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INTRODUCTION 

H-mordenite, i n  combination w i t h  hydrogenation ca ta lys ts ,  has been 
used inlhydrocracking o f  d i f f e r e n t  types o f  hydrocarbons. Voorhies and 
Hatcher and Beecher e t  a1.2 used pd-H-mordenite i n  the study o f  k i n e t i c s  
o f  hydrocracking o f  c 6 ,  c8 and C1o p a r a f f i n i c  and naphthenic hydrocarbons. 
The hydrogen mordenite used had a Si02/A1203 o f  about 10. The react ions 
were found t o  be o f  f i r s t  order w i t h  respect t o  hydrocarbon concentrat ion 
and the a c t i v a t i o n  energies o f  hexane, cyclohexane, n-decane and Decal in  
were found t o  be 48, 31 , 33 and 25 kcal  ./mole respect ive ly .  
a lso  used hydrogen mordenite having a Sio2/A1203 o f  g rea ter  than 50 i n  
combination w i th  pal ladium i n  the hydrocracking o f  n-decane and Decalin. 
The aluminum d e f i c i e n t  c a t a l y s t  combination was found t o  be over 4 t imes as 
a c t i v e  as d-H-mordenite combination. Aluminum d e f i c i e n t  H-mordenite (Sio2/ 
A1203 = 647 was also found t o  b more a c t i v e  i n  cumene crack ing by Eberly 
and Kimberlin3. Qader e t  al.49g s tud ied the hydrocracking o f  naphthalene 
and anthracene over ca ta lys ts  conta in ing H-mordenite (Sio2/A1203:10) and 
oxides and su l f ides  o f  Cos Mo, N i  and W. The react ions were found t o  be 
cf f i r s t  order w i t h  respect t o  hydrocarbon concentrat ion and the a c t i v a t i o n  
energies o f  naphthalene and anthracene hydrocracking were found t o  be 30.5 
and 28.6 kcal  ./mole respect ive ly .  The anthracene hydrocracking data was 
a lso found t o  be compatible w i t h  the d u a l s i t e  mechanism according t o  t h e  
Langmuir-Hinshelwood model. The hydrocracki-: o f  phenanthrene over c a t a l y s t  
combinations containing H-mordenites o? 10, 50 and 100 s i l ica-a lumina r a t i o s  
i s  presented i n  t h i s  paper. 

Beecher e t  a1 .2 

EXPERIMENTAL 

Phenanthrene o f  over 99.8 percent p u r i t y  was hydrocracked i n  a batch 
s t i r r e d  tank reactor  o f  1 - l i t r e  capacity, shown i n  Figure 1. Twenty grams 
of phenanthrene, 7.5 grams o f  H-mordenite o r  s i l i c a - ( l o w )  alumina and 2.5 
grams o f  WS2 were used i n  each experiment. Hydrocracking was car r ied  out  
i n  the temperature range 400'-500°C a t  a constant i n i t i a l  (co ld )  pressure o f  
1800 ps i .  The f i n a l  (ho t )  pressures var ied between 3000 and 3500 p s i .  The 
reactants and ca ta lys ts  were heated t o  the experimental temperature i n  25-35 
minutes and the time when the temperature reached the experimental temperature 
was taken as zero reac t ion  t ime as shown i n  Figure 2. 
zero reac t ion  times were determined by cool ing the products imnediately a f t e r  
the  temperature reached the experimental temperature. It took 1-2 minutes 
t o  cool the products t o  below 300°C i n  a l l  experiments. I t  was assumed t h a t  
no reac t ion  took place dur ing the cool ing cyc le .  Zero reac t ion  time hydro- 
cracking conversions var ied  between 1 and 5 weight percent o f  phenanthrene 
under the experimental candi t ions employed. Experiments were conducted a t  
reac t ion  times o f  zero t ime (as defined above), zero time + 20, zero t i m e  + 
30 and zero time + 60 minutes. 
react ion t ime and zerotime + 60 minutes were used f o r  evaluat ion of mechanisms 
and k i n e t i c s .  The volume o f  i n i t i a l  hydrogen used i n  the react ion and the 
product gases were measured by a wet gas meter. The l i q u i d  product and 
the spent ca ta lys t  were recovered by washing a l l  the reac tor  par ts  w i t h  acetone. 

The conversions a t  

The conversions obtained i n  between zero 



128 

I n  experiments designed f o r  c a l c u l a t i n g  weight balances, a weighed quant i t y  
o f  T e t r a l i n  was used f o r  recover ing the  l i q u i d  product and ca ta lys t .  
Cata lyst  was then separated from the l i q u i d  by f i l t r a t i o n ,  washed w i t h  
acetone and d r i e d  a t  110°C. The weight o f  t h e  l i q u i d  product was then 
obtained by d i f fe rence.  

Weight o f  l i q u i d  product = (weight o f  T e t r a l i n  + L i q u i d  
Product + Cata lys t  as recovered from the reactor)-(Weight 
o f  i n i t i a l  T e t r a l i n  used f o r  washing + weight o f  d r i e d  
spent c a t a l y s t ) .  

The weight o f  C1-C4 gases formed was obtained from t o t a l  volume o f  gaseous 
product and gas composition. The d i f fe rence between i n i t i a l  hydrogen used 
i n  the  reac t ion  and hydrogen present i n  product gas was taken as hydrogen 
consumed i n  t h e  reac t ion .  
done by gas chromatographic techniques. 
14 carbon atoms, a l l  compounds i n  the  product conta in ing 13 carbon atoms 
o r  l e s s  were taken as cracked products f o r  c a l c u l a t i n g  hydrocracking 
conversions. 
l i q u i d  product analyses. 

The analyses o f  l i q u i d  and gaseous products were 
Since phenanthrene m l e c u l e  contains 

The mole percent hydrocracking conversions were obtained from 

Mole percent hydrocracking conversion = (Sum o f  mole percenta es 
o f  a l l  components o f  the  l i q u i d  product which i s  equal t o  1007- 
(Sum o f  mole percentages o f  a l l  components o f  the l i q u i d  product 
conta in ing 14 carbon atoms). 

