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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.  
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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 .  



-‘13- 

- 
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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S t a n f o r d  Research I n s t i t u t e  
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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. 



\ 

-69 - 

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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0.02 
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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 .  $ 



- 9 2 -  

lr? 

C r l I I I  l l r ? N  
N r l d  

- 1  I I I  I m.14 9 
rl 

I .  
I 

I 
I 

8 
0 

rl 
N 
9 

5 

N 
9 

I 
I 

I 
I 

4 
N 
rl 

9 01 9'3 0199m. 
o o m r -   moo^ 

LrJ I4 

N 9 *. N. 9 9 
0 0 0 0 0  

? 
rl 

1 
m 
N 

0 
rl 

9 
rl 

0, 
X 

00 
'4 
m 

0 m m r l l r ? a r  . . . . .  
Ner l00d  

rl 

m m w q w  . . .  . 
m r l r l o o  e 

rl 

? 
01 d 

9 
rl 

t - . r -mml r?  . . . .  
m r l r l m r l  
lr? rl 

s 
0 

4 N 

lr? 
m' I 

El 
???'41 
0 0 0 0 0  

? ? ? ? ?  
W O N r l W  m 

N 

a, 

a, 

h 

# 
P I .  

E 

x x x x x  
c, 
m 
h 
rl 

c, 

u 

c, 
m 
h 
rl 

Y 

V 
N 

X 



I, 

-93- 

f i g u r e  1 

FLOW DIAGRAM 

FOR AUTOCLAVE UNIT 
TO VENT 

EST 
ER 

ACCUMULATOR 

B 
'\ 



. 
-94- 

m 

? 

c 
0 

m 
N c( 

a 

U 

8 

8 

6 
d 

01 
d 

Q d 

8 

8 

OD 

CD 

8 
8 
N 

0 

.. 
Q) 

I 

1 

/J 

I 



\, 
k 
I, 

B 

-95-  

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  



-98 - 

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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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 .  
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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 



-133- 

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 .  
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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. 
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HOT APPLIED COAL TAR COATINGS 

J. J. McManus, W. L. Pemie, and A. Davies 

Plastics Div i s ion ,  Allied Chemical Corporation, Morristown, N. J. 

INTRODUCTION 

Tile very high aromaticity of high temperature coal-tar p i t ch  accounts 
f o r  many of i t s  unusual physical  and chemical properties which make it the  
preferred raw material  f o r  a wide variety of applications. 
coa l - ta r  p i tch  is prac t i ca l ly  ine r t  t o  the action of water and neither absorbs 
o r  transmits it. 
by bac ter ia  aqd fungi. This property, together with i t s  moisture resistance, 
make it eminently su i tab le  f o r  roofing; waterproofing; coating of buried s t e e l  
pipe l i n e s  t o  protect them from corrosion action of wet so i l ;  l i n ing  of water 
pipes, tanks, etc.  

High temperature 

High-temperature coal-tar p i t ch  is  highly r e s i s t an t  to a t tack  

COAL.-TAR PITCH BASE FOR EXANFLS 

Normal coal-tar p i t ch  i s  somewhat sensit ive t o  changes i n  temperature. 
It i s  comparatively hard and b r i t t l e  a t  low temperatures and it tends t o  
soften and flow at high temperatures. It exhib i t s  simple Newtonian flow 
and i s  subject t o  cold flow, i .e.  , it i s  deformed by the  continued action 
of a smal l  applied force and i n  d i r ec t  proportion t o  the  amount of force 
applied. 

coa l - ta r  p i t ch  t o  temperature change. 
digestion of bituminous coa l  i n  coal tar and high boiling coal-tar d i s t i l l a t e  
o i l s .  
changes. 
and a t  the  same time, they do not soften too readi ly  and flow a t  high temperatures. 
I n  rheological terms,  they exhib i t  complex flow. They can be deformed by the  
ac t ion  of strong forces  but a re  t o  some degree rubbery and r e s i l i e n t  and they 
a r e  very l i t t l e  affected by the  ac t ion  of smdll  forces  of the  order of 2 t o  5 p s i  
which a re  the  estimated order of s o i l  dis tor t ion  forces at work on a buried; 
shielded pipe coating. (1) 

I n  the  ear ly  1930'~~ a means was found t o  reduce the  suscept ib i l i ty  of 
A "plasticized" p i t ch  was produced by 

These p las t ic ized  p i tches  show much reduced suscept ib i l i ty  t o  temperature 
They a r e  comparatively s o f t  and a re  not b r i t t l e  at low temperatures, 

Figure 1 and Figure 2 sumaxize pressure deformation t e s t s  made by 
All ied Chemical. These t e s t s  were made by immersion of an apparatus, i n  
constant temperature water baths maintained a t  770F and l l P F ,  i n  which a 
weighted $,' diameter blunt monel metal rod r e s t s  on a f la t  dish f i l l e d  with 
enamel. These t e s t s  show that despite t he  apparent softness of t he  p las t ic ized  
enamel it i s  more r e s i s t a n t  t o  the  action of d e f c d n g  forces i n  the  low s t r e s s  
range. The t e s t s  a t  TOF, which can be re la ted  t o  normal temperature. conditions 
of soil forces on buried pipe, show l e s s  deformstion f o r  the  p las t ic ized  enamel 
i n  t h e  2 t o  5 p s i  range. The t e s t s  at 1159 can be re la ted  t o  defoming forces 
In handling coated pipe i n  hbt weather or  t o  so i l  forces on buried pipe i n  hot 
l i n e  service. The p las t i c i zed  enamel shows far superior resistance t o  deformation 
when deforming forces are comparative l i gh t .  
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C o a - t a r  coatings have been used f o r  over 100 years t o  protect  ferrous 
mtals against underground corrosion. 
e z m e l  was used i n  protecting t'ne gates, locks and penstocks of the kmm 
Cnna.  Zxmination after 35 years of service showed thcm t o  be i n  perfect 
condition. Tne f i r s t  application of coal-tar enamel t o  s t e e l  pipe f o r  po- 
t a b l e  water was nade i n  New York i n  1914. A t  the  last count t h i s  l i n e  was 
s t i l l  i n  operation a f t e r  over 45 years of service. 
enamels were used extensively i n  water l i n e s  i n  many large scale  projects  
pa r t i cu la r ly  i n  the Far blest. 
f ree  service and the coal-tar enamels a re  v i r t u a l l y  uncbnged a f t e r  service 
of over 30 years. 
coai t a r  enamels. (2,3,4,5,6,7) 

I n  1913, an ea r ly  f o n  of coal-tar 

In  the 1 9 3 0 ' ~ ~  AWA type 

Tnese ins ta l la t ions  are s t i l l  g i v i w  trouble- 

Maany excellent general a r t i c l e s  have been presented on 

i n  the production of coal- tar  enamels, usually around 25 t o  30% of iner t ,  
f i n e  mineral f i l l e r s  are added t o  the p i t c h  t o  improve mechanical strength such 
as resistance t o  impact and resis tance t o  deformtion from s o i l  forces. 
a l so  help t o  reduce flow a t  high temperature and tendency t o  crack at low 
temperatures. 

F i l l e r s  

SPZC I X C A T I O R S  

m i c a l  specif icat ions f o r  various grades of coal tar enamels are shown 
i n  Table 1. These enamels differ  chiecly i n  the var ia t ions i n  atmospheric 
or  service temperature ranges they w i l l  withstand--eitner from crackirg at 
low t e q e r a t u r e s  o r  flow a t  defornation a t  high tenperatures. 

Unplasticized Enamel: A narrow range enaael - exposure range i s  30 t o  
12005'. This grade of enar,el i s  hard and h i g u y  
r e s i s t a n t  t o  defornation from s o i l  forces. It 
a lso  has very high resis tance t o  noisture and 
s o i l  chemicals. It i s  easy t o  heat and apply, 
and i s  best  sui ted f o r  "over the  ditch" appli- 
cation where it w i l l  not be subjected t o  extremes 
i n  atnospheric t e q e r a t u r e s  i n  s tor ing o r  rough 
handling i n  ship2ing. 

p a r t i a l l y  Plasticized: A modified grade t o  b e t t e r  withstand var ia t ions 
i n  t e q e r a t u r e s .  Zxposure range i s  0 t o  1 b o F .  
It i s  a good all-purpose enanel. It is  easy to 
apply and is sui tdole  f o r  e i t h e r  shop coating or 
over the d i t ch  application. 
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S PM: P I C A T I O N S  

Plasticized Enamels: A f u l l y  p las t ic ized  enamel with a wide exposure 
range of -20 t o  160~~. It i s  r e s i s t an t  t o  shock 
and deformation and is  l e s s  subject t o  domage i n  
handling. With wide exposure range, it can be 
stored f o r  long periods without damage t o  coating 
from extremes i n  temperatures. 

A f u l l  p las t ic ized  enamel with a wide range of -20 
t o  160%'. It i s  so f t e r  than Regular Grade and is  
more f l ex ib l e  and be t t e r  su i ted  f o r  la rge  diameter 
pipe. 
requirements of  AWGIA. 

might be encountered i n  storage of coated pipe. 

Regular Grade 

r 
I) 

AWWA Grade: 

It i s  spec i f ica l ly  designed t o  meet exacting 
It a l s o  f inds  application on 

gas a d  product l i n e s  where very low temperatures r- 
Hotline Grade: A fully plas t ic ized  enamel but higher i n  softening 

poin t  and harder so as t o  b e t t e r  withstand high 
temperature service. 
It is designed a d  recommended for:  

1. Gas pipelines, at the  discharge side of pumping 

Exposure range is  o t o  ISOOF. 

s ta t ions  where gas en ters  the  pipe at temperatures 
above 120OF. 

/ I  

P 2. W a r m  swampy areas, salt flats, desert  beds and 

3. Areas where backf i l l  and trenches a re  rough, f u l l  I 

other places where excessive s o i l  s t r e s s  i s  present. 

of stones and other objects which normally pene- 
t r a t e  so f t e r  coatings. 

4. Hot oil l i n e s  and l i n e s  encapsulating e l e c t r i c  
cables where temperatures are consistently high 
most of the  time, but do not exceed 180% or  200% 
fo r  short term exposure. 

,/ 

P R I M E R S  

8 Primers f o r  the  enamels must be capable of application by spraying, 
They must dry i n  a reasonalbe period of time and I 

I 

I 

ro l l ing ,  o r  brushing. 
they must give a strong bond with the  enamel. 

i n  making the  enamel, cu t  back with an aromatic solvent. 

oping a strong bond, have the  added advantage of very quick-drying proper- 
ties. 
coal-tar p i tch  based primers. 

I 

Usually the  primers cons is t  of a p i tch  base, similar t o  t h a t  used 

i 

There a re  ava i lab le  quick-drying primers tha t  i n  addition t o  devel- i 

These quick-drying primers a re  chemical as weell as conventional 

c 
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R E I N F O R C E M E N T  A N D  O U T E R  W R A P  

It i s  general coating pract ice  t o  pul l  a g lass  m a t  in to  t h e  hot 
enamel as  a reinforcement and t h e  outer  s ide of the  coating i s  protected 
with a tar saturated asbestos f e l t .  

The g lass  m a t  i s  composed of l i g h t  weight g lass  f ibers  randomly oriented. 
The sheet i s  very open and i s  e a s i l y  pulled in to  the  hot enamel. 
a c t s  as a reinforcement f o r  the  enamel coating and helps t o  r e s i s t  cracking 
i n  handling. 

This m a t  

The tar saturated asbestos f e l t  outer  wrap can b e  a standard weight 
of  approximately 15 l b s .  per 100 sq. ft. o r  a l i g h t  weight a t  9.0 l b s .  per 
100 sq. f t .  The standard weight has a higher t e n s i l e  strength than the  
l i g h t  weight and i s  the  preferred type.  
g l a s s  f iber  can be imbedded i n t o  t h e  asbestos f e l t  at spaced i n t e r v a l s  
(usually e') across the  sheet.  
t o  minimize damage when handling the  coal- tar  coated pipe as well  a s  t o  
protect  it from damage during the  back f i l l i n g  operation and from s o i l  
forces  i n  service.  

As a n  added strengthening agent 

The asbestos f e l t  outer wrap i s  intended 

A Kraft Wrapper i s  usually applied as a f inishing protective cover. 

A P P L I C A T I O N  

Coal tar enanel coatings a re  both mill and f i e l d  applied. 
f o r  enamel coatings systems from sinple s i n d e  enamel coat t o  multiple 
enanel coats with glass reinforcement and asbestos shields  are shown i n  
Table 2. 
used. 

Specifications 

The severi ty  of  service conditions determines the system t o  be 

* 

M I L L  A P P L I C A T I O N  

This appl icat ion may include i n t e r i o r  l i n i n g  i n  addi t ion t o  the  
ex ter ior  coating and wrapping. 

The pipe i s  sand or g r i t  b lasted t o  remove excess r u s t  and nill 
scale  and a coating of primer i s  applied. 

Usually i n  applyin& t h e  enamel the  pipe moves t h r u  the  coating 
equipment with a ro ta t ing  motion and the  hot enamel i s  flowed onto 
the  pipe. 
coating as well as t o  apply an outer protect ive wrap when applying the  
hot enamel. 

It i s  a l so  general p rac t ice  t o  p u l l  a g lass  wrap i n t o  t h e  

'? 
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applied by 
In te r ior  l i n i n g s  f o r  water l i n e s  axe centrifugally,flowing hot 

enamel in to  the  pipe while it i s  ro t a t ing  a t  a speed of about 900 
l i n e a l  f t .  per  minute. 

F I E L D  A P P L I C A T I O N  

I n  F ie ld  Application, the coating is  applied with specialized 
equipment that r ides  on the pipe. Tae pipe i s  brought t o  the r igh t  of 
way and "strung" i n  place; the welders theri weld the pipe sections to- 
Gether; tile cleaning uni t  consisting of rotat ing wire brushes re- 
nova m i l l  scale  and rust jus t  p r io r  t o  appl icat ion 02 the  primer. 
Following the p r ine r  u n i t  i s  a similar uni t  where the hot melted coating is  
applied t o  the pipe with a glass wrap and a protective outer wrap i s  
applied with the  same equipment. 

i. 

The protected pipe i s  then instal led '  
by lowering in to  the ditch.  / I  

M O I S T U R E  A B S O R P T I O N  

Minimum moisture absorption i s  the  most important single prop- 
e r t y  that a good coating must have. 
along with high e l e c t r i c a l  res i s t iv i ty .  
water, it does not become e l e c t r i c a l l y  conductive; and therefore, cost  
of current t o  pro tec t  the pipe cathodicnlly i s  reasonably low. 
moisture absorption i s  necessary i n  order t o  have a continuous strong 
bond. 
between enamel and primqr, the bond is destroyed. 
absorption i s  also tiedA%th resistance t o  so i l  chemicals. 
chemicals a r e  water-borne and w i l l  never do any damage unless they pene- 
t r a t e  t h e  coating, and t h i s  will only be the  type of coating which 

14iniun.u moisture absorption goes 
If a coating does not absorb 

IJtLnimum 

If a coating absorbs water, and t h i s  water gets  t o  the interface 
Minimum moisture 

These soil 
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w i l l  absorb water. 

Water absorption of coal- tar  enamels i s  extrcnely low. U C E  Comit tee  
T-6A on Tinerrnoplastic Coal T a r  Ease Linings reports  t h a t  a f t e r  6 years 
imcrs ion ,  coal-tar enamels, a t  approximately 100 m i l s  thickness, show an 
absorption of only 1.7 t o  2.3 gms. per square foot  or  0.5 t o  0.6$ by 
weight. 

Mater absorption t e s t s  a t  Allied Cnemical f o r  a 2-year i m e r s i o n  
period show 1.4 gms. per  sq. ft. f o r  unplasticized enamel and 3.0 @IS. f o r  
plast ic ized enamel. It v i11  be noted 
t h a t  tine absorption curve is  l e v e l l i q  out as  t h e  time of the t e s t  progresses. 
These t e s t s  were made using 316 s ta in less  s t e e l  p la tes  which were coated 
by dipping i n  hot enamel. 

Test r e s u l t s  a re  shown i n  Figure 3. 

High moisture absorption i n  time r e s u l t s  i n  t h e  coatinz becoming 
e l e c t r i c a l l y  conductive, giving r i s e  t o  high current consumption and high 
cost f o r  catinodic protection. 
i n  c o q l e t e  chemical degradation. 
i n  coaplete loss  of  bond t o  t h e  pipe. 

This high moisture a b s o q t i o n  i n  time resu l t s  
The hish nois ture  absorption a l so  r e s u l t s  

D r .  J. 0. l iarr is  of Kansas Sta te  University dete,-mined ac tua l  water 
content by t h e  Dean Stark Method on sanples of coal-tar and as?halt  enamels 
removed from ac t ive  buried pipe l i n e s  a f t e r  up t o  29 years service.  ( 9 )  
Analyses of a chart  presented i n  D r .  Harr is '  Gaper shows t h a t  f o r  28 
c o d - t a r  enawls  i n  the  t e s t ,  service varied f r o 3  3 t o  29 years with an 
average of 14.1 years service.  
coal-tar enamels was 0.35. 
fron 7 t o  26 years i n  service with a n  average of 13.7 years. 
content of the  asphalt  enanels varied from 3 t o  1s with an average of 
12.4$. 

The ma>;im;un moisture conteat of all 
The 19 asphalt  enamels i n  t h e  test  varied 

The noisture 

D r .  Barr is '  work c lear ly  shows t h e  necessi ty  for  long-term water 
absorption t e s t s  f o r  r e l i a b l e  evaluation of pipe coatings. 

Hizh e l e c t r i c a l  res is tance i s  necessa-y i n  t h e  coating so t h a t  
t'nere w i l l  be a nininum anount of current required f o r  cathodic protec- 
t ion .  Furthermore, this high e l e c t r i c a l  res is tance nust be not only 
hizh i n i t i a l l y ,  but nust  renain high through years of service.  Most 
corrosion ercineers and Fi'oeline operators f e e l  That a good coating 
tes te6  when it i s  f i rs t  ins ta l led  i n  t h e  c rowd shwdd t e s t  f ron  4 t o  
2 megohm per square foot.  
loss of r e s i s t i v i t y  due t o  da--e i n  h a n d l i x  pr ior  t o  layinc t n e  pipe, 
zo is ture  absorption i n  storage pr ior  t o  bur ia l ,  and t o  damage f r o n  bur ia l  
operations and backf i l l ins .  In  an excellent a r t i c l e ,  the  IDEE Guide for  
Selecting Coatinzs f o r  ?ipes of P i p e - m e  Cable Systems (10) a coingarison 
i s  rads  of bituninous coatin;s f o r  pipe cable s y s t m s .  Eleinforced Coal- 
Tar " L e l ,  liot-Line Grade, i s  rated a t  1 rneG0.m per square foot  when in-  
s ta l led  and s t i l l  1 necohn a f t e r  5 years i n  wet s o i l .  Reinforced asphalt  
e n a e l  i s  rated a t  1 me2o'"T" when ins ta l led  and 0.1 megoim a f t e r  5 years 
i n  wet s o i l .  
0.1 megohm a f t e r  5 years i n  wet s o i l .  I n  terms of current requirements 

A generous allovance is w d e  here f o r  some 

Asphalt nas t ic  i s  rated a t  10 megohm when ins ta l led  but 
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f o r  cnt'ncdic protect ion-- t i is  would mean t h a t  f o r  a mile of 8" pipe, 
3 millizm>s would be required i n i t i a l l y  and asfter 5 years of service,  
coal t a r  coated pi?e would s t i l l  r e q d r e  only t h e  same current. 
asphal t  coatings would require 30 milliamps a f t c r  5 years service.  

The 

(10, 11, 12).  

I n  our own laboratory work, specimens of coated s t e e l  a r e  very 
c a r e f d i y  pre-pared and a r e  of the proper and specified f i lm thickness. 
There a r e  no t h i n  spots  where f e l t s  or g lass  cut i n t o  t h e  coati%, no 
d e z c e  from handling or i n s t a l l a t i o n  i n  t h e  ground, and t rue  r e s i s t i v i t y  
of the  coating i t s e l f  a r e  dcternined. 
r e s i s t i v i t i e s  a re  consequently f a r  higher than a re  obtained i n  a comer- 
c ia1  pipe i n s t a l l a t i o n .  

s e r i e s  a nunber of enamels were tes ted  a t  agproximately 3/32 of  an inch 
thickness of coating. 
Sodium Chloride solution. I n i t i a l l y  a l l  enamels tes ted  well over 1,000 
mego& per square foot .  Results on coal-tar enamel show very high elec- 
t r i c a l  resistance after t h e  one year immersion period. Test results a re  
shoim i n  Table 3. 

I n  t h i s  t f l e  of t e s t ,  i n i t i a l  

Two ser ies  of r e s t s  were run i n  Allied's  laborator ies .  I n  the f i r s t  

The enamels were immersed f o r  one year i n  N/10 

I n  another s e r i e s  of t e s t s  i n  which coal-tar enamels of 2/32 of 
an inch tinickness were subjected t o  10 years of continuous ircmersion i n  a 
5$ sodium chloride solut ion,  r e s i s t i v i t y  was more than 50 megohms per 
square foot.  s 

Since t h e  r e s i s t i v i t y  of coal-tar enamels i s  extremely high, and 
remains at t h i s  high value i f  t h e  coating i s  not dis tor ted or damaged, 
it i s  the  imperfections i n  t h e  coating and t h e  r e s i s t i v i t y  of t h e  s o i l  
water contained i n  t h e s e  imperfections t h a t  control t h e  magnitude of the  
coating resis tance that w i l l  be  measured i n  the  f i e l d .  

' 

CONTINUOUS STRONG BOND 

This is  a corol lary of the cheniical iner tness  of coal tar  pitch.  
Coal t a r  pi tch shows extremely low moisture absorption, i s  highly 
r e s i s t a n t  t o  b a c t e r i a l  deter iorat ion,  and highly res i s tan t  t o  s o i l  
chemicals. As a r e s u l t ,  t h e  coating remains prac t ica l ly  unchanged 
through years of service.  
t h e  pipe and t h e  bond remains firm and strong throughout long years of 
b u r i a l .  Coal t a r  coated pipelines 
i n  service f o r  20-30 years and more and we f ind  t h e  coating u n w e d  a d  
t h e  bond strong. The coal t a r  coating must be laboriously removed and 
chipped off with a hammer and scrappers. 

No moisture can get  throu&h the  coating t o  

have been dug up a f t e r  being 

A Southern Natural Gas l i n e  recently dug up and cleaned a t  the  
Harvey, Louisiana, yard of t h e  Shamrock Pipe Coating Company is a 
t y p i c a l  example of coal  t a r  coating which was prac t ica l ly  unchanged 
a f t e r  35 years burial. When t h e  enamel was chipped off  t h i s  pipe, t h e  
perfect  bond was shown by t h e  f a c t  that, when t h e  coating was removed, 
t h e  or iginal  m i l l  markings on t h e  s t e e l  pipe were c lear ly  shown. 



RESISTANCE TO S O I L  C€EMICALS 

Coal tar  p i tch  is  almost completely i n e r t  t o  moisture and s o i l  
chemicals. Coal t a r  coatings and coal t a r  p i tch  used as pipe coatinss 
and for  waterproofing have been dug u? a f t e r  20-30 and 50 years of service 
underground. Coal t a r  pi tch 
does not absorb any appreciable water and i s  not affected t o  any appreciable 
extent by so i l  bacter ia .  

They were found t o  be prac t ica l ly  unchanged. 

The chemical s t a b i l i t y  of coal tar  p i t c h  i s  due t o  i t s  aromatic 
character. 
r ing.  It i s  a chemical s t ruc ture  of great  s t rength and s t a b i l i t y .  
t h e  symmetrical benzene ring, t h r e e  s ing le  bonds and three  double bonds 
resonate between the  carbon atoms. These s t ructures  are  cal led “aromatic 
rings“, and the pawerful inter-atomic forces holding them together  account 
f o r  the high s t a b i l i t y  of coal  tar compounds. I n  t h e  or ig ina l  f o r m t i o n  
of coal these benzene rings were chemicals united t o  make large,  complex 
aromatic molecules. In the  aromatic molecules comprisinz coal  tar ,  t h e  
chemically i n e r t  carbon atoms outnumber hydrogen atoms two t o  one. It 
i s  the  hiEh aromatic content of coal t a r  - over 9C$ - t h a t  gives it 
grea t  s t rength and resis tance t o  a t tack  by water or oxygen. 
compounds, as a c lass  of chemicals, have a markedly lower degree of water 
so lubi l i ty  and a f f i n i t y  f o r  water than a l ipha t ic  compounds. 

Tine molecular un i t  of aromatic compounds i s  t h e  benzene 
I n  

Aromatic 

RESISTAKCE TO SOLVE” ACTION 

Coal tar  enamels a r e  subs tan t ia l ly  insoluble  i n  petroleum products. 
For o i l  product l ines ,  this is  an important property. I n  t h e  event of 
a leak i n  an o i l  l i n e ,  the  inso lubi l i ty  of t h e  coal t a r  enamel coating 
w i l l  assure minimum damage t o  the coated pipe. 
pipel ine or  coated underground s t e e l  s t ruc ture  t h a t  i s  i n  contact with 
s o i l  contaminated w i t h  petroleum products. A nearby foreign pipel ine carrying 
crude o r  refined petroleum products can contaminate s o i l  near a well- 
coated l i n e .  

This also appl ies  t o  any 

RESISTANCE TO SOIL STRESS AND ICEXZQXCAL DANAGE 

Pipe coatings nust withstand a reasonzble amount of mechanical 
abuse. If t h e  proper grade of coal t a r  enamel is  used f o r  the-  conditions 
t o  which it m u s t  be exzosed both p r i o r  t o  b u r i a l  and a f i e r  b u r i a l ;  and if 
it i s  used i n  accordance with manufacturer’s instruct ions;  and if it is 
used along with recannended shielZing and a l s o  reinforcing where it i s  
so specified; then coal  t a r  enamels w i l l  not  be d is tor ted  o r  damaged and 
t h e  or ig ina l  coating thickness w i l l  be maintained, and t h e  good service 
expected of a coal  tar coating will be obtained. 
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Bacteria can feed on many hydrocarbon m t e r i a l s ,  bu t  coal-tar 
coatings show no u t i l i z a t i o n  by bac ter ia .  Coal-tar enamel i s  i n e r t  
t o  fungus a t tack .  (13, 14). 
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1 J 

Penetration: ~ ASTM D 5 
77 F-100 gms-5 sec 1 0 - 2  2 - 7  5-10 10-20 0 - 5  
115 F-50 gmr-5 sec i 1 - 8  10-25 15-25 15-55 5-15 

Filler Cash) % ' ASTM D 271 22 - 32 22 - 32 22 - 32 25 - 35 22 - 32 
SpecificGmvity,77F:iASTM D 71 1 1.40- 1.60 1 1.40- 1.60 1.40- 160 1.40- 1.60 1.40-1.60 

Softening Point, r R B, F. 
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PLASTICIZED 
M ET H 0 D I PLAfllClZEq PlAmClZED Regular I AW WA I Hotline I 
ASTM 036 I 185-195 1 195-205 I 220-230 1 220min. 1250min. I 

PERFORMANCE fEIT! 

10,000 volts, 
low amperage, 
2/32"coating tkns. 

Application Temp 
(approx.) F 

AWWAC203/ 5hrsb 
120 F 

AWWA C 203 zpF 63 
AWWAC203/ 80-12OF 
v 

AWWAC2031 no 

1 400 

5 hrs@ 24 hrs@ 24 hrs@ 5 hrs@ b",' 1160F 1160F 1 r:F 1 
5 hrs@ 6hrs@ 6hrs@ 6hrs@ 

-2OF -2OF 

80-140 F 80-160F 80-16oF 80-180 F 

sparks sparks sparks sparks $1 
SYSTEMS 

Single Coat 
Single Wrap 
Single Coat 
Single Wrap 
Single Coat 
Double Wrap 

Double Coat 
Double Wrap 

Double Coat 
Triple Wrap 

/ / /  

I l l  

0 

0 

0 .  

0 . .  

Normal Underground 
Environment 

0 Normal Underground Environment -~ 

Normal Underground 
Environment 
Severe Underground 
Environment - rocky  
terrain, corrosve soils, 
submarine hes,  etc. 
Severest Corrosive 

river wrmsings, etc 

0 

0 0 Envimnment;suchas 

. .. ., .. , 

i 
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ELECTRICAL RESISTIVITY OF 
SPECIMENS OF ENAMELS 
imersed in N/10 Sodium Chloride 
solution Wheatstone Bridge, 100 V 

ENAMEL 

Av. o f  5 Asphalt Enamels 
Un-plastioized Coal Tar 
Partially Plasticized Coal Tar 
Plasticized Coal Tar, Regular Gmde 
Plasticized Coal Tar, Hotline Gmde 
Plasticized Coal Tar, AWWA Gmde 

IESISTIVITY IN MEGOHMS/SQ..FT. 
30 DAYS 1 YEAR 

82,000 less than 0.6 
200,000 over 200,000 

Rate of Deformation 
0.1 MM per Day 

20,000 
6,000 
8,000 
1,600 

7 - 6 

RHEOLOGICAL 
DIAGRAM FROM 
BLUNT ROD 4 

D E FO RM AT1 0 N 
Est  Values 
a t  7 7 O f  1 

PRESS U RE 3 

2 

2,100 
1,300 
1,900 
300 

I I I I 

5 10 15 20 25 
Stress - Lbs. per Sq. In. 

- A  
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Rate of DeFbrmation 
0.1 MN - 

RH EO LOG I CAL 
DIAGRAM FROM 
BLUNT ROD 
PRESSURE 
DEFORMATION 

kst Values 
at 115OF 

3er Hr: 

5 IO 15 20 25 
Stress - Lbs. per Sq. In. 

WATER ABSORPTION 
~bsorption COAL-TAR ENAMELS 
GMS persq.ft. 

3 I 

PI-ASTIC ZED EhAM 
2 

1=B-'-- 1 

P 

0 2 4 6 8 10 12 14 16 18 20 22 24 
Immersion Time - Months 
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CRITERIA FOR COMPOSITION AND 

PROPERTIES OF HOT-APPLIED ASPHALT PIPELINE COATINGS 

Stephen H. Alexander and G i l b e r t  W. Tarver 
Monsanto Company, St. h i e ,  Missour i  

Asphalt  has  been used t o  c o a t  bur ied  p i p e l i n e s  f o r  many years.  

It was included i n  t h e  A P I  b u r i a l  tests which were s t a r t e d  i n  1922 [ I ] .  

The a s p h a l t  coa t ings  of  t h a t  e r a  were, f o r  t h e  most p a r t ,  modi f ica t ions  

of o the r  products o f f e r e d  f o r  p ipe  coating. 

e f f o r t s  have been d i r e c t e d  toward producing a s p h a l t  base  p ipe  c o a t i n g s  

with t h e  func t iona l  p rope r t i e s  requi red  of a coa t ing  i n  t h i s  s p e c i a l i z e d  

service.  

During t h e  last 20 yea r s  

To p lace  t h i s  paper i n  proper context,  it should be  poin ted  ou t  t h a t  

co r ros ion  mi t iga t ion  on a bur ied  p i p e l i n e  nea r ly  always involves a 

p r o t e c t i o n  system. This  p r o t e c t i o n  system can c o n s i s t  of both a coa t ing  

system and ca thodic  pro tec t ion .  The coa t ing  system can conta in  as many 

as fou r  components, i.e. primer, hot-applied coa t ing ,  embedded wrappers 

and o u t e r  wrappers. The f i r s t  two coa t ing  components are the  s u b j e c t  of  

t h i s  paper and t h e  total p r o t e c t i o n  system w i l l  be  considered o n l y  as it 

a f f e c t s  t h e  performance of these t w o  a s p h a l t i c  components. 

The purpose of t h i s  paper i s  t o  review criteria f o r  e s t a b l i s h i n g  

composition and p r o p e r t i e s  of a s p h a l t i c  primers and coa t ings .  

developments i n  prevent ion  o f  disbonding through use of chemical a d d i t i v e s  

w i l l  be presented. 

t h r e e  s e p a r a t e  use per iods :  

of t h e  pipe,  and in-ground s e r v i c e  of  t h e  pipe. 

New 

The t o t a l  performance of  a p ipe  coa t ing  system invo lves  

a p p l i c a t i o n  t o  t h e  pipe,  handl ing  and s t o r a g e  

Each of t hese  u s e  pe r iods  

imposes func t iona l  requirements on t h e  coa t ing  and exposes it t o  p o t e n t i a l l y  

d e t e r i o r a t i n g  environments or  forces .  

r e s i s t a n c e  to d e t e r i o r a t i o n  must be cons idered  i n  e s t a b l i s h i n g  criteria 

for c o a t i n g  proper t ies .  

Both t h e  f u n c t i o n a l  requirement and 

... 

'r 
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Two important c o a t i n g  performance areas are r e t e n t i o n  of adhesion 

i n  t h e  presence o f  ca thod ic  p r o t e c t i o n  and r e s i s t a n c e  t o  deformation by 

mechanical and so i l  stresses. These are t h e  two performance areas which 

are treated i n  the most d e t a i l .  

PROPERTIES OF HOT-APPLIED ASPHALT PIPE COATINGS 

A long list of p h y s i c a l  p rope r t i e s  i s  used t o  desc r ibe  hot-applied 

a s p h a l t  coatings.  1 3  uniformity; 

21 coverage rate; J] a p p l i c a t i o n  c h a r a c t e r i s t i c s ;  41 coa t ing  performance 

dur ing  pipe s to rage  and handling; and 51 coa t ing  performance a f t e r  t h e  

p ipe  i s  i n  se rv i ce .  

app l i ed  a spha l t  c o a t i n g s  toge the r  w i t h  t y p i c a l  va lues  are shown i n  Table I. 

Many of the  test procedures are descr ibed  by ASTM or  some o the r  s p e c i f i c a t i o n  

w r i t i n g  agency. Those which are not so descr ibed  appear i n  t h e  appendix. 

Some of t h e  areas they desc r ibe  are: 

Most o f  t h e  p r o p e r t i e s  now used t o  desc r ibe  hot -  

Broadly descr ibed ,  ho t -appl ied  a s p h a l t  coa t ings  c o n s i s t  of a n  air- 

blown aspha l t  [75-85$] and a f i n e l y  d iv ided  minera l  f i l l e r  [15-25$]. 

minera l  f i l l e r  is used mainly t o  i m p a r t  toughness. 

market today f a l l  w i t h i n  a 225 t o  275OF so f t en ing  poin t  range and are q u i t e  

hard [k-10 p e n e t r a t i o n  a t  V F ]  a t  ambient temperatures. 

The 

Most coa t ings  on the  

The main func t ion  o f  the primer i s  t o  produce a s t rong  adhesive bond. 

Therefore,  they  are formulated t o  have t h e  low v i s c o s i t i e s  [ T O  cen t i s tokes  

a t  V F  is  t y p i c a l ]  r e q u i r e d  f o r  good wet t ing  proper t ies .  

q u i t e  widely i n  composition. 

are needed t o  ob ta in  t h e  low v i s c o s i t i e s .  

u s u a l l y  mostly a spha l t .  

Primers vary 

Solvent conten ts  i n  t h e  range o f  55$ by weight 

The film forming po r t ion  is 

Typica l  p r o p e r t i e s  are shown i n  Table 11. 

I 
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Appl i ca t ion  P r o p e r t i e s  

Important a p p l i c a t i o n  c h a r a c t e r i s t i c s  o f  a hot -appl ied  p ipe  c o a t i n g  

are : 

1. 

2. 

3. 

4. 

Degree of change i n  composition and p r o p e r t i e s  caused by 

hea t ing  and handl ing  dur ing  a p p l i c a t i o n  

F i r e  hazard and fumes a s soc ia t ed  wi th  i t s  app l i ca t ion .  

Se t  t i m e  a f t e r  app l i ca t ion .  

Its behavior dur ing  e l e c t r i c a l  inspec t ion .  

The th ickness  of coa t ing  app l i ed  t o  t h e  p ipe  is l a r g e l y  dependent on 

t h e  v i s c o s i t y  of t h e  coating. 

v i s c o s i t y  curve becomes a n  important cons idera t ion .  I n  order  t o  o b t a i n  

th i ckness  of  3/32" on t h e  pipe,  v i s c o s i t i e s  i n  t h e  range of 100-200 

c e n t i p o i s e  are usua l ly  requi red .  

t h i s  v i s c o s i t y  v a r i e s  from coa t ing  t o  coating. 

thermal s t a b i l i t y ,  s e t t l emen t  r a t i o ,  and f l a s h  poin t  should be considered 

i n  l i g h t  of  i ts  tempera ture-v iscos i ty  curve. 

Because o f  t h i s ,  t h e  coa t ing ' s  temperature- 

The temperature r equ i r ed  to  a t t a i n  

Thus, a coa t ing ' s  v o l a t i l i t y ,  

F i l l e r  s e t t l emen t  r a t i o  i s  a func t ion  of t h e  v i s c o s i t y  of  t h e  f l u i d ,  

d e n s i t y  of t he  p a r t i c l e ,  diameter and shape of t h e  particle. 

i s  set by the  f i lm  th i ckness  des i r ed ,  t h e  c h a r a c t e r i s t i c s  of t h e  f i l l e r  

p a r t i c l e  must be con t ro l l ed  t o  hold se t t l emen t  t o  t h e  d e s i r e d  l eve l .  

amount f l a s h  poin t  exceeds a p p l i c a t i o n  temperature is i n d i c a t i v e  of  both 

f i r e  hazard and fuming t h a t  can be expected. 

electrical in spec t ion  vo l t ages  i n  the range of 25,000 are sometimes used. 

For a 50 m i l .  coa t ing  t h i s  i s  500 v o l t s  per m i l .  of th ickness .  I n  o rde r  

S ince  v i s c o s i t y  

The 

For p r a c t i c a l  reasons ,  
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t o  have a 2 t o  1 s a f e t y  f a c t o r ;  a coa t ing  should resist e l e c t r i c a l  

breakdown u p  t o  1000 v o l t s  per m i l .  

Handling and Storage  P r o p e r t i e s  

Once a good c o a t i n g  a p p l i c a t i o n  job  has  been achieved, what happens 

dur ing  t h e  s to rage  and handl ing  period of t h e  coated pipe determines t h e  

e f f ec t iveness  of t h e  c o a t i n g  when i t  i s  placed i n  serv ice .  The coa t ing  

on s to red  pipe may exper ience  temperatures as low as O°F dur ing  t h e  

win ter  i n  nor thern  c l ima tes  and as high as 1 6 0 " ~  when exposed t o  the 

sun dur ing  the  summer i n  southern  climates. A 100°F drop i n  su r face  

temperature w i t h i n  24 hour s  can be experienced i n  a given loca t ion .  

A coa t ing  m u s t  b e  ab le  t o  r e l i e v e  the shr inkage  stresses developed dur ing  

t h i s  cooling, o therwise  i t  w i l l  crack. The low temperature crack t e s t  i s  

used a s  an i n d i c a t o r  oi performance i n  t h i s  a rea .  

used a s  a measure of mechanical abuse coated pipe can withstand i n  handling 

wi thout  f i lm f r a c t u r e .  The sag  test i s  used as an  i n d i c a t o r  of r e s i s t a n c e  

t o  flow when exposed to  summer sun i n  southern  climes. 

In-Service Performance P r o p e r t i e s  

The impact tes t  is 

Now l e t  us c o n s i d e r  t h e  p r o p e r t i e s  t h a t  are i n d i c a t i v e  of a pipe 

coa t ing ' s  performance i n  se rv ice .  Some of these are: 11 ca thodic  

disbonding r e s i s t a n c e ;  21 flow re s i s t ance ;  31 low temperature c rack  

r e s i s t ance ;  41 e l e c t r i c a l  r e s i s t ance ;  and 51 water absorption. The r e l a t i v e  

importance of each of  t h e s e  v a r i e s  widely from one i n s t a l l a t i o n  t o  another. 

For example, ca thod ic  d isbonding  r e s i s t a n c e  of  a coa t ing  is of l i t t le  
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importance unless  t h e  p ipe  i s  ca thod ica l ly  pro tec ted .  The importance 

of  flow r e s i s t a n c e  i s  r e l a t e d  to  t h e  na tu re  of t h e  s o i l  surrounding t h e  

p ipe  and t o  the  p i p e l i n e  ope ra t ing  temperatures.  

Cathodic P ro tec t ion  

S ince  ca thodic  p r o t e c t i o n  i s  widely used to  complement coa t ings  on 

bur ied  s t r u c t u r e s ,  i t  i s  important to  cons ider  t h e i r  e f f i c i e n c y  as used 

toge the r  and the  e f f e c t  o f  one upon t h e  o the r .  

i nvo lves  impressing a nega t ive  p o t e n t i a l  on t h e  s t r u c t u r e  t o  be p ro tec t ed .  

Cathodic p r o t e c t i o n  

The p ro tec t ed  s t r u c t u r e  thus  becomes the  cathode of a l a r g e  e l e c t r o -  

chemical c e l l .  

nega t ive  cha rac t e r  a r e :  

Some of t h e  chemical r e a c t i o n s  t h a t  are promoted by i ts  

I n  ae ra t ed  n e a r l y  n e u t r a l  s o i l s  oxygen r educ t ion  can occur: 

I n  a c i d  s o i l s  t h e  hydrogen i o n  i s  reduced: 

2H++ 2e  - H2 

Because the  hydrogen i o n  h a s  such a g r e a t  a f f i n i t y  f o r  H 2 0  [ 2 ]  

t h e  more complete p i c t u r e  i s :  

2H20 - H+ + 2e ___3 H 2  + 2H20 

This  i s  the  primary r e a c t i o n  occurr ing  i n  n e u t r a l  and a l k a l i n e  s o i l s  

+ a l so .  The H i o n  becomes a v a i l a b l e  from i o n i z a t i o n  of HzO. S ince  i t  has a 

more noble pos i t i on  i n  t h e  e lec t romot ive  s e r i e s  than  o t h e r  c a t i o n s  u s u a l l y  

+ 
presen t ,  i t  is p r e f e r e n t i a l l y  reduced. Deple t ion  of H concen t r a t ion  a t  t h e  

cathode su r face  produce8 a d d i t i o n a l  H 2 0  i on iza t ion .  

t h e  formation of H 2  g a s  a t  t h e  cathode and a n  ever  i nc reas ing  OH- concen- 

The ove r -a l l  r e s u l t  i e  

t r a t i o n  i n  i t s  v i c i n i t y .  

oxides.  

Some of  t h e  meta l  c a t i o n s  p r e c i p i t a t e  as hydro- 

Others r e a c t  f u r t h e r  such as wi th  CO, t o  p r e c i p i t a t e  as carbonates.  

\ 

\ 



- 1 6 2 -  

The effect of cathodic protection on loss of coating adhesion has 

Since the use of cathodic protection been considered by others [2 ,3 ,4] .  

in conjunction with a coating is based on the premise that it should 

protect the metal at coating imperfections, our laboratory investigations 

employ specimens with intentional "holidays" [holes in the coating]. 

The t w o  procedures used are described in the Appendix. The short-term 

test is usually run seven days and is used as a screening test. The long- 

term'test is run from 30 to 270 days. 

Figure 1 is illustrative of a good and poor performing coating system 

in the short-term test. Usually there is loss of coating bond with no 

apparent displacement of the coating by hydrogen. Occasionally slight 

displacement is noticed. On one occasion a coating system disbonded 

completely and hydrogen pressure lifted it approximately 1/4" from the 

panel surface at the center. The extension was by cold flow without 

rupture of the coating. This is illustrated in Figure 2. Pictures 

illustrating a good and poor performing system in a 270-day cathodic 

disbonding test are shown in Figure 3. [All photographs were taken after 

disbonded coating was mechanically removed. ] 

Current drain to the test specimen is rather irregular and often does 

not correlate with the amount of disbonding. A graph illustrating the 

order of magnitude of current drain for three coatings that showed different 

degrees of disbonding is shown in Figure 4. 

