j e t s  t o  provide  i d e a l  h e a t  
i n p u t s  f o r  i g n i t i o n .  

Although a j e t  v e l o c i t y  of approximately 50 i n / s e c  was near  optimum 

TABLE 1. - E f f e c t  of j e t  and mixture  v e l o c i t y  on t h e  minimum h o t  
p a s  i g n i t i o n  temperature  of  MIL-L-7808 engine o i l  

with a 1 /2- inch  diameter  h o t  a i r  j e t .  
F u e l - a i r  Weight Rat io  - 0.55 

Jet Veloc i ty /  
Mixture Veloc i ty  Rat io  36.5 52.1 52.5 52.7 54.7 81.0 

I g n i t i o n  Temperature,  "F 1240 1255 1250 1270 1315 1300 
Mixture Veloc i ty ,  i n l s e c  1 .0  0.7 1.0 1 .3  1.5 1.0 

Table  2 l i s t s  the  minimum h o t  gas i g n i t i o n  temperatures  obta ined  f o r  t h e  hydro- 
carbon f u e l  and engine o i l  v a p o r - a i r  mixtures  with t h e  1/4, 318, 112 and 3/4-inch 
diameter  j e t s  of h o t  a i r .  These d a t a  a r e  a l s o  shown g r a p h i c a l l y  i n  f i g u r e  5 where t h e  
minimum i g n i t i o n  temperature  v a l u e s  a r e  p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  of j e t  diameter 
( l l d ) ;  a s i m i l a r  p l o t  i n c l u d i n g  hot  s u r f a c e  i g n i t i o n  temperatures  i s  shown f o r  the 
d a t a  found with n-decane v a p o r - a i r  mixtures  i n  f i g u r e  6 ,  which i s  d iscussed  l a t e r .  A s  
expec ted ,  the  i g n i t i o n  temperatures  of t h e s e  combust ibles  decreased c o n s i s t e n t l y  a s  
t h e  h e a t  source  diameter was increased.  However, f o r  n-oc tane ,  t h e  decrease  was only  
306 i n  vary ing  t h e  j e t  diameter  from 1/2- inch t o  314-inch. 
j e t s  w a s  no t  i n v e s t i g a t e d  because d i l u t i o n  e f f e c t s  could b e  g r e a t  f o r  t h e  s i z e  of r e -  
a c t i o n  chamber employed. For a given j e t  d iameter ,  t h e  i g n i t i o n  temperature  va lues  
f o r  the  p a r a f f i n  hydrocarbons increased  only  s l i g h t l y  with decreas ing  molecular  weight. 
Also ,  t h e  v a l u e s  f o r  t h e  JP-6 f u e l  tend t o  be t h e  h i g h e s t ,  and those  f o r  t h e  MIL-L-7808 
engine o i l  tend t o  be t h e  lowest f o r  j e t  diameters  5 0.5-inch. 
usua l  s i n c e  t h e  engine o i l  i s  a high AIT ( ~ 7 5 0 "  F) combust ible ,  whereas t h e  j e t  f u e l  
i s  a low AIT ( ' ~ 4 5 0 ~  F) combust ible  l i k e  t h e  above p a r a f f i n  hydrocarbons.  However, 
t h e  t rend  i s  c o n s i s t e n t  with t h a t  observed f o r  t h e s e  m a t e r i a l s  i n  a u t o i g n i t i o n  and 
w i r e  i g n i t i o n  temperature  de te rmina t ions  with vary ing  h e a t  source  diameters  ( 2 ) .  
Since the  thermal s t a b i l i t y  of the  combust ibles  a t  the  p e r t i n e n t  temperatures  may 
account  f o r  such observa t ions ,  decomposition s t u d i e s  would be i n t e r e s t i n g  t o  pursue,  
p a r t i c u l a r l y  with t h e  a d i p a t e  d i e s t e r s  which l a r g e l y  make up t h e  engine o i l .  

The use  of l a r g e r  s i z e  

These r e s u l t s  a r e  un- 

TABLE 2. - Minimum h o t  gas i g n i t i o n  temperatures  of t h e  hydrocarbon 
f u e l s  and engine o i l  ( f u e l  v a p o r - a i r  mix tures)  with I 

v a r i o u s  h o t  a i r  l e x  
Mixture Flow Rate - 365 in3/min (N.T.P.) 
F u e l - a i r  Weight Rat io  - Optimum f o r  i g n i t i o n  (-0.5)  

Diameter J e t  I g n i t i o n  Temperature,  OF 
of J e t ,  Flow Rate ,  Engine O i l  

inch in3/min n-Hexane n-Octane n-Decane JP-6 MIL-L-7808 

114 185 1630 1610 1600 1670 1530 
3 /8 185 1450 1440 1440 1500 1410 
1 / 2  185 1280 1250 1220 1410 1250 
3 / 4  36 5 1210 1220 1170 1290 1210 



Comparison o f  Hot Gas and Hot Surface I g n i t i o n  Temperatures 

A comparison w a s  made of t h e  a u t o i g n i t i o n ,  w i r e  i g n i t i o n ,  and h o t  gas i g n i t i o n  
temperatures  of v a r i o u s  p a r a f f i n  hydrocarbon and JP-6 f u e l  vapor -a i r  mixtures  f o r  
c y l i n d r i c a l  h e a t  sou rces  o f  about  0.4-inch diameter .  F igu re  7 shows the  v a r i a t i o n  of 
t h e s e  i g n i t i o n  temperatures  with t h e  number of carbon atoms presen t  i n  each combus- 
t i b l e ;  12 carbon atoms were assumed f o r  JP-6. The h o t  gas i g n i t i o n  da ta  f o r  t h e  low 
molecular  weight hydrocarbons a r e  those  of Vanpee and Wolfhard ( 6 ) .  The were 

d a t a  from t h e  p re sen t  s t u d y ,  i n t o  pu re  f u e l  under nea r  s t agnan t  cond i t ions  (- 1 i n /  
s e c ) .  According t o  t h e  d a t a  i n  t a b l e  1, t h e  d i f f e r e n c e  i n  j e t  flow rates should not 
be se r ious .  The a u t o i g n i t i o n  temperatures  ( 2 )  were determined i n  a qu ie scen t  a i r  
atmosphere by i n j e c t i n g  l i q u i d  f u e l  i n t o  a hea ted  c y l i n d r i c a l  Pyrex v e s s e l ,  6 inches 
long. 
d i t i o n s  (0.15 in / sec )  where t h e  combustible mixture  was passed over a heated Inconel 
wire (2  inches  long) mounted pe rpend icu la r  t o  t h e  a x i s  of flow. 
(0.3-0.5) and f u e l  r e s i d e n c e  t ime(> 1 second) were optimum f o r  i g n i t i o n  f o r  t he  data  
shown. 

obtained by i n j e c t i n g  h o t  a i r  j e t s  a t  365 in3/min, as compared t o  185 in 3 /min f o r  t he  

The wi re  i g n i t i o n  t empera tu res  (2)  were a l s o  obtained under near s tagnant  con- 

Fuel-air  weight r a t i o  

It i s  seen i n  f i g u r e  7 t h a t  t h e  i g n i t i o n  temperatures  g e n e r a l l y  decrease with 
i n c r e a s i n g  number o f  carbon atoms o r  molecular weight of t h e  combustible,  al though 
a l l  of t h e  d a t a  are no t  c o n s i s t e n t .  In a d d i t i o n ,  t h e  h o t  gas  i g n i t i o n  temperatures 
a r e  about 200' h ighe r  than t h e  corresponding w i r e  i g n i t i o n  temperatures and a t  least  
300" h ighe r  than t h e  AIT's .  Somewhat t h e  same behavior  is  found i n  comparing these 
i g n i t i o n  temperatures a t  v a r i o u s  h e a t  source diameters .  F igu re  6 shows such a com- 
p a r i s o n  f o r  n-decane v a p o r - a i r  mixtures .  Here, the  h o t  gas i g n i t i o n  temperatures 
aga in  a r e  t h e  h i g h e s t ,  and t h e i r  v a r i a t i o n  with t h e  r e c i p r o c a l  of h e a t  source diameter 
( l / d )  resembles most c l o s e l y  t h a t  d i sp l ayed  by t h e  a u t o i g n i t i o n  temperatures;  t h e  
w i r e  i g n i t i o n  temperatures  t end  t o  d i s p l a y  t h e  l ea s t  v a r i a t i o n  f o r  l / d  va lues  g rea t e r  
than 2-inch-1. Such c o r r e l a t i o n s  may improve i f  t h e  diameter  as we l l  a s  t h e  length 
of t he  h e a t  source are considered.  The c r i t e r i o n  of i g n i t i o n  i s  a l s o  important.  For 
example, t a b l e  3 shows t h a t  luminous o r  "cool" f l a m e  r e a c t i o n s  were observed a t  j e t  
temperatures  between 100" and 200' below those  r equ i r ed  f o r  ?hot' '  flame i g n i t i o n .  In 
t h e  above c o r r e l a t i o n s ,  t h e  h o t  su r f ace  i g n i t i o n  temperatures  r e f e r r e d  t o  any v i s i b l e  
flame whereas t h e  h o t  gas  i g n i t i o n  temperatures  r e f e r r e d  o n l y  t o  "hot" flame i g n i t i o n s .  
Furthermore,  the l a t t e r  temperatures  were measured nea r  t he  j e t  base  and were a t  l e a s t  
200" h ighe r  than those  a t  t h e  p l ane  where i g n i t i o n  occurred above t h e  j e t  base (see 
t a b l e  3) .  
do not d i f f e r  g r e a t l y  from t h e i r  h o t  su r f ace  i g n i t i o n  temperatures  when the  i g n i t i o n  
c r i t e r i o n  and t h e  h e a t  sou rce  dimensions a r e  t h e  same. 

Thus, t h e  h o t  gas  i g n i t i o n  temperatures  of t h e  given combustibles probably 

Considering t h a t  heterogeneous su r face  r e a c t i o n s  a r e  absen t  i n  hot  gas i g n i t i o n s ,  
some v a r i a t i o n  probably e x i s t s  between t h e  h o t  gas  and h o t  s u r f a c e  i g n i t i o n  tempera- 
t u r e s  of t h e  given combust ibles .  A t  t he  same t i m e ,  t h e s e  h o t  gas  i g n i t i o n  temperatures 
appear  to  v a r y  somewhat t h e  same a s  the  a u t o i g n i t i o n  o r  wire i g n i t i o n  temperatures 
wi th  hea t  source diameter  and with combustible concen t r a t ion  and composition. 
t h e  anomalous h o t  gas  i g n i t i o n  behavior  d i sp l ayed  by t h e  ethane and JP-6 f u e l s  i n  
f i g u r e  7 w a s  a l s o  observed i n  t h e  a u t o i g n i t i o n  o r  wire  i g n i t i o n  experiments.  
e n t l y ,  t h e  temperature dependency o f  t h e  r e a c t i o n s  c o n t r o l l i n g  t h e s e  ho t  gas and sur- 
f a c e  i g n i t i o n s  a t  a tmospheric  p r e s s u r e  d i d  n o t  v a r y  g r e a t l y  with t h e  na tu re  of t h e  
h e a t  source.  

Even 

Appar- 
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Thermal Cons idera t ions  of Hot Gas I g n i t i o n  

Hot g a s  i g n i t i o n s  are unique i n  t h a t  t h e  h e a t  source i s  e s s e n t i a l l y  f r e e  of sur -  
f a c e s  and t h e  p r e - i g n i t i o n  r e a c t i o n s  may be observed a t  r e l a t i v e l y  h igh  temperatures  
and long d u r a t i o n  ( s e v e r a l  seconds) .  React ion k i n e t i c s  involv ing  h o t  gas  i g n i t i o n s  
o f  combust ible  mixtures  may b e  s t u d i e d  by an a n a l y s i s  of rates of heat product ion  
w i t h i n  t h e  h o t  j e t  (1 ,4 ,7) .  Such informat ion  should a l s o  be u s e f u l  i n  t h e  s tudy  of 
t h e  hea t  requirements  f o r  t h e  formation of "hot" and "cool" flames. 

Thermal i g n i t i o n  of a combust ible  mixture  by a h o t  gas  j e t  should occur  a t  a 
p o i n t  i n  t h e  jet  s t ream where t h e  h e a t  generated by chemical r e a c t i o n  i s  g r e a t e r  than 
t h e  h e a t  l o s t  from t h e  system. I f  r a d i a l  convect ion i s  assumed t o  b e  n e g l i g i b l e  and 
a x i a l  convect ion t o  be most impor tan t ,  t h e  h e a t  ba lance  equat ion  can  be reduced to  t h e  
fo l lowing  express ion  accord ing  t o  o t h e r  i n v e s t i g a t o r s  ( 1 ) :  

r 1 

1 Q = pCpvy k$ - (c) 
2 Y  Q=o 

where Q is r a t e  of h e a t  r e l e a s e  by chemical r e a c t i o n ,  p i s  d e n s i t y  of  t h e  gas j e t ,  Cp 
i s  s p e c i f i c  h e a t ,  vy  i s  a x i a l  v e l o c i t y ,  and T i s  j e t  temperature .  S ince  pCpvy v a r i e s  
s l i g h t l y  with temperature ,  t h e  h e a t  r e l e a s e  can b e  determined by measuring t h e  a x i a l  
j e t  temperature  p r o f i l e s  with combustible and without  combust ible  p r e s e n t  

(g)Q=o. Such measurements were made h e r e  with t h e  1/2- inch diameter  h o t  a i r  j e t  

flowing i n t o  prehea ted  a i r  o r  preheated f u e l  v a p o r - a i r  mix tures  a t  350" F; a mixture  
temperature  of 600" F w a s  used with t h e  MIL-L-7808 engine o i l .  The j e t  flow r a t e  was 
185 in3/min, t h e  mixture  f low r a t e  was 365 in3/min,  and t h e  f u e l - a i r  weight r a t i o  was 
about  0.25. Since t h e  low j e t  flow r a t e  produced s t e e p  a x i a l  temperature  g r a d i e n t s ,  
t h e  use of  equat ion  (1) w a s  only a p p l i c a b l e  t o  low j e t  h e i g h t s .  Furthermore,  t h e  Q 
v a l u e s  which were determined h e r e  should b e  considered only  as r e l a t i v e  v a l u e s  because 
of experimental  u n c e r t a i n t i e s .  

The above measurements were made i n  t h e  c e n t e r  of t h e  hot  a i r  j e t  where t h e  r a d i a  
temperature  g r a d i e n t  was minimum. F igure  8 shows t h a t  t h e  r a d i a l  t empera ture  p r o f i l e s  
f o r  the 1 /2- inch  diameter  a i r  j e t  ( Q a s e  = 1265" F) a r e  reasonably symmetrical  and a r e  
e s s e n t i a l l y  f l a t  up t o  a r a d i a l  d i s t a n c e  of about  0.05 inch  f o r  d i s t a n c e s  up t o  2 
inches  above t h e  j e t  base. 
are much g r e a t e r  because of the  low j e t  flow r a t e s  employed h e r e  t o  o b t a i n  minimum 
i g n i t i o n  temperatures .  

I n  comparison, t h e  corresponding a x i a l  temperature  g r a d i e n t s  

Figure 9 shows t h e  a x i a l  temperature  p r o f i l e s  ob ta ined  wi th  prehea ted  a i r  and 
A t  the  n-decane v a p o r - a i r  mix tures  a t  j e t  base  temperatures  of 1060" and 1265' F. 

lower temperature ,  h e a t  e v o l u t i o n  i s  n o t  e v i d e n t ,  and t h e  curve d e s c r i b i n g  t h e  d a t a  
with combust ible  p r e s e n t  is  below o r  c o i n c i d e s  with t h e  one found wi thout  combustible. 
J e t  base temperatures  i n  excess  of 1060" F were requi red  t o  form luminous r e a c t i o n s  
o r  "cool" flames. A t  1265" F ,  t h e  curve with combustible p r e s e n t  i s  n o t i c e a b l y  above 
t h e  corresponding one wi thout  combust ible  a t  d i s t a n c e s  equal  t o  and g r e a t e r  than 1-1/2 
inches  above t h e  jet  base.  
pec ted  to  overcome t h e  thermal  l o s s e s  and produce "hot" flame i g n i t i o n ;  a j e t  base 
temperature  of about  1280' F produced i g n i t i o n  without  t h e  temperature  probe present .  
Although sampling d a t a  of r e a c t i o n  products  w e r e  incomplete ,  t h e s e  d a t a  a l s o  i n d i c a t e d  
t h a t  the  e x t e n t  of r e a c t i o n  became n o t i c e a b l e  a t  j e t  h e i g h t s  of about  1 - 1 / 2  inches 
f o r  j e t  temperatures  near  c r i t i c a l  f o r  i g n i t i o n .  
were obta ined  with n-hexane, n-octane,  JP-6 f u e l ,  and MIL-L-7808 engine  o i l  vapor-a i r  

Here, a s l i g h t  i n c r e a s e  of j e t  temperature  would be ex- 

S i m i l a r  a x i a l  t empera ture  p r o f i l e s  
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mix tu res .  I n  a l l  c a s e s ,  t h e  temperature  d i f f e r e n c e s  observed with and without  com- 
b u s t i b l e  became s i g n i f i c a n t  a t  h e i g h t s  equal  t o  o r  g r e a t e r  than about 1-1/2 inches 
above the  j e t  base.  Motion p i c t u r e  r eco rds  of t h e  i g n i t i o n  of n-octane vapor -a i r  
mix tu res  ind ica t ed  t h a t  i g n i t i o n  o f  t hese  mix tu res  occurs  about 3 inches above t h e  
j e t  base  wi th  t h e  1/2-inch diameter  j e t  a t  1400' F ( f i g u r e  10);  t h e  h e i g h t  a t  which 
i g n i t i o n  occurs  can b e  expected t o  i n c r e a s e  with dec reas ing  temperature.  

From t h e  a x i a l  t empera tu re  p r o f i l e s ,  t h e  c r i t i c a l  j e t  temperature  and h e a t  f l u x  
which may produce ' h o t "  and "cool" flame r e a c t i o n s  were determined f o r  each of t he  
combust ibles .  
where i n i t i a l  r e a c t i o n  w a s  n o t i c e a b l e ;  a h ighe r  l e v e l  w a s  avoided s i n c e  t h e  j e t  tended 
t o  be less  cohe ren t ,  i n  which c a s e  r a d i a l  convect ion could be as  important a s  a x i a l  
convect ion.  The gas v e l o c i t y  r equ i r ed  i n  equa t ion  (1 )  was determined from photographs 
of dus t  p a r t i c l e  t r a c k s  of d u s t  e n t r a i n e d  i n  t h e  j e t  stream and i l l umina ted  a t  s e l e c t e d  
time i n t e r v a l s .  A p a r t i c l e  v e l o c i t y  of 73 i n / s e c  was obtained nea r  t he  c e n t e r  of  the  
j e t  a t  d i s t a n c e s  between 1 and 2 inches above the  j e t  base.  I n  t a b l e  3,  one observes 
s i g n i f i c a n t  d i f f e r e n c e s  between t h e  temperatures  which d e f i n e  t h e  two i g n i t i o n  condi- 
t i o n s  for each combustible.  However, t he  a x i a l  h e a t  f l u x  va lues  (AI?=,) vary l i t t l e  
s i n c e  the  terms pC v and T /  y i n  equat ion (1) were no t  s e n s i t i v e  t o  moderate tan- 
p e r a t u r e  changes. ' d u s  t empera tu re  c o n t r o l s  t h e  h o t  gas i g n i t i o n s  t o  a g r e a t e r  ex ten t  
t han  t h e  r a t e  of hea t  i n p u t ;  t h i s  behavior i s  no t  unusual  f o r  a h e a t  source of r e l a -  
t i v e l y  l a r g e  diameter.  

The r e f e r e n c e  temperature  was taken a t  1-1/2 inches  above t h e  j e t  base 

i 
i 
i 

TABLE 3. - Crit ical  t empera tu re  and h e a t  f l u x  f o r  "cool" flame o r  luminous 
r e a c t i o n s  and "hot" flame i g n i t i o n s  with 1/2-inch diameter 

h o t  a i r  j e t  flowing i n t o  v a r i o u s  combustible 
vapor -a i r  mixtures .  

J e t  Flow Rate - 185 in3/min 
Mixture  Flow Ra te  - 365 in3/min 
F u e l - a i r  Weight R a t i o  - 0.25 t o  0.30 1 

Tb2se TIL' Aq=oxlOO Tbase T;L/ A q = ? X l O O  9221 
Combustible F O F  Btu/ in3-sec OF F Btu/ in3-sec Btu/ in3-sec 

n- Hexan e 1350 1100 5.55 1455 1190 5.60 1.25 
n-Octane 1150 900 5.35 1330 1085 5.50 1 .25  
n-Decane 1060 750 5.30 1265 1065 5.50 2.15 
JP-6 Fuel  1265 1035 5.45 1415 1195 5.55 2.45 
MIL-L- 7808 

Engine O i l  1320 1130 5.55 1415 1155 5.55 0.60 

1/ Jet  temperatures above which "cool" (TI) and "hot" (T2) flame i g n i t i o n s  can 
I 

- 
occur;  measured a t  1-1/2 inches  above je t  base.  
Heat r e l e a s e  determined from a x i a l  convect ion with and without  combustible - 2/  I 

- +o) a t  T2. 

The r a t e s  of h e a t  r e l e a s e  (42)  i n  t a b l e  3 correspond t o  temperature  r i ses  between 
l o o  and 40' F which were observed a t  t h e  j e t  h e i g h t  of 1 - 1 / 2  inches.  
i s  a p p l i c a b l e ,  a temperature  r i se  of about 160' t o  180' F would b e  r equ i r ed  t o  obtain 
a h e a t  ba l ance  between t h e  h e a t  r e l e a s e  r a t e s  and t h e  a x i a l  convect ive h e a t  l o s s e s  (A )  
and thereby produce i g n i t i o n .  Indeed,  temperature  r ises as high a s  about 140' have 
been observed i n  o t h e r  s imi l a r  experiments conducted a t  temperature  cond i t ions  near 
optimum f o r  i g n i t i o n .  
magnitude were r e a l i z e d .  
i n d i c a t e  t h e  p o s s i b i l i t y  o f  i g n i t i o n ,  t he  use  of equa t ion  (1) i n  t h i s  connection i s  more 

I f  equat ion (1) 

O r d i n a r i l y ,  i g n i t i o n s  r e s u l t e d  b e f o r e  temperature  r ises  of t h i s  
Although such a x i a l  temperature  measurements can be u t i l i z e d  t o  
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a p p l i c a b l e  a t  r e l a t i v e l y  h igh  j e t  f low r a t e s  which t end  t o  produce uniform je ts  and 
small a x i a l  temperature  g r a d i e n t s .  Accordingly,  similar d a t a  a r e  p r e s e n t l y  being 
ob ta ined  a t  a j e t  flow rate  of  365 in3/min t o  examine t h e  r e a c t i o n  k i n e t i c s  involved 
i n  t h e  h o t  gas i g n i t i o n s  of  t h e  given combust ibles .  

CONCLUSIONS 

The h o t  gas  i g n i t i o n  temperatures  of v a r i o u s  hydrocarbon f u e l  and engine o i l  
v a p o r - a i r  mixtures  decreased w i t h  i n c r e a s i n g  d i ame te r  of t h e  h o t  a i r  je t .  These t em-  
p e r a t u r e s  a r e  n o t  g r e a t l y  dependent on f u e l - a i r  r a t i o  and j e t  flow rate. 
do n o t  d i f f e r  g r e a t l y  from h o t  s u r f a c e  i g n i t i o n  temperatures  f o r  comparable h e a t  
source diameters .  The formation of ' h o t "  flames and luminous r e a c t i o n  zones o r  "cool" 
flames i n  t h e s e  h o t  gas  i g n i t i o n s  appear  t o  depend more on j e t  temperature  than on 
r a t e  Of h e a t  i npu t .  

They also 
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Figure 1. - Hot gas i g n i t i o n  temperature apparatus. 
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Figure  2.-y "- Precur so ry  flame formed i n  p r e - i g n i t i o n  r e a c t i o n  o f  1 /4- inch  
d iameter  h o t  a i r  j e t  (1670O F) wi th  a uniform oc tane-vapor-  
a i r  mix tu re  a t  350' F. 

J e t  f low rate  - 185 in3/min  Fue l - a i r  weight r a t i o  - 0.14 
. -  .. Mixture  f low rate  - 365 in3/min  Scale: 1 inch  = 0.935 inch  
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f o r  v a r i o u s  hydrocarbon combustible v a p o r - a i r  mix tures  with 1/2- inch 
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a i r  m i x t u r e s  (Mixture flow r a t e  365 in3/min, N.T.P.) 
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Figure 9. - Axial temperature profiles for 1/2-inch diameter j ts 
of hot air flowing at 185 in /min, (N.T.P.) into pre- 
heated air and n-decane vapor-air mixtures at 350' F. 
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Figure 10. - Motion p i c t u r e  records  showing t h e  i g n i t i o n  of an 
n-octane v a p o r - a i r  mix ture  with a 1/2- inch diameter 
h o t  a i r  j e t  a t  1400' F. 

J e t  f l o w  r a t e  - 185 in3/min (N.T.P.) 
Mixture  f low rate - 365 in3/min (N.T.P.) 
Camera speed - 360 frames/sec 

Sca le :  1 /4- inch  = 5 . 4  inches  f o r  frames 1-11. 
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ELECTRICAL AUGMENTATION OF NATURAL GAS FLAMES 
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B .  K a r l o v i t z  
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( a t  S t a n f o r d  Research I n s t i t u t e ,  Menlo Park ;  C a l i f o r n i a )  

I INTRODUCTION 

Many i n d u s t r i a l  p r o c e s s e s  c o u l d  make advantageous use  of a n  
economical s o u r c e  of h e a t  a t  t e m p e r a t u r e s  i n t e r m e d i a t e  between t h o s e  
of combustion f l a m e s  and t h o s e  of  e l e c t r i c  a r c s .  T h i s  need h a s  pro- 
v ided  t h e  i n c e n t i v e  f o r  numerous a t t e m p t s  t o  combine e l e c t r i c a l  energy 
w i t h  t h e  h e a t  r e l e a s e d  by combust ion.  

Combustion f lames  a r e ,  of c o u r s e ,  l i m i t e d  i,n t h e i r  h e a t  r e l e a s e  
r a t e  by r e a c t i o n  k i n e t i c s ,  and a r e  l i m i t e d  i n  t h e i r  u l t i m a t e  tempera- 
t u r e  by t h e  p a r t i a l  d i s s o c i a t i o n  of t h e  products  of combust ion.  

The e l e c t r i c  a r c  i s  not  t h u s  l i m i t e d ,  bu t  i t  h a s  i t s  own d i s -  
advantages .  I t  is i n h e r e n t l y  a d e v i c e  c h a r a c t e r i z e d  by e x t r e m e  
tempera ture  g r a d i e n t s ;  t h a t  i s ,  t h e  e l e c t r i c a l l y  conduc t ing  p a t h  i n  
t h e  working f l u i d  t e n d s  t o  c o n t r a c t  i n t o  a very narrow, s u p e r h e a t e d  
c h a n n e l ,  whi le  t h e  p a r a l l e l  su r round ing  p a t h s  c a r r y  l i t t l e  o r  no 
c u r r e n t  and a r e  r e l a t i v e l y  c o l d .  The a r c  i s  f u r t h e r  c h a r a c t e r i z e d  by 
a r e l a t i v e l y  low v o l t a g e  g r a d i e n t  a long  t h e  conduc t ing  p a t h ;  hence ,  
i t  r e q u i r e s  a high c u r r e n t  i f  it i s  t o  d i s s i p a t e  s u b s t a n t i a l  power i n  
t h e  g a s .  The h igh  c u r r e n t ,  i n  t u r n ,  c r e a t e s  s e r i o u s  e l e c t r o d e  mainte- 
nance problems,  because t h e  a r e a  of a t t achmen t  of t h e  a r c  a t  t h e  
e l e c t r o d e s  i s  ex t r eme ly  smal l  a t  any g i v e n  i n s t a n t .  With a low v o l t -  
age g r a d i e n t  through t h e  g a s ,  t h e  energy d i s s i p a t e d  a s  e l e c t r o d e  
l o s s e s  (which a r e  p r i m a r i l y  a f u n c t i o n  of c u r r e n t  d e n s i t y )  i s  a 
r e l a t i v e l y  high p r o p o r t i o n  of t h e  t o t a l  energy i n p u t ,  t h u s  t e n d i n g  
t o  make t h e  a r c  an i n e f f i c i e n t  means f o r  h e a t i n g  t h e  g a s .  I n  a d d i t i o n ,  
t h e  h i g h e r  u n i t  c o s t  of e l e c t r i c a l  energy ( v e r s u s  combustion e n e r g y )  
p u t s  t h e  arc a t  an economic d i s a d v a n t a g e .  
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Pas t  r e s e a r c h  on e l e c t r i c a l  augmentat ion of f l a m e s ,  such a s  
t h a t  of S o u t h g a t e , '  has  u t i l i z e d  an e lectr ic  a r c  i n  c o n j u n c t i o n  w i t h  
t h e  f lame.  M a t e r i a l s  problems a s s o c i a t e d  wi th  t h e  arc p u t  a s e v e r e  
l i m i t a t i o n  on t h i s  t e c h n i q u e ,  and i n t e r e s t  i n  e l e c t r i c a l  augmentat ion 
of f lames v i r t u a l l y  d isappeared  u n t i l  r e c e n t l y .  

Renewed i n t e r e s t  i n  t h e  s u b j e c t  was i n i t i a t e d  by a p a t e n t  i s s u e d  
t o  K a r l o v i t z *  and  b y  t h e  pre l iminary  development work on t h e  p a t e n t  
concepts ,  by A .  D .  L i t t l e ,  I n c . 3 i 4  T h i s  work demonstrated t h a t  l a r g e  
amounts of e l e c t r i c a l  energy  c o u l d  be impar ted  t o  a f lame,  i n  t h e  
form of a h i g h - v o l t a g e ,  low-current  d i s c h a r g e  t h a t  was d i s p e r s e d  
throughout  t h e  f l a m e  volume. Subsequent ly ,  s e v e r a l  o t h e r  publ i -  
c a t i o n s ' ~ ~  have d e a l t  w i t h  t h i s  s u b j e c t .  T h i s  paper  w i l l  a t t e m p t  t o  
d e s c r i b e  some of  t h e  performance c h a r a c t e r i s t i c s  o b t a i n e d  wi th  t h e  
improved b u r n e r  d e s i g n .  

I 1  DISCUSSION OF THE DIFFUSE ELECTRICAL DISCHARGE 

Gases a t  o r d i n a r y  t e m p e r a t u r e s  are very  poor e l e c t r i c a l  con- 
d u c t o r s ,  because  t h e y  have a very  low c o n c e n t r a t i o n  of f r e e  e l e c t r o n s  
and p o s i t i v e  i o n s .  As t h e  tempera ture  i s  r a i s e d ,  polyatomic g a s e s  
t e n d  t o  become more and more u n s t a b l e  and t o  d i s s o c i a t e  i n t o  t h e i r  
c o n s t i t u e n t  a toms.  However, i n  most c a s e s  t h e  c o n s t i t u e n t  atoms are 
themselves  h i g h l y  r e s i s t a n t  t o  f u r t h e r  d i s s o c i a t i o n  i n t o  i o n s  and 
e l e c t r o n s .  
e lements  as  oxygen,  n i t r o g e n ,  hydrogen,  and carbon begin t o  i o n i z e  t o  
an e x t e n t  s u f f i c i e n t  t o  impar t  s i g n i f i c a n t  e l ec t r i ca l  c o n d u c t i v i t y  t o  
t h e  g a s .  

Only a t  ex t remely  h igh  t e m p e r a t u r e s  (above 5000'K) do such 

I n  t h e  r e g i o n  between 5000'K and 20,000°K, t h e  e x t e n t  of i o n i -  
z a t i o n  of common g a s e s  i s  a n  ex t remely  s e n s i t i v e  f u n c t i o n  of tempera- 
t u r e ,  and t h e  e l e c t r i c a l  c o n d u c t i v i t y  rises by many o r d e r s  of magnitude 
a s  t h e  t e m p e r a t u r e  r i ses .  The g a s e s  a r e  s a i d  t o  have a l a r g e  " p o s i t i v e  
tempera ture  c o e f f i c i e n t  of e l ec t r i ca l  c o n d u c t i v i t y . "  
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Because of t h i s  l a r g e  p o s i t i v e  c o e f f i c i e n t ,  an o r d i n a r y  gaseous 
conduc to r  i s  an i n h e r e n t l y  u n s t a b l e  r e s i s t i v e  l o a d ,  and cannot  b e  
p laced  d i r e c t l y  a c r o s s  a c o n s t a n t - v o l t a g e  source  wi thout  d e g e n e r a t i n g  
i n t o  a v i r t u a l  s h o r t  c i r c u i t .  ( A s  t h e  g a s  i s  hea ted  by t h e  electrical 
d i s c h a r g e  pass ing  through i t ,  i ts  c o n d u c t i v i t y  r i s e s  a lmost  w i thou t  
l i m i t .  ) 
r e s i s t a n c e  o r  i n d u c t a n c e ,  m u s t  b e  placed i n  series w i t h  t h e  u s u a l  
gaseous  conductor  i n  o r d e r  t o  achieve  c o n t r o l  of t h e  c u r r e n t  drawn by 
t h e  l a t t e r .  This  i s  t h e  usua l  method employed t o  s t a b i l i z e  an e l e c t r i c  
a r c .  

A " b a l l a s t  ," c o n s i s t i n g  of an a p p r o p r i a t e l y  l a r g e  a u x i l i a r y  

A l a r g e  p o s i t i v e  t e m p e r a t u r e  c o e f f i c i e n t  of c o n d u c t i v i t y  a l s o  
r e su l t s  i n  a second e f f e c t  w i t h i n  t h e  gaseous conductor .  The f low of 
c u r r e n t  n a t u r a l l y  t a k e s  t h e  path of l e a s t  r e s i s t a n c e .  I f  t h e r e  a r e  
even minor l o c a l  n o n u n i f o r m i t i e s  among v a r i o u s  a l t e r n a t i v e  p a t h s ,  t h e  
most conduc t ing  path w i l l  be  hea ted  most r a p i d l y  and w i l l  t h e r e f o r e  
i n c r e a s e  i n  c o n d u c t i v i t y  most r a p i d l y .  Unless  t h i s  process  i s  some- 
how opposed,  t h e  f low of c u r r e n t  w i l l  v e r y  r a p i d l y  c o n t r a c t  i n t o  a 
s i n g l e ,  very narrow c h a n n e l .  

