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OVERVIEW 

X-ray d i f f r a c t i o n  a n a l y s i s  i s  a versati le t o o l  i n  t h e  c h a r a c t e r i z a t i o n  
of petroleum coke. In  1963 personnel  a t  Marathon's Research Center worked 
ou t  a procedure where X-ray d i f f r a c t i o n  a n a l y s i s  of a coke sample could b e  
used to c l a s s i f y  i t  broadly wi th  r e spec t  t o  the  l i n e a r  CTE (Coef f i c ' e  t of 
Thermal Expansion) va lue  of g raph i t e  which would be produced by i t .  tlP This  
technique w a s  based on t h e  obse rva t ion  that  a p l o t  o f  the GTE versus  t h e  
logari thm of t h e  r a t i o  of peak he igh t  t o  width a t  one-half he igh t  gave a 
reasonably s t r a i g h t  l i n e  funct ion.  Ca l ib ra t ion  w a s  by comparison t o  a series 
of s tandard samples. 

Success of t h e  procedure depended on f i r i n g . a  sample t o  t h e  same condi- 
t i o n s  o f  t i m e  and temperature.  I n i t i a l l y ,  samples of the s t anda rds  were 
f i r e d  s imultaneously with t h e  unknown and e x c e l l e n t  r e s u l t s  were obtained. 
However, as  t h e  supply of s tandard cokes w a s  dep le t ed ,  i t  w a s  evident  t h a t  
some o t h e r  procedure was needed. Therefore ,  a series of s t anda rd  f i r e d  
samples were prepared. These s tandards were then t o  be used over  and over 
again as c a l i b r a t i o n  s t anda rds .  The c r i t i c a l  ope ra t ions  then became the  
technique f o r  preparing t h e  unknown samples and the  mounting of i nd iv idua l  
samples i n  t h e  ho lde r  of t h e  X-ray d i f f r a c t i o n  u n i t .  The most s e n s i t i v e  
i t e m  was t h e  c a l c i n i n g  procedure s i n c e  both t h e  peak he igh t  and width were 
s t rong ly  dependent on t h e  f i r i n g  h i s t o r y  (temperature and t i m e  a t  temperature).  
That is ,  over t h e  c a l c i n i n g  temperature range,  as the f i r i n g  temperature was 
increased t h e  peak he igh t  ( i n t e n s i t y )  i n c r e a s e s  exponen t i a l ly ,  and t h e  peak 
width t o  a lesser degree decreases  i n  a similar manner. 

A t  an e a r l y  d a t e  i t  was recognized t h a t  f o r  almost a l l  delayed petroleum 
cokes,  t h e  average peak width w a s  almost a unique func t ion  of t h e  f i r i n g  h i s t o r y  
and not  much a f f e c t e d  by t h e  coke type.  Whereas, t h e  peak he igh t  was extremely 
s e n s i t i v e  t o  t h e  coke type f o r  comparable f i r i n g  cond i t ions .  The average peak 
width,  t h e r e f o r e ,  could be used as an i n d i c a t o r  of t h e  c o r r e c t  f i r i n g  h i s t o r y .  
Comparing t h e  peak width f o r  t h e  unknown wi th  t h a t  o f  t h e  s tandard samples i n -  
d i c a t e d  whether t h e  X-ray d a t a  was s u i t a b l e  f o r  a CTE c o r r e l a t i o n .  
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Experience soon showed t h a t  i t  was d i f f i c u l t  t o  a d e q u a t e l y  reproduce  
This  problem l e d  t o  a r e - e v a l u a t i o n  of t h e  X-ray peak f i r i n g  c o n d i t i o n s .  

w i d t h  and h e i g h t  r e l a t i o n s h i p s  t o  de te rmine  i f  c o r r e c t i o n  f a c t o r s  could  be 
a p p l i e d  t o  b r i n g  t h e  d a t a  i n  l i n e  or whether  some o t h e r  r e l a t i o n s h i p  could  
b e  found. As a r e s u l t ,  i t  w a s  d i scovered  t h a t  t h e  peak h e i g h t  t i m e s  t h e  
average  peak width ( i n  c o n s i s t e n t  X-ray u n i t s )  w a s  remarkably cons tan t  o v e r  
a f a i r l y  broad tempera ture  r a n g e  (s 2400 t o  2600'F). Whereas, t h e  r a t i o  of  
peak h e i g h t  over  wid th  was a c t u a l l y  changing e x p o n e n t i a l l y  (F igure  1). 
F o r t u n a t e l y ,  t h i s  c o n s t a n t  area r e g i o n  a l s o  co inc ided  w i t h  t h e  tempera ture  
r a n g e  where petroleum cokes are u s u a l l y  c a l c i n e d .  T h e r e f o r e ,  t h e  extreme 
care used i n  f i r i n g  of cokes f o r  X-ray/CTE c o r r e l a t i o n  i s  now unnecessary ,  
the accuracy  of t h e  c o r r e l a t i o n  h a s  improved, and i t  is p o s s i b l e  t o  e v a l u a t e  
cokes c a l c i n e d  by o t h e r s ,  e . g . ,  i n  commercial c a l c i n e r s .  