The use of additives in the primer for improving the cathodic disbonding 

resistance of a poor performing primer-coating system was investigated. 

The additives were used at a concentration of 1% by weight. Additives 
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which improved resistance to cathodic disbonding included an imidazolinium 

chloride [7,8], an amine [g], and a substituted pyridine [lo]. Disbonding 

resistance was reduced by three diamines and two commercial anti-strip 

additives [adhesion improvers for road asphalts]. 

tested and results obtained are shown in Table 111. 

A listing of materials 

Our work shows that cathodic disbonding is affected both by the 

primer and the coating used over it. However, as would be expected the 

primer is the most important component in controlling this property. 

Data to illustrate this is shown in Table IV. Cathodic disbonding can 

be cut in half by going from a poor to good performing coating and can 

be cut ten fold by going from a poor to good performing primer.. 

Flow Properties 

A buried pipe coating is subjected to the pressures caused by the 

weight of pipe and its contents and to pressures generated by expanding 

and contracting soil. If it flows under these pressures, the pipe is 

no longer uniformly coated. 

to rate flow resistance of pipe coatings. This test consists of measuring 

the deformation [in 0.001 inches] at given time periods caused by the 

weight of a stainless steel rod 1/4" in diameter and of such length as to 

A blunt rod deformation test is widely used 

produce a pressure of 2 psi. A plot of values 

penetration [both at 150°F] is shown in Figure 

correlation. Both measure flow resistance but 

obtained in this test vs. 

5 .  There is very little 

at greatly different rates 

of shear. For this reason these two tests would give proportional values 

only for those bituminous compositions of equivalent shear susceptibility. 
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Since  loading i s  lower [lower shear  r a t e ]  i n  t h e  rod deformation tes t ,  

it w i l l  give lower va lues  wi th  inc reas ing  shea r  s u s c e p t i b i l i t y  f o r  materials 

of equiva len t  p e n e t r a t i o n  a t  t h e  temperature under cons idera t ion .  

Water Absorption and E l e c t r i c a l  P rope r t i e s  

Water abso rp t ion  and e l e c t r i c a l  p r o p e r t i e s  [ 5 ]  of a s p h a l t  i s  

d iscussed  i n  d e t a i l  by t h e  au tho r s  i n  a r ecen t ly  i ssued  book e d i t e d  by 

Hoiberg. Some impor tan t  po in t s  r e l a t e d  t o  t h i s  sub jec t  are: 

1. 

2. 

Pure a s p h a l t  abso rbs  water at a very  slow rate 

The prime cons ide ra t ion  i s  whether o r  no t  t h e  phys ica l  n a t u r e  

of a p ipe  c o a t i n g  i s  m a t e r i a l l y  changed by the  amount of  

absorp t ion  which occurs.  

3. E l e c t r i c a l  r e s i s t a n c e  i s  reduced by water abso rp t ion  

but even f o r  h igh  absorbers  cu r ren t  d r a i n  through t h e  

coa t ing  would be  q u i t e  smal l  on a ca thod ica l ly  p ro tec t ed  

p ipe l ine  [ 61. 

SUMMARY 

I n  a s ses s ing  the  performance of a p i p e l i n e  coating, t h r e e  t i m e  

per iods  during i ts  u t i l i z a t i o n  m u s t  be considered. 

a p p l i c a t i o n  t o  t h e  p ipe ;  21 t h e  pipe s to rage  and handl ing  period; and 

31 t h e  p ipe l ine  i n  s e r v i c e  period. 

importance but a coa t ing’s  u se fu lness  dur ing  t h i s  per iod  is g r e a t l y  

a f f e c t e d  by i t s  behavior  i n  the  f i r s t  two, 

used as a complementary mean9 of co r ros ion  mi t iga t ion  on bur ied  s t r u c t u r e s  

and i ts  disbonding e f f e c t  on coa t ings  is an important cons idera t ion .  

These are: 11 i t s  

The la t te r  period is t h e  one of major 

Cathodic p r o t e c t i o n  i s - w i d e l y  
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Cathodic disbonding i s  a f f e c t e d  by composition changes i n  both t h e  primer 

and t h e  hot-applied coating. 

i n  t h e  primer. 

It is most s e n s i t i v e ,  however, t o  changes 

The flow p rope r t i e s  o f  ho t -appl ied  a s p h a l t  coa t ings  are 

a n  important f a c t o r  i n  t h e i r  performance. 

vary ing  widely i n  shea r  s u s c e p t i b i l i t y ,  t he re fo re ,  meaningful l abora to ry  

tests must employ loading  rates o f  t h e  same magnitude and a t  t h e  same 

temperature t h a t  w i l l  be encountered i n  serv ice .  

It is  poss ib l e  t o  have materials 
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APPENDIX 

TEST PROCEDURES FOR HOT-APPLIED ASPHALT PIPE COATINGS 

CATHODIC DISBONDING TESTS 

I. 

The s y n t h e t i c  s e a  water used as the  e l e c t r o l y t e  i n  t h e  disbonding tes t  
conforms t o  m i l i t a r y  s p e c i f i c a t i o n  MIL-L-21260 and h a s  t h e  following 
compos i t  ion: 

Prepara t ion  of E l e c t r o l y t e  f o r  Cathodic Disbonding Tes ts  

Ing red ien t s  g. 11. of HpO 

Magnesium Chloride - 6H20 
Anhydrous Calcium Chlor ide  
Anhydrous Sodium S u l f a t e  
Sodium Chloride 

11.0 
1.2 
4. 0 

25. o 
The pH of the  s o l u t i o n  s h a l l  be ad jus t ed  t o  a va lue  of 8.0 t o  8.2 by 
a d d i t i o n  of a s$ s o l u t i o n  of sodium carbonate or a 596 s o l u t i o n  of 
hydrochlor ic  ac id ,  whichever i s  necessary.  
conform t o  ACS s t anda rds  f o r  a n a l y t i c a l  reagents  chemicals. 

A l l  chemicals used should 

11. 

A. In t roduc t ion :  The following is t h e  s tandard  procedure f o r  prepara t ion  

Prepara t ion  of  T e s t  Specimens f o r  Short-Term Cathodic Disbonding Tes t  

of  specimens f o r  s h o r t  term ca thodic  disbonding t e s t s .  Specimens are 
prepared from 2-3/4" x 5-718" x 0.035'' open hea r th  steel panels. 

B. P repa ra t ion  - Procedure: 

1. F i r s t  day - Metal s l r f g c e  p repa ra t ion  and a p p l i c a t i o n  of prime coat. 

a. Wipe pane l s  f r e e  of  o i l .  
b. Slush panels  i n  nea r ly  b o i l i n g  3001360 b.r. naphtha. 
c. Sandblas t  both s i d e s  of  panel. For b l a s t ing ,  a sharp,  

dry sand having a minimum of 5O$ r e t a i n e d  on a No. 60 
s i e v e  s h a l l  be used with a n  air  p res su re  of no t  less than  
50 pounds per square  inch. 
Solder  copper l e a d  wire t o  panel us ing  r o s i n  co re  so lder .  

-- 

d. 
e. Brush f r e e  sand from panel wi th  s t i f f  brush. 
f. Apply primer t o  panel us ing  clean brush f o r  each primer. 
g. A l l o w  pane ls  t o  d ry  overnight.  

A t  a l l  t i m e s  dur ing  t h e  above procedure precaut ions  should be  
taken to  prevent  contamination of t e s t  s i d e  of panel. The 
t e s t  s i d e  of t h e  panel i s  designated as t h e  s ide  oppos i t e . t he  
so ldered  w i r e .  
s tand  f o r  more than 24 hours before  a p p l i c a t i o n  of ho t  enamel. 

The primed panel should not be allowed t o  

2. Second day - Appl ica t ion  of h o t  enamel. 

a. 

b. 

Apply h o t  enamel to  test s i d e  of panel t o  a th i ckness  of 
55/65 m i l s ,  us ing  a plaqueing machine. 
Incl ine pane l s  on 3 02. ointment cans w i t h  coated s i d e  
down and flow coa t  back a i d e  of panel wi th  ho t  enamel. 
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c. Dip a l l  edges of coated tes t  specimens i n  hot  enamel 
t o  prevent a c c i d e n t a l  damage a t  weak poin ts .  
i n  ice water  immediately a f t e r  d ipping  to  prevent  "running" 
of  t h e  enamel. 
D r i l l  a 1/16'1 "holiday" through t h e  coa t ing  on t h e  test 
s i d e  of t he  prepared tes t  specimen. 

Cool pane ls  

d. 

Care must be exe rc i sed  i n  c o a t i n g  t h e  t e s t  s i d e  o f  t h e  
primed panel with hot  enamel. 
55/65 m i l  range, o therwise  r e p r o d u c i b i l i t y  of t h e  test w i l l  
be a f f ec t ed .  

The coa t ing  must be i n  t h e  
> 

111. Prepa ra t ion  of  Tes t  Specimens f o r  Long-Term Cathodic Disbonding T e s t  

A. I n t roduc t ion :  The fo l lowing  is t h e  s tandard  procedure f o r  
p repa ra t ion  of specimens f o r  long-term ca thodic  disbonding 
tests. Specimens are prepared from 2' l engths  of 2" I . D .  
s teel  p ipe  threaded on each end t o  r ece ive  a p l a s t i c  coupl ing  
on one end and a p l a s t i c  cap on t h e  o ther .  

B. P repa ra t ion  - Procedure: 

1. F i r s t  day - Metal su r f ace  p repa ra t ion  and a p p l i c a t i o n  of  
prime coat.  

a. Solder  copper lead  w i r e  t o  i n s i d e  of pipe. 
b. Sandblas t  pipe su r face  us ing  a sharp, dry sand 

having a minimum of 50% r e t a i n e d  on a No. 60 s i e v e  
s h a l l  b e  used wi th  a n  a i r  pressure  of not less than  
50 pounds per square  inch. 
Brush f r e e  sand from sandblas ted  p ipe  us ing  s t i f f  brush. 
Apply primer t o  p ipe  us ing  c l ean  brush f o r  each primer. 
Allow p ipes  t o  d ry  overnight.  

c. 
d. 
e. 

A t  a l l  times dur ing  t h e  above procedure p recau t ions  should 
be taken  t o  prevent  contamination o f  f r e s h l y  sandb las t ed  
pipe sur face .  
s tand  f o r  more than  24 hours before  a p p l i c a t i o n  of h o t  enamel. 

The primed pipe should  not  be allowed t o  

2. Second day - Appl ica t ion  of ho t  enamel. 

- a. 

b. 

Screw t h e  coupl ing  and cap t o  t h e i r  r e s p e c t i v e  ends 
of  t he  pipe. 
While pipe is mounted h o r i z o n t a l l y  and r o t a t i n g  a t  a 
cons tan t  speed, flow coa t  wi th  hot  enamel t o  a th i ckness  
of  90 2 5 m i l s .  
and cap on each end. 

Bring ho t  enamel up over p l a s t i c  coupl ing  

. .. , 

\ 
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c. After c o a t i n g  h a s  cooled, d i p  capped end of  pipe i n t o  
molten enamel t o  e f f e c t  a w a t e r - t i g h t  seal. 

d. D r i l l  four  1/16ii dia. ho l idays  i n  t h e  coa t ing  e q u i d i s t a n t  
apart and o f f s e t  90" from each o t h e r  a long  t h e  pipe length.  

I V .  Operat ion of Test Apparatus 

A. Test  Apparatus: The a t tached  Figure I descr ibes  a s i n g l e  
ca thodic  (:isbonding t e s t  c i r c u i t  and t h e  equipment used f o r  
measuring p o t e n t i a l  and c u r r e n t  drain.  
and i n s e r t i o n  j a c k s  are mounted o n  a central  pane l  board and 
connected i n ,  p a r a l l e l  t o  a s i n g l e  anode. 
enables  t a k i n g  c u r r e n t  and v o l t a g e  readings  without  i n t e r r u p t i n g  
c u r r e n t  d r a i n  t o  t h e  tes t  specimen, The cons tan t  v o l t a g e  
t ransformer may be dispensed w i t h  i f  a n  unvarying source of 
a.c. i s  a v a i l a b l e .  

S ix ty  100 ohm r h e o s t a t s  

Use of a phone p lug  

B. Test  Procedure:  The tes t  specimens prepared as descr ibed  above 
are immersed i n  t h e  s o l u t i o n  of s y n t h e t i c  sea water around a n  
anode and s u b j e c t e d  t o  a p o t e n t i a l  o f  -1.50 v o l t s  wi th  r e f e r e n c e  
t o  a s a t u r a t e d  calomel e lec t rode .  Current  readings are made and 
recorded, and t h e  v o l t a g e  i s  a d j u s t e d  t o  -1.50 v o l t s  weekly on 
each specimen. Any a d d i t i o n  of  water t o  compensate f o r  evapora t ive  
l o s s e s  and necessary  pH adjustments  are a l s o  made a t  t h i s  t i m e .  
The equipment used i n  t h e  ca thodic  disbonding t e s t  is i l l u s t r a t e d  
i n  Figure 1. 

A t  t h e  end of t h e  prescr ibed  tes t  per iod  t h e  specimen is  removed 
from t h e  b a t h  and examined f o r  disbonding beyond t h e  i n t e n t i o n a l  
damage. The loosened c o a t i n g  i s  removed t o  the p o i n t  where f i r m  
bond s t i l l  e x i s t s .  The disbonded area is  then measured and 
recorded i n  square  inches. 

,i 

x 
High Temperature Sag Test 

P r e p a r a t i o n  of tes t  p l a t e s :  
x 3/16" s i z e ,  
uniform s t e e l  gray s u r f a c e ,  completely removing s t a i n s ,  r u s t  and m i l l  scale. 

For b l a s t i n g ,  a sharp ,  d ry  sand having a minimum o f  50% r e t a i n e d  on a NO. 60 
s i e v e  s h a l l  be used w i t h  a n  a i r  pressure  of no t  less t h a n  50 pounds per  square 
inch. 

Test p l a t e s  s h a l l  b e  mild steel of  12" x 4" 
One s i d e  o f  each p l a t e  s h a l l  b e  f r e s h l y  sand-b las ted  t o  a 

A p p l i c a t i o n  o f  t h e  c o a t i n g :  
primer f o r  t h e  c o a t i n g  under test. 
by t h e  manufacturer. 
on the p l a t e s  supported a t  an i n c l i n e  o f  10 degrees. 
coating s h a l l  be a d j u s t e d  t o  o b t a i n  a f i l m  th ickness  of 3/32" 2 1/64". 

The p l a t e s  s h a l l  be primed wi th  t h e  recommended 
After t h e  primer h a s  cured a s . r e c m e n d e d  

The molten h o t  c o a t i n g  shal l  be a p p l i e d  by pouring 
Temperature of t h e  
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Tes t  procedure: Reference l i n e s  drawn wi th  wax penc i l  o r  cha lk  s h a l l  be 
drawn a t  th ree - inch  i n t e r v a l s  p a r a l l e l  t o  t h e  4" side.  The coa ted  p l a t e s  
s h a l l  then  be placed v e r t i c a l l y  i n  a t e s t  oven with the  s c r i b e d  l i n e s  
h o r i z o n t a l  at t h e  des i r ed  test temperature f o r  t h e  d e s i r e d  l eng th  of  t i m e .  
The oven s h a l l  be capable of c o n t r o l l i n g  w i t h i n  5 ° F  of t h e  tes t  temperature. 

A f t e r  completion of t h e  t e s t  t h e  p l a t e s  s h a l l  be removed from t h e  oven and 
allowed t o  cool t o  room temperature. 
s h a l l  be checked a g a i n s t  the  r e fe rence  point  on the  edge o f  t h e  p l a t e  and 
t h e  d i f f e r e n c e  r epor t ed  as sag  d is tance .  

Low Temperature Crack Tes t  

P repa ra t ion  of test p l a t e s :  

Appl ica t ion  of Coating: 

Tes t  Procedure: Place t h e  coa ted  p l a t e s  i n  a n  a i r  ba th  capable  of c o n t r o l l i n g  
a t  the  des i r ed  test temperature + 5°F. Af t e r  a per iod  of 6 hour s  a t  tes t  
temperature,  remove t h e  p l a t e s  and a l low them t o  w a r m  t o  room temperature 
and examine f o r  evidence of c racking  o r  disbonding. A jump spa rk  hol iday  
de tec to r  may be used t o  examine f o r  cracking. 

R e s i s t i v i t y ,  Ohm-cm 

Scope: Th i s  procedure is  intended f o r  determining t h e  volume r e s i s t i v i t y  
of pipe coa t ing  materials having va lues  up t o  1017 ohm-cm. It is  intended 
only  f o r  those  m a t e r i a l s  capable of being formed i n  f i lms  and s u f f i c i e n t l y  
hard t o  be handled a t  75°F wi thout  damage. 

Equipment: 

The lowest po in t  on each of t h e  l i n e s  

Same as f o r  High Temperature Sag Test. 

Same as fo r  High Temperature Sag Tes t ,  

Film former - Carver Press equipped wi th  hea ted  p l a t e n s  
240 Regulated High Voltage Power Supply - 
Kei th ley  Instruments,  Cleveland, Ohio 
6105 R e s i s t i v i t y  Chamber - Kei th ley  Ins t ruments  
Decade Shunt - Model 2008 Kei th ley  Instruments 
Ammeter - 0-10 s c a l e  - Hooked through decade shunt  - 
Kei th ley  Instruments.  

Procedure: A. I n i t i a l  r e s i s t i v i t y  

Films, 50-70 m i l s  t h i ck ,  are formed by a s u i t a b l e  
means, e.g. Carver Press. Hot forming of  t h e  f i lms  
between Tef lon  Paper w i l l  enable  easy  r e l ease .  
C i rcu la r  test specimens, 3 inches  i n  diameter,  are then  
c u t  from t h e  fi lms. 
th ickness  i n  cm. 

Measure and record  t h e  specimen 
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B. 

Place t h e  t e s t  specimens between t h e  e l ec t rodes  i n  the  
r e s i s t i v i t y  chamber and impress a 500-volt  p o t e n t i a l  
ac ross  t h e  fi lm. Wait 10 minutes t o  allow the  cu r ren t  
ac ross  t h e  f i l m  t o  e q u i l i b r a t e  and note the  amperage, 

Using Ohm's Law, c a l c u l a t e  t h e  f i l m  r e s i s t a n c e :  

E = IR 

Where: E = p o t e n t i a l  ac ross  fi lm, v o l t s  
I = c u r r e n t  d ra in  ac ross  f i lm,  amps. 
R = r e s i s t a n c e  of fi lm, ohms 

The va lue  f o r  R i s  then i n s e r t e d  i n  t h e  volume 
r e s i s t i v i t y  equat ion:  

P = S  
L 

Where: P = volume r e s i s t i v i t y  of fi lm, ohm-cm. 
R = f i l m  re s i s t ance ,  ohms 
A = a r e a  of e l ec t rode  face,  c m 2  
L = f i l m  th ickness ,  cm. 

R e s i s t i v i t y  a f t e r  immersion: 

Immerse t h e  test specimens i n  d i s t i l l e d  water f o r  t he  
d e s i r e d  l e n g t h  of time. A f t e r  such t i m e ,  remove the  
specimens, pa t  d ry  wi th  an  absorbent t i s s u e ,  and allow 
t o  a i r  d r y  f o r  one hour. 
t h e  volume r e s i s t i v i t y  de te rmina t ion  ou t l ined  above. 

Af t e r  one hour proceed wi th  

Voltage Breakdown 

Coating i s  app l i ed  t o  a s t e e l  p l a t e  such t h a t  coa t ing  th ickness  of 5 t o  10 
m i l s  is obtained. Voltages g r e a t e r  than  1000 times t h e  f i lm  th ickness  i n  
m i l s  i s  appl ied  a c r o s s  t h e  coa t ing  wi th  a n  electric hol iday  d e t e c t o r  equipped 
wi th  a v a r i a b l e  v o l t a g e  r egu la to r .  

Water Absorption 

Tes t  panels a r e  prepared  by pouring the  molten enamel down the  inc l ined  
face,  a t  approximately 30" from the  ho r i zon ta l ,  of t he  polished aluminum 
t e s t  panels,  each 2-3/4" x 5-7/8" of 20 gauge metal. 
i n c l i n a t i o n  of t h e  pane l  and t h e  temperature o f  t h e  coa t ing  a g a i n s t  t he  
v i s c o s i t y  of the  test material, t e s t  films of 90 to 100 m i l s  th ickness  can 
be obtained on both  s i d e s  of t he  panel. 
coa t ing  a r e  trimmed a t  a n  angle  of 45" and t h e  edges then  coa ted  uniformly 
by hand d ipping  i n  the  enamel. The panels  are weighed i n i t i a l l y  and aga in  
a f t e r  35 weeks' immersion i n  water,  t h e  water abso rp t ion  be ing  repor ted  as 
percentage by weight of i n i t i a l  weight of f i lm. 

By balancing the  

Af t e r  cooling, t he  edges o f  t h e  
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TABLE I1 

PRlMER FOR HOT-APPLIED ASPHALT 
PIPE COATING - TYPICAL PROPERTIES 

Proper ty  

Flash Poin t ,  T. 0. C., 

Viscos i ty ,  c e n t i s t o k e 8  at 77" F 

So l ids  Content, w t . 8  

F 

Typica l  Value 

95 

70 

45 

TABLE I V  

RELATIVE EFFECT OF COATING 
AND PRIMER ON CATHODIC DISBONDING 

Primer 

Disbonded area 
7 days, -1.5 v o l t s ,  

Coa t ing .  sq. in.  

I [poor] A [poor] 0.52 

I [poor] B [good] 0.26 

I1 [good] A [poor] 0.04 

I1 [good] B [good] 0.03 
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FIGURE I r -  
I 

'GOOD AND POOR PERFORMING COATING SYSTEMS 
i 

I N  A.7-DAY CATHODIC DISBONDING TEST 

FIGURE 2 

COATING COLD FLOW FROM HYDROGEN PRESSURE 
I N  CATHODIC DISBONDING TEST 
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FIGURE 3 

GOOD AND POOR PERFORMING COATING SYSTEMS 

IN A 27O-DAY CATHODIC DISBONDING TEST ' 
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110 v o l t s  

Cons t Selenium Rect i f ier  

Voltage Transformer P ?  J- 

0 
t 

Anode Cachode 
[Test Specimen] 

t 
Sat. Cal. 
Half Cel l  

FIGURE I - APPENDIX 
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Coal t a r  and c o a l  tar  p i t c h  base coa t ings  probably d a t e  

It can s a f e l y  be s a i d  t h a t  
back t o  the  f i r s t  p roduct ion  o f  t h e s e  b lack  v iscous  materials i n  
gas  p l a n t s  and by-product coke ovens. 
h i s t o r i c a l l y  they have been manufactured and used f o r  a t  least one 
hundred years .  E a r l y  i n  t h e i r  product ion they  found wide use  as 

COLD APPLIED COAL TAR PAINTS 

Fred Whittier 
S r .  Research Assoc ia t e  

P i t t s b u r g h  Chemical Company 
A Div is ion  o f  United S t a t e s  S t e e l  Corporat ion 

P i t  t s burgh, Penn sylvan i a  

T a r  p a i n t s  are n o t  recommended f o r  s eve re  chemical  expo- 
s u r e s ,  bu t  they are i n e r t  enough t o  wi ths t and  most s o i l  a c i d  and 
a l k a l i  concen t r a t ions  i n  underground i n s t a l l a t i o n s  and sa l t  condi- 
t i o n s  encountered aboveground, i n  shore  i n s t a l l a t i o n s ,  f e r t i l i z e r  
p l a n t s  and sewerage works. 

Coal tar  p a i n t s  and c o a t i n g s ,  l i k e  o t h e r  systems have 
l i m i t a t i o n s  which can be po in ted  o u t  he re  be fo re  d i s c u s s i n g  t h e i r  
g e n e r a l  composition. F i r s t ,  they ,  l i k e  the  o l d  Ford cars, come i n  
only  one c o l o r  - black .  
a c o a l  t a r  p a i n t  t o  g e t  any o t h e r  c o l o r  w i th  one except ion .  
except ion  i s  an aluminum c o l o r  which can be ob ta ined  by inco rpora t ing  
about  1.5 pounds o f  l e a f i n g  aluminum powder t o  a g a l l o n  o f  p a i n t .  
The c o a l  t a r  p a i n t s  cannot  u s u a l l y  be overcoated w i t h  a co lo red  top- 
c o a t  wi thout  b leed  through n o r  f o r  t h a t  matter can they  be used a s  a 
topcoat  ove r  o l d  p a i n t s  wi thout  s o f t e n i n g  and wr ink l ing  o f  t h e  undercoat .  

It i s  extremely d i f f i c u l t  t o  -pigment o r  dye 
The 
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One o t h e r  a e s t h e t i c  cons ide ra t ion  is  t h a t  of a l l i g a t o r i n g .  Most 
c o a l  tar p a i n t s  a l l i g a t o r  s eve re ly  i n  s u n l i g h t  exposure,  bu t  i n  
many c a s e s  no bare  metal i s  exposed and the  moisture b a r r i e r  i s  
s t i l l  performing s u c c e s s f u l l y  a f t e r  years  of  exposure. 
o b j e c t i o n  sometimes encountered i s  t h a t  t he  c o a l  t a r s  have a r a t h e r  
sha rp  and s t rong  odor.  

One o t h e r  

I n  a l l  o f  t he  above, the  cut-back o r  so lvent - type  coa l  
There is  one c o a l  tar  coa t ing  t a r  p a i n t s  have been r e f e r r e d  to .  

which has  fewer of t h e s e  handicaps and t h a t  is  the  so -ca l l ed  coa l  
t a r  emulsion which w i l l  be d iscussed  l a t e r .  

C l a s s i f i c a t i o n  o f  Coal T a r  P a i n t s  

There are perhaps  hundreds o f  p r o p r i e t a r y  formulat ions i n  
which c o a l  t a r  o r  c o a l  t a r  p i t c h  has been used e i t h e r  as a major 
o r  minor component w i th  varying degrees  of  success .  The voluminous 
p a t e n t  l i t e r a t u r e  a t t e s t s  t o  t h i s ,  but  here  I would l i k e  t o  l i m i t  
t h e  c l a s s i f i c a t i o n  shown below to  the  few products  which have 
a t t a i n e d  a f a i r l y  h igh  volume of  commercial use  over  the  p a s t  f i f t y  
y e a r s  and a r e  s t i l l  marketed by the  fou r  o r  f i v e  major tar  processors .  
Where p o s s i b l e  , an a p p l i c a b l e  publ ished s p e c i f i c a t i o n  i s  included 
which w i l l  s e rve  a s  a guide  t o  the  gene ra l  composition of  t he  coa t ing  
r a t h e r  than t r y i n g  t o  l i s t  the  l i m i t l e s s  minor modi f ica t ions ,  some 
o f  which are unpubl ished and unknown t o  the  au tho r ,  o f  the  var ious  
manufacturers .  

1) Refined Coal T a r  

Under t h i s  c l a s s i f i c a t i o n  a r e  road tars of var ious  cons i s -  
t e n c i e s  and while  i n  t h e  broad sense they may be considered coa t ings ,  
t hey  a r e  i n  gene ra l  beyond the  scope o f  t h i s  paper.  
tar  v e h i c l e  is included h e r e ,  however, because i t  i s  a l o g i c a l  
s t a r t i n g  point and o c c a s i o n a l l y  i t  i s  s p e c i f i e d  a s  an i n g r e d i e n t  f o r ,  
s a y ,  an a n t i - f o u l i n g  c o a t i n g ,  an a s b e s t o s - f i l l e d  coa t ing  o r  caulking 
compound, o r  more r e c e n t l y  as the  c o a l  tar  component of  a tar-epoxy 
system. Publ ished tar  s p e c i f i c a t i o n s  are as fol lows:  

The b a s i c  c o a l  

a )  ASTM - Standard  S p e c i f i c a t i o n s  f o r  T a r  - ASTM-D490-47 
b) Fede ra l  - Road T a r  #R-T-143, 1940 
c )  

d) MIL-T-15194 (Sh ips )  May 1950 T a r ,  Coal - This  s p e c i f i c a t i o n  
covers  c o a l  t a r  t o  be used as an i n g r e d i e n t  f o r  
s h i p  bottom p a i n t s  and l i s t s  the  fol lowing r equ i r e -  
men ts : 

ASH0 - American Associat ion of  S t a t e  Highway O f f i c i a l s  
#M52-42 

S p e c i f i c  Gravi ty  a t  2 5 O C .  - 1.14 t o  1.24 
Water - 1% Maximum 
Carbon Con t e n t  (Free)  - 15% Maximum 
Ash - 0.5% Maximum 
Viscos i ty ,  Engler  

S p e c i f i c  a t  5OOC. - 15 - 35 
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2) Coal Ta r  P i t c h  - Solven t  Cutbacks 

These c o a l  t a r  p a i n t s  are s i m i l a r  t o  a v a r n i s h  and a r e  

They can be a p p l i e d  by brush,  sp ray  o r  r o l l e r  much as any 
manufactured o f  c o a l  t a r  p i t c h  and s o l v e n t  t o  a brushing c o n s i s t -  
ency. 
o t h e r  p a i n t .  Coverage rates a r e  normally about 400 squa re  f e e t  
p e r  g a l l o n ,  g iv ing  a d r i e d  f i l m  th i ckness  o f  about 2 m i l s  p e r  coa t .  
Two t o  t h r e e  c o a t s  a r e  u s u a l l y  s p e c i f i e d .  There are two types ,  
a )  
s o l v e n t  and b) 
r e f i n e d  s o l v e n t  (xylene) t o  reduce r e s i d u a l  odor and taste. Speci-  
f i c a t i o n s  a r e  a s  fol lows:  

a g e n e r a l  maintenance p a i n t  made w i t h  a heavy c o a l  t a r  naphtha 
a po tab le  w a t e r  tank p a i n t  made w i t h  a h i g h l y  

Coal T a r  P i t c h  Base P a i n t s  

Type a Type b 
M i l i t a r y  Spec. No. American Water Works 
MIL-P-6883 Aug. 1950 Associat ion 
Supersedes AN-P-31a AWWA D 102-62 T 

Sec. 3.11 

Color  
S p e c i f i c  Grav i ty  

a t  25OC. 
Weight p e r  Gal lon,  Lbs. 
V i s c o s i t y  a t  25OC. 
F l a s h  P o i n t  
Moisture ,  % 
Acid No. 
Ash, X by W t .  
Non-Volatile, % by Glt. 
So f t en ing  P t .  of Non- 

Free Carbon, X by W t .  
Unsaponif iable ,  yo by W t .  
Vola t i l es ,  t o  140OC. 

Vola t i l e  

W t .  % 
TO 200OC. W t .  % 
140 t o  235OC., W t .  % 

Drying 

With Aluminum Powder 

J e t  Black 

1.07 t o  1.12 

1 t o  1.5 p o i s e s  
95'F. Min. 

.05 Max. 

- 

' 3.0 Max. 
0.5 Max. 
53 'Min. , 

55 - 65OC. 
15 Max. 

99.5 Min. 

Non'e 

43 Max. 
High Gloss 

1 H r .  t o  Touch 
8 H r s .  t o  Handle 
1.3f/Gallon 

- 

- 
- 

8.7 to 9.7 
60 - 75 sec .  (Stormer) 

70°F. Min. - - 
0.5 Max. - 

- - - 
- 

45 Max. - 
A f t e r  24 hours a t  
77'F. and f l u s h i n g  
s h a l l  impart  no 
o b j e c t i o n a b l e  taste 
o r  odor .to water  
S h a l l  c o n t a i n  no 
added f i l l e r ,  pigments, 
f i b r o u s  m a t e r i a l s  o r  
a s p h a l t .  
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3) Medium Bodied Coal T a r  P a i n t s  

These in t e rmed ia t e  c o a l  t a r  p a i n t s  conta in  mine ra l  f i l l e r  
a s  w e l l  as p i t c h  and s o l v e n t  and are used where co r ros ive  cond i t ions  
r e q u i r e  a heavier  c o a t i n g  f i l m  than t h a t  ob ta inab le  w i t h  the  varn ish-  
t ype  coa t ings .  

They are somewhat easier t o  apply  than the heavy bodied 
c o a t i n g s  and a r e  o f t e n  more s u c c e s s f u l l y  used on concre te  wi th  l i t t l e  
o r  no tendency t o  mud-crack. Normal coverage i s  about  150 - 200 
squa re  f e e t  pe r  ga l lon  which g i v e s  about  6 t o  8 m i l s  d r y  f i l m  p e r  
coa t .  Two coa t s  are  g e n e r a l l y  s p e c i f i e d .  

To the  a u t h o r ' s  knowledge t h e r e  a r e  no Government spec i -  
f i c a t i o n s  f o r  t h i s  c o a t i n g  but i t  i s  be l i eved  t h a t  t h e  fol lowing 
c h a r a c t e r i s t i c s  w i l l  d e s c r i b e  t h e i r  g e n e r a l  composition : 

Medium Bodied Coal T a r  P a i n t s  

Veight  p e r  G a l l o n  
Consis tency 

Mo i s  t u r e  
P e r  Cent S o l i d s  
F i l l e r  (Ash), % 
V o l a t i l e s  t o  235OC., % 
F l a s h  Po in t  
Drying Time Between Coats  

10.5 - 11.5 Lbs. 
Viscous - (40 po i ses  

1.0% Max. 
70 - 80 
15  - 25 
20 - 30 
9S°F. Min. 
Overnight  

o r  more) 

4 )  Heavy Bodied Coal T a r  Coat invs 

Of a l l  t h e  c o l d  a p p l i e d  c o a l  t a r  coa t ings ,  t h e  one that 
i s  most widely known and used i s  the t h i x o t r o p i c  heavy bodied p a i n t  
made from processed or  p l a s t i c i z e d  p i t c h ,  s o l v e n t  and minera l  f i l l e r s .  
By p l a s t i c i z e d  p i t c h  i s  meant t he  more h i g h l y  f l e x i b l e  m a t e r i a l  which 
i s  made by inco rpora t ing  pu lve r i zed  c o a l ,  heavy o i l s  and p i t c h  i n  a 
s p e c i a l  h igh  tempera ture  process ing  ope ra t ion .  The c o a l  appears  t o  
be suspended i n  a m a t r i x  o f  o i l  and p i t c h  i n  a c o l l o i d a l  s ta te ,  
y i e l d i n g  high mel t ing  p o i n t s  b u t  none o f  t h e  b r i t t l e n e s s  a s s o c i a t e d  
w i t h  t h e  s t r a i g h t  d i s t i l l e d  c o a l  t a r  p i t ch .  When t h i s  p i t c h  i s  c u t  
back w i t h  so lven t ,  and p u t  through a c o l l o i d  m i l l  a h i g h l y  th ixo-  
t r o p i c  coa t ing  material i s  obta ined .  A f t e r  s t and ing  a day o r  so, 
the m a t e r i a l  i n  t h e  c o n t a i n e r  appears  t o  be s o l i d  - i n  f a c t  t he  can 
can  be t ipped ups ide  down wi thou t  caus ing  the material t o  flow ou t .  
On d ipping  a s t i r r i n g  rod i n t o  it, it  h a s  the cons i s t ency  (100 po i ses  
o r  more) of black mayonnaise which breaks  down on vigorous s t i r r i n g  
t o  a s u i t a b l e  a p p l i c a t i o n  cons is tency .  
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T h i s  c o a t i n g  i s  a p p l i e d  wi thou t  t h inn ing ,  by brush, r o l l e r  
o r  heavy duty sp ray  equipment a t  a coverage rate o f  50 t o  70  square 
f e e t  per  g a l l o n  and g i v e s  a d ry  f i l m  th i ckness  o f  15  t o  20 m i l s  p e r  
c o a t  which w i l l  n o t  s a g  from a vertical  s u r f a c e  while w e t .  
are normally s p e c i f i e d .  
s t r u c t u r e s  i n  w e t  environments such as underground p i p i n g  and pen- 
s t o c k s ,  and on cement, masonry, and galvanized s t e e l ,  i n  p i c k l i n g  
p l a n t s ,  sewerage and w a t e r  works and chemical p l a n t s  as a heavy duty 
maintenance p a i n t .  

Two c o a t s  
It is  used on marine p i l i n g  and o t h e r  s t ee l  

I n  normal a p p l i c a t i o n  th i ckness  (35 m i l s  i n  two c o a t s )  
t h e  c o a t i n g  remains f l e x i b l e  f o r  y e a r s  e i t h e r  submerged o r  under- 
ground. However, it does tend t o  e m b r i t t l e  i n  s u n l i g h t  exposure 
and to  overcome t h i s  a f i n a l  c o a t  of  a tar-emulsion i s  o f t e n  used. 

The c o a t i n g ,  being so widely used,  has many pub l i shed  
s p e c i f i c a t i o n s ,  some o f  which are: 

Bureau o f  Reclamation - Spec. No. CA-50, O c t .  1956 
Navy - Bureau o f  Yards 

S t e e l  S t r u c t u r e s  P a i n t i n g  

M i l i t a r y  - Docks - Spec. No. MIL-C-18480AY O c t .  1961 
nmerican Water Works Assoc. - Spec. No. AIWA C-203-62 Sec. 2.10 

The M i l i t a r y  S p e c i f i c a t i o n  i s  f a i r l y  r e p r e s e n t a t i v e  and 
o f t e n  r e f e r r e d  to ,  s o  the requirements  shown t h e r e  w i l l  a c t  a s  a 
r e l i a b l e  guide a s  t o  t h e  composition o f  the heavy bodied c o a l  tar  
p a i n t .  They are shown as fol lows:  

& Docks - Spec. No. 34 yd, May 1963 

Coun c i 1 - Spec. No. PS 10.02 64 T ,  J u l y  1964 

Coat ing Compound - Coal T a r  Base 
Spec. No. MIL-C - 18480A Docks October 1961 

S p e c i f i c  Grav i ty  (770F.) 
F l a s h  P o i n t  
Ash, % by U t .  
IiJater, % by U t .  
Dis t i l l a te ,  % by W t .  

To 15OOC. 
To 235OC. 

Asphal t  
F ree  Carbon, % 
Sof t en ing  P o i n t  o f  Residue, R&B 
p e n e t r a t i o n  o f  Residue, 100 E.,  

Coverage 
Dry to  Touch 
Dry f o r  Xecoating 

5 s e c . ,  77OF. 

1.2 - 1.5 

15 - 25 
950F. Min. 

1.0 Max. 

0 
18 - 30% 

None 
5 - 25 

205 - 240OF. 

5 Min. 

6 H r s .  
24 H r s .  

55 - 70 s q . f t . / g a l .  
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5) Coal  T a r  Emulsions 

Coal, t a r  p i t c h  and water d i spe r s ions  o r  emulsions form 
i n t e r e s t i n g  coa t ing  systems whose p r o p e r t i e s  are d i s t i n c t l y  d i f f e r e n t  

p l a c e ,  w a t e r  is t h e  e x t e r n a l  o r  cont inuous phase so they  may be 
d i l u t e d  w i t h  water ( n o t  u s u a l l y  recommended) and c l ean  up of  equip-  
ment i s  f a c i l i t a t e d .  The emuls i fy ing  agent  i s  u s u a l l y  a Bentoni te  
c l a y  and t h e  p i t c h  used  i s  f a i r l y  s o f t ,  5OoC. R&B o r  lower. On 
dry ing ,  t h e  s o f t  p i t c h  absorbs  some o f  t he  c l a y  forming a l a t t i c e -  
l i k e  s t r u c t u r e  which does n o t  re-emulsify when w e t ,  w i l l  no t  run o r  
a l l i g a t o r  i n  d i r e c t  s u n l i g h t  and i s  f a i r l y  flame r e s i s t a n t .  The 
f l e x i b l e  d ry  f i l m s  w i l l  wi ths tand  wide temperature  f l u c t u a t i o n s  
(minus 500F. to  ove r  18O0F.) without  becoming b r i t t l e  o r  sagging. 
The c o a t i n g ,  however, does reabsorb  some water  when immersed, so 
it  is  seldom u s e d  o r  s p e c i f i e d  f o r  underwater o r  underground s e r v i c e .  
I t s  main u s e  has been as a topcoa t  over  o t h e r  bituminous systems t o  
p reven t  embri t t lement  and improve weather ing p r o p e r t i e s .  It  i n  
tu rn  can be topcoated w i t h  aluminum o r  o t h e r  f a s t  d ry ing  c o l o r  c o a t s  
because t h e  c l a y  p reven t s  t h e  bleed-out  so  o f t e n  encountered w i t h  
c o a l  t a r  pa in t s .  

from any o f  the p rev ious ly  mentioned so lven t  cutbacks.  In  the  f i r s t  ? 

I1  

I 

I 

The c o a l  t a r  emulsion i s  a l s o  the  common driveway and 
pavement s e a l e r  recommended f o r  a s p h a l t  o r  tar  macadam s u r f a c e s  
where resistance t o  g a s o l i n e  s p i l l a g e  i s  requi red .  One precaut ion  

o r  f r e e z i n g  cond i t ions  are a n t i c i p a t e d  before  i t  has  d r i ed .  Coverage 
is  normally 50 t o  60 squa re  fee t  p e r  ga l lon  g iv ing  a 10 t o  15 m i l  d ry  
f i l m  th ickness  per coa t .  

i n  t h e  use  of  t h e  emulsion i s  t h a t  i t  should n o t  be app l i ed  i f  r a i n  f 

Recent ly  a combination rubber  l a t e x / c o a l  tar  emulsion has  
appeared on the  market and claims a r e  made t h a t  it is much tougher  
and more d u c t i l e  than the s t r a i g h t  c o a l  tar  emulsion. Other  p r o p e r t i e s  
are s i m i l a r .  

There are two publ i shed  s p e c i f i c a t i o n s  f o r  t h e  c o a l  tar 
emulsion which are f a i r l y  d e s c r i p t i v e  of  t he  coa t ing  composition. 
These are  (1) Fede ra l  #R-P-O0355a (GSA-F.S.S. da ted  October  16,1957) 
and (2)  M i l i t a r y  S p e c i f i c a t i o n  N o .  MIL-C-15203~ (Ships)  da ted  Novem- 
b e r  1959. Requirements o f  t h e  l a t t e r  are: 

MIL-C- 15 203c (Ships)  
Coa t i n P  Compoun d-B ituminous Emulsion 

S o l i d s  
Ash 
Moisture  Content  
Moisture  Absorpt ion 

Min. 45% 
Min. 25% 
Max. 50% 
Not more than 10% 

f 
i 

r 

f 
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Both the  S t e e l  S t r u c t u r e s  P a i n t i n g  Counci l  S p e c i f i c a t i o n  
#PS 10.02 64T and AWWA #C-203-62 Sec t ion  2 .11  refer back t o  t h e  
m i l i t a r y  s p e c i f i c a t i o n  f o r  t h e  use  o f  c o a l  tar  emulsion as a top- 
c o a t  f o r  exposed s tee l  s t r u c t u r e s .  