Two main s t r a t e g i e s  a r e  a v a i l a b l e  t o  c o u n t e r a c t  f i l a m e n t  forma- 
t i o n .  The f i r s t  i s  t o  reduce t h e  p o s i t i v e  t empera tu re  c o e f f i c i e n t  Of 
e l e c t r i c a l  c o n d u c t i v i t y  of t h e  g a s  t o  t h e  minimum p o s s i b l e  v a l u e .  
( I f  it could  be reduced t o  z e r o ,  o r  made n e g a t i v e ,  no f u r t h e r  s t r a t e g y  
would be n e c e s s a r y . )  The second i s  t o  reduce o r  e l i m i n a t e  random l o c a l  
n o n u n i f o r m i t i e s  i n  c o n d u c t i v i t y  b e f o r e  they  grow t o o  l a r g e .  

To implement t h e  f i r s t  s t r a t e g y ,  t h e  f a m i l i a r  t a c t i c  of  "seeding" 
t h e  f lame i s  employed. 
more e a s i l y  i o n i z e d  t h a n  a r e  t h e  c o n s t i t u e n t s  of t h e  common g a s e s .  
F o r  example,  a s  shown i n  F i g .  1, potassium c h l o r i d e  (added i n  low con- 

A l k a l i  m e t a l s  (and t h e i r  compounds) a r e  much 

c e n t r a t i o n  t o  a f lame)  can approach complete i o n i z a t i o n  of t h e  o u t e r  
e l e c t r o n  of t h e  potassium atom a t  t empera tu res  s e v e r a l  thousand d e g r e e s  
Ke lv in  lower than  t h o s e  a t  which any s i g n i f i c a n t  i o n i z a t i o n  of t h e  bu lk  
f lame g a s e s  o c c u r s .  T h u s ,  t h e  c o n d u c t i v i t y  of such a seeded f lame is  
provided almost e n t i r e l y  by t h e  a d d i t i v e ,  and once t h e  l a t te r  r e a c h e s  a 
s t a t e  of e s s e n t i a l l y  complete i o n i z a t i o n ,  t h e  t empera tu re  c o e f f i c i e n t  
of c o n d u c t i v i t y  of t h e  f lame assumes a r e l a t i v e l y  low v a l u e .  Only a 
few p a r t s  per  m i l l i o n  of "seed" m a t e r i a l  i s  r e q u i r e d  t o  f u r n i s h  adequate  
c o n d u c t i v i t y  f o r  t h e  f lame t o  be a b l e  t o  d i s s i p a t e  a l a r g e  amount of 
power a t  r e l a t i v e l y  modest v o l t a g e s .  

Implementat ion of t h e  second , s t r a t e g y  i s  p o s s i b l e  i n  p r i n c i p l e  
because  t h e  o v e r h e a t i n g  of a conduc t ing  pa th  ( r e l a t i v e  t o  i t s  s u r -  
roundings)  and t h e  c o n t r a c t i o n  of t h a t  path i n t o  a narrow f i l a m e n t  a r e  
b o t h  t ime-dependent phenomena; t h e r e f o r e ,  i t  should be p o s s i b l e  t o  oppose 
them by means of  t h e  powerful mixing a c t i o n  t h a t  can be provided by 
t u r b u l e n c e .  Such  mixing would t e n d  t o  l e v e l  ou t  any l o c a l  n o n u n i f o r m i t i e s  
i n  t empera tu re  and c o n d u c t i v i t y  b e f o r e  they  c o u l d  deve lop  t o o  f a r .  

D 
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A mathematical  t r e a t m e n t  of t h e  c o n d i t i o n  r e q u i r e d  f o r  pre-  
v e n t i o n  of f i l a m e n t  f o r m a t i o n  h a s  been d e s c r i b e d  by K a r l o v i t z . 4  
This  t r e a t m e n t  l e a d s  t o  t h e  concept  of a " c r i t i c a l  v o l t a g e  g r a d i e n t , "  
above -hich t h e  r a t e  o f  -mixing  provided by t u r b u l e n c e  i s  inadequate  
t o  prevent  the  i n t e n s i f i c a t i o n  of  l o c a l  i n e q u a l i t i e s  i n  h e a t i n g  r a t e .  
Below t h e  c r i t i c a l  v o l t a g e  g r a d i e n t ,  t h e  t h e o r y  p r e d i c t s  t h a t  tu rbu-  
l e n c e  can a c t  w i t h i n  a time i n t e r v a l  comparable t o  t h a t  r e q u i r e d  f o r  
f i l a m e n t  f o r m a t i o n ;  t h i s  p r e d i c t i o n  h a s  been v e r i f i e d  exper imenta l ly . .  

d i s c h a r g e  p r i n c i p l e  to  p r a c t i c e  are  both  a v a i l a b l e .  
' , Thus,  t h e  t w o  main t a c t i c s  r e q u i r e d  f o r  r e d u c t i o n  of t h e  d i f f u s e  

The i n i t i a l  mathemat ica l  model of K a r l o v i t z  i s  a d m i t t e d l y  s i m p l i -  
f i e d ,  and w i l l  have to be r e f i n e d  t o  t a k e  i n t o  account  such p e r t u r b i n g  
e f f e c t s  as d i s s o c i a t i o n  o f  t h e  working g a s ,  nonequi l ibr ium i o n i z a t i o n  
( p a r t i c u l a r l y  d u r i n g  exothermic  chemical  r e a c t i o n s ) ,  and nonequi l ibr ium 
e l e c t r o n  c a p t u r e  ( r e p o r t e d  t o  be impor tan t  d u r i n g  endothermic chemical  
r e a c t i o n s ) . '  N e v e r t h e l e s s ,  t h e  s imple  t h e o r y  h a s  been found t o  provide 
a v e r y  u s e f u l  g u i d e  f o r  d e s i g n .  

111 DESCRIPTION OF EXPERIMENTAL DEVICE 

The work d e s c r i b e d  h e r e  was conducted w i t h  a burner  designed t o  
o p e r a t e  o n  n a t u r a l  g a s  and a i r ,  a t  f low r a t e s  up t o  t h o s e  corre- 
sponding t o  a maximum combustion h e a t  r e l e a s e  r a t e  of 342,000 Btu p e r  
hour  ( e q u i v a l e n t  t o  100 kw of  combustion e n e r g y ) .  

' The f u e l  and a i r  were premixed and seeded wi th  a d i l u t e  a e r o s o l  
of potassium c h l o r i d e .  Combustion occurred  i n  a c o n s t a n t - a r e a  d u c t  
and t h e  d i f f u s e  e l e c t r i c a l  d i s c h a r g e  was e s t a b l i s h e d  i n  t h e  f u l l y  
combusted g a s e s ,  immedia te ly  downstream of t h e  combustion zone .  

F i g u r e  2 i s  a schemat ic  r e p r e s e n t a t i o n  of on ly  t h e  f i n a l  s t a g e  of 
t h e  d e v i c e  ( i n  which t h e  d i f f u s e  d i s c h a r g e  t a k e s  p l a c e ) .  T h i s  s t a g e  
c o n s i s t s  of a t u b e  of  r e f r a c t o r y ,  e l e c t r i c a l l y  i n s u l a t i n g  m a t e r i a l ,  
bounded a t  b o t h  ends  by m e t a l  e l e c t r o d e s .  P r o v i s i o n s  f o r  c o o l i n g  t h e  
tube  and t h e  e l e c t r o d e s  are  n o t  shown i n  t h e  diagram. 

The e l e c t r o d e s  a r e  connec ted  t o  a s i n g l e - p h a s e ,  60-cycle power 
supply  nominal ly  d e s i g n e d  f o r  a power o u t p u t  o f  100 kw, and a c t u a l l y  
c a p a b l e  of p r o v i d i n g  u p  t o  150 kva a t  o u t p u t  v o l t a g e s  v a r i a b l e  between 
about  2 and 8 kv.  I n d u c t i v e  b a l l a s t i n g  i s  provided ,  wi th  t h e  amount 
of i n d u c t a n c e  v a r i a b l e  up t o  a maximum v a l u e  s u f f i c i e n t  t o  l i m i t  t h e  
s h o r t - c i r c u i t  c u r r e n t  t o  about  t w i c e  r a t e d  c u r r e n t .  
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I V  EXPERIMENTAL RESULTS 

\ 

I 

\ 

The i n i t i a l  bu rne r  c o n f i g u r a t i o n  was s i m i l a r  t o  t h e  o r i g i n a l  
d e s i g n  d e s c r i b e d  by K a r l o v i t z ,  i n  t h a t  t h e  d i s c h a r g e  zone c o i n c i d e d  
w i t h  t h e  combustion zone.  V i s u a l l y ,  t h e  d i s c h a r g e  d i d  appea r  t o  b e  
r easonab ly .un i fo rmly  d i s p e r s e d  throughout  t h e  b u r n e r  volume, and 
photographs t aken  w i t h  exposure t i m e s  of  t h e .  o r d e r  o f  1/50 second ,  
such a s  t h a t  i n  F i g .  3, confirmed t h i s  impress ion .  However, when 
high-speed photographs were t a k e n ,  such a s  t h a t  i n  F i g .  4 ,  t h e  d i s -  
cha rge  was shown t o  c o n s i s t  of one (or a t  most a few) r a p i d l y  wander- 
i n g ,  c o n t r a c t e d  a r c  f i l a m e n t s .  Rega rd le s s  of  t h e  c o n c e n t r a t i o n  of  
i o n i z i n g  a d d i t i v e  o r  t h e  deg ree  of approach s t r eam t u r b u l e n c e  e m -  
p loyed ,  t h e  c o n t r a c t e d  n a t u r e  of  t h e  d i s c h a r g e  p e r s i s t e d  i f  more t h a n  
10% e l e c t r i c a l  augmentat ion was a t t empted .  

A t  t h i s  p o i n t ,  t h e  p o s s i b i l i t y  had t o  b e  c o n s i d e r e d  t h a t  t h e  zone 
i n  which t u r b u l e n t  combustion was i n  p rocess  d i d  n o t  have t h e  p r o p e r t i e s  
necessa ry  t o  s u s t a i n  a powerful d i f f u s e  d i s c h a r g e .  E s p e c i a l l y  n e a r  t h e  
g a s  i n l e t  end of t h e  d i s c h a r g e  t u b e ,  t h e  i o n i z i n g  a d d i t i v e  cou ld  no t  be  
expec ted  t o  be  f u l l y  vaporized and uniformly d i s p e r s e d ,  and Severe l o c a l  
t empera tu re  and e lectr ical  c o n d u c t i v i t y  g r a d i e n t s  were l i k e l y  t o  be  
p r e s e n t .  

The n a t u r e  of t h e  d i s c h a r g e  changed d r a s t i c a l l y  when a n o t h e r  
- s e c t i o n  of t h e  d u c t  was added downstream of t h e  combustion z o n e ,  and 
when t h e  d i s c h a r g e  was e s t a b l i s h e d  i n  t h i s  f i n a l  s t a g e .  F i g u r e  5 i s  
a frame from a high-speed movie (3000 frames pe r  s e c o n d ) ,  showing 
such a d i s c h a r g e  a t  t h a t  po in t  i n  a s i n g l e  h a l f - c y c l e  of a . c .  corre- 
sponding t o  peak power. The average e l e c t r i c a l  power p e r  c y c l e  d i s -  
s i p a t e d  by t h e  d i s c h a r g e  d u r i n g  t h i s  movie was 100 kw, and t h e  peak 
e l e c t r i c a l  power a t  t h e  i n s t a n t  of t h e  frame shown i n  F i g .  5 was o v e r  
200 kw, on t h e  b a s i s  of  s imultaneous o s c i l l o s c o p i c  r e c o r d s  of d i s -  
cha rge  c u r r e n t  and v o l t a g e .  S t o i c h i o m e t r i c  p r o p o r t i o n s  of n a t u r a l  g a s  
and a i r  were employed, a t  a t o t a l  'flow r a t e  e q u i v a l e n t  t o  100 kw of  
combustion p o w e r .  

The photograph shows t h a t ,  under  t h e s e  c o n d i t i o n s ,  no f i l a m e n t a r y  
s t r u c t u r e  can  be  d i s c e r n e d  i n  t h e  d i s c h a r g e  column. Othe r  f r ames  
from t h e  same f i l m  ( such  as t h a t  shown i n  F i g .  6 )  o c c a s i o n a l l y  show a 
s h o r t  l e n g t h  of  a r c  f i l a m e n t  immediately a d j a c e n t  to  t h e  e l e c t r o d e  
(mainly nex t  t o  t h e  upstream e l e c t r o d e ,  d u r i n g  t h a t  h a l f - c y c l e  when 
i t  h a s  n e g a t i v e  p o l a r i t y ) ;  however, t h i s  i s  n o t  s u r p r i s i n g ,  because  
t h e  d i s c h a r g e  g e n e r a l l y  anchor s  a t  a r e l a t i v e l y  sma l l  s p o t  on  t h e  
e l e c t r o d e ,  t h u s  n e c e s s i t a t i n g  a very high, c u r r e n t  d e n s i t y  i n  t h e  rela- 
t i v e l y  coo l  and nonconduct ive boundary l a y e r  su r round ing  t h e  e l e c t r o d e .  
With p rope r  p r e c o n d i t i o n i n g  of t h e  working g a s ,  t h e  main p o r t i o n  of t h e  
d i s c h a r g e  column remains comple t e ly  d i f f u s e .  

By p e r m i t t i n g  combustion t o  proceed t o  complet ion p r i o r  t o  t h e  
s u p e r p o s i t i o n  of t h e  e l e c t r i c a l  d i s c h a r g e ,  any u n d e s i r a b l e  nonequi- 
l i b r i u m  i o n i z a t i o n  due t o  exothermic chemical  r e a c t i o n s  d u r i n g  t h e  
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d i s c h a r g e  is a v o i d e d .  
s i r a b l e  p r o p e r t y  of be ing  a b l e  t o  undergo endothermic d i s s o c i a t i o n ,  
t h u s  provid ing  a s e l f - c o n t a i n e d  h e a t  s i n k  t h a t  should  t e n d  t o  h e l p  
a v o i d  l o c a l i z e d  o v e r h e a t i n g  of  t h e  g a s  by t h e  d i s c h a r g e .  Another  
way of s t a t i n g  t h i s  i s  t h a t  t h c  s l o p c  of t h e  c o n d u c t i v i t y  v e r s u s  
e n t h a l p y  curve  i s  reduced by d i s s o c i a t i o n .  T h i s  s l o p e  may be re- 
garded  a s  an even more d i r e c t  c r i t e r i o n  of t h e  s u s c e p t i b i l i t y  of t h e  
g a s  t o  f i l a m e n t  f o r m a t i o n  t h a n  i s  t h e  s l o p e  of t h e  c o n d u c t i v i t y  
v e r s u s  t e m p e r a t u r e  c u r v e .  

I n  f a c t ,  t h e  combustion products  have t h e  de- 

F u r t h e r  c o n f i r m a t o r y  ev idence  of t h e  d i f f u s e  n a t u r e  of t h e  d i s -  
charge  i n  a w e l l  p r e c o n d i t i o n e d  g a s  i s  provided by o s c i l l o s c o p i c  
t r a c e s  of c u r r e n t  and v o l t a g e ,  such as  t h o s e  shown i n  F i g .  7 .  These 
may be c o n t r a s t e d  w i t h  t h e  t r a c e s  shown i n  F i g .  8 ,  o b t a i n e d  from a 
c o n t r a c t e d  arc  superimposed on a s e e d e d ,  t u r b u l e n t ,  combusting g a s  
s t r e a m ,  l i k e  t h a t  i l l u s t r a t e d  i n  F i g .  4 .  S e v e r a l  impor tan t  d i f f e r -  
e n c e s  between t h e  two cases may b e  poin ted  o u t .  F i r s t ,  d u r i n g  each 
h a l f - c y c l e  a t  a g i v e n  average  power l e v e l ,  t h e  r a t i o  of  v o l t a g e  t o  
c u r r e n t  ( r e p r e s e n t i n g  t h e  i n s t a n t a n e o u s  ohmic r e s i s t a n c e  of t h e  d i s -  
c h a r g e )  f l u c t u a t e s  between much wider  l i m i t s ,  and drops  t o  much lower 
v a l u e s  a t  peak c u r r e n t ,  i n  t h e  a r c i n g  c a s e  t h a n  i n  t h e  d i f f u s e  c a s e .  
Second,  t h e r e  i s  no  pronounced rise i n  v o l t a g e  d u r i n g  t h e  e x t i n c t i o n  
p e r i o d  i n  t h e  c a s e  of t h e  d i f f u s e  d i s c h a r g e .  T h i r d ,  t h e  a r c i n g  c a s e  
e x h i b i t s  a r a p i d ,  h igh  ampl i tude  f l u c t u a t i o n  i n  v o l t a g e  t h a t  does  n o t  
appear  i n  t h e  d i f f u s e  c a s e .  ( I n  an i n d u c t i v e l y  b a l l a s t e d  c i r c u i t ,  
t h e  c u r r e n t  i s  p r e v e n t e d  from undergoing r a p i d  changes by t h e  r e a c t i v e  
back--emf developed  a c r o s s  t h e  i n d u c t a n c e ;  t h e r e f o r e ,  any r a p i d  f l u c t u -  
a t i o n s  i n  d i s c h a r g e  c o n d u c t i v i t y  a r e  e x h i b i t e d  as v o l t a g e  f l u c t u a t i o n s  
t o  a much g r e a t e r  d e g r e e  t h a n  a s  c u r r e n t  f l u c t u a t i o n s . )  
h i g h l y  t u r b u l e n t  medium i s  s t r e t c h e d  and d i s t o r t e d  i n  a random f a s h i o n  
so t h a t  i t  would b e  expec ted  t o  e x h i b i t  j u s t  t h e  sor t  of random f l u c t u -  
a t i o n s  i n  conductance  a s  a r e  observed .  A d i f f u s e  d i s c h a r g e ,  on t h e  
o t h e r  hand,  h a s  a c r o s s - s e c t i o n  t h a t  i s  l a r g e  compared wi th  t h e  s c a l e  
of t u r b u l e n c e ,  so t h a t  i t s  average  conductance i s  l e s s  e a s i l y  per turbed  
by t u r b u l e n t  mix ing .  

An a r c  i n  a 

One f u r t h e r  o b s e r v a t i o n  may be c i t e d  i n  suppor t  of t h e  conclus ion  
t h a t  t h e  d i s c h a r g e  i l l u s t r a t e d  i n  F i g .  5 i s  t r u l y  d i f f u s e .  A t  a g iven  
power l e v e l ,  t h e  t o t a l  l u m i n o s i t y  of t h e  d i s c h a r g e  reg ion  i s  remarkably 
low,  compared t o  t h a t  o f  t h e  a r c i n g  d i s c h a r g e .  T h i s  low l u m i n o s i t y  i s  
c o n s i s t e n t  w i t h  t h e  absence  of  superhea ted  f i l a m e n t s .  We have n o t  
q u a n t i t a t i v e l y  examined e i t h e r  t h e  a b s o l u t e  i n t e n s i t y  o r  t h e  s p e c t r a l  
d i s t r i b u t i o n  of  t h e  e m i t t e d  r a d i a t i o n .  

The t h e o r e t i c a l  e n t h a l p y  of t h e  augmented s t o i c h i o m e t r i c ,  n a t u r a l  
f lame ( r e f e r r e d  t o  298'K) i s  shown i n  F i g .  9 ,  p l o t t e d  a g a i n s t  

The d i s c h a r g e  has  been s u c c e s s f u l l y  main ta ined  i n  t h e  

g a s - a i r  
t h e  augmentat ion r a t i o  ( t h e  r a t i o  of  e l e c t r i c a l  power t o  nominal com- 
b u s t i o n  power) .  
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d i f f u s e  mode at .  ave rage  augmentat ion r a t i o s  up t o ,  and even s l i g h t l y  
i n  e x c e s s  of  u n i t y ,  and a t  peak r a t i o s  more t h a n  twice a s  h i g h  a s  
t h e  ave rage .  A t  peak power i n  each h a l f - c y c l e  of a . c . ,  t h e  t o t a l  
e n t h a l p y  of t h e . g a s  i s  so h igh  t h a t  on ly  t h e  d i s s o c i a t i o n  of  t h e  
, i n i t i a l  combustion p roduc t s  p r e v e n t s  t h e  t empera tu re  from r i s i n g  t o  
a l e v e l  a t  'which t h e  c o n d u c t i v i t y  would r ise  e x c e s s i v e l y  because  of ' 

i o n i z a t i o n  of  t h e  bu lk  g a s .  

The t h e o r e t i c a l  e q u i l i b r i u m  t empera tu re  and compos i t ion  of a 
s t o i c h i o m e t r i c  methane-air  mix tu re  a r e  shown . p l o t t e d  v e r s u s  t o t a l  en- 
t h a l p y ,  i n  F i g .  10. These d a t a  were o b t a i n e d  wi th  t h e  a i d  of  a 
machine computat ion program developed i n  t h e  c o u r s e  of  t h i s  s t u d y ,  
w i th  t h e  a s s i s t a n c e  of D r .  S t u a r t  B r i n k l e y  of Combustion and Explo- 
s i v e s  Research,  I n c .  Experimental  g a s  compos i t ions  f o r  t h e  e f f l u e n t  
g a s e s  from t h e  augmented bu rne r  i n d i c a t e  a c l o s e  approach t o  equi-  
l i b r i u m ,  a f t e r  a l lowance i s  made f o r  recombinat ion r e a c t i o n s  oc- 
c u r r i n g  i n  t h e  sampling probe.  

, 

The e x p e r i m e n t a l l y  determined r a t e  of  h e a t  t r a n s f e r  from t h e  
augmented f lame t o  a t r a n s i e n t - t y p e  f l u x  probe i n  shown i n  Fi ,g .  11, 
a s  a f u n c t i o n  of t o t a l  en tha lpy  and of d i s t a n c e  from t h e  b u r n e r  e x i t  
p l a n e .  I t  may b e  seen  t h a t  t h e  o v e r - a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  
c o n s i d e r a b l y  h i g h e r  t han  t h a t  t y p i c a l  of unaugmented f l a m e s ,  a r e s u l t  
a t t r i b u t a b l e  t o  t h e  e f f e c t  of  recombinat ion r e a c t i o n s  on t h e  probe 
s u r f  a c e .  

V SUMMARY 

An improved v e r s i o n  of  an e l e c t r i c a l l y  augmented b u r n e r  h a s  been 
d e s c r i b e d  i n  which a power fu l ,  60-cycle  e lectr ical  d i s c h a r g e  can  be  
maintained i n  t h e  combustion p roduc t s  from a n a t u r a l  g a s - a i r  f l a m e ,  
and i n  which t h e  d i s c h a r g e  can  b e  ma in ta ined  i n  a comple t e ly  d i f f u s e  
mode. 

Proper  p r e c o n d i t i o n i n g  of t h e  g a s  appea r s  t o  be  t h e  most es- 
s e n t i a l  f a c t o r  t e n d i n g  t o  oppose c o n t r a c t i o n  of  t h e  d i s c h a r g e  i n t o  an 
a r c  f i l a m e n t .  A h igh  degree  of t u r b u l e n c e ,  both i n  t h e  d i s c h a r g e  zone 
and i n  t h e  approach stream, a l s o  a s s i s t s  i n  combating f i l a m e n t  f o r -  
mat ion,  t h e  e f f e c t  be ing  most n o t i c e a b l e  a t  h igh  e lectr ical  power l e v e l s .  

The d i f f u s e l y  augmented f lame has  p o t e n t i a l  t e c h n i c a l  and economic 
advantages ove r  o t h e r  s o u r c e s  of  h i g h  t empera tu re  n e a t ,  t h a t  are  ex- 
pected t o  be s i g n i f i c a n t  t o  chemlca l ,  m e t a l l u r g i c a l ,  and o t h e r  i n -  
d u s t r i a l  uses .  Experimental  work wi th  r e s p e c t  t o  v a r i o u s  such a p p l i -  
c a t i o n s  i s  c o n t i n u i n g .  
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MICROBIAL SYN'JXESIS OF FOOD FRCPI COAL-DERIVED UAUTBRIILLS 

Melvin P. Silverman, Joan  M. Novak, and I rv ing  Wender 

U. S. Bureau of Mines, P i t t sburgh  Coal Research Center 
4800 Forbes Avenue, P i t t sburgh ,  Pennsylvania 15213 

ABSTRACT 

Recent r epor t s  on the microbia l  production of p ro te in  from petroleum f rac t ions  f o r  
use as human or animal food supplements prompted s tud ie s  on the f e a s i b i l i t y  of 
producing microbial p ro t e in  from coal-derived materials. Growth y i e l d s  of four 
spec ies  of t he  yeas t  Candida on seve ra l  low temperature l i g n i t e  tar  and Fischer- 
Tropsch syn the t i c  l i q u i d  f u e l  f r a c t i o n s  were compared with y i e lds  obtained on a 
normal pa ra f f in  f r a c t i o n  derived from petroleum. It was found j u s t  as f e a s i b l e  
t echn ica l ly  t o  produce microbia l  food material from low temperature tar  and 
Fischer-Tropsch f r a c t i o n s  as from petroleum-derived pa ra f f in s .  Growth y i e lds  were 
as high a s  99.8% (Fischer-Tropsch f r a c t i o n ) ,  95.2% and 84.2% (two low temperature 
l i g n i t e  tar f r a c t i o n s )  of t he  y i e l d s  obtained on the  petroleum-derived pa ra f f in  
f r ac t ion .  Similar s t u d i e s  on producing microbia l  food from coa l  a c i d s ,  n i t r i c  
acid-oxidized an th rac i t e ,  and a mixture of polynuclear hydroca rbas  found i n  
r e l a t i v e l y  l a rge  amounts i n  high temperature c o a l  t a r  revealed t h a t  these  
subs t r a t e s  d id  not support  t he  growth of yeas t s .  
c u l t u r e s  grow a t  t he  expense of these materials. 
are i n  progress.  

However, a number of b a c t e r i a l  
Determinations of growth y i e lds  

INTRODUCTION 

The problem of the  world's population explosion is  fu r the r  compounded by an ove ra l l  
gLobal food shortage.  
p ro t e in ,  a r e  needed as animal feed supplements or f o r  human consumption. The 
Permanent Section on Food Microbiology and Hygiene, In t e rna t iona l  Association of 
Microbiological Soc ie t i e s ,  i n  an  unanimous r e so lu t ion  c a l l i n g  for  an  increased 
cont r ibu t ion  of microbiology t o  world food suppl ies .  ou t l ined  seve ra l  research 
a reas ,  including hydrocarbon microbiology, which might lead  t o  increased world 
food production.l /  Recently,  r e p o r t s  have appeared dea l ing  w i t h  the microbial  
conversion of petroleum hydrocarbons t o  p ro te in ,  vitamins or amino ac ids .  
y i e l d s  of yeas t  cel ls  r i c h  i n  p ro te in  and vitamins have been obtained a t  the  
expense of the  n-alkanes (preferab ly  C10 o r  h igher )  i n  crude petroleum fractions,2-61 
feed stocks,=! or with  the  pure hydrocarbons themselves.=/ 
o f  amino a c i d s  from petroleum products has also bean reported.%% 

The rate of microbial  p ro t e in  Synthesis f a r  exceeds the  rate a t  which animals 
synthes ize  pro te in .  One 500 kg. cow fed by grazing can synthesize 0.5 kg. of 
p ro te in  per d a y , g /  whereas 500 kg. of microorganisms growing on p a r a f f i n i c  hydro- 
carbons could synthesize 1250 kg. of p ro te in  per  day.?/ 
t h a t  3 mil l ion  tons of p ro te in  per  year  (equal t o  t h e  world's  p resent  p ro te in  
d e f i c i t )  could be produced by microorganisms a t  the  expense of only 1% of the  
world's  annual production of 700 mi l l i on  tons  of crude p a r a f f i n i c  petroleum.3/ 

Coal, i n  addi t ion  t o  petroleum and n a t u r a l  gas ,  is one of t he  world's  cheapest 
sources of f ixed  carbon and energy. The present  paper r epor t s  the  r e s u l t s  of 
our s tud ie s  on the f e a s i b i l i t y  of growing microorganisms f o r  t h e i r  food value 
a t  the expense of materials derived from c o a l .  

N e w  or unusual sources of food, e spec ia l ly  high q u a l i t y  

High 

Microbial  synthes is  

It has been estimated 
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EXPERIMENTAL 

Mater ia l s .  
f u e l  ( i ron  c a t a l y s t )  were used;  f r a c t i o n  PTL (boi l ing  range Oo t o  204'), f r ac t ion  
PTD (boi l ing  range 204' t o  316'). and f r ac t ion  PTU (boi l ing  range > 316'). 

Two f rac t ions  of hexane-soluble mater ia l  from Rockdale l i g n i t e  low temperature t a r  
were obtained from the Texas Power and Light Company; the  hexane so lubles  forerun 
(HSF) and the hexane so lubles  d i s t i l l a t e  (HSD). The HSP f r ac t ion  cons t i t u t ed  7% 
and the HSD f rac t ion  46% of the  primary tar. 
HSD a r e  given i n  t ab le  1. 
f r a c t i o n s  HSF and HSD on alumina with petroleum e the r  a s  the e luent  t o  y i e l d  
phenol-free f rac t ions  HSFd and HSD0. 
mater ia l  was removed by t h i s  procedure. 

Three f r a c t i o n s  of Bureau of Mines Pischer-h-opsch syn the t i c  l i q u i d  

The composition of f r ac t ions  HSF and 
Phenolic compounds were removed by chromatographing 

Approximately 201! by weight of s t a r t i n g  

Table 1. &proximate composition of Rockdale l i g n i t e  
low temperature t a r  f r ac t ions ,  volume percent 

~~ ~~ 

Type of cons t i t uen t  HSF HSD 

Caus t ic  solubles 6-8 10-15 
Acid so lubles  2-4 1-3 
Neut ra l  o i l  88-92 80-90 

P a r a f f i n s  13-15 15-20 
Olef ins  40-55 40-50 

Alpha-olef i n s  17-20 17-20 
Aromatics 30-47 35-45 

A pa ra f f in - r i ch  f r a c t i o n  (CTP) and a l i n e a r  pa ra f f in -o le f in  f r a c t i o n  (CTPO), both 
derived from the neu t r a l  o i l  of low temperature tar, were supplied by the  Bureau 
of Wines' Horgantown Coal Research Center. Their analyses a r e  given i n  t ab le  2. 
The normal paraf f in  f r a c t i o n  derived from petroleum (PET) vas a product of the  
Olef ins  Division of the  Union Carbide Corporation. 
a n a l y s i s  of t h i s  f r a c t i o n  is given i n  t ab le  3. 

Our mass spectrometric 

Table 2. Analyses of paraf f in- r ich  (CTP) and pa ra f f in -o le f in  (CTPO) 
f r ac t ions  from Rockdale l i g n i t e  low temperature tar, weight percent 

CTP CTPO 
Carbon No. n-Paraf f i n  n-Olef i n  n-Paraf f i n  n-Olef i n  

0.2 -- -- -- 
C9 3.2 -- 0.1 0.2 

11.7 0.7 1.3 1.6 
18.2 1.5 3.6 5.3 

c10 
c11 
c12 22.4 3.3 5.8 7.6 

20.7 2.8 7.8 9.5 
10.8 3.7 7.5 10.9 

c13 

-- 6.7 9.4 
c14 

-- 4.6 5.6 
c15 

-- -- 2.3 2.9 
c16 

-- 4.2 3.1 
c17  

88.0 12.0 43.9 56.1 

c8 

0.8 -- 
-- C18 - - - - 
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Table 3. Mass spectrometr ic  a n a l y s i s  of n-paraff in  f r a c t i o n  
(PET) from petroleum 

Carbon No. Volume percent  
C9 0.5 
c10 7.2 

37.9 
29.1 
23.4 c13 

c14 1.9 

c11 
c12 

Microorganisms. 
techniques o r  from the  c u l t u r e  c o l l e c t i o n s  of the  Universi ty  of P i t t sburgh ,  
Syracuse Universi ty ,  and the  Univers i ty  of Iowa. 

Measurement of Growth Yields .  
(5.0 g.), K2WO4 (2.5 g . ) ,  and MgS04-7H20 (1.0 8.) t o  one l i t e r  of t a p  water. The 
pH was adjus ted  t o  7.0 and any inso luble  sal ts  were removed by f i l t r a t i o n .  
s t e r i l i z a t i o n  by autoclaving,  f i l t e r - s t e r i l i z e d  y e a s t  e x t r a c t  was added t o  a f i n a l  
concent ra t ion  of 0.01%. 

Inocula were prepared from c u l t u r e s  grown overnight i n  50 m l .  of Mycophil broth.  
The r e s u l t a n t  growth was c o l l e c t e d  by cent r i fuga t ion ,  washed twice i n  the  s t e r i l e  
mineral sa l ts  so lu t ion  of medium NX and resuspended i n  20 m l .  of the  same solut ion.  
One m l .  of washed ce l l  suspension served as s tandard inoculum f o r  a l l  experiments. 

Cul tures  were obtained from s o i l  by standard enrichment c u l t u r e  

Basal medium NX was prepared by adding NH4NO3 

After  

For  growth y i e l d  s t u d i e s  inocula  prepared as above were added t o  50 m l .  of medium 
i n  300-ml. Erlenmeyer f l a s k s  in t r i p l i c a t e .  A quant i ty  of s u b s t r a t e  equivalent  

t o  0.3 m l .  was weighed i n t o  each f l a s k .  T r i p l i c a t e  c o n t r o l s  cons is ted  of inoculated 
f l a s k s  without added s u b s t r a t e .  
shaker (225 r.p.m.) f o r  six days. 
2-inch diameter solvent  r e s i s t a n t  mmbrane f i l t e r s  (0.20 p pore s i z e ) ,  washed with 
10-ml .  volumes of acetone and n-hexane, d r i e d  overnight in air ,  and then weighed. 
A l l  da ta  are corrected f o r  growth of c o n t r o l s .  