This was done on t h e  assumption t h a t  there w i l l  be no change i n  the  l i q u i d  
moles during the  r e a c t i o n  s ince each mole o f  phenanthrene can y i e l d  on ly  
one mole o f  each component o f  the l i q u i d  product. 
reported inc lude l i q u i d  product components which come out  i n  the chromato- 
graphic analys is  a f t e r  phenanthrene and coke. 

The h igher  compounds 

COKE DETERMINATION 

The f resh  and spent c a t a l y s t s  were heated i n  a muf f le  furnace a t  600°C 
f o r  3 hours and the weight losses were determined. 
the weight losses o f  each used c a t a l y s t  and the f r e s h  c a t a l y s t  was taken 
as coke formed dur ing  the reac t ion .  

RESULTS AND DISCUSSION 

Reaction Mechanism: 

Hydrocracking o f  phenanthrene involves three main reac t ion  steps o f  
hydrogenation, isomer izat ion and cracking as ind icated by the  product 
d i s t r i b u t i o n  data g iven i n  Table I .  Phenanthrene f i r s t  gets hydrogenated 
t o  d i - ,  t e t r a -  and octa-hydrophenanthrenes. The hydrophenanthrenes, then 
get  isomerized t o  C14 isomers. 
carbon atoms (14) as  hydrophenanthrenes and they are  formed from t e t r a -  
and octahydrophenanthrenes by the ske le ta l  rearrangement o f  saturated s i x  
member r ings o f  the l a t t e r  t o  saturated f i v e  member r ings  w i t h  methyl 
groups attached t o  them. 
f i v e  member r ings .  This ske le ta l  rearrangement i s  analogous t o  the  isomerizat- 

The d i f fe rence between 

C14-isomers conta in  the same number o f  

The C14-isome1-s conta in  one o r  two saturated 
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i o n  o f  hydroanthracenes t o  C14-isomers as repor ted by Qader e t  a1.5. 
t h i r d  reac t ion  step i s  the hydrocracking o f  hydrophenanthrenes and C14- 
isomers t o  lower molecular weight compounds. 
data given i n  Table I i nd ica tes  t h a t  the i n i t i a l  products o f  hydrocracking 
are  C13- isomers and naphthalenes. Clg-isomers conta in  13 carbon atoms 
and one f i v e  member saturated r i n g  i n  the molecule and they are formed from 
C14-isomers by  demethylation o f  the l a t t e r .  
naphthalene are  formed by the  hydrocracking o f  hydrophenanthrenes, and C 4- 
and C13-isomers. The format ion o f  naphthalenes and t e t r a l i n s  as the  i n i l i a 1  
products o f  hydrocracking suggests t h a t  crack ing i s  tak ing  place i n  one of 
the  s ide benzene r ings  o f  the hydrophenanthrenes, and C14-and C13-isomers. 
AS cracking proceeds fu r ther ,  indans and alkylbenzenes are formed i n  the 
product. This suggests t h a t  indans and a l k y l  benzenesare formed from 
naphthalenes and t e t r a l i n s  by the occurrence o f  hydrogenat on, i somer iza t ion  

d l s t r i b u t i o n  data obtained i n  t h i s  work suggest t h a t  phenanthrene hydro- 
crack ing takes place through the occurrence o f  a mu l t i s tep  mechanism of 
hydrogenation, isomer ia t tkn and crack ing as shown i n  Figure 3. 
i s  a very complex one and the  mechanism presented i n  F igure 2 represents 
on ly  the  gross hydrocracking pat tern.  Somewhat s i m i l a r  mec anisms were 

e t  al.6 hydrocracked phenanthrene over a n icke l  sulphide on s i l i ca -a lumina 
c a t a l y s t  and found t h a t  the r e a c t i o n  took p lace  p a r t l y  by a s i m i l a r  mechanism 
as shown i n  Figure 3 and p a r t l y  by two o ther  mechanisms. Rumohr and K i i l l i n g  
hydrocracked phenanthrene over a n i c k e l  on alumina c a t a l y s t  and repor ted 
t h a t  the  reac t ion  took p lace by a mechanism somewhat s i m i l a r  t o  the  one 
shown i n  Figure 3. 

The 

The product d i s t r i b u t i o n  

The alkylnaphthalenes and 

and cracking react ions as reported e a r l i e r  by Qader e t  a l .  d . The product 

e a r l i e r  repor ted by Su l l i van  e t  a1.6 and Rumohr and K o l l i n g  5 . S u l l i v a n  

The r e a c t i o n  

; 

KINETICS OF HYDROCRACKING 

During hydrocracking, phenanthrene gets hydrogenated t o  hydrophenanthrenes 
which subsequently ge t  isomerized t o  C14-isomers. 
and C14-isomers w i l l  then crack t o  lower molecular weight compounds. 
compounds o f  the product conta in ing less than 14 carbon atoms are taken as 
cracked products i n  the c a l c u l a t i o n  o f  hydrocracking conversions. The 
conversion data were evaluated by a simple f i r s t  order r a t e  equation (1 )  
where "x" i s  mole f r a c t i o n  conversion o f  phenanthrene 

The hydrophenanthrenes 
A l l  

Ln (1-x)  = -KT + Q (1 1 
(mixture o f  phenanthrene, hydrophenanthrenes and C14-isorners) and Q i s  a 
constant. The p l o t s  o f  equation (1)  shown i n  Figures 4 and 5 fnd ica te  t h a t  
the order o f  hydrocracking reac t ion  i s  one w i th  respect t o  phenanthrene 
concentrat ion a t  constant hydrogen pressure. The f i r s t  order  r a t e  constants 
were used i n  c a l c u l a t i n g  Arrhenius a c t i v a t l o n  energies as shown i n  Figure 6. 
A c t i v a t i o n  energies o f  20.8 and 35.3 kcal./mole were obtained i n  the hydro- 
cracking o f  phenanthrene over H-mordenite (10) + WS2 and S i l i ca- ( low)  alumina + 
WS2 cata lys ts  respect ive ly .  
crack ing reac t ion  i s  predominantly c o n t r o l l e d  by chemical processes. The 
f i r s t  order r a t e  constants o f  phenanthrene obtained over Mordenite and S i l i c a -  
alumina c a t a l y s t  systems were found t o  be represented by equations (2 )  and (3)  
respec t i  ve ly  . 