6) F i b r a t e d  Coal T a r  Coat ings 

These materials are more p rope r ly  c l a s s i f i e d  as caulk ing  
compounds because o f  t h e i r  extremely heavy c o n s i s t e n c i e s ,  b u t  a 
b r i e f  mention o f  them can be made here .  
o f  a s b e s t o s  f i b e r s ,  mine ra l  f i l l e rs  and s t r a i g h t  c o a l  tar o r  c o a l  
tar  p i t c h  and so lven t .  They f i n d  wide a p p l i c a t i o n  as roo f ing  and 
f l a s h i n g  cements, as a seal  c o a t  between steel  tanks and conc re t e  
pads,  as p ipe  j o i n t  c o a t i n g s  u s u a l l y  w i t h  an open mesh fabr ic ,  and 
sometimes on marine p i e r s  and p i l i n g s  where t h e i r  p e r p e t u a l  s t i c k i -  
n e s s  i s  n o t  a drawback. Many o f  them w i l l  meet the  F e d e r a l  Spec i -  
f i c a t i o n  SS-C-153 Type I1 Coal  T a r  Base which l ists  t h e  fo l lowing  
requirements  : 

They are b a s i c a l l y  a mixture  

Fede ra l  S p e c i f i c a t i o n  SS-C-153 

Non-Volatile (24 H r s .  a t  1O5-11O0C.) - 70% Min. 

Sag . a t  140°F., 5 H r s .  - 114" Max. 
F l e x i b i l i t y  a t  320F. - N o  c rack ing  

F i l l e r  by I g n i t i o n  - 15 - 45% 

7 )  Coal Tar-Epoxy Coat invs 

O f  a l l  t h e  r e c e n t  developments i n  c o a l  tar  p a i n t s ,  t h e  
one which has  aroused t h e  most i n t e r e s t  has  been the  epoxy modified 
composition. As t h e  p a t e n t  l i t e ra ture  shows, a lmost  eve ry  r e s i n ,  
polymer o r  e las tomer ,  has  been t r i e d  w i t h  c o a l  t a r  i n  an a t t empt  
t o  make an improved product  w i t h  vary ing  degrees  o f  success .  Some, 
l i k e  t h e  phenol ics  when mixed w i t h  t a r  and cured ,  have formed w a t e r  
as a by-product i n  t h e  coa t ing .  
markedly improved t h e  toughness  and e l a s t i c i t y  o f  t h e  system b u t  
have added almost imposs ib le  r e s t r i c t i o n s  on a p p l i c a t i o n  c h a r a c t e r -  
i s t i c s .  

Others ,  l i k e  the  rubbe r s ,  have 

The epoxy r e s i n s ,  e s p e c i a l l y  the  low molecular  weight  ones,  
w e r e  found t o  be miscible i n  a l l  p r a c t i c a l  p ropor t ions  w i t h  c o a l  t a r  
and c o a l  tar  p i t c h e s .  
and v i s c o s i t y  i s  n o t  s e r i o u s l y  a f f e c t e d  so  t h a t K g h  s o l i d s  (70 t o  
100%) coa t ings  can be made. 
resin e l imina te s  most o f  the  major f a u l t s  o f  t h e  c o a l  tar  p a i n t s .  
The c o a l  t a r  epoxy system i s  semi- thermoset t ing and t h u s  shows no 
tendency t o  run o r  sag  a t  h i g h  temperatures .  It hardens but does 
n o t  become b r i t t l e  enough t o  c rack  o r  disbond a t  temperatures  as l ow 
as 50°F. below zero - it shows no s i g n s  of a l l i g a t o r i n g  o r  c raz ing  
i n  s u n l i g h t  and i t  r e t a i n s  t h e  low w a t e r  absorp t ion  c h a r a c t e r i s t i c s  

No by-products  are formed dur ing  t h e  c u r e  

I n  many r e s p e c t s  t h e  a d d i t i o n  of  epoxy 
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and good adhesion of t h e  c o a l  t a r  p a i n t s .  The h igh  s o l i d s  con ten t  
o f  t he  system p e r m i t s  a p p l i c a t i o n  of  t h i ck  f i lms  (IO - 15 m i l s  p e r  
c o a t )  which harden by chemFcal r e a c t i o n  r a t h e r  than by s o l v e n t  loss .  
The c o a l  t a r - epox ies  bleed f a r  less than o t h e r  c o a l  t a r  p a i n t s  and 
so can be overcoated w i t h  c o l o r  coa t s  o r  aluminum. The c o a l  t a r  
r e s i d u a l  odor problem i s  minimized and i n  some i n s t a n c e s  where s p e c i a l  
p recau t ions  have been taken i n  the  formulat ion o r  a hea t ing  o r  baking 
cu re  r e s o r t e d  t o ,  t he  system has been cons idered  s u i t a b l e  f o r  coa t ing  
po tab le  water tanks and p i p e l i n e s .  I n  gene ra l ,  however, they a r e  
n o t  recommended f o r  u s e  around food o r  beverage process ing  p l a n t s .  

They are  r e s i s t a n t  t o  f r e s h  and sea  water, f a i r l y  s t r o n g  
minera l  a c i d s  and a l k a l i s  , many s a l t  s o l u t i o n s  , a l i p h a t i c  o i l s  , 
gaso l ine  , kerosene , d i e s e l  o i l s  , JP-4 f u e l  a n d  l u b r i c a t i n g  o i l s .  
In  t h e  case  of  water-white  gaso l ine  and f u e l s ,  some d i s c o l o r a t i o n  
may occur  and r e s i s t a n c e  t o  gum formation should be considered and 
checked o u t  before  u s i n g  them i n  t h i s  s e rv i ce .  

I t  must be s t a t e d  he re  thct  t h e  improved coa t ing  cha rac t e r -  
i s t i c s  o f  t he  c o a l  t a r - epox ies  a r e  no c u r e - a l l  - they have l imita- 
t i o n s  l i k e  any o t h e r  p a i n t  system and whi l e ,  a s  i t  has been i n d i c a t e d  
be fo re ,  t hey  do e l i m i n a t e  many o f  the  problems common t o  c o a l  t a r  
p a i n t s ,  t hey  in t roduce  a whole new s e t  o f  problems of t h e i r  own. 
In  the  f i r s t  p l a c e ,  t h e  epoxy r e s i n  i s  chemical ly  c ros s l inked ,  
u s u a l l y  w i t h  amines o r  amides and t h i s  in t roduces  a p o t - l i f e  problem. 
Most c o a l  ta r -epoxies  have a u s a b l e  p o t - l i f e  of something l e s s  than 
two hours .  Another a s s o c i a t e d  problem i s  t h a t  o f  s h e l f  l i f e  - t h e  
epoxy and c o a l  t a r  tend  t o  react  t o  form a copolymer w i t h  a v i s c o s i t y  
bui ld-up t h a t  can be troublesome. In  commercial p r a c t i c e  , t h i s  
problem i s  minimized e i t h e r  by c a r e f u l  s e l e c t i o n  of t h e  t a r  o r  p i t c h  
component, o r  by p u t t i n g a  t h e  cu r ing  agent  i n t o  the  c o a l  t a r  and 
keeping t h e  epoxy r e s i n  a s  a s e p a r a t e  component. The g e n e r a l  com- 
p o s i t i o n  of two such p roduc t s  r ep resen t ing  t h e  polyamide and the  
polyamine cured c o a l  t a r - epox ies  can be i l l u s t r a t e d  by the  r equ i r e -  
ments e x t r a c t e d  from t h e  fo l lowing  publ i shed  s p e c i f i c a t i o n s :  

A) Polyamide Cured Coal Tar-Epoxy 

S t e e l  S t r u c t u r e s  P a i n t i n g  Counci l  S p e c i f i c a t i o n  

( S i m i l a r  to P a i n t  C-200 - U. S .  Army Corps of Engineers)  
NO. SSPC-PS 1164P ( J u l y  1964) 

Component A 
Lbs. €o r  

In  gred i e n  t % by W t .  3.5 Gal. Batch Gal. 
Coal  T a r  P i t c h  (70-75%. 

Sof t en ing  P t .  % V o l a t i l e  
under 25OoC. 35.0 13.46 1.28 

Amine Value 330-360) 11.5 4.43 0.55 
Liquid  Polyamide Resin (97% N.V. 
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I n m e d i e n t s  % by W t .  

Magnesium S i l i c a t e  31.0 
Xylene 18.7 

G e l l i n g  Agent (o rgan ic  
mon tmor i 1 lon i te ) 

C a t a l y s t :  2,4,6 (dimethyl- 

E t h y l  Alcohol (denatured)  1.0 

1.5 

aminomethyl) phenol - 1.3 
100.0 

Lbs. for 
3.5 G a l .  Batch Gal. 

11.95 0.51 
7.20 1.00 
0.39 06 

0.57 .04 

0.50 .06 
38.50 3.50 

V i s c o s i t y  o f  Component A - 160 p o i s e s  Max. (Brookfield)  

Component B 

Liquid Epoxy P.esin (99% N.V. - Epoxide Equ iva len t )  9.7 1.0 

B) *.mine-Cured Coal Tar-Epoxy 

An amine-cured system which has been specj-fied under the  
M i l i t a r y  S p e c i f i c a t i o n  MIL-P-23236 (Ships)  June 1962, Class 2, Coal 
Tar-Epoxy Coat ing is  desc r ibed  as being composed o f  a r e f i n e d  c o a l  
t a r  p i t c h  and a minimum of 17% (by weight  of c o a t i n g )  o f  an epoxy 
r e s in  converted w i t h  amines o r  o t h e r  s u i t a b l e  m a t e r i a l s .  It i s  
desc r ibed  a s  being s u i t a b l e  a s  a b a l l a s t  tank c o a t i n g  f o r  f u e l  (non 
water-white) and s a l t  w a t e r  b a l l a s t  service. 

A typical composition f o r  such a system would be as 
f 0 1 lows : 

Component A (20 P a r t s  by Volume) 

P e r  Cent by Weight 

Epoxy Resin,  Liquid i 30 
S e l e c t e d  Coal Tar P i t c h  25 
Solven t  - Coal T a r  Hi-Flash 20 
Pigment 25 

Component B (Curing Agent 1 P a r t  by Volume 

P o l y  func t ion  a 1 A 1  i p h a  t i c  Amin e 
(Diethylene Triamine o r  Te t r a -  

So lven t  
e thy lene  Pen tamine) 66 ;6 

33.4 

The pigment i n  Component A u s u a l l y  c o n t a i n s  a g e l l i n g  agen t  
t o  permit  t h e  a p p l i c a t i o n  of heavy v e r t i c a l  f i l m s  wi thou t  c u r t a i n i n g  
o r  sagging. The two components a r e  mixed j u s t  p r i o r  to  use and app l i ed  
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by brush, spray  o r  r o l l e r  t o  a w e t  f i l m  th i ckness  o f  1 2  t o  14 m i l s  
(100 square  f e e t / g a l l o n ) .  The dry  f i l m  th i ckness  then w i l l  be 8 
t o  10 m i l s .  Two c o a t s  a r e  gene ra l ly  s p e c i f i e d  and u s u a l l y  the  second 
c o a t  i s  app l i ed  as soon as p o s s i b l e  a f t e r  t h e  f i r s t  c o a t  has  set t o  
minimize i n t e r c o a t  adhesion problems. 

It w i l l  be no ted  t h a t  both c o a t i n g  sys t ems  are about  80% 
s o l i d s  by weight. Some r e c e n t  s p e c i a l t y  c o a t i n g s  used f o r  concre te  
p ipe  l i n i n g s  and f o r  non-skid road  toppings approach 100% s o l i d s  by 
the  USP o f  more l i q u i d  tars and p i t c h e s  and epoxy r e s i n s .  Such 
systems a r e  very dense,  having no so lven t  p inho les  and when loaded 
wi th  gtaded aggregate  show very l i t t l e  shr inkage  on cu r ing ,  which 
promotes good adhesion on conc re t e  s u b s t r a t e s .  More d e t a i l s  on the  
p r o p e r t i e s  and c h a r a c t e r i s t i c s  of  one such system w i l l  be given i n  
another  paper  a t  t h i s  Symposium - " A  Coal T a r  Epoxy Reinforced Con- 
c r e t e  Product/System Composite Pipe S t ruc tu re . ' '  .One recent inno- 
va t ion  has  been i n  t h e  development o f  a 100% s o l i d s  p i t c h - r e s i n  
combination which i s  fu rn i shed  i n  a powder form. For t h i s  m a t e r i a l  
the  s t e e l  p l a t e  o r  p i p e  i s  hea ted  above t h e  mel t ing  p o i n t  o f  the  
compound and the powder i s  app l i ed  from a f lock ing  gun, f l u i d i z e d  
bed o r  w i t h  an e l e c t r o s t a t i c  pun. The powder melts on h i t t i n g  the  
p ipe  and flows o u t  t o  form a smooth cont inuous  f i l m .  Thickness  is  
c o n t r o l l e d  by the  r e s idence  t i m e  i n  t he  f l u i d i z e d  powder bed and i s  
u s u a l l y  i n  the  range o f  1 0  t o  15 m i l s . ,  Both thermose t t ing  and thermo- 
p l a s t i c  powders have been t r i e d .  Cooling of the  thermoplas t ic  coa t ing  
i s  accomplished by wa te r  spray f o r  qu icker  handl ing.  In  the  case 
o f  the thermose ts ,  h e a t i n g  o f t e n  i s  extended w i t h  no wa te r  cool ing  
to o b t a i n  optimum cure .  

The powder i s  r a t h e r  c o s t l y  t o  manufacture bu t  o f f e r s  
advantages i n  b e t t e r  p h y s i c a l  p r o p e r t i e s  of the  coa t ing  system. A l s o  
where t h e  e l e c t r o s t a t i c  d u s t i n g  method i s  employed, t h e r e  i s  p r a c t i -  
c a l l y  no overspray  loss and odd shapes can be coa ted  w i t h  ease .  

This  system is s t i l l  i n  i t s  infancy  b u t  looks extremely 
promising f o r  many s p e c i a l  a p p l i c a t i o n s .  

Fu tu re  Trends 

It  i s  b e l i e v e d  that f u t u r e  improvements and modi f ica t ions  
o f  t h e  c o l d  app l i ed  c o a l  tar  coa t ings  w i l l  probably fo l low the  t r ends  
o f  the r e c e n t  p a s t .  Low molecular  weight  c o a l  t a r  p i t c h  d e f i n i t e l y  
r e q u i r e s  an a s s i s t  from t h e  high molecular  weight r e s i n s  an.d polymers 
t o  i n c r e a s e  i t s  toughness ,  f l e x i b i l i t y ,  and temperature  s e n s i t i v i t y  
wh i l e  r e t a i n i n g  the  a l r e a d y  w e l l  e s t a b l i s h e d  s p e c i a l  p r o p e r t i e s  of 
low c o s t ,  low water  a b s o r p t i o n ,  h igh  mic rob ia l  r e s i s t a n c e  and long- 
time service performance. 
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COLD-APPLIED ASPHALT ODATIHjS 

by 

Whitman J. Dickson 

THE FLINTKDTE OOWANY, 

whippany, New Jersey 

I n  t h e  f i e l d  o f  p r o t e c t i v e  coa t ings  today, the consumer h a s  an ex- 
tremely wide and cons tan t ly  growing choice o f  e x c e l l e n t  m a t e r i a l s  to cope 
w i t h  a l m s t  any need. 
known h i s t o r y  o f  usefu l  a p p l i c a t i o n  probably surpasses  t h a t  o f  any o f  t h e  
others. I t  i s  not 
a v a i l a b l e  i n  two dozen a s s o r t e d  colors, but  l i k e  Henry Ford's &del  T, it 
comes i n s j u s t  one, -black, - though it i s  capable o f  l i m i t e d  pigmentation. 

h n g  them t h e r e  i s  a n  engineering m a t e r i a l  whose 

I n  the world o f  c o a t i n g s  it i s  indeed a "Plain Jane". 

I t  may be descr ibed a s  an almost e n t i r e l y  u t i l i t a r i a n  m a t e r i a l ,  
very seldom decora t ive ,  and y e t  it i s  being used a t  p r e s e n t  a t  a r a t e  es- 
timated a t  25 m i l l i o n  t o n s  annually. T h i s  m a t e r i a l  i s  asphal t .  W i t h  such 
a r a t e  o f  usage, t h e r e  must be much t h a t  can be  s a i d  f o r  it. There is. I t  
i s  highly water  r e s i s t a n t ,  h a s  e x c e l l e n t  adhesive p r o p e r t i e s ,  it can be 
q u i t e  r e s i l i e n t  and d u c t i l e ,  it i s  durable  i n  many a p p l i c a t i o n s  without  
any modif icat ions,  and can be compounded t o  f u r t h e r  i n c r e a s e  t h i s  property;  
it has  a v e r s a t i l i t y  matched by few, i f  any, s i m i l a r  engineering m a t e r i a l s ,  
and i t  o f f e r s  a l l  o f  t h e  above p r o p e r t i e s ,  p l u s  numerous o t h e r s ,  a t  a low 
cost t h a t  makes it q u i t e  a bargain i n  todayas  burgeoning c o a t i n g s  market. 

1 

I t  i s  known t h a t  a s p h a l t i c  b i tunens  were used a s  f a r  back a s  8000 
years  ago. An a c t u a l  specimen o f  a s p h a l t i c  foundation coat ing i s  still i n  
ex is tence  today i n  I r a q  - four  thousand y e a r s  a f t e r  it was appl ied.  I 've  
o f t e n  wondered what t h e  o r i g i n a l  c o n t r a c t o r ' s  guarantee was f o r  t h i s  job. 

SOURCES- 

A l l  o f  t h e s e  e a r l y  a s p h a l t s  were simply seepages o f  mre o r  less 
v iscous  mater ia l s .  
mous Trinidad depos i t s ,  g i l s o n i t e ,  e tc .  c o n s t i t u t e  a small bu t  usefu l  seg- 
ment o f  t h e  indus t ry ,  b u t  t h e  v a s t  bulk o f  today 's  a s p h a l t s  a r e  o f  p e t r o l -  
em or ig in .  They a r e  i n  p l e n t i f u l  supply, o f  high and c o n s i s t e n t  q u a l i t y ,  
and capable  o f  being " ta i lored"  to a wide v a r i e t y  o f  uses. They a r e  i n  m 
sense "man-atade" asphal t s ,  f o r  they a r e  p r e s e n t  a s  such i n  t h e  o r i g i n a l  
crude petroleum, and t h e  process  of  separa t ing  them i s  pure ly  phys ica l ,  usu- 
a l l y  by d i s t i l l a t i o n ,  e i t h e r  atmospheric o r  vacuun. Those a n c i e n t  seepages, 
a s  wel l  a s  today 's  mined a s p h a l t s ,  a r e  a l s o  products  o f  a d i s t i l l a t i o n  pro- 
cess ,  bu t  one which na ture ,  never i n  a hur ry  a s  man always seems to be, has  
taken c e n t u r i e s  to complete. 

The n a t u r a l  o r  "mined" a s p h a l t s  today such a s  t h e  fa-  
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Once t h i s  s e p a r a t i o n  h a s  been ef fec ted ,  t h e r e  a r e  many ways i n  which 
t h e  product can be modified. 
modif icat ion i s  a i r  blowing, usua l ly  r e f e r r e d  t o  - i n c o r r e c t l y  - a s  oxidat ion.  
By blowing f ine ly  divided a i r  thro tqh  t h e  a s p h a l t  a t  e leva ted  temperatures, 
both phys ica l  and rheologica l  changes a r e  made to occur. Broadly, t h e s e  may 
be considered to be t h e  r e s u l t  of dehydrogenation and wndensa t ion  of  unsat- 
urated linkages. 
y s t s " ,  which f u r t h e r  improve t h e  temperature s u s c e p t i b i l i t y ,  pene t ra t ion  index, 
d u c t i l i t y ,  and o t h e r  d e s i r a b l e  c h a r a c t e r i s t i c s .  

Probably t h e  most used, a s  well a s  most useful  

The a i r  blowing process  h a s  been expanded by use o f  "ca ta l -  

Asphal ts  a r e  thermoplas t ic  m a t e r i a l s ,  and may t h e r e f o r e  be appl ied i n  
the molten s t a t e .  T h o q h  somewhat cunbersome, t h i s  method does have t h e  dd- 
vantage t h a t  t h e  a p p l i c a t i o n  i s  f u l l y  ready f o r  i t s  intended use a s  soon a s  
it has  cooled. 
uses, t h e r e  is a d i s t i n c t  need f o r  a s p h a l t i c  w a t i n g s  t h a t  may be appl ied cold,  
without  t h e  need f o r  s p e c i a l  equipment, o r  t h e  element o f  h a s t e  ( because o f  
cool ing)  o r  danger i n h e r e n t  i n  handling molten asphal t s .  

But f o r  many uses, e s p e c i a l l y  those  t h a t  may be c a l l e d  " f i e l d "  

OLD-APPLIED ODATINGS 

I t  i s  with these cold-appl ied a s p h a l t i c  coa t ings  t h a t  w e  w i l l  be con- 
cerned a t  present. 
i e n t  way o f  applying a coa t ing  t h a t  would o therwise  have to be melted, f o r  
they o f t e n  can be formulated to do a job completely imprac t ica l  o r  even i m -  
poss ib le  with a h o t m e l t  coat ing.  

These products  should not  be considered only  a s  a conven- 

The two methods f o r  modifying a s p h a l t  so t h a t  i t  may be appl ied  cold 
a r e  s i m i l a r  to those  used by the p a i n t  indus t ry  to apply var ious  res inous  
coatings. 
sion. 
type  having i t s  own d i s t i n c t  c h a r a c t e r i s t i c s  and uses. 

They may be d i s s o l v e d  i n  a so lvent ,  o r  made i n t o  an aqueous emul- 
A long l i n e  o f  u s e f u l  products  is produced by both methods, with each 

THE CUTBACKS 

Solvent-base coa t ings ,  or "cutbacks", so-cal led because they are cut 
back or d i l u t e d  with s o l v e n t ,  a r e  made by the simple expedient o f  d i sso lv ing  
t h e  asphal t  base i n  a compatible  so lvent ,  usua l ly  o f  pe t ro leun  o r i g i n ,  u n t i l  
a usable  consis tency i s  obtained.  The r e s u l t i n g  so lu t ion ,  when appl ied  a s  a 
coat ing,  d r i e s  a s  a lacquer ,  by loss o f  so lvent  alone. 
c o n t r o l l e d  over  a wide range  by s e l e c t i o n  of  s o l v e n t s  o f  varying evaporation 
r a t e s .  Two c o n s i d e r a t i o n s  t h a t  must always be borne i n  mind i s  t h a t  t h e  d i -  
l u t i n g  mediun must have adequate  so lvent  power, and t h a t  i t s  f l a s h  p o i n t  must 
s t a y  a t  a sa fe  leve l .  I n  the c a s e  o f  t h e  former, poor v i s c o s i t y  s t a b i l i t y  
and poor f i l m  i n t e g r i t y  can r e s u l t  from an i l l -chosen  solvent  system. 
f o r  t h e  l a t t e r ,  t h e  i n h e r e n t  f lamnabi l i ty  o f  any so lvent  base coat ing must 
be kept i n  mind a t  a l l  times, both from t h e  p o i n t  o f  view o f  s a f e t y  and o f  
shipping regulat ions.  I t  must be remembered t h a t  t h e  same v o l a t i l i t y  t h a t  
speeds drying a l s o  lowers t h e  f l a s h  point. I n  s p e c i a l  i n s t a n c e s  .cutbacks 
can be made mn-flammable i n  t h e  wet s t a t e ,  usua l ly  by use o f  ch lor ina ted  
so lvents ,  bu t  t h e s e  can have t h e i r  own problems. 
expensive, and must be chosen w i t h  g r e a t  c a r e  due to the p o t e n t i a l  t o x i c i t y  
involved . 

Drying r a t e  may be 

A S  

They a r e  considerably nore 
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Because o f  t h e i r  low sur face  tens ion ,  a s p h a l t  cutbacks have e x c e l l e n t  
wet t ing and penet ra t ing  power, and for t h i s  reason a r e  o f t e n  used a s  pr imers  
for hot-applied a s p h a l t s  a s  w e l l  a s  f o r  t h e  f i l l e d  mas t ics  o f  t h e  t y p e s  t h a t  
w i l l  be descr ibed l a t e r .  Without  f i l l e r s  or m d i f i e r s ,  cutbacks have l i m i t e d  
use where exposed to  t h e  ravages  of weather. Some o f  t h e  e a r l i e s t  modi f ie rs  
were var ious  r e s i n s  and drying o i l s ,  o f  which l i t e r a l l y  hundreds have been used, 
to produce an assortment  o f  b i t m i n o u s  lacquers  and varnishes .  

I f  it is d e s i r a b l e  t o  o b t a i n  g r e a t e r  "build" of  a coat ing,  whether this 
be f o r  g r e a t e r  w e a t h e r a b i l i t y ,  b e t t e r  vapor b a r r i e r  c h a r a c t e r i s t i c s ,  higher  
s t rength ,  improved abras ion  r e s i s t a n c d  or f o r  o t h e r  reasons,  t h e  use o f  min- 
e r a l  f i l l e r s  becomes h ighly  important. 
t h e  f i l l e d  coa t ings  are: 

The p r o p e r t i e s  g e n e r a l l y  sought i n  

(1) Resis tance t o  flow or deformation under any 
temperature  or c l imat ic  condi t ion l i k e l y  to 
be encountered. 

(2)  Res is tance  t o  mechanical abrasion and a t t r i t i o n ,  
whi le  maintaining s t rong adhesion to t h e  sub- 
s t r a t e .  

s t rength .  

a s s o c i a t e d  with a choice o f  f i l l e r s  having 
maximun o p a c i t y  to a c t i n i c  rays. 

(3) Strong cohesive proper t ies ,  a f ford inq  i n t e r n a l  

(4 )  Maximun weather r e s i s t a n c e ,  a property o f t e n  

Not a l l  f i l l e r s  can f i l l  t h e  above requirements. F i l le rs  t h a t  a r e  
excessively hygroscopic, have too high o i l  absorpt ion,  t h a t  a r e  vulnerable  
to chemical vapors, or t h a t  a r e  t r a n s p a r e n t  to a c t i n i c  r a y s  can cause e a r l y  
f a i l u r e  of a coating. T h i s  l a s t  property i s  q u i t e  important s i n c e  a l l  as-  
p h a l t s  a r e  subjec t  t o  photo-xidation. l h i s  i s  l a r g e l y  why a s p h a l t  sh ingle  
r o o f s  a r e  50 durable ,  with t h e  opaque roofing g r a n u l e s  throwing up a protec-  
t i v e  sh ie ld ,  a s  it were, f o r  t h e  a s p h a l t  coat ing beneath. A novel method, i n  
f a c t ,  for  addi'ng to t h e  d u r a b i l i t y  o f  an a s p h a l t  cutback coat ing,  h a s  been the  
spraying o f  roofing g r a n u l e s  onto  t h e  s t i l l  wet mast ic ,  50 # a t  they a r e  per- 
manently imbedded when t h e  coat ing has  dr ied.  

Asbestos f i b e r s  a r e  one o f  t h e  many widely used f i l l e r s .  Others  a r e  
s l a t e  f l o u r ,  ruck dus t ,  l imestone,  c lays ,  ground s lag ,  diatomaceous e a r t h ,  
s i l i c a ,  cork, vermicul i te ,  mica, co t ton  and wool f i b e r s ,  along wi th  count less  
o thers .  
improve t h e  product, they o f t e n  lower the cost, s ince  they a r e  usua l ly  l e s s  
c o s t l y  than t h e  a s p h a l t  and so lvent  t h a t  they displace.  I f  maximum vapor 
b a r r i e r  c h a r a c t e r i s t i c s  are d e s i r e d ,  a minimun o f  hygroscopic f i l l e r s  and 
f i b e r s  must be used. 

APPLICATIONS 

A happy aspec t  of  t h e  use of  f i l l e r s  i s  t h a t  whi le  they can g r e a t l y  

The largest  s i n g l e  use f o r  a s p h a l t  cutbacks i s  i n  t h e  cons t ruc t ion  o f  
pavements, but t h i s  i s  a - s e p a r a t e  f i e l d  i n  i t s e l f ,  not  intended f o r  t h e  scope 
o f  t h i s  discussion.  Another high-volume use i s  i n  t h e  waterproofing and damp- 

\ 
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proofing of  s t r u c t u r e s ,  t h e  d i f f e r e n c e  i n  t h e  terminologies  r e f e r r i n g  simply t o  
whether t h e  coating i s  appl ied  below o r  above ground l e v e l .  
where temperature  changes a r e  comparatively small, and t h e r e  i s  no exposure t o  
l i g h t  and a i r ,  t h e  proper ly  designed a s p h a l t  coating has  few peers. 
n o r m a l l y  be expected t o  o u t l i v e  t h e  s t r u c t u r e  it i s  designed t o  pro tec t .  Where 
used above ground f o r  damppmofing, t h e  coat ing i s  intended t o  prevent  t h e  in -  
roads of dampness and moisture on masonry surfaces. 

Below ground, 

I t  can 

Heavily f i l l e d  a s p h a l t s  of brush, spray and trowel g r a d e s  a r e  used a s  
A weathered sur face  can i n d u s t r i a l  coa t ings  and g i v e  many years  o f  service. 

be resurfaced r e a d i l y  with a cutback-type coat ing,  which w i l l  form an exce l len t  
bond to t h e  old coating. I t  was sa id  e a r l i e r  t h a t  a s p h a l t  i s  seldom decorat ive.  
One of t h e  few except ions i s  a s p h a l t  aluninun p a i n t ,  i n  which a leaf ing  grade  of  
aluminum powder i s  added . to  an a s p h a l t  cutback o f  high f l u i d i t y .  When it  i s  
appl ied  a s  a p a i n t ,  t h e  aluminun l e a f s  o r  f l o a t s  t o  t h e  sur face  to  form a metal- 
l i c  coat ing t h a t  i s  not o n l y  a t t r a c t i v e  but  which increases  t h e  l i f e  o f  t h e  
coat inq several  fold. By use of h iqher  percentages o f  aluminum, heavy alunin-  
i z e d  mas t ic  coa t ings  can be  made t h a t  have except ional  r e s i s t a n c e  to weathering, 
and show high r e f l e c t a n c e  and consequent i n s u l a t i n g  value. A r e l a t i v e l y  recent  
innovat ion has  been t h e  i n t r o d u c t i o n  o f  a s p h a l t i c  coa t ings  incorporat ing high 
loadings o f  non-leafing aluninun alonq with colored pigments, to  produce b r i g h t  
m e t a l l i c  pas te l  coa t ings  o f  except ional  d u r a b i l i t y ,  t h a t  show no v i s u a l  evidence 
o f  t h e i r  humble parentage. These a t t r a c t i v e  c o l o r s  may wel l  be a s p h a l t ' s  f i n e s t  
hour, e s t h e t i c a l l y  speaking. 

Another l imi ted ,  b u t  l e s s  spec tacular  v a r i a t i o n  from a s p h a l t ' s  black 
co lor  h a s  been t h e  incorpora t ion  o f  c e r t a i n  red oxide pigments t o  produce 
var ious  shades of red  and brown. For t h e  bes t  r e s u l t s ,  an a s p h a l t  should be 
se lec ted  t h a t  h a s  a brown, r a t h e r  than a black c a s t  when examined i n  t h i n  
f i lms  by t ransmit ted l i g h t .  

Sound deadening c o a t i n g s  make use o f  t h e  v i s c o - e l a s t i c  p r o p e r t i e s  o f  
asphal t .  
bu t  f o r  metal cab ine ts ,  o f f i c e  f u r n i t u r e ,  bathtubs,  a i r  condi t ioning equipment, 
household metal f u r n i t u r e  and panels  where v i b r a t i o n  and drumming must be damped. 
Underbody p r o t e c t i v e  c o a t i n g s  f o r  c a r s  and r a i l r o a d  r o l l i n g  s tocks  use not only 
t h e  waterproofing and adhesive p r o p e r t i e s  o f  asphal t ,  bu t  i t s  a b i l i t y  to with-  
stand abrasion and impact a s  well. 

These m a t e r i a l s  f i n d  volune use not on ly  i n  t h e  automotive indus t ry ,  

A l l  of u s  a r e  f a m i l i a r  with t h e  annoyance of "sweating" of  cold sur faces  
i n  a damp locat ion.  A well-proven cure f o r  t h i s  malady, which can be expensive 
a s  well a s  annoying, i s  t h e  appl ica t ion  of an a s p h a l t  mast ic  f i l l e d  w i t h  e i t h e r  
ground cork o r  vermicul i te ,  o r  both. %e a r e  t h u s  given i n s u l a t i n g  value p l u s  
waterproofing i n  a s i n g l e  mater ia l .  

Looking f u r t h e r  i n t o  t h e  subjec t  o f  i n s u l a t i o n ,  it i s  w e l l  known i n  the  
indus t ry  t h a t  a good vapor b a r r i e r  is e s s e n t i a l  over low temperature insu la t ion .  
Without it, condensation, and even i c e  formation, can s e r i o u s l y  reduce the t h e r -  
mal e f f i c i e n c y  o f  an i n s u l a t i o n ,  and even destroy i t s  mechanical i n t e g r i t y .  I n  
t h i s  r e s p e c t ,  so lvent  based a s p h a l t  coat ings,  even those  with moderate f i l l e r  
loadings  o t h e r  than those  descr ibed  i n  t h e  previous paragraph, have v e r y  low 
moisture  vapor permeabi l i ty ,  and a r e  well known and regarded where t h i s  requi re -  
ment i s  paramount. This  t o p i c  w i l l  be expanded l a t e r .  

We have r e f e r r e d  s e v e r a l  t imes to t h e  adhesion c h a r a c t e r i s t i c s  o f  as- 
p h a l t s ,  so it i s  o n l y  t o  be  expected t h a t  we w i l l  see them f i n d  t h e i r  way i n t o  

i I  
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u s e s  where t h i s  proper ty  w i l l  be p u t  to use. 
adhesives, emulsion adhesives ,  and a l s o  i n  t h e  one being discussed a t  t h e  
moment, t h e  so lvent  based a s p h a l t  f ie ld .  
t h e  a s p h a l t  f l o o r  t i l e  adhesives  used so extens ive ly  today. 
a f f e c t e d  by dampness o r  even flooding, they a r e  a s  durable  a s  the f loor ing  
i t se l f .  
o f  those  h e r e  p r e s e n t  a r e  adhered with asphal t .  

I t  f i n d s  many u s e s  i n  hot+nel t  

Typical  examples o f  the l a t t e r  a r e  
Conrpletely M- 

I t  i s  a s a f e  assuept ion  t h a t  the f l o o r  t i l e s  i n  t h e  o f f i c e s  o f  most 

I f  c o a t i n g s  o f  t h e  types  discussed above a r e  to p r o t e c t  a g a i n s t  t h e  
inroads  o f  water, it seems reasonable  t h a t  any sur face  water  must be r e w v e d  
before  t h e  coat ing can be properly applied. 
produce a bone-dry s u b s t r a t e ,  so a simple way o f  c i r c w e n t i n g  t h e  problem 
i s  t h e  incorporat ing o f  var ious  water-displacing compounds, such as  o i l -  
soluble su l fona tes ,  phosphates, amides, amines, m e t a l l i c  soaps, f a t t y  acids ,  
etc. These same a d d i t i v e s  can a c t  a s  r u s t  i n h i b i t o r s  when t h e  coat ing i s  
appl ied over metal. 

Sometimes it i s  imprac t ica l  to 

Asphalt coa t ings  have been outs tandingly  successful  i n  pratect i r rg  
nunemus concre te  and wood s t r u c t u r e s  a g a i n s t  t h e  d e s t r u c t i v e  a c t i o n  o f  min- 
e r a l  ac ids ,  a c i d  s a l t s ,  a l k a l i e s ,  and many cor ros ive  chemicals. Concrete, 
espec ia l ly ,  r e q u i r e s  such pro tec t ion ,  s ince  Por t land  Cement i s  very  suscep- 
t i b l e  to a c i d  o f  any s t rength.  Another l a r g e  volune usage o f  f i l l e d  a s p h a l t  
mast ic  coa t ings  i s  i n  p r o t e c t i o n  o f  metal s u r f a c e s  o f  t a n k s  and v a r i o u s  s t ruc-  
t u r e s  from cor ros ive  i n d u s t r i a l  environments. The mas t ics  a r e  a v a i l a b l e  i n  
var ious  grades,  with choice depending on method o f  a p p l i c a t i o n  and f i lm th ick-  
n e s s  desired. 
e t r a t i o n  o f  cor ros ion  beneath the edges or a t  l o c a t i o n s  o f  unavoidable voids  
i n  t h e  coating. Asphalt pr imers  or several  s y n t h e t i c  base pr imers  a r e  com- 
p a t i b l e  with most a s p h a l t  coat ings.  

Pr imers  o f t e n  a r e  reconmended a s  added p r o t e c t i o n  a g a i n s t  pen- 

Asphal t  is, o f  course, a flammable hydrocarbon, and c o a t i n g s  deposi ted 
They a r e  d i f f i c u l t  to kindle ,  however, having f l a s h  by any method w i l l  burn. 

p o i n t s  g e n e r a l l y  i n  t h e  o r d e r  o f  500 - 600OF. 
appreciably decreases  this flanrnability. To c a r r y  t h i s  f u r t h e r ,  w e  can for-  
mulate coa t ings  t h a t  a r e  made highly f i r e  r e t a r d a n t  by severa l  methods, such 
a s  blending w i t h  var ious  ch lor ina ted  r e s i n s ,  usua l ly  i n  combination with a n t i -  
m n y  t r iox ide .  It i s  a l s o  poss ib le ,  a s  pointed o u t  e a r l i e r ,  to  incorporate  a 
non-flammable so lvent  system i n  t h e  composition. 

The incorpora t ion  o f  f i l l e r s  

I n  a d d i t i o n  to t h e  v i r t u e s  l i s t e d  above f o r  cutback a s p h a l t i c  coat ings,  

Where a conventional p a i n t  may be reckoned i n  terms of  2 o r  3 

This  obviously g r e a t l y  i n c r e a s e s  t h e  protec-  

another very s i g n i f i c a n t  a t t r i b u t e  i s  their a d a p t a b i l i t y  to a p p l i c a t i o n  i n  very 
t h i c k  coat ings.  
mils per  coa t ,  it i s  not  uncomon f o r  an a s p h a l t i c  coat ing t o  be  appl ied  a t  a 
r a t e  30 or 40 t imes this amount. 
t i v e  q u a l i t i e s  o f  t h e  coa t ings ,  while  expanding t h e i r  u t i l i t y .  

ASPHALT EMULSIONS 

The o t h e r  category o f  cold-applied a s p h a l t  c o a t i n g s  i s  t h a t  o f  t h e  
aqueous emulsions. Here w e  have t h e  same b a s i c  s i t u a t i o n  a s  t h a t  e x i s t i n g  w i t h  
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any o t h e r  emulsiont 
very minute p a r t i c l e s ,  and prevented f r o m  coalescing and re turn ing  t o  a se- 
p a r a t e  c o n t i n w u s  phase by t h e  presence o f  an emulsifying agent ,  sometimes 
r e f e r r e d  to a s  a s t a b i l i z i n g  agent ,  suspending agent, dispers ing agent, e tc .  
Asphal t  emulsions may be d iv ided  i n t o  two broad ca tegor ies ,  t h e  chemical o r  
soap emulsions, and t h e  c l a y  emulsions. The former group may i n  t u r n  be  
d iv ided  i n t o  an ionic ,  c a t i o n i c  and nonionic emulsions. 

two immiscible l i q u i d s ,  one dispersed i n t o  t h e  o t h e r  a s  

The chemical emulsions a r e  made p o s s i b l e  by t h e  presence o f  an emulsi- 
fying aqent  t h a t  must be compatible with both t h e  water and a s p h a l t  phases. A 
g r a p h i c  v i s u a l i z a t i o n  o f  such an emulsion would d e p i c t  a d i s c r e t e  d r o p l e t  o f  
a s p h a l t ,  probably about 4 microns i n  s i z e ,  completely surrounded by t h e  ex- 
t e r n a l  phase, water. 
a s  a continuous l a y e r  around t h e  a s p h a l t  p a r t i c l e ,  and would be so o r i e n t e d  
t h a t  t h e i r  non-polar o r  o r g a n i c  p o r t i o n s  would face towards t h e  asphal t  par- 
t i c l e ,  while  their p o l a r  p o r t i o n s  would o r i e n t  themselves outward towards t h e  
water  phase. T h i s  heads-and-tai ls  arrangement a f f o r d s  a b a s i s  f o r  under- 
standing much about  both t h e  manufacture and performance of  emulsions. 
h a s  been ca lcu la ted  t h a t  a 65% s o l i d s  emulsion of  t h e  above p a r t i c l e  s i z e  
c o n t a i n s  approximately twenty b i l l i o n  a s p h a l t  p a r t i c l e s  per  cubic  cent imeter ,  
each e n t i r e l y  separa te ,  and he ld  a t  arm's length  from i t s  neighbors, a s  it 
were, by t h e  i n t e r f a c i a l  molecular forces  a s  descr ibed above. 

The molecules o f  t h e  d issoc ia ted  e m u l s i f i e r  would appear 

I t  

I f  t h e  o r g a n i c  p o r t i o n  o f  t h e  emuls i f ie r ,  which governs i t s  property 
a s  an emulsifying agent, conta ins  a negat ive charge, it i s  c a l l e d  anionic. 
The p a r t i c l e s  o f  a s p h a l t  w i l l  acqui re  a negat ive charge, and w i l l  be a t t r a c -  
t e d  towards a p o s i t i v e l y  charged surface.  Exactly t h e  reverse  i s  t r u e  i n  a 
c a t i o n i c  emulsion i n  which t h e  p o s i t i v e l y  charged a s p h a l t  p a r t i c l e s  a r e  a t -  
t r a c t e d  towards a nega t ive ly  charged surface. A non-dissociating e m u l s i f i e r  
impar t s  no p a r t i c u l a r  charge  to t h e  a s p h a l t  p a r t i c l e s ,  t h u s  forming a nonionic 
emulsion. The above c l a s s i f i c a t i o n s  have s i g n i f i c a n c e  when we a r e  concerned 
wi th  obtaining o p t i m m  wet t ing  and coat ing of var ious  subs t ra tes .  
p e r t i e s  a r e  o f  g r e a t  importance i n  t h e  wet t ing of  f i l l e r s  and aggregates ,  
whether t h i s  be i n  t h e  manufacturing s tage  o r  i n  j o b - s i t e  appl icat ions.  
i s  o f  p a r t i c u l a r  concern where emulsion-type pavements a r e  being la id .  

These pro- 

I t  

I n  an a s p h a l t  c l a y  emulsion, t h e  same e q u i l i b r i u n  o f  forces  between 
t h e  two immiscible l i q u i d s  must be maintained, but i n  this ins tance  a mineral 
c l a y  a c t s  a s  t h e  primary emulsifying and s t a b i l i z i n g  agent. In  genera l ,  c lay  
minera ls  which a r e  wet r e a d i l y  i n  water, and which w i l l  d i s p e r s e  a s  c o l l o i d a l  
p a r t i c l e s ,  w i l l  a c t  a s  e f f e c t i v e  e m u l s i f i e r s  f o r  a s p h a l t  i n  water. 
o f  c l a y s  a r e  a b l e  to do t h i s ,  such a s  k a o l i n i t e  and a t t a p u l g i t e ,  but t h e r e  i s  
one c lay ,  bentoni te ,  which s t a n d s  alone i n  i t s  e f f i c i e n c y  a s  an emulsif ier .  
I t  i s  a montmori l loni te  c l a y  o f  unique c r y s t a l l i n e  conf igura t ion ,  which i s  
a s  much a s  t en  t imes  a s  e f f i c i e n t  a s  o t h e r  c lay  emulsif iers .  

A number 

OOMPARISON WITH CUTBACKS 

All a s p h a l t  emulsians a r e  made by high-shear d i spers ion  o f  t h e  a s p h a l t  
This  usua l ly  i n  t h e  water  phase, i n  which t h e  emuls i f ie r  i s  already present .  