Cul tures  were incubated a t  30° C.  on a r o t a r y  
The r e s u l t a n t  growth w a s  c o l l e c t e d  on t a red  

RESULTS 

More than 200 c u l t u r e s  of b a c t e r i a ,  y e a s t s ,  and fungi  were screened f o r  t h e i r  
a b i l i t y  t o  grow on Fischer-Tropsch and low temperature tar f r a c t i o n s .  The yeas ts  
Candida l i p o l y t i c a  s t r a i n s  409, 409A, 409B, and Candida t r o p i c a l i s  s t r a i n  410 were 
s e l e c t e d  as the most promising c u l t u r e s  with respec t  t o  t o t a l  ce l l  y i e l d ,  a b i l i t y  
t o  u t i l i z e  d iverse  s u b s t r a t e s ,  and r e s i s t a n c e  t o  reasonably high s u b s t r a t e  concen- 
t r a t i o n s .  These preliminary s tudies  a l s o  ind ica ted  t h a t  growth y i e l d s  on Fischer- 
Tropsch f r a c t i o n  FTL and low temperature tar f r a c t i o n s  WSF and HSFd were negl ig ib le .  
No f u r t h e r  s t u d i e s  were made with these  f r a c t i o n s .  

Comparative Growth Studies .  Pure Compounds vs.  Coal-Derived Material. Absolute 
growth y i e l d s ,  i n  mg. dry weight per  gram of s u b s t r a t e  added, are given i n  t a b l e  
4 .  
weight) were obtained with n-hexadecane as s u b s t r a t e ;  C. l i p o l y t i c a  409 and 409A 
gave the  bes t  y i e l d s .  
octadecene (C. l i p o l y t i c a  409 and C.  t r o p i c a l i s  410) and Fischer-Tropsch f r a c t i o n  
FlW (C. l i p o l y t i c a  409B) served as growth s u b s t r a t e s .  

\ 

The h ighes t  growth y i e l d s  f o r  a l l  c u l t u r e s  (ranging from 433 t o  719 mg. dry 

Growth y i e l d s  of 300 mg. o r  higher  were obtained when 1- 

Other s u b s t r a t e s  y ie ld ing  
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more than 200 mg. dry weight were paraffin-rich low temperature coal tar fraction 
CTP (all cultures), and Fischer-Tropsch fractions FTD (C. lipolytica 409B) and 
F ~ J  (C. lipolytica 409). All cultures yielded less than 100 mg. dry weight on 
low temperature tar fraction HSDfJ. 

Table 4. Growth yields on pure compounds, low temperature tar, 
and Fischer-Tropsch fractions'/ 

C. lipolytica C .  tropicalis 
Substrate 409 409A 409B 410 
Low temperature tar 
HSD&/ a3 43 0 62 
CTP 27 2 276 294 208 

Fischer-Tropsch 
PTP 134 115 280 - 
FlW 287 127 344 200 

Pure compounds 
1-Oc tadecene 357 295 244 344 
n-Hexadecane 719 628 433 453 

- 1/ 
- 2/ 

Average of triplicate cultures. 
substrate added, corrected for growth in controls. 
Phenols removed by two passes on alumina column. 

Data in mg. dry weight per gram 

\ 

4 

r 

f 

Figures 1 and 2 illustrate comparative growth yields relative to n-hexadecane using 
the data in table 4. On all substrates tested, with the exception of low temper- 
ature tar fraction HSD0, C.  lipolytica 409B consistently gave yields greater than 
50% relative t o  n-hexadecane and appears to be the most versatile culture. C. 
tropicalis 410 is noteworthy for its ability to utilize the terminal olefin 
octadecene (75% relative to n-hexadecane). 

Comparative Growth Studies. Petroleum-Derived Paraffin Fraction vs. Coal-Derived 
Material. Table 5 compares absolute growth yields on coal-derived material with 
yields on a normal paraffin fraction derived from petroleum (PET). The three 2. 
lipolytica cultures yielded over 300 mg. dry weight on petroleum fraction PET. 
Yields greater than 300 mg. dry weight were also obtained on Fischer-Tropsch 
fraction F W  with C. lipolytica 409 and 409B. 
than 200 mg. dry weight on low temperature tar fraction CTP. C. lipolytica 409B 
and C .  tropicalis 410 both produced more than 200 mg. of dry cells on low temper- 
ature tar fraction CTPO. C .  lipolytica 409B also yielded more than 200 mg. dry 
weight on Fischer-Tropsch fraction FTD. 
growth on low temperature tar fraction HSD; however, upon removal of the phenolic 
constituents from this fraction, C .  lipolytica 409B and C. tropicalis 410 produced 
more than 100 mg. of dry cell material. 

Figures 3 and 4 illustrate comparative yields relative to petroleum fraction PET 
using the data in table 5. C. lipolytica 409 was outstanding on Fischer-Tropsch 
fraction FW and low temperature tar fraction CTP, yielding 99.8% and 84.5X, 
respectively, of the growth obtained on PET. C.  lipolytica 409A gave a relative 
growth yield of 70.5% on fraction CTP. The versatility of C. lipolytica 409B is 
again illustrated by relative yields ranging from 60.4% (fraction CTPO) to 85.3% 
(fraction FlW) on all substrates except fractions HSD and HSDd. C.  tropicalis 
410 was outstanding in its relative ability to grow on low temperature tar fractions 

All cultures gave yields greater 

All cultures yieldFd negligible or no 

I 
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CTP (95.2%) and CTPO (84.2%), although absolu te  y i e lds  were below those  obtained 
with C.  l i p o l y t i c a  4098 on t h e  same subs t r a t e s  (see t a b l e  5) .  Also i n t e r e s t i n g  
i s  the apparent c o r r e l a t i o n  between the  a b i l i t i e s  of C. l i p o l y t i c a  409B and C. 
t r o p i c a l i s  410 t o  use a terminal o l e f i n  ( t a b l e  4 )  and t h e i r  a b i l i t y  t o  grow on 
low temperature t a r  f r a c t i o n  C p O  which conta ins  56% of o l e f i n i c  colapounds ( t ab le  
2). The C. l i p o l y t i c a  409 and 409A cu l tu re s ,  which-gave lower y i e l d s  on 1- 
octadecene r e l a t i v e  t o  n-hexadecane ( f igu re  l), r e f l e c t e d  t h i s  i n  t h e i r  lower 
absolu te  and r e l a t i v e  y i e lds  on CTPO compared wi th  CTP ( f igu re  3, t a b l e  5). 

Table 5. Growth y i e l d s  on low temperature tar, 
Fischer-Tropsch, and petroleum f r a c t i o n d l  

C.  l i p o l y t i c a  C. t r o p i c a l i s  
Subs t ra te  409 409A 409B 410 

Low temperature t a r  
HSD2I 14 6 0 0 
H S d I  73 72 106 102 
CTP 259 235 287 23 2 
CTPO 113 124 233 2 05 

Fischer-Tropsch 
PTD 114 150 243 0 
FlSJ 306 167 3 29 161 

Petroleum 
PET 307 333 385 244 

- 11 
- 21 Phenols no t  removad. 
- 31 

Average of t r i p l i c a t e  cu l tu re s .  Data i n  mg. dry weight per 
gram subs t r a t e  added, cor rec ted  f o r  growth i n  con t ro l s .  

Phenols removed by th ree  passes on alumina column. 

Growth Studies on Other Coal-Derived Materials.  S tudies  were begun t o  inves t iga t e  
the  f e a s i b i l i t y  of producing microbial  food from other  ma te r i a l s  der ived  from coal ,  
such as ac ids  obtained by oxidizing coa l  with a i r ,  n i t r i c  acid-oxidized an th rac i t e ,  
and a mixture of polynuclear hydrocarbons found i n  high temperature c o a l  tar. 

A 56% aqueous so lu t ion  of c o a l  ac ids  (obtained from the  Dow Chemical Co.) and a 
water-soluble mixture of aromatic ac ids  from the  a l k a l i n e  oxidation of coa l  
(obtained from the Carnegie I n s t i t u t e  of Technology) were t e s t ed  as growth 
s u b s t r a t e s  f o r  a l l  of our  yeas t  cu l tu re s .  
s o i l  enrichment cu l tu re  procedures designed t o  favor the i s o l a t i o n  of yeas t s  gave 
negative r e s u l t s .  
t h e  coa l  ac ids  were i so l a t ed ;  quan t i t a t ive  s tud ie s  on growth y i e lds  are i n  progress. 

A s e r i e s  of oxidation products from the  n i t r i c  ac id  oxidation of a n t h r a c i t e  was  
obtained from the Bureau of Mines Anthrac i te  Research Center. lk1 The acid-soluble 
res idue  of the  1000-hour oxidation time supports the  growth of a b a c t e r i a l  cu l tu re  
previously i so l a t ed  on one of the coa l  ac ids .  Growth y i e l d  s tud ie s  and enrichment 
c u l t u r e  procedures a r e  i n  progress.  

A mixture of polynuclear hydrocarbons found i n  r e l a t i v e l y  l a rge  amounts i n  high 
temperature coa l  tar was prepared. 
methylnaphthalene, 59.2; 2-a1ethylnaphthalene, 16.3; naphthalene, l l r 9 ;  phenanthrene, 
12.5. A number of b a c t e r i a l  c u l t u r e s ,  but no yeas t s ,  capable of growing on this 
mater ia l  have been i so l a t ed  from s o i l .  

No growth was obtained. S imi la r ly ,  

However, a number of b a c t e r i a l  c u l t u r e s  capable of growing on 

It was composed of (by weight percent )  1- 

Growth y i e ld  s tud ie s  are i n  progress.  
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DISCUSSION 

I n  prac t i ce  
~ b t a i n e d . ~ * ~ * ~ ' ~ ~ /  Although our absolu te  growth y i e lds  on pure hydrocarbons, 
petroleum, Fischer-Tropsch, and low temperature tar f r ac t ions  were somewhat lower, 
it must be remembered t h a t  our experiments were designed s o l e l y  t o  t e s t  the 
f e a s i b i l i t y  of using these  s u b s t r a t e s  f o r  microbial  food production. Improvements 
i n  the  n u t r i t i o n a l  q u a l i t y  of t he  growth medium, closer con t ro l  of pH, more 
e f f i c i e n t  ae ra t ion ,  and o t h e r  p rac t i ces  of t h e  fermentation microbio logis t ' s  a r t  
w i l l  undoubtedly result i n  h igher  cell y i e lds .  

over 80% convers ion  of hydrocarbon subs t r a t e s  t o  c e l l  material has been 

\ 

I t  is c l e a r  t ha t  some of t h e  subs t r a t e s  derived from coal  which were t e s t ed  are 
c l o s e l y  comparable t o  petroleum-derived normal pa ra f f in s  i n  t h e i r  a b i l i t y  t o  
support  microbial  growth w i t h  t he  concomitant production of c e l l  material (food). 
Pa ra f f in - r i ch  low temperature tar  f r a c t i o n  CTP and Fischer-Tropsch f r a c t i o n  FTW 
were outstanding in t h i s  regard .  / 

Oxidized coa l s  and polynuclear aromatic hydrocarbons may be s u i t a b l e  f o r  the  
growth of bac te r i a ,  r a t h e r  than yeas t s ,  f o r  use  as food material. Fur ther  experi-  r 
ments along t h i s  l i n e  are i n  progress.  
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The E f f e c t  of A i r  Oxidation on the  Caking P rope r t i e s  of 
P i t t sburgh  - Seam Coal 

A .  J .  Forney, R.  F .  Kenny, and J .  H .  F i e ld  
U .  S . Bureau of Mines, 4800 Forbes Avenue 

P i t t s b u r g h ,  Pennsylvania 15213 

INTRODUCTION 

Production of s y n t h e t i c  l i q u i d  and gas f u e l s  i s  a p o t e n t i a l  means 
fo r  i nc reas ing  t h e  market fo r  c o a l .  The demand f o r  f u e l  i s  h igh  i n  the 
Eas and Midwest, but un fo r tuna te ly  most coa l s  i n  these  sec t ions  become 
s t i c k y  and agglomerate o r  cake when they a re  hea ted  through the  range 
of 300"-400" C .  I f  they could be made noncaking, they would be s u i t a b l e  
f o r  f lu id ized-bed  g a s i f i c a t i o n ,  hydrogenation, and ca rbon iza t ion .  

NathanL'destroyed t h e  caking  proper ty  of coa l  (10 t o  400 mesh) by pre- 
Channabasappai/treated coa l  of 88 to 98 t r e a t i n g  i t  i n  a i r  a t  316"-441" C. 

percent  through 100 mesh wi th  a i r  as  we l l  a s  o the r  gases a t  a temperature 
range of  200"-382" C .  Schmidti/decaked Pittsburgh-seam coal  of 0 t o  1 / 4 -  
inch s i z e  wi th  a i r  a t  99.3" C .  He a l s o  noted t h a t  t h e  agg lu t ina t ing  va lue  
of t he  coa l s  decreased as  the  ox ida t ion  of t h e  coa l s  i nc reased .  Mine$/ 
oxidized coa l  wi th  steam plus  a i r  a t  370"-430" C i n  the  f i r s t  s t age  of a 
carboniza t ion  process ,  and Williams?/treated coa l  (80 percent  through 1 / 8  
inch screen) wi th  an oxygen-containing gas a t  80°-3000 C .  

Pittsburgh-seam c o a l  i s  h igh ly  caking .  In e a r l i e r  work a t  t h e  Buread '  
i t  was made nonagglomerating, and with only s l i g h t  v a r i a t i o n  the  treatment 
was success fu l ly  app l i ed  t o  o the r  caking c o a l s .  In t h i s  previous work the  
caking  p r o p e r t y  of Pit tsburgh-seam coa l  was destroyed by t r e a t i n g  i t  i n  
both s t a t i&/and  f l u i d i z e d z / b e d s  wi th  steam plus  oxygen o r  a i r .  To extend 
t h i s  study t h e  p re sen t  program was t o  t r e a t  Pittsburgh-seam coa l  wi th  a i r  
on ly ,  t o  study t h e  e f f e c t  of ope ra t ing  v a r i a b l e s  such a s  mesh s i z e ,  tempera- 
t u r e ,  res idence  time and p res su re ,  and to  deduce the  changes t h a t  may take  
p lace  i n  t h e  c o a l  du r ing  t rea tment  by carboniz ing  the  t r e a t e d  c o a l .  

Decaking was cons idered  success fu l  i f  the  f ree-swel l ing  index (FSI) 
of t he  t r e a t e d  coa l  ( cha r )  d i d  n o t  exceed 1-1/2 and t h e  t r e a t e d  coa l  d i d  
not agglomerate when i t  was heated in a hydrogen atmosphere t o  900" C .  
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STATIC-BED EXPERIMENTATION AND RESULTS 

In t he  s t a t i c -bed  experiments f i n e  p a r t i c l e s  of Pit tsburgh-seam coa l  
were spread i n  100 x 50 m l  d i shes  t o  a 1/2-inch depth,  placed i n  a l a r g e  
d ry ing  oven, and hea ted  i n  a i r  t o  95°-1000 C .  To decake these  c o a l s ,  
u s ing  an PSI of 1 - 1 / 2  o r  less a s  i n d i c a t i n g  s a t i s f a c t o r y  decaking, r e -  
qu i red  about 16 hours t rea tment  under these  cond i t ions  f o r  150-200 m e s e '  
c o a l ,  24 hours f o r  100-150 mesh, and 50 hours  f o r  48-100 mesh ( f i g u r e  1 ) .  
A t  t h e  end of 64 hours t h e  18-48 mesh c o a l  had an FSI of 3-1/2. The oxygen 
content  of  a l l  c o a l s  increased  wi th  t i m y ;  wi th  the  f i n e r  coa l s  t h e  inc rease  
was more r a p i d .  The loss i n  v o l a t i l e  ma t t e r  averaged about 3 percentage 
po in t s  (a change from 40 percent  v o l a t i l e  ma t t e r  i n  the  raw t o  37 percent  i n  
the  t r e a t e d  c o a l ) .  About 6 months a f t e r  t h e  o r i g i n a l  da t a  were c o l l e c t e d ,  
a d d i t i o n a l  t e s t s  were m a d e  on d i f f e r e n t  batches of coa l  of 18-48 and 48-100 
mesh s i z e s .  These r e s u l t s  a r e  shown on f i g u r e  1 a s  l a r g e r  squares  and do t s .  
While the  l a t e r  d a t a  wi th  t h e  18-48 mesh c o a l s  c o r r e l a t e  wi th  t h e  e a r l i e r  
r e s u l t s ,  d a t a  from the  48-100 mesh s i z e  show some d i sc repanc ie s .  These 
r e s u l t s ,  al though no t  exac t  due t o  the  method of ope ra t ion ,  demonstrate 
t h a t  t r e a t i n g  f i n e  coa l  i n  a i r  a t  100' C w i l l  decake the  c o a l ,  bu t  a t  
l e a s t  16 hours time w i l l  be needed. These t e s t s  a l s o  i n d i c a t e  t h a t  i t  i s  
no t  s a f e  t o  assume t h a t  t h e r e  is  no change i n  the  p rope r t i e s  of f i n e  coa l  
d r i e d  i n  a i r  a t  t h i s  temperature.  

FLUIDIZED-BED EXPERIMENTATION AM) RESULTS 

Apparatus f o r  the  f lu id-bed  experiments is  shown i n  f i g u r e  2 .  The 
r e a c t o r  i s  a s t a i n l e s s  s t e e l  tube of 1-inch diameter wi th  an expanded 
s e c t i o n  of  2-inch diameter a t  t h e  top .  The 29-inch s e c t i o n  con ta in ing  
the  f l u i d i z e d  bed of  coa l  i s  hea ted  e l e c t r i c a l l y .  Thermocouples a r e  i n -  
s e r t e d  i n s i d e  a we l l  placed down through the  c e n t e r  of t he  r e a c t o r .  Raw 
coa l  from the  continuous feeder  i s  en t r a ined  i n  the  a i r  stream and c a r r i e d  
i n t o  the  bottom of the  r e a c t o r .  The oxygen i n  the  a i r  renders  t h e  c o a l  
noncaking a t  spec i f i ed  temperatures,  and the  t r e a t e d  c o a l  overflows i n t o  
a c o l l e c t i o n  v e s s e l .  Gases, t a r s ,  and dus t s  a r e  discharged from the  top  
of  t h e  r e a c t o r .  

Because t h e  he ight  of the  f l u i d i z e d  bed is  cons t an t ,  t h e  r a t e  t h a t  t h e  
coa l  i s  fed  determines t h e  res idence  time of t h e  coa l  i n  the  r e a c t o r .  Only 
40 minutes were requi red  t o  decake Pittsburgh-seam coa l  i n  the  f l u i d  bed a t  
200' C f o r  the  150-200 mesh s i z e  and 400" C f o r  t he  18-48 and 48-100 mesh 
s i z e  ( f igu re  3 ) .  The r e s u l t s  a r e  more r e l a t i v e  than abso lu te ,  but t h e  
t r ends  a r e  r e a l i s t i c .  The oxygen content  of t h e  c o a l s  reached a maximum 
between 300" and 400" C and was l e s s  a t  t he  h igher  tempera tures .  The 

- a /  A l l  mesh s i z e s  a r e  Tyler Standard Screen S e r i e s .  
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I 

t emperature  a t  which i t  reached a maximum depended on t h e  mesh s i z e .  A s  
the  temperature was r a i s e d  t o  300" C ,  the  v o l a t i l e - m a t t e r  conten t  decreased 
gradual ly ,  and then p r e c i p i t o u s l y  a t  h igher  temperatures .  The minimum l o s s  
i n  v o l a t i l e  mat ter  was about  3 percentage poin ts  a t  300" C .  4 

With the same 40-minute res idence  t i m e  t h e  150-200 mesh c o a l  was 

! t r e a t e d  a t  p ressures  of  1, 2 ,  5 ,  and 10 atmospheres and 100" t o  450' C 
( f i g u r e  4 ) .  
a t  5 atmospheres i t  became noncaking a t  about 175" C ,  and a t  10 atmospheres 
t h e  c o a l  burned above 150' C .  A t  150' C t h e r e  was l i t t l e  change i n  the  F S I .  
The oxygen content  increased  a t  h igher  pressures ,  t h e  maximum being about 
13 percent  a t  2 atmospheres and 300" C .  

A t  a tmospheric  pressure  the  c o a l  became noncaking a t  200" C; 

i 

I 
The v o l a t i l e  m a t t e r  decreased a t  h igher  temperatures ,  but  t h e  change i n  

v o l a t i l e  mat ter  was i n s i g n i f i c a n t  a t  h igher  pressures .  The l e a s t  v o l a t i l e  
m a t t e r  was removed ( 3  percentage poin ts )  when t h e  c o a l  w a s  t r e a t e d  a t  200' C 
and atmospheric p r e s s u r e .  

i' 
\ 

Shortening t h e  r e s i d e n c e  t i m e  t o  20  minutes had l i t t l e  e f f e c t  on the  
v o l a t i l e  mat te r  and t h e  F S I  of the  t r e a t e d  coa l  ( f i g u r e  5) when compared wi th  
40 minutes ( f i g u r e  4 ) .  The amount of oxygen absorbed w a s  the  same as i n  t h e  
previous t e s t  a t  2 atmospheres and 300" C .  A s  t h e  same r e s u l t s  were obtained 
wi th  t h e  s h o r t e r  res idence  times, the  c o n t r o l l i n g  v a r i a b l e  seems t o  be tem- 
p e r a t u r e .  Residence t ime might be shortened even more, bu t  t h e  l i m i t  o f  
o p e r a b i l i t y  had been reached and t h e  c o a l  feed could n o t  be increased  t o  
make such a t e s t .  

Also  a t  t h e  20-minute res idence  t i m e  i t  w a s  p o s s i b l e  t o  cont inue  the  
t rea tment  at  5 atmospheres t o  400" C ,  whereas a t  t h e  40-minute res idence  
t i m e  the  coa l  burned u n c o n t r o l l a b l y  above 200' C .  Thus the  maximum oxygen 
content  o f  the  c o a l  became 1 7  percent .  Why c o a l  could be t r e a t e d  a t  higher  
temperature  wi th  s h o r t e r  r e s i d e n c e  time i s  not  c lear .  

These curves show t h a t  t h e  FSI  i s  s u b s t a n t i a l l y  independent of 
p r e s s u r e ,  but h i g h l y  dependent on coa l  s i z e .  More oxygen i s  absorbed 
by t h e  c o a l  a t  h igher  p r e s s u r e s  and no more v o l a t i l e  mat ter  i s  l o s t .  The 
decrease  i n  v o l a t i l e  matter is  pr imar i ly  a func t ion  of temperature, a t  
l e a s t  i n  the pressure  range up t o  10 atmospheres. Of course ,  when the  
pressure  i s  increased ,  t h e  a i r  flow must a l s o  be increased  t o  main ta in  
f l u i d i z a t i o n ;  however, t h e  oxygen/coal r a t i o  a t  t h e  d i f f e r e n t  pressures  
i n d i c a t e s  t h a t  p r e s s u r e  has  more e f f e c t  than a i r  flow. 

When t h e  tes ts  were made  a t  5 atmospheres, t w o  samples of  t r e a t e d  
c o a l  were taken a t  each temperature .  One sample w a s  evacuated t o  30 nun 
absolu te  pressure  t o  determine i f  oxygen taken up dur ing  t reatment  could 
be removed. Comparison wi th  t h e  nonevacuated sample showed t h a t  i t  could 
n o t .  Consequently t h e  a d d i t i o n a l  oxygen must have chemical ly  r e a c t e d  i n  
t h e  c o a l  t o  form a coal-oxygen complex. 
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CARBONIZATION TESTS: EXPERIMEmATION AND RESULTS 

Comparing t h e  r e s u l t s  of  low-temperature ca rbon iza t ion  of  c o a l  
f l u i d i z e d  in a i r  a t  230" C wi th  raw coa l  g ives  a c l u e  a s  t o  what changes 
t a k e  place i n  the  v o l a t i l e  ma t t e r  dur ing  t h e  a i r  t rea tment  ( t a b l e  . 
The carboniza t ion  u n i t  has  a charg ing  v e s s e l  a t  t he  top  ( f i g u r e  6)-. 

charg ing  vesse l  was opened t o  allow t h e  coa l  t o  drop i n t o  the  heated zone. 

3) 
' Afte r  t he  r e a c t o r  reached t h e  des i r ed  tempera ture ,  t h e  va lve  below the  

TABLE 1.- Batch ca rbon iza t ion  t e s t s  a t  538" C (l,OOOo F) 
and 427' C (800' F) a t  30-minute r e s idence  time 

Type of coa l  

Temperature, O C  

Gas a n a l y s i s ,  vo l -pc t  
H 2  
N 2  
co 
C H 4  
c 2+ 
co2 
HV 

Cubic f e e t  t a i l  gas 
per ton feed coa l  

11 Raw Treated- - 
538 

13 
0 
6 

53 
22 

6 
1060 

1100 

538 427 

10 2 
0 1 

16 19 
39 17  
13 9 
22 52 

750 410 

1600 400 

Sol ids  feed a n a l y s i s ,  
wt -pc t ,  MAF 

V o l a t i l e  ma t t e r  40.2 35.6 36.4 
Fixed carbon 59.8 64.4 63.6 
Hydrogen 5.6 4.8 4.9 
Carbon 83.6 80.1 80.3 
Nitrogen 2 .3  2 . 2  1 . 6  

Su l fu r  1 .9  1.8 2.0 
Oxygen 6.6 11.1 1 1 . 2  

- 1/ Made by f l u i d i z i n g  coa l  i n  a i r  a t  230' C f o r  30 minutes .  

Proximate a n a l y s i s  ( t a b l e  1) shows t h a t  t r e a t e d  and raw c o a l s  d i f f e r  
mainly i n  t h e i r  v o l a t i l e  m a t t e r  and oxygen con ten t ,  t he  t r e a t e d  coa l  con- 
t a i n i n g  the  more oxygen. The h igher  the  oxygen content  i n  the  feed ,  t he  
more carbon oxides i n  the  gas produced by ca rbon iza t ion  a t  538'--12 percent 
fo r  raw and 38 percent  f o r  t r e a t e d  c o a l .  The hea t ing  va lue  of t he  gas d e -  
c reased  a s  the  carbon oxide y i e l d  increased ,  dropping from 1,060 t o  750 Btu 
per cubic foot.51This observa t iog /on  carbon oxides is i n  agreement wi th  the  
d a t a  o f  Juntgen- and of  S c h m i d e  . 
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The q u a l i t y  of t he  v o l a t i l e  mat te r  d i f f e r s  f o r  raw and t r e a t e d  coa l .  
The t r e a t e d  c o a l  carbonized a t  427" C y ie lded  pr imar i ly  carbon oxides 
( t a b l e  l ) ,  i n d i c a t i n g  t h a t  t h e  a d d i t i o n a l  oxygenated compounds i n  the  
t r e a t e d  coa ls  a r e  r eac t ed  f a s t e r  than the  v o l a t i l e  mat te r  i n  the  raw c o a l .  
A t  538" C the percentage  of  carbon oxides i s  l e s s  because a f t e r  the  
supply of oxygenated compounds i s  dep le t ed ,  the  usua l  p y r o l i t i c  r eac t ions  
predominate. 

Table 1 g ives  t h e  v o l a t i l e  ma t t e r  of the  raw coa l  a s  40.2 percent  and 
t h a t  of the  t r e a t e d  c o a l  a s  3 5 . 6  percen t .  The l a r g e r  q u a n t i t i e s  of carbon 
oxides given o f f  du r ing  carboniza t ion  of t he  t r e a t e d  coa l  i n d i c a t e  t h a t  
i t s  v o l a t i l e  mat te r  has been supplemented by the  oxygenated compounds 
formed dur ing  t r ea tmen t .  

CONCLUSION 

Tes t s  show t h a t  Pit tsburgh-seam c o a l ,  a h ighly  caking  c o a l ,  can be 
made. nonagglomerating by hea t ing  i n  a i r  i n  a s t a t i c  bed a t  100" C f o r  about ,' 
16 hours (150-200 mesh) o r  5 0  hours (48-100 mesh). 

In a fluid-bed r e a c t o r  the  f i n e r  mesh coa l  (150-200 mesh) can be made 
noncaking in 40 minutes by t r e a t i n g  and f l u i d i z i n g  i t  wi th  a i r  a t  200" C .  
A s  t h e  temperature is  inc reased ,  more oxygen combines wi th  t h e  coa l  u n t i l  
a t  about 350" C (depending on t he  coa l  s i z e )  t h e  burning of t he  coa l  be- 
comes uncon t ro l l ab le .  The percentage of oxygen i n  the  coa l  increased  from 
about 8 percent i n  t h e  raw coa l  t o  a s  h igh  as  1 7  percent  when t h e  coa l  was 
t r e a t e d  a t  5 atmospheres p re s su re .  S a t i s f a c t o r y  decaking (as  ind ica ted  by 
an FSI of 1 - 1 / 2  o r  l e s s )  was obtained wi th  a v o l a t i l e  l o s s  of 3 percentage 
p o i n t s  (10 percent  o f  t h e  v o l a t i l e  m a t t e r ) .  

Carbonization t e s t s  i n d i c a t e  by the  g r e a t l y  increased  y i e l d  of 
carbon oxides from the  t r e a t e d  over t he  raw coa l  t h a t  a l a r g e  amount of 
oxygenated compounds i s  included i n  the  v o l a t i l e  ma t t e r  of t h e  t r e a t e d  c o a l .  
These a d d i t i o n a l  compounds had t o  come from the  t rea tment .  
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Fig. 2. -CONTINUOUS FLUIDIZED-BED COAL l"REATF3 
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TEMPERATURE, 'C 

Fig. 4.-EFFECT OF PRESSURE DURING AIR OXIDATION IN A 
FLUID BED OF PITTSBURGH-SEAM COAL (150-200 MESH) ON 
FSI , VOLATILE MATTER, AND OXYGEN CONTENT OF CHAR. 
RESIDENCE TIME IS 40 MINUTES. 
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TEMPERATURE, O C  I 

Fig. 5 .-EFFECT OF PRESSURE DURING A I R  OXIDATION- I N  A 
FLUID BED OF PITTSBURGH-SEAM COAL (150-200 MESH) ON 
FSI, VOLATILE MATTER, AND OXYGEN CONTENT OF CHAR. 
RESIDENCE T I M E  IS 20 MINUTES. 
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MOLTEN SALT CATALYSTS FOR HYDROCRACKING OF POLYNUCLFAR HYDROCARBONS 

C. W .  Zielke,  R .  T. S t r u c k ,  J. M. Evans, C.  P. Costanza, and E. Gorin 

Research Div i s ion  
Consol idat ion Coal Company 

L ib ra ry ,  Pennsylvania  

INTRODUCTION 

I n t e n s i v e  i n v e s t i g a t i o n  has been underway f o r  some time i n  t h e  l a b o r a t o r i e s  of 
Conso l ida t ion  Coal C o .  of v a r i o u s  c a t a l y t i c  s y s t e m s  f o r  t h e  hydrocracking o f  c o a l  
" e x t r a c t "  t o  d i s t i l l a t e  o i l s .  The e x t r a c t i o n  p rocess  and i ts  i n t e g r a t i o n  wi th  
subsequent hydrocracking o p e r a t i o n s  i s  desc r ibed  i n  s e v e r a l  r ecen t  p a t e n t s .  ('1 

Contact  c a t a l y s t s  f o r  hydrocracking o f  t h e  e x t r a c t  have been e x t e n s i v e l y  in -  
v e s t i g a t e d  i n  our  l a b o r a t o r i e s  b o t h  i n  batch and i n  s m a l l  continuous hydrocracking 
u n i t s .  The hydrocracking of coa l  e x t r a c t  u s ing  a con tac t  c a t a l y s t  i n  a three-phase 
f l u i d i z e d  system w i l l  be demonstrated on a 50 barrel /day p i l o t  p l a n t  now be ing  con- 
s t r u c t e d  a t  Cresap, W. Va. 

S u l f u r - r e s i s t a n t  c a t a l y s t s  of t h e  hydrofining type  have given t h e  most sa t is-  
f a c t o r y  r e s u l t s .  
and C o  on alumina g e l  s u p p o r t .  B e s t  r e s u l t s  a r e  obtained with large-pore alumina 
s u p p o r t s .  

These u s u a l l y  comprise a combination of t h e  s u l f i d e s  of M o ,  N i  

Rapid and e f f i c i e n t  hydrogenolysis  o f  t h e  coal e x t r a c t  i s  e f f e c t e d  a t  tempera- 
t u r e s  i n  t h e  range o f  800-825'F and at  conversion l e v e l s  up t o  about 60%. 

The hydrogenated n o n - d i s t i l l a b l e  r e s idue  from t h i s  ope ra t ion ,  however, i s  much 
more r e f r a c t o r y  than t h e  f e e d  e x t r a c t ,  and can b e  converted a t  p r a c t i c a l  rates only 
by r a i s i n g  t h e  o p e r a t i n g  t empera tu re .  Although t h i s  is p r a c t i c a l  t o  do, t h e  y i e l d  
of t h e  more valuable  l i q u i d  p roduc t s  i s  lowered s i n c e  t h e  gas y i e l d  rises w i t h  in- 
c r e a s i n g  ope ra t ing  t empera tu res .  

The l i m i t i n g  k i n e t i c  f a c t o r  i n  t h e  u s e  of t h e  "hydrofining" t y p e  c a t a l y s t  is 
t h e i r  very low c rack ing  a c t i v i t y .  

Dual func t ion  c o n t a c t  c a t a l y s t s  promoted by t h e  u s e  of a c i d i c  c rack ing  agents  
were i n v e s t i g a t e d  t o  de te rmine  i f  t hey  would be u s e f u l  i n  conversion of t h e  hydro 
r e s i d u e .  A s  t h e  work t o  be r e p o r t e d  below shows, t h i s  type o f  c a t a l y s t  does not  
a c t u a l l y  g ive  improved performance s i n c e  t h e  a c i d  s i tes  are r a p i d l y  poisoned by t h e  
n i t r o g e n  con ten t  of t h e  f e e d .  

A t t e n t i o n  was t h e r e f o r e  tu rned  t o  t h e  development of a fused  metal  h a l i d e  
c a t a l y s t  system. 

The use  of massive q u a n t i t i e s  o f  t h e  c a t a l y s t  w a s  found t o  be d e s i r a b l e  not  
on ly  t o  develop t h e  maximum hydrocracking a c t i v i t y  bu t  t o  "overwhelm" any n i t r o g e n  
po i sons  i n  t h e  f eeds tock .  Fused s a l t s  were emphasized s ince  t h e  p rocess  under 
development v i s u a l i z e s  cont inuous c i r c u l a t i o n  o f  m e l t  between hydrocracking and a 
r e g e n e r a t i o n  o p e r a t i o n  where t h e  n i t rogen  poisons would be removed. 