The a c t i v a t i o n  energies i n d i c a t e  t h a t  the hydro- 



130 

A C T I V I T I E S  OF CATALYSTS 

A c t i v i t i e s  o f  ca ta l ys ts  depend upon r e a c t i o n  condi t ions and nature 
o f  reactants. A c t i v i t i e s  o f  ca ta l ys ts  can be evaluated and compared by 
reac t ion  ra tes  c a l c u l a t e d  from conversion data. The r a t e  o f  a chemical 
reac t ion  i s  very much in f luenced by the c a t a l y s t  a c t i v i t y  and i t  i s  neces- 
sary to  keep the c a t a l y s t  a c t i v i t y  same throughout the  react ion.  
cracking coke depos i t ion  takes place on the  c a t a l y s t  and reduces the 
ava i lab le  ac t i ve  s i t e s  which i n  tu rn  reduces the a c t i v i t y .  A large excess 
of ca ta l ys t  i s  used i n  t h i s  work t o  insure  a v a i l a b i l i t y  o f  s u f f i c i e n t  
number o f  ac t i ve  s i t e s  dur ing the reac t ion .  Conversior, data obtained on 
four d i f f e ren t  c a t a l y s t s  are shown i n  Figure 7 and the  f i r s t  order r a t e  
constants are used t o  represent c a t a l y s t  a c t i v i t i e s .  The a c t i v i t i e s  o f  
the ca ta lys ts  v a r i e d  i n  the order H-M-50 + WS H-M-100tWS > S i l i ca- ( low)  
alumina + WS > H-M-10 + WS2 as shown i n  Tab12 11. The a c t f v l t y  o f  mordenite 
+ WS2 c a t a l y z t  system almost doubled when'the s i l ica-alumina r a t i o  o f  
mordenite increased from 10 t o  50. The a c t i v i t i e s  o f  mordenites w i th  
s i l i ca -a lumina r a t i o s  o f  50 and 100 were found t o  be same. The aluminum 
d e f i c i e n t  mordenites were e a r l i e r  found t o  be more ac t i ve  i n  the hydro- 
cracking o f  n-decane and Decaline. Though a c t i v i t y  increased w i t h  s i l i c a -  
alumina r a t i o ,  t he  phenanthrene hydrocracking mechanism remained same as 
ind ica ted  by the  product d i s t r i b u t i o n  data given i n  Table 111. 

I n  hydro- 

COKE FORMATION 

Conversion data shown i n  Figure 2 i nd i ca te  t h a t  m o s t  o f  the coke was 
formed dur ing i n i t i a l  stages o f  the react ion.  A f t e r  the deposi t ion o f  
i n i t i a l  coke, the a c t i v i t y  o f  the c a t a l y s t  probably gets equ i l ib ra ted .  
This appears t o  be happening a t  the zero r e a c t i o n  t ime and the increase 
i n  coke deposi t ion a f t e r  the zero t ime i s  no t  very high. The coke data 
shown i n  Figure 8 i nd i ca te  t h a t  the mordenite based ca ta lys ts  produce 
less  coke when compared t o  s i l i ca -a lumina based ca ta l ys t .  The s i l i c a -  
alumina r a t i o  o f  the  mordenite appear t o  be having some inf luence on coke 
y i e l d .  Catalysts w i t h  s i l ica-alumina r a t i o s  o f  50 and 100 y ie lded more 
coke when compared t o  c a t a l y s t  w i th  s i l i ca -a lumina r a t i o  o f  10. 

REACTIVTTTES OF HYnRnCARRnNS 

The r e a c t i v i t i e s  o f  d i f f e r e n t  polynuclear aromatic hydrocarbons are 
compared by t h e i r  f i r s t  order ra te  constants as shown i n  Figure 9 and Table 
I V .  The data show t h a t  phenanthrene i s  less  reac t ive  when compared t o  
naphthalene and anthracene and more reac t i ve  than pyrene. The r e a c t i v i t i e s  
var ied i n the order  anthracene>naphthalene>phenanthrene>pyrene. 
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TABLE I. HYDROCRACKING PRODUCT DISTRIBUTION OF PHENANTHRENE 
PRESSURE: 1800 PSI (COLD) 

Cata lyst  

Temperature, "C 
Reaction T ime.  Mins. 
LIQ!ID PROOUCT 
COM OSITION, WT. % 
Phenanthrene 
Hydrophenanthrenes 
(Di-,  Tetra-, and Octa-) 
Hydrophenanthrene 
isomers (C, ) 
Hydrop henan?hrene 
isomers (C13) 
Naphthalenes and T e t r a l i n s  
Indans 
Alkylbenzenes and benzene 

TABLE 11. 

Cata lyst  

H-M-50+WS2 

S i l i ca- ( low)  Alumina + WS2 

H-M-1 O+WS 

H-M-IOO+W$ 

WS2 (2.5 gram) H-Mordenite (7.5 gram) 

400 
0+5 

500 
0+30 

66.89 82.04 

29.17 10.54 

2.68 3.01 

0.70 
0.56 
n i  1 
n i  1 

0.50 
3.13 
0.78 
n i  1 

WS2(2.5 gm) 
+H-Mordeni t e  
(7.5 gram) 

400 450 
0+5 0+10 

40.37 64.00 

51.70 25.64 

4.21 5.22 

0.41 0.76 

0.32 0.11 
n i l  1.27 

2.99 3.00 

ACTIVITIES OF CATALYSTS 
TEMPERATURE = 45OOC 

PRESSURE = 1800 p s i  (co ld)  

F i r s t  Order Rate Constant, S e c z  

1 2 . 8 1 ~  lg5 
21 x.10- 
21 x 10-5 
17 x 10-5 

R 
I 
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TABLE I1 I .  HYDROCRACKING PRODUCT DISTRIBUTION OF PHENANTHRENE 
PRESSURE = 1800 ps i  (co ld)  

Ca t a  1 yst 
Temperature, O C  

Reaction Time, Mins. 
Liijuiij PRODUCT COMPOSITION,WT. % 
Phenanthrene 
Hydrophenanthrenes 
( D i - ,  Tetra-, and Octa-) 
Hydrophenanthrene isomers C1 
Hydrophenanthrene isomers IC141 
Naphthalenes and T e t r a l i n s  
Indans 
A1 ky l  benzenes and Benzene 

M- l0+WS2 
400 
0+5 

40.37 
51.70 

4.21 
0.41 
2.99 
0.32 
n i  1 

H-M-SO+WSz 
425 
D+5 

81.95 
15.36 

1.31 
0.11 
1.27 

n i  1 
n i  1 

H-M-lOOtWS2 
400 
?+5 

74.90 
20.19 

0.97 
0.48 
2.74 
0.72 
n i  1 

TABLE I V .  REACTIVITIES OF HYDROCARBONS 
TEMPERATURE: 45OOC 

PRESSURE: 1800 PSI (COLD) 
Hydrocarbon F i r s t  Order Rate Constant, Sec.” 
Anthracene 16.5 x 10-5 
Naphthalene 14.3 x 10-5 
Phenanthrene 12.8 x 10-5 
Pyrene 5 x 10-5 
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PHENANTHRENE HYDROPHENANTHRENES (DI., TETRA. 8 OCTA.) 