-195-  

h a s  to be a t  a temperature  high enowh to f l u i d i z e  the asphal t ,  b u t  mt so high 
a s  t~ cause t h e  water  to boil. 
solvent  o r  cutback-type coa t ings  previously discussed. 
f i r e  hazard f o r  t h e  a p p l i c a t o r ,  being water-based. 
do not apply, a s  water  i s  the o n l y  v o l a t i l e  present .  
f a s t e r  than  a solvent-appl ied coating of  comparable th ickness ,  s i n c e  t h e  water h a s  
no a f f i n i t y  or solvent  e f f e c t  on the asphal t ,  a s  is the case  with cutbacks. Where- 
a s  cutbacks usua l ly  tend to  dry from ihe top down, thereby forming a skin t h a t  
w i l l  Slow the drying r a t e ,  c l a y  emulsions tend to dry from t h e  bottom up, and 
w i l l  dry to f u l l  h a r d n e s f a s t e r .  Chemical t y p e s  may s k i n ,  but  still w i l l  dry 
rapidly.  

These emulsions a r e  q u i t e  a breed a p a r t  f r o m  the 
They obviously involve no 

The usual  r u l e s  o f  v o l a t i l i t y  
I n  g e n e r a l ,  they  w i l l  dry 

The solvent  i n  a cutback coat ing g i v e s  maximum fusing o f  t h e  a s p h a l t  i n t o  
a dense mass on drying, whereas t h e  d i s p e r s e  na ture  o f  t h e  a s p h a l t  p a r t i c l e s  i n  
an emulsion g e n e r a l l y  produces a coating more permeable to water vapor. 
"breather"  coa t ings  a r e  emulsions, t h o q h  incorpora t ion  o f  c e r t a i n  porous f i l l e r s  
can make a normally t i g h t  vapor b a r r i e r  cutback coat ing i n t o  one t h a t  would be 
c lassed  a s  a "breather". 
somewhat a r b i t r a r y ,  but a s  a r u l e  o f  thumb a brea ther  should have a minimum 
perm r a t i n g  o f  approximately 1, while  t h e  vapor b a r r i e r  should have a r a t i n g  of  
0.5 perm o r  less, with very low temperature a p p l i c a t i o n s  having an allowable 
rnaximun of 0.1 perm. Both coa t ings  have s p e c i f i c  a r e a s  o f  vse. The vapor 
b a r r i e r  i s  designed to block t h e  ingress o f  water  vapor due to t h e  vapor pres -  
sure  d i f f e r e n t i a l  t h a t  e x i s t s  on  t h e  o w s i n g  s i d e s  o f  a coa t ing ,  such a s  on 
an i n s u l a t e d  s torage  tank,  which i s  operated a t  a temperature below ambient. 
The brea ther  is designed t o  a l low t h e  escape, a s  a vapor, o f  any moisture  
trapped between a coat ing and a sur face  maintained a t  a temperature  above ambient. 
The penal ty  f o r  choosing t h e  wrong coat ing can be severe i n  e i t h e r  instance.  An 
inadequate vapor b a r r i e r ,  f o r  example, w i l l  a l low i n s u l a t i o n  to become water- 
logged and less e f f i c i e n t ,  and i f  t h e  temperature i s  low enough, heavy i c e  
buildup can r e s u l t  below and i n s i d e  t h e  insu la t ion .  
when i t  should, on t h e  o t h e r  hand, i s  almost sure  to b l i s t e r ,  lose adhesion and 
have i t s  useful  l i f e  shortened. A property c o m n  to both coa t ings  i s  t h a t  both 
a r e  equal ly  impervious to l i q u i d  water ,  and must be a b l e  to wi ths tand  t h e  ravages 
o f  weather. 

APPLICATIONS 

Most 

The terms vapor b a r r i e r  and brea ther  a r e  r e l a t i v e ,  and 

A coat ing t h a t  won't breathe 

Many o f  t h e  ues  o f  emulsions p a r a l l e l  those  of  t h e  cutbacks. They ac- 

They have good adhesion to c lean  surfaces ,  and t h e  chemical 

Emulsions a r e  used 

c e p t  f i l l e r s  r e a d i l y ,  but more c a r e  must be taken i n  t h e i r  choice f o r  a given 
type o f  emulsion. 
t y p e s  have wet t ing c h a r a c t e r i s t i c s  t h a t  can approach those  of t h e  cutbacks over 
dry sur faces ,  and r e a d i l y  surpass  them over  damp surfaces .  
a s  foundation coat ings,  sound deadeners, underbody coa t ings ,  roof coat ings,  in- 
s u l a t i o n  coat ings,  masonry coa t ings ,  concre te  cur ing agents  which prevent  ex- 
c e s s i v e  sur face  evaporat ion a s  t h e  concre te  cures ,  and they combine with Por t -  
land Cement to produce f loor ing  compositions t h a t  e x h i b i t  many d e s i r a b l e  fea- 
t u r e s  of both a s p h a l t  and concrete. 
a t h i x o t r o p i c  body which f a c i l i t a t e s  t h i c k  a p p l i c a t i o n s  on s u r f a c e s  o.ther than 
hor izonta l ,  and t h e i r  d r i e d  f i l m s  have a s t a t i c  q u a l i t y  t h a t  w i l l  not  allow 
them t o  flow even on d i r e c t  exposure t o  flame. The bentoni te  c l a y  forms a net- 

The l i s t  i s  long. The c l a y  emulsions have 

', 



work s t r u c t u r e  i n  t h e  coa t ing  which g i v e s  it outs tanding d u r a b i l i t y .  There a r e  
coa t ings  of t h i s  type which a r e  i n  exce l len t  condi t ion  a f t e r  over  35 years  o f  
outdoor  exposure, and which may well endure f o r  another 35 years. Strangely,  
b e n t o n i t e  w i l l  not  impart  t h i s  except ional  d u r a b i l i t y  to a s p h a l t  when it i s  
incorporated by any o t h e r  method. 
many f i e l d s ,  with t o t a l  sales o f  approximately 600 m i l l i o n  g a l l o n s  annually. 

Asphalt emulsions a r e  today a s t a p l e  item i n  

A special  c l a s s  o f  a s p h a l t  p r o t e c t i v e  coat ing i s  t h a t  o f  roofing. This  
may d i f f e r  f r o m  o t h e r  coa t ing  a p p l i c a t i o n s  f o r  several  reasons. For one, t h e  
p i t c h  o f  t h e  roof may vary over  a wide range, a l l  t h e  way to dead leve l ,  on 
which t h e r e  w i l l  o f t e n  be l a y e r s  o f  water i n  contac t  with t h e  coat ing f o r  pro- 
longed periods. Another i s  t h e  reversed vapor pressure d i f f e r e n t i a l  which can 
ex i s t  on a roof i n  cold weather, causing water  vapor to  t r y  t o  g e t  o u t  r a t h e r  
than in. 

We h a v e  a l l  seen hot-applied bui l t -up r o o f s  under cons t ruc t ion ,  w i t h  t h e  
smoking melting ke t t l e ,  and t h e  mopping o f  t h e  several  p l i e s  o f  f e l t  i n  over-  
lapping layers .  The same type o f  bu i l t -up  roof can be constructed using only 
cold-applied coa t ings  such a s  descr ibed above. I n  genera l ,  it i s  prefer red  
t h a t  t h e  two o r  t h r e e  p l i e s  o f  s a t u r a t e d  f e l t  be laminated with cutbacks r a t h e r  
than emulsions because o f  t h e i r  b e t t e r  dryinq and cementing c h a r a c t e r i s t i c s  
under these  condi t ions.  The top, o r  weather c o a t  may be o f  e i t h e r  t h e  cutback 
or emulsion type, with preference  towards c lay  emulsions where maximum l i f e  i s  
desired.  
t h e  bonds being extended t o  twenty years  when the roof i s  surfaced with ground 
slag or grave l .  

Ten and f i f t e e n  year  bonded r o o f s  by t h i s  process  a r e  c o m n ,  with 

I t  should be noted t h a t  almost 1x) o t h e r  cons t ruc t ion  mater ia l  today is 
I t  should a l s o  be mentioned t h a t  a properly covered by such a qenerous  bond. 

appl ied bui l t -up a s p h a l t  roof may w e l l  g i v e  double t h e  s e r v i c e  l i f e  o f  t h e  
bond. 

' A newcomer i n  t h e  roof ing  f i e l d ,  but  one which h a s  except ional  promise, 
i s  one i n  which a s p e c i a l  gun i s  used to spray clay emulsion and chopped g l a s s  
f i b e r  simultaneously through separa te  nozzles ,  to l a y  down a t h i c k  g l a s s  f i b e r  
re inforced  monoli thic  roof  i n  a s i q l e  appl ica t ion .  

A f i e l d  t h a t  h a s  been penet ra ted  moderately by t h e  cold-applied asphal t s  
i s  t h a t  of underground p i p e  coa t ings ,  which a r e  designed t o  p r o t e c t  t h e  t e n s  O f  
thousands of  miles o f  large-diameter  p i p e l i n e s  t h a t  t r a n s f e r  na tura l  gas ,  pe: 
troleun and o t h e r  products  f o r  g r e a t  d i s tances .  The hot  appl ied coa t ings  stlll  
comprise the bulk o f  p r e s e n t  usage, with spec ia l  machines applying t h e  hot  
coating and wrappings f o r  mi le  a f t e r  m i l e  along t h e  main l i n e .  But for  f i e l d  
coat ing of ga ther ing  l i n e s ,  va lves  and f i t t i n g s ,  a p p l i c a t i o n  o f  cold-applied 
a s p h a l t  forms a usefu l  complement to t h e  system. Cutback mas t ics  a r e  usua l ly  
used f o r  t h i s  purpose. 

Both t h e  cu tbacks  and t h e  emulsions can be appl ied by t h e  conventional 
methods of t h e  t r a d e ,  such a s  spray,  brush, t r o w e l ,  r o l l e r ,  e tc .  requir ing Iy) 
spec ia l ized  equipment or t r a i n i n g  on t h e  p a r t  o f  the appl ica tor .  
has  i t s  uses, each t y p e  h a s  i t s  precautions. 

Each type 
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While t h e  cutbacks a r e  flammable, t h e  emulsions can freeze.  The 
emulsion d r i e s  f a s t e r  than t h e  cutback, but i s  more vulnerable  t o  unexpected 
r a i n f a l l ,  and so on. b s t  o f  t h e s e  a r e  r o u t i n e  cons idera t ions  wel l  known t o  
anyone i n  t h e  p r o t e c t i v e  coa t ings  t r a d e ,  and not  unique w i t h  asphal t .  The 
d r i e d  coa t ings  may be d isso lved  by p e t r o l e m  o r  o t h e r  type so lvents ,  but t h i s  
r a r e l y  p r e s e n t s  a problem i n  a c t u a l  condi t ions  o f  use. 

This  h a s  o f t e n  been c a l l e d  The Space Age, and it h a s  become a Symbol 
o f  p r e s t i g e  f o r  an indus t ry  o r  a product t o  becoma assoc ia ted  with it. The 
h ighes t  d i s t i n c t i o n  comes when a product o r  a m a t e r i a l  becomes incorporated 
a s  p a r t  o f  some space age f ly ing  hardware. 
has  made t h e  ranks of t h i s  i n d u s t r i a l  e l i t e .  We have learqed r e c m  tly t h a t  an 
a s p h a l t i c  deadener pad assembly h a s  been s p e c i f i e d  f o r  v i b r a t i o n  damping O f  
c e r t a i n  e l e c t r o n i c  components o f  one of o u r  miss i les .  
t o t a l s  only a few ounces o f  a s p h a l t  per  m i s s i l e ,  so it i s  apparent  t h a t  
a s p h a l t ’ s  f u t u r e  w i l l  remain earthbound, ins tead  o f  i n  o u t e r  space. But t h i s  
should be no hardship,  s ince  both p a s t  and p r e s e n t  experience i n d i c a t ?  t h a t  
a s  long a s  Mother Nature cont inues t o  furn ish  t h i s  v e r s a t i l e  m a t e r i a l ,  man 
w i l l  f ind abundant uses  f o r  it. 

I am happy to r e p o r t  t h a t  asphal t  

T h i s  use, however, 

\ 
”\ 
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TABLE I - 
UNFILLED ASPHALT COATINGS 

ASPHALT PRIMER 3 

Asphalt (20 -70 p e n e t r a t i o n )  
Solvent  

COLD DIP PIPE ODATING 

Asphalt (10-30 p e n e t r a t i o n )  
Solvent  

ASPHALT ALUMINUM PAINT 

Asphalt (10 -30 p e n e t r a t i o n )  
Solvent  
Aluninun powder 

35 - 55% 
45 - 65% 

30 - 50% 
50 - 70% 

25 - 35% 
40 - 60% 
15 - 25% 

Consistency: 100 - 2000 cps. 

Coating Thickness: 2 - 8 mils. 

SPRAY AND T-EL GRADE WEATHER RESISTANT COATINGS 

CUTBACK MASTIC. SPRAY GRADE 

Asphalt (30 - 50 p e n e t r a t i o n )  
Asphalt f i b e r  (and f i l l e r s ,  i f  used) 
Solvent  

Consistency appmx. 10,000 - 40,000 cps. 
Coating Thicknessr 1/32" - 1/8" 

CUTBACK MASTIC, lXCNEL GRADE 

30 - 50% 
10 - 2a% 
30 - 60% 

Asphalt ( 30 - 50 p e n e t r a t i o n )  40 - 55% 
Asbestos f i b e r  (and f i l l e r ,  i f  used) 15 - 30% 
Solvent  15 - 45% 
Consistency appmx. 50,000 - 1OO,OOO+ cps* 
Coating Thicknesst 1/16'' - 3/16" 



-200.- 

TABLE 111 

VARIOUS CUTBACK MASTIC OOATINGS 

CUTBACK-BASE A U l D h O T I V E  AND RAILROAD CAR PmTECTIVE. COATING 

Asphalt (15 - 30 p e n e t r a t i o n )  
Asbestos f i b e r  (and f i l l e r ,  i f  used) 
Solvent  

Consistency: Spray 
Coating Thickness: 1/16" - 1/8" 

CUTBACK-BASE SOUND DEADENER 

Asphalt (40 - 60 p e n e t r a t i o n )  
Asbestos f i b e r  
F i l le rs  
Sol vent  

30 - 50% 
20 - 3a% 
30 - 4a% 

15 - 25% 
5 - 10% 
40 - 50% 
15 - 30% 

Consistency: Spray 
. Coating Thickness: 1/16" - 1/8" (approx. lb . / f tm2) 

CUTBACK-BASE ANTI-%EAT COATING 

Asphalt (10 -20 p e n e t r a t i o n )  30 - 40% 
Asbestos f i b e r  8 - 15% 
Lightweight F i l l e r  ( c o r k ,  vermicul i te ,  e tc . )  4 -  8% 
Solvent  35 - 50% 

Consistency: Spray 
Coating Thickness: 1/8" - 1/4" 

, 



\ 

1 
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TABLE IV 

TYPICAL ASPHALT EMULSIONS 

ANIONIC SOAP WULSION 

Asphalt (40 - 200 penetration) 
Emulsifier (e.g.r v insol  or ros in)  
Water 
Viscos i ty  range: 100 - 20,000 cps.  

CLAY EMULSION 

58 - 70% 
1 -  3% 
30 - 4C% 

Asphalt (100 - 200 penetration) 
Bentonite c lay  
Water 

Viscosityn 6,000 - 20,000 cps. 

50 - 60% 
1.5- 3.0% 
40 - sa% 
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TABLE V 

WATER VAPOR PERMEABILITIES ( WET CUP MESHOD) 

Product Typical Usage 
Dry F i l m  
Thickness, Inches Perms a t  77O-55OF 

Oxidized Asphalt l/8" 0.01 - 0.02 

Mineral f i l l e d  Asphalt Cutbacks 3/32" 0.02 - 0.04 

Cork f i l l e d  Asphalt Cutbacks 3/16" 0.04 - 0.09 

Asphalt C l a y  Emulsion 3/32" 0.2 - 0.6 
Polyethylene Film 0.004 0.16 

P l a s t i c i z e d  Vinyl Chloride 0.02 0.29 

Po 1 y styrene 

Waterpmo f Cel lu lose  F i l m  

0.005 

0.002 

0.7 

58 

I 

i 
J 



\ 
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TABLE V I  

GENERAL PROPERTIES OF ASPHALT mATIffiS 

Asphalt Asphalt Clay 
>p i c a t i o n  Cutback Cutback Emuls-,n 

Coat ings Mast ics  Coat ings 

Spray Yes Yes Yes 
Brush Yes Limited Yes 
T r o w e l  No Yes Yes 
Temperature Range, O F  50-110 50-1 10 40-110 

(Lower i f  
winter ized)  

F i r e  R e s i s t i v e  P r o p e r t i e s  

'Wet S t a t e  

Dry  coat ing 

F1 annnabl e, Flammable, Non- f lammabl e. 
u n l e s s  s p e c i a l  u n l e s s  s p e c i a l  
s o l v e n t s  used. s o l v e n t s  used. 

Flammable S t a t i c  under S t a t i c  under 
flame, suppor ts  flame, supports  
combustion to  combustion to 
l i m i t e d  extent .  l imi ted  extent. 

P r o p e r t i e s  o f  Dry Coating 

O i l  8 Grease Resis tance Po0 r Poor Poor 
Resis tance t o  Mild Acids Exce l ien t  Exce l len t  Excel lent  
Res is tance  to Mild A l k a l i s  Exce l len t  Exce l len t  Excel l e n t  
A bra s ion  Re si s tance  Poor Good t o  excel. Good 
Outdoor Weathering F a i r  Exce l len t  Excel lent  
Flow a t  300°F Poor Good to excel. Excel lent  
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A COAL TAR-EPOXY REINFORCED CONCRETE PRODUCT/SYSTEN 
COMPOEITP, PIPE STRUCTW 

R. B. Snba and F. Whittier 

Pittsburgh Chemical Company 
A Dlvision of United States Steel Corporation 

Pittsburgh, Pa. 15219 

ABSTRACT 

E x t e n s i v e  u s e s  of c o a l  t a r - e p o x i e s  in  p r o t e c t i o n  of s t e e l  have b e e n  documented  

and  r e p o r t e d  in  the t e c h n i c a l  l i t e r a t u r e .  

s y s t e m  in pro tec t ion  of o t h e r  m a t e r i a l s  of c o n s t r u c t i o n  a r e  r e p o r t e d .  T h i s  

p a p e r  p r e s e n t s  a c o a l  t a r - e p o x y  p r o d u c t / s y s t e m  f o r  p r o t e c t i o n  of c o n c r e t e  

s e w e r  pipe l i n e s  s u b j e c t e d  to  c o r r o s i v e  a t t a c k .  The m a t e r i a l s  engineer ing  

s y s t e m  cons is t ing  of c o a l  t a r - e p o x y  r e s i n  with r e i n f o r c e d  c o n c r e t e ,  and the  

unique method of m a n u f a c t u r i n g  r e s u l t i n g  i n  a c o m p o s i t e  pipe s t r u c t u r e ,  a r e  

d i s c u s s e d .  M e c h a n i c s  of c o r r o s i o n  of c o n c r e t e  s e w e r s  a n d  r e m e d i a l  m e a s u r e s  

a r e  expla ined .  

s t u d i e s ,  as wel l  as  p h y s i c a l  p r o p e r t i e s ,  a n d  benef ic ia l  e f fec ts  of the  coa l  t a r -  

epoxy p r o d u c t / s y s t e m  o n  t h e  s t r u c t u r a l  b e h a v i o r  and  d e s i g n  of c i r c u l a r  

r e i n f o r c e d  c o n c r e t e  p i p e s ,  a re  p r e s e n t e d .  

Ngw and i m p o r t a n t  u s e s  of th i s  r e s i n  

, 

L a b o r a t o r y ,  e n v i r o n m e n t a l ,  a n d  f ie ld  c h e m i c a l  r e s i s t a n c e  
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SOME U B O R A T O R Y  EVALUATIONS OF BITUMINOUS COATINGS 

Harold C . 0 'Brien, Jr . 
R o y s t o n  Laboratories, Inc . .  Pittsburgh. Pa. 

\ 
Bituminous Subs tances  have been used a s  p r e s e r v a t i v e s  

and p r o t e c t i v e  c o a t i n g s  for thousands o f  yea r s .  T h e i r  e f f e c t -  

i v e n e s s  i s  based l a r g e l y  upon t h e i r  r e s i s t a n c e  t o  m o i s t u r e  and 

chemical a t t a c k .  The t e r m  "Bituminous Substances"  i n c l u d e s  a 

wide v a r i e t y  o f  chemical compounds. These a r e  t h e  n a t i v e  

a s p h a l t s ,  o i l s  and r e s i n s ,  o f  bo th  animal and v e g e t a b l e  o r i g i n ,  

t h e  p roduc t s  d e r i v e d  from them by f u r t h e r  t r e a t m e n t  and chemical 

m e a n s ,  t h e  r e f i n e d  and chemica l ly  t r e a t e d  petroleum a s p h a l t s  and 

c o a l  t a r  p r o d u c t s ,  and t h e  p i t c h e s  and r e s i d u e s  from t h e  t reat-  

ment and p r o c e s s i n g  of r e s i n s  and o i l s ,  

The  c u r r e n t  major volume of bi tuminous m a t e r i a l s ,  by- 

p roduc t s  of t h e  c o a l  and petroleum i n d u s t r i e s ,  have been 

developed and used a s  p r o t e c t i v e  c o a t i n g s  ove r  a long  p e r i o d ,  

T h i s  has  been due t o  t h e i r  r eady  a v a i l a b i l i t y ,  low c o s t  p e r  u n i t  

volume and t o  t h e i r  performance c h a r a c t e r i s t i c s ,  . 
Many bi tuminous compounds have performed as under- 

ground p r o t e c t i v e  c o a t i n g s  exposed t o  s o i l  and wa te r  f o r  a h a l f  

cen tu ry .  With such long s e r v i c e  performance, s h o r t e r - t e r m  

l a b o r a t o r y  performance tests are a r e q u i s i t e  i n  o r d e r  t o  e v a l u a t e  

t h e  newer bi tuminous compounds, o t h e r  c o a t i n g s ,  and p a r t i c u l a r l y  

t h o s e  a p p l i e d  a t  lesser f i l m  t h i c k n e s s e s  t h a n  i n  p a s t  p r a c t i c e s ,  

I n  c o r r o s i o n  c o n t r o l  t h e  most e f f e c t i v e  p r o p e r t y  of a 

c o a t i n g  i s  e l e c t r i c a l  i n s u l a t i o n .  The p rope r  i n s u l a t i v e  v a l u e s  

l i m i t  g a l v a n i c  and c e l l  t y p e  co r ros ion .  Th i s  f a c t  a p p l i e s  

g e n e r a l l y ,  f o r  c o a t i n g s  used both above and below ground o r  
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immersed i n  e l e c t r o l y t e ,  Water may d e s t r o y  mechanical ly ,  by 

w a t e r  s o r p t i o n  and d e s o r p t i o n ,  c o a t i n g s  i n  t r a n s i e n t  water 

exposures ,  f l e x i n g  t h e  c o a t i n g s  t o  p h y s i c a l  f a i l u r e .  Water may 

d e s t r o y  t h e  e l e c t r i c a l  i n s u l a t i o n  p r o p e r t y  of  c o a t i n g s  by pene- 

t r a t i n g  and c a r r y i n g  i n  e l e c t r o l y t e s  and a c t i n g  as an i o n i z i n g  

v e h i c l e  t o  s o l u b i l i z e  c o a t i n g  c o n s t i t u e n t s .  Water-saturated 

c o a t i n g s  are ,  i n  e f fec t ,  a b r o t h  o f  e l e c t r o l y t e  and have very 

l i m i t e d  p r o t e c t i v e  v a l u e s  f o r  metal ,  The re fo re ,  t o  p r e s e r v e  

t h e  utmost  c o a t i n g  i n t e g r i t y  and performance, water  must be 

excluded,  

I n  o r d e r  t o  accomplish t h i s ,  t h e  compounder must 

produce a c o a t i n g  which w i l l  r e s i s t  water a b s o r p t i o n  a t  l e a s t  

t o  a degree  s u f f i c i e n t  t o  p r e v e n t  i t s  being p e n e t r a t e d  by wa te r  

t o  become w a t e r - s a t u r a t e d  and the reby  e l e c t r i c a l l y  conduct ive.  

The compounder must deve lop  means o f  e v a l u a t i n g  t h e  m a t e r i a l s  

a l r e a d y  known t o  have e x c e l l e n t  performance i n  t h i s  p r o p e r t y  and 

means of  s tudy ing  t h e s e  m a t e r i a l s  i n  r e l a t i o n  t o  new compounds 

and systems. 

The c r i t e r i a  which must be determined i n  o r d e r  t o  

produce new c o a t i n g s  e q u a l  t o  p a s t  e x c e l l e n t  ones a r e :  (1) 

w a t e r  a b s o r p t i o n ;  ( 2 )  w a t e r  p e n e t r a t i o n ;  (3) wate r  s a t u r a t i o n ;  

( 4 )  e l e c t r i c a l  i n s u l a t i o n  v a l u e s ;  and ( 5 )  performance i n  r e l a t i o n  

t o  t h e  f low of g a l v a n i c  c u r r e n t s .  

WATER ABSORPTION 

Much work h a s  been done i n  determining t h e  water 

a b s o r p t i o n  p r o p e r t i e s  of  c o a l  tar  and a s p h a l t  by g r a v i m e t r i c  

methods’’ 2. 

and determined t h e  sample weight  i n c r e a s e s  a f t e r  immersing i n  

E a r l i e r  workers a p p l i e d  c o a t i n g s  to  g l a s s  or metal  
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3 w a t e r  f o r  v a r i o u s  p e r i o d s  o f  t i m e  , The i n c r e a s e  i n  sample 

weight  g e n e r a l l y  was expres sed  a s  an i n c r e a s e  p e r c e n t  by weight 

and was assumed t o  be e n t i r e l y  due t o  t h e  a b s o r p t i o n  of water.  

I n  most c a s e s  t h e  p o s s i b i l i t y  of s o l u t i o n  o f  t h e  sample o r  sample 

l o s s  t o  t h e  wa te r  w a s  n o t  cons ide red ,  A.S.T.M. Method D-95 u s e s  

f l a t  free f i l m s  o f  t h e  c o a t i n g  m a t e r i a l  as samples and i n  t h i s  

method t h e  a c t u a l  water absorbed i s  removed from t h e  weighed 
4 sample,  c o l l e c t e d  and measured The r e s u l t s  may be expres sed  

e i t h e r  a s  weight  p e r c e n t  i n c r e a s e ,  o r  as weight  p e r  u n i t  a r e a  

exposed t o  t h e  water.  Most workers a g r e e  t h a t  f o r  c o a t i n g s  

which may v a r y  widely i n  s p e c i f i c  g r a v i t y ,  it i s  p r e f e r a b l e  t o  

e x p r e s s  t h e  f i g u r e  as weight  g a i n  p e r  u n i t  of  a r e a  exposed, 

The samples o f  t h i s  paper  were p repa red  a s  free f i l m s  

by c o a t i n g  on Mylar s h e e t  and s t r i p p i n g  a f t e r  c o o l i n g  o r  d ry ing ,  

E i t h e r  hot-  o r  co ld -app l i ed  m a t e r i a l s  may be s t r i p p e d  from Mylar. 

The removal of  most t acky  compounds can be e f f e c t e d  by c h i l l i n g  

t h e  sample. The free f i l m s  a r e  c u t  t o  measure approximately 

5.0 x 10.0 c m .  p e r  s i d e .  

The exposed a r e a  i s  c a l c u l a t e d  t o  be rough ly  100 sq. cm. These 

samples are ( a f t e r  sponging d r y  t h e  s u r f a c e s )  immersed i n  t a p  

wa te r  of  70,000 ohms cm! r e s i s t i v i t y  and a r e  weighed a t  i n t e r v a l s  

f o r  a pe r iod  o f  1,000 hours.  This  p e r i o d  w a s  chosen af ter  it  w a s  

d i scove red  t h a t  no t r e n d  of  e a r l y  e q u i l i b r i u m  could b e  e s t a b l i s h e d  

i n  sho r t - t e rm g r a v i m e t r i c  tests. T h i s  i s  a l s o  evidenced by t h e  

The t h i c k n e s s  i s  approximately 100 m i l s .  

5 work of Henry Lee , I n  most c a s e s ,  a f t e r  a t t a i n i n g  t h e  g r a v i -  

m e t r i c - t i m e  cu rve  f o r  a t  least  1,000 hour s ,  t h e  samples are 

removed and a d e s o r p t i o n  o r  weight loss-time cu rve  i s  o b t a i n e d o  

It was found t h a t  such a procedure d e p i c t s  any l o s s  i n  weight  
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by l e a c h i n g  from t h e  sample,  

F igu re  1 shows g r a v i m e t r i c  cu rves  f o r  hot-appl ied 

p l a s t i c i z e d  c o a l  t a r  enamel and f o r  room-temperature cured c o a l  i 
tar-epoxy. T h e  exposure  was a t  70°F and demonstrated t h a t  a t  

t h i s  t empera tu re  t h e r e  is  some l e a c h i n g  loss wi th  t h e  p l a s t i c i z e d  i 

c o a l  t a r  enamel and none w i t h  t h e  epoxy compound. The l each ing  

e f f e c t  can be so pronounced a s  t o  become t h e  major e f f e c t  w i t h  

some bituminous s u b s t a n c e s  such as G i l s o n i t e  ( F i g u r e  2) which 

i 

c o n t i n u o u s l y  d i s s o l v e s  i n  water a t  room temperature.  

A number of g r a v i m e t r i c  a b s o r p t i o n  t e s t s  were made a t  

160°F, and i t  was found t h a t  p r a c t i c a l l y  no bi tuminous m a t e r i a l ,  I 

e i t h e r  c o a l  t a r  o r  a s p h a l t ,  w a s  s u i t a b l e  f o r  exposures  a t  t h e s e  

t empera tu res .  As shown i n  F igu re  3 ,  c o a l  t a r  enamel a t  160°F 

abso rbs  more than  t w i c e  a s  much wa te r  as it does a t  70°F. The 

l e a c h i n g  e f f e c t  i n  t h i s  example is n o t  n o t i c e a b l e  a t  70"Fo It 

i s ,  however, c o n s i d e r a b l y  more pronounced t h a n  t h e  a b s o r p t i o n  

e f f ec t  when carr ied o u t  a t  160"F, For a t o t a l  of  t h i r t y  bituminous 

samples t e s t e d  a t  70°F and 160°F, t h e  ave rage  a b s o r p t i o n  a t  160°F 

was approximately f i f t e e n  t i m e s  t h a t  a t  70"F, A series of b i t u -  

minous m a t e r i a l s  r e p r e s e n t i n g  t h o s e  which a r e  most r e s i s t a n t  t o  

/ 

r 

wate r  a b s o r p t i o n  i s  shown i n  F i g u r e  4. From t h i s  c h a r t ,  one may f 
de te rmine  t h a t  bo th  a s p h a l t s  and c o a l  t a r  m a t e r i a l s  can be h igh ly  

r e s i s t a n t  t o  water  a b s o r p t i o n  a t  room temperature .  It is a l s o  

shown t h a t  c e r t a i n  s o l v e n t  s o l u t i o n  cold-appl ied m a t e r i a l s  a r e  a s  i 

r e s i s t a n t  as  t h e  ho t - app l i ed  r e s i n s .  The a s p h a l t s ,  o t h e r  t han  f 

a s p h a l t  enamel, are a l l  blown a s p h a l t s  of s i m i l a r  p h y s i c a l  

p r o p e r t i e s  b u t  of  d i f f e r e n t  o r i g i n ,  They va ry  more i n  abso rp t ion  

p r o p e r t i e s  a t  160°F t h a n  a t  70°F. It would appea r  c h a r a c t e r i s t i c  

/' 
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Of c o a l  t a r  types  t o  l e a c h  somewhat a t  70°F and cons ide rab ly  

a t  16O0F, With a s p h a l t  t y p e s  t h i s  i s  n o t  evidenced. 

A s i d e  from t h e  i n h e r e n t  water s u s c e p t i b i l i t y  of a 

p a r t i c u l a r  bi tuminous r e s i n  i t s e l f ,  it i s  c h a r a c t e r i s t i c  t h a t  

t h e  presence  of  l oad ing  compounds, f i l l e r s ,  t a l c s ,  e t c . , i n  such 

a bi tuminous c o a t i n g  compound can s e r i o u s l y  affect  t h e  proper-  

t i es  of water  r e s i s t a n c e .  While pigments and load ing  compounds 

are f r e q u e n t l y  added t o  improve t h e  phys ica l  p r o p e r t i e s  of ten-  

s i l e  s t r e n g t h ,  f low and deformation r e s i s t a n c e ,  ha rdness ,  etc., 

p igmenta t ion  always r e s u l t s  i n  inc reased  w a t e r  absorp t ion .  It 

i s  e s s e n t i a l ,  t h e r e f o r e ,  t h a t  on ly  pigments low i n  w a t e r  suscep- 

t i b i l i t y  and i o n  c o n t e n t  be used ,  i n  o r d e r  t o  keep water  

abso rp t ion  low and t o  p reven t  water s a t u r a t i o n  and e l e c t r i c a l  

c o n d u c t i v i t y  upon prolonged exposures  t o  water. 

F igu re  5 demonst ra tes  t h e  e f f e c t  of  v a r i a t i o n s  i n  weight 

p e r c e n t  a d d i t i o n s  of  such a c a r e f u l l y  chosen pigment t o  a cold-  

a p p l i e d  i n s u l a t i v e  a s p h a l t  coa t ing .  The exposure w a s  a t  7O0Fo 

While 25% a d d i t i o n s  do n o t  markedly i n c r e a s e  water a b s o r p t i o n  

above t h e  v a l u e  f o r  t h e  r e s i n  a lone  (30 mi l l i g rams)  pe rcen tages  

h ighe r  t han  t h i s  are c e r t a i n l y  c l e a r l y  d e t r i m e n t a l  t o  water 

abso rp t ion  r e s i s t a n c e .  Typ ica l  va lues  f o r  c o a l  t a r  and a s p h a l t  

enamels a r e  found t o  be i n  t h e  range  of  2 0  t o  35%. 

It should  be po in ted  o u t  t h a t  t h e  degree  of  w a t e r  
i 

abso rp t ion  i n  c o a t i n g  m a t e r i a l s  is determined t o  a l a r g e  e x t e n t  

by t h e  e f f e c t s  of osmot ic  p re s su re .  E l m  showed t h a t  t h e  h ighe r  

t h e  osmotic  p r e s s u r e  of a s o l u t i o n  t h e  lower t h e  rate of water 

absorp t ion .  

6 

Using d i s t i l l e d  wa te r ,  he  found no e q u i l i b r i u m  
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establ ished a f t e r  800 hours  o f  immersion. E l m  a l s o  p o i n t e d  o u t  

t h e  i n c r e a s e d  wa te r  a b s o r p t i o n  i n  f i l m s  s u b j e c t e d  t o  p o t e n t i a l  

g r a d i e n t s ,  t h e  e l e c t r o e n d o s m o t i c  effect ,  It can be  understood', 

t h e r e f o r e ,  t h a t  s o l u t i o n  g r a d i e n t s  produced by chemical  e l e c t r o -  

l y t e s  are q u i t e  a p t  t o  be d i f f e r e n t  t han  t h o s e  produced by 

d i s t i l l e d  o r  t a p  water .  For t h i s  r e a s o n ,  a s  w e l l  as due t o  

s p e c i f i c  chemical reac t iv i t ies ,  e l e c t r o l y t e  weight a b s o r p t i o n s  

may v a r y  from t h o s e  o b t a i n e d  w i t h  water w i t h  t h e  s p e c i f i c  

e l e c t r o l y t e  and w i t h  t h e  p a r t i c u l a r  bitumen o r  c o a t i n g  compound, 

( F i g u r e  61, 

WATER PENETRATION BY ELECTRICAL METHODS 

A number of workers have explored methods t o  r e l a t e  

e l e c t r i c a l  measurements t o  wa te r  a b s o r p t i o n  and t o  water 

s a t . u r a t i o n  of c o a t i n g  materials. 

of e l e c t r i c a l  r e s i s t a n c e  measurements as a means o f  de t e rmin ing  

" f a i l u r e  t o  p r o t e c t o f f  H i s  t e s t  i s  n o t  an a c c e l e r a t e d  t e s t ,  

Ar thu r7  p o i n t s  o u t  t h e  v a l u e  

While t h e  volume r e s i s t i v i t y  v a l u e s  of  most bi tuminous 
15 s u b s t a n c e s  f a l l  i n  t h e  r ange  of 1 x ,lo1* ohms t o  1 x 10 

ohms c ~ n . ~ ,  t h e r e  o c c u r s  a w i d e  v a r i a t i o n  i n  t h e i r  r e s i s t a n c e  

v a l u e s  measured d u r i n g  immersion i n  water ,  From t i m e  t o  t i m e ,  

r e s i s t a n c e  v a l u e s  may va ry  up o r  down 10 ,  100 o r  even 1,000 

t i m e s  t h e  p r i o r  r e a d i n g ,  Adven t i t i ous  p inho les  o r  conduc t ive  

l e a k a g e  pa ths  a r e  formed g i v i n g  l i t t l e  i n d i c a t i o n  as t o  whether 

t h e  e n t i r e  c o a t i n g  volume i s  conduc t ive  o r  merely a s i n g l e  t i n y  

a rea .  

Conway and Smith8 s u g g e s t  t h e  use  o f  magnetic r e sonance  

t o  de t e rmine  t h e  m o i s t u r e  c o n t e n t  i n  hygroscopic  m a t e r i a l s ,  While 
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t h e  method i s  non-des t ruc t ive  and f a s t ,  it may n o t  prove s u i t a b l e  

f o r  u s e  a t  low percentage  v a l u e s  of water i n  c o a t i n g s  such a s  a r e  

found wi th  bi tuminous materials, McKinley and Seaberg' used 

g r a v i m e t r i c  data,  s p e c i f i c  i n d u c t i v e  measurements, and power 

f a c t o r  v a l u e s  t o  se t  up minimum s p e c i f i c a t i o n  performance c r i t e r i a  

f o r  c a b l e  i n s u l a t i o n .  They showed e a r l y  f a i l u r e s  w i t h  Vol tage 

and c u r r e n t  stresses, b u t  t hey  could  n o t  demonst ra te  a s u i t a b l e  

shor t - te rm tes t  t o  p r e d i c t  i n s u l a t i o n  breakdown. 

Brasher  and Kingsbury'' i n  1954 set  f o r t h  a comparison 

of  g r a v i m e t r i c  methods and c a p a c i t a n c e  methods f o r  measuring 

water abso rp t ion .  They po in ted  o u t  t h a t  i t  i s  p o s s i b l e  t o  

e s t i m a t e  water  up-take from t h e  c a p a c i t a n c e  changes t h a t  occur  

du r ing  t h e  immersion of t h e  p a i n t e d  pane l ,  They sugges ted  

methods of water  d i s t r i b u t i o n  w i t h i n  t h e  c o a t i n g  and t h a t  

p o s s i b l y  water i s  d i s t r i b u t e d  i n  l a y e r s  p a r a l l e l  t o  t h e  c o a t i n g  

su r face .  

A t  t h e  t i m e  o f  such e a r l y  workers ,  w e  developed a 

method p a r t i c u l a r l y  s u i t a b l e  f o r  t h e  water -capac i tance  e v a l u a t i o n  

of  bi tuminous compounds. W e  found t h a t  t h e  d i s t r i b u t i o n  o f  water  

i n  t h e s e  i n s u l a t i v e  t y p e  c o a t i n g s  w i t h  l i m i t e d  c o n c e n t r a t i o n s  of 

pigments could  be cons idered  t o  be e s s e n t i a l l y  i n  l a y e r s  para l le l  

t o  t h e  sample su r faces .  For most bituminous t y p e  c o a t i n g s  w e  have 

been able t o  c o r r o b o r a t e  t h i s ,  and w e  have a l s o  found it p a r t i c -  

u l a r l y  v a l u a b l e  t o  r e l a t e  t h e  changes i n  capac i t ance  t o  a 

c a l c u l a t e d  v a l u e  o f  t h e  a c t u a l  depth  of  p e n e t r a t i o n  o f  t h e  water 

f r o n t  i n t o  t h e  sample. 

Whereas, volume r e s i s t i v i t y  va lues  i n d i c a t e  e i t h e r  

p inho le  p e n e t r a t i o n  o r  abso rp t ion  o r  a combinat ion of  bo th  i n  a 
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q u a l i t a t i v e  f a s h i o n ,  the  d i e l ec t r i c  c o n s t a n t  v a l u e s  more n e a r l y  

i n d i c a t e  t h e  water a b s o r p t i o n ,  q u a n t i t a t i v e l y ,  While an adven- 

t i t i o u s  p i n h o l e  may a f f ec t  t h e  volume r e s i s t i v i t y  r ead ing  

a d v e r s e l y ,  and change t h e  v a l u e  by i t s  p resence  s e v e r a l  thousand 

p e r c e n t ,  i t  w i l l  produce o n l y  a small effect  i n  t h e  dielectr ic  

c o n s t a n t  va lue  of  t h e  sample, 

i 
I 

I \  

S i n c e  t h e  d ie lectr ic  c o n s t a n t  v a l u e  of immersion wa te r  /I 

i s  from e i g h t y  t o  s e v e r a l  hundred t i m e s  t h a t  of  a i r  and s i n c e  t he  

d i e l ec t r i c  c o n s t a n t  v a l u e s  of e l e c t r i c a l l y  i n s u l a t i v e  bi tuminous 

c o a t i n g s  a r e  much n e a r e r  t o  t h o s e  of  a i r  than  t o  t h e  va lues  o f  

I 

wate r  o r  e l e c t r o l y t e s ,  t h e  i n c l u s i o n  of water  w i t h i n  an i n s u l a -  f 
/ 

t i n g  c o a t i n g  m a t e r i a l  so  markedly changes i t s  d i e l e c t r i c  c o n s t a n t  

v a l u e  t h a t  a s e n s i t i v e  index  t o  q u a n t i t a t i v e  a b s o r p t i o n  and 
I,- 

dep th  of p e n e t r a t i o n  i s  provided. \ 

A series o f  d i e l ec t r i c  c o n s t a n t  v a l u e s  r e a d i l y  o b t a i n e d  
/ 

from water immersed samples f u r n i s h  i n d i c e s  t o  t h e  q u a n t i t y  of  

wa te r  a b s o r p t i o n  o r  d e p t h  o f  p e n e t r a t i o n  o f  wa te r  s a t u r a t i o n  a t  

any i n s t a n t .  When t h e s e  v a l u e s  are t aken  o v e r  a pe r iod  of t i m e  

and t h e  c a p a c i t a n c e  v a l u e s  i n d i c a t e  t h a t  t h e  v a l u e  of dielectr ic  

c o n s t a n t  f o r  t h e  sample i s  81 ( d i s t i l l e d  w a t e r ) ,  water  s a t u r a t i o n  

and p e n e t r a t i o n  are complete  and t h e  c o a t i n g  w i l l  have l i t t l e ,  

i f  any, p r o t e c t i v e  value.  

The r a t e  o f  w a t e r  a b s o r p t i o n  w i t h  t i m e  may be p l o t t e d  

and t h e  t h e o r e t i c a l  t l ,  o r  p e n e t r a t i o n  dep th ,  may be used a s  an 

index  of c o a t i n g  performance. 