EXPERIMENTAL 

Sample P r e p a r a t i o n  

Assuming t h a t  t h e  f i r i n g  of  the coke sample h a s  been w i t h i n  t h e  r e q u i r e d  
teE2peraturP- limits, the meat c r i t i ca l  iteq nf smple prepratio.. becoIEes che 
o p e r a t o r ' s  t echnique  i n  packing  o r  loading  t h e  sample h o l d e r .  However, sample 
p r e p a r a t i o n  c o n s i s t e n t  w i t h  good X-ray d i f f r a c t i o n  a n a l y s i s  must also b e  prac-  
t i c e d ,  i .e . ,  o b t a i n i n g  a r e p r e s e n t a t i v e  sample and r e d u c t i o n  t o  X-ray sample 
size. 

Loading of the sample i n  t h e  h o l d e r  is c r i t i ca l  s i n c e  some p r e f e r r e d  or ien-  
t a t i o n  can b e  g iven  t o  t h e  coke  -- p a r t i c u l a r l y  f o r  low CTE cokes,  which w i l l  
i n f l u e n c e  t h e  i n t e n s i t y  of t h e  d i f f r a c t i o n  peak. Good r e p r o d u c i b l e  r e s u l t s ,  
t h e r e f o r e ,  depend on t h e  e x p e r i e n c e  and c a r e  used by t h e  o p e r a t o r  i n  l o a d i n g  
and o p e r a t i n g  h i s  equipment so t h a t  i t  is  done the same way each time. 
o u r  l a b o r a t o r y ,  samples used as c a l i b r a t i o n  s t a n d a r d s  are re loaded  each t i m e  
as p a r t  of t h e  procedure.)  I f  t h e  c a l i b r a t i o n  d a t a  are e s s e n t i a l l y  c o n s t a n t  
f o r  s u c c e s s i v e  d e t e r m i n a t i o n s ,  one can be r e l a t i v e l y  s u r e  t h a t  t h e  d a t a  from 
the unknown w i l l  a l s o  b e  c o n s i s t e n t .  It is  also good p r a c t i c e  f o r  t h e  s p e c t r o -  
s c o p i s t  t o  r u n  a minimum number of  d e t e r m i n a t i o n s  ( u s u a l l y  two o r  three) f o r  
the sample and t h e  s t a n d a r d s  t o  see t h a t  t h e  d a t a  are s e l f  c o n s i s t e n t .  

(In 

Data Evalua t ion  

The o n l y  X-ray d i f f r a c t i o n  peak t h a t  h a s  proven v a l u a b l e  f o r  c h a r a c t e r i z i n g  
de layed  petroleum cokes f i r e d  i n  a tempera ture  r a n g e  up t o  3000'F is t h e  002 
g r a p h i t e  l ine .  A t y p i c a l  trace showing t h i s  peak i s  g i v e n  as F i g u r e  2.  
t a i n i n g  t h e  r e q u i r e d  d a t a ,  t h e  peak h e i g h t  (H) and w i d t h  at  h a l f - h e i g h t  (81/2) 
are taken  from t h e  c h a r t  i n  terms of  l i n e a r  measurement, however, it s h o u l d  b e  
n o t e d  t h a t  they  d o  n o t  r e p r e s e n t  c o n s i s t e n t  u n i t s .  That i s ,  t h e  peak w i d t h  is 
caused  by s c a t t e r i n g  and is a f u n c t i o n  of the  size of  the d i f f r a c t i n g  c r y s t a l l i t e s .  
It has the u n i t s  o f  a n g u l a r  s c a n  (28) i n  d e g r e e s ,  as de termined  by t h e  geometry 
of t h e  goniometer be ing  used.  
i n t e n s i t y  o f z t h e  d i f f r a c t e d  X-ray r a d i a t i o n .  Normally,  it is  measured by a 
r a d i a t i o n  c o u n t e r  and h a s  the dimensions of  s o  many c o u n t s  p e r  u n i t  of t i m e .  

In  ob- 

Peak h e i g h t  on t h e  o t h e r  hand i s  a measure of  t h e  
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In making an X-ray evaluation of petroleum coke for correlation purposes, 
it is therefore necessary to use fixed operating conditions. Further, it is 
questionable whether data from one X-ray unit should ever be compared directly 
with that of another. On the other hand, through the use of the calibration 
standards, differences between two different X-ray units can be readily resolved, 
and data correlated accordingly. 

I 
/ 

Finally, it is also recognized that the peak width has in it a factor 
caused by inherent scattering due to the instrument itself. This is usually 
quite small and remains constant if the alignment of the X-ray unit does not 
change. In calculating crystallite size it is important to correct for the 
machine scattering factor (Bo) .  However, in making these correlations, the 
experimental width has been used directly since a change in Bo would be indi- 
cated by a change in the value determined for the calibration standard. 