I 

+ "2 
+ 

TETRALINS +Hp INDANS - BENZENES 

FIGURE 3. HYDROCRACKING MECHANISM OF PHENANTHRENE 
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COAL TAR AND PETROLEUM PITCHFS AS BINDERS 
FOR PREBAKED ELECTRODES 

L. F. King 
W. D. Robertson 

Research Deparcment, imper ia i  O i i  En te rp r i se s  L ta ,  Sarn ia ,  Ontar io ,  Canada 

INTRODUCTION 

It has been shown t h a t  improved b inde r s  f o r  Soderberg 
e l e c t r o d e s  can be  made by incorpora t ing  a rubber r e in fo rc ing  grade of 
carbon b lack  i n  low grade  c o a l  t a r  p i t c h  o r  a r e s idue  from c a t a l y t i c  
cracking of petroleum. 
carbon b lacks  cannot  func t ion  merely as a p a r t i a l  replacement f o r  coke 
f ines .  The h igh  s u r f a c e  a r e a ,  small p a r t i c l e  s i z e  r e i n f o r c i n g  b lacks  
improve t h e  homogeneity and mechanical s t a b i l i t y  of t h e  binder-coke 
mixture by prevent ing  t h e  sepa ra t ion  of o i l y  components a t  h igh  
temperatures and apparent ly  have a c a t a l y t i c  e f f e c t  on polymerization 
and condensation r e a c t i o n s  assoc ia ted  with coking of the  binder.  

A t  t h e  concent ra t ion  used (1-1.5% of t h e  pas t e )  

A cracked petroleum p i t c h  conta in ing  carbon b lack  has  a l s o  
been compared t o  coal tar p i t c h  i n  a prebaked e l e c t r o d e  formulation. 
I n  t h e  manufacture of prebaked e l ec t rodes ,  s i zed  ca lc ined  coke and/or 
a n t h r a c i t e  aggrega te  is mixed wi th  20  t o  25X of coa l  tar p i t c h  a t  
10O-15O0C us ing  a hydraul ic  ram press .  
mineral  o i l  i s  added t o  the  mix t o  a c t  a s  a l u b r i c a n t  dur ing  ex t rus ion .  
Extruded e l e c t r o d e s  are cooled i n  a w a t e r  ba th ,  then packed i n  sand and 
baked i n  a gas- f i red  p i t  furnace.  The temperature i n  the  furnace  is 
increased g radua l ly  over a period of about 30 days t o  a maximum of 950- 
1000°C. Af te r  baking, t h e  e l ec t rodes  a r e  cooled ,  repacked i n  ca lc ined  
coke, and g raph i t i zed  by hea t ing  t o  1500-30OO0C. 

A smal l  amount of p a r a f f i n i c  

The coking c h a r a c t e r i s t i c s  needed in a binder f o r  prebaked 
e l ec t rodes  a r e  g e n e r a l l y  s imi l a r  t o  those  f o r  Soderberg paste, though 
lower p a s t e  f l u i d i t y  is  adequate f o r  prebaked e l ec t rodes :  whi le  t he  
pas te  must be  f l u i d  enough t o  permit forming by ex t rus ion ,  i t  is not  
necessary or  d e s i r a b l e  t h a t  i t  flow under i t s  own weight. 

EXPERIMENTAL 

T h e  p r o p e r t i e s  of a coa l  tar p i t c h  (K) s u i t a b l e  f o r  t h e  
manufacture of prebaked e l ec t rodes  a r e  g iven  i n  Table 1 along with 
those of t h r e e  petroleum binders.  
2.5% of f l u f f y  (unpe l l e t i zed )  ISAF b lack  i n  t h e  p i t c h  by mechanical 
s t i r r i n g .  
commercial pe l l ec i zed  SRF carbon b lack  i n  an  a romat ic  o i l ,  followed by 
d i s t i l l a t i o n  i n  vacuo, as previously descr ibed .  

Thermogravimetric Analyses 

Binder H w a s  prepared by d i spe r s ing  

P i t c h e s  G and J were made v i a  a c o l l o i d a l  d i spe r s ion  of 

Many e l e c t r o d e  manufacturers use thermogravimetric ana lys i s  
(TGA) of t he  b inder  t o  e s t a b l i s h  the  temperature cyc le  f o r  baking 
e l ec t rodes  so t h a t  t h e  rate of evolu t ion  of hydrocarbon vapours can be 
con t ro l l ed .  Too r ap id  emission of gases may cause  e l ec t rodes  to  c rack  
during t h e  baking opera t ion .  Since the  vapours a r e  burned i n  t h e  furnace  
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p i t  and c o n t r i b u t e  hea t  t o  t h e  baking process ,  a moderate rate of 
v o l a t i l i z a t i o n  i s  requi red  t o  provide  good temperature con t ro l .  
According t o  a common l abora to ry  procedure,  a weighed sample of p i t c h  
i s  placed on a ba lance  pan enclosed i n  a furnace ,  t h e  temperature of 
which is  increased  t o  650°C over a pe r iod  of 10 hours  under n i t rogen ,  
and t h e  loss i n  weight is determined a t  s e v e r a l  temperatures.  