A f t e r  o n l y  a f e w  weeks exposure,  cu rves  of tl v a l u e s  

v e r s u s  t i m e  show a tendency wi th  good c o a t i n g  m a t e r i a l  t o  

e s t a b l i s h  tl a t  a v e r y  low r a t e  of change, Study of  these 

,I '  
/ 
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e a r l y  cu rves  f u r n i s h e s  an index of u l t i m a t e  performance and a i d s  

i n  e s t a b l i s h i n g  a p r e d i c t e d  t i m e  of s a t u r a t i o n  fai lure . ,  

A condenser  specimen is se t  up u s i n g  a 4" x 10" panel  

on which i s  p laced  a uniform coa t ing .  The t h i c k n e s s  i s  measured 

a c c u r a t e l y ,  A one p i n t  can wi th  bottom removed i s  p l aced  a g a i n s t  

t h e  d r i e d  c o a t i n g  and sealed around t h e  edge wi th  cau lk ing  com- 

pound. The can is then  f i l l e d  w i t h  w a t e r ,  t h u s  forming a p a r a l l e l  

c i r cu la r  p l a t e  condenser  wi th  water as one p l a t e  and t h e  s t e e l  

pane l  as t h e  o t h e r  (F igu re  7 ) .  The diameter of  t h e  can is 

measured t o  c a l c u l a t e  t h e  a r e a  of one o f  the p l a t e s .  

Immediately,  upon f i l l i n g ,  t h e  i n i t i a l  c a p a c i t a n c e  and 

r e s i s t a n c e  are measured, 

f o r  t h e  whole c o a t i n g  i n s u l a t i o n  i s  c a l c u l a t e d  by us ing  t h e  

fo l lowing  equa t ions  f o r  p a r a l l e l  c i r c u l a r  p l a t e  c a p a c i t o r s :  

The s p e c i f i c  i n d u c t i v e  c a p a c i t y  (KO) 

,0885 K~ s co = 
t = co ,0885 . s 

--. , 
Where i n  t h e  above; ( i n i t i a l  capac i t ance  r e a d i n g )  'Lo x a - i n  micro 

micro farads (MMfd.1, KO is  t h e  dielectric c o n s t a n t ,  S i s  t h e  

area of  one p l a t e  i n  s q u a r e  c e n t i m e t e r s ,  and t i s  t h e  t h i c k n e s s  

i n  c e n t i m e t e r s ,  

By c o n s i d e r i n g  t h e  c o a t i n g  as made up of two series 

c i r c u l a r  p l a t e  c a p a c i t o r s  (F igu re  8 )  composed o f  (1) C1 a t h i n  

c a p a c i t o r  of  wa te r - sa tu ra t ed  d i e l ec t r i c  i n s u l a t i o n ,  and ( 2 )  

C a t h i c k e r  c a p a c i t o r  o f  water - f ree  d i e l e c t r i c  i n s u l a t i o n ,  

c a l c u l a t i o n  of  the approximate water p e n e t r a t i o n  dep th ,  tl , can 

be made. 

2 

The t o t a l  capac i t ance  C = C1 C2 
c2 + 
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The c a p a c i t a n c e  f o r  t h e  wa te r - sa tu ra t ed  d i e l ec t r i c  

i n s u l a t i o n  l a y e r  i s :  c1 = ,0885 0 81 S Note: K1 = 81 

i 
i The c a p a c i t a n c e  f o r  t h e  water-free d i e l e c t r i c  i n s u l a t i o n  

l a y e r  i s :  ,0885 K2 0 S K2 = t h e  i n i t i a l  KO v a l u e  
c a l c u l a t e d  c* = 

t 2  

Equations: 

1 1  1 - = -  + -  
c 2  

1 tl t 2  - =  
C ,0885 0 81 0 S ' ,0885 K 2  S 

i 

A l s o  : 

t = t  + t 2  1 

t 2 = t -  

t - tl 1 
C 
- =  

-0885 8 1  0 S + ,0885 K 2  S 
I 

t - tl 1 
C 7.1685 S ,0885 K 2  S 
- =  

The v a l u e  fo r  K 2  i s  t h e  same as f o r  KO a t  t h e  s t a r t  

o f  t h e  t es t  when tl = 0 i. e, 

co e0885 K 2  o S - and K2 = 
t ,0885 s co - 
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Then, s u b s t i t u t i n g  f o r  K2: 

1 
C 7.1685 S 

t - tl 
co 

- =  . s ( -0885 SI 
0 

t - tl 1 t 1 
s + v  - =  

C 7.1685 

7.1685 Co S 0 t + C - Co t tl + 7,1685 C 0 S ( t  - t,) 
7.1685 Co S 0 t = C 0 Co 0 t tl + 7.1685 C 0 S 0 t - 

7.1685 C 0 S 0 tl 

tl (C C o t  - 7,1685 C SI = 701685 Co 0 S 0 t - 7.1685 C S 0 t 

7.1685 S t (Co - C )  
t1 = C C o t  - 7.1685 C S 

tl is  t h e  dep th  o f  water p e n e t r a t i o n  i n  c e n t i m e t e r s .  

t2 is t h e  t h i c k n e s s  of water-free d i e l e c t r i c  i n  c e n t i m e t e r s .  

S i s  t h e  a r e a  i n  c e n t i m e t e r s  of one p l a t e  o f  t h e  c a p a c i t o r ,  

t i s  t h e  t h i c k n e s s  of t h e  c o a t i n g  i n  c e n t i m e t e r s ,  

Co i s  t h e  i n i t i a l  measured c a p a c i t y  i n  micro m i c r o  f a r a d s .  

C is t h e  p r e s e n t  c a p a c i t y  of t h e  c a p a c i t o r ,  

C 

C is t h e  water-free series c a p a c i t o r  i n  micro micro f a r a d s ,  

is  t h e  series c a p a c i t o r  of  wa te r - sa tu ra t ed  d i e l e c t r i c  (K1 = 81). 1 

2 
Using t h e  above e q u a t i o n ,  and s e v e r a l  s u b s t i t u t e d  v a l u e s  

of  c a p a c i t a n c e  between t h e  i n i t i a l  c a p a c i t a n c e  Co and a f i n a l  

v a l u e  when t h e  dep th  of p e n e t r a t i o n  tl is  equa l  t o  t h e  specimen 

t h i c k n e s s  t ,  a g raph  o f  c a p a c i t a n c e  v e r s u s  d e p t h  o f  p e n e t r a t i o n  

may be p l o t t e d ,  example, F i g u r e  9, From t h i s  g raph ,  f o r  any 

measured v a l u e  o f  c a p a c i t a n c e ,  tl, t h e  dep th  of p e n e t r a t i o n  of 

water  through t h i s  p a r t i c u l a r  c o a t i n g  can be found. 
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Figure  1 0  shows a sample c u r v e  which i n  two w e e k s  l e v e l s  

o f f  a t  about  70 p e r c e n t  p e n e t r a t i o n .  Such a cu rve  is  v a l u a b l e  

i n  p r e d i c t i n g  l i f e ,  a s c e r t a i n i n g  minimum f i l m  t h i c k n e s s  f o r  an 

a p p l i c a t i o n ,  and i n  e v a l u a t i n g  t h e  r e l a t i v e  a b s o r p t i o n  c h a r a c t e r -  

i s t i c s  of  t h e  c o a t i n g  system. 

I n  a d d i t i o n  t o  t h e  u s e  of  w a t e r  a s  a n  environmental  

c o n t a c t i n g  a g e n t ,  v a r i o u s  o t h e r  e l e c t r o l y t e s ,  va ry ing  i n  v a l u e s  

of  d i e l e c t r i c  c o n s t a n t ,  c o n d u c t i v i t y ,  pH, osmot i c  p r e s s u r e  and 

o t h e r  s p e c i f i c  e f f e c t s  upon t h e  c o a t i n g  may b e  used. The sample 

a s  shown, F igu re  7 ,  i s  p a r t i c u l a r l y  a d a p t a b l e  t o  t h e  above 

i n v e s t i g a t i o n s  a s  w e l l  a s  f o r  t h e  s tudy  of t h e  e f f e c t s  of g a l -  

v a n i c  phenomena such a s  p o l a r i t y  and c a t h o d i c  c u r r e n t s .  Anodes, 

ca thodes  and p o t e n t i a l  c a r r y i n g  e l e c t r o d e s  a r e  i n s e r t i b l e  

w i t h i n  t h e  e l e c t r o l y t e  con ta ined  i n  t h e  can. 

Using t h i s  method f o r  bi tuminous materials,  i t  w a s  found 

t h a t  i n  some c a s e s  s e v e r a l  months a r e  r e q u i r e d  t o  r each  e q u i l i b -  

rium. As shown i n  F i g u r e  11, one sample r e q u i r e d  t e n  months, 

I n  most cases, much e a r l i e r  p r e d i c t i o n s  of  c o a t i n g  l i f e  can be 

made. A s  shown i n  F i g u r e  1 2 ,  a group o f  t h e  b e t t e r  bi tuminous 

m a t e r i a l s  w a s  e v a l u a t e d  by t h i s  method f o r  400 days,  A t  t h e  

end of t h i s  pe r iod ,  a l l  samples were ove r  

r e s i s t i v i t y .  The o r i g i n a l  t h i c k n e s s ,  t ,  t h e  o r i g i n a l  d i e l e c t r i c  

c o n s t a n t ,  K ,  and t h e  dep th  o f  p e n e t r a t i o n ,  tl, are shown. 

wi th  t h e  g r a v i m e t r i c  a b s o r p t i o n  method, tl v a r i e s  i n  t h i s  group 

of samples,  From t h i s  i t  can b e  concluded t h a t  c o a l  t a r  and 

a s p h a l t  c o a t i n g s ,  b o t h  ho t -  and co ld -app l i ed ,  are s i m i l a r l y  

s a t i s f a c t o r y  i n  t h i s  t e s t ,  

ohms c m O 3  i n  

As 
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Typica l  water  p e n e t r a t i o n  cu rves  f o r  ho t -appl ied  c o a l  

t a r  enamels a r e  shown i n  F igu re  13, Gene ra l ly  t h e  h i g h e r  p l a s t i -  

c i z e r  and pigment c o n t e n t  of p l a s t i c i z e d  enamels cause  g r e a t e r  

W a t e r  p e n e t r a t i o n  v a l u e s  t h a n  f o r  t h e  s t a n d a r d  enamels, S tandard  

enamels or hard  c o a l  t a r  p i t c h e s  may demonst ra te  c rack ing  and 

t h u s  show more errat ic  r e s u l t s .  

Shown i n  F igu re  14 are t h r e e  water p e n e t r a t i o n  curves  

f o r  ho t -appl ied  a s p h a l t  coa t ings ,  It may be seen from such a 

cu rve  as t h a t  f o r  enamel G t h a t  a s u f f i c i e n t  minimum m i l  f i l m  

t h i c k n e s s  s p e c i f i c a t i o n  m u s t  be cons ide red  i n  view of t h e  depth  

of p e n e t r a t i o n  and t h e  r a t e  of p e n e t r a t i o n  i n c r e a s e  wi th  t i m e .  

A t  100 days ,  t h e  water i s  s a t u r a t e d  2 5  m i l s  i n t o  the  sample and 

i s  i n c r e a s i n g  p e n e t r a t i o n  a t  approximately t h r e e  m i l s  p e r  yea r .  

I n  F igu re  15  t h r e e  water p e n e t r a t i o n  curves  are shown 

f o r  co ld-appl ied  a s p h a l t  and c o a l  t a r  c o a t i n g s  demonst ra t ing  

aga in  t h a t  no g r e a t  d i f f e r e n c e s  need e x i s t  between c o a l  t a r  and 

a s p h a l t  c o a t i n g s ,  A t  app l i ed  t h i c k n e s s e s  double  t h e i r  pene t r a -  

t i o n  dep th ,  t h e  p r o j e c t e d  l i f e  of each ,  t o  a s t a t e  of water- 

s a t u r a t i o n ,  i s  a c o n s i d e r a b l e  per iod .  

Where it i s  desired t o  combine bi tuminous materials 

such as a bitumen r e s i n  wi th  epoxy r e s i n  and a t t a i n  t h e  necessa ry  

phys ica l  p r o p e r t i e s  t o  permi t  t h i n  c o a t i n g  a p p l i c a t i o n s ,  it 

becomes necessa ry  t o  e v a l u a t e  water p e n e t r a t i o n  v a l u e s  t o  

de te rmine  a minimum safe f i l m  t h i c k n e s s  f o r  s a t i s f a c t o r y  pro- 

jected l i fe ,  In F igu re  1 6  is a bitumen-epoxy showing a p r o j e c t e d  

l i f e  of approximately f i f t y  y e a r s  a t  20 m i l s  f i l m  t h i ckness .  

I n  o r d e r  t o  s tudy  t h e  smaller compounding e f f e c t s  

produced by v a r i a t i o n s  i n  t y p e s  of pigment i n  t h e  same base  
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formula o f  a bi tuminous c o a t i n g ,  it i s  advantageous t o  combine 

t h e  methods df g r a v i m e t r i c  a b s o r p t i o n  and w a t e r  p e n e t r a t i o n  as 

i n  F igure  17. While a l l  samples a r e  over  1014 ohms ~ m . ~  i n  

r e s i s t i v i t y ,  a f t e r  400 days some show inc reased  leaching  over  

o t h e r s ,  and t h e  c a p a c i t a n c e  p e n e t r a t i o n  va lues  can vary  over  

loo%,  a s e n s i t i v e  index  t o  such  compounding changes. 

It w a s  po in t ed  o u t  i n  t h e  s t u d i e s  of g rav ime t r i c  water 

a b s o r p t i o n  t h a t  h i g h e r  t e m p e r a t u r e s  (16O0F) produce more r ap id  

water  a b s o r p t i o n  t h a n  i s  a t t a i n e d  a t  room temperature .  This  

same e f f e c t  i s  noted  a s  i n  F igure  18 when t h e  capac i t ance  method 

i s  employed. A l l  s a m p l e s  f a i l e d  w i t h i n  f i v e  weeks a t  190°F. 

I n  o r d e r  to  de termine  t h e  e lec t ro-osmot ic  e f f e c t  of 

a p p l i e d  p o t e n t i a l s  and t h e i r  r e l a t i o n  t o  water  p e n e t r a t i o n  by 

t h e  capac i t ance  method, s e v e r a l  bi tuminous samples w e r e  sub- 

j e c t e d  t o  water anod ic  p o t e n t i a l s  of 90 v o l t s  arid 360 v o l t s .  

The r e s u l t a n t  cu rves  a r e  shown i n  F igu re  19. Within t h r e e  days 

t h e  cu rves  a r e  w e l l  e s t a b l i s h e d .  Ea r ly  f a i l u r e s  a r e  p red ic t ed  

w h e r e  r e s i s t i v i t y  v a l u e s  a r e  r e l a t i v e l y  low, i.e., under 1 x 

1 0 l 2  ohms cm. . 
1 x 1014 ohms 

fas ter  ra te  t h a n  w i t h  no a p p l i e d  p o t e n t i a l .  

3 Where r e s i s t i v i t y  va lues  a r e  h igh ,  i.e., over  

a t t e n u a t i o n  and e q u i l i b r i u m  occur  b u t  a t  a 

I n  review of t h e  g r a v i m e t r i c  water abso rp t ion  and 

water  p e n e t r a t i o n  d a t a  ob ta ined  f o r  bi tuminous materials, it 

appea r s  t h a t  each method i s  a v a l u a b l e  t o o l  f o r  r e l a t i v e l y  

shor t - te rm e v a l u a t i o n .  By combining data ,  t h e r e  i s  a d e f i n i t e  

r e l a t i o n s h i p  f o r  a p a r t i c u l a r  t ype  of bituminous coa t ing .  Once 

t h i s  i s  e s t a b l i s h e d ,  e i t h e r  tes t  may supp lan t  o r  implement t h e  

/ 

/ 

/ 
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o the r .  F igu re  2 0  d e p i c t s  t h e  r e l a t i o n s h i p  for a bitumen-epoxy 

c o a t i n g  g iv ing  v a l u e s  for p e n e t r a t i o n  and f o r  1,000-hour 

g r a v i m e t r i c  absorp t ion .  

As i n  F igu re  21 ,  it i s  sometimes convenient  t o  p l o t  

extended l i f e  i n  y e a r s  u s ing  bo th  t h e  d a t a  ob ta ined  f o r  weight 

abso rp t ion  and  capac i t ance  p e n e t r a t i o n .  Thus, one is  a b l e  t o  

d e t e r m i n e  a u s e f u l  l i f e  based upon a s p e c i f i e d  i n i t i a l  f i l m  

t h i c k n e s s  a p p l i c a t i o n .  

CATHODIC CURRENT DISBONDING TESTS 

I n  a d d i t i o n  t o  i n s u l a t i v e  c o a t i n g  e v a l u a t i o n  by t h e  

methods d e s c r i b e d ,  it has become c u r r e n t  p r a c t i c e  t o  t e s t  

i n s u l a t i v e  coa t ings  immersed i n  e l e c t r o l y t e s  and s u b j e c t e d  t o  

c a t h o d i c  p o t e n t i a l s  va ry ing  from less than  one v o l t  t o  s e v e r a l  

.hundred v o l t s ,  It is i n t e r e s t i n g  t o  n o t e  t h a t  most workers have 

a t tempted  t o  f i n d  a short- term c a t h o d i c  c u r r e n t  disbonding t e s t  

for e v a l u a t i n g  performance l i f e  of i n s u l a t i v e  coa t ings .  

There are p r e s e n t l y  many v a r i a t i o n s  of  t h i s  t y p e  t es t  

being carried out .  Higher v o l t a g e s  and c u r r e n t s  and e l e c t r o -  

l y t e s  o f  h ighe r  c o n d u c t i v i t i e s  t han  are encountered  i n  s e r v i c e  

are employed t o  produce f a s t  breakdown, I n  g e n e r a l ,  it i s  

d i f f i c u l t  t o  r ecogn ize  or  c o n t r o l  a l l  of t h e  f a c t o r s  c o n t r i b -  

u t i n g  t o  coa t ing  breakdown. Some of  t h e  f a c t o r s  which w e  have 

found t o  be of importance are: (1) t h e  pH v a l u e s  produced a t  

t h e  ca thodes ;  (2) t h e  a p p l i e d  p o t e n t i a l ;  (3) t h e  n a t u r e  of t h e  

anode (Weast)”;  ( 4 )  t h e  t empera tu re ;  (5) t h e  s o l u t i o n  concen- 

t r a t i o n  and c o n d u c t i v i t y ;  (6) t h e  t y p e  of s u r f a c e  p r e p a r a t i o n ;  

( 7 )  t h e  t y p e  of pr imer ;  (8) t h e  area exposed; (9) t h e  e l e c t r i c a l  
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r e s i s t i v i t y  v a l u e  o f  the a p p l i e d  c o a t i n g ;  and (10) t h e  t h i c k n e s s  

of t h e  sample. 

Our c a t h o d i c  c u r r e n t  disbonding tes t s  are g e n e r a l l y  

c a r r i e d  o u t  u s i n g  e n t i r e l y  c o a t e d  steel p a n e l s  w i t h  waxed edges. I 

A g iven  a r e a  of  p a n e l  i s  immersed  i n  d i s t i l l e d  water, t a p  water ,  

o r  other  more c o n d u c t i v e  e l e c t r o l y t e s ,  While d i f f e r e n t  anodes 

produce d i f f e r e n t  pH v a l u e s ,  w e  have found magnesium t o  be q u i t e  

e f f e c t i v e  i n  producing h igh  ca thode  pH va lues .  S ince  magnesium 

i s  most commonly used i n  p r a c t i c e ,  w e  app ly  1.5 v o l t s  DOC. t o  

magnesium a s  t h e  anode and 1.5 v o l t s  D.C. t o  t h e  samples as 

cathodes,  Small h o l e s  a r e  d r i l l e d  through t h e  c o a t i n g s  t o  i n i t -  

i a t e  areas of c u r r e n t  f low. I n i t i a l  c u r r e n t  r e a d i n g s  a r e  taken 

and s u c c e s s i v e  r e a d i n g s  are made a t  d a i l y  i n t e r v a l s .  When t h e  

c o a t i n g s  d i s p l a y  a d i s r u p t e d  appearance,  t h e y  a r e  removed and 

t h e  disbonded c o a t i n g s  a r e  c u t  away t o  expose t h e  e n t i r e  bared 

a rea .  Th i s  a r e a  i s  measured and can be r e l a t e d  t o  c u r r e n t ,  

p o t e n t i a l  and t i m e .  

i- 

- 

I n  o u r  work w i t h  c a t h o d i c  c u r r e n t  tests of bituminous 

m a t e r i a l s ,  w e  have obse rved  t h a t  t h i n  f i l m s  are r e a d i l y  a i s -  

bonded, Th i s  i s  i n  acco rd  w i t h  t h e  fac t  t h a t  t h i n  f i l m s  a r e  

r e a d i l y  and q u i c k l y  p e n e t r a t e d  by wa te r  and e l e c t r o l y t e s  espec- 
12 i a l l y  when mig ra t ing  under  p o t e n t i a l  stress. Tomashov e t  al ,  

have found t h a t  t h e  c o a t i n g  i f se l f  can become c a t h o d i c , a c t i n g  

a s  a conduc t ive  f i l m ,  

Cathodic  d i sbond ing  s u s c e p t i b i l i t y  due t o  t h i n n e s s  i s  

p o s s i b l y  due a l so  t o  the  f a c t o r  of i n c r e a s e d  c u r r e n t  f low a t  

s h o r t - l e n g t h  p i n h o l e s  i n  comparison t o  p i n h o l e s  which a r e  a x i a l l y  
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l ong ,  even though t h e  d i ame te r s  of each are a l i k e .  The effect  

i s  exp la ined  by Sunde . 1 3  

It is  i n t e r e s t i n g  t o  n o t e  t h a t  Koenecke14, who p l a c e s  

c o a t i n g  specimens under anodic  and c a t h o d i c  stress and measures 

c a p a c i t a n c e  index  (Shaw and Twiss )I5, r e s i s t a n c e ,  and d isbonding ,  

concludes  t h a t  a basic f i l m  t h i c k n e s s  must p rov ide  an i n s u l a t i n g  

barrier under e i ther  test or s e r v i c e  c o n d i t i o n s  t o  ma in ta in  

electrical  i n s u l a t i o n  and adhesion. 

When ca thode  d e p o s i t s  occur  a t  t h e  c o a t i n g ,  a t h i n  f i l m  

can be assumed t o  be h i g h l y  s a t u r a t e d  wi th  a l k a l i e s  which can 

react chemica l ly  t o  d i s i n t e g r a t e  many bi tuminous coa t ings .  W e  

have found t h e  a s p h a l t  coa t ings  g e n e r a l l y  t o  be more s u s c e p t i b l e  

t o  h igh  pH va lues  t h a n  a r e  coal tar  m a t e r i a l s  (see Figure 6). 

I n  a d d i t i o n ,  bo th  animal and vege tab le  r e s i d u a l  p i t c h e s  which 

are s a p o n i f i a b l e  by v i r t u e  of u n s a t u r a t i o n  o r  o t h e r  r e a c t i v e  

grouping are r e a d i l y  d i s i n t e g r a t e d  i n  a l k a l i  a t  cathodes.  

W e  have found t h a t  the  p rope r  metal s u r f a c e  prepara-  

t i o n  can effect  up t o  s e v e r a l  hundred p e r c e n t  i n c r e a s e d  c a t h o d i c  

c u r r e n t  r e s i s t a n c e  t o  disbonding.  Bituminous c o a t i n g s  over  

so lvent -degreased  s teel  pane l s  disbond approximate ly  f i v e  t i m e s  

t h e  area of t h e  same c o a t i n g s  over  phosphated or g r i t - b l a s t e d  

steel .  Almost as impor tan t  as s u r f a c e  p r e p a r a t i o n  i s  t h e  use  

of  proper  primers.  

F igu re  22  w a s  p repared  t o  demonst ra te  a number of hot-  

app l i ed  bi tuminous c o a t i n g s ,  Number 1 d e m n s t r a t e s  the effect 

of a p a r t i c u l a r l y  good pr imer  a p p l i e d  a t  1 m i l  f91m th i ckness .  

The remaining samples shown wi thou t  pr imers  demonst ra te  t h e  
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r e l a t i v e  r e s i s t a n c e  of each  bi tuminous type. It  can be no ted  

t h a t  a s p h a l t s  are g e n e r a l l y  more s u s c e p t i b l e  t h a n  c o a l  t a r  types.  

F igu re  23  s h o w s  a s i m i l a r  t r e n d  f o r  t h e  co ld -app l i ed  bi tuminous 

coa t ings .  

We have n o t e d  t h a t  a number of cola-appl ied type  mater- 

i a l s  hav ing  very h igh  v a l u e s  of  volume r e s i s t i v i t y ,  i.e., ove r  

1 x 

a p p l i e d  m a t e r i a l s  having much lesser v a l u e s  of r e s i s t i v i t y .  W e  

have been a b l e  t o  e s t a b l i s h  t h a t  i n  some c a s e s  disbonding i s  

a c c e l e r a t e d  i n  m a t e r i a l s  having ve ry  h igh  volume r e s i s t i v i t i e s .  

ohms c m O 3 ,  tended t o  disbond more t h a n  c e r t a i n  cold-  

Note samples 9 and 10 i n  F i g u r e  23, By adding 20% c o a l  d u s t  t o  

b r i n g  t h e  volume r e s i s t i v i t y  v a l u e  from 1 x l O l 4  t o  1 x 10l1 ohms 

cmO3, t h e  disbonded a r e a  o f  sample 10 was reduced t o  one-eighth 

t h a t  o f  sample 9. T h i s  a c c e l e r a t i n g  e f f e c t  i s  p o s s i b l y  due t o  

i n s u l a t i o n  r e t e n t i o n  o f  h i g h e r  p o t e n t i a l  d i f f e r e n t i a l s  i n  l o c a l  

ca thode  ce l l s  formed a t  i n t e r f a c e s  between b a r e  and coa ted  metal, 

When compared t o  o t h e r  conven t iona l  c o a t i n g  systems,  

t h e  bituminous m a t e r i a l s  are h i g h l y  r e s i s t a n t  t o  c a t h o d i c  c u r r e n t  

disbonding,  A l l  o f  t h e  d r y i n g  o i l s  and oi l -modif ied a l k y d s ,  epoxy 

es ters ,  u r e t h a n e  esters and many v i n y l  t ype  c o a t i n g s  are h i g h l y  

s u s c e p t i b l e  t o  ca thode  environments,  

I n  F i g u r e  24 t h e  r i g h t  pane l  i s  t h e  same base  bitumin- 

ous a s p h a l t  as t h e  l e f t  p l u s  t h e  a d d i t i o n  o f  10% f i s h  o i l  and 

10% z i n c  chromate. With t h e s e  a d d i t i o n s  t h e  a s p h a l t  i s  h i g h l y  

degraded and is  r e a d i l y  disbonded. 

I n  F igu re  2 5  t h e  l e f t  pane l  i s  20% alkyd and 80% 

a s p h a l t .  The r i g h t  p a n e l  i s  100% a s p h a l t .  

I 
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I n  F igure  26 t h e  l e f t  pane l  has  no pr imer  and t h e  r i g h t  

pane l  i s  primed w i t h  an i r o n  ox ide  a lkyd  primer.  The c o a t i n g  i s  

r e f i n e d  co ld-appl ied  a s p h a l t  mastic. Inc reased  s u s c e p t i b i l i t y  

t o  disbonding i s  noted  i n  t h e  primed panel .  

I n  F igu re  27 disbonding  due t o  pigment r e a c t i v i t y  i s  

demonstrated.  The same base a s p h a l t  co ld-appl ied  c o a t i n g  i s  

pigmented w i t h  g l a s s  f i b e r s  on t h e  l e f t  and wi th  a s b e s t o s  f i b e r s  

on t h e  r i g h t ,  

p re sen t .  

CONCLUSIONS 

The 

The g l a s s  i s  s u b j e c t  t o  a t t a c k  by t h e  a l k a l i  

e v a l u a t i o n  of long-term performance t y p e s  of  b i -  

tuminous c o a t i n g s  i s  p o s s i b l e  i n  t h e  l a b o r a t o r y ,  based upon 

l a b o r a t o r y  test  procedures  be ing  cons ide red  and e s t a b l i s h e d  i n  

t e r m s  of  normal-range exposures .  

Water, t h e  s i n g l e  most impor t an t  f a c t o r  i n  t h e  exce l -  

l e n t  performance l i f e  of bi tuminous c o a t i n g s ,  i s  absorbed by 

osmotic  and e l ec t ro -osmot i c  effects, The abso rp t ion  may be 

measured g r a v i m e t r i c a l l y  and related t o  q u a n t i t y  pe r  u n i t  area.  

By t h i s  method, a l s o ,  t h e  s o l u b i l i t y  o r  l each ing  c h a r a c t e r i s -  

t ics of c e r t a i n  bitumens may be d e t e c t e d  by means of d r y i n g  and 

weighing samples af ter  water immersion exposures ,  Coal t a r  

types  w e r e  found t o  be more s u s c e p t i b l e  than  a s p h a l t s  i n  t h i s  

regard .  

t h i s  f a c t  was accentua ted .  A t  160°F a l l  of t h e  bi tuminous 

m a t e r i a l s  t e s t e d  showed m u l t i f o l d  a b s o r p t i o n  i n c r e a s e s ,  

I n  g r a v i m e t r i c  a b s o r p t i o n  tests carried o u t  a t  160°F, 

Electr ical  p r o p e r t i e s  have been s t u d i e d  i n  r e l a t i o n  

t o  water a b s o r p t i o n  c h a r a c t e r i s t i c s  and t o  t h e  performance of 

\ 
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bituminous materials as  i n s u l a t i v e  c o a t i n g s ,  The bi tuminous 

c o a t i n g s  have volume r e s i s t i v i t i e s  i n  t h e  r ange  of  1 x lo1' t o  

1 x It  was found t h a t  volume r e s i s t i v i t y  measurements 

a l o n e  do not  l end  themselves  t o  short- term e v a l u a t i o n  methods, , 

Using bi tuminous c o a t i n g s ,  a new method was developed 

t o  d e r i v e  measurements of  dep th  of  wa te r  p e n e t r a t i o n  by electri-  

cal  capac i t ance ,  T h i s  method p e r m i t s  e v a l u a t i o n  of bituminous 

compounds of known performance a g a i n s t  newer compounds. Water 

p e n e t r a t i o n  v a l u e s  can  be co - re l a t ed  t o  g r a v i m e t r i c  abso rp t ion .  

T h i s  method pe rmi t s  p r o j e c t e d  l i f e  s t u d i e s  of c o a t i n g s  and per-  

m i t s  s a f e  f i l m  t h i c k n e s s  s p e c i f i c a t i o n s  f o r  new compounds, The 

method i s  f a s t ,  non-des t ruc t ive  and s u f f i c i e n t l y  s e n s i t i v e  t o  

detect s m a l l  changes i n  exposure c o n d i t i o n s  o r  compounding 

i n g r e d i e n t s .  It i s  an  effect ive shor t - t e rm t e s t  g i v i n g  pro- 

jected v a l u e s  for  t h e  l o n g - l i f e  bi tuminous c o a t i n g s ,  w e l l  

w i t h i n  a 400-day t e s t  p e r i o d ,  The phi losophy of  a short- term 

r a t h e r  t h a n  an accelerated t e s t  i s  p rese rved ,  

I n  app ly ing  a c c e l e r a t e d  t e s t  methods such a s  t h e  

c a t h o d i c  c u r r e n t  d i sbond ing  t e s t  t o  bi tuminous materials, it 

w a s  found t h a t  there  c a n  be many fac tors  which a f f e c t  t h e  

r e s u l t s  ob ta ined ,  Using a moderate v e r s i o n  of t h e  c a t h o d i c  

c u r r e n t  disbonding p rocedure ,  a number o f  bituminous m a t e r i a l s  * 

were e v a l u a t e d  and w e r e  found to be, i n  g e n e r a l ,  s u p e r i o r  t o  

I 

I '\/ 

I1 
l i  

\ I  

/I 

many o t h e r  c o a t i n g  types .  
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CATHODIC CURRENT DISBONDING T E S T S  

COATED 2 X 4 INCH PANELS IMHERSED 2%" I N ' 7 0 0 0 0  OHMS, 
R ,  WATER, 1 2  CM. FROM MG. ANODE, 1 .5  VOLT CLOSED 
C I R C U I T  POTENTIAL, 1/16" PINHOLE THROUGH PANEL I N  
SOLUTION. 

THICKNESS RANGE, 1 7  - 35 MILS 

DISBONDED AREA 
COATINGS (COLD A P P L I E D )  (NO PRIMERS)  SQ. M.U. 

COAL TAR MASTIC CA-50 TYPE 64.0 

COAL TAR MASTIC 'I " 100.0 

COAL TAR EPOXY (D.T.A.) 100.0 
COAL TAR N I T R I L E  COATING 440.0 

COAL TAR-EPOXf (POLYAMINE CURE) 1,575.0 
ASPHALT - STYRENE 3,000.0 
ASPHALT - REFINED 3 , 5 0 0 . 0  
ASPHALTIC RESIN PRIMER + ASPHALTIC BITUWINOUS TAPE ' 3,500.0' 
COAL TAR N I T R I L E  (C-37)  700.0 
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ENVI RONMENTAL TESTING 

OF 

BITUMINOUS COATINGS - 

John J. Meany, Jr. 
Ocean C i t y  Research Corporat ion 

Tennessee Avenue 
Ocean C i t y ,  N e w  J e r sey  

INTRODUCTION 

The t o p i c  of environmental  t e s t i n g  of bituminous 
coa t ings  covers  a broad spectrum of tes t  procedures and 
ma te r i a l s .  A s  r e f e r r e d  t o  i n  t h i s  paper ,  environmental  
t e s t i n g  inc ludes  u t i l i z a t i o n  of both n a t u r a l  and a r t i f i -  
c ia l  environments i n  t e s t i n g  programs o the r  than in -  
s e rv i ce  t e s t i n g .  The t e r m  "Bituminous Coatings" a p p l i e s  
t o  coa t ings  d i r ec t ly  der ived  from petroleums, c o a l - t a r s  
and g i l s o n i t e .  The environments of concern inc lude  
atmosphere, water  (bo th  f r e s h  and sea w a t e r )  and s o i l s .  

t 

f 

,b 

I 

I 

I 

I 

I 



- 2 3 7 -  

' \  

'\ 

i 
1 

) 
\\ 

PURPOSE OF ENVIRONMENTAL TESTINGS 

Each environmental test  program must f i rs t  t a k e  i n t o  account 
t h e  purpose f o r  conducting t h e  tests,  so t h a t  reasonable  ob- 
ject ives  may be e s t a b l i s h e d .  L e t  u s  f i rs t  cons ider  some o f  
t h e  purposes t h a t  could motivate a test  program. 

Production Qua l i ty  Con t ro l :  This  i s  probably t h e  least  
f r e q u e n t l y  encountered reason f o r  an environmental  tes t  pro- 
gram, because t h e r e  are v e r y  f e w  environmental tests t h a t  
y i e l d  data quick ly  enough t.0 be of use i n  c o n t r o l l i n g  pro- 
duc t ion  q u a l i t y .  One a p p l i c a t o r  of p r o t e c t i v e  c o a t i n g  f o r  
underground p ip ing  does u t i l i z e  such a test i n  h i s  m i l l .  A 
number of samples of coa ted  pipe are c u t  out  of each pro- 
duc t ion  run. This  run is  not r e l eased  from t h e  m i l l  u n t i l  
t h e  samples are tested i n  a sal t  w a t e r  s o l u t i o n ,  under cath- 
odic  p r o t e c t i o n  f o r  a 24 - 48 hour pe r iod .  Disbonding of t he  
coat ing due t o  t h e  ca thod ic  p r o t e c t i o n  must not  exceed cer- 
t a i n  l i m i t s  s e t  up by t h e  a p p l i c a t o r .  W e  are no t  completely 
convinced of t h e  value of t h i s  procedure,  due t o  i t s  h igh ly  
a r t i f i c i a l  environmental cond i t ions ,  bu t  i t  does r ep resen t  
an e f f o r t  t o  c o n t r o l  t h e  end-qual i ty  of the product  through 
an environmental t e s t i n g  procedure.  

Aid i n  t h e  Development of a N e w  O r  Modified Product:  A s  i n  
t h e  prev ious ly  desc r ibed  case, here  w e  a r e  f aced  wi th  t h e  
p re s su re  of a t t a i n i n g  r e s u l t s  s u s c e p t i b l e  t o  eva lua t ion  i n  
as s h o r t  a time as p o s s i b l e .  Frequent ly ,  a t tempts  t o  "acceler- 
a t e "  e f f e c t s  of environments l eads  t o  t h e  development of ex- 
tremely seve re  a r t i f i c i a l  environments. Unfor tuna te ly ,  t h e  
i n t e n s i f i c a t i o n  of one or more environmental f a c t o r s  does not  
produce t h e  same shor t - te rm e f f e c t s  as a less i n t e n s e  f a c t o r  
operat ing over a longer period of t i m e .  This  n e c e s s i t a t e s  
t h a t  such tests be developed with care, and t h a t  t h e i r  re- 
s u l t s  be i n t e r p r e t e d  knowingly. Obviously, however, each 
new development can not  be eva lua ted  by f u l l - t e r m  n a t u r a l  
environmental t e s t i n g .  I n t e n s i f i e d  t e s t i n g  w i l l  b e  used, 
sometimes y i e l d i n g  d a t a  of g r e a t  value,  o the r  t i m e s  m i s -  
leading the  i n v e s t i g a t o r .  Such t e s t s  may, however, be u t i l -  
i z e d  t o  determine weak p o i n t s  i n  a coa t ing  material  and h e l p  
determine i f  changes i n  formula t ion  s t r eng then  t h e  weak po in t s .  

\ 
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S u b s t a n t i a t i o n  of S a l e s  C l a i m s  : This  motivat ion l eads  
f r e q u e n t l y  t o  somewhat less than o b j e c t i v e  t e s t i n g ,  b u t  
must be mentioned because of t h e  prevalence of  test  pro-  
grams t h a t  o r i g i n a t e  from t h i s  need. There i s  no l ack  of 
e t h i c s  i n  p rovid ing  t h e  s a l e s  department wi th  d a t a  from 
environmental t e s t s  t h a t  demonstrate t h e  good q u a l i t i e s  
of  a p a r t i c u l a r  product .  Unfor tuna te ly ,  on some o x a s i o n s ,  
r e sea rche r s  have des t royed  t h e i r  c r e d i b i l i t y  by over- 
a t t e n t i o n  t o  a products  s t rong  p o i n t s  - o r  t o  a competing 
products  weak p o i n t s .  Th i s  can l e a d  t o  widespread i n -  
d i f f e r e n c e  t o  what may be e x c e l l e n t  d a t a ,  because t h e  i n -  
v e s t i g a t o r ,  no matter how h igh ly  p laced ,  i s  suspec ted  of 
l a c k  of o b j e c t i v i t y .  

Compliance wi th  Government o r  Other Purchaser ' s 

S p e c i f i c a t i o n s :  Environmental tes t  programs of t h i s  na tu re  
e f f e c t i v e l y  t i e  t h e  hands of t h e  i n v e s t i g a t o r .  The wide- 
spread dependence of  some governmental agencies ,  i n  t h e  
p a s t ,  upon s p e c i f i c  environmental t es t s ,  t h a t  a t  t i m e s  w e r e  
no t  r e l a t e d  t o  end-usage of  t h e  p r o t e c t i v e  coa t ing  l e d  t o  
widespread h o s t i l i t y  t o  c e r t a i n  environmental tests. This  
does not  reflect  on t h e  v a l i d i t y  of t h e  t e s t s ,  b u t  e m -  
phas izes  t h e  importance of proper  s e l e c t i o n  of tes ts  and 
knowledgeable i n t e r p r e t a t i o n  of t h e i r  r e s u l t s .  

S e l e c t i o n  of  a Coat ing f o r  a S p e c i f i c  Need: The remainder 
of t h i s  paper w i l l  be devoted t o  explor ing  t h e  use  of  en- 
vironmental  t e s t i n g  f o r  t h i s  purpose.  

ATMOSPHERIC ENVIRONMENT 

Laboratory T e s t i n g :  A number of  procedures  are a v a i l a b l e  
f o r  l abora to ry  eva lua t ion  of coa t ings .  Most of  t hese  tes ts  
u t i l i z e  a r t i f i c i a l  sources  of  r a d i a t i o n  t o  s imula te  sun- 
l i g h t  and fog  chamber devices u t i l i z i n g  high humidity a t -  
mospheres and/or pe r iod ic  spraying with w a t e r .  ASTM Standard 
D529-62 "Accelerated Weathering Tes t  of Bituminous Materials" 
covers  t he  ope ra t ion  of l ight-and-water-exposure appara tus  
f o r  t h e  exposure of bituminous roo f ing  and waterproofing 
m a t e r i a l s  having a minimum so f t en ing  po in t  of  200°F. These 
procedures  u t i l i z e  an enclosed carbon-arc  lamp and a water 
spray  apparatus .  

I 

While use of  t h i s  appara tus  w i l l  r e s u l t  i n  more rap id  coat-  
i n g  d e t e r i o r a t i o n  than found i n  n a t u r a l  environments,  t he re  
i s  no r e l i a b l e  m e a n s  of equat ing  t h e  t i m e  of a r t i f i c i a l  ex- 
posure t o  f a i l u r e  t o  t h e  t i m e  of  n a t u r a l  exposure t o  f a i l u r e .  
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I t  is quite possible t o  a r r i v e  a t  s u b s t a n t i a l  d i f f e r e n c e  
endurance rankings u t i l i z i n g  t h e  "accelerated" test from 
t h a t  which would be a r r i v e d  a t  under a n a t u r a l  environ- 
ment s 

Modification of t h i s  procedure by use of a xenon-arc type  
apparatus  has  yielded more meaningful d a t a  according t o  
Martin( 
r a d i a t i o n .  Martin u t i l i z e d  microtechniques t o  i n c r e a s e  t h e  
s e n s i t i v i t y  of eva lua t ion  of a s p h a l t  degradat ion by u s e  of 
t h e  change i n  absorbence of t h e  carbonyl f u n c t i o n a l  groups. 
I l e  found t h a t  h i s  ranking of degradat ion as obtained by u s e  
of t h e  xenon-arc compared d i r e c t l y  with t h e  ranking obtained 
by use of n a t u r a l  exposure t o  s u n l i g h t  w i t h  r a d i a t i o n  monitored 
by the  Bppley pyroheliometer.  H e  found d iscrepancies  between 
these  rankings and those obtained by t h e  use of the  carbon- 
arc. These observa t ions ,  toge ther  with h i s  demonstration of 
t h e  use of microtechniques s e e m  t o  be major c o n t r i b u t i o n s .  

who compared carbon-arc,  xenon-arc and n a t u r a l  

While t h e  use of weatherometer-type apparatus  has  i t s  l i m i t a -  
t i o n s ,  c a r e f u l  eva lua t ion  of i t s  r e s u l t s  can be u t i l i z e d  to 
s e p a r a t e  mater ia l  with g r o s s  d i f f e r e n c e s  i n  weathering re-  
s i s t a n c e  q u a l i t i e s .  

Others  have used a r b i t r a r y  labora tory  tests t o  f u r n i s h  a t  
least d a t a  that w i l l  provide a b a s i s  for a rough weeding of 
obviously i n f e r i o r  m a t e r i a l s .  
for t h i s  purpose. Ile u t i l i z e s  three t e s t s ,  as fol lows:  

1. Thickness: Minimum of 0.005-inch f o r  cor ros ive  atmospheres. 

2 .  Flaws and Holidays: Electr ical  r e s i s t a n c e  of a coated 

Flournoy( 2, suggests  a methcid 

4-inch by 2-inch panel must be  a t  least i n i t i a l l y  1,000,000 
ohms and must be a t  l e a s t  750,000 ohms a f t e r  24 hours of 
water immersion. 

3 .  F l e x i b i l i t y :  The t e s t  panel ,  after being bent  90" around 
a 1-inch diameter rod must have no obvious coa t ing  f a i l u r e s  
and must r e t a i n  an e l e c t r i c a l  r e s i s t a n c e  of 750,000 ohms. 