The development of t h e  massive fused  s a l t  c a t a l y s t  system was i n i t i a t e d  by a 
s t u d y  o f  t h e i r  a c t i v i t y  i n  comparison with c o n t a c t  c a t a l y s t s  i n  t h e  hydrocracking 
of hydro r e s i d u e  and a model polynuclear  hydrocarbon: pyrene, 

I I 
. P  

: 
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, A voluminous l i t e r a t u r e  e x i s t s  on t h e  u s e  of metal h a l i d e  c a t a l y s t s  i n  t h e  
hydrocracking of coal  and c o a l  t a r .  
duced d i r e c t l y  a s  such but i n  a l l  l i k e l i h o o d  w a s  genera ted  i n  p a r t  i n  s i t u  by 
r e a c t i o n  of a halogen promoter wi th  t h e  f r e e  metal or with a metal s a l t .  

I n  many cases, t h e  metal  h a l i d e  was not i n t r o -  

E x c e l l e n t  review and a r e  a v a i l a b l e  summarizing t h i s  
work so t h a t  t h e r e  i s  no need t o  e x t e n s i v e l y  d i s c u s s  t h e  o r i g i n a l  r e f e r e n c e s .  

I n  a l l  of t h i s  work r e l a t i v e l y  smal l  amounts of c a t a l y s t ,  i.e., less than  5 w t . $  
of t h e  f e e d  and g e n e r a l l y  of t h e  or e r  of 1 w t .  $ or less were employed. 
t h e s e  c o n d i t i o n s  most i n v e s t i g a t ~ r s f ~ ~ , " ,  ' O )  agree  t h a t  halogen promoted t i n  c a t a l y s t s  
are t h e  m o s t  a c t i v e  of t h i s  class. The s u p e r i o r i t y  of t i n  c a t a l y s t s o v e r z i n c  c a t a l y s t s  
whenused  i n  smal l  c o n c e n t r a t i o n s  i s  f u r t h e r  i l l u s t r a t e d  by t h e  f a c t  t h a t  t h e r e  have 
been no commercial c o a l  hydrogenat ion o p e r a t i o n s  us ing  z i n c  c a t a l y s t  whi le  t h e r e  were 
commercial o p e r a t i o n s  i n  both  and Germany(") which used t i n  c a t a l y s t s .  

ob ta ined  wi th  I$ nickelous chlor ide(")  c a t a l y s t  when proper  methods of d i s t r i b u t i o n  
of t h e  c a t a l y s t  on t h e  s u b s t r a t e  were used.  

Under 

I n  a d d i t i o n ,  e x c e l l e n t  r e s u l t s  equal  or s u p e r i o r  t o  t h o s e  wi th  ZnC1, have been 

The above o r d e r  of a c t i v i t y  has  no r e l a t i o n s h i p  t o  t h e  c racking  a c t i v i t y  of t h e s e  
c a t a l y s t s .  
f a i r l y  good c a t a l y t i c  a c t i v i t y  for most F r i e d e l  C r a f t s  t y p e  r e a c t i o n s  such a s  poly- 
mer iza t ion  of o l e f i n s ,  a l k y l a t i o n  of aromatic  compounds wi th  o l e f i n s ,  etc. I t  a l s o  
is  w e l l  known as a c racking  catalyst  and has  been used, f o r  example, f o r  t h e  cata- 
l y t i c  c racking  of s h a l e  o i l .  ( 6 )  

Zinc c h l o r i d e  i s  w e l l  known as a L e w i s  a c i d  type  c a t a l y s t ( 3 )  which has 

SLtannous c h l o r i d e ,  however, is  not w e l l  known a s  an a c t i v e  Lewis a c i d  al though 
i t  does have e l e c t r o n  accept ing  p r o p e r t i e s  as evidenced by i t s  formation of ammoniate 
complexes such a s  SgC1,.NH3. I t  is  r e p o r t e d  t o  have some c a t a l y t i c  a c t i v i t y  of t h e  
F r i e d e l  C r a f t s  type  f o r  r e a c t i o n s  such as t h e  polymer iza t ion  of c e r t a i n  unsa tura ted  
compounds such a s  v i n y l  e thers , (")  and t h e  a c e t y l a t i o n  of o l e f i n s ,  i .e . ,  r e a c t i o n  of 
a c e t i c  anhydride with 2,4,4- t r i rnethyl  pentene-l . ( ' )  
regarded  as a very weak F r i e d e l  C r a f t s  t y p e  c a t a l y s t  wi th  very l i t t l e  cracking  
a c t i v i t y  as compared wi th  ZnC1,. 

However, i n  genera l ,  it must be 

There i s  l i t t l e  or no evidence l i k e w i s e  t h a t  n icke lous  c h l o r i d e  has  any subs- 
t a n t i a l  c racking  or F r i e d e l  C r a f t s  a c t i v i t y .  

Weller(18)  has  poin ted  out  t h a t  t h e r e  i s  s u f f i c i e n t  s u l f u r  i n  most of t h e  feed- 
s t o c k s  t o  decompose t h e  metal  h a l i d e s ,  i n  t h e  small q u a n t i t i e s  used, by t h e  r e a c t i o n  

MClz + H,S = MS + 2 €IC1 (1) 
and t h e r e f o r e  concludes t h a t  t h e  h a l i d e  i s  not t h e  t r u e  c a t a l y s t .  Rather  he proposes 
t h a t  t h e  c a t a l y s t  is  r e a l l y  a dual  f u n c t i o n  one i n  t h a t  t h e  HC1 i s  a s p l i t t i n g  or 
cracking  c a t a l y s t  while  t h e  t i n  a c t s  as a hydrogenat ing component t o  s t a b i l i z e  t h e  
r e a c t i v e  fragments  by r e a c t i o n  wi th  hydrogen. I n  t h i s  r e s p e c t ,  t h e  p o i n t  of view 
is  q u i t e  similar t o  t h e  commonly accepted  mechanism of t h e  a c t i o n  of  dual  func t ion  
c o n t a c t  c a t a l y s t s  used f o r  hydrocracking of petroleum feeds tocks .  I n  t h i s  l a t t e r  
case ,  t h e  r o l e  of t h e  hydrogenat ing metal i s  regarded(I3)  as one of prevent ion  of 
coke d e p o s i t s  by hydrogenation of h i g h l y  u n s a t u r a t e d  in te rmedia tes  formed by c a t a -  
l y t i c  c racking  on t h e  a c i d  s i t e s  of t h e  catalyst .  

The above theory i n  t h e  c a s e  of t i n ,  however, is  d i f f i c u l t  t o  accept  s i n c e  
t h e r e  a r e  no experimental  f a c t s  wi th  pure o r g a n i c  compounds which show t h a t  e i t h e r  
t i n  metal or t i n  s u l f i d e  p e r  s e  has  any s u b s t a n t i a l  hydrogenat ing a c t i v i t y .  

It may be, as a m a t t e r  of f a c t ,  
hydrogenolysis  of c o a l  i s  due t o  its 
decomposition by hydrogen s u l f i d e  as 

t h a t  t h e  unique p o s i t i o n  of t i n  c h l o r i d e  i n  t h e  
known b e t t e r  thermodynamic s t a b i l i t y  towards 
compared wi th  z i n c  c h l o r i d e ,  f o r  example, 
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Equil ibr ium cons tan t s  a t  7W°K f o r  r e a c t i o n  (1) of SnC1, and ZnC1, wi th  H2S were 
c a l c u l a t e d  from a v a i l a b l e  thermodynamic d a t a  with t h e  r e s u l t s  shown below: 

KM = P ~ H C ~ / P H , S  KZn = 400 KSn = 1 . 5  

I t  is thus c l e a r  t h a t  t i n  c h l o r i d e  i s  much more s t a b l e  than  z inc  c h l o r i d e  and 
t h a t  under equ iva len t  o p e r a t i n g  cond i t ions  with t h e  same q u a n t i t y  of promoter, e t c . ,  
t h a t  a much higher  pe rcen tage  of t h e  t i n  w i l l  be p re sen t  as t i n  c h l o r i d e .  

Wellex-,?") t h e  t r u e  c a t a l y s t  is  t h e  small  amount of undecomposed metal h a l i d e  and 
t h a t  no d u a l  func t ion  c a t a l y s i s  i s  involved.  

Th s, i t  appears p o s s i b l e  t h a t  i n  c o n t r a d i s t i n c t i o n  t o  t h e  op in ion  expressed by 

. .  

Another ob jec t  of t h e  p r e s e n t  i n v e s t i g a t i o n  t h e r e f o r e  w a s  t o  o b t a i n  a b e t t e r  
understanding of t h e  c a t a l y t i c  a c t i v i t y  of molten metal  h a l i d e s  i n  hydrocracking 
p rocesses .  A pure compound, i . e . ,  pyrene, was used t o  e l i m i n a t e  complications due t o  
t h e  i n t e r a c t i o n  of t h e  m e t a l  h a l i d e  with h e t e r o  atom i m p u r i t i e s  and a l s o  t o  s impl i fy  
a n a l y t i c a l  i n t e r p r e t a t i o n  of t h e  r e s u l t s .  Massive q u a n t i t i e s  were used t o  i n s u r e  t h e  
presence of a d e f i n i t e  molten h a l i d e  phase and because of t h e  g r e a t e r  c a t a l y t i c  
a c t i v i t y  when massive q u a n t i t i e s  are used. 

One o f  t he  po in t s  t h a t  w a s  f e l t  d e s i r a b l e  t o  c l a r i f y  was to what ex ten t  sa t is-  
f a c t o r y  ope ra t ion  and a c t i v a t i o n  of hydrogen could be achieved wi th  a molten h a l i d e  
ca t a lys t  without  t h e  a d d i t i o n  of a s e p a r a t e  hydrogenating component. The p r i o r  
hydrocracking l i t e r a t u r e  is  n o t  wholly c l e a r  on t h i s  p o i n t .  There are, however, some 
r e f e r e n c e s  which showed t h a t  A l C 1 ,  and FeC1,(lO) have d e f i n i t e  c a t a l y t i c  a c t i v i t y  f o r  
t h e  hydrocracking of naphthalene.  
t ha t .  no molten h a l i d e  w a s  l i k e l y  p re sen t  and r a t h e r  s eve re  cond i t ions ,  i . e . ,  460°C 
f o r  3 hours w e r e  employed. S i x t y  percent  conversion t o  s i n g l e  r i n g  aromatic  hydro- 
carbons w a s  reported.  

Only a small pe rcen t  of c a t a l y s t  was used such 

S i m i l a r  r e s u l t s  were o b t a i n e d  wi th  anthracene al though a lower y i e l d  of l o w  
b o i l i n g  aromatics  was o b t a i n e d .  

1 Winter and Free(" ) subsequen t ly  i n v e s t i g a t e d  t h e  hydrocracking of naphthalene,  
an th racene  and phenanthrene w i t h  FeC1, and AZC1, c a t a l y s t s  a t  hydrogen p res su res  of 
190-250 atms. and t empera tu res  i n  t h e  range o f  350-490OC. They observed t h e  forma- i 
t i o n  of s i g n i f i c a n t  q u a n t i t i e s  of p i t chy  condensat ion p roduc t s  as w e l l  a s  lower 
b o i l i n g  aromatic  l i q u i d s .  Again, small q u a n t i t i e s  of c a t a l y s t  were used. 

I 

Another p e r t i n e n t  r e f e r e n c e  i s  t h a t  of Schmerling and Ipat ieff(")  who showed I 

t h a t  aqueous z i n c  c h l o r i d e  impregnated on alumina was an a c t i v e  c a t a l y s t  f o r  t h e  
hydrocracking of naphthalene.  

M a t e r i a l s  Used f 
Pyrene - Obtained from G e s e l l s c h a f t  Fur Teerverwertung MBB, m.p. = 149-15loC, 

i s  shown i n  T a b l e  I .  

hydrocracking a coa l  e x t r a c t  i n  a cont inuous f l u i d i z e d  bed u n i t  / 

r e p r e s e n t s  2 9 3  of t h e  e x t r a c t  f e d  and i s  f r e e  of material b o i l i n g  
below 400'C. 
bituminous coal from t h e  P i t t s b u r g h  Seam, I r e l a n d  Mine, with t e t r a l i n ,  
and amounted t o  57% of t h e  moisture-  and a sh - f r ee  coa l .  
p e r t i e s  of t h e  hydro r e s idue  are given i n  Table  I .  I 

b.p.  = 393.5OC, p u r i t y  = 98%. 

us ing  a n i c k e l  molybdate c a t a l y s t  desc r ibed  below. The r e s idue  I 

Typical  a n a l y s i s  of t ,he 'feedstock i 

Hydro Residue - The hydro r e s i d u e  used f o r  runs i n  Tab le  I11 was produced by 

The e x t r a c t  was ob ta ined  by e x t r a c t i n g  a high v o l a t i l e  

Some pro- 

Benzene - F i s c h e r  S c i e n t i f i c  Co .  C e r t i f i e d  Reagent, Thiophene-free.  
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C a t a l y  s t s 

Nickel  Molybdate on  Alumina - A commercial hydrof in ing  c a t a l y s t ,  conta in ing  
6.8% molybdenum, 3.8% nicke l ,  and 0.15 c o b a l t  supported on  alumina g e l .  
Un les s  otherwise noted,  t h i s  catalyst  w a s  p r e s u l f i d e d  w i t h  15% HaS - 85$ H, 
at  500'F. It  h a s  a s u r f a c e  area of 200 m"/g, a p o r o s i t y  of 775, and an 
average pore diameter  of 200 8. 
Fluor ided  Nickel  Molybdate on Alumina - The above s u l f i d e d  c a t a l y s t  which 
w a s  t r e a t e d  w i t h  4 mole percent  HF i n  n i t r o g e n  a t  300°C u n t i l  it consumed 
BF corresponding t o  10% of i t s  weight. 

Nickel  Molybdate on  Si l ica-Alumina - Act ive  metals corresponding t o  those  
i n  C a t a l y s t  No. 1 (6.8% Mo, 3.8% N i ,  and 0.1$ Co) w e r e  l o c a l l y  impregnated 
on Houdry S-90, a, 12 .55  alumina c r a c k i n g  c a t a l y s t  w i t h  a sur faceoarea  of 
430 da/g, a p o r o s i t y  of 65$, and an average pore diameter  of 70  A. 

Zinc Chlor ide  - F i s h e r  S c i e n t i f i c  C o .  C e r t i f i e d  Reagent, var ious  lots  96.2 
t o  98.8% pure,  d r i e d  b e f o r e  use  by h e a t i n g  i n  a vacuum a t  1 1 0 O C .  
t h i s  t rea tment ,  it conta ined  1 to  1.5% water  and up t o  1.85 ZnO. 

A f t e r  

Stannous Chlor ide  - F i s h e r  S c i e n t i f i c  Co.  C e r t i f i e d  Reagent, SnC12.2 HaO, 
h e a t e d  b e f o r e  u s e  at 150'12 and 1 Znm Hg p r e s s u r e  f o r  2 hours  t o  remove water .  

Aluminum Bromide - F i s h e r  S c i e n t i f i c  Co. C e r t i f i e d  Reagent, Anhydrous, 
99% pure.  

Nickel  Molybdate C a t a l y s t  Impregnated w i t h  Zinc Chlor ide  - A s o l u t i o n  of 
z i n c  c h l o r i d e  i n  methyl e t h y l  ketone was used t o  impregnate C a t a l y s t  No. 1 
fol lowing  t h e  procedure used by Innes for determining c a t a l y s t  porosi ty . ( ' j  
The s o l v e n t  was removed by h e a t i n g  a t  6OoC and atmospheric  p r e s s u r e  over- 
n i g h t ,  fol lowed by t w o  hours  a t  200OC and 1 nun Hg p r e s s u r e .  The f i n a l  
c a t a l y s t  conta ined  19$ z i n c  c h l o r i d e .  

Zinc Chlor ide  on  Alumina - American Cyanamid gamma alumina s t a b i l i z e d  wi th  
2% s i l i c a  was impregnated w i t h  19% z i n c  c h l o r i d e  by t h e  same procedure as  
f o r  C a t a l y s t  No. 7 .  The alumina had a s u r f a c e  area of over  225 m2/g, and 
an average pore diameter  of 80-100 8 .  

Mixtures  - Runs 2 and 3 were made wi th  mixtures  of C a t a l y s t  No. 1 and a 
s a l t  c a t a l y s t .  These were added s e p a r a t e l y  t o  t h e  au toc lave .  

Equipment 

Cata log  No. 40-2150 rocking  au toc lave .  The normal rocking  motion of 36 cyc les / sec .  
about  t h e  a x i s  of t h e  au toc lave  w a s  found t o  g i v e  good c a t a l y s t  mixing only i f  t h e  
c a t a l y s t  was 35x65 mesh or f i n e r .  I n  o r d e r  to  tes t  c a t a l y s t s  of 1/16-inch diameter 
such as were be ing  used on  cont inuous u n i t s ,  t h e  au toc lave  and f u r n a c e  were mounted 
on t h e  end of a 12-inch arm, so t h a t  a shaking motion r e s u l t e d  r a t h e r  than  rocking. 
The au toc lave  w a s  d r i v e n  at 8 6  cyc les / sec .  through an angle  of 30° a t  t h e  end of t h e  
12-inch l e v e r  arm a s  shown i n  F igure  No. 1. 

The b a s i c  u n i t  f o r  t h e  hydrocracking tests was an American Instrument  Co., 

Other  f e a t u r e s  of t h e  tes t  u n i t  a r e  ev ident  from Figure  No. 1. Hydrogen c a n  
b e  f r e q u e n t l y  added t o  t h e  au toc lave  dur ing  t h e  run  t o  main ta in  p r e s s u r e .  Hydrogen 
consumption i s  measured d i r e c t l y  by t h e  change i n  p r e s s u r e  on t h e  300 m l  accumulator. 
The accumulator is i s o l a t e d  from t h e  compressor dur ing  a run and a p r e c i s i o n  Heise 
gauge i n d i c a t e s  t h e  p r e s s u r e  t o  f 10 p s i .  
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Procedure f o r  Hydrocracking T e s t s  

The 300 m l  au toc lave  i s  weighed and 50 grams of f e e d  p l u s  t h e  r e q u i r e d  weight of 
c a t a l y s t  added. The a u t o c l a v e  i s  t h e n . c l o s e d ,  evacuated through valve V-2, and 
p r e s s u r e  t e s t e d  with 1000-1500 p s i g  of hydrogen from t h e  accumulator.  Heating is  
then commenced with V - 3  c l o s e d .  

When t h e  temperature  approaches t h e  area where r e a c t i o n  w i l l  begin ( c a .  3OO0C), 
V - 3  i s  opened and t h e  reactor p r e s s u r e  watched f o r  evidence of hydrogen consumption. 
Hydrogen i s  t h e r e a f t e r  s u p p l i e d  as 'needed i n  f r equen t  increments from t h e  accumulator 
u n t i l  t h e  f u l l  hydrogen p r e s s u r e  i s  reached when r e a c t i o n  temperature  i s  reached. 
T h e r e a f t e r ,  p re s su re  i s  maintained,  i f  necessary, ,  by more hydrogen a d d i t i o n s .  The 
r a t e  of temperature  r ise  i s  c o n t r o l l e d  t o  average 10°C/min. t o  375OC. From 375'C t o  
t h e  maximum temperature  r e q u i r e s  5 t o  15 minutes  depending upon t h e  temperature  used 
and t h e  e x t e n t  of t h e  exothermic r e a c t i o n  ob ta ined .  The temperature  i s  then  held a t  
t h e  d e s i r e d  l e v e l  f o r  a set t i m e  ( u s u a l l y  one hour) ,  and then  lowered r a p i d l y  t o  250°c 
v i a  an a i r  b l a s t .  A f t e r  r each ing  250°C, t h e  motion i s  stopped, valve V - 3 . i s  closed, 
and t h e  temperature  ma in ta ined  during depres su r ing  of t h e  1ine.s.  The l i n e  from t h e  
accumulator t o  t h e  a u t o c l v e  i s  disconnected a t  V - 3  and r ep laced  wi th  t h e  l i n e  (dashed) 
t o  t h e  recovery t r a i n .  The t r a i n  i s  evacuated through V-4, and t h e  con ten t s  b l ed  o f f  , 

through a dry- ice-acetone c o l d  t r a p ,  an Ascarite t r a p  t o  remove a c i d  gases ,  and i n t o  a 
gas  h o l d e r .  

Ana lys i s  o f  Hydrocracked P roduc t s  from Runs Using Zinc Chloride 

The gases  pas s ing  through t h e  co ld  t r a p  from t h e  250°C bleed-off are metered and 
analyzed on a molecular s e i v e  gas  chromatograph column (Linde 5A, Medium Grade).  The 
hydrogen gas  remaining a f t e r  t h e  run is s u b t r a c t e d  from t h a t  f ed  from t h e  accumulator 
t o  g i v e  t h e  overall  hydrogen consumption f o r  t h e  run. The v o l a t i l e  m a t e r i a l s  i n  the  
c o l d  t r a p  , a r e  b l ed  i n t o  an evacuated b o t t l e  by p l ac ing  t h e  c o l d  t r a p  i n  ice water  u n t i l  
t h e  Sample b o t t l e  reaches 1 atm. The c o l d  t r a p  is  t h e n  connected t o  an evacuated 
s t a i n l e s s  s t e e l  bomb immersed i n  dry- ice-acetone and t h e  o r i g i n a l  t r a p  allowed t o  rise 
t o  room temperature .  The v o l a t i l e  products  c o l l e c t e d  i n  t h e  glass sample b o t t l e  and 
t h e  s t a i n l e s s  bomb are subsequen t ly  analyzed f o r  C1 t o  C, hydrocarbons on a gas chroma- 
tograph (hexamethylphosphorarnide supported on Chromosorb W ) .  
remaining i n  the  o r i g i n a l  c o l d  t r a p  are sepa ra t ed  and analyzed.  

The l i g h t  o i l  and water 

The product remaining i n  t h e  au toc lave  a t  25OoC is  removed a f t e r  coo l ing  t o  room 
temperature ,  using a mix tu re  of o rgan ic  s o l v e n t  (carbon d i s u l f i d e  f o r  pyrene runs,  
benzene f o r  e x t r a c t  hydro r e s i d u e  runs )  and water. 
w i t h  water i n  a Waring B lende r  and f i l t e r e d  u n t i l  f r e e  of c h l o r i d e  ion .  The f i l t r a t e s  
are s e p a r a t e d  i n t o  water and o rgan ic  phases  and each washed u n t i l  water is f r e e  o f  
o r g a n i c s  and t h e  o rgan ic  phase  f r e e  of c h l o r i d e .  

The r e s i d u e  i s  r epea ted ly  washed 

The f i l t e r  cake from t h e  f i n a l  water wash i s  Soxhlet  e x t r a c t e d  wi th  methyl e t h y l  
ketone (MEK). 
d i s t i l l e d .  

The s o l u b l e  f r a c t i o n  i s  combined wi th  the  o rgan ic  f i l t r a t e  phase and 

The MEK-Insoluble m a t e r i a l  i n  t h e  Soxhlet  thimble inc ludes  z i n c  ox ide  and z i n c  
s u l f i d e  as  w e l l  as o r g a n i c  r e s i d u e .  The amounts of each are determined by a n a l y s i s .  

The procedures  f o r  t i n  c h l o r i d e  o r  combined c a t a l y s t  runs  fol lowed t h e  above 
format  with very minor m o d i f i c a t i o n s .  Where only a supported ca ta lys t  was involved, 
t h e  procedure s i m p l i f i e d  t o  p r e s s u r e  f i l t r a t i o n  (20 ps i ) ,  MEK e x t r a c t i o n  o f  t h e  cata-  
l y s t  and sampling of t h e  f i l t r a t e s .  

Product  Bo i l ing  Range 

B o i l i n g  ranges o f  t h e  pyrene p roduc t s  were determined by gas  chromatography using 
a s i l i c o n e  rubber  column at 170°C with flame i o n i z a t i o n  d e t e c t o r .  Th i s  pe rmi t t ed  Csz 
t o  be used as a s o l v e n t  f o r  s o l i d  f r a c t i o n s  without  i n t e r f e r e n c e .  A f a i r l y  simple 
p a t t e r n  o f  about 2 0  peaks r e s u l t e d .  



. Products from runs i n  which,hydro r e s i d u e  was f e d  were vacuum d i s t i l l e d  t o  g i v e  
t h e  d i s t i l l a t e  d i s t r i b u t i o n  because of t h e  more complicated n a t u r e  of  t h e  f e e d .  

Hydrogen consumption is determined d i r e c t l y  from hydrogen f e d  and recovered.  
Conversion is c a l c u l a t e d  by s u b t r a c t i n g  t h e  recovered r e s i d u e  (+40OoC) from t h e  
weight of f e e d  and d i v i d i n g  t h e  d i f f e r e n c e  by t h e  weight of f e e d .  

A measure of t h e  a s p h a l t i c  na ture  of extracts and hydro r e s i d u e  (Table I) i s  
given by s o l v e n t c f r a c t i o n a t i o n .  "Benzene-Insolubles" is t h e  f r a c t i o n  of e x t r a c t  i n -  
s o l u b l e  i n  benzene a t  its atmospheric  b o i l i n g  p o i n t  (Soxhlet  appara tus) .  "Asphaltenes" 
is t h e  benzene-soluble,  cyclohexane-insoluble  f r a c t i o n ,  determined by mixing one p a r t  
of benzene-soluble material wi th  n i n e  p a r t s  of benzene and 100 p a r t s  of cyclohexane, 
by weight, and f i l t e r i n g  a t  room tempera ture .  
i s  termed '*oil". 

The f r a c t i o n  s o l u b l e  i n  t h i s  mixture  

RESULTS AND DISCUSSION 

Contact C a t a l y s t s  wi th  Cracking Promoters 

The f i r s t  approach used i n  a t tempt ing  t o  enhance t h e  c racking  a c t i v i t y  of  t h e  
contac t - type  catalyst  w a s  t o  add c r a c k i n g  promoters .  One method used  was t o  incorpo- 
rate t h e  promoters i n  t h e  contac t - type  catalysts e i t h e r  by impregnat ion wi th  z i n c  
c h l o r i d e  or by f l u o r i n a t i o n  i n  t h e  vapor phase wi th  anhydrous h y d r o f l u o r i c  a c i d .  
Another method employed was t o  impregnate t h e  hydrogenat ing meta ls  on  an a c t i v e  
s i l i ca-a lumina  c racking  c a t a l y s t  base .  S t i l l  another  method w a s  i n v e s t i g a t e d  i n  
which t h e  c racking  c a t a l y s t ,  i .e . ,  z i n c  c h l o r i d e  was not impregnated on t h e  support  
but  was simply added as a s e p a r a t e  component t o  t h e  au toc lave .  
c racking  c a t a l y s t  by i t s e l f ,  i .e . ,  z i n c  c h l o r i d e  impregnated on y-A120, was i n v e s t i -  
ga ted  w i t h o u t  t h e  a d d i t i o n  of hydrogenat ing metals. 
feeds tock  are summarized i n  Table  11. A l l  runs  were c a r r i e d  out  a t  s tandard ized  
c o n d i t i o n s ,  i .e. ,  a t o t a l  h o t  p r e s s u r e  of  4200 p s i g  and 1 hour  r e s i d e n c e  t i m e  at t h e  
o p e r a t i n g  temperature  of 427°C. 

F i n a l l y ,  t h e  use of a 

The a c t i v i t y  tests wi th  pyrene 

Runs 2 and 5 conta ined  t h e  same q u a n t i t y  of  z i n c  c h l o r i d e  i n  each case, t h e  only 
d i f f e r e n c e  be ing  t h a t  i n  t h e  former c a s e  t h e  z i n c  c h l o r i d e  w a s  added as  a s e p a r a t e  
component while  i n  t h e  l a t te r  case it was f i rs t  impregnated on t h e  n i c k e l  molybdate 
c a t a l y s t .  

No d e t a i l e d  s t r u c t u r a l  i n v e s t i g a t i o n  was made of t h e  products  of  t h e  r e a c t i o n .  
The b o i l i n g  ranges of Table  11, however, correspond roughly t o  t h e  fo l lowing  c l a s s e s  
of compounds as g iven  below: 

340 x 39OoC P a r t  i a1  1 y Hydrogenat e d Py renes  
280 x 34OoC Alkyla ted  and P a r t i a l l y  Hydrogenated Phenanthrenes 
200 x 28OOC Alkyla ted  and P a r t i a l l y  Hydrogenated Naphthalenes 
c5 x 200% Alkyl  Benzenes, S i n g l e  Ring Naphthenes and 

P a r a f f i n s  

I n  i n t e r p r e t i n g  r e s u l t s ,  it should be noted  t h a t  t h e  hydrocracked product  con- 
sists only  of products  b o i l i n g  below 34OOC. 
such t h a t  i n  almost a l l  c a s e s  very l i t t l e  remains completely unconverted.  

The pyrene i s  very r e a d i l y  hydrogenated 

I n  almost a l l  cases a n ' i n c r e a s e  i n  hydrocracking a c t i v i t y  was o b t a i n e d  by a d d i t i o n  
of t h e  c racking  promoter. 
d i s t i l l a t e  products  as w e l l  a s  a s u b s t a n t i a l  i n c r e a s e  i n  t h e  hydrogen consumption. A 
lone  except ion  was s tannous  c h l o r i d e .  
meta l  h a l i d e  w a s  more than  compensated f o r  by a decreased a c t i v i t y  of t h e  c o n t a c t  
c a t a l y s t .  The 1 , a t t e r  may be due t o  c o a t i n g  of t h e  c o n t a c t  c a t a l y s t  wi th  t h e  molten 
sal t .  Zinc c h l o r i d e ,  however, is such a s t r o n g  cracking  c a t a l y s t  that  it acts as  a 
n e t  promoter i n  s p i t e  of t h e  f a c t  t h a t  t h e  same type  of d e a c t i v a t i o n  by c o a t i n g  of t h e  

This  i s  evidenced by an i n c r e a s e  i n  t h e  y i e l d  of C, x 34OoC 

Here, t h e  very l o w  c racking  a c t i v i t y  of t h e  
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c o n t a c t  c a t a l y s t  i s  p o s s i b l e  h e r e  too .  A s  a mat te r  of f a c t ,  it appears t o  be s l i g h t l y  
more a c t i v e  when added s e p a r a t e l y  t h a n  when it i s  impregnated on t h e  c a t a l y s t  before  
use .  

I t  i s  i n t e r e s t i n g  t o  note  t h a t  ZnC1, on A1,0,, even without  t h e  hydrogenating 
meta ls ,  has  hydrocracking a c t i v i t y  a l though i t  i s  less t h a n  t h a t  of t h e  n i c k e l  molyb- 
d a t e  c a t a l y s t  by i t s e l f .  I t  a l s o  shows a r e l a t i v e l y  high coke y i e l d  which may poss ib ly  
be a t t r i b u t e d  t o  the  absence of hydrogenating m e t a l s .  I t  i s  c l e a r ,  however, as was 
shown by Schmerling and I p a t i e f f , ( " )  t h a t  z i n c  c h l o r i d e  even i n  t h e  absence of hydro- 
gena t ing  metals i s  capable  of a c t i v a t i n g  hydrogen f o r  t h e  hydrogenation and hydrocrack- 
i n g  of po lynuclear  aromatic  hydrocarbons.  

The a c t i v i t i e s  of t h e  o t h e r  two "dual f u n c t i o n  c a t a l y s t s "  i n v e s t i g a t e d ,  i . e . ,  
f l u o r i d e d  n i c k e l  molybdate and Co-Mo-Ni on a c racking  c a t a l y s t  base (Houdry S-90) a r e  
a l s o  h igher  than  t h a t  of t h e  n i c k e l  molybdate c a t a l y s t  and a r e  even s l i g h t l y  more 
a c t i v e  t h a n  t h e  z inc  c h l o r i d e  promoted c a t a l y s t s  f o r  t o t a l  conversion.  They produce, 
however, more middle range b o i l i n g  d i s t i l l a t e s  and less g a s o l i n e .  
C, x 20O0C d i s t i l l a t e  was 27.1$ of t h e  feed  i n  t h e  case  of t h e  z i n c  c h l o r i d e  c a t a l y s t  
and only 13.58 of t h e  f e e d  f o r  t h e  S-90 c a t a l y s t .  

The y i e l d  of 

Ammonia Tolerance of Promoted C a t a l y s t s  

The development of t h e  d u a l  f u n c t i o n  c a t a l y s t s  was aimed at t h e i r  use,  a s  men- 
t i o n e d  above, in the  hydrocracking of r e f r a c t o r y  r e s i d u e s  from t h e  hydrogenolysis  of 
c o a l  e x t r a c t .  These r e s i d u e s ,  a s  t h e  d a t a  given i n  Table  I show, c o n t a i n  s u b s t a n t i a l  
q u a n t i t i e s  of n i t r o g e n  of  t h e  o r d e r  of 1 w t .  8 o r  more. 
were t o  be of much u s e  i n  such an opera t ion ,  they must be r e l a t i v e l y  r e s i s t a n t  t o  
poisoning  by MI, and o t h e r  n i t r o g e n  bases  r e l e a s e d  during t h e  hydrocracking process .  

Therefore ,  i f  t h e s e  c a t a l y s t s  

The i n v e s t i g a t i o n  was t h e r e f o r e  d i r e c t e d  towards determining t h e  a c t i v i t y  of t h e s e  
c a t a l y s t s  as a f u n c t i o n  of t h e  p a r t i a l  p ressure  of MI, i n  t h e  gas  phase. I n  order  t o  
guide t h e  experimental  work, rough a b s o r p t i o n  isotherms f o r  MI, were determined f o r  
t w o  of t h e  above c a t a l y s t s ,  i .e . ,  ZnC1, on n i c k e l  molybdate and Co-Mo-Ni on S-90. 
These a r e  shown i n  F igure  2 .  

The r e s u l t s  a r e  a t  l e a s t  roughly c o r r e c t  s i n c e  t h e  350'C isotherm f o r  C a t a l y s t  
No. 7 approaches t h e  t h e o r e t i c a l  asymptot ic  value of 32 c c  NH3/gm. This  value cor res -  
ponds t o  t h e  a d d i t i o n  of 1 mole of NH, t o  1 mole of ZnC1,. 

Experiments were now conducted i n  which c o n t r o l l e d  amounts of NH, were added such 
t h a t  t h e  p a r t i a l  p ressure  of NH, could  be e s t i m a t e d  a f t e r  c o r r e c t i o n  f o r  t h e  amount 
absorbed on t h e  c a t a l y s t .  