The r e s u l t s  of coking t e s t s  c a r r i e d  o u t  by t h i s  procedure 
(TGA No. 1) on c o a l  tar p i t c h  K and petroleum binder H are shown i n  
Figure  1. Although t h e  i n i t i a l  temperature f o r  evo lu t ion  of v o l a t i l e s  
was about 100°C higher f o r  H than  f o r  K, t he  maximum r a t e  of v o l a t i l i z a t i o n  
( s lope  of t h e  l i n e a r  p a r t  of t he  thermogram) of H was g r e a t e r ,  and above 
600°C it l o s t  weight a t  a f a s t e r  ra te  than  K. Rapid loss i n  weight and 
a low carbon r e s idue  by TGA are gene ra l ly  considered t o  i n d i c a t e  a 
tendency t o  form a porous e l ec t rode .  However, some doubt remained 
about t h e  v a l i d i t y  of t h i s  acce le ra t ed  TGA tes t ;  as noted above, when 
e l ec t rodes  a r e  baked commercially, t he  temperature is r a i s e d  much more 
slowly. 

A TGA t e s t  (No. 2) was c a r r i e d  ou t  a t  a much lower hea t ing  
rate. Samples of b inder  i n  c ruc ib l e s  were heated f o r  22 hours i n  a 
n i t rogen  atmosphere a t  each of seven temperatures from 250 t o  800°C, 
t o t a l  hea t ing  t i m e :  154 hours.  Af te r  each pe r iod ,  t h e  c r u c i b l e s  w e r e  
removed from t h e  furnace ,  cooled i n  a des i cca to r ,  and weighed. The 
r e s u l t s  (F igure  2) d i f f e r e d  markedly from those  obtained by r ap id  hea t ing .  
The c o a l  t a r  p i t c h  s t i l l  began t o  vapour ize  a t  a lower temperature than  
the  petroleum p i t ches  G and H ,  bu t  t he  maximum rate of v o l a t i l i z a t i o n  
was about t h e  same f o r  a l l .  The d i f f e r e n t  shape of t h e  i n i t i a l  p a r t  of 
t h e  curve f o r  p i t c h  K was shown previous ly  by vacuum d i s t i l l a t i o n  a n a l y s i s  
t o  be  due t o  its h igher  conten t  of non-coke forming l i g h t  ends as  
compared t o  cracked petroleum p i t c h  b inders (1) .  

Af t e r  slow hea t ing  t o  800°C, t h e  weight of r e s i d u e  w a s  
v i r t u a l l y  t h e  same f o r  a l l  p i tches .  The amount of coke w a s  69-72% of 
the  b inder ,  as  compared t o  52-60% by the  conventional i so thermal  
coking va lue  test (2.5 hours a t  550°C) and t h e  rap id  hea t ing  TGA 
method. This  is  i n  agreement wi th  Chare t te  and Girolami(2) and Mar t in  
and Nelson(3),  who observed t h a t  the amount of coke from some coa l  t a r  
p i t ches  va r i ed  inve r se ly  as the  r a t e  of hea t ing ,  s i n c e  slow hea t ing  
favours  condensation and polymerization over c racking  and v o l a t i l i z a t i o n .  
Heating ra te  has a g r e a t e r  e f f e c t  on cracked petroleum p i t c h  con ta in ing  
carbon b l ack  than on  c o a l  tar p i t ch :  t h e  d i f f e rence  i n  t h e  amount of 
coke from slow and f a s t  hea t ing  TGA tests w a s  l a r g e r  f o r  H (72 v s  52%) 
than f o r  K (69 v s  60%). This can  undoubtedly be explained by t h e  
h igher  propor t ion  of d i s t i l l a b l e  coke forming components i n  a cracked 
petroleum residuum as determined by vacuum d i s t i l l a t i o n  and a n a l y s i s  of 
narrow cu t s (1 ) .  

A t h i r d  series of TGA t e s t s  were c a r r i e d  out  t o  determine 
the  e f f e c t  of t h e  presence of petroleum coke aggregate.  G i ~ o l a m i ( ~ )  
repor ted  t h a t  coa l  tar p i t c h  has a higher apparent  coking va lue  when 
heated i n  t h e  presence of ca lc ined  coke p a r t i c l e s  than when heated 
alone. I n  our t es t ,  (TGA No. 3 )  mixtures  conta in ing  23% binder  and 77% 
ca lc ined  coke flour* were hea ted  f o r  22 hours  a t  each of s i x  tempera tures  

* Coke I ,  Figure 4 
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between 300 and 80OoC. 
of binder and coke used were about optimum f o r  prebaked e l ec t rodes  made 
from t h i s  aggrega te .  

A s  i nd ica t ed  i n  t h e  next  s e c t i o n ,  t h e  propor t ions  

The r e s u l t s  of t h e  tests, shown i n  F igure  3 ,  were q u i t e  
iiffcre-t f r = m  r'-=aa cbs=z.rad fcr the bi?.'ero z k - c  Ct the DC=C hcati-g 
rate. The i n i t i a l  evo lu t ion  of v o l a t i l e s  from a l l  of t h e  mixtures  
occurred a t  t h e  same temperature (3OOOC) but a t  about double t h e  rate 
observed f o r  t h e  pure  b inde r s  a t  300-450°C, ind ica t ing  i n t e r a c t i o n  
between t h e  p i t c h  and coke. A t  t h e  same f i n a l  temperature (8OOOC) t h e  
weight l o s s  was h igher  than when t h e  b inde r s  were heated a lone ,  a r e s u l t  
i n  disagreement wi th  t h e  observa t ions  of Girolami, and of Martin and 
Nelson above. The cracked p i t c h  H conta in ing  only  2.5% carbon b lack  
had an extremely low e f f e c t i v e  coking va lue  (29), whereas t h e  one wi th  
5X carbon b lack  and t h e  c o a l  tar p i t c h  both had about 50. Conclusions 
are t h a t  t h e  a d d i t i o n a l  2.5% carbon b lack  in G i s  of b e n e f i t  dur ing  the  
baking procedure and t h i s  is borne ou t  by t h e  e l ec t rode  test d a t a  
presented in t h e  fo l lowing  sec t ion .  