DISCUSSION 

Temperature Effects 

Firing temperatures in excess of 200O'F are desirable for the X-ray/CTE 

As indicated in this figure, 
correlations. The temperature sensitivity of the peak height and width for 
a typical petroleum coke is shown in Figure 3 .  
some anomalies exist in the X-ray data for coke fired at temperatures below 
1800'F. 
peak width in that it at first increases and then reverses itself and decreases 
with temperature. The peak height on the other hand remains almost constant 
through this particular temperature range. The low temperature anomaly in 
peak width isprobably indicative of a structural change as the carbonaceous 
polymer (green coke) decomposes to form carbon. (The helium density also 
undergoes an anomalous change in the temperature range 1400 to 1600'F.) 

Time Effects 

The anomalous behavior is particularly noticeable in the average 

The firing history of calcined petroleum coke depends on temperature and 
The peak width function most nearly reflects the firing time at temperature. 

history. The temperature has a greater effect than time, nevertheless, time 
at temperature can be an important variable particularly when short-time 
periods are involved. 

Figures 4a and 4b show the change in 002 peak width and height, respectively, 
as a function of time for samples of a typical petroleum coke heated at a con- 
stant temperature for various periods of time. For convenience, these data are 
plotted with the reciprocal of time as a coordinate since the change in the 
width function decreases rapidly with time and approaches a limiting value at 
infinite time. The coke used in these determinations had been previously 
devolatilized at 1800'F (B1/2 2, 
data, the coke samples (in graphite crucibles) were placed in a prehented oven 
and allowed to come up to temperature (about 30 minutes) before timing commenced. 
At predetermined times individual crucibles were withdrawn and cooled under a 
carbon dioxide atmosphere. 

3.00) to stabilize them. In obtaining the 
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F i g u r e  4c shows t h e  r e l a t i o n s h i p  between peak area and t h e  c a l c i n i n g  t i m e .  
These  data show -- even w i t h  a p p r e c i a b l e  s c a t t e r  of  d a t a  p o i n t s  -- t h a t  t h e  
peak  area i s  independent  of t ime-temperature  r e l a t i o n s h i p  over  a c o n s i d e r a b l e  
r a n g e  (2400 to  2600°F over  t i m e s  from 5 minutes  t o  24 h o u r s ) .  

R e l a t i o n s h i p  of Coke Type I 

F i g u r e  5 i s  a p l o t  of  the a v e r a g e  peak w i d t h  v e r s u s  peak a r e a  o b t a i n e d  
f o r  coke samples  produced from vacuum residuum, topped crude  o i l ,  and thermal  
tars. (CTE range  from 4 to  30 [x lo-']). 
r e l a t i v e l y  independent  of t h e  d e l a y e d  coke type  ( i . e . ,  h igh  o r  low CTE). 
On the o t h e r  hand,  t h e  h e i g h t  -- and subsequent ly  t h e  area -- i s  s t r o n g l y  
a f f e c t e d  by t h e  coke type .  N e v e r t h e l e s s ,  t h e  product  of t h e  wid th  by t h e  
h e i g h t  (Hi31/2) remains c h a r a c t e r i s t i c a l l y  c o n s t a n t  f o r  a g iven  coke type  
over t h e  same range  o f  peak w i d t h  (81/2 % 1.25 t o  1.75) .  

The X-ray/CTE C o r r e l a t i o n  

As p r e v i o u s l y  n o t e d ,  t h e  wid th  i s  

F i g u r e  6 shows a p l o t  of  the  X-ray peak area v e r s u s  the CTE f a c t o r  ob- 
t a i n e d  f o r  g r a p h i t e  produced from i t  f o r  coke used as c a l i b r a t i o n  samples. 
Exper ience  ga ined  d u r i n g  t h e  p a s t  s e v e r a 1 , y e a r s  h a s  shown t h a t  most delayed 
pe t ro leum cokes w i l l  produce g r a p h i t e  w i t h  a CTE v a l u e  comparable t o  i t s  
r e l a t i v e  p o s i t i o n  on such  a c a l i b r a t i o n  curve .  

SUMMARY 

A t echnique  t o  de te rmine  a n  X-ray/CTE c o r r e l a t i o n  f a c t o r  f o r  c a l c i n e d  
petroleum coke h a s  been developed.  
of a petroleum coke as to i ts  p o t e n t i a l  u s e  and v a l u e  w i t h o u t  having t o  
p r e p a r e  a g r a p h i t e  test specimen. 

T h i s  procedure  p e r m i t s  c l a s s i f i c a t i o n  
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RATIO OF HEIGHT TO AVERAGE WIDTH (H/&/?)  
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FIGURE 1. DATA SHOWING THE TEMPERATURE SENSITIVITY OF THE 002 X-RAY 
PEAK HEIGHT VS WIDTH AT ONE-HALF HEIGHT AS A RATIO AND AN AREA. 

\ 

a 



6 

70 

60  

50 

40 

30 

20 

16 

0 

4 
I 
I 
I 
I 
H 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

FIGURE 2. TYPICAL CHART TRACE SHOWING THE 002 DIFFRACTION LINE. 
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NORMALIZED PEAK HEIGHT (H) 
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FIGURE 4. a-c. TIME-TEMPERATURE EFFECTS WITH AVERAGE PEAK WIDTH, PEAK 
HEIGHT, AND AREA. 
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