The r e s u l t s  f o r  t h r e e  t y p e s  of c a t a l y s t s  a r e  summarized i n  Figure 3 where y i e l d s  
of d i s t i l l a t e s  are p l o t t e d  as  a f u n c t i o n  of NH, p r e s s u r e .  I t  i s  noted t h a t  even t h e  
n i c k e l  molybdate c a t a l y s t  by i t s e l f  s u f f e r s  a l o s s  of a c t i v i t y  on a d d i t i o n  of NH,. The 
S-90 c a t a l y s t  appears t o  be a b l e  t o  t o l e r a t e  somewhat l a r g e r  q u a n t i t i e s - o f  hi, than  t h e  
ZnC1,-impregnated c a t a l y s t  probably because t h e  a c i d i c  si tes a r e  weaker and are more 
r e a d i l y  d i s s o c i a t e d .  This  f a c t  is  ev ident  from t h e  absorp t ion  isotherms given i n  
F igure  2.  

Thus, t o  o b t a i n  a s u b s t a n t i a l  improvement i n  a c t i v i t y  over  t h e  n i c k e l  molybdate 
c a t a l y s t ,  t h e  NH, pressure  must be maintained below about 5 p s i  f o r  t h e  ZnC1, promoted 
c a t a l y s t  or s l i g h t l y  h i g h e r  for t h e  S-90 c a t a l y s t .  To achieve  such low p a r t i a l  pres-  
s u r e s  of MI, with  high n i t r o g e n  feeds tocks  would r e q u i r e ,  i n  g e n e r a l ,  i m p r a c t i c a l l y  
h igh  rates of hydrogen c i r c u l a t i o n .  Consider  a feeds tock ,  f o r  example, which r e l e a s e s  
1 w t .  $ n i t r o g e n  as  ammonia I n  a hydrocracking process  wherein t h e  hydrogen p a r t i a l  
p r e s s u r e  i s  maintained at  200 atms. 
160  SCF/lb f e e d  would be r e q u i r e d  i n  t h i s  c a s e  t o  main ta in  t h e  p a r t i a l  p r e s s u r e  of NH, 
below 5 p s i a  i n  t h e  o u t l e t  gas .  

A hydrogen c i r c u l a t i o n  r a t e  of g r e a t e r  t h a n  

\, 

, 

I 

r ,  

I 
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. Autoclave tests were run  w i t h  t h e  hydro r e s i d u e  i t s e l f  wherein t h e  5-90 catalyst 

I t  is seen  t h a t  t h e  h igh  n i t r o g e n  conten t  of t h e  f e e d s t o c k  a s  expected 
was compared w i t h  t h e  n i c k e l  molybdate c a t a l y s t .  The r e s u l t s  of t h e s e  tests a r e  shown 
i n  Table  111. 
has poisoned t h e  a c t i v i t y  of t h e  S-90 c a t a l y s t  such t h a t  it is  less a c t i v e  t h a n  t h e  
n i c k e l  molybdate. 

The a c t i v i t y  of f u s e d  z inc  c h l o r i d e  c a t a l y s t  i t s e l f  w i t h  no suppor t  or o t h e r  
a d d i t i v e  was t e s t e d  i n  massive q u a n t i t i e s  on t h i s  same feeds tock  w i t h  t h e  r e s u l t s  
shown i n  Table  111. I n  s p i t e  of t h e  fact  t h a t  a lower tempera ture  was used, t h e  molten 
z inc  c h l o r i d e  c a t a l y s t  more than  doubled t h e  conversion and hydrogen consumption. 
s e l e c t i v i t y  of t h e  process  as measured by t h e  q u a n t i t y  (C,-C,) x 100/conversion is also 
improved with , the  molten z i n c  c h l o r i d e  c a t a l y s t .  
c e n t  y i e l d  of methane, e thane  p l u s  propane. 

The 

C,-Cs here  r e f e r s  t o  t h e  weight per-  

V e r y  noteworthy, l ikewise ,  i s  t h e  high s e l e c t i v i t y  of t h e  process  f o r  product ion 
of g a s o l i n e .  
g a s o l i n e  range i n  t h e  c a s e  of t h e  ZnCl, c a t a l y s t ,  and only 52 p e r c e n t  i n  t h e  case of 
t h e  n i c k e l  molybdate c a t a l y s t .  

Ninety-one percent  of t h e  d i s t i l l a t e  o i l s  (b .p .  below 40O0C) b o i l  i n  t h e  

Another d i s t i n c t i v e  f e a t u r e  of c a t a l y s i s  wi th  massive q u a n t i t i e s  of z i n c  c h l o r i d e  
i s  t h e  h igh  ra t io  of is0 p a r a f f i n s  t o  n-paraf f ins  produced a s  evidenced by t h e  r a t i o  
of i sobutane  t o  n-butane of over  6/1. This  phenomenon i s  observed wi th  convent ional  
"dual func t ion"  hydrocracking c a t a l y s t s  when t h e  feeds tock  i s  f r e e  of n i t r o g e n  poisons.  
I n  t h i s  c a s e  t h e  same phenomenon i s  observed by "over whelming" t h e  n i t r o g e n  poisons 
w i t h  an excess  of c a t a l y s t .  

I n  c o n t r a d i s t i n c t i o n  runs 8 and 9 u s i n g  c o n t a c t  c a t a l y s t s  show a l o w  r a t i o  of is0 
t o  n-bptane i n d i c a t i n g  t h a t  t h e  a c i d  c racking  s i t e s  have been poisoned by t h e  n i t rogen  
b a s e s  i n  t h e  feeds tock .  

. These r e s u l t s  po in t  t o  t h e  clear s u p e r i o r i t y  of massive z i n c  c h l o r i d e  m e l t s  a s  a 
hydrocracking c a t a l y s t .  The development i s  proceeding wi th  t h e  c e n t r a l  concept of 
cont inuous ly  c i r c u l a t i n g  t h e  molten h a l i d e  c a t a l y s t  t o  a r e g e n e r a t i o n  s t e p  where t h e  
n i t r o g e n  poisons would be removed. Data on t h e  e f f e c t  of b a s i c  n i t r o g e n  on c a t a l y s t  
a c t i v i t y  w i l l  be given i n  a subsequent paper .  

A c t i v i t y  T e s t s  of Molten Hal ide C a t a l y s t s  with Pyrene Feedstock 

A series of f u r t h e r  tests were made wi th  pyrene feeds tock  t o  provide  more back- 
ground informat ion  f o r  development of t h e  molten h a l i d e  c a t a l y s t  s y s t e m .  Experiments 
were conducted to  f u r t h e r  c l a r i f y  t h e  e f f e c t  of t h e  q u a n t i t y  of c a t a l y s t  used, t h e  
e f f e c t  of t h e  a d d i t i o n  of c racking  and hydrogenation promoters a s  w e l l  as a comparison 
of t h e  a c t i v i t y  of f u s e d  z i n c  c h l o r i d e  wi th  o t h e r  molten h a l i d e  sa l t s .  The experi-  
mental  r e s u l t s  a r e  summarized i n  Table  I V .  

I t  i s  noted t h a t  when t h e  z i n c  c h l o r i d e  c a t a l y s t  i s  used i n  r e l a t i v e l y  small 
amounts ( i n  7 percent  by weight of t h e  pyrene f e d ,  Run ll), t h a t  t h e  a c t i v i t y  is q u i t e  
low. The main r e a c t i o n  appears  t o  be hydrogenat ion of pyrene t o  p a r t i a l l y  hydrogen- 
a t e d  pyrenes w i t h  some hydrocracking t o  l i g h t  d i s t i l l a t e s .  The e x t e n t  of hydrocracking 
is also much less than  when t h e  same amount of z i n c  c h l o r i d e  i s  used d i s p e r s e d  on a n  
alumina support  ( c f .  Run 7, Table 11). However, when massive q u a n t i t i e s  of z i n c  
c h l o r i d e  m e l t  are used, i .e . ,  Run 12, t h e  hydrocracking of pyrene proceeds very vigor-  
ous ly .  A much g r e a t e r  degree of hydrocracking is obta ined  t h a n  wi th  any of t h e  pro- 
moted c o n t a c t  c a t a l y s t s  d i scussed  above. The r e s u l t  i s  a l s o  q u i t e  s i m i l a r  t o  t h a t  
observed when massive q u a n t i t i e s  of z i n c  c h l o r i d e  m e l t  were used f o r  hydrocracking of 
e x t r a c t  r e s i d u e  ( c f .  Run 10, Table  111). 
butane (5.6/1) and h igh  p r o p o r t i o n  of g a s o l i n e  b o i l i n g  range l i q u i d ,  i .e . ,  91$, i n  t h e  
t o t a l  C, x 34OoC d i s t i l l a t e  is  aga in  observed.  

The c h a r a c t e r i s t i c  h igh  r a t i o  of is0 t o  n- 

The coke p l u s  t a r  y i e l d  was r a t h e r  high i n  Run 12, i .e. ,  7 .5$  of  t h e  f e e d  i n  s p i t e  
of t h e  r e l a t i v e l y  h igh  P r e s s u r e  employed. Runs 13 and 14 were conducted to determine 
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i f  t h e  a d d i t i o n  of hydrogenat ing components t o . t h e  m e l t ,  i . e . ,  SnC1, and ~ ~ 0 ,  would 
reduce t h e  coke p lus  t a r  y i e l d .  Stannous c h l o r i d e  i n  t h e  S m a l l  amounts used was 
completely i n e r t ,  i .e . ,  no d i f f e r e n c e  i n  r e s u l t s  i s  apparent  between Runs 12 and 13. 
Molybdic o x i d e  (Run 14) d i d  i n c r e a s e  the 'hydrogen  consumption and decrease  t h e  gas  
y i e l d  s l i g h t l y ,  but a c t u a l l y  caused  a n  i n c r e a s e  r a t h e r  t h a n  a decrease  i n  t a r  p l u s  
coke y i e l d .  

Runs 15 and 16 were conducted t o  determine what t h e  e f f e c t  o f  t h e  a d d i t i o n  of  
c racking  promoters. t o  t h e  m e l t  would be.  HC1 p o t e n t i a l l y  can f o r m  t h e  u n s t a b l e  
F r i e d e l . C r a f t s  a c i d  by t h e  r e a c t i o n ,  

HC1 + ZnC1, = Hf(ZnC1,-) 

whi le  water  can .undergo a s i m i l a r  r e a c t i o n ,  

H 2 0  + ZnC1, = H'(ZnC1,OH) - 

The o r i g i n a l  m e l t  w a s  n o t  completely anhydrous and u s u a l l y  conta ined  about 1 w t .  $J 
H,O. Thus, t h e  a d d i t i o n  of f u r t h e r  q u a n t i t i e s  of water can  i n c r e a s e  t h e  amount of  
a c i d i c  c racking  c a t a l y s t  by t h e  above r e a c t i o n .  

I t  i s  s e e n  t h a t  t h e  a d d i t i o n  of  HC1 is  unfavorable  i n  t h a t  i t  causes  a l a r g e  in-  
c r e a s e  i n  t h e  amount of coke. Water a d d i t i o n  on t h e  o t h e r  hand i n c r e a s e d  t h e  o v e r a l l  
hydrogen consumption w i t h  o n l y  a s l i g h t  i n c r e a s e  i n  t h e  amount of t a r  p l u s  coke. 

Run 17 was'conducted t o  de te rmine  whether massive q u a n t i t i e s  of s tannous c h l o r i d e  

The only process  observed 
melt would behave s i m i l a r l y  to z i n c  c h l o r i d e .  I t  i s  seen  t h a t  i t  i s  a very weak 
c a t a l y s t  and t h a t  p r a c t i c a l l y  no hydrocracking t a k e s  p l a c e .  
i s  hydrogenat ion t o  p a r t i a l l y  hydrogenated pyrenes.  I t  would appear  t h a t  t h e  r e l a t i v e l y  
good a c t i v i t y  of  t i n  c a t a l y s t s  f o r  hydrogenolysis  of  coal and c o a l  e x t r a c t  must i n  some 
way be  r e l a t e d  t o  t h e i r  a c t i v i t y  w i t h  respec t  t o  s c i s s i o n  of s p e c i f i c  weak bonds t h a t  
a r e  n o t  p r e s e n t  i n  pyrene or i t s  p a r t i a l l y  hydrogenated homologues. 

F i n a l l y ,  one experiment  (Run 18) w a s  conducted u s i n g  massive q u a n t i t i e s  of  an 
AlBr, m e l t .  Due t o  t h e  very h i g h  a c t i v i t y  of  t h i s  c a t a l y s t ,  it was not  p o s s i b l e  t o  
run a t  comparable c o n d i t i o n s  used  f o r  t h e  ZnCl, c a t a l y s t .  The experiment w a s  run a t  a 
much lower temperature ,  i .e . ,  300"C;  and a l o w e r  p ressure ,  i . e . ,  3000 p s i g .  A s  a 
m a t t e r  of f a c t  t h e  a b s o r p t i o n  of  hydrogen was i n i t i a l l y  so r a p i d  t h a t  t h e  p r e s s u r e  f e l l  
cons.iderably below 3000 p s i g  a t  f i r s t .  This  may b e  t h e  reason  f o r  t h e  f a i r l y - h i g h  
y i e l d  of t a r  obta ined .  

I t  i s  obvious, however, t h a t  AlBr, is  a much more a c t i v e  c a t a l y s t  t h a n  z i n c  
c h l o r i d e .  
t h e  f e e d  pyrene was almost completely degraded t o  low molecular  weight p a r a f f i n s  i n  
t h e  range of C1 t o  C,. 
showed t h e  composition g i v e n  below: 

The c o n d i t i o n s  chosen were t o o  s e v e r e  i n  t h a t ,  o u t s i d e  of t h e  tar  produced, 

r The C, x 150'C d i s t i l l a t e ,  as determined by gas  chromatography, 

I sopentane  
n-Pentane 
2,2-Dimethyl Butane 
2,3-Dimethyl Butane ) 

2-Methyl Pentane ) 
3-Methyl Pentane 
n-Hexane 
Met hy 1 Cy c lopent  ane 

T o t a l  
c7 + 

48.2 
18.2 
1.8 

8.2 

3.7 
2.5 
0 . 4  

18 .O 
100.0 
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The z i n c  c h l o r i d e  c a t a l y s t  i s  almost completely i n a c t i v e  f o r  hydrocracking of 
s i n g l e - r i n g  aromatic hydrocarbons as t h e  d a t a  of Table  V show where benzene is used as 
a model compound. This  is  one reason t h a t  high y i e l d s  of g a s o l i n e  b o i l i n g  range hydro- 
carbons are obta ined  wi th  z i n c  c h l o r i d e  m e l t  c a t a l y s t .  I n  o t h e r  words, t h e  hydro- 
c racking  process  is  suspended a f t e r  a romat ic  hydrocarbons b o i l i n g  i n  g a s o l i n e  range are 

aromatics ,  naphthenes and p a r a f f i n s  a r e  r e s i s t a n t  t o  f u r t h e r  hydrocracking by z i n c  
c h l o r i d e  c a t a l y s t .  

1 produced. Other experiments showed t h a t  t h e  whole g a s o l i n e  f r a c t i o n  i n c l u d i n g  

, 

This  is not t r u e  of aluminum h a l i d e  c a t a l y s t s  s i n c e  i t  is c l e a r  t h a t  cont inued 
1 ' hydrocracking t o  produce predominantly propane and butanes  occurred  under t h e  condi- 

t i o n s  used.  The e f f e c t  of u s i n g  mi lder  o p e r a t i n g  c o n d i t i o n s  wi th  aluminum h a l i d e  
C a t a l y s t s  is  now being i n v e s t i g a t e d .  

', Mechanism of Hydrocracking wi th  Molten Hal ide C a t l y s t s  

The i n v e s t i g a t i o n  was not aimed at  s p e c i f i c a l l y  u n r a v e l l i n g  t h e  mechanism of t h e  
hydrocracking process  so t h a t  one can  only s p e c u l a t e  on t h i s  q u e s t i o n .  

The na ture  of t h e  a c t i v e  c a t a l y s t  i s  not c l e a r  bu t  is l i k e l y  a F r i e d e l  C r a f t s  
a c i d .  As s t a t e d  above, no precaut ions  were used t o  completely dehydrate  t h e  z i n c  
c h l o r i d e  m e l t s  used and they u s u a l l y  conta ined  about 1 w t .  '$ of water .  Thus, t h e  
a c t i v e  c a t a l y s t  may be t h e  a c i d  produced by i n t e r a c t i o n  of z i n c  c h l o r i d e  wi th  water  

ZnC1, + H,O = H+ (ZnC1,OH) - 

The f i r s t  s t e p  i n  hydrocracking i s  l i k e l y  t h e  a d d i t i o n  of t h e  F r i e d e l  C r a f t s  a c i d  
t o  t h e  l a b i l e  unsa tura ted  bond between t h e  9 and 10 carbon atoms of t h e  pyrene r i n g .  

-I 
P-c 

This  i s  s i m i l a r  t o  t h e  f i r s t  s t e p  i n  t h e  mechanism proposed by Schmer1ing(l5) and 
o t h e r s  f o r  a l k y l a t i o n  of i s o p a r a f f i n s  wi th  o l e f i n s  u s i n g  F r i e d e l  C r a f t s  c a t a l y s t s .  

The a romat ic -ca ta lys t  complex, w r i t t e n  a s  P C, can then  react w i t h  hydrogen t o  
regenera te  t h e  c a t a l y s t  and produce 9,lO-dehydropyrene as fol lows:  

This  b a s i c  mechanism f o r  hydrogenation can cont inue  f o r  f u r t h e r  a b s o r p t i o n  of  hydrogen, 
s c i s s i o n  r e a c t i o n s  l e a d i n g  t o  r i n g  opening and d ihydroa lkyla t ion ,  etc. 
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Experiments were c a r r i e d  ou t  t o  determine t h e  m i s c i b i l l t y  of ZnC1, and pyrene i n  
one ano the r .  Af t e r  mixing an equa l  weight of t h e  t w o  components a t  35OoC, no appreci-  
a b l e  s e p a r a t i o n  of phases  c o u l d  b e  d e t e c t e d  on s t and ing  f o r  one hour. Whether one is 
d e a l i n g  wi th  a t r u e  s o l u t i o n  or r e l a t i v e l y  s t a b l e  emulsions is  not c e r t a i n  a t  t h i s  
t i m e .  

The high dependence of r e a c t i o n  ra te  on c a t a l y s t  concen t r a t ion  would not be 
s u r p r i s i n g  i f  one i s  d e a l i n g  w i t h  a homogenous s o l u t i o n  of c a t a l y s t  and hydrocarbon 
r e a c t a n t .  

I t  i s  not c l e a r  at  p r e s e n t  whether t h e  r e s u l t s  r epor t ed  he re  a r e  unique t o  molten I 

h a l i d e  F r i ede l -Cra f t s  c a t a l y s t s .  I t  i s  p o s s i b l e  t h a t  s imi la r  r e s u l t s  can be obtained 
wi th  some l i q u i d  p r o t o n i c  a c i d s  such as phosphoric a c i d ,  hydro f luo r i c  ac id ,  hydroxy 
f l u o b o r i c  a c i d , . e t c . ,  once p rope r  cond i t ions  a r e  s e l e c t e d .  
p rog res s  t o  check t h e s e  p o s s i b i l i t i e s .  Prel iminary r e s u l t s  i n d i c a t e  t h a t  phosphoric . 
a c i d  i s  i n a c t i v e  f o r  hydrocracking of pyrene a t  3OO0C and 3000 p s i g  hot  p re s su re .  

Experiments a r e  now i n  
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TABLE I11 

Comparison of Contact C a t a l y s t s  wi th  ZnCla Melt f o r  
Hydrocracking of E x t r a c t  Hydro Residue 

T o t a l  P r e s s u r e  = 4200 p s i g  - Residence Time a t  Temperature = 60 min. 

8 10 - 9 - - Run No. 

C a t a l y s t  Co-Mo-Ni Sul f  i d e d  ZnC1, 
on S-90 Nickel Molybdate M e l t  

Temperature,  OC 441 441 

Catalyst /Feed,  W t  . R a t i o  0.3 0.3 

Y i e l d s ,  W t .  $ MAF Feed 
a 4  

C3H8 
C2H6 

iC4HI 0 

nC4H1 0 
C, x 15OoC D i s t .  
150 x 200OC D i s t .  
200 x 400OC D i s t .  
MFK-Sol. + 400OC Residue 
MEK-Insol. + 400°C Residue 

Conversion, W t .  $ Feed 

1.1 
1 . 2  
1.6 
0.2 
1 .o 
7 .O 
.I ; 7 

16.9 
67.5 

2.9 

29.6 

1.1 
1.2  
1.6 
0.1 
1 . 2  
9.1 
8.4 

1 6 . 1  
60.2 

2.4 

37.4 

H ,  Consumed, Wt. $ Feed 2.64 3.14 

(c,-c,) x 100/Conversion 13.4 10.5 

TABLE V 

Hydrocracking of Benzene wi th  Zinc Chlor ide  C a t a l y s t  

Temperature = 427OC - Residence Time a t  Temperature = 60 min. 
T o t a l  Hot P r e s s u r e  = 4200 p s i g  

427 

1 .OO 

1 . 2  
1 .5  
4.6 
5.0 
0.8 

52.5 
10.4 

6 . 3  
1 9 . 0  

3.4 

77.6 

6.85 

9.5 

Yie lds ,  W t  . $ of Benzene Feed 

- .04 
- .09 
- .92 
- .43  

nC4H1 0 .14 - .24 CSH12 
Other C 6 ' s  - .42 
Benzene - 99.00 
Total 101.28 

CH4 
C2H6 

C3H6 

- 

H, Consumed = 0.94 w t .  $ 
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MOLTEN ZINC HALIDE CATALYSTS FOR THE HYDROCRACKING OF COAL FXTlUCT AND COAL 

C. W. Zie lke ,  R. T. S t ruck ,  J. M. Evans, C.  P. Costanza, and E. a r i n  

Research Div is ion  
Consol ida t ion  Coal Company 

Library ,  Pennsylvania  

INTRODUCTION 

The background informat ion  l e a d i n g  t o  t h e  development of f u s e d  metal  h a l i d e  
c a t a l y s t s  f o r  t h e  hydrocracking of c o a l  e x t r a c t  was d iscussed  i n  a previous paper . ( lo)  
I t  was shown, t h e r e i n ,  t h a t  m e t a l  h a l i d e s  which a r e  s t r o n g  L e w i s  a c i d s  a r e  a c t i v e  
c a t a l y s t s  f o r  t h e  hydrocracking of po lynuclear  hydrocarbons and r e s i d u e s  from t h e  
hydrocracking of c o a l  e x t r a c t  wi th  c o n t a c t  c a t a l y s t s .  

The p r e s e n t  paper  d e s c r i b e s  t h e  i n i t i a l  s t e p s  i n  t h e  development of molten z i n c  
c h l o r i d e  c a t a l y s t s  f o r  t h e  hydrocracking of c o a l  e x t r a c t  and even c o a l  i t s e l f .  An 
e x t e n s i v e  survey of t h e  v a r i a b l e s  i n  t h e  hydrocracking of c o a l  e x t r a c t  with massive 
q u a n t i t i e s  of z i n c  c h l o r i d e  m e l t  is  presented .  Comparative d a t a  are also presented  
wi th  o t h e r  c a t a l y s t  s y s t e m s .  A l l  d a t a  given here  were obta ined  i n  ba tch  au toc lave  
experiments .  

I n  a d d i t i o n  t o  t h e  z i n c  h a l i d e s ,  s e v e r a l  p o s s i b l e  L e w i s  a c i d  c a t a l y s t s  were con- 
s i d e r e d  such a s  A1C13, A 1 B r 3 ,  BF3,  e t c .  These were r e j e c t e d  p r i m a r i l y  because they 
would be completely des t royed  by t h e  steam r e l e a s e d  dur ing  t h e  hydrogenat ion of c o a l  
e x t r a c t .  A l s o ,  a s  a consequence of t h e  halogen a c i d s  r e l e a s e d  dur ing  h y d r o l y s i s  of 
t h e  c a t a l y s t ,  t h e s e  m a t e r i a l s  would be much t o o  c o r r o s i v e  t o  be u s e f u l  i n  p o t e n t i a l  
commercial s y s t e m s .  

Zinc bromide was found t o  be e q u i v a l e n t  i n  a c t i v i t y  t o  z i n c  c h l o r i d e .  It was 
r e j e c t e d  from f u r t h e r  c o n s i d e r a t i o n  because of c o s t .  

Zinc c h l o r i d e  has been widely used a s  a c a t a l y s t  i n  experimental  work i n  c o a l  
hydrogenat ion al though it has never been employed i n  commercial p l a n t s .  No l i t e r a -  
t u r e  d a t a  a r e  a v a i l a b l e  on i t s  a c t i v i t y  f o r  t h e  hydrocracking of c o a l  e x t r a c t .  

Small amounts of ca ta lys t ( ' )  of t h e  o r d e r  of 3 w t .  $ o r  less of t h e  c o a l  were 
used and f r e q u e n t l y  t h e  c a t a l y s t  was impregnated on t h e  c o a l  b e f o r e  u s e .  There 
appears  t o  be no record  of t h e  use of massive q u a n t i t i e s  of molten z i n c  c h l o r i d e  
c a t a l y s t  i n  t h e  coa l  hydrogenat ion l i t e r a t u r e .  

ZnCla almost u n i v e r s a l l y  has  been regarded as being i n f e r i o r  i n  a c t i v i t y  t o  
SnC1, o r  halogen-promoted t i n  corn pound^(^,^,^,^,^) a s  a Cats y s t  f o r  c o a l  hydrogena- 
t i o n .  m e  except ion t o  t h i s  i s  found i n  some Japanese work,ts) o n h y d r o g e n a t i n g  
c o a l  t o  heavy o i l  a t  t h e  r e l a t i v e l y  mild o p e r a t i n g  c o n d i t i o n s  of 410'C and 200 a t m .  

The work was c a r r i e d  out  on a f a i r l y  l a r g e  p i l o t  p l a n t  S c a l e  u s i n g  1$ of  z i n c  
c h l o r i d e  and o t h e r  c a t a l y s t s .  Zinc c h l o r i d e  was found t o  be t h e  b e s t  c a t a l y s t  of 
t h e s e  t e s t e d  i n c l u d i n g  t i n .  ,, 

I / 
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EXPERIMENTAL 

The b a s i c  u n i t  used i n  t h i s  work was a 300 m l  shak 'ng au toc lave .  Th i s  u n i t  and 
t h e  procedures  involved have been desc r ibed  p rev ious ly .  tlo) One added f e a t u r e  used 
i n  two series of runs a t  c o n s t a n t  hydrogen p res su re  was t h e  use  of a palladium probe. 
A pal ladium tube,  1/8-inch I . D . ,  
Co. ,  was i n s e r t e d  i n t o  t h e  au toc lave  and s u i t a b l y  connected t o  a gauge t o  read 
hydrogen p r e s s u r e .  The ends were s i l v e r  so lde red  and t h e  i n t e r i o r  of t h e  tube 
nea r ly  f i l l e d  with a s t a i n l e s s  s tee l  w i r e  f o r  suppor t .  A t  temperatures  of 750°F and 
above, d i f f u s i o n  of hydrogen through t h e  tube  was r a p i d  enough t o  g ive  adequate 
response t o  changing p r e s s u r e .  A new tube was used each t i m e  t o  ensu re  freedom 
from s u l f u r  poisoning, a l though  burning off  between runs was a l s o  found t o  r e s t o r e  
a c t i v l t y .  The probe w a s  p r o t e c t e d  from sp la sh ing  autoclave con ten t s  by b a f f l e s .  

.010" Wall and 7 inches long from J. Bishop and 

The feedstock f o r  most of t h i s  work was "standard" e x t r a c t  prepared by c o n t i -  
T e t r a l i n  s o l v e n t  was used nuous e x t r a c t i o n  of P i t t s b u r g h  Seam coal, I r e l a n d  Mine. 

w i th  a r e s idence  t i m e  o f  46 minutes  a t  38OOC. Unextracted coal and ash were removed 
by f i l t r a t i o n  of  t h e  e x t r a c t o r  e f f l u e n t  i n  a p re s su re  f i l t e r  a t  200°C. The f i n a l '  
e x t r a c t  r e p r e s e n t s  53% of t h e  MAF c o a l .  P r o p e r t i e s  a r e  given i n  Table I .  

The z i n c  c h l o r i d e  u s e d  w a s  F i s h e r  S c i e n t i f i c  Co. C e r t i f i e d  Reagent, 96-98'$ pure, 
Af t e r  t h i s  t reatment ,  it contained d r i e d  b e f o r e  use by h e a t i n g  i n  a vacuum a t  1 1 0 ° C .  

1-1.5 w t .  4 water  and up t o  1.8 w t .  '$ z i n c  oxide.  

The n i cke l  molybdate c a t a l y s t  i s  a commercial hydrofining c a t a l y s t  containing 
6.8% molybdenum, 3.8% n i c k e l ,  and 0.1% c o b a l t  supported on alumina g e l .  
s u r f a c e  a r e a  of 200 m"/g, a p o r o s i t y  of 774, and an average pore diameter  of 200 1. 
It  was used as l j l 6 - i n c h  d i ame te r  beads,  p r e s u l f i d e d  with 15% H,S-85$ H, a t  500'F. 

I t  h a s  a 

The ex ten t  of reaction of z i n c  c h l o r i d e  with n i t rogen  and s u l f u r  w a s  determined 
by elementary ana lyses .  The work-up procedure f o r  product  a n a l y s i s  w a s  a s  descr ibed 
previously.(") 
analyzed as NH, by d i s t i l l a t i o n  a f t e r  adding c a u s t i c .  
p r e s e n t  as ZnCl,-xNH, or ZnC12.yNH4C1. The c h l o r i n e  p re sen t  i n  excess of t h a t  re- 
q u i r e d  f o r  ZnCl, is  assumed t o  be i n  t h e  form of t h e  double sa l t :  ZnCl,-yNH,Cl. 
A l l  of t h e  s u l f u r  i n  t h e  MEK-insoluble f r a c t i o n  i s  assumed to b e  ZnS. 

A l l  t h e  i n o r g a n i c  n i t r o g e n  was found i n  t h e  water washings and was 
The NH, i s  assumed t o  be 

The a n a l y s i s  of t h e  g a s o l i n e  f o r  i nd iv idua l  s a t u r a t e d  components w a s  c a r r i e d  
o u t  by gas chromatography a f t e r  s u i t a b l e  c a l i b r a t i o n  w i t h  pure hydrocarbons.  A 
temperature  programmed s t a i n l e s s  s tee l  c a p i l l a r y  column 0.02" d i a .  by 300' long  
coa ted  wi th  squalene w a s  u sed  i n  con junc t ion  w i t h  a hydrogen flame i o n i z a t i o n  
d e t e c t o r .  

The a n a l y s i s  f o r  i n d i v i d u a l  aromatic hydrocarbons w a s  c a r r i e d  by first i s o l a t i n g  
t h e  aromatic  f r a c t i o n  of t he  g a s o l i n e  by l i q u i d  displacement chromatograph us ing  
s i l i c a  g e l  as t h e  abso rben t .  The aromatic f r a c t i o n  was t h e n  analyzed by gas  chroma- 
tography i n  t h e  same c a p i l l a r y  column coa ted  wi th  2,5-xylenol phosphate.  

RESULTS AND DISCUSSION 

Comparison with Other C a t a l y s t s  and E f f e c t  of C a t a l y s t j E x t r a c t  Rat io  

Table  I1 g i v e s  a comparison of t h r e e  types of c a t a l y s t s  a t  l o w  c a t a l y s t  con- 
c e n t r a t i o n s  between 1 and 2.5 pe rcen t  of t h e  e x t r a c t  f ed .  The l i t e r a t u r e  on c o a l  
hydrogenat ion which states t h a t  t i n  c h l o r i d e  i n  small  concen t r a t ions  i s  a s u p e r i o r  
c a t a l y s t  is confirmed. I n  s p i t e  of t h e  lower concen t r a t ion  o f  c a t a l y s t  used and 
lower p res su re ,  t h e  t i n  ca t a lys t  gave t h e  h ighes t  conversion and h i g h e s t  s e l e c t i v i t y  
f o r  p roduc t ion  of l i q u i d  p roduc t s .  However, i n  view o f  t h e  high cost  of t i n  and i t s  
l o w  a c t i v i t y  f o r  pyrene hydrocracking when used i n  massive quant i t ies , (")  no 
f u r t h e r  t e s t  work was done w i t h  massive q u a n t i t i e s  of SnC1, i n  e x t r a c t  hydrocracking. 
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The a c t i v i t y  of t h e  n i c k e l  molybdate hydrof in ing  c a t a l y s t  i n c r e a s e s  markedly 

wi th  i n c r e a s i n g  c a t a l y s t  c o n c e n t r a t i o n s .  Ext ra  conversion t e n d s  t o  l e v e l  o f f ,  how- 
e v e r ,  a s  t h e  catalyst  e x t r a c t  r a t i o  i s  increased  beyond 0.3. 
i l l u s t r a t e d  i n  F i g u r e  1. 

These d a t a  a r e  

TWO important  f e a t u r e s  are e v i d e n t  from F i g u r e  1. One i s  t h a t  conversion wi th  
t h e  molten z l n c  c h l o r i d e  c a t a l y s t  a t  a comparable c a t a l y s t  e x t r a c t  r a t i o  is always 
h i g h e r  than  wi th  t h e  c o n t a c t  c a t a l y s t ' t y p e  system and t h a t  t h e  convers ion  reached 
a t  h igh  F a t a l y s t  extract r a t i o s  i s  much g r e a t e r  wi th  t h e  molten z i n c  c h l o r i d e  ca ta -  
l y s t  System. Ahother important  f e a t u r e  i l l u s t r a t e d  i n  F igure  1 i s  t h e  high con- 
v e r s i o n  t o  g a s o l i n e  b o i l i n g  d i s t i l l a t e s  ob ta ined  wi th  t h e  z i n c  c h l o r i d e  c a t a l y s t  
system. 
above about 0.3. 
c o n t a c t  c a t a l y s t  system where t h e  g a s o l i n e  range b o i l i n g  d i s t i l l a t e s  always com- 
p r i s e d  only a minor f r a c t , i o n  of t h e  t o t a l  d i s t i l l a t e  o i l s  produced. Thus, an 
important  p c e n t i a l  advantage of t h e  molten z i n c  c h l o r i d e  c a t a l y s t  s y s t e m  i s  t h e  
p o s s i b i l i t y  of o b t a i n i n g  s i n g l e - s t a g e  d i r e c t  conversion of c o a l  e x t r a c t  t o  h igh  
octane gasol ine .  