Evaluation of T e s t  Elec t rodes  

The t h r e e  petroleum binders  and coa l  t a r  p i t c h ,  i n spec t ions  
of which are given  in Table 1, were compared i n  s e v e r a l  prebaked 
e l ec t rode  formula t ions  conta in ing  21 t o  27% binder .  
aggregates were used, wi th  p a r t i c l e  s i z e  d i s t r i b u t i o n s  as shown i n  
Figure 4. About 2% ex t rus ion  o i l  based on t he  coke was added t o  t h e  
mixture. 
about 16OoC and molded a t  13OoC under a p res su re  of 5,000 psig.  Af te r  
cooling t o  9SoC, t h e  samples were removed from t h e  molds, measured and 
weighed. 
green e l ec t rodes  were packed i n  ca lc ined  coke i n  s t a i n l e s s  steel  molds 
f o r  baking, which was c a r r i e d  out i n  a 48 hour con t ro l l ed  temperature 
cyc le .  The e l e c t r o d e s  were held  a t  t h e  maximum temperature of 1000°C 
f o r  2 hours.  Af t e r  cool ing  i n  the  furnace ,  they  were removed from t h e  
molds, brushed f r e e  of coke s c a l e ,  measured and weighed, then machined 
t o  obta in  specimens 2.5 inches  i n  diameter and 3 inches  long which were 
evaluated f o r  d e n s i t y ,  e l e c t r i c a l  r e s i s t i v i t y ,  and compressive s t r eng th .  
Experimental d a t a  f o r  t h e  mixes conta in ing  t h e  optimum amount of binder 
(22-23 w t  %) a r e  summarized i n  Tables 2 and 3. The average l o s s  of 
v o l a t i l e s  from cracked p i t c h  (5.0X SRF black) us ing  t h e  two coke 
aggregates was  t h e  same a s  f o r  the  coa l  tar p i t c h  (33-34%), but t he  

Two ca lc ined  coke 

The coke and b inder  were s t i r r e d  i n  a sigma bladed mixer a t  

The b i n d e r s  a l l  gave similar molded green mix d e n s i t i e s .  The 

o:~;s i ~ ~ : ~ k . k g  i r l r ly  2.5; LiaLL i06i: 2; a d  4;; iu w e i x i l i  L e S p e c i i v r i y .  

Table 4 g ives  a comparison of e f f e c t i v e  coking va lues  obtained 
by f i v e  procedures:  t he  i so thermal  coking t e s t ,  t h ree  l abora to ry  TGA 
tests and dur ing  bakln  of e l ec t rodes .  
wi th  t h e  Norske methodf2). and the  rap id  hea t ing  TGA procedure (No. 1) 
both gave less coke than when e l ec t rodes  were baked. This  r e s u l t  
confirms r e s u l t s  r epor t ed  by Martin and Nelson(3). The slow hea t ing  TGA 
procedure (No. 2) on t h e  b inde r s  a lone  gave a coke y i e l d  somewhat h igher  
than  t h a t  found i n  the  baking tests. However, TGA test No. 3 on t h e  
binder/coke mixture  produced s u b s t a n t i a l l y  less coke than  by e l ec t rode  
baking, a r e s u l t  t h a t  is not  suscep t ib l e  t o  a p l aus ib l e  explanation. 

The isothermal t e s t ,  which agrees 

I 
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It appears t h a t  thermogravimetric ana lys i s  of t he  binder a lone  
a t  a very  slow hea t ing  r a t e  can be used t o  p r e d i c t  t he  approximate y i e l d  
of coke from coa l  t a r  p i t c h  b inde r s  and poss ib ly  from cracked petroleum 
binders  conta in ing  the  optimum amount (about 5%) of carbon black. 
However, i t  must be concluded t h a t  i n  o the r  cases  a r e l i a b l e  i n d i c a t i o n  
of performance is ob ta inab le  only by prepar ing  and baking test e l e c t r o d e s  

Figure 5 shows the  d e n s i t y  of baked t e s t  e l ec t rodes  a s  a 
func t ion  of the  amount of coked binder (coke r e s idue ,  w t  X ,  x binder 
con ten t ) .  
of coked binder.  
carbon b lack  conten t  had a maximum baked e l ec t rode  dens i ty  a t  least a s  
high a s  coa l  t a r  p i t c h  b inder .  

Each curve has a maximum corresponding t o  the  optimum amount 
An e l ec t rode  made us ing  p i t c h  G with t h e  optimum 

As expected, t h e  compressive s t r e n g t h  of baked t e s t  e l ec t rodes  
va r i ed  d i r e c t l y  wi th  e l ec t rode  dens i ty ,  and f o r  t he  same coke aggrega te  
t h e  r e l a t i o n s h i p  is independent of t he  o r i g i n  of composition of t h e  
b inder  (Figure 6) .  The ind ica t ed  h igher  average s t r e n g t h  of e l ec t rodes  
made from coke I may be due t o  t h e  denser grading of t h i s  aggregate i n  
t h e  coarse  f r a c t i o n s .  

The e l e c t r i c a l  r e s i s t i v i t y  of baked e l ec t rodes  decreased wi th  
inc reas ing  e l ec t rode  dens i ty  a s  shown i n  F igure  7. Because coke I1 is 
more densely graded i n  t h e  f i n e  f r a c t i o n s ,  e l ec t rodes  made from t h i s  
aggrega te  had lower e l e c t r i c a l  r e s i s t i v i t y  than  those  made from coke I ,  
e s p e c i a l l y  a t  low e l ec t rode  d e n s i t i e s .  
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COAL TAR AND PETROLEUM PITCHES AS BINDERS FOR PREBAKED ELECTRODES 
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COAL TAR AND PETROLEUM PITCHES AS BINDERS FOR PREBAKED ELECTRODES 
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INTRODUCTION 

I t  was concluded from a previous study(') t h a t  t h e  e f f i c a c y  
of c o a l  tar and petroleum p i t c h e s  as b inde r s  f o r  coke i n  carbon 
e l ec t rodes  i s  governed mainly by t h e i r  a romat i c i ty  and con ten t  of 
d i s t i l l a b l e  coke precursors .  
about t h e  same amount of r e s i n s  in so lub le  i n  qu ino l ine  and benzene a s  
coa l  tar p i t c h ,  bu t  no v o l a t i l e  coke formers,  was unsa t i s f ac to ry  a s  an 
e l ec t rode  b inder (2) .  On t h e  o the r  hand, a vacuum reduced r e s i d u e  from 
a petroleum c a t a l y t i c  c racking  process ,  though having no C 1  (qu ino l ine  
inso luble)  o r  C 2  (qu inol ine  so lub le ,  benzene in so lub le )  r e s i n s  and few 
of t h e  o the r  c h a r a c t e r i s t i c s  of c o a l  tar p i t c h ,  gene ra l ly  gave 
l abora to ry  t es t  e l e c t r o d e s  having high d e n s i t y  and compressive s t r e n g t h .  