This  presents  r a t h e r  a r b i t r a r y  c r i t e r i a  t h a t  may be appl icable  
t o  c e r t a i n  circumstances.  The r a t h e r  s h o r t  t e r m  environ- 
mental t es t ,  immersing t h e  test coupon i n  water could g i v e  
a rough i d e a  of i n i t i a l  coa t ing  condi t ion ,  but a 24-hour 
test seems of l i t t l e  use o ther  than t o  e l imina te  coa t ings  
t h a t  w e r e  v e r y  obviously i n f e r i o r .  Undoubtedly, a r b i t r a r y  
tests of t h i s  na ture  could be of s i g n i f i c a n t  value i n  s p e c i f i c  
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i n s t a n c e s ,  but  would be of l i t t l e  genera l  u s e .  

Natura l  Environment T e s t s :  Exposure t o  a n a t u r a l  environ- 
ment s e e m s  t o  be the  best method of  environmental t e s t i n g  
of c o a t i n g s  f o r  atmospheric exposure condi t ions .  The major 
disadvantage seems t o  be t h a t  t h e  t i m e  requi red  f o r  a f u l l  
eva lua t ion  can be e x c e s s i v e ,  and t h a t  t h e r e  i s  some d i f f i -  
c u l t y  i n  knowing e x a c t l y  t o  what f a c t o r s  t h e  panels  have 

crease t h e  i n t e n s i t y  of s o l a r  r a d i a t i o n ,  toge ther  with a 
r o t a t i n g  mount t h a t  keeps t h e  pane ls  always f a c i n g  t h e  sun, 
both w i t h  and without  p e r i o d i c  washing wi th  d i s t i l l e d  w a t e r .  
H i s  s t u d i e s  i n d i c a t e d  t h a t  t h i s  system could g i v e  f a i l u r e s  
i n  14 weeks t h a t  would occur only a f t e r  3 years  a t  a 45O 
south  exposure.  

' I  

/ 
! 

been exposed. C a r ~ l ( ~ )  sugges ts  t h e  u s e  o f  mirrors  t o  i n -  ,I 

I 
Others  u t i l i z e  s p e c i a l  pane ls  w i t h  angles ,  crevices,  r i v e t  
heads ,  w e l d  s p l a t t e r  and o t h e r  severe s u r f a c e s  t o  s u b j e c t  
t h e  coa t ings  t o  t h e  most d i f f i c u l t  a r e a s  t o  c o a t ,  thereby 
providing a panel  w i t h  condi t ions  t h a t  lead t o  ear ly  f a i l u r e s  
i n  a c t u a l  s e r v i c e .  This  type panel  h a s  cons iderable  m e r i t  
and can l e a d  t o  e a r l y  e l i m i n a t i o n  of i n f e r i o r  c o a t i n g s .  
The  eva lua t ion  of c o a t i n g  condi t ions  on panels  such as t h i s  
i s  more complicated and time-consuming than t h a t  of f l a t  
pane ls ,  b u t  t h e  d a t a  obta ined  can be of corresponding higher  
value.  

Of course,  n a t u r a l  environments v a r y  s u b s t a n t i a l l y  from 
l o c a t i o n  t o  l o c a t i o n  and indeed over a w i d e  range of any 
given l o c a t i o n .  T h i s  n e c e s s i t a t e s  methods of eva lua t ing  
t h e  enonironmental effects t o  which a coa t ing  has  been 
subjec ted  over i ts  tes t  per iod .  

S o l a r  r a d i a t i o n  is  one f a c t o r  of major concern. The 
eva lua t ion  of t h i s  f a c t o r  i s  r e l a t i v e l y  simple and can 
be accomplished by t h e  u s e  of t h e  Eppley Pyroheliometer 
and appropr ia te  record ing  and i n t e g r a t i n g  devices. Gen- 
e r a l l y ,  records  a r e  kept  of t o t a l  l a n g l e y s ,  l angleys  over 
.823, and hours  of  r a d i a t i o n  over .823. Martin demon- 
s t r a t e d  a c l o s e  c o r r e l a t i o n  between t o t a l  l angleys  and 
a s p h a l t  ox ida t ion .  The pyroheliometer , toge ther  with 
f u r t h e r  development of  microtechniques,  seems t o  of-fer 
a pa th  f o r  v e r y  meaningful,  r e l a t i v e l y  short- term e v a l -  
u a t i o n s ,  u t i l i z i n g  n a t u r a l '  s u n l i g h t .  

I 

d 
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Other factors of major importance are temperature ranges 
r e l a t i v e  humidity,  and any atmospheric p o l l u t a n t s  t h a t  may 
be of major importance. Continuous recording of temperature 
and humidity are e s s e n t i a l .  Methods also have been devised 
t o  monitor s u l f i d e s  i n  the atmosphere. 

UNDERGROUND AND WERWATER EXPOSURE 

The success  of underground and underwater exposed bituminous 
coa t ings  or any  coa t ing  r e q u i r e s  q u a l i t i e s  not  absolu te ly  
necessary for atmospheric exposed coa t ings .  These environ- 
mental condi t ions  impose t h e  n e c e s s i t y  for g r e a t e r  physical  
s t r e n g t h ,  h igher  electrical resistance, and u s u a l l y  requi re  
much longer u s e f u l  l i f e  than atmospherical ly  exposed coat-  
ings .  These requirements v a r y  according t o  t h e  end-usage 
of t h e  product and t o  economic cons idera t ions .  Coatings 
for corrugated galvanized steel storm sewers do not  have t o  
m e e t  t h e  r i g i d  requirements appl ied t o  c o a t i n g s  used on 
thin-wal l  high pressure  gas  and o i l  p i p e l i n e s .  Any environ- 
mental t e s t i n g  program must, t h e r e f o r e ,  f u l l y  consider  t h e  
end-usage of t h e  materials t e s t e d .  For purposes of  f u r t h e r  
d i s c u s s i o n ,  w e  w i l l  consider  only those a p p l i c a t i o n s  where 
t h e  minimum length of coa t ing  e f f e c t i v e n e s s  i s  required t o  
be i n  excess of 30 years .  

( 4 )  Laboratory T e s t s :  The U .  S. Department of Reclamation 
u t i l i z e s  a series of tests t o  eva lua te  coa t ings  f o r  use  i n  
submerged serv ice .  These tests include:  Fresh w a t e r  
immersion( 5, ; sal t  spray box( 6, ; outdoor weathering ex- 
posure(') ; and weatherometer(8).  I n  cases  where s p e c i f i c  
problems exist, t h e  Bureau designs s p e c i f i c  tests. 

While t h e r e  have been a f e w  s tandards developed for t h e  
eva lua t ion  of t h e  q u a l i t y  of c e r t a i n  s p e c i f i c  bituminous 
c o a t i n g s ,  w e  lack s tandard iza t ion  of tests f o r  comparing 
performances of var ious coa t ings  t o  each o t h e r .  General ly ,  
i n v e s t i g a t o r s  develop t h e i r  own tests and procedures i n  
much the  same manner t h a t  t h e  Bureau of Reclamation has  
done. I t  appears t h a t  t h i s  s i t u a t i o n  w i l l  not  change i n  
t h e  immrdiate f u t u r e .  

L e t  us cons ider ,  t h e r e f o r e ,  t h e  development of a test pro- 
gram t o  eva lua te  the  r e l a t i v e  merits of p r o t e c t i v e  coa t ings  
f o r  underground s t r u c t u r e s ,  with t h e  understanding t h a t  a 
good coat ing  must perform w e l l  f o r  at least 30 years. The 
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s t r u c t u r e  t o  which t h e  coa t ings  i s  t o  be app l i ed  might 
poss ib ly  be c a t h o d i c a l l y  p ro tec t ed .  

Usual ly  t h e  i n v e s t i g a t o r  i s  faced with a v a s t  array of 
proposed coa t ings .  H i s  f i r s t  problem then i s  the  develop- 
ment of a method for  "weeding" t h e  g ross ly  i n f e r i o r  m a t e r i a l s  
from those t h a t  may possess  some m e r i t .  The judgment of an 
experienced i n v e s t i g a t o r  gene ra l ly  i s  t h e  fastest  "weeding" 
mechanism; however, he most f r e q u e n t l y  must s u b s t a n t i a t e  h i s  
judgment with test d a t a .  

The l f s a l t - c r o c k l l  test ,  o r  a modi f ica t ion  of i t ,  most gene ra l ly  
i s  appl ied t o  t h i s  s t a g e  of t he  i n v e s t i g a t i o n s .  While t h e r e  
a r e  i n f i n i t e  v a r i a t i o n s  of t h i s  test ,  i t  c o n s i s t s  e s s e n t i a l l y  
of placing a coa ted  specimen i n  a con ta ine r  of s a l t  water .  
The e l e c t r i c a l  r e s i s t a n c e  between t h e  sample and a f i x e d  e l e c -  
t r o d e  i s  then measured; t h e  measured r e s i s t a n c e  must exceed 
an a r b i t r a r y  value t o  q u a l i f y  t h e  coa t ing  f o r  f u r t h e r  con- 
s i d e r a t i o n ,  and must con t inue  t o  main ta in  an a r b i t r a r y  mini- 
m u m  r e s i s t a n c e  over an equa l ly  a r b i t r a r y  per iod  of t i m e .  
The du ra t ion  of t h i s  tes t  is g e n e r a l l y  s h o r t ,  i n  t h e  order 
of 3 - 6 months. I n  some cases  t h e  sample i s  maintained 
e l e c t r i c a l l y  nega t ive  t o  t h e  s o l u t i o n  i n  which i t  is immersed 
i n  order  t o  g e t  some eva lua t ion  of i t s  performance on a ca th -  
o d i c a l l y  p ro tec t ed  s t r u c t u r e .  

AS a pre l iminary  "weeding" t e s t ,  t h e  s a l t - c r o c k  test has con- 
s i d e r a b l e  m e r i t .  There  are many f a c t o r s  t h a t  can l e a d  t o  
erroneous r e s u l t s ,  however. C e r t a i n  coa t ings  can no t  r e a d i l y  
be applied t o  s m a l l  coupons. For example, a heavy a spha l t -  
m a s t i c  p ipe c o a t i n g  app l i ed  by h a n d h a s  s u b s t a n t i a l l y  d i f f e r -  
e n t  q u a l i t i e s  from the  same m a t e r i a l  extruded on p i p e  by 
commercial machinery. A hand-applied sample could b e  expected 
t o  f a i l  i n  a s h o r t e r  pe r iod  of t i m e  than a machine-applied 
coa t ing .  Converse ly ,  some o t h e r  coa t ings  have much b e t t e r  
q u a l i t i e s  when hand-applied than they would when app l i ed  on a 
commercial scale. A shor t - te rm s a l t - c r o c k  test would reveal 
inhe ren t  p o r o s i t y  i n  a c o a t i n g ,  b u t  would n o t ,  i n  s ix  months, 
n e c e s s a r i l y  show a tendency f o r  mois ture  absorp t ion  t h a t  
could lead t o  f a i l u r e  i n  5 - 10 years. There i s  a l s o  t h e  
hazard t h a t  e l e c t r i c a l  connections t o  t h e  sample might b e  
d i f f i c u l t  t o  coa t  and e l e c t r i c a l  leakage caused by t h e  
connection could l e a d  t o  erroneous r e s u l t s .  

One method of conducting a s a l t - c r o c k  test  may be of some 
i n t e r e s t .  A s t anda rd  prozedure adopted by t h e  a u t h o r ' s  
company uses  a coa ted  p ipe  sample, p re fe rab ly  wi th  t h e  

" I 
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coat ing  appl ied by t h e  same equipment used t o  apply the 
p a r t i c u l a r  coa t ing  on a commercial scale. The sample i s  
Selected so t h a t  no acc identa l  f l a w s  e x i s t .  The coated 
Sample, genera l ly  about 18 inches i n  length ,  i s  placed 
c o n c e n t r i c a l l y  i n  a second uncoated pipe of a convenient 
l a r g e r  s i z e .  General ly ,  a 3/4-inch diameter sample would 
be placed i n  a 2-inch pipe.  A rubber s topper  t h e  s i z e  of 
t h e  casing p i p e  i s  c u t  so t h a t  t h e  sample w i l l  f i t  snugly 
i n  it. The assembly is  then made as shown i n  Fig. 1, with 
the space between sample and pipe being f i l l e d  with w a t e r  
made highly conductive b y  adding salt .  The electrical re- 
s i s t a n c e  between sample and casing i s  used as a measure of 
t h e  coa t ing  e f f e c t i v e n e s s .  High q u a l i t y  coa t ings  w i l l  
maintain r e s i s t a n c e s  of i n  excess of 1,000 megohms per  
square f o o t  of s u r f a c e  area f o r  long per iods o f  t i m e .  

If a value of about 10 megohms per square f o o t  i s  used as 
a c r i t e r i o n ,  most g r o s s l y  i n f e r i o r  coa t ings  w i l l  be detected 
i n  a f e w  weeks t i m e ,  and can be e l imina ted  from f u r t h e r  
t e s t i n g .  Higher q u a l i t y  coat ings can be maintained i n  t h i s  
test f o r  extended per iods  of t i m e  to  g ive  information regard- 
ing  long-term moisture  absorpt ion and performance under cath- 
odic pro tec t ion  condi t ions.  

The dec is ion  t o  g i v e  f u r t h e r  cons idera t ion  t o  a given coat ing 
t h a t  performed w e l l  i n  t h e  s a l t - c r o c k  test  must a l s o  consider  
the physical  requirements f o r  t h e  coa t ing .  Resistance t o  i m -  
p a c t ,  shock and sus ta ined  loads  must be determined by appro- 
p r i a t e  t e s t i n g .  Resistance t o  underfilm w a t e r  migrat ion should 
be evaluated by t h e  use  of samples with scra tched  or impacted 
a reas .  The sa l t -c rock  tes t  can be used f o r  t h i s  eva lua t ion ,  
although e l e c t r i c a l  resistance measurements, s i n c e  t h e  under- 
f i lm-migration path may i t se l f  be high i n  electrical r e s i s t a n c e .  
General ly ,  t h i s  test i s  conducted both with and without  cath- 
odic pro tec t ion .  The c a t h o d i c a l l y  pro tec ted  samples would 
be a f f e c t e d  by the  physical  p ressure  of l iberated gasses  and 
high pH condi t ions  a t  t h e  pipe sur face .  The use of u n r e a l i s -  
t i c a l l y  high vol tages  f o r  t h i s  test could y i e l d  v e r y  mislead- 
ing  da ta .  

Coatings surviving t h e  above tests can next  be considered 
f o r  f u r t h e r  t e s t i n g  i n  environments s imulat ing,  as c l o s e  a s  
p o s s i b l e ,  those' c6ndi t ions  t h a t  w i l l  be encountered i n  ser- 
v i c e .  Engineering judgment may a l s o  lead  t o  t h e  beginning 
of in -serv ice  t e s t i n g  a t  t h i s  t i m e .  Where service condi t ions 
are such t h a t  high s o i l  stress condi t ions may be expected, 
tests s p e c i f i c a l l y  designed t o  eva lua te  s o i l  stress condi t ions 
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may b e  used. Samples can be placed i n  a b e n t o n i t e  environ- 
ment t h a t  i s  a l t e r n a t e l y  wetted and d r i ed .  The performance 
of t h e  coat ing can be eva lua ted  e l e c t r i c a l l y  by measurement 
of t h e  r e s i s t a n c e  between t h e  sample and a ground reference.  
This would be supplemented by phys ica l  examination a t  t h e  
end of t he  t e s t  p e r i o d  o r  when e l e c t r i c a l  measurements i n -  
d i c a t e d  t h a t  f a i l u r e  had occurred. 

This  method o f  t e s t i n g  seems t o  be worthwhile only i f  ex- 
t r e m e  s o i l  s t r e s s  c o n d i t i o n s  are expected. Otherwise coat-  
i ngs  t h a t  might perform w e l l  , and economically, under a c t u a l  
s e r v i c e  cond i t ions  may be unwisely el iminated.  

Natura l  Environment T e s t s :  Where p o s s i b l e ,  i t  s e e m s  b e s t  t o  
test  the  coa t ings  under cond i t ions  as c l o s e  as poss ib l e  t o  
those  encountered i n  s e r v i c e .  One approach i s  t o  use an 
outdoor t e s t  box f i l l e d  wi th  s o i l  t y p i c a l  of t h e  a rea .  Such 
an arrangement i s  shown i n  F i g .  2. A permanent box i s  con- 
s t r u c t e d  outdoors.  An aluminum f o i l  l i n i n g  i s  p laced  i n  the  
bottom of the  box. T e s t  samples are i n s e r t e d  through s l eeves  
i n  t h e  box, wi th  p l a s t i c  cas ing  space r s  on t h e  samples where 
they pass  through t h e  s l e e v e s .  S tandard  rubber casing end 
s e a l s  are then used t o  seal t h e  space between sample and s l eeve .  
The box d s  then c a r e f u l l y  f i l l e d  with t h e  s e l e c t e d  s o i l .  
coa t ing  extends t o  t h e  ends of the  p ipe  samples. S t a i n l e s s  
s t e e l  guard r i n g s  are clamped on t h e  pipe about 6 inches ou t s ide  
the casing seals. If t h e  coa t ing  inc ludes  g l a s s  f a b r i c  or f e l t ,  
the guard r i n g  must be i n  con tac t  wi th  t h e  bottom layer of f e l t  
o r  g l a s s  f a b r i c .  These r i n g s  have t o  be i n s t a l l e d  v e r y  care- 
f u l l y ,  and a r e  e s s e n t i a l  t o  r e l i a b l e  readings.  

The 

Use of a s o i l  
and keeps the  
i n a t i o n .  The 
be exposed t o  
than would be 
is allowed t o  

/, 

box such as t h i s  s i m p l i f i e s  e l e c t r i c a l  measurements 
samples r e l a t i v e l y  a c c e s s i b l e  f o r  phys i ca l  exam- 
sha l low n a t u r e  of t h e  box causes  t h e  samples t o  
more severe wetting-drying and temperature cycles 
exper ienced  under s e r v i c e  cond i t ions .  If grass 
grow i n  t h e  s o i l ,  t h e  effects of r o o t s  would a l -  

/ 
so be more s e v e r e .  These f a c t o r s  must be weighed i n  eva lua t ing  
test r e s u l t s .  I n  one 7-year t es t ,  t h e  e l e c t r i c a l  r e s i s t a n c e  of 
h igh  q u a l i t y  c o a t i n g s  w a s  i n  excess of 50 megohms per square 
f o o t .  

Another approach would be t o  bury samples d i r e c t l y  i n  a t y p i c a l  
environment. If  t h e  e n t i r e  sample is bur i ed  i n  t h i s  manner, 
g r e a t  ca re  must be taken t o  a s su re  t h a t  t he  p i p e  ends and e l ec -  
tr ical  connections a r e  coa ted  a t  least as w e l l  as t h e  sample 

i 

f 
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boat ing.  This  can prove t o  be very d i f f i c u l t .  One 
arrangement i s  shown on Fig. 3. The most c r i t i ca l  fac- 
t o r  i s  t h e  encapsulat ion of t h e  ends and connections.  AS 
long as t h i s  is  ef fec t ive ,  t h e  r e s i s t a n c e  between t h e  guard 
r i n g s  and e a r t h  w i l l  be extremely high - any leakage of 
w a t e r  i n t o  t h e  encapsulat ion w i l l  be detected b y  a change 
i n  the  guard r ing  resistance t o  e a r t h .  O f  course it i s  
e s s e n t i a l  t h a t  the  test w i r e  i n s u l a t i o n  be perfect. While 
t h i s  test i s  probably the  most d i f f i c u l t  t o  set up properly,  
i t s  long-term r e s u l t s  a r e  probably t h e  most meaningful. 

Perhaps the  l a r g e s t  s c a l e  n a t u r a l  environmental test  pro- 
gram f o r  pro tec t ion  coa t ings  was conducted by t h e  American 
Petroleum I n s t i t u t e ( 9 ) '  
and involved d i f f e r e n t  coa t ing  s y s t e m s  appl ied t o  3-inch 
pipe at  each of t h e  test s i tes .  There w e r e  a l s o  19 coa t ings  
appl ied t o  14 working p ipe l ines .  The test program w a s  of 
about ten years '  dura t ion  ending i n  1940. Great progress  
has  been made i n  underground p r o t e c t i v e  coa t ings  s i n c e  t h e  
test  s t a r t e d  i n  1930, but unfortunatel 'y t h e  tests w e r e  not  
continued t o  inc lude  new coa t ing  developments. While t h e  
r e s u l t s  of t h i s  program a r e  not d i r e c t l y  a p p l i c a b l e  t o  
today ' s  problems, t h e  program i tself  i s  of i n t e r e s t  and 
could be used as a s t a r t i n g  poin t  f o r  the resumption of 
s i m i l a r  industry-wide tests. 

These tests u t i l i z e d  16 t e s t  sites 

Environmental t e s t i n g  of bituminous coa t ings  can pto-  
vide valuable  information. Extreme caut ion must be 
exercised i n  t h e  use  and i n t e r p r e t a t i o n  of "accelerated" 
tes t s .  Coordination of "Environmental Test ing" and 
' 'In-Service" t e s t i n g  i s  e s s e n t i a l  t o  t h e  i n t e l l i g e n t  
s o l u t i o n  t o  coa t ing  problems. 
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SERVICE TESTING OF BITUMINOUS COATINGS ---------- 
John Wagner, J r .  , V i c e  P r e s i d e n t  

A. V. Smith Engineer ing Company 
Narbe r th ,  Pennsylvania  

The purpose of any p r o t e c t i v e  coa t ing  i s  t o  p r o t e c t  t h e  
base  m a t e r i a l  from t h e  environment vihich su r rounds  it. I t  fo l -  
l o w s ,  t h e r e f o r e ,  t h a t  t h e  p r o t e c t i v e  c o a t i n g  material must i n  
i t s e l f  have g r e a t  r e s i s t a n c e  t o  t h e  environment  t o  xhich  i t  i s  
exposed. If t h e  c o a t i n g  does no t  p rov ide  t h i s  p r o t e c t i o n  then  
i t  h a s  f a i l e d  i n  i t s  purpose.  

O f  n e c e s s i t y ,  c o s t  is  a f a c t o r  i n  t h e  s e l e c t i o n  of  a pro-  
t e c t i v e  coa t ing .  I t  i s  impor tan t ,  t h e r e f o r e ,  t h a t  t h e  c o a t i n g  
e x h i b i t  p r o p e r t i e s  which when cons idered  wi th  t h e  type  of s t r u c -  
t u r e  p r o t e c t e d ,  t h e  environment and t h e  c o s t ,  w i l l  p rov ide  an 
economical ly  sound s y s t e m .  Unfo r tuna te ly ,  no o n e  has  y e t  de- 
veloped a p r o t e c t i v e  c o a t i n g  system which i s  reasonably  p r i c e d  
and f u l l y  e f f e c t i v e  i n  a l l  a p p l i c a t i o n s .  Each exposure condi -  
t i o n  has  i t s  own un ique  c h a r a c t e r i s t i c s  which w i l l  t ake  i t s  
t o l l  o f  a c o a t i n g  system. Se rv ice  t e s t i n g ,  which impl i e s  t e s t -  
ing under a c t u a l  s e r v i c e  c o n d i t i o n s ,  w i l l  answer t h e  q u e s t i o n :  
How well i s  t h e  c o a t i n g  s y s t e m  doing i t s  j o b ?  

When c o n s i d e r i n g  a p r o t e c t i v e  coa t ing  f o r  a p p l i c a t i o n  t o  
a new f a c i l i t y ,  two t h i n g s  may b e  done. F i r s t ,  tes t  pane l s  
coa ted  wi th  v a r i o u s  systems under  c o n s i d e r a t i o n  may be exposed 
t o  envi ronmenta l  c o n d i t i o n s  cons idered  t o  be  t y p i c a l  of those  
t o  be encountered.  S h o r t  t e r m  tests of t h i s  type  provide  v a l -  
u a b l e  sc reen ing  i n f o r m a t i o n  and w i l l  g e n e r a l l y  e l i m i n a t e  from 
f u r t h e r  c o n s i d e r a t i o n  t h o s e  p r o t e c t i v e  c o a t i n g  systems which 
are t o t a l l y  u n s u i t e d  f o r  t h e  job.  Second, va luab le  informa- 
t i o n  may be o b t a i n e d  f r o m  o p e r a t i n g  equipment w h e r e  exper ience  
under  a c t u a l  s e r v i c e  c o n d i t i o n s  may be  a v a i l a b l e .  The more 
complete t h e  h i s t o r y  of an e x i s t i n g  c o a t i n g  system under op- 
e r a t i n g  c o n d i t i o n s ,  t h e  g r e a t e r  t h e  va lue  t h a t  can be p laced  
on t h e  conc lus ions  drawn from t h i s  exper ience .  

The b a s i s  f o r  e v a l u a t i n g  p r o t e c t i v e  c o a t i n g s  rests heav- 
i l y  on the  p r o p e r t i e s  which t h e  c o a t i n g s  e x h i b i t .  I t  would be 
well t o  review b r i e f l y  some of  t h e  p a r t i c u l a r  requi rements  and 
more impor tan t  c h a r a c t e r i s t i c  p r o p e r t i e s  which c o a t i n g s  must 
have f o r  exposure  t o  g e n e r a l  classes o f  environment. 

I n  a tmosphe r i c  s e r v i c e ,  a p r o t e c t i v e  c o a t i n g  must have 
good adhes ion  or bond t o  t h e  b a s e  material ,  resist  a c t i n i c  
e f f e c t s ,  r a i n ,  wind and d u s t ,  and must wi ths tand  a wide range 
of o p e r a t i n g  t empera tu res  and  t h e  a s s o c i a t e d  thermal  shock. 
Also, the  c o a t i n g  must be a b l e  t o  res is t  chemical  a t t a c k  from 
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the oxygen in the air and such compounds as may be present 
from a multitude of industrial sources as atmospheric con- 
taminan t s. 

Protective coatings when applied to process equip- 
ment may be subject to all the rigors of atmospheric ex- 
posure, plus additional specific conditions characteristic 
only of the process itself, or it may involve exposure to 
a very specific environment and set of operating conditions. 
In addition to good bond, the coating system must frequently 
resist abrasive effects and mechanical action. If the process 
involves a chemically specific environment, the coating must 
resist chemical attack and solvent action within economic 
limits and technical feasibility. In process equipment use 
of the protective coating may well be subject to extremely 
w i d e  ranges of temperature. 

In total and partial immersion service, such as wharf 
piling+, t:ater tank interiors, dam gates and the like, a pro- 
tcctivc coating system is subject to a new set of environ- 
mental factors r\hich kill have a definite bearing on the ser- 
viceability of the coating system. It must have good bond to 
thc base material, but also must have excellent mechanical 
strength to rrithstand floating debris, ice and other impact 
effects. Failure of the coating through cracks or chipping 
will frequently result in serious corrosion where the base 
metal is exposed. The coating material itself must be highly 
resistant to moisture absorption and it should be a non- 
conductor of electricity. For service where immersion in 
aqueous environment< is involved the coating should be com- 
patible with cathodic protection, i . e .  , it should resist 
highly alkaline conditions at the metal surface where cath- 
odic currents enter protective coating faults. Finally, the 
phy+ical properties should resist a relatively wide range of 
operating temperatures. 

Coatings for service underground are subject to a wide 
range of variables. Excellent bond to the base material is 
essential since moisture penetration to the layers between the 
coating <and the base metal can result in aggressive corrosion 
svhich may not be controllable with cathodic protection('). 
>lechanically, the coating system must have excellent strength 
to resist soil movement and stress. As in the case of total 
immersion service, the coating should resist moisture ab- 
sorption and have good electrical insulating properties even 
after long periods of expos,ure since galvanic currents and in 
Some cases stray electric currents from manmade sources can 
be aggressively corrosive to the base metal if they pass 
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through t h e  c o a t i n g .  The c o a t i n g  should be compatible  w i t h  
c a t h o d i c  p r o t e c t i o n .  For some k i n d s  o f  s e r v i c e  a chemical 
c o r r o s i o n  i n h i b i t o r  may be inc luded  t o  ass is t  i n  c o n t r o l l i n g  
l o c a l  g a l v a n i c  c o r r o s i o n .  Res i s t ance  t o  m i c r o b i o l o g i c a l  
a t t a c k  i s  a must s i n c e  a l l  s o i l s  c o n t a i n  many such organ- 
i s m s ( 2 )  (3). Depending upon t h e  s p e c i f i c  a p p l i c a t i o n ,  t h e  
c o a t i n g  may have to  res is t  a wide range o f  t empera tu re  e f -  
f ec t s  a l though  g e n e r a l l y  no t  so s e v e r e  as atmospheric  o r  
p r o c e s s  equipment c o n d i t i o n s .  

With t h e s e  basic p r o p e r t i e s  and t h e  requirements  i n  
mind, i t  should be e v i d e n t  t h a t  s e r v i c e  t e s t i n g  i s  about t h e  
o n l y  a l l  i n c l u s i v e  way t o  e v a l u a t e  t h e  m e r i t s  and l i m i t a t i o n s  
o f  p r o t e c t i v e  c o a t i n g s .  

W e  have a l r e a d y  noted t h a t  p r e l i m i n a r y  sc reen ing  tes ts  
u s i n g  p a n e l s  o r  t e s t  coupons are most u s e f u l  i n  e l i m i n a t i n g  
t o t a l l y  i n e f f e c t i v e  materials from c o n s i d e r a t i o n  on a specific 
a p p l i c a t i o n .  Such tes t s  g e n e r a l l y  r e q u i r e  b u t  a s h o r t  t i m e  
f o r  completion and p rov ide  many p r a c t i c a l  advantages such as 
completeness  of examinat ion and accu racy  of c o n t r o l .  Un- 
f o r t u n a t e l y ,  such t e s t s  can n o t  p rov ide  the complete s t o r y  

, nor t a k e  i n t o  accoun t  a l l  o f  t h e  many v a r i a b l e s  a s s o c i a t e d  
wi th  t h e  f i n a l  c o n d i t i o n s  t o  wh ich  t h e  c o a t i n g  i s  t o  be sub- 
j e c t e d .  

S e r v i c e  t e s t s  g e n e r a l l y  f a l l  i n t o  two c a t e g o r i e s .  
The f i r s t  is  the  d i r e c t  tests which may be conducted where  
i t  i s  p o s s i b l e  t o  p h y s i c a l l y  examine t h e  c o a t i n g  system under 
a c t u a l  c o n d i t i o n s  of exposure.  T h i s  would i n c l u d e  c o a t i n g s  
on s t r u c t u r a l  members exposed t o  t h e  atmosphere,  on p r o c e s s  
equipment where i t  i s  p o s s i b l e  du r ing  shut-down p e r i o d s  t o  
d i r e c t l y  examine the c o n d i t i o n  of t h e  c o a t i n g  and, t o  a 
l i m i t e d  e x t e n t ,  on underground s t r u c t u r e s  such as p i p e l i n e s  
where i t  i s  p o s s i b l e  t o  excava te  t h e  s t r u c t u r e .  The second 
type  of tes t  is  t h a t  conducted u s i n g  i n d i r e c t  methods t o  
r e a c h  conc lus ions  on c o a t i n g  e f f e c t i v e n e s s .  Such tests are 
performed where it is  n o t  p o s s i b l e  o r  economical t o  examine 
t h e  c o a t i n g  by d i r e c t  p h y s i c a l  means. 

I t  is n o t  uncommon t o  se t  up comparat ive t e s t s  f o r  
e v a l u a t i o n  of  a number o f  d i f f e r e n t  c o a t i n g  systems f o r  a 
p a r t i c u l a r  a p p l i c a t i o n .  This  w i l l  u s u a l l y  occur  a t  a t i m e  
when the  o r i g i n a l  p r o t e c t i v e  c o a t i n g  has  shown s i g n s  of 
d e t e r i o r a t i o n  and i t  i s  e v i d e n t  t h a t  a complete r e c o a t i n g  
j o b  w i l l  be r e q u i r e d  i n  t h e  nea r  f u t u r e .  T e s t  areas se- 
l ec t ed  t o  cove r  as many o f  t h e  v a r i a b l e s  of exposure a s  
p o s s i b l e  are p repa red  and coated under  t h e  c l o s e  s u p e r v i s i o n  
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of either the manufacturer or the plant engineer. The coatings 
selected for service tests are generally those which have, 
through experience, given the best service, or are the coatings 
which preliminary exposure tests have indicated should be most 
suitable for the specific job. The condition and changes in 
physical properties of the various coatings are then followed 
on a regular basis during the period of evaluation, and the 
final coating selected on the basis of the results. 

In carrying out tests on protective coatings on equip- 
ment which is in service, it must be remembered that rigorously 
controlled conditions of the laboratory are not present, and it 
is most important that comparative data be obtained for all 
systems under test. It is also essential that excellent records 
be kept for future reference and comparison. Wherever possible 
inspection should be done on a statistical basis. This is par- 
ticularly important in the case of extensive structures where 
considerable variations may occur from one point to another due 
to prevailing wind conditions, local environmental factors and 
temperature differences. It is for this reason that most in- 
service exposure tests for comparison of different coating 
,systems will involve scattered test sites at quite a number of 
different locations rather than in one area. 

The tests which may be performed on structures where 
direct access to the coating is possible are generally modifi- 
.cations of standard tests used in exposure testing. Appearance 
alone may represent a relatively significant comparative test 
where several coatings are involved; however, caution must be 
exercised to see that rust stains or other apparent areas of 
coating failure are truly the result of coating deterioration 
and are not merely rust stains originating from other areas. 

Since bond to the base metal is a particularly im- 
portant characteristic, some sort of bond or adhesion test 
should be employed when comparing protective coatings in 
service. A common test is to scribe two parallel lines 3/4- 
inch apart and 4 inches long through the protective coating 
to the base material. A square-ended putty knife of 3/4-inch 
width is then forced under the coating for approximately 1/2- 
inch. An attempt is then made to lift the coating from the 
surface without fracturing the coating film. If the coating 
pulls away from the base material this is indicative of rela- 
tively poor bond. .Details of this type of test are described 
in the American Water Works Association Standard, C-203-62, 
Section 2.4(4J. On extremely heavy coatings and mastics, lack 
of bond may be detected by tapping areas of the coated surface 
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wi th  t h e  handle  of a sc rewdr ive r  o r  s i m i l a r  implement. Large 
areas of disbonded c o a t i n g  w i l l  have a d i s t i n c t  hol low sound 
t o  them. Punctur ing  of  t h e  c o a t i n g  a t  l o c a t i o n s  where such 
sounds are d e t e c t e d  w i l l  c l e a r l y  show t h e  area o f  lack of bond. 
B l i s t e r s  i n  a c o a t i n g  a r e  ano the r  method o f  d e t e c t i n g  l a c k  of 
adhes ion  o r  bond between t h e  coa t ing  and base  m a t e r i a l  o r  be-  
tween l a y e r s  o f  t h e  p r o t e c t i v e  coa t ing .  For comparat ive pur -  
poses ,  i t  is d e s i r a b l e  t o  r eco rd  t h e  r e l a t i v e  s i z e  of  such 
bl is ters  and t h e  number of b l i s t e r s  p e r  u n i t  a r e a  of in spec -  
t i on .  

The p resence  o f  moi s tu re  at t h e  m e t a l  s u r f a c e  i s  a l s o  
ev idence  t h a t  bond i s  n o t  adequate .  Such mois ture  may be 
p r e s e n t  even though no obvious  p a t h  of e n t r y  can  be found;  
t h i s  may be t h e  r e s u l t  o f  p e n e t r a t i o n  of  moi s tu re  through 
c o a t i n g  pores  w i t h  subsequent  disbonding.  Other  ev idence  o f  
poor bond may be u n d e r c u t t i n g ,  f l a k i n g  o r  t h e  l i f t i n g  of  a 
c o a t i n g  from t h e  m e t a l  s u r f a c e  over  a p p r e c i a b l e  areas. 

If a p a r t i c u l a r  t y p e  of  s e r v i c e  i s  s u b j e c t  t o  impact, 
t h e  r e s i s t a n c e  o f  t h e  c o a t i n g  t o  t h i s  type  o f  a c t i o n  must be  
eva lua ted .  S tandard  impact  tests have been developed f o r  cer- 
. t a b  s p e c i f i c  a p p l i c a t i o n s  on a c o n t r o l l e d  b a s i s ( 4 ) .  
p o s s i b l e ,  however, to  per form a modif ied impact  t e s t  us ing  a 
s tee l  ba l l  dropped from a s p e c i f i c  h e i g h t  on a h o r i z o n t a l  s u r -  
face, o r  swung, pendulum f a s h i o n ,  a g a i n s t  v e r t i c a l  su r f aces .  
The weight  of  t h e  ba l l  and d i s t a n c e  of d rop  w i l l  va ry  depending 
upon t h e  s p e c i f i c  c o a t i n g  under test. The p r i n c i p l e  behind such 
tes ts  i s  t h a t  shock on t h e  m e t a l  s u r f a c e  w i l l  disbond a p r o t e c -  
t i v e  c o a t i n g  a c e r t a i n  d i s t a n c e  from t h e  p o i n t  of  impact. By 
p e e l i n g  away t h e  disbonded c o a t i n g  around t h e  impact p o i n t ,  a 
comparison among v a r i o u s  c o a t i n g s  i s  p o s s i b l e  us ing  t h e  area 
of  disbonding as t h e  index.  S ince  tempera ture  and o t h e r  f a c t o r s  
have a c r i t i ca l  i n f l u e n c e  on t h i s  p r o p e r t y ,  care must be taken  
t o  test the  d i f f e r e n t  c o a t i n g  sys tems under  comparable condi-  
t i o n s .  

I t  i s  

P inho les  i n  a p r o t e c t i v e  c o a t i n g  may be found under 
some c o n d i t i o n s  by e lec t r ica l  i n s p e c t i o n  w i t h  a p r o t e c t i v e  
c o a t i n g  ho l iday  d e t e c t o r .  Care must be taken  t o  see t h a t  s u r -  
f a c e  mois ture  on t h e  c o a t i n g  material  i s  no t  r e s p o n s i b l e  f o r  
i n d i c a t i o n s  of  c o a t i n g  f a u l t s .  Where t h e r e  i s  doubt ,  a "patch" 
t e s t  may be employed to  l o c a t e  and e v a l u a t e  t h i s  t y p e . o f  de-  
f e ~ t ( ~ ) .  Fig. l shows d i a g r a m a t i c a l l y  how t h i s  t e s t  i s  pe r -  
formed. The c o a t i n g  i s  f i r s t  covered wi th  a t h i n  s l u r r y  of 
k a o l i n  o r  o t h e r  i r o n - f r e e  c l a y ;  t h e  purpose  o f  which i s  t o  
f i l l  i n  p i n h o l e s  and o t h e r  h o l i d a y s  i n  t h e  p r o t e c t i v e  coa t ing  
and provide  an  e l e c t r i c a l l y  conduct ive  p a t h  which w i l l  r e t a i n  
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moisture .  Over t h e  k a o l i n  is  p laced  a l a y e r  o f  a b s o r b e n t  
pape r ,  such as paper  t o w e l l i n g ,  fo l lowed  by a w a t e r  soaked 
l a y e r  of c o t t o n  f l a n n e l .  A ca thode  c o n s i s t i n g  o f  a n  aluminum 
o r  Copper p l a t e  i s  t h e n  he ld  f i r m l y  a g a i n s t  t h e  area of tes t  
and a b a t t e r y ,  c a p a b l e  o f  supp ly ing  60 t o  100 v o l t s  p o t e n t i a l ,  
i s  connected between t h e  base m e t a l  and t h e  m e t a l  c a thode  wi th  
t h e  p o l a r i t y  as i n d i c a t e d .  If c o a t i n g  h o l i d a y s  are p r e s e n t ,  a 
c u r r e n t  w i l l  flow. S ince  t h e  b a s e  metal. i s  t h e  anode, elec- 
t r o l y s i s  w i l l  o ccu r  and metal i o n s  w i l l  m i g r a t e  i n t o  t h e  ab- 

I s o r b e n t  paper.  The p resence  o f  t h e s e  i o n s  may be d e t e c t e d  
! w i t h  a chemical  i n d i c a t o r  such as po ta s s ium f e r r i c y a n i d e  

can then be  counted and recorded p e r  u n i t  area as a n  index  
of  p o r o s i t y .  For heavy enamel c o a t i n g s  of t h e  c o a l - t a r  and 
a s p h a l t  t ype ,  i t  i s  u s u a l  t o  app ly  d i r e c t  c u r r e n t  f o r  a p e r i o d  
of t i m e  which may be c a l c u l a t e d  i n  minutes  by  d i v i d i n g  100 by 
t h e  a p p l i e d  vo l t age .  

I) w h e r e  s teel  i s  t h e  base material. The number of p i n h o l e s  

\\ 

Where d i r e c t  examinat ion o f  t h e  c o a t i n g  is p o s s i b l e ,  
t e s t s  may be performed on such t h i n g s  as moi s tu re  a b s o r p t i o n  

I 
7 by removing samples o f  t h e  c o a t i n g  and s u b j e c t i n g  them t o  

c o a t i n g s  i s  A. S .  T. M. D 9 5 ( 6 ) .  
recorded when a d i r e c t  examinat ion i s  made are cha lk ing ,  
a l l i g a t o r i n g ,  s o f t e n i n g  o r  e m b r i t t l e m e n t ,  c o l o r  change or 

1 
I l a b o r a t o r y  tests. A common t e s t  f o r  m o i s t u r e  i n  bi tuminous 

Other  effects which should be  > 
/ 
\ 
1 o t h e r  ev idence  o f  decomposi t ion o f  o u t e r  l a y e r s  of t h e  coa t ing .  

\ *  
/i 

Where t h e  c o a t i n g  i s  a p p l i e d  ove r  i r o n  o r  s teel ,  i t  i s  
p o s s i b l e  t o  measure c o a t i n g  t h i c k n e s s  w i t h  e l e c t r o n i c  i n s t r u -  
ments which are n o n - d e s t r u c t i v e  and q u i t e  a c c u r a t e .  V a r i a t i o n s  

\ i n  t h i c k n e s s  are i n d i c a t i o n s  of c o l d  f low and can be checked by 
!I t h i s  type o f  i n s t rumen ta t ion .  A t h i c k n e s s - t i m e  r e l a t i o n s h i p  
\ can t h e n  be e s t a b l i s h e d  over  a p e r i o d  of i n s p e c t i o n s .  

Other  v i s u a l  ev idence  o f  c o a t i n g  d e t e r i o r a t i o n  may be 
t h e  p re sence  of imbedded f o r e i g n  material i n  t h e  c o a t i n g .  
Th i s  may be  o f  p a r t i c u l a r  concern on s t r u c t u r e s  such as p ipe -  
l i n e s  which have been exposed t o  underground c o n d i t i o n s  p r i o r  
t o  examinat ion.  