Thts  e s p e c i a l l y  becomes apparent  a t  h igh  catalyst t o  extract r a t i o s ,  i . e . ,  
This  aga in  i s  i n  d i s t i n c t i o n  t o  t h e  r e s u l t s  o b t a i n e d  with t h e  

F igure  2 g i v e s  a n o t h e r  comparison of r e s u l t s  ob ta ined  under comparable condi- 
t i o n s  between t h e  two catalyst systems. Espec ia l ly  i n t e r e s t i n g  h e r e  i s  t h e  r a p i d  
i n c r e a s e  i n  t h e  isobutane-to-normal butane r a t i o  wi th  i n c r e a s i n g  ZnC1,-to-extract 
r a t i o .  
high p r o p o r t i o n  of i s o p a r a f f i n s  q u i t e  comparable t o  what i s  normally produced by 
hydrocracking of hydrof ined  petroleum feeds tock  wi th  dual  f u n c t i o n  c o n t a c t  c a t a l y s t s .  
The isobutane-to-normal butane ra t io  i s  always h igher  than  wi th  t h e  hydrof in ing  
c a t a l y s t  s y s t e m  as i l l u s t r a t e d  a t  t h e  bottom of t h e  f i g u r e .  This  shows t h a t  no a c i d  
c racking  f u n c t i o n  e x i s t s  i n  t h e  case of t h e  hydrof in ing  c a t a l y s t  system. The sharp  
i n f l e c t i o n  p o i n t  on t h e  isobutane-to-normal butane r a t i o  occurs  a t  a c a t a l y s t  r a t i o  
of about 0.3. 

A t  h igh  c a t a l y s t / e x t r a c t  r a t i o s  g a s o l i n e  i s  produced which c o n t a i n s  a very 

The d a t a  shown i n  F igure  2 i l l u s t r a t e  t h a t  a high s e l e c t i v i t y  i n  conversion 
of e x t r a c t  t o  g a s o l i n e  i s  p o s s i b l e  w i t h  massive q u a n t i t i e s  of z i n c  c h l o r i d e .  The 
s e l e c t i v i t y  here  i s  measured by t h e  percent  by weight of t h e  e x t r a c t  t h a t  is  con- 
v e r t e d  t o  C1 through C, hydrocarbon gases .  A t  very h igh  c a t a 1 y s t : e x t r a c t  ratios 
t h e  gas  y i e l d  becomes f a i r l y  l a r g e ,  b u t  t h i s  would be reduced i n  an  a c t u a l  cont inu-  
ous s y s t e m  by cont inuous removal of t h e  products  t o  prevent  f u r t h e r  c racking  of the  
g a s o l i n e  corqanents .  It i s  a l s o  noted  t h a t ,  a t  c a t a l y s t  e x t r a c t  r a t i o s  up t o  about 
.4, t h e  s e l e c t i v i t y  is b e t t e r  than  obta ined  w i t h  t h e  hydrof in ing  c a t a l y s t  system. 
The experiments  wi th  t h e  h y d r o f i n i n g  c a t a l y s t s  were w i t h  f r e s h  c a t a l y s t  not contami- 
na ted  wi th  ash  and carbon such t h a t  t h e  a c t i v i t y  i s  s u b s t a n t i a l l y  g r e a t e r  than  one 
would have i n  an a c t u a l  p r a c t i c a l  s y s t e m .  

Effect of Residence Time,  Temperature and P r e s s u r e  

The i n f l u e n c e  of t h e s e  v a r i a b l e s  w i t h  a cons tan t  z i n c  c h l o r i d e / e x t r a c t  r a t i o  i s  
i l l u s t r a t e d  i n  F i g u r e s  3, 4, and 5, r e s p e c t i v e l y .  

F igure  3 again  i l l u s t r a t e s  t h e  h igher  conversion r a t e s  t h a t  can  be obtained 
wi th  molten z i n c  c h l o r i d e  c a t a l y s $ s  as compared w i t h  the  hydrof in ing  catalyst  
s y s t e m .  
f i n i n g  c a t a l y s t  s y s t e m ,  a s  compared w i t h  less than  5 minutes resid-ence t i m e  
r e q u i r e d  t o  reach t h e  same convers ion  level wi th  t h e  molten z i n c  c h l o r i d e  c a t a l y s t .  

Three hours  are r e q u i r e d  t o  reach a conversion of 7 5 s  w i t h  t h e  hydro- 

F igure  4 g i v e s  a very r a p i d  survey of t h e  e f f e c t s  of tempera ture  and pressure  
on e x t r a c t  convers ion  wi th  z i n c  c h l o r i d e  c a t a l y s t .  It i s  seen  t h a t  s u b s t a n t i a l  
conversions can be achieved even a t  low p r e s s u r e s  (of t h e  o r d e r  of ZOO0 pounds) a t  
q u i t e  low tempera tures .  It a l s o  appears  t h a t  a t  low temperatures  t h e  conversion 
achieved  may not  be t o o  s e n s i t i v e  t o  t h e  a c t u a l  p r e s s u r e .  Thus, by o p e r a t i n g  a t  
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very low temperatures  o f  t h e  o r d e r  0f.65O0F, s u b s t a n t i a l  conversions can be achieved 
even a t  very l o w  p r e s s u r e s  perhaps as l o w  as 1500 pounds. T h i s  remains t o  be con- 
f i rmed by f u t u r e  work. 

F i g u r e  5 shows t h e  e f f e c t  o f  o p e r a t i n g  temperature  a t  c o n s t a n t  t i m e  and 
p r e s s u r e  on t h e  s i n g l e  stage g a s o l i n e  y i e l d s ,  i .e . ,  t h e  f r a c t i o n  of t h e  t o t a l  l i q u i d  
product  which b o i l s  w i t h i n  t h e  g a s o l i n e  range. 
temperature  on s e l e c t i v i t y  o f  t h e  process .  I t  is seen t h a t  t h e  gaso l ine  y i e l d  in- 
creases with . ope ra t ing  temperature ,  but e v e w a t  temperatures  as low a s  625OF more 
t h a n ' h a l f  of t h e  l i q u i d  product  b o i l s  w i t h i n  g a s o l i n e  range.  Thus, i n  any case, it 
would 'appear t o  be p o s s i b l e  t o  r e c y c l e  t h e  heav ie r  l i q u i d  t o  o b t a i n  u l t i m a t e  con- 
ve r s ion  of a l l  d i s t i l l a t e  p roduc t s  t o  gaso l ine .  I t  i s  seen  a l s o  t h a t  t h e  s e l e c t i v i t y  
o f  . t h e  p rocess  becomes b e t t e r  as temperature  o f  o p e r a t i o n  i s  reduced, and t h a t  
acco rd ing ly  t h e  u l t i m a t e  g a s o l i n e  y i e l d s ,  upon r e c y c l i n g  of h ighe r  b o i l i n g  l i q u i d s  t o  
e x t i n c t i o n ,  would be very h i g h  a t  temperatures  below about 760°F. 

Reac t ions  o f  C a t a l y s t  With Hydrocracked Products  

I t  a lso shows t h e  e f f e c t  of ope ra t ing  

t 

The coa l  e x t r a c t  i s  r i c h  i n  h e t e r o  atoms, i . e . ,  N, 0, and S, as t h e  ana lyses  of 
Table  I shows. These are r e l e a s e d  during hydrocracking i n  t h e  form of NH,, H,O and 
H2S, r e s p e c t i v e l y .  

The fol lowing reactions with t h e  c a t a l y s t  are then  poss ib l e :  

ZnC1, + H2S = ZnS + 2 HC1 (1) 

ZnC1, + H 2 0  = ZnO + 2 HC1 ( 2 )  

ZnCl, + NH, = ZnCl,.NH, (3) 

The e q u ' l ' b r i u m  c o n s t a n t  f o r  r e a c t i o n  (1) has  been determined experimental ly  by 
Kapust insky,f ' f  a d t h a t  f o r  ( 2 )  may be c a l c u l a t e d  from a v a i l a b l e  thermodynamic da ta  
on z i n c   compound^?^) w i t h  r e s u l t s  given below: 

The d i s s  c i a t i o n  p r e s s u r e  o f  NH, over  z i n c  c h l o r i d e  mel ts  has been measured by 
Krasnov.94) 

The equ i l ib r ium d a t a  o f  Kapustinsky(') f o r  r e a c t i o n  (1) i n d i c a t e s  t h a t  nea r ly  
q u a n t i t a t i v e  abso rp t ion  of H,S t o  produce ZnS should t a k e  p l ace .  Th i s  was confirmed 
expe r imen ta l ly ,  i n  t h a t  no H2S cou ld  be d e t e c t e d  i n  t h e  product  gas ,  and a l l  of t h e  
s u l f u r  r e l e a s e d  was absorbed by t h e  m e l t .  

The d a t a  f o r  r e a c t i o n  (2) i n d i c a t e s  t h a t  z i n c  c h l o r i d e  should be q u i t e  r e s i s t a n t  
to  h y d r o l y s i s  but  t h a t  a s m a l l  amount of HC1 should be p re sen t  i n  t h e  gas .  Experi- 
mental ly  nothing more than  t race q u a n t i t i e s  of HC1 could eve r  be found. The discrep-  
ancy may be due t o  a h igh  degree  o f  abso rp t ion  o! water by t h e  m e l t  which reduces t h e  
p a r t i a l  p r e s s u r e  of steam t o  a l o w  va lue .  

Krasnov's d a t a ( 4 )  i n d i c a t e  t h a t  t h e  NH, p r e s s u r e  o v e r  m e l t s  con ta in ing  less than 

' 

25 mole pe rcen t  of ammonia would be q u i t e  small a t  temperatures  i n  t h e  normal range 
used  for  hydrocracking. Q u a n t i t a t i v e  abso rp t ion  of ammonia by t h e  m e l t s  i s  t h u s . t O  
be expected,  which w a s ,  i n  f a c t ,  confirmed experimental ly .  I t  i s  usual i n  t h e  hydro- 
c rack ing  of s t anda rd  e x t r a c t  t o  produce a t  least  one mole of NH, f o r  each mole of 
hydrogen c h l o r i d e  formed by r e a c t i o n  (1). 
absorbed by t h e  m e l t  by t h e  fo l lowing  r eac t ion :  

The hydrogen c h l o r i d e  so produced is  

ZnC12.NH, + HC1 = ZnC1,.NH4C1 ( 5 )  
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Equil ibr ium d a t a  f o r  r e a c t i o n  (5) w i l l  be p r e s e n t e d  i n  a subsequent  paper. 

The m e l t  f e d  t o  t h e  au toc lave  experiments  u s u a l l y  conta ined  2.5 to  3.0 mole per -  
c e n t  of ZnO as  determined by t h e  a b i l i t y  of t h e  anhydrous m e l t  t o  chemkdally r e a c t  
wi th  hydrogen c h l o r i d e  t o  produce water. The ZnO, of course ,  reacts with hydrogen 
c h l o r i d e  r e l e a s e d  by reaction (1) dur ing  hydrocracking by r e v e r s a l  of r e a c t i o n  (2 ) .  
I t  i s  p o s s i b l e  t o  add s u f f i c i e n t  ZnO t o  n e u t r a l i z e  a l l  of t h e  HCl produced. 
case no NB&1 would be formed i n  t h e  m e l t .  
dur ing  r e g e n e r a t i o n  of t h e  m e l t ,  f o r  example, by o x i d a t i o n  of t h e  ZnS formed by 
r e a c t i o n  (1). 

E f f e c t  of  NH, and NH&l on M e l t  A c t i v i t y  

I n  t h i s  
The ZnO a c c e p t o r  f o r  HC1 can be.produced 

I t  is, therefore ,  clear t h a t  depending upon o p e r a t i n g  c o n d i t i o n s  used and 
whether or not z i n c  oxide  acceptor  i s  employed, bo th  ammonia and ammanium c h l o r i d e  
i n  widely ranged propor t ions  can be p r e s e n t  i n  t h e  m e l t  dur ing  hydrogenat ion.  It is 
t h e r e f o r e  of i n t e r e s t  t o  see what e f f e c t  t h e s e  m a t e r i a l s  have on t h e  hydrocracking 
a c t i v i t y  of z i n c  c h l o r i d e  m e l t  toward e x t r a c t .  The d a t a  i n  F i g u r e  6 i l l u s t r a t e  t h i s  
p o i n t .  

I n  t h e s e  runs,  t h e  temperature  and p r e s s u r e  were h e l d  c o n s t a n t  a t  750'F and 
3000 pounds, r e s p e c t i v e l y ,  and t h e  amount of ammonia o r  ammonium c h l o r i d e  added was 
v a r i e d .  I t  is  seen t h a t  wi th  both ammonia'and ammonium c h l o r i d e  t h e r e  w a s  a de- 
c r e a s e  i n  e x t r a c t  conversion,  but  t h a t  t h e  decrease  i s  much more r a p i d  i n  t h e  case  
of ammonia than  i n  t h e  case  of ammonium c h l o r i d e .  

Another i n t e r e s t i n g  i tem i l l u s t r a t e d  i n  F i g u r e  7 i s  t h e  e f f e c t  of ammonia and 
ammonium c h l o r i d e  a d d i t i o n  on s e l e c t i v i t y .  
favorable  e f f e c t  on t h i s  count  i n  t h a t  they caused a very dramat ic  decrease i n  t h e  
gas  y i e l d .  The e f f e c t  of o t h e r  a d d i t i v e s  was a l s o  s t u d i e d ,  i n  p a r t i c u l a r  t h e  e f f e c t  
of t h e  a d d i t i o n  of z i n c  oxide .  Zinc oxide p r e v e n t s  t h e  formation of ammonium c h l o r i d e  
by absorbing t h e  HC1 produced. Zinc oxide was found t o  have marked i n h i b i t i n g  e f f e c t  
when used i n  l a r g e  q u a n t i t i e s .  The i n h i b i t i n g  e f f e c t  i s  q u i t e  moderate when only 
smal l  q u a n t i t i e s  a r e  used.  

I t  i s  s e e n  t h a t  bo th  a d d i t i v e s  have a 

The d a t a  of F igure  6 were obta ined  with a z i n c  c h l o r i d e / e x t r a c t  weight r a t i o  of 
2.  S i m i l a r  d a t a  were obta ined  a t  o t h e r  feed  r a t i o s  of 1 and 3, r e s p e c t i v e l y .  Con- 
vers ions  were s l i g h t l y  lower when t h e  f e e d  ra t io  was lowered, p a r t i c u l a r l y  when t h e  
amount of NH, added was s m a l l .  The major e f f e c t  of t h e  z i n c  c h l o r i d e / e x t r a c t  r a t i o  
a t  l o w  NH, concent ra t ions  w a s  t h a t  t h e  gas  y i e l d  decreased r a p i d l y  as t h e  f e e d  r a t i o  
decreased.  

When h i g h e r  c o n c e n t r a t i o n s  of NH, were used,  t h e r e  was no p e r c e p t i b l e  e f f e c t  of 
feed  r a t i o  i n  t h e  range of 1 t o  3. 

It  is  t h e r e f o r e  concluded t h a t  one c o n t r o l l i n g  f a c t o r  i n  determining t h e  amount 
of  m e l t  c i r c u l a t i o n  r e q u i r e d  i n  an e x t r a c t  hydrocracking process  i s  t h e  accumulation 
of n i t r o g e n  poisons.  
however, t h a t  even wi th  a f e e d  low i n  n i t r o g e n  poisons  t h a t  t h e r e  is a k i n e t i c  
advantage i n  t h e  use of massive q u a n t i t i e s  of c a t a l y s t .  The p r e s e n t  d a t a  i n d i c a t e ,  
however, t h a t  no f u r t h e r  advantage i s  gained by i n c r e a s i n g  t h e  weight ratio of 
c a t a l y s t  t o  feed  beyond 1. 

It  would appear  from t h e  p r i o r  exper ience  wi th  pyrene,(") 

It i s  abundantly c l e a r ,  t h e r e f o r e ,  t h a t  a commercial p rocess  f o r  hydrocracking 
with z inc  c h l o r i d e  m e l t s  would r e q u i r e  cont inuous r e g e n e r a t i o n  t o  remove t h e  n i t r o g e n  
poisons.  Methods of r e g e n e r a t i o n  w i l l  be d iscussed  i n  a subsequent  p a p e r ,  

Some d a t a  on t h e  e f f e c t  of NH, at  h igher  tempera tures ,  i.e., a t  800°F were a l s o  
obta ined .  They a r e  summarized i n  Table  111. Under t h e s e  c o n d i t i o n s  a small amount 



t h i s  l e v e l  t h e  c a t a l y t i c  a c t i v i t y  is  almost completely poisoned. I 
The d a t a  of Table I11 a l s o  show t h e  e f f e c t  of i n c r e a s i n g  amounts of ammonia i n  

B The r e s u l t s  a f t e r  a s i n g l e - s t a g e  a r e  compared wi th  t h e  cumulative r e s u l t s  of 
t h e  f i v e - s t a g e  run i n  Table  I V .  I t  i s  noted t h a t  t h e  cumulative r e s u l t s  of t h e  f i v e  
s t a g e s  a r e  very near ly  e q u i v a l e n t  t o  t h a t  of t h e  f i r s t  s t a g e .  However, a favorable  
n e t  r e d u c t i o n  i n  c a t a l y s t / e x t r a c t  ra t io  from 1 t o  0.38 is  achieved by t h i s  technique.  1 

The composition of t h e  c a t a l y s t  a f t e r  s t a g e s  1 and 5 i s  a l s o  shown i n  Table I V .  
I t  i s  seen t h a t  82 percent  of t h e  n i t r o g e n  and 95 percent  of t h e  s u l f u r  i n  t h e  feed  P 
accumulate i n  the  m e l t .  
r e l a t i v e l y  small l o s s  i n  c a t a l y s t  a c t i v i t y .  

The NH, i s  p r e s e n t  most ly  a s  NH,C1 which e x p l a i n s  t h e  

decreas ing  t h e  i C4/n C, r a t i o .  
i s  t o  reduce t h e  a c i d i c  c r a c k i n g  p r o p e r t i e s  of t h e  melt  by n e u t r a l i z i n g  t h e  F r i e d e l  
C r a f t s  a c i d s .  

I t  i s  thus apparent  t h a t  t h e  main e f f e c t  of ammonia 

F r i e d e l  C r a f t s  a c i d s  i n  t h e  case  of e x t r a c t  hydrocracking can be generated by 

A c h l o r i n e  balance around t h e  f i v e - s t a g e  run i n d i c a t e s  t h a t  85 percent  of t h e  
HC1 r e l e a s e d  by r e a c t i o n  (1) was r e t a i n e d  i n  t h e  melt. 
not  c l e a r ,  however, as  none c o u l d  be found i n  t h e  off-gas .  

The na ture  of HC1 l o s s  i s  
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K i n e t i c s  of t h e  Hydrocracking Process  

The maximum e x t r a c t  conversion achieved i n  60  minutes r e s i d e n c e  t i m e  i n  t h e  
experiments  repor ted  above was 91  p e r c e n t .  I t ,  of course,  i s  d e s i r a b l e  t o  achieve 
s u b s t a n t i a l l y  complete convers ion .  I n  o r d e r  t o  accomplish t h i s  it i s  f i r s t  of a l l  
necessary t o  s u b s t a n t i a l l y  reduce t h e  y i e l d  of MEK-Insolubles. Secondly,  i t  i s  
necessary t o  hydrocrack t h e  +40O0C MEK-Solubles t o  d i s t i l l a t e  o i l s .  

Another c h a r a c t e r i s t i c  of  t h e  prev ious  experiments  i s  t h a t  a l though t h e  t o t a l  
h o t  p r e s s u r e  was maintained cons tan t ,  t h e  p a r t i a l  p r e s s u r e  of hydrogen decreased wi th  
t i m e  due to accumulation of g a s  and v o l a t i l e  r e a c t i o n  products .  The hydrogen pres-  
s u r e  i s  t h e  most important  v a r i a b l e  i n  c o n t r o l l i n g  t n e  MEK-Insoluble y i e l d .  A series 
of r u n s  were t h e r e f o r e  c a r r i e d  o u t  wherein t h e  hydrogen p r e s s u r e  was maintained 
cons tan t  us ing  a pal ladium probe t o  i n d i c a t e  hydrogen p a r t i a l  p r e s s u r e .  

The r e s u l t s  of two s e r i e s  of runs  a t  var ious  times c a r r i e d  out  a t  750'F wherein 
t h e  hydrogen p a r t i a l  p r e s s u r e s  were maintained cons tan t  a t  2500 p s i  and 3500 p s i ,  
r e s p e c t i v e l y ,  a r e  shown i n  F igure  7.  

The MEK-Insoluble y i e l d  r a p i d l y  f a l l s  t o  a n e a r l y  c o n s t a n t  va lue  a f t e r  15  to  
30 minutes t i m e  a f t e r  which very l i t t l e  f u r t h e r  reduct ion  occurs .  The f i n a l  y i e l d  
is ,  of course,  lower a t  t h e  h i g h e r  hydrogen p r e s s u r e ,  i . e . ,  1 . 5  p e r c e n t  vs .  3.5 per-  
c e n t .  

The rate of t o t a l  conversion decreases  r a p i d l y  wi th  t i m e  and becomes very slow 
a f t e r  one hour. Even a f t e r  t h r e e  hours  t h e  t o t a l  conversion only  reaches  92.1 per -  
cen t  a t  3500 p s i  and i s  s l i g h t l y  lower a t  2500 p s i  H2 pressure .  

The cause of t h e  d i f f i c u l t y  i s  shown i n  F igure  8 where t h e  r e a c t i o n  r a t e  f o r  
conversion of t h e  +400OC MEK-Solubles is p l o t t e d  a s  a f i r s t  o r d e r  r e a c t i o n ,  i . e . ,  

k ( t  - 15)  = I n  Co/Ct 

where 
t i m e  .*t*l: r e s p e c t i v e l y .  

C and Ct a r e  t h e  weight percent  MEK-Solubles p r e s e n t  a f t e r  15 minutes and 

I t  is  seen t h a t  t h e  i n i t i a l  r a t e  fol lows t h e  f i r s t  o r d e r  r a t e  law but  t h a t  t h e  
r a t e  f a l l s  o f f  r a p i d l y  a s  h igh  conversions are reached. The f i r s t  o r d e r  r a t e  in-  
c r e a s e s  about 20 percent  i n  going from 2500 t o  3500 p s i ,  i .e . ,  less than  propor t iona l  
t o  i n c r e a s e  i n  p r e s s u r e .  

The h igher  p r e s s u r e  does not  l ikewise  prevent  t h e  decrease  i n  r a t e  at  high 
convers ions .  A s  a matter of f a c t  a t  bo th  p r e s s u r e  l e v e l s  t h e  same y i e l d  of MEK- 
So luble  res idue ,  i .e . ,  6 .2  w t .  $ remains a f t e r  t h r e e  hours .  

The decrease i n  r e a c t i o n  rate i s  due t o  formation of a r e f r a c t o r y  r e s i d u e  and 
not t o  decrease i n  c a t a l y t i c  a c t i v i t y  of t h e  m e l t .  That t h i s  i s  so is obvious from 
t h e  f a c t  t h a t  over  95 percent  of N and S c a t a l y s t  poisons have accumulated i n  t h e  
m e l t  a f t e r  one hour res idence  t i m e ,  i . e . ,  long  before  t h e  rate s ta r t s  t o  decrease.  
I t  was a l s o  confirmed by recovery. and s e p a r a t e  hydrocracking of t h e  MEK-Soluble 
r e s i d u e .  

I t  is  c l e a r  t h a t  t o  o b t a i n  h i g h e r  convers ions  a s t a g e d  hydrogenat ion system 
with progress ive  i n c r e a s e  i n  temperature  would be requi red .  

E f f e c t  of Feedstock - D i r e c t  Hydrogenation of Coal 

The use  of molten z i n c  c h l o r i d e  hydrocracking c a t a l y s t  is  not  l i m i t e d ,  of course,  
t o  c o a l  e x t r a c t  but may be a p p l i e d  t o  a wide range of feeds tocks  vary ing  from coal  
i t s e l f  t o  middle b o i l i n g  range petroleum d i s t i l l a t e s .  
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A comparison o f  r e s u l t s  with s e v e r a l  o t h e r  c o a l  der ived f eeds tocks  i s  given 
i n  Table  V .  
i s  t h e  c o a l  u s e d  f o r  p roduc t ion  of t h e  s t anda rd  e x t r a c t  used i n  most of t h i s  work. 
I t  was necessary t o  u s e  a high r a t i o  of ca t a lys t  t o  c o a l  i n  t h i s  case i n  o r d e r  t o  
have s u f f i c i e n t  volume o f  l i q u i d  p re sen t  t o  produce a handleable  c o a l  s l u r r y .  A s  
s t a t e d  above, t h e  use  of a c a t a l y s t  r a t i o  above 1 with e x t r a c t  only i n c r e a s e s  t h e  
conversion s l i g h t l y  bu t  h a s  a r e l a t i v e l y  marked e f f e c t  on gas  y i e l d .  Thus, allowing 
f o r  t h e  d i f f e r e n c e  i n  q u a n t i t y  o f  c a t a l y s t  used, i t  is  seen t h a t  c o a l  and e x t r a c t  
behave w i t h  remarkable s i m i l a r i t y .  

I r e l a n d  Mine coal, a P i t t s b u r g h  Seam coa l  from Northern West Vi rg in i a ,  

R e s u l t s  a r e  a l s o  shown f o r  ano the r  e x t r a c t ,  i .e . ,  "Spencer" e x t r a c t .  This  
e x t r a c t  was procured from t h e  Spencer Chemical C o . ,  and w a s  prepared by e x t r a c t i o n  
of a West Kentucky No. 11 coa l  under a p re s su re  of lo00 p s i g  of hydrogen a t , a b o u t  
425°C.. The depth o f  e x t r a c t i o n  was r epor t ed  by Spencer Chemical t o  have been over 
90$. Inspec t ions  o f  t h e  e x t r a c t  a r e  given i n  Table I .  

Comparison shou ld  be made wi th  t h e  750'F s t anda rd  e x t r a c t  r e s u l t s  of Table I V  
(Stage 1). 
range d i s t i l l a t e  is h i g h e r  and t h e  o v e r a l l  conversion s l i g h t l y  lower.  

Again a remarkable  s i m i l a r i t y  i s ' n o t e d  al though t h e  y i e l d  of middle 

R e s u l t s  with a h i g h e r  q u a l i t y  feedstock,  i . e . ,  benzene-soluble component of 
s t a n d a r d  e x t r a c t ,  a r e  a l s o  shown i n  Table V .  I n  t h i s  case a no tab le  improvement i n  
r e s u l t s  i s  noted. The conve r s ion  i s  s u b s t a n t i a l l y  inc reased  while  t h e  y i e l d  of 
MEK-Insoluble r e s idue  is  s u b s t a n t i a l l y  decreased.  

Gaso l ine  Composition 
\ 

. The gaso l ine  produced by t h e  z i n c  c h l o r i d e  process  con ta ins  a high p ropor t ion  
of branched p a r a f f i n s  and a s u b s t a n t i a l  amount of aromatics .  The aromatic con ten t  
of t h e  g a s o l i n e  v a r i e s  w i t h  cond i t ions  used from about 20  t o  50 vol .  pe rcen t .  
aromatic  con ten t s  are ob ta ined  i n  o p e r a t i o n s  a t  t h e  h ighe r  temperatures  around 
8W°F and wi th  c a t a l y s t / e x t r a c t  r a t i o s  below one. 

High 

A sample of g a s o l i n e  from a l a r g e  number of au toc lave  runs  a t  d i f f e r e n t  condi- 
t i o n s  w a s  composited f o r  a micro oc t ane  number test with r e s u l t s  shown i n  Table V I  
a long wi th  i n s p e c t i o n s  of t h e  g a s o l i n e .  The g a s o l i n e  sample t e s t e d  had subs t an t i -  
a l l y  a l l  t h e  h ' S  and C , ' s  removed but  i n  s p i t e  of t h i s  had a clear r e sea rch  octane 
of 89. I t  i s  c l e a r  t h a t  a motor gaso l ine  with t h e  appropr i a t e  C , ' s  and C 5 ' s  added 
f o r  v o l a t i l i t y  would have a clear octane number of w e l l  ove r  90. 

Another sample o f  g a s o l i n e  was obtained by running a number r e p e t i t i v e  auto- 
c l a v e  runs a t  S t age  1 c o n d i t i o n s  shown i n  Table  I V .  A more complete a n a l y s i s  of 
t h i s  g a s o l i n e  is  g i v e n  i n  Table  V I  a long w i t h  a breakdown i n t o  ind iv idua l  com- 
ponents .  

The r a t io  of branched-to-normal p a r a f f i n s  is c l ea r ly  q u i t e  large i n  t h e  C, and 
C, f r a c t i o n s .  

P o t e n t i a l  Commercial Cons ide ra t ions  

I t  is  premature t o  d i s c u s s  i n  d e t a i l  t h e  p o t e n t i a l  commercial a p p l i c a t i o n  of 
t h e  z i n c  c h l o r i d e  hydrocracking p rocess .  Data are r equ i r ed  bo th  on continuous 
hydrocracking and con t inuous  m e l t  r egene ra t ion  systems. Work i s  p r e s e n t l y  i n  pro- 
g r e s s  on bo th  of t h e s e  s u b j e c t s  and w i l l  be  r e p o r t e d  i n  f u t u r e  pape r s .  
of t h e  r egene ra t ion  p r o c e s s  is  d i scussed  i n  a subsequent paper .  

Some aspects  

Corrosion c o n t r o l  i s  one of t h e  important  a s p e c t s  of a p o t e n t i a l  commercial 
p rocess .  Weight loss d a t a  ove r  t h e  du ra t ion  of t h e  au toc lave  program i n d i c a t e  t h a t  
t h e  average p e n e t r a t i o n  rate w i t h  316 s t a i n l e s s  i s  less than  80 mpy. Sepa ra t e  
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c o r r o s i o n  tests, however, have i n d i c a t e d  t h a t  p i t t i n g  may be a problem wi th  316 s t a i n -  
less when s u b s t a n t i a l  q u a n t i t i e s  of NH4C1 are allowed t o  b u i l d  up i n  t h e  m e l t .  
t h i s  c a s e  more expensive a l l o y s  such as  Has te l loy  B or Inconel  625 may be requi red .  

I n  

The formation of NH4C1 can be e l i m i n a t e d  by a d d i t i o n  of z i n c  oxide  acceptor .  
Corros ion  test work i n  t h i s  case i n d i c a t e s  t h a t  316 s t a i n l e s s  may be a s a t i s f a c t o r y  
a l l o y ,  i.e., p e n e t r a t i o n  r a t e s  below 5 mpy were observed wi th  test  specimens. 

Therefore ,  from t h e  c o r r o s i o n  s tandpoin t  t h e  zinc-oxide acceptor  system is pre- 
f e r r e d .  The disadvantage is t h e  lower c a t a l y s t  a c t i v i t y  f o r  a given n i t r o g e n  l e v e l .  
The i n h i b i t i n g  e f f e c t  of ZnO can be minimized by main ta in ing  a t  a l l  times a very l o w  
c o n c e n t r a t i o n  of z i n c  oxide  i n  t h e  hydrocracking zone and by provid ing  f o r  a s t a g e d  
i n c r e a s e  i n  temperature  t o  over  800'F t o  p a r t i a l l y  compensate for decrease  i n  c a t a l y s t  
a c t i v i t y  by accumulation of NH, i n  t h e  m e l t .  F igure  9 i l l u s t r a t e s  schemat ica l ly  a 
cont inuous opera t ion  us ing  t h e  above p r i n c i p l e s .  I t  should be noted  t h a t  t h e  z i n c  
c h l o r i d e  m e l t  i s  m i s c i b l e  wi th  e x t r a c t ,  a s  it was wi th  pyrene.(") 
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TABLE I 

7.04 I 
85.30 

5.10 
1.62 

.94 t 

Feedstock 

V o l a t i l e  Matter 
Fixed Carbon 

FeS 
FeS 

Other Ash 

H 
C 
N 
0 

Organic S 

Solvent  F r a c t i o n a t i o n  

Benzene I n s o l u b l e s  
Asphaltenes 
O i l  
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Analys ls  of Feedstocks 

I r e l a n d  "Standard" 
Mine Coal Ext rac t  

MF Bas i s  

40.32 
46.66 

0.08 
4.19 

10.15 

MAF Bas is  

5.73 6.14 
81 .90  83.73 

1.58 1.46 
8 . 6 1  6.87 
2.18 1.80 

46.9 
37.2 
15.9 

"Spencer" 
Ex t rac t  

5.03 
87.62 

1 .49  
4.75 
1 .ll 

37.2 
31.2 
31.5 

.5 
59.6 
39 .O 

TABLE I1 Comparison of C a t a l y s t  A c t i v i t y  a t  Low 
Concent ra t ion  Levels  - 1 H r .  Residence Time 

Temperature, OF * 800 - 
T o t a l  H o t  P re s su re  

C a t a l y s t  

Ca ta lys t /Ex t rac t ,  W t .  R a t i o  

Yie lds ,  W t .  $ Feed 

c1-c3 

c4 
c, x 2oo'c 
200 x 4 m o c  
MEK-Soluble +4OO0C Residue 
MFX-Insoluble +400°C Residue 
Other  (NH,, H 2 S ,  HzO, e t c . )  

T o t a l  

H z  Consumption, W t .  $ Feed 

Conversion, W t .  $ Feed 

(c,-c,) x loO/Conversion 

4200 

Nickel 
Molybdate 
on A l 2 O 3  

.025 

5 .O 
1 
1 14*9 

14.5 
60.3 
0.6 
7 .3  

102.6 

2.55 

39.0 

12.8 

4200 

ZnCl 

.02 

5.1 
1 .o 

14.7 
19 .8  
52.9 
3.0 
7.6 

104.1 

4.13 

44.1 

11.5 

3000 

SnClz 1 
f 

I . 01 

4.1 

13.0 
24.6 
53.5 
0.1 
6.7 

103.8 

1.8 I 

A 

3.71 

/ 46.5 

8 .8  
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.TABLE I11 

Activity of Zinc Chloride Catalyst as Affected 

by NH, Addition 

Temperature = 800OF, 

ZnCl,/Extract Wt. Ratio = 1 .O, 

Total Pressure = 4200 psig 

Time = 60 mins. 

NH3/ZnC12, Mole Ratio 

Yields, Wt. $ MAF Feed 

a4 

c 3% 
CZH6 

C4H10 

C4H10 
( M 1 3 + H 2 s + H 2 ~ + c 0 2 )  
C, x 200°C Dist. 
200 x 400°C Dist. 