A thermal petroleum p i t c h  conta in ing  

Parameters a f f e c t i n g  t h e  y i e l d  of b inder  p i t c h  from t h e  
petroleum c a t a l y t i c  c racking  process  have been i d e n t i f i e d .  Data 
obtained by vacuum reduc t ion  of c a t a l y t i c a l l y  cracked r e s idues  are showp 
i n  F i g i r e  1. The y i e l d  of p i t c h  having a so f t en ing  po in t  of 95OC is  
a func t ion  of a romat i c i ty ,  as ind ica t ed  by t h e  U.S. Bureau of  Mines 
Cor re l a t ion  Index (BMCI), t h e  y i e ld  inc reas ing  from 6% of a n  80 BMCI 
r e s idue  t o  30% of a 120 BMCI res idue .  F igure  2 shows t h e  r e l a t i o n s h i p  
between a romat i c i ty  of t h e  material bo i l ing  above 37OoC and cracking  
s e v e r i t y  as ind ica t ed  by feed conversion to  gas  and naphtha b o i l i n g  
below 221OC. 

I n  aluminum manufacture, inorganic  contaminants i n  e i t h e r  
t he  binder o r  coke aggrega te  components of t h e  e l ec t rodes  i n  t h e  
reduct ion  furnace  may show up a s  impur i t i e s  i n  t h e  product,  o r  may 
accumulate i n  t h e  molten e l e c t r o l y t e  and reduce t h e  cu r ren t  e f f i c i e n c y  
of t h e  c e l l .  Typica l  s p e c i f i c a t i o n s  f o r  e l e c t r o d e  binder p i t ches  allow 
a maximum of 0.3% ash .  To meet t h i s  requirement,  i t  is necessary t o  
remove a t  least 95% of t h e  c a t a l y s t  f i n e s  (corresponding t o  a l l  
p a r t i c l e s  l a r g e r  than  about 1 0  microns) from c a t a l y t i c a l l y  cracked 
res idue .  Semi-commercial s t u d i e s  showed t h a t  t h i s  can be accomplished 
by allowing t h e  s o l i d s  t o  se t t le  i n  tankage a t  65°-1100C f o r  5-10 days  
per foot  of l i q u i d  depth. 

EXPERIMENTAL 

Some Soderberg pas t e s  made wi th  cracked petroleum p i t c h  are 
mechanically uns t ab le  a t  high temperatures:  a t  255OC o i l  components 
a r e  exuded from t h e  green  m i x  of p i t c h  and petroleum coke aggregate.  
This was found t o  be  a func t ion  of b inder  c o n t e n t ,  s epa ra t ion  of o i l  
being observed only a t  t h e  p i t c h  l e v e l  requi red  t o  impart  adequate f low 
p rope r t i e s  t o  t h e  pas te .  O i l  bleeding i s  an undes i r ab le  proper ty  
because of t h e  p o s s i b i l i t y  of leakage from t h e  anode cas ing  i n  commercial 
operation. A r e l a t e d  phenomenon is  a tendency f o r  t h e  green  mix t o  
decrease i n  cons is tency  soon a f t e r  prepara t ion .  Mechanical i n s t a b i l i t y  
is not  normally observed when pas t e  i s  prepared wi th  coa l  tar  p i t c h  as 
binder.  



146 

E a r l i e r  work had ind ica t ed  that a p i t c h  s u i t a b l e  a s  an  
e l ec t rode  b inder  could be  made by hea t  soaking a c a t a l y t i c a l l y  cracked 
petroleum r e s i d u e  a t  about 375'C i n  the  presence of an  a c t i v e  carbon 
c a t a l y s t  ( t y p e  CAL, 12-40 mesh, P i t t sbu rgh  Coal and Chemical Co. Inc.)c3) 
and t h e  y i e l d  a l s o  w a s  increased from 25% t o  42%. Though i t  w a s  w e l l  
*mown char: coa r se  ( rhermai j  carbon biacics, when added in i a r g e  q u a n t i t i e s  
t o  Soderberg p a s t e ,  may a c t  as a replacement f o r  some of t h e  coke f i n e s ( 4 ) ,  
t h e  use of c a t a l y t i c  amounts of high s u r f a c e  a rea ,  non-pelletized b lacks  
pre-dispersed i n  t h e  p i t c h  had not  been r epor t ed .  

The type of carbon b lack  is c r i t i c a l ( 5 ) .  The most s u i t a b l e  
ones are t h e  super  abras ion  (SAF) furnace  b l acks ,  in te rmedia te  super 
abras ion  (ISAF), semi-reinforcing (SRF) furnace  b lacks  made by G. L. 
Cabot Inc.  and f a s t  ex t ruding  furnace  b lack  (FEF) of Columbian Carbon 
Co. Because of  t h e i r  high su r face  a r e a ,  s t r u c t u r a l  c h a r a c t e r i s t i c s  
and s u r f a c e  adso rp t ion  p rope r t i e s ,  t hese  rubber r e i n f o r c i n g  grade 
blacks a r e  a l s o  e f f e c t i v e  a s  s t a b i l i z e r s  f o r  Soderberg p a s t e  (Table 1 ) .  
A t  a concen t r a t ion  of 5% i n  c a t a l y t i c a l l y  cracked petroleum binder 
(1.5% of t h e  p a s t e )  t he  furnace  b lacks  prevented bleeding of o i l  and 
change i n  cons is tency  of t he  green m i x ,  whereas t h e  l a r g e  p a r t i c l e  s i z e  
MT ( thermal )  b l ack  provided no s i g n i f i c a n t  improvement i n  these  
p rope r t i e s .  It is probable t h a t  t h e r e  is a l s o  a c a t a l y t i c  e f f e c t  
involving t h e  formation of C 1  and C 2  r e s i n s  i n  s i t u  dur ing  the  carbon- 
i z a t i o n  (baking) process .  
aggregates i n  commercial p e l l e t i z e d  carbon b lacks  must be broken down 
in to  d i s c r e t e  p a r t i c l e s .  A concentrated suspension of t h e  black i n  an 
aromatic d i s t i l l a t e  (from thermal cracking of  gas  o i l ) ,  prepared by 
mixing i n  a tank, was passed through a c o l l o i d  m i l l ,  and a quan t i ty  
s u f f i c i e n t  t o  g ive  the  des i r ed  carbon b lack  conten t  i n  t h e  f in i shed  
binder w a s  blended with the  vacuum reduced p i t c h  o r  wi th  t h e  feeds tock  
t o  d i s t i l l a t i o n .  The blending o i l  was removed l a t e r  i n  vacuo. 