',\ 
Another tes t  which may be i n d i c a t i v e  o f  c o a t i n g  q u a l i t y ,  

i s  a n  electrical  conductance test .  The s p e c i f i c  a p p l i c a t i o n  of 
t h i s  type of t e s t  t o  a coa ted  p i p e l i n e  i s  shown i n  Fig. 2. I n  

normally immersed i n  a n  aqueous environment o r  which are b u r i e d  

more p r e p a r a t i o n  f o r  i n s p e c t i o n  t h a n  most o t h e r  t e s t s  where 

I g e n e r a l  conductance i s  most impor t an t  on s t r u c t u r e s  which are 

\' i n  s o i l .  I t  is ,  t h e r e f o r e ,  a t es t  which r e q u i r e s  c o n s i d e r a b l y  
\ 

h d i r e c t  examinat ion i s  involved. 1 

\I 
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A s  w i t h  t h e  e l e c t r i c a l  "patch" test  f o r  c o a t i n g  f a u l t s ,  I 
u s e  i s  made o f  e l e c t r i c a l  i n s t r u m e n t s  and techniques.  Re fe r r ing  i 
t o  Fig. 2, a s e c t i o n  o f  t h e  c o a t i n g  i s  selected f o r  examination 1 
and t h e  p i p e  i s  tho rough ly  c l eaned  wi th  w e t  r a g s  t o  remove ad- 
h e r i n g  s o i l  and f o r e i g n  matter. A s  w i th  t h e  "patch" test ,  t h e  
s u r f a c e  i s  wiped w i t h  a s l u r r y  o f  k a o l i n  t o  r e t a i n  moi s tu re  and 
p rov ide  uniform c o n t a c t  between t h e  c o a t i n g  s u r f a c e  and t h e  
cathode.  A pad o f  wet c o t t o n  f l a n n e l  o r  paper  t o w e l l i n g  i s  
g e n e r a l l y  wrapped around t h e  p i p e  between t h e  c o a t i n g  and t h e  
ca thode  t o  a s s u r e  a uniform e lec t r ica l  c o n t a c t .  The area o f  
t h e  t e s t  i s  c o n t r o l l e d  by t h e  p h y s i c a l  s i z e  o f  t h e  pad. Two 
guard r i n g s  a r e  employed on e i t h e r  s i d e  o f  t h e  ca thode  t o  p r e -  
ven t  e l e c t r i c a l  l eakage  c u r r e n t  from reach ing  t h e  cathode from 
t h e  surrounding environment t h u s  c r e a t i n g  an e r r o r  i n  t h e  m e a s -  
urement. The c o a t i n g  conductance is  c a l c u l a t e d  by d i v i d i n g  t h e  
c u r r e n t  c o l l e c t e d  from t h e  ca thode  by t h e  v o l t a g e  a p p l i e d  be-  
tween t h e  ca thode  and t h e  p i p e  s u r f a c e .  S ince  t h e  guard r i n g s  
are o u t s i d e  t h e  c u r r e n t  measuring network, l eakage  c u r r e n t  from 
t h e  e a r t h  a long  t h e  c o a t i n g  s u r f a c e  i s  e l imina ted .  If an ap- 
p r e c i a b l e  v o l t a g e  d r o p  o c c u r s  across t h e  m i l l i a m m e t e r ,  a c o r r e c -  
t i o n  must be made i n  t h e  f i n a l  c a l c u l a t i o n .  

Exposure t o  a n  e a r t h  environment may r e s u l t  i n  degrading 
effects due t o  s o i l  b a c t e r i a .  Th i s  e f fec t  has  been t h e  s u b j e c t  
o f  r e s e a r c h  i n  r e c e n t  y e a r s  and has  been r e p o r t e d  i n  many papers 
(1)(2)(3)(7). Removal of samples  f o r  l a b o r a t o r y  e v a l u a t i o n  ap -  
p e a r s  t o  b e  t h e  o n l y  p r a c t i c a l  tes t  f o r  b a c t e r i a l  a t t a c k  on 
p r o t e c t i v e  c o a t i n g s .  

To summarize t h e  d i r e c t  examinat ion approach t o  s e r v i c e  
t e s t i n g :  S t anda rd  t y p e s  o f  t es t s  o r  t h e i r  m o d i f i c a t i o n  may be  
used f o r  exposure  e v a l u a t i o n  o f  c o a t i n g  materials r ecogn iz ing  
t h a t  t h e  c o n d i t i o n s  o f  t h e  tes ts  are s u b j e c t  t o  many v a r i a b l e s  
n o t  p r e s e n t  i n  a l a b o r a t o r y  examinat ion.  A complete set  of 
r e c o r d s  of t h e  c o n d i t i o n s  e x i s t i n g  du r ing  t h e  t e s t i n g  and t h e  
p r o p e r t i e s  of t h e  c o a t i n g  system as observed bo th  i n i t i a l l y  
and through a l l  s t a g e s  of t h e  t e s t s  are a must. T e s t s  o f  t h i s  
t y p e  should b e  performed on a p e r i o d i c  basis so t h a t  a running 
r e c o r d  w i l l  b e  a v a i l a b l e .  Photographs showing c o n d i t i o n s  
d e s c r i b e d  i n  t h e  r e p o r t s  are ex t r eme ly  h e l p f u l  i n  b u i l d i n g  a 
sound record which may be r e l i e d  on f o r  f u t u r e  r e f e r e n c e .  

S e r v i c e  t e s t i n g  of s t r u c t u r e s  such as p i p e l i n e s  and 
o t h e r  underground i n s t a l l a t i o n s  by i n d i r e c t  means i s  q u i t e  
impor t an t  t o  c e r t a i n  i n d u s t r i e s .  The most u s e f u l  t e s t s  which 
f a l l  i n  t h i s  c a t e g o r y  a r e  ones t h a t  can be  performed a t  reg-  
u l a r  i n t e r v a l s  so t h a t  a h i s t o r y  o f  t h e  c o a t i n g  system w i l l  
evolve.  S i n c e  g r e a t  q u a n t i t i e s  o f  bi tuminous base  p r o t e c t i v e  

- 1  
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c o a t i n g s  a r e  employed i n  p i p e l i n e  work, much o f  t h e  fo l lowing  
d i s c u s s i o n  w i l l  relate t o  t h i s  t ype  o f  s t r u c t u r e .  I t  should,  
however, be remembered t h a t  m o d i f i c a t i o n s  o f  t h e  t e c h n i q u e s  
d e s c r i b e d  may be employed f o r  o t h e r  t y p e s  o f  exposure,  such 
as p i l i n g s ,  bulkheading,  underground s t o r a g e  t anks  and s i m i l a r  
s t r u c t u r e s .  

While t h e  m a j o r i t y  o f  measurements employed f o r  t h e  
i n d i r e c t  e v a l u a t i o n  o f  p r o t e c t i v e  c o a t i n g s  are electrical ,  
one s p e c i f i c  tes t  i n v o l v e s  a p h y s i c a l  t ype  o f  measurement. 
T h i s  i s  t h e  e v a l u a t i o n  o f  w a t e r - l i n e  f r i c t i o n  c o e f f i c i e n t :  
by t h e  Hazen and Williams formula.  Mathematical ly ,  t h e  f o r -  
mula f o r  water f low i s  expres sed  as 

v = 1.318 C r0.63 so*54 

where: v = v e l o c i t y  i n  feet  p e r c e n t  

r = t h e  h y d r a u l i c  r a d i u s  i n  feet  

s = t h e  hydra.ul ic  s l o p e  i n  feet  p e r  f o o t  

C = t h e  Hazen and W i l l i a m s  c o e f f i c i e n t  

Comparisons ob ta ined  wi th  v a r i o u s  c o a t i n g  systems i n  p i p e l i n e s  
are based on t h e  "C" f a c t o r .  A good "C" f a c t o r  g e n e r a l l y  i n -  
d i c a t e s  an e f f e c t i v e  p r o t e c t i v e  c o a t i n g  i n  a w a t e r  main, f a i l u r e  
o f  t h e  c o a t i n g  w i l l  b e  r e f l e c t e d  i n  d e t e r i o r a t i o n  o f  t h i s  f a c t o r  
w i t h  t i m e .  An i n t e r e s t i n g  r e p o r t  cove r ing  r e s u l t s  of t h i s  type 
o f  work wi th  v a r i o u s  l i n i n g  and c o a t i n g  materials h a s  been com- 
p i l e d  by t h e  New England Water Works A s s o c i a t i o n ( 8 ) .  
f l u i d s  o t h e r  t han  w a t e r  are involved,  v a r i o u s  f r i c t i o n  f a c t o r  
e q u a t i o n s  are a v a i l a b l e  which are u s e f u l  f o r  e v a l u a t i o n  purposes.  

Where 

The underground p i p e l i n e  l e n d s  i tsel f  p a r t i c u l a r l y  w e l l  
t o  i n d i r e c t  measurement o f  e x t e r i o r  p r o t e c t i v e  c o a t i n g  q u a l i t i e s .  
I t  i s  a r e l a t i v e l y  easy  matter t o  l o c a t e  major p r o t e c t i v e  coa t -  
i n g  f a u l t s  on such a system. Th i s  i s  done by t h e  Pearson elec- 
t r o n i c  h o l i d a y  d e t e c t o r  method i l l u s t r a t e d  i n  Fig. 3. An al-  
t e r n a t i n g  c u r r e n t  s i g n a l  is a p p l i e d  between t h e  p i p e l i n e  under 
tes t  and a r e l a t i v e l y  remote e a r t h  e l e c t r o d e  o r  ground bed. 
The a l t e r n a t i n g  c u r r e n t  s i g n a l ,  u s u a l l y  abou t  1,000 c y c l e s  pe r  
second, u ses  t h e  e a r t h  p a t h  i n  f lowing  from t h e  ground bed t o  
t h e  s t r u c t u r e .  If t h e r e  are p r o t e c t i v e  c o a t i n g  f a u l t s  p r e s e n t ,  
t h e  s i g n a l  c u r r e n t  w i l l  c o n c e n t r a t e  a t  t h e s e  l o c a t i o n s .  Th i s  
produces a p p r e c i a b l e  v o l t a g e  g r a d i e n t s  i n  t h e  e a r t h .  These 
v o l t a g e  g r a d i e n t s  a t  t h e  p o i n t  o f  c o a t i n g  h o l i d a y s  are d e t e c t e d  
by a n  e l e c t r o n i c  a m p l i f i e r  connected t o  m e t a l  cleats worn by two 
peop le  making t h e  survey. Gene ra l ly  t h e  spac ing  between t h e  i n -  
d i v i d u a l s  i n  t h e  survey p a r t y  i s  about  50 feet. The t o n e  produced 
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by t h e  v o l t a g e  g r a d i e n t  i n  t h e  e a r t h  around t h e  h o l i d a y  i s  de- 
t e c t e d  and r e a c h e s  a maximum when one of  t h e  o p e r a t o r s  o f  t h e  
d e t e c t i n g  equipment i s  d i r e c t l y  o v e r  t h e  c o a t i n g  f a u l t  whi le  
t h e  o t h e r  o p e r a t o r  i s  50 fee t  away over  a n  area of  sound coat- 
ing .  Using t h i s  method i t  i s  t h e n  p o s s i b l e  t o  l o c a t e  and t h e n  
e x c a v a t e  t h e  p i p e l i n e  t o  de te rmine  t h e  r e a s o n  for  t h e  i n d i c a t e d  
unusual  flol;. o f  c u r r e n t  th rough t h e  p r o t e c t i v e  coa t ing .  Where , 
damage or c o a t i n g  d e t e r i o r a t i o n  i s  n o t  obvious,  i t  may be de- 

Jl 
a l r e a d y  d i s c u s s e d .  
s i r a b l e  t o  per form t h e  "patch" and e l e c t r i c a l  conductance t e s t s  

I t  i s  a l so  p o s s i b l e  on a long p i p e l i n e  t o  measure q u i t e  
a c c u r a t e l y  t h e  a v e r a g e  c o a t i n g  conductance a t  v a r i o u s  p o i n t s  
a l o n g  t h e  l i n e .  I n  t h i s  way i t  i s  p o s s i b l e  t o  e v a l u a t e  s e v e r a l  
d i f f e r e n t  c o a t i n g  sys tems on a s i n g l e  p i p e l i n e  provided  adequate  
t es t  f a c i l i t i e s  are i n s t a l l e d .  The method c o n s i s t s  of estab- 
l i s h i n g  m i l l i v o l t  test s t a t i o n s  on t h e  p i p e  which are used t o  
measure t h e  f l o w  of c u r r e n t .  Fig. 4 shows a t y p i c a l  arrangement 

s t a t i o n s  u s e  t h e  p i p e  as an e l e c t r i c a l  s h u n t  t o  i n d i c a t e  c u r r e n t  
f low.  They are c a l i b r a t e d  b y  i n s e r t i n g  a v o l t m e t e r ,  "E", be- 
tween t h e  t w o  i n n e r  l e a d s  o f  t h e  t e s t  s t a t i o n  and apply ing  a 
known d i r e c t  c u r r e n t ,  "A", t o  t h e  o u t e r  l e a d s .  A f a c t o r  for  
t h e  t e s t  s t a t i o n  i s  t h e n  o b t a i n e d  by  d i v i d i n g  t h e  number of 
amperes used by t h e  number o f  m i l l i v o l t s  d e f l e c t i o n .  The f a c t o r  
i s  expressed  i n  amperes per m i l l i v o l t .  

il 
of m i l l i v o l t  t e s t  s t a t i o n s  used  f o r  t h i s  purpose.  These tes t  F 

J 

By i n s t a l l i n g  such tes t  s t a t i o n s  a t  v a r i o u s  p o i n t s  a long 
t h e  p i p e l i n e  or between s e c t i o n s  u s i n g  d i f f e r e n t  c o a t i n g  systems,  
i t  i s  p o s s i b l e  t o  a c c u r a t e l y  measure d i f f e r e n c e s  i n  c u r r e n t  a t  
s u c c e s s i v e  l o c a t i o n s  a l o n g  t h e  l i n e .  Thus, i f  a d i r e c t  c u r r e n t  
"I" i s  a p p l i e d  between t h e  p i p e l i n e  and a r e l a t i v e l y  remote 
ground b e d ,  t h e  r e l a t i v e  amounts o f  c u r r e n t  p icked  up  along 
t h e  s t r u c t u r e  i n  d i f f e r e n t  areas can  be determined. With known 
q u a n t i t i e s  of  c u r r e n t  p icked  up w i t h i n  s e c t i o n s ,  i t  i s  neces- 
s a r y  only  t o  d e t e r m i n e  t h e  a v e r a g e  e lectr ical  d r i v i n g  force or 
v o l t a g e  r e s p o n s i b l e  for f o r c i n g  t h e , c u r r e n t  from t h e  e a r t h  
through t h e  c o a t i n g  t o  t h e  pipe. This  i s  done by measuring 
t h e  v o l t a g e  change "AV" produced between t h e  p ipe  and an e a r t h  
r e f e r e n c e  produced by  c u r r e n t  "Iff .  C a l c u l a t i o n  o f  t h e  average  
conductance for t h e  s e c t i o n  i s  o b t a i n e d  as i n d i c a t e d  i n  Fig. 4. 
The r e s u l t s  are e x p r e s s e d  i n  mhos p e r  s q u a r e  f o o t  o f  c o a t i n g .  
D e t a i l s  of t h i s  t y p e  of t e s t  are g iven  i n  Nat iona l  A s s o c i a t i o n  
of Corros ion  E n g i n e e r s  Technica l  Committee Report T-3D(9). 

I 

f 

An example of t h e  v a l u e  of c o a t i n g  conductance as a 
t o o l  i n  e v a l u a t i n g  p r o t e c t i v e  c o a t i n g s  i s  g iven  by  t h e  g r a p h  
Fig. 5. T h i s  f i g u r e  shows change i n  e lec t r ica l  conductance 
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with time on a section of coated pipeline in service and in 
this case represents an unusually rapid deterioration for 
one type of protective coating. 

The graph in Fig. 6 shows the same kind of data 
plotted on semi-logarithmic paper; in this case the coating 
conductance in a rubble filled area is compared with that 
in other areas on the same pipeline. The data indicates 
that even after repair of coating faults in the rubble area, 
coating conductivity continues to rise at a higher rate than 
that in areas of normal fill. Long term data of this type 
is of great value to the corrosion engineer in selecting pro- 
tective coatings for various applications in underground work. 

As noted earlier, similar methods can be employed on 
structures other than long pipelines provided means are avail- 
able for measuring the actual flow of current in and out of a 
given part of the structure in contact with the earth or 
aqueous environment. 

Since the primary purpose of protective coatings is 
to control corrosion, one method of evaluation is to deter- 
mine the rate of corrosion on a given structure coated ac- 
cording to a set of specifications. Polarization measurements 
are one approach to determining such rates of corrosion on 
buried structures. Methods are described in work done by the 
National Bureau of Standards(5) (lo) and by Dr. Milton Stern(ll). 
The value of corrosion rate data in evaluating protective coat- 
ing conditions rests in establishing a corrosion rate time 
relationship. Tests must be performed in an identical fashion 
at suitable intervals so that comparison is possible. 

A modification of corrosion rate data for evaluation 
of coating condition would be the use of minimum current re- 
quired for cathodic protection on a given system. Cathodic 
protection requires that a structure be polarized to a pre- 
determined level. The amount of current required to maintain 
this polarization over a period of time can be used as an in- 
dex to the continued effectiveness of the coating. Increasing 
current requirements to maintain polarization is indicative of 
deterioration of the coating. 

The electrical methods reviewed will indicate some- 
thing about the effectiveness of the protective coating system; 
it will not, however, reveal what causes changes in character- 
istics. To obtain complete data requires some form of direct 
examination. Unfortunately, most of the tests described for 
indirect measurement are not of the type that can be readily 
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formulated i n t o  s t a n d a r d  procedures .  There are e n t i r e l y  t o o  
many v a r i a b l e s  associated w i t h  t h e  t y p e s  of s t r u c t u r e s  i n -  
volved and local  c o n d i t i o n s  which may s i g n i f i c a n t l y  a f fec t  
t h e  accuracy  of  t h e  tes ts ;  a g r e a t  d e a l  of r e l i a n c e  must be 
p l a c e d  on t h e  e x p e r i e n c e  of t h e  e n g i n e e r  i n  c a r r y i n g  o u t  t h e  
tes ts  and i n  h i s  a b i l i t y  t o  i n t e r p r e t  t h e  r e s u l t s .  

,! Perhaps i n  t i m e ,  improvements on t e c h n i q u e s  and o t h e r  
methods of t e s t i n g  ail1 be  developed so t h a t  specif ic  problems 
of i n d i r e c t  i n - s e r v i c e  t e s t i n g  of c o a t i n g s  w i l l  be p o s s i b l e  
v:ith r e s u l t s  t h a t  c a n  be compared t o  t h e  d i r e c t  access methods. 

I 

I 
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B I T U M E N  ATTACK BY MICROORGANISMS 

OR. R I C H A R D  N. TRAXLEK 
A S S O C I A T E  PROFESSOR 

DEPARTMENT OF MICROBIOLOGY 
U N I V E R S I T Y  OF SOUTHWESTERN L O U I S I A N A  

LAFAYETTE,  LOU I S  I A N A  

I T  IS GENERALLY RECOGNIZED TODAY THAT A V A R I E T Y  O F  B I T U M I N O U S  

M A T E R I A L S  ARE S U B J E C T  TO ATTACK BY MICROORGANISMS (1,2,3). 

EARLY REPORTS FROM OUR LABORATORY CONFIRM THE FACT THAT ASPHALTS 

ARE DEGRADED BY A V A R I E T Y  O F  B A C T E R I A  (4,s). THE PURPOSE OF 

T H I S  PAPER IS TO SUMMARIZE THE EXTENT OF OUR RESEARCH I N T O  THE 

ATTACK OF B I T U M I N O U S  M A T E R I A L S  BY MICKOORGANISMS. MOST O F  OUR 

S T U D I E S  DEAL W I T H  B I T U R I N O U S  M A T E R I A L S  OF PETROLEUM O R I G I N  AND 

WILL EMPHASIZE:  (A) THE NATURE OF THE ORGANISMS A T T A C K I N G  

BITUMEr4S ( B )  THE NATURE OF Tt iE  M I C R O B I A L  A C T I O N  ON B I T U M E N  AND 

( C )  THE A S P H A L T I C  C O N S T I T U E N T S  U T I L I Z E D  BY B A C T E R I A .  

ASPHALT U T I L I Z I N G  ORGANISMS 

A T Y P I C A L  P A V I N G  A S P H A L T  (135 PENETRATION)  DESIGNATED AS I ' l A "  

WAS USED FOR ENRICHMENT CULTURE I S O L A T I O N  OF B A C T E R I A  CAPABLE 

OF U T I L I Z I N G  B I T U M E N .  THE ORGANISMS O B T A I N E D  WERE SHOWN TO BE 

MEMBERS OF THE GENERA Pseudomonas, Achromobacter,  Micrococcus,  
r l a v o b a c t e r i u m ,  B a c i l l u s ,  Corynebac ter ium AND Alcaligenes. 
LATER I T  WAS SHOWN THAT CERTAI IJ  ORGANISMS I N  THE GENERA 

P!ycobacterium AND i l oca rd ia  GREW WELL ON ASPHALT SUBSTRATES. 

THESE RESULTS DEMONSTRATE THE D I V E R S I T Y  OF MICROORGANISMS CAPABLE 

OF U T I L I Z I N G  A B I T U M E N  OF T H I S  i\IATURE. 

A S O I L  B U R I A L  T E S T  WAS D E V I S E D  U S I N G  A V A R I E T Y  OF BITUMENS 

COATED ON B I R C H  TONGUE BLADES AND EXPOSED I N  S O I L  UNDER NATURAL 

CONDITIONS.  ONE S E T  OF BLADES WAS B U R I E D  I N  A S O I L  W I T H  A 

H I G H  MOISTURE CONTENT ( 1 6 % )  AND A D U P L I C A T E  SET I N  A S I M I L A R  

S O I L  BUT UNDER LOW M O I S T U R E  ( 6 . 4 % )  C O N D I T I O N S .  A C T I O N  WAS 

SCORED B Y  DETERMINING T ~ E  JEIGHT LOSS OF THE BITUM~N COAT FROM 
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THE TONGUE BLADES A T  V A R Y I N G  T I M E  INTERVALS.  THE RESULT O F  

ONE S E R I E S  OF EXPERIMENTS IS SHOWN I N  F IG .  1. 

r" 700 

; 

I 
I 
c 
(3 500 - 

300 - 
v) 
v) 

a 100 
0 

4 12 20 20 

DRY SOIL 

T I M E  I N  WEEKS 

- F I G .  l : - - E F F E C T  OF S O I L  B U R I A L  ON WEIGHT LOSS OF B I T U M E N  
COATED TONGUE BLADES. 

B ITUMEN "A" IS MOST S U S C E P T I B L E  TO WEIGHT LOSS I N  M O I S T  SOIL ,  

FOLLOWED I N  ORDER BY BITUMENS "C," "F," AND "E," B I T U M E N  "FT" 

WAS REPORTED TO BE TREATED W I T H  A B A C T E R I C I D A L  M A T E R I A L  AND 

DOES NOT SHOW A WEIGHT LOSS EVEN AFTER 2 8  WEEKS OF EXPOSURE I N  
M O I S T  S O I L .  I N  DRY SOIL APPARENTLY A L L  OF THE BITUMENS EXCEPT 

trArl ARE R E S I S T A N T  TO WEIGHT LOSS. I T  WOULD APPEAR THAT MOISTURE 

L E V E L  I S  I N D E E D  C R I T I C A L  (6) AS P O I N T E D  OUT BY H A R R I S .  ALSO, 

I T  IS OBVIOUS THAT THE BITUIJlENS D I F F E R  I N  T H E I R  S U S C E P T I B I L I T Y  

TO S O I L  EFFECTS. 
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THE D I F F E R E N C E  I N  S U S C E P T I B I L I T Y  OF B I T U M E N  TO B A C T E R I A L  

A C T I O N  IS FURTHER SUPPORTED BY LABORATORY EXPERIMENTS (5). 
I T  WAS DEMONSTRATED THAT Bacillus 1 1 - 2 A  I S O L A T E D  BY ENRICH-  

MENT CULTURE WOULD R E A D I L Y  ATTACK ASPHALT 6A, AND U T I L I Z E  

BITUMENS "A" AND "E" TO A LESSER EXTENT, BUT WAS UNABLE TO 

U T I  L I Z E  ASPHALT "G." A L L  OF THESE M A T E R I A L S  WERE DEMON- 

STRATED TO SERVE AS A GROWTH SUaSTRATE FOR A rlavobacterium. 
T H I S  IS FURTrlER E V I D E N C E  FOR THE S P E C I F I C I T Y  OF A C T I O N  OF A '  

BACTERIUM ON D I F F E R E N T  BITUMENS.  SOME OF THE C H A R A C T E R I S T I C S  

OF THESE M A T E R I A L S  ARE PKESENTED I N  T A B L E  I ,  FROM WHICH I T  

IS SEEIJ THAT THESE M A T E R I A L S  VARY I N  T H E I R  P H Y S I C A L  NATURE. 

I T  IS L O G I C A L  TO CONCLUDE THAT THE M I C R O B I A L  ATTACK ON 

BITUMENS IS S P E C I F I C .  THE S P E C I F I C I T Y  I S  D E T E R M I N E D  NOT 

QNLY BY THE NATURE O F  THE BACTERIUM BUT ALSO BY THE C H E M I C A L  

COMPOSITION OF THE B I T U M E N .  

TABLE I 

PROPERTIES OF B I T U M E N S  USED I N  S O I L  B U R I A L  TESTS 

4ND 'GROWTH STUD1 ES. 

B ITUMEN 

6 A  

A 

E 

G 

C 

F 

FT 

SOFTEN1 NG 
P O I N T  

OF 

111 

1 9 5  

1 6 7  

1 6  1 

2 1 4  

1 7 0  

1 7 3  

/ 

SPEC1 F I C  
G R A V I T Y  

7 7 O F  

0 . 9 8 5  

1 . 0 1 5  

1 . 1 7 5  

1 . 2 6 9  

1 . 0 6  

1.195 
1 , 2 2 6  

PENETRATION 
7 7 O F / l O O F / S  SEC 

MM/ 10 

1 3 3  

48 

0 

0 '  

3 
0 

0 

I 
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NATURE OF A C T I O N  

THE RATE OF B I T U M E N  D E T E R I O R A T I O N  UNDER NATURAL C O N D I T I O N S  

CAN VARY TO A LARGE EXTENT DEPENDING UPON THE I 4 A T E R I A L  AND 

THE C O N D I T I O N S  OF EXPOSURE. I T  IS NOT THE PURPOSE OF T H I S  

PAPER TO DWELL UPON THE C O N D I T I O N S  OF EXPOSURE, THE WEIGHT 

LOSS EXPERIMENTS SHOWN I N  F I G .  1 M I G H T  BE CONSIDERED AN I N D E X  

OF S U S C E P T I B I L I T Y  TO THE M I C R O B I A L  POPULATIONS I N  THE S O I L .  

I T  IS DOUBTFUL I F  THE WEIGHT LOSS I I J  THESE EXPERIMENTS IS DUE 

E N T I R E L Y  TO M I C R O B I A L  ACTION,  NATURAL WEATHERING EFFECTS 

PLUS S O I L  ABSORPTION COULD ALSO BE I t JVOLVED I N  T H I S  WEIGHT 

LOSS. HOWEVER, I T  IS L I K E L Y  THAT M I C k O B I A L  A C T I O N  ACCOUNTS 

FOR THE MAJOR P O R T I O N  OF THE LOSS. E A R L I E R  REPORTS <4,5) 
C I T E  DEGRADATIVE A C T I V I T Y  OF A NUMBEk OF PURE CULTURES ON A 

S I N G L E  ASPHALT UNDER LABORATORY CONDITIONS.  I N  THESE E X P E R I -  

MENTS THE RATE OF BREAKDOWN 4 A 5  RAPID, 3 %  TO 2 5 %  DEGRADATION 

OCCURRING W I T H I r J  ONE WEEK OF EXPOSURE UNDER OPTIi1UM C O N D I T I O N S  

OF TEMPERATURE, pH AND AERATION.  THERE I S  A VAST D I F F E R E N C E  

BETWEEt4 THE LABORATORY C O N D I T I O N S  AND THE S O I L  B U R I A L  TEST, 

I N  THAT EXTREMELY T H I N  F I L M S  OF ASPHALT WERE USED I N  THESE 

LABORATORY EXPERIMENTS AND R E L A T I V E L Y  T H I C K  F I L M S  I N  THE S O I L  

B U R I A L  EXPERIMENTS. I T  IS APPARENT FROM EARLY EXPERIMENTS 

THAT THE B A C T E R I A L  ATTACK IS ONLY A T  THE SURFACE OF THE BITUMEN. 

d I T H  THE T H I N  F I L M  MOST OF THE BITUMEN IS EXPOSED AS A SURFACE 

AND THEREFORE A V A I L A B L E  TO THE ORGAtdISM. I N  THE S O I L  B U R I A L  

TESTS AND I N - U S E  THE B I T U M E N  IS A P P L I E D  AS A R E L A T I V E L Y  T H I C K  

F I L M ;  THEREFORE, ONLY A SMALL OVER-ALL PORTION OF THE BITUMEPJ 

IS EXPOSED TO M I C R O B I A L  ACTION.  

THE T H I N  F I L M  PROVIDES V I S U A L  E V I D E N C E  FOR THE M I C R O F I A L  ACTION. 

F I G .  2 SHOWS A FLASK ON THE L E F T  CONTAIF.rIt.1G A FILI4 OF ASPHALT 

1 A  INOCULATED W I T H  Mycobacterium ranae  AND ON THE R I G H T  AN 

I D E N T I C A L  FLASK WITHOUT THE TEST ORGANISI4. AFTER I N C U B A T I O N  
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A' F I G  2 * - - E F F E C T  OF Mycobacterium ranae 0 N . A S P H A L T  
1 A  F I L M ,  TEST t L A S K  ON LEFT.  CONTROL FLASK 
ON RIGHT, INCUBATION 3 o o c  F ~ R  1 MONTH, 

AT 3OoC FOR 1 MONTH THE F I L M  I N  THE TEST FLASK HAS BROf. N AND k 
SETTLED TO THE BOTTOM, WHEREAS- THE CONTROL FILM I S  UNCHANGED. 

EVEN MORE S I G N I F I C A N T  IS THE APPEARANCE OF ASPHALT SAMPLES 

FROM EACH FLASK (FIG. 3). THE T E S T  ASPHALT IS DULL, ROUGH, 

CRUMBLY AND HAS LOST I T S  USUAL RHEOLOGICAL CHARACTERISTICS,  

WHEREAS THE SAMPLE FROM THE CONTROL FLASK IS NOT CHANGED I N  

I T S  CHARACTER1 S T I  CS, 

HARRIS E T  AL. ( 7 )  PERFORMED A SERIES OF EXPERIMENTS TO DETER- 

M I N E  THE EFFECT OF VARIOUS B A C T E R I A  ON P A V I N G  ASPHALTS. THEY 

USED SOFTENING POINT,  D U C T I B I L I T Y  AND P E N E T R A T I O N  MEASURE- 

MENTS TO DETERMINE THE A C T I O N  OF THE ORGANISMS AND CONCLUDED 

THAT E I T H E R  A SOFTENING OR HARDENING O F  THE ASPHALTS OCCURRED, 

DEPENDING ON THE NATURE OF THE B A C T E R I A  PRESENT. I N  ORDER TO 
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, .. 

- F I G .  3:--ASPHALT SAMPLES COLLECTED FROM 
CULTURE FLASKS. TEST F L A S K  ON LEFT, 
CONTROL F L A S K  ON RIGHT,  

ACCURATELY ASSESS THE E F F E C T  OF THE ORGANISMS WE MUST TTEMPT 

TO EXPOSE THE MAJOR P O R T I O N  OF THE ASPHALT TO M I C R O B I A L  ACTION. 

AN EMULSION SYSTEM WAS 'USED AND THE ASPHALTS EXPOSED TO 

Mvcobacteriurn ranae AND Nocardia coe l iaca  A T  3OoC FOR 4 MONTHS. 

THE ASPHALTS WERE RECOVERED AND E X A M I N E D  FOR CHANGES I N  V I S -  

COSITY.  S T E R I L E  CONTROLS WERE TREATED I N  THE SAME MANNER AS 

THE TEST FLASKS AND USED TO DETERMINE R E L A T I V E  V I S C O S I T Y  OF 

ASPHALT DEGRADED BY THE MICROORGANISMS, T A B L E  I 1  SHOWS THAT ' 

THE NET EFFECT OF THESE TWO ORGANISMS NAS TO INCREASE THE 

V I S C O S I T Y  OF THE THREE ASPHALTS TESTED. I T  I S  S I G N I F I C A N T  

THAT THE THREE ASPHALTS I N V E S T I G A T E D  VARY CONSIDERABLY I N  T H E I R  

S U S C E P T I B I L I T Y  TO M I C R O B I A L  A C T I O N  (AS E V I D E N C E D  BY THE V I S -  

COSITY DATA). I T  I S  L O G I C A L  TO ASSUME THAT T H I S  E F F E C T  I S  
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T A B L E  11 

R E L A T I V E  V I S C O S I T Y  OF ASPHALTS AFTER M I C R O B I A L  

ACT I ON. 
~ ~~ ~ ~~ 

RE L A  T I  V E  V I  SCOS I TY;: 

1.1. ranae N. coeliaca -- - ASPHALT 

1 A  2.0 1.4 

3 A  3.3 3.8 
6 A  - 6.8 

V I S C O S I T Y  DEGRADED ASPHALT 
VISCoSITY = V I S C O S I T Y  CONTROL ASPHALT 

CONTROL ASPHALTS NOT EXPOSED TO M I C R O B I A L  ACTION.  

V I S C O S I T Y  CALCULATED A T  5 X 1 0 - 2  SEC-1 RATE OF 

SHEAR WERE APPROXIMATELY 500,000 P O I S E S  A T  25OC. 

T I E D  I N  WITH THE A C T I O N  OF THE ORGANISMS ON SOME ASPHALT COM- 

(I 

i 

I 

PONENT THAT I S  S U S C E P T I B L E  TO M I C R O B I A L  A C T I O N  AND I S  ALSO 

RELATED TO THE RHEOLOGICAL C H A R A C T E R I S T I C S  OF THESE ASPHALTS. 

THE R E L A T I O N  BETWEEN ASPHALT C O M P O S I T I O N  AND HARDENING IS NOT 

WELL D E F I N E D  BUT SOME I N F O R M A T I O N  I S  NOW A V A I L A B L E  (8). CON- 

S I D E R A B L E  E V I D E N C E  HAS ACCUNULATED OVER THE YEARS WHICH SHOWS 

THAT ASPHALTS HARDEN W I T H  A G I N G  AND WHEN SUBJECTED TO HEAT, 

OXYGEN, OK A C T I N I C  L I G H T .  T H I S  HARDENING REDUCES THE ADHESIVE-  

PJESS AI\(D THEREFORE THE I N - S E R V I C E  D U R A B I L I T Y  OF THE M A T E K I A L .  

THESE HARDENING EFFECTS CAN TO A LARGE EXTENT BE DUE TO O X I -  

DAT I OF4 OF C E R T A I N  ASPHALT COMPONENTS. THE E F F E C T  OF M I C R O B I A L  

ACTIO14 Ot.1 THE ASPHALT WOULD BE EXPECTED TO I N V O L V E  P R I M A R I L Y  

O X I D A T I O t 4  OF THOSE ASPHALT COMPONENTS U T I L I Z E D  FOR GROWTH BY 

Tr lE t4ICKOORGANISbl. 
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GKOWTH OF TEST ORGANISMS 3 N  ASPHALT AND ASPHALT FRACTIO l rS .  

ASSAY 
M A T E R I A L  Ps. 1 9 6 A a  5. ranae g. c o e l i a c a  - 
ASPHALT 1A - + + 
ASPHALTENES 1 A  - + + 
ACETONE ELUATE 1 A  - + + 
BASE M A T E R I A L  1A + + 

ASPHALT 3A - + + 
ASPHALTENES 3 A  - + + 
ACETONE ELUATE 3A + - 
BASE M A T E h I A L  3A + + 

- 

ASPHALT 6A - + + 
ACETONE ELUATE 6 k  - + - 
BASE M A T E R I A L  6 A  + + 

::NOT TESTED 

TABLE 111 SUMMARIZES SOME PRELI :1I I IAhY DATA FKOFl S T U D I E S  I N  OUR 

LABORATORY Oi.( THOSE FRACTIONS FROM Tr iRSE'  ASPr lALTS U T I L I  ZED FOR 

GROWTH BY SELECTED FI ICROOKGANIS~~S.  Pseudomonas 196Aa U T I L I Z E S  

ONLY THE EASE M A T E R I A L  FRO:t THE THREE ASPdALTS AND WILL NOT 

GROW ON THE UNFRACTIGIJATED ASPHALT.  Pycobac te r iun  ranae, 
WHICH WAS SHOWN TO D R A S T I C A L L Y  I,IOUIFY THE ASPHALT ( V I S C O S I T Y  

STUDIES), IS ABLE TO U T I L I Z E  A L L  FRACTIONS N H I C H  HAVE BEEF4 

STUDIED. Nocardia c o e l i a c a ,  WHICr l  ALSO HAS A D R A S T I C  EFFECT 

ON V ISCOSITY,  WILL U T I L I Z E  A L L  FRACTIONS TESTED EXCEPT Tr iE 

ACETOIIE ELUATE. THE BASE M A T E R I A L  r lA5  A CONSIDERABLE A L I -  

P H A T I C  HYDROCARBON C O I ~ T E I ~ T ,  A S  d I L L  BE P O I N T E D  OUT LATER. 

: iocardia  c o e l i a c a  I S  KNOJI'I TO GKd.4 ON M d l Y  OF Tt iE n -ALKANES;  

TrlEREFOKE I T  WILL L I K E L Y  U T I L I Z E  THE BASE M A T E R I A L .  



- 2 7 6 -  

I I N  ORDER TO S I M P L I F Y  THE APPROACH TO T H I S  PROBLEM THE ASPHALTS 

WERE F R A C T I O N A T E D  I N T O  NARROW FRACTIONS OF SOMEWHAT S I M I L A R  

COMPOUNDS, THE ASPHALTENES (PENTANE I N S O L U B L E )  WERE SEPARATED 

FROM THE PETROLENES (PENTANE SOLUBLE) BY TREATMENT W I T H  

N-PENTANE. THE PENTANE SOLUBLE PETROLENES WERE EXTRACTED W I T H  1 
$1 

S U L F U R I C  A C I D  FOLLOWED BY CHROMATOGRAPHIC F R A C T I O N A T I O N  ON A 

F L O R I S I L  COLUMN. THE n-PENTANE E L U A T E  FROM THE F L O R I S I L  

COLUMN (BASE M A T E R I A L )  WAS FURTHER F R A C T I O N A T E D  BY THERMAL ,/ 
D I F F U S I O N  TO P R O V I D E  NARROW F R A C T I O N A T I O N  O F  THE LOWER MOLEC- 

ULAR WEIGHT AND L E S S  POLAR PORTIONS OF THE ASPHALTS. ACETONE 

dAS USED TO FURTHER S T R I P  T d E  F L O R I S I L  COLUMN AND REPRESENTS 

THE ACETONE E L U A T E  ( T A B L E  1 1 1 ) .  

f 

,I 
TdE BASE M A T E R I A L  AND 10 THERMAL D I F F U S I O N  F R A C T I O N S  HAVE 

R E C E I V E D  THE MOST E X T E N S I V E  STUDY TO DATE. I N F R A R E D  SPECTRO- 

PHOTOMETRIC A N A L Y S I S  AND : 4 I C R O B I A L  

PERFORMED O N  Tr lESE FRACTIONS.  

F I G S ,  4. 5 AND 6 SHOW THE INFRARED 

AND 10 THERMAL D I F F U S I O N  FRACTIONS 

ASPHALTS S T U D I E D  ( lA ,  3 A  AND 6A). 

THAT F R A C T I O N  1 IS FROM THE BOTTOM 

GROWTH S T U D I E S  HAVE BEEN 

2J 

SPECTRA OF THE BASE M A T E R I A L  

FROM EACH OF THE THREE I 

I T  SHOULD B E  P O I N T E D  OUT 

OF THE COLUMN AND F R A C T I O N  I 
! 

1 0  FROM THE TOP. A L L  BAND P O S I T I O N S  ARE REPORTED I N  RECIPROCAL 

CENTIMETERS (CM'l) AP4D EXPRESSED AS PEAK H E I G H T S  R E L A T I V E  TO 

THOSE I N T E N S I T I E S  OF F R A C T I O N  1. THE FRACTIONS FROM ASPHALT 1 A  

HAVE CONSIDERABLY MORE A L I P H A T I C  CHARACTER THAN THOSE FROM THE 

OTHER TWO ASPHALTS.  THERE IS CONSIDERABLE A R O M A T I C I T Y  PRESENT 

It4 THE I A  AND 3 A  A S P H A L T  FRACTIONS.  I T  IS APPARENT EXCEPT FOR 

F R A C T I O N  1 0  OF ASPHALT l A ,  3 A  AND 6 A  WHICH ARE PREDOMINATELY 

ALII'HATIC A L L  THESE FRACTIONS ARE A M I X T U R E  OF A L I P H A T I C  AND 

AROMATI C COMPOUNDS. L 
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I iJFRARED SPECT2A OF 
i3ASE t4ATERIAL  AND 
THERMAL D I F F U S I O N  
FRACTIONS FROM 
ASPHALT 3A. 
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F I G .  4:-- 
I IdFKARED SPECTKA 
OF BASE I 4 A T E K I A L  
AND THERMAL 
DI FFUS 1 ON F K A C T I  01\15 
FROi4 ASPHALT 1A. 

1.3,s S U B S T I T U T E D  B E N Z E N E S  

1,2.3,4 S U B S T I T U T E D  B E N Z E N E S  

A R O M A T I C  C=c STRETCH 1 

I 
1 M 1  2 3 4 5 6 ' 7  8 9 1 0  

F R A C T I O N S  
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718 

1,3 ,5  S U B S T I T U T E D  B E N Z E N E S  -1 1 

FOUR OR M O R E  M E T H Y L E N E  G R O U P S  

c 
I 

U 
s 

1725 1.1,3,4 S U B S T I T U T E D  B E N Z E N E S  F = 4 =  
A R O M A T I C  C z C  S T R E T C H  1600 

F I G .  6 : - - I N F R A R E D  SPECTRA OF BASE M A T E R I A L  AND THERMAL 
D I F F U S I O N  FRACTIONS FROM ASPHALT 6A .  

EACH FKACTION WAS ASSAYED FOR GROWTH SUPPORTING A C T I V I T Y  WITH 

M y c o b a c t e r i u m  ranae AND P s e u d o m o n a s  1 9 6 A a .  TABLE I V  SHOWS 

THE MAXIMUM T U R B I D I T Y  DEVELOPING ON EACH FRACTION I N  THE 

P s e u d o m o n a s  1 9 6 A a  ASSAYS.  P s e u d o m o n a s  WILL GROW ONLY ON THE 

TOP FRACTIONS WHICH ARE DEMONSTRATED TO BE A L I P H A T I C  I N  NATURE. 

THE INFRARED DATA, HOWEVER, DEMONSTRATES THE PRESENCE OF 

A L I P H A T I C  M A T E R I A L S  I N  A L L  THERMAL D I F F U S I O N  FRACTIONS. 

THE HYDROCARBON S P E C I F I C I T Y  DATA (TABLE V) DEMONSTRATES THAT 

P s e u d o m o n a s  1 9 6 A a  I S  L I M I T E D  TO THE U T I L I Z A T I O N  OF n-ALKANES 

(C-6  TO C-22 ) )  ALKENES (C-8, C-10, C - 1 2  AND C-14) AS WELL AS 

C E R T A I N  OF THE F A T T Y  A C I D S ,  T H I S  ORGANISM WAS INCAPABLE OF 
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TABLE I V  

GR0I;ITi-i OF Pseudomonas 196Aa Ot l  THERMAL D I F F U S I O N  FRACTIONS.  

F R A C T I O N  
SOURCE B M " 1 2 3 4 5 6 7 8  9 1 0  

MAX 1 FiUM TURB I O  I TY 

ASPHALT 1 A  6 4  0 0 0 0 0 0 0 0 2 5  1 1 6  

ASPHALT 3 A  3 5  0 0 0 0 0 0 0 0 5 8  1 7 5  

ASPHALT 6 A  3 2  0 0 0 0 0 0 0 0 0 1 2 2  

RESULTS I N  K L E T T  U N I T S  AFTER 7 2  HKS. I N C U B A T I O N  AT 32OC. 