+400"C MEK-Soluble Residue 
+400"C MEK-Insoluble Residue 

N to Catalyst 

H " " 

s 'I " 

Total 

Conversion, Wt. $ MAF Feed 

H, Consumed, Wt. $ MAF Feed 

(c,-c,) x 100/Conversion 

0 

1.8 
2.6 
8.6 
9.6 
1.6 
7.4 

60.4 
3.1 
6.3 
3.9 
1.3 
1.8 
0.3 

108.7 

89.8 

8.7 

14.5 

0.091 

1.5 
1.7 
3 .O 
2.5 
0.5 
7.4 
68.2 
11.4 
6.2 
2.6 
1.3 
1.4 
0.3 

108 .O 

91.2 

8 .O 

6.8 

1 .o 

1.6 
1.2 
1.2 
0.4 
0.5 
5.5 
15.8 
19.1 
54.5 
2.4 

1.6 1 
103.8 

43.2 

3.8 

9.3 

2.0 

1.8 
1.4 
1.2 
0.1 
0.5 
2.3 
10.3 
9.5 
54.1 
20.3 

) 1.4 
102.9 

25.6 

2.9 

17.1 
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TABLE I V  

R e s u l t s  of  5-Stage Run 

Temperature  = 750°F, T o t a l  Hot P r e s s u r e  = 3000 p s i g  

Residence Time/Stage = 60 mins. 

S tage  N o .  

W t .  %tract  Feed P e r  Stage/gms 
W t .  ZnClz Feed Per  Stage/gms 
Cumulative ZnCl,/Extract, W t .  R a t i o  

Melt Composition, Mole % Feed 
ZnCl 9 7 . 3  
ZnO 2.7 
ZnCl * NH, 
ZnCl,*NH,Cl 
ZnS 

100.0 

Y i e l d s ,  W t .  % Tota l  E x t r a c t  Feed 

c1-c3 

1 C 4 H l O  
n C 4 H l o  

co 
HZO 
C, x 200'C D i s t .  

, 200 x 400°C D i s t .  
+400°C MEK-Soluble Residue 
+400"C MEK-Insoluble Residue 

H t o  C a t a l y s t  
N " " 

s " " 

T o t a l  

Conversion, W t .  $ MAF Feed 

H, Consumed, W t .  $ MAF Feed 

1 

5 0  
50 
1 

A f t e r  S tage  1 

81.7  

2 . 3  
8 .9  

-- 

7.1 
100.0 
- 

6 . 3  
3.3 
0 . 4  
0.1 
7 .3  

59.0 
9.6 

11.9 
6.4 
0.3 
1.1 
1.6 

107.3 
- 

81.8 

7 .3  

2 t h r u  5 

50 
11.4 
-_ 

Cumulative 

2 50 
95.6 
0.383 

A f t e r  S tage  5 

48.5 

4.4 
27.4 
19.7 
100.0 

_ _  

- 

6 . 3  
3.2 
0 .6  
0 .2  
5.8 

56.0 
14 .3  
12.9 

4.5 
0.3 
1 . 2  
1 . 7  

107.0 
- 

82.6 

7 . 0  

(c,-c,) x 100/Conversion 7.7 7.6 
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'TABLE V 

Comparison of Feedstocks i n  Hydrocracking 
With Molten Zinc Chlor ide  C a t a l y s t  

Residence Time = 60 min. 

Feedstock 

Temperature, "F 

(Wt. Rat io)  ZnC1, 
MAF Feed 

T o t a l  P res su re ,  p s i g  

Yie lds ,  W t .  $ MAF Feed 

CH4 
G H ,  
c 3HS 

C4H10 

C4H10 
( NH 3 + ~ 2 ~ + c ~ + c ~ ,  +H ,o) 

C5 x 200°C D i s t .  
200 x 400°C D i s t .  

+40OoC MEK-Soluble Residue 
+400"C MEK-Insoluble Residue 

NM+H t o  C a t a l y s t  

T o t a l  

Conversion, W t .  '$ MAF Feed 

H2 Consumption, W t .  $ MAF Feed 

(c,-c,) x 100/Conversion 

I r e l a n d  
Mine Coal 

725 

3.5 

2000 

0 .9  
2 .3  
7 .5  
7.8 
1 . 3  
6.7 

48.2 
2.9 

15.0 
10 .9  

5 .2  

108.7 

74.2 

8 .7  

14 .3  

S tandard  
E x t r a c t  

725 

1 .o 

2000 

0.6 
1 .2  
1 .7  
1 . 2  
0.1 
6 .9  

49.5 
9.4 

17 .0  
14.8 

3.5 

105.9 

68.1 

5.9 

5.1 

Spencer 
E x t r a c t  

750 

1 .o 

3000 

0.6 
0.8 
2 .1  
2 .1  
0.3 
6 .8  

50.4 
17.9 
17 .9  

5 .7  
2.3 

106.9 

76.4 

6.9 

4.6 

Benzene Solubles  

S tandard  Ex t rac t  
from 

750 

1 .o 

3000 

.6 
1 . 2  
5.8 
7.3 
1 .o 
7 .O 

66.2 
6.2 
7.7 
1 . 2  
3.1 

107.3 

91.1 

7.3 

8.3 
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Descr ip t ion  

FIA, V o l .  %(') 
Aromatics 
S a t u r a t e s  
O l e f i n s  
Naph thene s 

Research, Clear  Octane N o .  

TABLE V I  

Analyses of  Product Gasol ine  

C,-2OO0C Gasol ine  

25.5 
74.5 
0.0 

N o t  Determined 
I ,. 

Elemental Analy t ica l ,  W t .  $ 
H 
C 
N 
0 
S 

P a r t i a l  Component Breakdown, V o l  . $ 

S a t u r a t e s  
i-Pent ane 
n-Pentane 
Cyclopent ane 
2,3-Dimet hy l b u t a n e  
2-Methylpentane 
3-Methylpentane 
n-Hexane 
Cyclohexane 
Methylcyclopentane 

Aromatics 
Benzene 
Toluene 
Ethyl  Benzene 
Xylenes 
Cumene 
n-Propyl Benzene 

13.42 
86.22 
0.0 

.34 

.02 

C,-190°C Gasol ine 

30.9 
69.2 
0.0 

31.7(') 
89 

12.93 
87.00 

.04 

.03 
0.0 

13.4 
1 . 2  
.8 

1.1 
4.4 
3.0 

.5 

.6 
9.3 

2.0 
5.9  
2.4 
3.9 
1.1 

.5 

(1) 

( 2 )  

Fluorescent  I n d i c a t o r  Analysis ,  A.S.T.M. Method D-1319-61T. 

The t o t a l  s a t u r a t e s  are 31.7$ naphthenic  and 37.4$ p a r a f f i n i c  
as  determined by A.S.T.M. Method D-2159. 
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Research Div is ion  
CONSOLIDATION COAL COMPANY 
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INTRODUCTION 

The app l i ca t ion  of molten z inc  c h l o r i d e  c a t a l y s i s  t o  t h e  hydrocracking of PO y 
nuc lea r  hydrocarbons, c o a l  e x t r a c t  and coa l  was d iscussed  i n  two previous  papers 
The z inc  ch lo r ide ,  however, is not a c a t a l y s t  i n  t h e  chemical sense s ince  it  is  p a r t i a l l y  
des t royed  by reac t ion  wi th  t h e  N and S impur i t i e s  i n  t h e  hydrocracker feed .  When coa l  
i t s e l f  i s  used f u r t h e r  compl ica t ions  a r i s e  due t o  r eac t ions  with some of t h e  inorganic 
components i n  the  coa l  ash .  

j 

A commercial process u t i l i z i n g  molten z i n c  c h l o r i d e  c a t a l y s i s  must provide a viable  
scheme f o r  regenera t ion  of t h e  c a t a l y s t .  

Two schemes f o r  us ing  t h e  c a t a l y s t  were d iscussed  i n  a previous paper, i .e . ,  with , 
and without t h e  concomitant a d d i t i o n  of z inc  oxide accep to r .  

The following r e a c t i o n s  occur  when no accep to r  is  added: 

ZnC1, + H,S = ZnS + 2 HC1 (1) 

ZnC1, + NH, = ZnCl,-NH, (2) 

ZnCl,.NH, + HC1 = ZnC1,.NH4C1 (3) 

The a d d i t i o n  of z inc  oxide  acceptor  e l imina te s  r e a c t i o n  (3) and in t roduces  a new reac t ion  

ZnO + 2 HC1 = ZnCl, + H,O (4) 

The p resen t  paper w i l l  d i s cuss  only  t h e  r egene ra t ion  of t h e  c a t a l y s t  f o r  t he  non- 
acceptor  case .  The acceptor  case w i l l  be d iscussed  i n  a s epa ra t e  paper.  

The m e l t  l eav ing  t h e  hydrocracker thus,  i n  genera l ,  w i l l  con ta in  i n  add i t ion  t o  
ZnClz t h e  following compounds: ZnS, ZnCl,.NH, and ZnC1,'NH4C1. The a d d i t i o n  compounds 
between z i n c  ch lo r ide  and NH, and NH4C1 a r e  w r i t t e n  a s  t h e  1/1 adducts no& because they 
n e c e s s a r i l y  e x i s t  a s  such i n  t h e  melt bu t  f o r  convenience of d i scuss ion .  The r a t i o  Of 
t h e  NH,C1 t o  the  NH, adducts i s  dependent on t h e  ra t io  of N t o  S i n  t h e  feed .  
moles of s u l f u r  i n  t h e  hydrocracker f e e d  i s  equal  t o  or g r e a t e r  t han  one-half t h e  moles 
of n i t rogen ,  s u b s t a n t i a l l y  a l l  of t h e  NH, w i l l  be p re sen t  as t h e  NH4C1 double s a l t .  

Where t h e  

Regeneration of t h e  mel t  comprises removal of t h e  bulk of t h e  s u l f u r  and n i t rogen  
and r e t u r n  of  t h e  m e l t  a s  r e l a t i v e l y  pure z i n c  ch lo r ide .  

From t h e  economic po in t  of  view it would be d e s i r a b l e  t o  recover  t h e  s u l f u r  i n  t h e  
form of elemental  s u l f u r  and t h e  n i t rogen  a s  ammonia such t h a t  c r e d i t s  f o r  t h e s e  ma te r i a l s  
would p a r t i a l l y  defray t h e  r egene ra t ion  c o s t .  

I n  a d d i t i o n  t o  t h e  ino rgan ic  impur i t i e s  i n  t h e  spent  melt ,  t h e  m e l t  conta ins  organic 
i m p u r i t i e s  which cannot be d i s t i l l e d  out  of t h e  m e l t .  The organic r e s idue  i t s e l f  can be 
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d iv ided  i n t o  two p a r t s ,  one so lub le  i n  MEK and t h e  o t h e r  i n s o l u b l e .  The f i r s t  p a r t  is 
l a r g e l y  c o n v e r t i b l e  to  d i s t i l l a t e  o i l  on recycle whi le  t h e  l a t t e r  i s  mostly unconvert- 
i b l e  and can be regarded a s  semi-coke. The r egene ra t ion  process  t h u s  must i n  add i t ion  
remove t h e  organic  r e s idue  from t h e  melt be fo re  i t  can  be recyc led ,  coked o r  otherwise 
processed .  

The r eac t ions  which a r e  involved f o r  s p e c i f i c  components of t h e  spent  mel t  a r e  
l i s t e d  below. 
they  were formed, i.e., reactions (11, (2) and (3) above. 
number of  t h e  r e a c t i o n  is primed. 

Most of t h e s e  reactions involve  simple r e v e r s a l  of t h e  r e a c t i o n s  by which 
Where t h i s  is t h e  case  t h e  

Regenera t ion  of Zinc S u l f i d e  

Z& + 2 HC1 = ZnC12 + H2S (1') 

Regeneration of Ammonium Chloride-Double S a l t  

ZnCl2.NH4C1 = ZnClz-NH3 +HC1 

Regeneration of ZnC12-NHS 

ZnCl,.NH, = ZnC1, + NH, 

. .  
I 

(3') 

ZnC12-NH, = ZnC1, + 1/2 N, + 3/2 H, (5) 

I t  i s  t h e  purpose of t h i s  paper t o  p re sen t  thermodynamic and o t h e r  d a t a  bear ing  
on t h e  f e a s i b i l i t y  of t h e  p a r t i c u l a r  regenera t ion  scheme shown. The d a t a  on t h e  
ind iv idua l  process  s t e p s  involved a r e  presented .  The i n t e g r a t i o n  of  t h e  ind iv idua l  
process  s t e p s  i n t o  t h e  o v e r a l l  scheme i s  a l s o  given. 

EXPERIMENTAL 

Equipment and procedures f o r  hydrocracking of coa l  e x t r a c t  wi th  z i n c  ch lo r ide  
c a t a l y s t  have been given previous ly .  ('1 

Figure  1 shows t h e  appara tus  used t o  determine t h e  e q u i l i b r i a  i n  t h e  decompositi n 
of t h e  z i n c  chloride-ammonium c h l o r i d e  double s a l t .  A f low system w a s  used with n i t rogen  
pass ing  slowly through a molten bed of ZnCl, + NH4C1 and t h e  e x i t  gas  being analyzed f o r  
HC1. A number of po in t s  taken  over a pe r iod  r e s u l t e d  i n  curves of HC1 p a r t i a l  p ressure  
versus  t h e  ex ten t  of NH4C1 decomposition. 

The z inc  ch lo r ide  and ammonium ch lo r ide  used were F i s h e r  S c i e n t i f i c  Co. C e r t i f i e d  
Reagents. The z i n c  c h l o r i d e  was 98 percent pure, t h e  impur i t i e s  be ing  water  and z i n c  
oxide .  This  ma te r i a l  was p u r i f i e d  at t h e  s t a r t  of each run by hea t ing  t o  425'C i n  a 
flow of  p u r i f i e d  n i t rogen  t o  remove water, and then  pass ing  anhydrous HC1 through it 
f o r  two hours t o  convert  ZnO t o  ZnC1,. This  was followed by a n i t rogen  purge of 12  t o  
36 hours t o  remove excess HC1 from t h e  m e l t .  The n i t rogen  used was p u r i f i e d  by passage 
through hot copper, Asca r i t e ,  and magnesium pe rch lo ra t e  t o  remove t r a c e s  of oxygen, 
carbon d ioxide  and water.  

A f t e r  pu r i fy ing  t h e  z i n c  ch lo r ide ,  t h e  r e a c t o r  tempera ture  was lowerqd t o  343OC to  
minimize t h e  poss ib l e  l o s s  of HC1 when adding NH4C1 through a long s t e m  funnel  i n s e r t e d  
i n  t h e  s t i r r e r  annulus (3 seconds r e q u i r e d ) .  The r e a c t o r  was then  brought t o  t h e  
d e s i r e d  tempera ture  with a low flow of n i t rogen  (1 ml/min). 
was c o n t r o l l e d  t o  f 2OC and t h e  n i t rogen  r a t e  r a i s e d  t o  t h e  o p e r a t i n g  flow of 4.7 
f 0.2  cc/min (STF'). 
t h e  molten bed as shown by i d e n t i c a l  r e s u l t s  a t  f lows between 4.7 and 12 cc/min and 
s t i r r i n g  r a t e s  from t h e  3100 rpm used down t o  as low a s  1500 rpm. The gas  from the  
r e a c t o r  passes  through a c a u s t i c  t r a p  and is  c o l l e c t e d  i n  a b o t t l e  by water displacement.  
Two recovery t r a i n s  u s e d  a l t e r n a t e l y  allow continuous c o l l e c t i o n .  

The d e s i r e d  temperature 

The n i t rogen  gas  reaches equ i l ib r ium HC1 con ten t  i n  pass ing  through 
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The 0.1 or 1.0 N c a u s t i c  used i n  t h e  t r a p s  is  t i t r a t e d  a f t e r  use with 0.1 or 1.0 
N HC1 u s i n g  methyl r e d  i n d i c a t o r .  Caus t ic  t r a p s  a r e  used even during l i n e o u t  per iods 
so t h e  amount of  NH4C1 remaining i n  t h e  m e l t  can b e  a c c u r a t e l y  c a l c u l a t e d .  

I 

C o l l e c t i o n  of the e f f l u e n t  n i t r o g e n  i n  b o t t l e s  allowed accura te  measurement of flow 
rates us ing  weight of  water remaining a f t e r  adjustment of t h e  gas t o  atmospheric pressure .  

When most of t h e  NH4C1 had  decomposed, pressure  of NH, over  t h e  bed became appreci- 

A t  427"C, a small  amount of ZnCl 
ab le ,  combining with i i C l  on c o o l i n g  t o  form s o l i d  M4C1 i n  t h e  g l a s s  wool t r a p .  
of these  s o l i d s  confirmed t h a t  t h e y  were mostly NH4C1. 
was a l s o  found i n  t h e  g l a s s  wool t r a p .  The p a r t i a l  p ressures  of HC1 c a l c u l a t e d  by 
c a u s t i c  t i t r a t i o n  were c o r r e c t e d  by adding t h e  a d d i t i o n a l  H C 1  t i e d  up as  s o l i d  NH4C1 in '  
t h e  s o l i d s  t r a p .  

Analyseq 

2 t  

Equi l ibr ium d a t a  f o r  z i n c  s u l f i d e  regenera t ion  (React ion (1'), Table  111) were 
determined i n  a s t a t i c  g l a s s  system. Af te r  adding ZnS, t h e  v e s s e l  w a s  evacuated and 
brought t o  temperature  under  vacuum. The vacuum w a s  t h e n  shut  o f f  and aqueous HC1 added 
i n  increments .  A f t e r  each  increment ,  t h e  s l u r r y  w a s  s t i r r e d  and allowed t o  reach steady 
s ta te  before  t h e  p r e s s u r e  w a s  measured, For purposes of t h e  rough f i g u r e s  repor ted  i n  
Table 111, t h e  H2S p r e s s u r e  w a s  t aken  a s  t h e  t o t a l  p ressure  minus t h e  vapor pressure  of 
water a t  t h e  temperature  used.  The normali ty  of t h e  a c i d  was determined by t i t r a t i o n  
a f t e r  completion of t h e  run. 

The phase s e p a r a t i o n  s t u d i e s  repor ted  i n  Table  I1 were conducted i n  t h e  same type 
of rocking au toc lave  used f o r  hydrocracking tests.(8a) 
composition i s  given i n  Table  I I A ,  w a s  charged t o  the  au toc lave  along with t h e  des i red  
amount of water or i n  t h e  f i n a l  test, with water p lus  dimethylnaphthalene (Table I I B ) .  
A f t e r  f l u s h i n g  the  a i r  with n i t rogen ,  t h e  u n i t  was heated t o  temperature and rocked f o r  
an a d d i t i o n a l  30 minutes .  The autoc lave  w a s  t h e n  t i l t e d  v e r t i c a l l y  and allowed t o  s tand  
f o r  one hour before  b leeding  o f f  t h e  conten ts  through t h e  bottom. The products  were 
c o l l e c t e d  i n  about 8 increments  which were t h e n  u s u a l l y  combined as "organic" and 
"aqueous" phases .  The aqueous phase was washed with benzene t o  remove organics  before  
d i s t i l l i n g  off  the  w a t e r .  The o r g a n i c  phase was l ikewise  d i s t i l l e d  t o  +40O0C end point  
t o  remove any l i g h t  m a t e r i a l  b e f o r e  a n a l y s i s .  Methods of a n a l y s i s  f o r  t h e  z i n c  salts, 
NH, and NH,C1 were g iven  previously.( 'a) 

The s y n t h e t i c  spent  m e l t ,  whose 

RESULTS AND DISCUSSION 

1. Separa t ion  of Organic Residue from Spent Melt 

No s u b s t a n t i a l  s e p a r a t i o n  of phases  was ever  observed f o r  mixtures  of z i n c  
c h l o r i d e  m e l t  with high b o i l i n g  o r g a n i c  materials such as e x t r a c t ,  pyrene o r  hydrocrack- 
i n g  r e s i d u e s .  A number of d i f f e r e n t  condi t ions  were t r i e d  u s i n g  separa t ion  t i m e s  of UP 
t o  one hour, with nega t ive  r e s u l t s .  

The r e s u l t s  of  one such experiment are summarized i n  Table  I .  I n  t h i s  experi-  
ment e x t r a c t  was hydrocracked w i t h  z i n c  c h l o r i d e  m e l t  at  750°F and 3- ps ig .  When t h e  
run was completed t h e  a u t o c l a v e  w a s  p laced i n  a h o r i z o n t a l  and then a v e r t i c a l  p o s i t i o n  
f o r  1 5  minutes  each whi le  m a i n t a i n i n g  temperature  and pressure .  A number of samples 
were success ive ly  withdrawn over  an a d d i t i o n a l  15  minute per iod  and analyzed as shown. 

I t  i s  seen tha t  t h e  amount of ZnC1, and organic  r e s i d u e  remained reasonably 
cons tan t  over  t h e  f i r s t  s i x  samples i n d i c a t i n g  no phase s e p a r a t i o n ,  The hydrocarbon 
d i s t i l l a t e  showed c o n s i d e r a b l e  f l u c t u a t i o n  from sample t o  sample but  no d e f i n i t e  t rend  
i s  d i s c e r n a b l e .  The bulk  of t h e  d i s t i l l a t e  was withdrawn wi th  t h e  bulk  of t h e  gas  i n  
t h e  l a s t  sample. I t  i s  l i k e l y  t h a t  most of t h e  d i s t i l l a t e  was  a c t u a l l y  i n  t h e  vapor 
phase as t h e  temperature  used  was above t h e  c r i t i c a l  temperature of most gaso l ine  
components. 
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I t  the re fo re  does not appear poss ib l e  t o  e f f e c t  a phase s e p a r a t i o n  between 
t h e  h igh-boi l ing  organics  and t h e  c a t a l y s t  melt  and t h i s  must be taken  account of i n  
any regenera t ion  scheme. The h igh-boi l ing  r e s idue  s t i l l  con ta ins  s u b s t a n t i a l  quanti-  
ties of N, 0 and S which h e t e r o  atoms may complex wi th  t h e  z inc  c h l o r i d e  c a t a l y s t  t o  
form a true s o l u t i o n .  
which do not con ta in  h e t e r o  atoms a l s o  do not s epa ra t e . f aa )  I t  t h u s  i s  no t  r u l e d  out 
t h a t  one i s  dea l ing  with a r e l a t i v e l y  s t a b l e  emulsion. 

On t h e  o t h e r  hand, po lynuclear  h drocarbons such  a s  pyrene 

I t  i s  noted  l i k e w i s e  t h a t  no concen t r a t ion  of ZnS by S e t t l i n g  is apparent from 
Separa te  experiments were conducted i n  which ZnC1, melts were mixed with Table I .  

powdered ZnS and allowed t o  s t and .  Again, no phase sep  r t i o n  was observed. Since t h e  
s o l u b i l i t y  of ZnS i n  molten Z n C l ,  is  known t o  be ~ m a l l , ? ~ Y  t h i s  i s  c l e k r l p  B case  of a 
s t a b l e  d i spe r s ion  r a t h e r  t han  s o l u t i o n .  

Recovery of t h e  organic  r e s idue  t h e r e f o r e  r equ i r e s  add i t ion  of another comp- 
ponent which w i l l  cause  phase sepa ra t ion  t o  t a k e  p l ace .  I f  s o l u t i o n  of unconverted 
e x t r a c t  i s  due t o  complex formation wi th  z inc  ch lo r ide ,  it would be l o g i c a l  t o  assume 
t h a t  phase s e p a r a t i o n  could  be e f f e c t e d  by a d d i t i o n  of agents  which themselves complex 
with z inc  c h l o r i d e  such a s  HzO, CH30H, NH, and NH,Cl. A l l  of t hese  m a t e r i a l s  have been 
found i n  p re l iminary  experiments t o  be capable of e f f e c t i n g  t h e  des i r ed  phase separa t ion .  
A t  t h e  t i m e  of t h i s  w r i t i n g ,  water add i t ion  has been most thoroughly inves t iga t ed  and 
only some of t hese  d a t a  a t  200 and 250°C are presented .  Composition of t h e  separa ted  
phases a f t e r  water a d d i t i o n  a r e  given i n  Table I I A .  

The feed  m e l t  composition used i n  t h i s  s tudy  was a s imula ted  spent  melt and 
had t h e  composition given i n  t h e  bottom of Table I I A .  
hydro r e s idue  due to shor tage  of t h e  l a t t e r  m a t e r i a l .  S ince  sepa ra t ion  of e x t r a c t  from 
spent melt is, i f  anything, more d i f f i c u l t ,  t h e  r e s u l t s  a r e  adequately conserva t ive .  

Ext rac t  was used  i n  p lace  of 

Adequate sepa ra t ion  of t h e  e x t r a c t  from t h e  z inc  c h l o r i d e  phase takes p l ace  
a t  .water/melt r a t i o s  of 0.3 o r  g r e a t e r .  
ch lo r ide  from t h e  organic  phase l eaves  something t o  be des i red ,  however, e s p e c i a l l y  a t  
low water/melt ratios.  
ch lo r ide  i n  organic  phase. The organic  phase is a h ighly  v iscous  m a s s  t h a t  does not 
flow read i ly ,  t hus  making a sharp  sepa ra t ion  d i f f i c u l t .  The high v i s c o s i t y  is due i n  
p a r t  t o  t h e  inhe ren t  high v i s c o s i t y  of t h e  e x t r a c t  and secondly due t o  d i spe r s ion  of 
t h e  z i n c  s u l f i d e  i n  t h e  o rgan ic  phase.  The z i n c  s u l f i d e  was s u r p r i s i n g l y  i n  a l l  cases  
near ly  q u a n t i t a t i v e l y  t r a n s f e r r e d  t o  t h e  organic  phase.  

The sharpness  of s epa ra t ion  of t h e  z inc  

The d i f f i c u l t y  i s  due t o  phys ica l  occ lus ion  of aqueous z inc  

The add i t ion  of a romat ic  so lven t s  was i n v e s t i g a t e d  i n  o rde r  t o  improve t h e  
sharpness of sepa ra t ion .  One such experiment i s  shown i n  Table I I B .  The added 
so lven t  made i t  p o s s i b l e  to withdraw t h e  organic  phase a s  a f l u i d  l i q u i d  due t o  t h e  
e f f e c t  of t h e  so lven t  i n  c u t t i n g  t h e  v i s c o s i t y .  The organic  phase w a s  r e l a t i v e l y  f r e e  
of inorganic  components. I n  c o n t r a s t  t o  t h e  previous case  most of t h e  ZnS was found 
i n  t h e  aqueous phase. This  p o i n t s  t o  phys ica l  t r app ing  by t h e  v iscous  e x t r a c t  a s  t h e  
p r i n c i p l e  reason f o r  t r a n s f e r r a l  of t h e  ZnS t o  t h e  organic  phase i n  t h e  previous in- 
s t ance .  

2 .  Regeneration of Zinc S u l f i d e  v i a  Reversal  of Reaction (1) 

The equi l ibr ium i n  r e a c t i o n  (1) has  been measured by B r i t z k e  and, Kapustinsky(') 
down t o  t h e  mel t ing  poin t  of ZnC1,. The i r  da t a  were then  ex t r apo la t ed  below t h e  mel t ing  
poin t  us ing  t h e  hea t  of r e a c t i o n  

(1) 

AH = +16,7Og cal/mole 
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a s  determined from t h e  thermochemical d a t a  g iven  i n  Bichowsky and R o s s i n i . ( l )  
r e s u l t  i s  

The 

(6) 
-3360 
T l o g  Kp = - + 1.62 

The equi l ibr ium becomes l e s s  f avorab le  w i t h  decreas ing  temperature such tha t  
r e v e r s a l  of t h e  r eac t ion  becomes f e a s i b l e  a t  temperatures of t he  o rde r  of 20O0C or less, 
i .e. ,  l$ = 1.0 a t  207OC. For  example, a t  l 0 0 O C  

Thus, if reve r sa l  of t h e  r e a c t i o n  is  e f f e c t e d  wi th  0 .1  atmosphere of HC1, t h e  r a t i o  
PH,S/PHCl = 15.5 a t  loooc. 

I n  ac tua l  p r a c t i c e ,  r e v e r s a l  of r e a c t i o n  (1) can  only be e f f e c t e d  a f t e r  addi- 
t i o n  of s u f f i c i e n t  water  t o  main ta in  a l i q u i d  phase.  The equi l ibr ium f o r  r e v e r s a l  w i l l  
now even be more favorable  s i n c e  t h e r e  i s  a nega t ive  f r e e  energy change f o r  t h e  
r e a c t i o n  

(7) 

The e f f e c t  of u s i n g  aqueous s o l u t i o n s  i n  f a c i l i t a t i n g  t h e  r e v e r s a l  of r eac t ion  
(1) i s  i l l u s t r a t e d  by some equ i l ib r ium da ta  measured by u s  i n  d i l u t e  aqueous so lu t ions  
a s  shown i n  Table 111. The equ i l ib r ium i s  now much more favorable  and r e v e r s a l  of 
r e a c t i o n  (1) With aqueous s o l u t i o n  of z i n c  c h l o r i d e  i s  t o  be regarded as a f e a s i b l e  
process .  Experiments w e r e  conducted wherein a c t u a l  spent  melts from hydrocracking of 
e x t r a c t  were t r e a t e d  wi th  aqueous hydrochlor ic  ac id .  Rapid evolu t ion  of  H2S was noted. 

3 .  Decomposition of Zinc Chloride-Ammonium Chloride Double S a l t  

The r eac t ion  i n  ques t ion  i s  t h e  r e v e r s a l  of r eac t ion  ( 3 )  which not only 
s u p p l i e s  t h e  HC1 requi red  f o r  regenera t ion  of z i n c  ch lo r ide  from z inc  s u l f i d e ,  but e l i -  
minates HC1 from t h e  m e l t  p r i o r  t o  recovery of t h e  NH,. Equilibrium measurements were 
accord ingly  made over t h e  r ange  340-450°C and f o r  i n i t i a l  concent ra t ions  of  M 4 C 1  i n  t h e  
range of 10 t o  2 0  mole p e r c e n t .  The p a r t i a l  p ressure  of HC1 i n  equi l ibr ium wi th  the  
m e l t  a s  a func t ion  of pe rcen t  NH4C1 decomposed i s  shown i n  t h e  semi-log p l o t  of Figure 2 .  

The smoothed d a t a  from F igure  2 a r e  r e p l o t t e d  t o  def ine  a "pseudo" equi l ibr ium 
cons tan t  K .  

\ 

where Q' i s  t h e  f r a c t i o n  of NH,Cl decomposed. 
a l though s l i g h t  t a i l i n g  o f f  i s  noted i n  some cases  a t  h igh  conversion l e v e l s .  This may 
be due t o  experimental e r r o r  a s ' a  r e s u l t  of s l i g h t  l o s s e s  of NH, from t h e  mel t .  The 
NH, w a s  c o l l e c t e d  and ana lyzed  as NH4C1 and c o r r e c t i o n s  made f o r  i t s  loss. However, if 
t h e  measurements of v o l a t i l i z e d  NH, were s l i g h t l y  low, it would produce t h e  t a i l i n g  off 
observed. The values of K a r e  cons iderably  g r e a t e r  f o r  t h e  10 mole percent  NH4C1 Se r i e s  
than  f o r  t h e  20 mole percent  NH4C1 series. N o  adequate explana t ion  f o r  t h i s  phenomenon 
can be advanced a t  t h i s  t ime. I 

Adequate s t r a i g h t  l i n e s  a r e  obta ined  (F ig .  3) 

i 

A semi-log p l o t  of t h e  €IC1 p re s su re  versus t h e  r ec ip roca l  of t he  absolu te  
tempera ture  a t  cons tan t  pe rcen t  NH4C1 decomposition i s  given i n  Figure 4 .  
of t h e  l i n e s  correspond t o  t h e  hea t  of decomposition, 

The s lopes  

&i = 21,000 * 600 cals/mole 

I t  i s  now p o s s i b l e  t o  express  values of K as a func t ion  of t he . t empera tu re  in"  
degrees Kelvin by t h e  expres s ions  

l o g  K = - -4:" + B (9 )  
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where B = 6.32 and 6.14 when t h e  i n i t i a l  NIi4C1 concen t r a t ions  a r e  10 and 20 mole per- 
cen t ,  r e spec t ive ly ,  and t h e  HC1 p a r t i a l  p re s su re  i n  t h e  express ion  f o r  K is given i n  
atmospheres. 

In  p r a c t i c e ,  €IC1 would be removed from t h e  melt by s t r i p p i n g  wi th  hot gas  i n  
a coun te rcu r ren t  tower. The HCl concen t r a t ion  i n  t h e  gas  as a func t ion  of that i n  t h e  
m e l t  a t  any po in t  i n  such a tower is  g iven  by t h e  simple material ba lance  r e l a t i o n s h i p  

The equ i l ib r ium p res su re  of HC1 over  t h e  m e l t  is l ikewise  g iven  by 

where A 

4 = Value of A i n  m e l t  l e av ing  tower. 

n = Tota l  p re s su re  i n  atmospheres. 

r 

= Mole f r a c t i o n  of t o t a l  NH, i n  mel t  combined wi th  HC1. 

= Moles of s t r i p p i n g  gas/mole of NH, + NH4C1 i n  m e l t .  

I t  is  c l e a r  t h a t  i n  o rde r  t o  have a ne t  d r iv ing  f o r c e  f o r  HC1 evolu t ion  
eq . 

Pbcl > PHcl everywhere i n  t h e  tower. Consider t h e  case,  f o r  s i m p l i c i t y ,  where t h e  
m e l t  i s  near ly  q u a n t i t a t i v e l y  s t r i p p e d  of HC1, i .e . ,  %G 0. 
s a t i s f i e d  i f  

The above cond i t ion  i s  , 

D i f f e r e n t i a t i n g  equat ions  (10) and (11), t h e  i n e q u a l i t y  may be written, 

n/r 5 K (13) 

For example, i f  t h e  temperature a t  t h e  m e l t  o u t l e t  is 46OoC, and t h e  mole f r a c t i o n  
of MI, + M4C1 i n  t h e  mel t  i s  0.20, t h e n  n/r .73. 

A ne t  d r iv ing  f o r c e  f o r  HC1 evo lu t ion  can st i l l  be maintained i n  such a 
tower, even i f ,  as w i l l  normally be t h e  case, t h e  temperature decreases  from bottom t o  
top .  The more gene ra l  i n e q u a l i t y  can be obta ined  i f  t h e  d i f f e r e n t i a t i o n  of equat ions  
(10) and (11) above i s  performed wi th  the equi l ibr ium cons tan t  K a s  func t ion  of A and 
t h e r e f o r e  also of tempera ture  ( i .e. ,  A is cons idered  t o  be  a f u n c t i o n  of tempera ture) .  
The r e s u l t  is, aga in  f o r  case  where 4% 0, 

where KO is  t h e  value of K a t  m e l t  o u t l e t ,  i .e . ,  where A = 0. Equation (14) i n  com- 
b i n a t i o n  with equat ion  (9) t hus  can be employed t o  def ine  t h e  maximum allowable rate of 
decrease  i n  temperature wi th  r e spec t  t o  A i n  t h e  tower and thus  i s  u s e f u l  f o r  design 
purposes.  
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4 .  Decomposition of Zinc Chloride-Ammonia Adduct 

The f i n a l  r egene ra t ion  of t h e  spent m e l t  r equ i r e s  t h a t  a major f r a c t i o n  of 
t h e  ammonia be removed. Th i s  can be done i n  p r i n c i p l e  by thermal decomposition of the  
adduct which amounts t o  a r e v e r s a l  of r eac t ion  ( 2 ) .  
recovery of NH, would b r ing  s u b s t a n t i a l  by-product c r e d i t s .  

Th i s  would be a t t r a c t i v e  s i n c e  

The design of such an NH, adduct decomposition tower r equ i r e s  equi l ibr ium 
d a t a  which g ive  t h e  p a r t i a l  p re s su re  of ammonia over t h e  melt a s  a i unc t ion  of its 
ammonia conten t  and tempera ture .  Equilibrium measurements i n  t h i s  s y s t e m  have been 
made by Kurilov,( ') K ~ e n e m a n ( ~ )  and K r a ~ n o v . ( ~ )  The above au thors  i n  t h e  o rde r  named 
measured t h e  ammonia p r e s s u r e s  a t  success ive ly  inc reas ing  temperatures and decreasing 
ammonia con ten t .  

The da ta  of t h e s e  au tho r s  are summarized i n  g raph ica l  form i n  F igure  5.  A 
log- log  p l o t  is  used t o  p e r m i t  some e x t r a p o l a t i o n  o u t s i d e  t h e  range of t h e  da t a .  N o  
experimental  po in ts  a r e  a v a i l a b l e  below 3.4 w t .  percent  of NH,. 

The ammonia conten t  of t h e  melt  s en t  t o  t h e  ammonia decomposer i n  p r a c t i c e  
w i l l  vary between 1 . 5  and 5 . 0  w t .  $ depending upon t h e  m e l t  c i r c u l a t i o n  r a t e  used. It 
i s  c l e a r ,  however, from t h e  d a t a  of F igure  5 t h a t  i t  w i l l  be very d i f f i c u l t  t o  achieve 
very low NH, concent ra t ions ,  i . e . ,  below 1% i n  t h e  regenera ted  m e l t  un less  temperatures 
w e l l  above those  i n v e s t i g a t e d  a r e  used. 

I t  i s  not necessary ,  however, t o  reduce the  NH, content  of t h e  regenera ted  
melt t o  ze ro .  I t  has  been found, f o r  example, t h a t  t h e  r e a c t i o n  

ZnO + 2(ZnCl2-NH4C1) -, 2 ZnCl,-NH, + ZnC1, + H,O (15) 

goes q u a n t i t a t i v e l y  t o  t h e  r i g h t  a t  temperatures i n  t h e  neighborhood of 400OC. The 

t:b) 
m e l t  l e av ing  t h e  NH4C1 decomposer w i l l  t h e r e f o r e  be f r e e  of z inc  oxide.  This is 
c o n t r a s t  t o  t h e  feed  melt  t o  t h e  hydrocracking runs descr ibed  i n  a previous paper 
which conta ined  2.8 m o l e  46 of ZnO. 
obta ined  wi th  a regenera ted  m e l t  conta in ing  .056 moles NH,/mole ZnC1, ( 0 . 7  w t .  46 NH,) 
t o  t hose  r epor t ed  exper imenta l ly  which conta ined  .056 moles NH,Cl/mole ZnC1,. 
above r e s u l t  follows s i n c e  r e a c t i o n  (15) proceeds i n  t h e  melt used i n  t h e  experimental 
work t o  produce a n  i d e n t i c a l  m e l t  composition i n  both cases .  The a c t i v i t y  of t h e  melt 
i n  t h i s  ca se  [ c f .  F igu re  6 of  prev ious  paper(8b)] i s  only  neg l ig ib ly  less than  t h a t  of 
a m e l t  con ta in ing  no NH4C1.  

Equivalent hydrocracking r e s u l t s  w i l l  t he re fo re  be 

The 

/ 
The ammonia decomposition equi l ibr ium a t  lower NH, concent ra t ions  and higher \ 

t empera tures  i s  p resen t ly  be ing  i n v e s t i g a t e d  i n  t h e  Consol ida t ion  Coal Co. l abora to r i e s  
bu t  no d a t a  a r e  a v a i l a b l e  as y e t .  

One i n t e r e s t i n g  obse rva t ion  has  been made, however, t h a t  t h e  r eac t ion  ! 

( 5-1 i ZnCl,.NH, = ZnCl, + 1/2 N, + 3/2 H, 

i s  r e a d i l y  ca ta lyzed  by ox id ized  metal su r faces .  Thus, i t  appears t o  be  poss ib le ,  i f  
des i r ed ,  t o  eliminate t h e  l as t  traces of ammonia from t h e  m e l t  by c a t a l y t i c  decomposi- 
t i o n  at temperatures of t h e  o rde r  of 550-60O0C. I 

5. Removal of Ash /I 

Coal e x t r a c t  f e e d  w i l l  con ta in  anywhere from 0.1 t o  0 .4  w t .  $ ash depending 

f on its method of p repa ra t ion .  Ash must be p e r i o d i c a l l y  removed from t h e  m e l t  during 
i t s  r egene ra t ion  to  prevent  i t s  b u i l d  up. Severa l  methods are a v a i l a b l e  such as 
f i l t r a t i o n  a f t e r  d i l u t i o n  w i t h  water and removal of z i n c  s u l f i d e .  I t  a l s o  may be 
removed by d i s t i l l a t i o n  of z i n c  c h l o r i d e  vapor from a s i d e  stream t o  l eave  an ash 
r e s idue .  



-121- 

6.  Overa l l  Regeneration Scheme 

The i n t e g r a t i o n  of t h e  var ious  process  s t e p s  d iscussed  above i n t o  a s i n g l e  
regenera t ion  scheme i s  i l l u s t r a t e d  i n  F igu re  6. Appropriate ope ra t ing  ranges f o r  each 
process s t e p  are l ikewise  g iven ,  

A ma te r i a l  ba lance  around t h e  ope ra t ion  i s  g iven  i n  Table I V .  
e n t e r i n g  regenera t ion  i s  assumed t o  be t h e  same composition as t h a t  from t h e  5 s t age  
coa l  e x t r a c t  hydrocracking run  r epor t ed  i n  a previous  paper(8b) {c f .  Table I V ] .  The 
regenera ted  melt composition is ad jus t ed  such t h a t  t h e  composition of t h e  spent m e l t  
a f t e r  hydro is c o n s i s t e n t  wi th  e l imina t ion  of 98.0% of t h e  s u l f u r  and 87.5$ of t h e  
n i t rogen  from t h e  feed  e x t r a c t ,  i . e . ,  i n  accord wi th  exper imenta l ly  observed resul ts  
i n  t h e  5 s t a g e  run. 

The spent m e l t  

The performance of t h e  NH, decomposition tower was c a l c u l a t e d  from t h e  d a t a  
of Figure 5 assuming i so thermal  ope ra t ion  a t  53OoC, 4 t h e o r e t i c a l  s t a g e s  and a t o t a l  
p ressure  of 1.5 atms. 

In  p r a c t i c e ,  one would have a temperature inc rease  i n  t h e  NH, decomposition 
tower s i n c e  hea t  would be supp l i ed  by condensing z i n c  c h l o r i d e  vapor from t h e  b o i l e r .  
Thus, fewer s t a g e s  would be requi red .  

Recovery of  NH, from t h e  gases  l eav ing  t h e  ammonia decomposer can be e f f e c t e d  
according t o  t h e  da t a  of Kurilov ( c f .  F igure  5)  by scrubbing with a ZnC1, m e l t  rela- 
t i v e l y  cbncent ra ted  i n  NH, a t  lower temperatures a s  shown i n  F igure  6. 

The m e l t  i s  r e a d i l y  decomposed t o  y i e l d  pure NH, gas  a t  tempera tures  of t h e  
Of course,  o the r  more conventional methods of ammonia recovery could  o rde r ' o f  400'C. 

a l s o  be used. 

The above scheme i s  l ikewise  adaptab le  t o  spent  mel t s  used i n  hydrocracking 
of coa l  i t s e l f .  I n  t h i s  ca se  t h e  m e l t  w i l l  con ta in  a l a r g e r  percentage  of ash  and 
accordingly more ash w i l l  have t o  be r e j e c t e d  i n  t h e  vapor i za t ion  s t e p .  I n  p rac t i ce ,  
a h igher  propor t ion  of t h e  m e l t  w i l l  have to  be vaporized, and t h i s  would be one of 
t h e  disadvantages of us ing  c o a l  as compared wi th  e x t r a c t .  
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TABLE I11 

Equi l ibr ium Data Compared f o r  React ions 
I 

ZnS + 2 HC1 = ZnC12(,) + H,S 

ZnS + 2 HC1 = ZnC12(aq) + H,S 

Temperature, "C 

Normality of Equi l .  Mixture  

HC1 

ZnCl 

'H,S ( a t m )  

(1) 

'HCl ( a t m ) .  

PH2s/PHc12 obs. f o r  r e a c t i o n  (I") 

PH2S/~HC12 Calc. f o r  r e a c t i o n  (1') 

50 

2.6 

0.4  

1.52 

7.9 x 1 0 - ~  

2.4 x 10' 

4 .9  x 103 

66 

(1) From l i t e r a t u r e  d a t a  a t  t h e  measured a c i d  concent ra t ion  of 
I n t e r n a t i o n a l  Cr i t i ca l  Tables  V o l .  111, pg 301. 

0 .68  

0.32 

0.10 

1.3 x 10-5 

5.9 x 108 

1.5  x 1 0 3  
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f igure  2 

o IO mol % NH4CI at 343°C 
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\ 

1 
Fiaure 3 

EQUILIBRIUM CONSTANT FOR REACTION 
ZnCI2 NH4CI = ZnCl2-NH3 t HCI 

Initial Conch. 
NHqCl Mol% Temp. O C  
0 IO 4 27 

E l 2 0  4 27 
d 20 385 

6 IO 385 
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- 
0.3 

n 

0. I 

I 
0.2 0.3 0.4 0.5 ' 0.6 0.7 0.8 0.9 1.0 
o(( Mol. Fraction of NH&l Decomposed) 
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I .  
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Figure 5 

SUMMARIZED DATA ON DISSOCIATION 

I 
PRESSURE OF NH, OVER ZnCI, MELTS 
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Figure 6 
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Elevated P r e s s u r e  Adsorpt ion o f  Methane on Act iva ted  Carbon; 
E f f e c t s  o f  Contaminant Gases and Repeated Cycl ing 

J .  W .  M u l v i h i l l ,  W .  P .  Haynes, R .  J.  Haren, and J. H .  F i e l d  
U .  S. Bureau o f  Mines, 4800 Forbes Avenue 

P i t t s b u r g h ,  Pennsylvania  15213 

I hT RODUC T I ON 
I 

Bureau of Mines i n t e r e s t  i n  methane adso rp t ion  w a s  developed from re- 
s e a r c h  on h y d r o g a s i f i c a t i o n  of c o a l  t o  produce s y n t h e t i c  p i p e l i n e  gas .  The 
product  from h y d r o g a s i f i c a t i o n  c o n s i s t s  p r i n c i p a l l y  o f  methane and hydro- 
g e u !  t h e  methane c o n t e n t  va ry ing  from 5 t o  80 pe rcen t  depending on 
process  v a r i a b l e s .  The minor c o n s t i t u e n t s  are n i t r o g e n ,  carbon ox ides ,  
s u l f u r  compounds, u n s a t u r a t e s ,  h ighe r  molecular weight hydrocarbons inc lud ing  
a romat i c s ,  and water  vapor .  S y n t h e t i c  p i p e l i n e  gas w i t h  a h e a t i n g  v a l u e  of 
approximately 1,000 B t u ' s  can b e  produced from h y d r o g a s i f i c a t i o n  product  by 
r e c o v e r i n g  the  methane. 
c a p i t a l  and o p e r a t i n g  c o s t s  f o r  s e p a r a t i n g  methane from mixtures  of met ane 

The estimate, however, w a s  based on e x t r a p o l a t e d  data?$for t h e  adso rp t ion  
o f - p u r e  methane a t  r e l a t i v e l y  low p r e s s u r e s .  
v e s t i g a t i o n  was t o  e s t a b l i s h  a d s o r p i i o n  isorherms f o r  nethane on a c t i v a t e d  
carbon a t  40" C and p r e s s u r e s  o f  14.2 t o  806 p s i a  and s tudy  t h e  tendency of 
a c t i v a t e d  carbon t o  l o s e  i t s  a d s o r p t i v e  c a p a c i t y  f o r  methane when t h e  methane 
is  contaminated w i t h  o t h e r  gases  and/or  t h e r e  i s  r epea ted  c y c l i n g .  

The Bureau o f  Mines h a s  r epor t ed  t h a t  e s t ima ted  

and hydrogen a r e  lowest i f  t h e  methane i s  adsorbed by c t i v a t e d  carbon! 7 . 
The o b j e c t i v e  o f  t h i s  i n -  

J 

E f f e c t s  of adding benzene, hydrogen, e t h y l e n e ,  o r  hydrogen s u l f i d e  were 
i n v e s t i g a t e d .  These gases  were chosen as contaminants  because they  are i n  the  I 
gaseous mixture  produced by h y d r o g a s i f i c a t i o n .  Two of t he  contaminant gases ,  
benzene and hydrogen, used i n  t h e  experiments were given concen t r a t ions  s i m i -  
l a r  t o  t h o s e  found i n  a h y d r o g a s i f i c a t i o n  product .  The o t h e r  two contaminants ,  
e t h y l e n e  and hydrogen s u l f i d e ,  were given much h i g h e r  concen t r a t ions  than 
would b e  found i n  a h y d r o g a s i f i c a t i o n  product i n  o r d e r  t o  s imula t e  r a p i d  
po i son ing  of the  adso rben t .  

The a d s o r p t i v e  c a p a c i t y  o f  a c t i v a t e d  carbon can b e  a f f e c t e d  by s i d e  re- 
a c t i o n s .  Act ivated carbon may a c t  c a t a l y t i c a l l y  to  conve r t  hydrogen s u l f i d e  

may occupy space t h a t  cou ld  be taken up by the  methane., 
,, t o  f r e e  s u l f u r  i n  the p resence  of t r a c e  amounts of oxyge and t h e  f r e e  s u l f u r  

I 
17' 

I 
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LPPARATUS AND PROCEDURE 

Some o f  t h e  main components of t h e  fixed-bed a d s o r p t i o n  u n i t  a r e  shown 
The adsorber  was made of type  304 s t a i n l e s s  s t e e l  a s  were t h e  

The adsorber  was 24 inches  long w i t h  LIP-inch 

i n  f i g u r e  1. 
v a l v e s ,  f i t t i n g s ,  t u b i n g ,  and gas c o l l e c t i o n  r e s e r v o i r s ,  because o f  t h e i r  
c o n t a c t  w i t h  hydrogen s u l f i d e .  
o u t s i d e  diameter  and 3/8- inch i n s i d e  d iameter .  It had a maximum working 
P r e s s u r e  of 1 ,500 p s i  and a maximum working temperature  of  450' C .  
d e s o r p t i o n ,  h e a t  w a s  suppl ied  e l e c t r i c a l l y  u s i n g  t h e  adsorber  w a l l  as an 
electrical r e s i s t o r .  
down t ransformer .  
a l o n g  i t s  e n t i r e  l e n g t h  by a i r  blown from a s e r i e s  of small n o z z l e s .  

During 

Power f o s  h e a t i n g  was suppl ied  by a 7 . 5  KVA, 10: 1 s t e p -  
During t h e  c o o l i n g  c y c l e ,  t h e  adsorber  was r a p i d l y  cooled 

During t h e  r a p i d  c 9 c l i n g  s t u d i e s ,  t h e  a d s o r p t i o n ,  d e s o r p t i o n ,  and cool ing  
c y c l e s  were a u t o m a t i c a l l y  c o n t r o l l e d  by a t i m e  c y c l e  c o n t r o l l e r .  
c y c l e  c o n s i s t e d  of a 9-minute a d s o r p t i o n  per iod a t  40' C ,  6 minutes  d e s o r p t i o n  
a t  450° C, and 3 minutes  c o o l i n g .  

A complete 

F igure  2 i s  a schematic  flow diagram of t h e  r a p i d  c y c l i n g ,  f ixed-bed 
a d s o r p t i o n  system. The d e s i r e d  feed gas o f  known composi t ion i s  s u p p l i e d  t o  
t h e  u n i t  from high-pressure  s t o r a g e  c y l i n d e r s .  
by, p r e s s u r e  drop through a c a l i b r a t e d  c a p i l l a r y  manometer. 
was used t o  add benzene t o  t h e  feed gas  when t h e  contaminat ing e f f e c t  o f  
benzene was s t u d i e d .  

\ 
The gas  f low r a t e  I s  meaeured 

The gas  s a t u r a t o r  

A weighed sample of  f r e s h  a c t i v a t e d  carbon was placed i n  t h e  adsorber  
p r i o r  t o  each s e r i e s  of  experiments .  The a c t i v a t e d  carbon was degassed under 
vacuum f o r  2 t o  3 hours  a t  450' C .  A t  t h e  end of t h i s  per iod t h e  p r e s s u r e  i n  
t h e  a d s o r p t i o n  chambet, measured by a McLeod gage, was about  15 microns Hg. 
The "dead space" i n . t h e  r e a c t o r  system was t h e  volume of t h e  a d s o r p t i o n  chamber 
bounded by t h r e e  so lenoid  v a l v e s ,  SV-1, SV-2, and SV-3. It r e p r e s e n t e d  t h e  
adsorbent  pore volume, t h e  i n t e r p a r t i c l e  vo id  space ,  p l u s  t h e  volume of t h e  
appara tus  c a p i l l a r y  l i n e s  i n s i d e  t h e  r e s p e c t i v e  boundar ies .  Dead space was 
determined by i n t r o d u c i n g  measured amounts of helium a t  a tmospheric  p r e s s u r e  
i n t o  t h e  evacuated a d s o r p t i o n  chamber, n o t i n g  t h e  e q u i l i b r i u m  p r e s s u r e ,  and 
apply ing  t h e  i d e a l  gas  law. Adsorption of helium was assumed t o  be n e g l i g i b l e  ' 

under  t h e s e  c o n d i t i o n s .  

I n  determining t h e  amount of methane adsorbed f o r  t h e  pure methane ex- 
per iments  (s ta t ic  s t u d i e s ) ,  methane was fed i n t o  t h e  a d s o r p t i o n  chamber u n t i l  
e q u i l i b r i u m  c o n d i t i o n s  were a t t a i n e d .  Equi l ibr ium was a t t a i n e d  r a p i d l y ,  i n  
some c a s e s  w i t h i n  15 minutes .  The gas was then  desorbed from t h e  a d s o r p t i o n  
chamber i n t o  a 500-cc c a l i b r a t e d  c o l l e c t i o n  r e s e r v o i r .  The d e s o r p t i o n  tempera- 
t u r e  was 450' C f o r  a l l  t h e  experiments .  A slow hel ium purge w a s  a l s o  used i n  
conjunct ion  wi th  t h e  h igh  temperature  t o  remove t h e  l a s t  t r a c e s  of methane. 
The amount of  methane adsorbed on the  a c t i v a t e d  carbon was t h e  d i f f e r e n c e  
between t h e  t o t a l  methane c o l l e c t e d  and t h a t  conta ined  in  t h e  dead space .  
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I n  t h e  mixture  exper iments  (dynamic s t u d i e s ) ,  i t  was assumed t h a t  methane 
e q u i l i b r i u m  was a t t a i n e d  i n  approximately the  same length  of time requi red  
d u r i n g  t h e  pure methane exper iments  ( s t a t i c  s t u d i e s ) .  A f t e r  methane e q u i l -  
ib r ium was a t t a i n e d ,  t h e  gas  remaining i n  t h e  dead space and on a c t i v a t e d  
c a r b o n ' s  s u r f a c e  was desorbed i n t o  t h e  500-cc c a l i b r a t e d  c o l l e c t i o n  r e s e r v o i r .  
The amount of methane adsorbed was determined i n  a manner s i m i l a r  t o  t h a t  used 
f o r  the s t a t i c  s t u d i e s .  

1 

_ j  

The i d e a l  gas  l a w  was used f o r  computing t h e  amount of adsorbed gas when 
t h e  t o t a l  adsor  t i o n  p r e s s u r e  d i d  not  exceed 50 p s i .  General ized compress- 
i b i l i t y  f a c t o r s j i  were used i n  conjunct ion  wi th  Amagat's law when t o t a l  
p r e s s u r e  exceeded 50 p s i .  

All gases  were analyzed by chromatography and mass spec t romet ry .  The 
methane used i n  t h e  experiments  contained 0.2 percent  e thane  and 0.1 percent  
n i t r o g e n .  The adsorbent  w a s  a 12x30 mesh P i t t s b u r g h  Coke and Chemical Co. 
Type BPI, a c t i v a t e d  carbon manufactured from v a r i o u s  grades of  bituminous 
c o a l  combined wi th  s u i t a b l e  b i n d e r s .  

RESULTS AND DISCUSSION 

When adsorp t ion  t a k e s  p l a c e  i n  a unimolecular  l a y e r ,  or  p a r t  of a 
l a y e r ,  t h e  d a t a  can o f t e n  be f i t t e d  s a t i s f a c t o r i l y  by means of t h e  s imple 
Langmuir e q u a t i o d l  a b P  

l + a P  
x/m = - . 

I n  t h i s  formula 

x = weight of gas  adsorbed.  
m = weight of  s o l i d  adsorbent .  
P = P a r t i a l  p r e s s u r e  of the  gas i n  ques t ion  a t  e q u i l i b r i u m .  

a ,  b = experimental  c o n s t a n t s .  

The Langmuir equat ion  is based on t h e  assumption t h a t  t h e  molecules  of  t h e  
adsorbed gas a r e  p r e s e n t  on t h e  s u r f a c e  of t h e  adsorbent  as a monolayer. The 
g r e a t e r  t h e  f r a c t i o n  of  t h e  s u r f a c e  covered by t h e  monolayer, t h e  l e s s  
tendency t h e r e  is t o  accumulate  more molecules and t h e  g r e a t e r  t h e  par t ia l  
p r e s s u r e  must be t o  c o n t i n u e  such accumulation. 

The Langmuir formula may be r e w r i t t e n  as t h e  equat ion  of a s t r a i g h t  
l i n e ,  

I P/(x/m) = ( l / b )  P + l / ( a  b) .  

The experimental  c o n s t a n t s  a and b can be c a l c u l a t e d  i f  t h e  p l o t  of P/(x/m) 
v e r s u s  P i s  a s t r a i g h t  l i n e .  
per imenta l  d a t a  and d a t a  of , f o u r  o t h e r  i n v e s t i g a t o r s ,  Per K. F r o l i c & / ,  

F igure  3 shows Langmuir p l o t s  of  our  ex- 

I 
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I 111 51 I L. S z e p e s r  , G. C .  Ra?', and R. J. Grant- . Curve 5 r e p r e s e n t s  & a n t ' s  
e x t r a p o l a t e d  d a t a .  
estimates. 

These e x t r a p o l a t e d  d a t a  were used i n  our  o r i g i n a l  c o s t  

P l o t s  of b o t h  Szepesy ' s  and our d a t a ,  curves  2 and 3,  produced s t r a i g h t  
l i n e s .  The upper p o r t i o n  of  F r o l i c h ' s  d a t a ,  curve 1, i s  a l s o  a s t r a i g h t  
l i n e .  The exper imenta l  con6tants  f o r  curves  2 and 3 become: 

-1 

-1 

I) Curve 2: a = 9 . 6 4 ~ 1 0 - ~  p s i a  , b = 7.41 g/100 g. 

2) Curve 3: ' a = 1 2 . 8 5 ~ 1 0 - ~  p s i a  , b = 5.56 g/100 g.  

F r e u n d l i c h ' s  e q u a t i o n ,  x/m = a PIin 'I, i s  used f r e q u e n t l y  t o  c o r r e l a t e  ad- 
s o r p t i o n  d a t a .  The l e t t e r s  x ,  m,  and P have t h e  same meaning as i n  t h e  
Langmuir e q u a t i o n ,  and t h e  letters a and l / n  r e p r e s e n t  e m p i r i c a l  c o n s t a n t s .  

The v a l i d i t y  o f  t h e  formula f o r  t h e  exper imenta l  d a t a  can be t e s t e d  by 
p l o t t i n g  t h e  l o g a r i t h m  of  x / m  a g a i n s t  t h e  logar i thm of P,  s i n c e  r e w r i t i n g  
t h e  formula i n  i t s  logar i thm form, l o g  (x/m) = l o g  a + ( lh)  l o g  P, g ives  
t h e  equat ion  o f  a s t r a i g h t  l i n e .  

F i g u r e  4 shows Freundl ich  p l o t s  of our exper imenta l  d a t a  and d a t a  of 
theL four  o t h e r  i n v e s t i g a t o r s  p r e v i o u s l y  mentioned. 
t h e  Freundl ich  e q u a t i o n .  

,. Table  1 shows t h e  e f f e c t  o f  76.5 p e r c e n t  hydrogen i n  t h e  methane feed 
gas upon a c t i v a t e d  c a r b o n ' s  a d s o r p t i v e  c a p a c i t y  f o r  methane. 
of experiments ,  two methane p a r t i a l  p r e s s u r e  l e v e l s  were i n v e s t i g a t e d ,  50 
and 300 p s i a .  Act iva ted  c a r b o n ' s  e q u i l i b r i u m  c a p a c i t y  f o r  methane was r e -  
duced 10.0 and 22.8 p e r c e n t ,  r e s p e c t i v e l y ,  owing t o  t h e  presence of hydrogen. 
Experiments wi th  a methane-hydrogen mixture  showed t h a t  t h e  s e l e c t i v i t y  of 
t h e  carbon f o r  methane over  hydrogen was 11:l a t  50 p s i a  p a r t i a l  p r e s s u r e ,  
and 28:l a t  300 p s i a .  

None o f  t h e  curves  obeys 

I n  t h e s e  s e r i e s  

F i g u r e  5 shows t h e  e f f e c t  of methane contaminat ion and repea ted  c y c l i n g  
upon a c t i v a t e d  c a r b o n ' s  a d s o r p t i v e  c a p a c i t y  of  methane. 
e t h y l e n e ,  and hydrogen s u l f i d e  were t h e  contaminants  tested.  
f i r s t  a d s o r p t i o n  s t e p ,  a l l  t h e  contaminants  reduced t h e  c a p a c i t y  of a c t i -  
va ted  carbon f o r  methane. The i n i t i a l  r e d u c t i o n s  i n  c a p a c i t y  f o r  methane 
owing t o  t h e  presence of t h e  contaminants  a r e  given i n  percent  i n  t a b l e  2 .  
The presence o f  8.3 percent  hydrogen s u l f i d e  produced t h e  g r e a t e s t  i n i t i a l  
loss o f  c a p a c i t y ,  reducing  t h e  carbon ' s  c a p a c i t y  f o r  methane by 53 p e r c e n t .  
Benzene, hydrogen, and e t h y l e n e  reduced t h e  methane c a p a c i t y  of the  carbon 
by 13,  25 ,  and 37 p e r c e n t ,  r e s p e c t i v e l y .  

Benzene, hydrogen, 
A f t e r  t h e  

A d d i t i o n a l  adsorp t ion-desorp t ion  c y c l e s  u s i n g  t h e  contaminated methane 
feed  gases  i n c u r r e d  no f u r t h e r  decrease  i n  carbon c a p a c i t y  f o r  methane ex- 
c e p t  i n  t h e  t e s t s  u s i n g  10.3 percent  e t h y l e n e  i n  the  methane feed gas .  
A f t e r  150 c y c l e s ,  a c t i v a t e d  carbon ' s  c a p a c i t y  f o r  methane was reduced an 
a d d i t i o n a l  13 p e r c e n t  from 37 t o  50 p e r c e n t .  



-136- 

TABLE 1.- E f f e c t  of  hydrogen upon a c t i v a t e d  ca rbon ' s  
a d s o r p t i v e  c a p a c i t y  f o r  methane 

I Activated Act ivated S e l e c t i v i t y ,  
I c a rbon ' s  carbon ' s 
, c a p a c i t y  f u r  c a p a c i t y  f o r  I Adsorpt ion 
t tempera- e q u i l i b r i u m  methane, hydrogen, 

t u r e s ,  p r e s s u r e ,  CHn g H7 Carbon c a p a c i t y ( C q  
Feed gas O C  p s i a  100 g carbon 100 F: carbon Carbon capacity(H7) 

2.49 - -  -- 40 50 11 
a )  cH4 - 

b) + 40 50 2.24 0.02 11: 1 
23.7 p c t  C& 

76.3 p c t  H2 

300 5.49 -- - -  40 
11 

a )  C H 4 -  

b) L+ 40 300 4.23 0.15 28: 1 
23.7 p c t  C& 

76.3 p c t  H2 

- 1/ Conta in ing  0.2 p c t  C2H6 and 0 . 1  p c t  N2. 

TABLE 2 . -  Reduction i n  a c t i v a t e d  ca rbon ' s  c a p a c i t y  f o r  methane by 
con tamina t ing  gases and r epea ted  c y c l i n g  11 

Percen t  
I n i  t i a l  

r e d u c t i o n  Reduction 
Contaminat ing i n  c a p a c i t y  i n  c a p a c i t y  S a t u r a t i o n  of 

f o r  methane f o r  methane a c t i v a t e d  carbon gas  3 

~ v o l - p c t  (without  r e c y c l i n g )  a f t e r  150 c y c l e s  . w i t h  impuri ty  
I ,  

t i  0.35 CgHg 
76.3 H2 
10.3 C2H4 
8.3 H2S 

13.0 
25.0 
37 .O 
53.0 

14.0 
25 .O 
50.0 
53.0 

10.0 
100.0 
75.0 

100.0 

- 11 Cond i t ions :  Adsorption t empera tu re  40" C ;  Methane e q u i l i b r i u m  p r e s u r e  300 p s i a .  
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I n  these  contaminat ing  and c y c l i n g  t e s t s ,  hydrogen and hydrogen s u l f i d e  
were t h e  only  two contaminants  t h a t  completely s a t u r a t e d  t h e  a c t i v a t e d  
carbon.  Benzene and e t h y l e n e  only  reached 10 and 7 5  percent  carbon s a t u r a t i o n ,  
r e s p e c t i v e l y .  I n  a l l  o f  t h e  tests conducted,  methane a t t a i n e d  e q u i l i b r i u m  
c o n d i t i o n s  OK 100 p e r c e n t  s a t u r a t i o n  b e f o r e  d e s o r p t i o n  was i n i t i a t e d .  Degree 
of  s a t u r a t i o n  was determined through adsorber  t a i l  gas a n a l y s e s .  

Experiments were conducted about f i v e  t imes f o r  each pure methane e q u i l -  
ib r ium p o i n t .  Standard d e v i a t i o n  from t h e  mean va lue  was -+ 1-2 p e r c e n t  f o r  
t h e s e  experiments .  Stan'dard d e v i a t i o n  f o r  t h e  methane-hydrogen mixture  ex-  
per iments  conducted a t  t h e  two p a r t i a l  p r e s s u r e  l e v e l s  was 2 15 p e r c e n t .  
Grea ter  s c a t t e r i n g  of d a t a  occurred when t h e  smal l  q u a n t i t i e s  of hydrogen ad- 
sorbed were be ing  determined.  

CONCLUSIONS 

1. Increased  t o t a l  p r e s s u r e  favors  t h e  p r e f e r e n t i a l  a d s o r p t i o n  of methane 
from methane-hydrogen mixtures .  However, methane is l e s s  s t r o n g l y  adsorbed 
from t h e  mixture  than  when i t  i s  present  a t  the  same p z r t i a l  p r e s s u r e  i n  t h e  
pure s t a t e .  Lower v a l u e s  f o r  methane a d s o r p t i o n  a t  h igh  p a r t i a l  p r e s s u r e s  
were found exper imenta l ly  than those e x t r a p o l a t e d  from e x i s t i n g  d a t a  a t  lower 
p r e s s u r e s .  

2: Each impur i ty  of h y d r o g a s i f i c a t i o n  product  gas  t e s t e d  decreased  
a c t i v a t e d  c a r b o n ' s  c a p a c i t y  f o r  methane. 
p l e t e l y  s a t u r a t e d  w i t h  benzene and e t h y l e n e ,  t h e s e  i m p u r i t i e s  s t i l l  c o n t r i b u t e d  
s i g n i f i c a n t l y  t o  t h e  i n i t i a l  lowering of t h e  a d s o r b e n t ' s  c a p a c i t y  f o r  methane. 

Although t h e  carbon was n o t  com- 

3 .  Repeated c y c l i n g ,  up t o  150 c y c l e s ,  i n  t h e  presence of t h e  contam- 
i n a n t s  d id  not  f u r t h e r  decrease  a c t i v a t e d  c a r b o n ' s  c a p a c i t y  f o r  methane except  
when e t h y l e n e  was added. 

a /  
4 .  These r e s u l t s  i n d i c a t e  t h a t  t h e  c o s t  e s t i m a t e s  r e p o r t e d  e a r l i e r -  

were t o o  low because t h e  e x t r a p o l a t e d  va lues  f o r  methane a d s o r p t i o n  were t o o  
h i g h .  The e f f i c i e n c y  of a c t i v a t e d  carbon in adsoib ing  methane i s  lowered by 
o t h e r  gases  mixed w i t h  the  methane and, when e thylene  i s  p r e s e n t ,  by repea ted  
c y c l i n g .  However, f o r  most of t h e  cases  of s e p a r a t i o n  i n v e s t i g a t e d  ( C h  con- 
c e n t r a t i o n s  of 5 ,  20 and 50 p c t ) ,  the  economics of a d s o r p t i o n  by a c t i v a t e d  
carbon a r e  now considered t o  be approximately the  same as  s e p a r a t i o n  by 
l i q u e f a c t i o n  of methane. 
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Figure 4.-Adsorption isotherms for methane on various types of 
activated carbon, Freundlich plots. 
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Figure 5.-Ef fect of contaminating gases and repeated cycling upon 
activated carbon's capacity for methane. 