::BASE M A T E R I A L  

TABLE V 

SUBSTRATE S P E C I F I C I T Y  OF Pseudomonas 1 9 6 A a .  

n-ALKANES 

LEXANE 
LEPTANE 
OCTANE 
NONANE 
DECANE 
DODE CAI4 E 
T R I  DECANE 
TE TRADECANE 
HEXADECANE 
OCTADECANE 
E I COSANE 
DO COS At.( E 

ALKENES 

1-HEPTENE 
1-OCTENE 
1-DECENE 
1-DODECENE 
1 -TETRADECENE 
1-HEXADECENE 

1 7 5  
1 9 5  
2 0 0  
2 2 9  
2 0 0  
2 2 0  
2 3 0  
2 6 0  
2 6 0  
2 0 0  
2 5 0  
2 2 0  

0 
2 1 0  
1 7 8  
1 2 0  
3 0 0  

0 

FATTY A C I D S  

L E  XANO I C 
L E P T A N O I C  
OC TAN0 I C 
NONANO I C 
DECANOIC 
DODECANOIC 

TETRADECANOIC 
HEXADECANOIC 
OCTADECANOIC 

BEHEN I C 

- 

- 
AROMAT I C 

BENZENE 
ETHYLaENZENE 
PROPY LBENZENE 
TRIMETHYLBENZENE 
PENTAMETHYLBENZENE 
HEXAMETHYLBENZENE 
XYLENES (O,M,P) 
TOLUENE 

7 5  
1 0 5  
1 1 5  
1 0 0  

9 5  
1 8 3  

1 8 0  
190 
2 6 0  

0 
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GROWTH ON ANY OF THE AROMATIC fiYDROCARBONS TESTED. THE DE- 

CREASED GROWTH RESPONSE OF P s e u d o n o n a s  1Y6Aa ON THE BASE MATE- 

R I A L S  FROM THE Tr lKEE ASPHALTS AND FKACTIUiv  9 FROM ASPHALTS 1 A  

AND 3A, AS WELL AS THE COMPLETE ABSENCE OF GROWTH ON FRACTIOI I  9 

O F  ASPHALT 6A, IS D I F F I C U L T  TO UIJDEKSTUND I F  THE ORGANISM IS 
CAPABLE OF U T I L I Z I N G  THE ALKANE SHOWN BY INFRARED ANALYSES TO 

BE PRESENT I N  THESE M A T E K I A L S  ( F I G S ,  4, 5 AND 6). I T  IS AP- 

PARENT THAT THE R A T I O  U F  AROMATIC i 4 A T E K I A L  T U  A L I P H A T I C  MATE- 

R I A L  IS GREATER I N  THOSE FKACTIOIJS NOT SUPPORTING THE GROWTH 

O F  P s e u d o m o n a s  196Aa TrlAN THE F E d  FKACTIOEIS l4HICi-i DO SUPPOKT 

GROWTH OF T H I S  ORGANISM. I T  WOULD APPEAR, TrlEkEFORE, THAT 

P s e u d o m o n a s  196Aa CAN U T I L I Z E  THE n-ALKANES (OR ALKANE DERIV-  

A T I V E S )  PRESENT I N  THE ASPHALT FRACTIONS, BUT THE ORGANISM IS 
I N H I B I T E D  I N  THE PRESEPiCE O F  S U 6 S T I T U T E O  BEEIZENE COMPOUNDS. 

THE RESULTS O F  THE EXPERIMEFIT SHOWh I N  TABLE V I  CONFIRM THE 

I h H I B I T I O N  OF n - A L K A N E  O X I D A T I O N  O Y  P s e u d o m o n a s  196Aa I N  THE 

PRESENCE OF AROMATIC dYDROCARBONS. Tr lE GREATER TrlE ARONATICITY 

O F  THE COMPOUND, THE GREATER THE I N H I B I T I O N  OF n-OCTANE U T I L I -  

Z A T I O N ,  BENZENE WAS SHOWII TO YE THE NOST I N H I B I T O R Y  COMPOUND 

FOLLOWED BY TOLUENE, PROPYLBEP4ZENE A h 0  F I N A L L Y  TRIMETHYLBENZENE, 

WHICH IS NOT I N H I B I T O R Y .  TRIPlETHYLBEtJZElIE APPARENTLY IS U T I L I Z E G  

I N  THE PRESENCE U F  n-OCTAtJt, BUT NOT ALONE. Ti-IIS EFFECT HAS 

NOT BEEN FULLY I t J V E S T I G A T E D  AT T H I S  TI r4E BUT MAY REPRESENT A 

CO-OXIDATION E F F E C T  < 3 ) .  

THE GROWTH RESPOEISE PATTERN OF I lycoDacter iun ranae ON THE 

THERMAL D I F F U S I O N  FRACTIONS ( T A B L E  V I  I )  IS COMPLETELY D I F F E k E N T  

FROM THE P s e u d o m o n a s  PATTERN. T H I S  ORGANISM IS CAPABLE OF 

GROWTH ON A L L  OF Tr lE ASPt lALT  6A FkACTIOIJS, AND MOST OF THE 3A 

AND 1 A  F K A C T I  ONS. I T !IOULO APPEAR THAT i f y c o b a c t e r i u m  ranae 

IS I IOT AS S E L E C T I V E  AS P s e u d o m o n a s  136Aa It4 THE t t A T E R I A L S  THAT 

I T  CAN U T I L I Z E .  
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T A B L E  V I  

EFFECT OF AROMATIC HYDROCARBONS ON n-OCTANE U T I L I -  

Z A T I O N  BY Pseudomonas 196Aa.  

AKOMAT I C 

HYDROCARBON 

T U R B I D I T Y  I N  K L E T T  U N I T S  

1 8  HRS. 2 0  HRS. 

CONTROL 

0.2% BENZENE 

1.0% BENZENE 

0.2% TOLUENE 

0.2% PROPYLBENZENE 

1.0% PROPYLBENZENE 

2.0% PROPYLBENZENE 

1.0% TOLUENE 

0.2% TRIMETHYLBENZENE 

1 .O% TRIMETHYLBENZENE 

2.0% TRIMETHY LBENZENE 

5 5  

40 

0 

1 1 5  

110 

5 

0 

0 

1 8 0  

1 1 5  

9 0  

1 1 5  

6 0  

0 

1 6 0  

1 7 0  

1 5  

0 

0 

2 0 0  

1 4 0  

1 1 5  

2 %  n-OCTANE I N  A L L  FLASKS 

T A B L E  V I 1  

GRONTH OF llycobacterium r a n a e  ON THERMAL D I F F U S I O N  FRACTIONS. 

MAXIMUM T U R B I D I T Y  
FRACTION 
SOURCE 5 M " l 2 3 4 5 6 7 8  9 1 0  

ASPHALT 1 A  7 0  0 0 1 8  9 5  9 7  1 3 6  1 5 4  1 1 7  3 3  0 

ASPHALT 3 A  1 8 2  5 8  8 2  8 5  1 3 1  1 6 4  1 8 5  2 0 3  4 9  0 0 

ASPHALT 6 A  2 0 2  26 48 1 4 3  6 8  8 7  7 2  1 5 5  1 2 8  5 2  2 0 0  

RESULTS I r J  KLETT UNITS AFTER 7 2  H R S .  INCUBATION A T  3 2 0 ~ .  

::BASE M A T E R I A L  
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E X A I 4 I N A T I O N  OF THE S P E C I F I C I T Y  DATA O F  T H I S  ORGANISM FOR PURE 

HYDROCARBONS ( T A B L E  V I I I )  I N D I C A T E S  I T  I S  NOT ONLY A B L E  TO 

U T I L I Z E  n -ALKANES (C-12  TO C-22 )  BUT ALSO SOME ALKENES, FATTY 

A C I D S  AND A L L  OF T H E  AROMATIC HYDROCARBON TESTED EXCEPT BENZENE. 

~ 

T A B L E  V I 1 1  

SUBSTRATE SPEC1 F I  C I  TY OF M y c o b a c t e r i u m  r a n a e ,  

n -ALKANES 

HEPTANE 
0 C TAN E 
DECANE 
DODECANE 
TRIDECANE 
TETRADECANE 
HEXADECANE 
OCTADECANE 
E I COSANE 
DOC 0 SANE 

ALKENES 

1-DODECENE 
1-TETRADECENE 
1 -HE X A DE C E N  E 
1-OCTADECENE 
1 -N 0 N ADE C E N E 

0 
0 
0 

5 5  
6 0  
6 0  
6 0  
60 

1 2 5  
7 5  

0 
40 
8 5  
7 5  
7 5  

FATTY AC I DS 

HEPTANOI  C 
OCTANOIC 
DECANOIC 
DODECANOIC 

TETRADECANOI C 
HEXADECANOIC 
OCTADECANOIC 

BEHEN I C 

- 

- 
AROMATIC 

BENZENE 
ETHYLBENZENE 
PROPYLBENZENE 
TRIMETHYLBENZENE 
XYLENES <O,M,P) 
TOLUENE 

5 
5 
5 

8 0  

1 2 5  
6 5  

170 

40 

0 
9 5  
5 8  

1 1 2  
1 2 6 - 1 6 3  

99 

I T  IS CONCLUDED FROM T H I S  DATA THAT M y c o b a c t e r i u m  ranae I S  

U T I L I Z I N G  BOTH AROMATIC AND A L I P H A T I C  HYDROCARBONS PRESENT I N  

THE THERMAL D I F F U S I O N  FRACTIONS FROM THESE ASPHALTS, WHEREAS 

P s e u d o m o n a s  1 9 6 A a  I S  ABLE TO GROW ON ONLY THE n -ALKANES PRESENT 

I N  THE FRACTIONS. A FURTHER P O I N T  IS THAT P s e u d o m o n a s  196Aa 

IS NOT ABLE TO U T I L I Z E  THE n -ALKANE THAT ARE KNOWN TO BE PRESENT 

( I N F R A R E D  DATA) WHEN THE CONCENTRATION OF AROMATIC HYDROCARBON 

I S  H IGH.  T H I S  I N  TURN WOULD ACCOUNT FOR THE A B I L I T Y  OF 
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Mycobacterium r a n a e  TO GEGRADE THE UNFKACTIONATED ASPHALT, 

WHEREAS Pseudomonas 196Aa IS UNABLE TO MODIFY THE THREE 

ASPHALTS. T H I S  DATA NOULD FURTHEk  I N D I C A T E  THAT Mycobacterium 
ranae M O D I F I E S  THE AROMATIC HYDROCARBON PRESENT I N  THE ASPHALTS, 

W I T H  BUT M I I I O R  A C T I O N  O N  THE SATURATED HYDROCARBONS. 
- 

SUMMARY 

N E  HAVE DEMONSTRATED THAT T; iE OKGAPIISMS CAPABLE OF ATTACKIIJG 

d ITUMENS ARE D I V E k S E  A14L DO TdOT F A L L  I r l T O  A S P t C I F I C  TAXO- 

NOMIC GROUP. THE I l I C k O B I A L  ACTIO14 OF BITUMEI.IS SHOTIS A S P E C I -  

F I C I T Y  THAT I I JVOLVES BOT4 T d E  MICROORGANISM AND THE BITUI4INOUS 

SUBSTRATE. S O I L  B U R I A L  TESTS DEbIOI4STKATE THE I l O I S T U R E  REQUIKE-  

ME>.IT FOR M I C R O S I A L  A C T I O N  AS ,qELL AS DIFFERENCES I N  THE SUSCEP- 

T I B I L I T Y  OF BITUMIl.1OUS 3'4ATEkIULS. 

114 A L I M I T E D  S E R I E S  OF EXPEKIPENTS I T  NAS FOUND THAT THE NET 

EFFECT OF M I C R O B I A L  ACTICIt4 014 THREE ASPHALTS WAS AN INCREASE 

I N  THE V I S C O S I T Y  OF THE ASPr iALTS.  I T  I S  THEORIZED THAT THE 

INCREASE I f 4  V I S C O S I T Y  IS DUE TO T d E  OXIDATIO1.I OF CERTAIN '  ASPHALT 

COMPOUNDS d H I C H  ARE ALSO IE4PPOKTAbIT 114 D E T E R M I I I I N G  THE Rr lEOLOGI-  

C A L  C H A R A C T E R I S T I C S  OF T d E  ASPHALTS. 

P R E L I M I N A R Y  S T U D I E S  ON THE COI4POiJEiJTS OF ASPHALTS U T I L I Z E D  BY 

MICROORGA;JIS1lS 1:JDICATE THAT BOTH THE AROt4ATIC AND SATURATED 

HYDROCAKBONS ARE U T I L I Z E D  i3Y :!ycobacterium ranae. T H I S  ORGANISM 

CAUSED A D R A S T I C  MODIFfCAT1OI.I OF THE V I S C O S I T Y  OF THREE ASPHALTS. 

I T  WOULD APPEAR THAT T r l I S  M O D I F I C A T I O N  I i J  RHEOLOGICAL CHARACTER- 

I S T I C S  IS CAUSEI, BY O X I D A T I O N  OF AROMATIC AND SATURATED r(YDR0- 

CARBONS I N  THE PETROLEIIE (PENTANE SOLUSLE M A T E R I A L )  FRACT1Ot.I 

O F  THESE ASPHALTS. FUKTHER S T U L I C S  AkE TO BE CONDUCTED ON THE 

ASPHALTEt4ES AND OTHEK FRACTIONS FKOt'l THESE THREE ASPHALTS, 
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ASPHALT O X I D I Z I N G  B A C T E R I A  OF THE S O I L  

JOHN 0. HARRIS:: 

THE S O I L  MUST BE CONSIDERED AS THE NATURAL H A B I T A T  FOR 

HYDROCARBON U T I L I Z I N G  B A C T E R I A .  I N  D E T E R M I N I N G  THE POS- 

SIBLE ROLE THAT BACTERIA MIGHT PLAY IN DECOMPOSITION OF 

ASPHALT OR OTHER COMPLEX ORGANIC MATTER, THE ENVIRONMENT 

O F  THE S O I L  MUST R E C E I V E  CAREFUL ATTENTION.  

S O I L  C O N D I T I O N S  AT THE BOTTOM OF THE B A C K - F I L L E D  P I P E L I N E  

D I T C H  HAVE BEEN E X T E N S I V E L Y  S T U D I E D  AND HAVE BEEN FOUND TO 

B E  Q U I T E  FAVORABLE FOR M I C R O B I A L  DEVELOPMENT ( 3 ) .  THE 

DATA I N D I C A T E D  H I G H E R  WATER CONTENT A T  D I T C H  BOTTOM WHEN 

COMPARED W I T H  LESS COMPACT S O I L  OR SEMI-DENSE AREAS I N  THE 

B A C K - F I  LL ABOVE THE P I P E L I N E ,  ALLOWING AEROBIC C O N D I T I O N S .  

S I N C E  HYDROCARBON BACTERIA, CAPABLE OF U T I L I Z I N G  ASPHALT 

AS T H E I R  SOLE FOOD ENERGY SOURCE, WERE FOUND I N  A L L  LO- 

CATIONS W I T H  WIDELY V A R I E D  GEOGRAPHICAL AND C L I M A T I C  CON- 

D I T I O N S  (41, THE PRESENCE OF THESE HYDROCARBON U T I L I Z I N G  

TYPES I N  NORMAL S O I L S  R A I S E S  IMPORTANT ECOLOGICAL PROBLEMS 

AS TO T H E I R  N I C H E  I N  NATURALLY OCCURRING ORGANIC TRANS- 

FORMATIONS, THE DATA TO BE REPORTED DEAL W I T H  ASPHALT 

U T I L I Z I N G  B A C T E R I A  I N  NORMAL S O I L S  R E L A T I V E  TO THE TOTAL 

M I C R O B I A L  POPULATION, T H E I R  NUMBERS AND TYPES I N  S O I L S  W I T H  

ASPHALT PRESENT AND, F I N A L L Y ,  P R O T E C T I V E  COATING F A I L U R E  

DUE TO M I C R O B I A L  A C T I V I T Y .  

M A T E R I A L S  AND METHODS 

ASPHALTIC PROTECTIVE COATINGS USED T O , S T U D Y  BACTERIAL 

U T I L I Z A T I O N  WERE A L L  COMMERCIALLY-AVAILABLE PRODUCTS. 

::PROFESSOR OF BACTERIOLOGY AND B A C T E R I A L  P H Y S I O L O G I S T ,  
KANSAS STATE U N I V E R S I T Y ,  MANHATTAN, KANSAS 



- 2 8 6 -  

PRECAUTIONS I N  H E A T I N G  AND A P P L I C A T I O N  G I V E N  BY MANUFAC- 

TURERS WERE OBSERVED I N  A L L  INSTANCES.  ROUTINE BACTERI -  

OLOGICAL E X A M I N A T I O N S  FOLLOWED STANDARD LABORATORY PRO- 

CEDURES ( 6 )  W I T H  N U T R I E N T  AGAR, JENSEN'S AGAR, AND M A R T I N ' S  

ROSE BENGAL AGAR USED FOR PLATE COUNTS OF "TOTAL" BACTERIA,  

ACTINOMYCETES, AND FILAMENTOUS FUNGI RESPECTIVELY.  INCU-  

B A T I O N  WAS FOR 5 DAYS AT 30° C. E S T I M A T I O N  OF HYDROCARBON 

U T I L I Z I N G  B A C T E R I A  WAS ACCOMPLISHED U S I N G  S E R I A L  D I L U T I O N S  

OF S O I L  I N T O  A M I N E R A L - S A L T S  DODECANE L I Q U I D  MEDIUM WITH 

TEN REPLICATES PER D I L U T I O N  (41, 

OXYGEN UPTAKE BY S O I L S  FOLLOWED REGULAR WARBURG MANOMETRIC 

TECHNIQUES ( 7 ) .  FOUR GRAMS OF S O I L  WERE USED PER R E S P I -  

RATION VESSEL, WITH MOISTURE CONTENT ADJUSTED TO 5 5 %  OF 
F I  E L 0  CAPAC I TY . 

--The Warburg microrespirometer shown 
ere was used to show rapid oxidation of 

hydrocarbons by normal soil microorganisms. 

i 
I 
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RESULTS 

C U L T I V A T E D  S O I L S  AND N O N - C U L T I V A T E D  SOILS,  SUCH A S  PASTURES 

OR FORESTS, HAVE T H E I R  OWN C H A R A C T E R I S T I C  M I C R O B I A L  POPU- 

L A T I O N S .  WITHOUT RIGOROUS I D E N T I F I C A T I O N  OF PURE CULTURES 

OR E X T E N S I V E  USE OF S P E C I A L I Z E D  TECHNIQUES, S O I L  POPULATIONS 

CAN BE EXPRESSED AS P L A T E  COUNTS OF BACTERIA,  ACTINOMYCETES, 

AND FUNGI  ( 6 ) .  ALTHOUGH T H I S  PROCEDURE G I V E S  ONLY R E L A T I V E  

INFORMATION, I T  DOES G I V E  I N S I G H T  AS TO THE OVER-ALL MICRO- 

B I A L  A C T I V I T Y ,  

TABLE I 

P L A T E  COUNT DATA OF 

TOTAL B A C T E R I A  - S O I L  ( M I L L I O N S / G M / S O I L )  

1 50  
2 14  
3 1 7 9  
4 4 4  
5 65  
6 2 4  

HYDROCARBON 
ACTINOMYCETES F U N G I  B A C T E R I A  
( M I L L I O N S / G M )  (THOUSANDS) (PER GRAM) 

6 3 90 8 7 0  
2 1 2 3  2 3 , 0 0 0  

4 5  3 6 0  1 ,160  

4 4 8  2 2 3  
5 3 3 0  5 ,420 

' 1 1  20  1,300 

P L A T E  COUNTS OF S I X  NORMAL S O I L S  SHOW HYDROCARBON U T I L I Z I N G  
B A C T E R I A  ARE A S I G N I F I C A N T  PROPORTION OF THE TOTAL M I C R O B I A L  
POPULATION. 

T A B L E  I SHOWS P L A T E  COUNT DATA FOR S I X  NORMAL S O I L S  FROM NORTH 

CENTRAL KANSAS I N  COMPARISON TO THE NUMBERS OF HYDROCARBON 

U T I L I Z I N G  B A C T E R I A .  THE COUNTS WERE MADE ON NON-FROZEN SUR- 

FACE S O I L  I N  FEBRUARY AND THUS REPRESENT THE E Q U I . L I B R I U M  

S I T U A T I O N  FOR WINTER WEATHER. OVER-ALL POPULATIONS WOULD BE 

H I G H E R  I N  WARMER S O I L .  B A C T E R I A  CAPABLE OF GROWTH ON DECANE 

WERE PRESENT I N  NUMBERS V A R Y I N G  FROM 2 2 3  TO 23,000 PER GRAM 
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I OF S O I L .  I T  SHOULD B E  EMPHASIZED THAT NONE OF THESE S O I L S  
I HAD BEEN EXPOSED TO HYDROCARBONS WHICH WOULD CAUSE A SELEC- I\ 

T I V E  PRESSURE FOR THE DEVELOPMENT OF S P E C I A L I Z E D  BACTERIA.  

KESTER ( 5 )  PROPOSED THAT MOST, I F  NOT ALL, ACTINOMYCETES ic 

CAN U T I L I Z E  HYDROCARBONS. THE H I G H  POPULATIONS OF T H I S  I 

i 
GROUP SHOWN I N  TABLE I WOULD I N D I C A T E  THESE NORMAL S O I L S  1 

CARBONS. THE L I Q U I D  S E L E C T I V E  CULTURE USED TO E S T I M A T E  BAC- i l  

WOULD HAVE A H I G H  C A P A C I T Y  FOR THE U T I L I Z A T I O N  OF HYDRO- ,, 

T E R I A L  GROWTH ON DODECANE WAS NOT FAVORABLE FOR ACTINOMYCETE I 

DEVELOPMENT. 

i /  

MARKED SEASONAL V A R I A T I O N S  OCCUR W I T H I N  THE M I C R O B I A L  POPU- 

L A T I O N S  I N  THE UPPER LAYERS OF S O I L .  TOTAL B A C T E R I A  AND 

HYDROCARBON B A C T E R I A  WERE DETERMINED DURING THE S P R I N G  OF 

1 9 6 4  WHEN S O I L  TEMPERATURES WERE GRADUALLY INCREASING,  TO 

LEARN I F  HYDROCARBON U T I L I Z E R S  COMPRISED A RATHER UNIFORM 

PERCENTAGE OF THE P O P U L A T I O N  AND WHETHER T H I S  GROUP RESPONDED r 
TO MORE FAVORABLE GROWTH TEMPERATURES, POPULATION E S T I M A T E S  

1 

1 

HC: HYDROCARBON 
T :  THOUSANDS 
M: M I L L I O N S  

TABLE I 1  

PLATE COUNT DATA OF 

r 
I 

r ! I  - DATE PASTURE S O I L  

HC 
B A C T E R I A  TYPES 

( M I  0 
PER GRAM 

MAR. 2 1  3 6  10 
2 8  5 8  38  

APR. 4 7 6  4 1  
'I 1 8  1 2 0  6 7  

MAY 16 1 3 4  1 7 5  
" 2 3  1 3 8  1 6 2  

WHEAT F I E L D  

HC 
B A C T E R I A  TYPES 

(M) 0 
PER GKAM 

3 2  2 
4 8' 6 
53  1 8  
9 8  33  
89  3 9  
9 4  4 1  

GARDEN S O I L  

HC 
B A C T E R I A  TYPES 
L < T )  

PER GRAM 

1 9  6 0  
73  8 1  
79 9 6  

189 2 5 6  
5 4 6  . 9 7 6  
5 1 8  8 4 9  

COMPARISON OF TOTAL B A C T E R I A L  COUNTS W I T H  HYDROCARBON (HC) 
B A C T E R I A  I N  THREE S O I L S  A T  S I X  DATES DURING S P R I N G  1 9 6 4 .  

I '  
1 '  

,f 

/ 
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FOR S I X  DATES ARE SHOWN I N  T A B L E  I 1  FOR THREE T Y P I C A L  S O I L S .  

I N  EACH S O I L  HYDROCARBON TYPES INCREASED AS THE S O I L  TEMPER- 

ATURES BECAME MORE FAVORABLE FOR GROWTH. T H I S  I N C R E A S E  I N  

P O P U L A T I O N  DUE TO TEMPERATURE (NOT S E L E C T I V E  FOOD) I N D I C A T E S  

THAT THE A B I L I T Y  TO O X I D I Z E  P A R A F F I N I C  MOLECULES SHOULD BE 

CONSIDERED A GENERAL RATHER THAN A S P E C I A L I Z E 0  P H Y S I O L O G I C A L  

G A P A B I L I T Y  OF S O I L  MICROORGANISMS ( 3 ) .  

FURTHER EVIDENCE THAT THE NORMAL S O I L  P O P U L A T I O N  WAS A B L E  TO 

O X I D I Z E  HYDROCARBONS R A P I D L Y  AND WITHOUT A D A P T A T I O N  CAME 

FROM S O I L  R E S P I R A T I O N  EXPERIMENTS. OXYGEN UPTAKE RATES WERE 

MEASURED OVER A 6-HOUR P E R I O D  I N  WARBURG MICRORESPIROMETERS 

W I T H  4 GRAMS OF S O I L  TO WHICH WATER ONLY, 1% GLUCOSE, AND 

1% DODECANE HAD BEEN ADDED. 

COMPARISONS OF O X I D A T I V E  A C T I V I T Y  ARE SHOWN IN F I G .  2 .  

1 
I 

I A - W A T E R  ONLY 

0 - GLUCOSE ADDED 2oil 00 

C - DODECANE ADDED 

GARDEN WHEAT PASTURE 
I---. I---.-. 

\ 

Fig. ?:--One per c e n t  g lucose ,  dodecane, o r  o n l y  
water w a s  added t o  normal so i l s .  T o t a l  
r e s p i r a t i o n  as nun3 i n  s ix -hour s  i n t e r v a l  
shows dodecane r e a d i l y  o x i d i z e d  by t h e  
normal s o i l  popu la t ion .  
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OXYGEN UPTAKE RATES FOR DODECANE ARE NEARLY AS R A P I D  AS 

THOSE FOR GLUCOSE. I N D I V I D U A L  S O I L  DIFFERENCES ARE APPAR- 

ENT. DATA I N  F I G .  2 WERE FROM THE SAME S O I L  SAMPLES AS 

SHOWN FOR MAY 16 I N  T A B L E  1 1 .  

THUS THE R I C H  GARDEN S O I L  W I T H  H I G H E S T  POPULATIONS GAVE 

THE HIGHEST OXYGEN UPTAKE RATES W I T H  BOTH SUBSTRATES 

TESTED. L I M I T E D  D A T A  OF T H I S  TYPE HAS SHOWN THAT S O I L  I N  

CONTACT WITH F A I L I N G  A S P H A L T  ROADS HAS EXTREMELY H I G H  O X I -  

D A T I V E  RATES (4 ) .  FURTHER RESEARCH ON R E S P I R A T I O N  OF S O I L  

MAY G I V E  VALUABLE I N F O R M A T I O N  REGARDING THE ROLE OF MICRO- 

ORGANISMS I N  D E T E R I O R A T I O N  OF COMPLEX ORGANIC MOLECULES. 

E A R L I E R  P U B L I C A T I O N S  HAVE SHOWN Q U I T E  H I G H  POPULATIONS OF 

B A C T E R I A  ASSOCIATED W I T H  F A I L I N G  ASPHALT ROADS (1) AND 

HAVE G I V E N  E X T E N S I V E  DATA REPORTING H I G H  B A C T E R I A L  COUNTS 

I N  S O I L  NEAR P I P E L I N E S  ( 2 ) .  FROM F I E L D  I N V E S T I G A T I O N S  

ALONG OPERATING O I L  AN0 GAS P I P E L I N E S ,  DATA HAVE BEEN 

TAKEN FROM ONE HUNDRED BELL-HOLE I N S P E C T I O N S  OF ASPHALT 

COATED L I N E S .  (ABNORMAL OR H I G H L Y  CORROSIVE S I T U A T I O N S  

SUCH AS R I V E R  CROSSINGS, SWAMPS, LEAK S I T E S  OR H I G H  S A L T  

S O I L  WERE NOT INCLUDED..) 

TABLE 1 1 1  COMPARES POPULATIONS OF B A C T E R I A  CAPABLE OF 

GROWTH ON ASPHALT PRESENT I N  S O I L  ADJACENT TO THE ASPHALT 

COATING W I T H  THE NORMAL POPULATION I N  UNDISTURBED V I R G I N  

S O I L  OF THE RIGHT-OF-WAY (APPROXIMATELY 1 5  FT. TO 20  FT. 

FROM THE CENTER OF THE B A C K - F I L L E D  D I T C H )  A T  THE SAME 

DEPTH, W I T H  THE NORMAL S O I L  OVER 6 5 %  OF THE LOCATIONS 

HAD LESS THAN 100 HYDROCARBON BACTERIA, ONLY 2 %  HAD A 

COUNT OVER 1,000 AND NONE EXCEEDED ONE HUNDRED THOUSAND. 

W I T H  A V A I L A B L E  FOOD FROM THE ASPHALT COATING, 34% HAD 

COUNTS BETWEEN TEN AND ONE HUNDRED THOUSAND, W H I L E  10% 

HAD COUNTS I N  EXCESS OF 100,000. 

r 
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UNDISTURBED S O I L  
HYDROCARBON B A C T E R I A  I N  RIGHT-OF-WAY S O I L  ADJACENT TO 

PER GRAM OF S O I L  A T  P I P E L I N E  DEPTH ASPHALT COATING 

LESS THAN 1 0 0  6 5 %  10% 
100 TO 1,000 2 1 %  2 1% 

1,000 TO 10,000 1 2 %  2 5% 
10,000 TO 1 0 0 , 0 0 0  2 %  3 4% 
MORE THAN 100,000 0 %  1 0 %  

PERCENTAGES OF ONE HUNDRED ASPHALT COATED P I P E L I N E S  SHOWING 
VARIOUS P O P U L A T I O N  D I S T R I B U T I O N S  OF ASPHALT U T I L I Z I N G  
B A C T E R I A .  

THE KANSAS STATE U N I V E R S I T Y  RESEARCH PROJECT, ON WHICH T H I S  

I N F O R M A T I O N  IS BASED, WAS STARTED I N  1956...WITH F I E L D  T R I P S  

EACH YEAR S I N C E  THEN TO E X A M I N E  MORE THAN 1,000 BELL-HOLE 

OPENINGS ALONG OPERATING OIL, GAS AND WATER P I P E L I N E S .  

THESE BELL-HOLE OPENINGS WERE DUG AND MADE A V A I L A B L E  BY 

THE PERSONNEL OF THE COOPERATING P I P E L I N E  COMPANIES. S O I L  

SAMPLES WERE ANALYZED I N  THE LABORATORY FOR B A C T E R I A L  AND 

TYPE . 
THE INFORMATION AND DATA ACCUMULATED DEMONSTRATES T H A T  

BECAUSE OF THE M I X I N G  OF S O I L S  DURING THE B A C K - F I L L I N G  

OPERATION (AFTER THE P I P E  I S  LOWERED-IN), THE B A C K - F I L L E D  

D I T C H  BECOMES A MAN-MADE ENVIRONMENT, WHICH P R O V I D E S  I D E A L  

C O N D I T I O N S  FOR B A C T E R I A L  DEVELOPMENT AND ALSO FOR THE AC- 

CUMULATION OF S O I L  WATER. COMPARING THE ANALYSES.OF S O I L  

SAMPLES TAKEN A T  THE SAME DEPTHS I N  THE V I R G I N  S O I L  OF THE 

RIGHT-OF-WAY AND I N  THE B A C K - F I L L E D  D I T C H  PROVES THAT THERE 
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MUST BE TAKEN I N T O  C O N S I D E R A T I O N  THE D I F F E R E N C E  I N  THE BAC- 

T E R I A L  POPULATIONS AND S O I L  WATER CONTENT, BOTH OF WHICH 

ARE MANY TIMES LESS I N  THE RIGHT-OF-WAY THAN IS FOUND I N  A 

P I P E L I N E  DITCH.  

SAMPLES OF MANY TYPES OF COATING SYSTEMS WERE REMOVED FROM 

THE P I P E  AND ANALYZED I N  THE LABORATORY FOR MOISTURE AND BAC- 

T E R I A L  CONTENT. DATA WAS RECORDED I N D I C A T I N G  THE C O N D I T I O N  

OF THE BOND OF THE COATINGS, C O N D I T I O N  OF P I P E  SURFACE <RE 

CORROSION, RUSTING AND/OR P I T T I N G ) ,  YEARS OF UNDERGROUND 

SERVICE, USE OF CATHODIC PROTECTION, AND OTHER P E R T I N E N T  

I N F O R M A T I O N  FOR F I N A L  E V A L U A T I O N  PURPOSES. 

DURING THE F I E L D  T R I P S  OF T H I S  COAST-TO-COAST SURVEY I T  WAS 

APPARENT THAT LABORATORY E X A M I N A T I O N  AND ANALYSES OF THE 

COATINGS MUST BE MADE TO DETERMINE THE AMOUNT O F  B A C T E R I A L  

AND MOISTURE PENETRATION I N  THE COATINGS, FROM THE S O I L  SUR- 

ROUNDING THE COATED P I P E .  DATA HAS BEEN TABULATED S T A B L E  I V )  

TO SHOW THE ANALYSES O F  THE ASPHALT COATINGS SECURED I N  REPRE- 

S E N T A T I V E  GEOGRAPHICAL AREAS OF THE U N I T E D  STATES. 

FURTHERMORE, THE F I E L D  DATA, TOGETHER W I T H  CONSULTATIONS 

W I T H  CORROSION ENGINEERS OF THE COOPERATING O I L  AND GAS 

P I P E L I N E S ,  LED TO THE CONCLUSION THAT B A C T E R I A L  NUMBERS, 

WATER PENETRATION I N T O  THE COATING, WATER I N  THE S O I L  NEXT 

TO THE P I P E ,  YEARS OF EXPOSURE TO THE S O I L  AND I N  D I F F E R E N T  

S O I L  TYPES MUST BE CONSIDERED. A COMBINATION OF A L L  OF 

THESE IMPORTANT FACTORS DETERMINE COATING PERFORMANCE. 

THE DATA I N  TABLE I V  SHOWS THE B A C T E R I A L  COUNT PER GRAM EACH 

OF TWO ASPHALT COATING SAMPLES THAT WERE REMOVED FROM OPER- 

A T I N G  P I P E L I N E S  FOR COMPARATIVE PURPOSES AND SHOWS THE PENE- 

T R A T I O N  OF THE B A C T E R I A  I N T O  THE COATING SAMPLES. (SEE THE 

COUNTS TABULATED UNDER SAMPLE # 2 . )  ALSO INCLUDED IS A 

f 
I '  



- 2 9 3 -  

T A B U L A T I O N  OF MOISTURE CONTENT DETERMINED (BY THE DEAN- 

STARK A.S.T.M. METHOD) ON THE SAME TWO COATING SAMPLES. 

T A K I N G  ONLY ONE COATING SAMPLE WOULD NOT REVEAL ANY PENE- 

T R A T I O N  IN THE P O R T I O N  OF THE COATING F I L M  NEXT TO THE 

P I P E  SURFACE, THEREFORE A TECHNIQUE WAS DEVELOPED FOR ' 

T A K I N G  COATING SAMPLE # 2 ,  BY REMOVING THE OUTER H A L F  OF 

THE COATING. 

COATING SAMPLE #1:  TOTAL SAMPLES WERE REMOVED, AS 

FOUND ON THE P I P E  WHEN UNCOVERED, 

COATING SAMPLE # 2 :  T H I S  SAMPLE WAS SECURE0 AFTER 

APPROXIMATELY ONE-HALF ( 1 / 2 )  O F  

THE THICKNESS OF THE O R I G I N A L  

COATING SYSTEM WAS REMOVED BY S K I V -  

- I N G  ( W I T H  DRAW K N I F E ) .  THEN T H I S  

SAMPLE WAS REMOVED FROM THE P I P E .  

T H I S  METHOD WAS DEVELOPED TO 

E L I M I N A T E :  ANY TRAPPED S O I L  OR 

ORGANIC MATTER I N  WRINKLES DUE TO 

S O I L  STRESS, IRREGULAR SURFACES, 

ETC....ALSO TO E L I M I N A T E  WRAPPING 

M A T E R I A L S  THAT C O N T A I N  ORGANIC 

SUBSTANCES WHICH ARE SUBJECT TO 

M I C R O B I A L  GROWTH. 

I 1  
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TABLE I V  

CENTRAL OHIO 
32.000 
38.000 

380.000 
420.000 

18.000 
PENNSYLVANIA 

4.800.000 
CENTRAL KANSAS 

4.300.000 
440,000 

190.000 
1,080,000 

590.000 

1,500.000 
1.250.000 

2.500 
5.000 

15.500 
1.500 

SOUTH TEXAS 
1.400 

24.000 
12.000 

NORTHWEST TEXAS 

NEBRASKA 

OKLAHOMA 

MISSISSIPPI 

30.000 
58,000 
6.100. 
88,000 

1oo.ooo 
106.000 

1,330,000 
SOUTHWEST TEXAS 

None 
1,100 

12,000 
17,000 
2.100 

89.000 

23.000 
31.000 

1,000 
34.000 
3.000 

400,000 
280.000 

+300 
+loo 
A 100 
+lo0 

None 
1,000 
None 

50.000 300 
39.000 500 

420.000 6.000 
146.000 18.000 
300,000 43,000 

FAR WEST TEXAS 
290.000 12.000 
267.000 69,000 

4.100.000 360.000 
SOUTHERN CALIFORNIA 

1.148.0OO 1.300 
320.000 7,000 

3,500 2,000 
78.000 '100 

2.800.000 17.000 
3.400.000 20.000 

24.000 2.000 
9.500 3,000 

3,600,000 6.000 
4.000.000 6.000 

75.000 4.000 
430,000 4.000 

CENTRAL CALIFORNIA 

UTAH 
8.380.000 17,000 
1,480.000 1,000 

58.000 +IO0 
660.000 300 

NEW MEXICO 
260.000 17,000 
450.000 130,000 

1.260.000 45.000 
2,800.000 88.Ooo 

ARIZONA 

4.100 
8,600 

36.000 
19,000 
2.940' 

2.600.O0Oa 

600,000' 
73.000" 

84.000" 
63.000' 

410,000" 

3.000' 
78.000 

600' 
1,700' 
-C200' 
1.000' 

800 
5,000 
8.0OOc 

11.000' 
109,000' 

1.100' 
9,900. 

18.000' 
107.000' 
72,000' 

160,000' 
43.000' 

516.000" 
304.000 * 
180.000' 

180,000' 
210.000' 
390.000' 

510.000* 
95,000' 
2.000' 

15.000. 
2.600.000* 
4.800.000' 

3.500. 
8,000. 

3.000.000* 
1,900.000* 

30.000' 
40,000' 

1.740.000' 
184,000' 
30.000* 
54.000. 

4200 
51.000* 

2,000,000* 
140.000* 

None , + 300 
800 

11,000 
350' 

42,000' , 

19.000' 
11.000' 

1.100' 
13,000* 

1200. 

* 100' 
19.500 

+200* 
+loo* 
+-loo' 
-c 100' 

None 
600 

None' 

5,000* 
600. 

4.500' 
3.900. 
2,900' 
3,900. 
1.700' 

3.300. 
200. 

3,000. 
28,000. 
41,000. 

9.000. 
51,000. 

410.000* 

300. 
2,000. 
1,500. 
+100* 

19.000* 
18.000' 

2.000' 
3,500. 
6,000' 
5.000. 
1,000- 
7,000' 

21.000' 
500. + 100. 
300. 

800 
12,500. 

60.ooo* 
40.000. 

1.6 
1.6 
1.8 
1.6 
1.8 

7.6 

16.0 
14.9 

15.2 
14.6 
12.4 

11.2 
12.1 

1.5 
1.5 
1.5 
3.0 

1.8 
2.2 
9.3 

19.5 
18.0 
19.0 
4.3 
8.0 
9.3 

19.5 

14.2 
11.6 
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ELECTRON MICROGRAPHS, F I G S ,  3 AND 4, I L L U S T R A T E  THE T Y P I C A L  

MICROSCOPIC APPEARANCE OF TWO MICROORGANISMS COMMONLY FOUND 

I N  NORMAL UNDISTURBED S O I L S  I N  CONTINENTAL NORTH AMERICA. . .  
ALSO LARGE NUMBERS HAVE BEEN CULTURED FROM ASPHALT COATINGS 

AND FROM THE S O I L  SURROUNDING COATED P I P E L I N E S .  

.. -. 

Fig. 3:--53,200 magn i f i ca t ion .  Pleomor h i c ' r o d - s h a p e d  ce l l s ,  
commonly seen  i n  s p e c i e s  o + o c a r  i a , . a  common t y p e  of 
act inomycete  i s o l a t e d  from a s p h a l t  c o a t i n g s .  Mois tu re  
under t h e  c o a t i n g  -- some p i t t i n g  -- a n a e r o b i c  c o r r o s i o n  
on t h e  p i p e  -- no bond of c o a t i n g  -- 1 0  y e a r s '  underground 
s e r v i c e .  I n  t h e s e  b a c t e r i a ,  branch forms may be s e e n ,  
w i t h  swollen and club-shaped rods .  
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BOTH TYPES OF B A C T E R I A  GREW WELL I N  PURE CULTURES I N  THE 

LABORATORY WHEN ASPHALT,  OR A WIDE V A R I E T Y  OF L I Q U I D  OR 

S O L I D  HYDROCARBONS WERE THE SOLE SOURCE OF ENERGY AND FOOD 

FOR THE DEVELOPiNG C E L L S .  

Fig.  4 : - - 1 6 , 5 0 0  m a g n i f i c a t i o n .  Medium-size r o d s ,  members of ' 

genus Pseudomonas, i s o l a t e d  from both a s p h a l t  c o a t i n g  
and s o i l  surrounding t h e  p i p e .  
p i p e  at s e v e r a l  l o c a t i o n s  -- s e v e r e  p i t t i n g  -- 14 years '  
underground s e r v i c e  -- c o a t i n g  sample t h i s  l o c a t i o n ,  
3 7 0 , 0 0 0  a e r o b e s ,  5 6 0 , 0 0 0  anaerobes,  moi s ture  content  1 6 . 4 % .  

Coating s e p a r a t e d  from 
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SUMMARY 

B A C T E R I A  CAPABLE OF GROWTH ON P A R A F F I N I C  HYDROCARBONS 

ARE NORMAL I N H A B I T A N T S  OF THE S O I L ,  POPULATIONS OF 
B A C T E R I A  W I T H  THESE C A P A B I L I T I E S  MAY VARY FROM SEVERAL 

HUNDRED TO THOUSANDS PER GRAM OF S O I L .  ACTINOMYCETES 

COMMONLY A T T A I N  COUNTS OF M I L L I O N S  PER GRAM. R E S P I -  

R A T I O N  MEASUREMENTS SHOWED DODECANE I M M E D I A T E L Y  AND 

R A P I D L Y  O X I D I Z E D  BY "NORMAL" SOIL ,  I N D I C A T I N G  LARGE 

POPULATIONS W I T H  T H I S  P H Y S I O L O G I C A L  A B I L I T Y .  COUNTS 

O F  A S P H A L T - U T I L I Z I N G  B A C T E R I A  SHOWED MUCH H I G H E R  POPU- 

L A T I O N S  I N  S O I L  ADJACENT TO COATED P I P E L I N E S  THAN I N  

UNDISTURBED S O I L  OF THE RIGHT-OF-WAY A T  THE SAME DEPTH. 
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