It is important t o  no te  t h a t ,  t o  be e f f e c t i v e ,  

When proper d i spe r s ion  is a t t a i n e d ,  t h e r e  is l i t t l e  o r  no 
tendency f o r  s o l i d s  t o  settle out of p i t c h e s  conta in ing  furnace  b lacks  
during ho t  s to rage .  Frequent c i r c u l a t i o n  of coa l  tar e l ec t rode  binder 
p i t ch  is commonly p rac t i ced  i n  the  indus t ry  t o  minimize t h e  depos i t ion  
of benzene and qu ino l ine  insoluble components in s to rage  tanks.  
micron is r epor t ed  a s  t h e  average diameter of qu ino l ine  in so lub le s (6 ) .  
Our labora to ry  da t a  showed t h a t  two r ep resen ta t ive  c o a l  tar p i t ches  
deposited about  ha l f  of t h e i r  C1 and C 2  r e s i n s  i n  5 t o  20 days a t  205'C. 
A cracked petroleum p i t c h ,  i n  which 5% of p e l l e t i z e d  SRF black  (80 mu 
p a r t i c l e  d lameter )  had been d ispersed  by c o l l o i d  m i l l i n g ,  requi red  330 
days a t  225'C f o r  s e t t l i n g  of 25% of t h e  black. 

One 

Flow P r o p e r t i e s  of Soderberg Pas t e s  

In a d d i t i o n  t o  its o the r  func t ions ,  t h e  b inder  i n  Soderberg 
pas te  must impart  t h e  f l u i d i t y  necessary f o r  flow t o  a l l  p a r t s  of t he  
anode cas ing .  
(which i n  p r a c t i c e  is f ixed ) ,  the  amount of binder and its v i scos i ty .  

This  depends on the  g rada t ion  of t h e  coke aggr,egate 

The flow p rope r t i e s  of Soderberg p a s t e  a r e  commonly evaluated 
by an  empi r i ca l  "elongation" t e ~ t ( 3 * ~ ) .  Four samples of pas t e ,  pressed 
in to  a c y l i n d r i c a l  mold and cooled r a p i d l y ,  a r e  placed on an  aluminum 
t e s t  p l a t e  - made so t h a t  t h e  su r face  is sloped a t  an ang le  of 10' t o  

r 

1 
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t h e  ho r i zon ta l  - and hea ted  i n  a n  oven a t  255OC f o r  15 minutes.  The 
p l a t e  is then  removed from t h e  oven, shock c h i l l e d ,  and the  e longat ion  
of t h e  samples as a percentage  of t h e  o r i g i n a l  l eng th  is ca lcu la ted .  
For commercial e l ec t rodes ,  t h e  v a l u e  des i r ed  is approximately 1002, and 
i t  v a r i e s  more or less loga r i thmica l ly  wi th  t h e  b inder  conten t .  With 
coa l  t a r  p i t ches ,  30 t o  35% binder  is  needed(7). 

Although the  a d d i t i o n  of a smal l  amount of furnace  b lack  t o  
a binder s u b s t a n t i a l l y  improves t h e  s t a b i l i t y  of Soderberg pas t e ,  i t  
a l s o  reduces f l u i d i t y .  Typica l  r e s u l t s  f o r  two such carbon b l acks  i n  
c a t a l y t i c a l l y  cracked petroleum p i t c h  a r e  shown i n  F igure  3. E longat ion  
a l s o  depends on the  p a r t i c l e  s i z e  of t h e  b lack  (Figure 4 ) .  Thermal 
b l acks  have a n e g l i g i b l e  e f f e c t  on p a s t e  f l u i d i t y  a t  low concen t r a t ions ;  
t h i s  i s  undoubtedly r e l a t e d  t o  t h e i r  i n a b i l i t y  t o  modify t h e  o i l  b leeding  
and ag ing  c h a r a c t e r i s t i c s  of t h e  pas t e .  

A s tudy  was made of t h e  flow p r o p e r t i e s  of c a t a l y t i c a l l y  
cracked petroleum p i t ches  conta in ing  SRF carbon b lack  and of Soderberg 
p a s t e  made wi th  them. An experimental  sample, des igna ted  as  "Cracked 
P i t c h  D" was prepared on a s m a l l  commercial scale as descr ibed  above. 
Another p i t c h  (Blended P i t c h  E) w a s  prepared in the labora tory .  
reduced (48OoC+) bottoms from c a t a l y t i c  c racking ,  blended wi th  5 w t  % 
of a 15OoC so f t en ing  po in t  vacuum reduced t a r  from thermal c racking  of 
gas  o i l ,  and a d i spe r s ion  of SRF carbon b lack  i n  oil were r e d i s t i l l e d  
i n  vacuo t o  remove the  o i l .  These two petroleum p i t c h e s  are compared 
i n  Table 2 with  a coa l  tar p i t c h  binder (F) t y p i c a l  of t h a t  used a t  
about 30% concen t r a t ion  i n  Soderberg pas t e .  

Vacuum 

The v i s c o s i t y  of e l e c t r o d e  b inder  p i t c h  is normally measured 
wi th  a Brookfield v iscos imeter  a t  va r ious  temperatures and s p i n d l e  
r o t a t i o n  speeds.  The ra te  of s h e a r  is h igh ,  b u t  no t  p r e c i s e l y  known. 
This is no t  important i n  t h e  case of c o a l  tar p i t c h e s  which a r e  
repor ted  t o  be Newtonian(8). 
suspected of being pseudoplas t ic ,  i t  was decided t o  determine v i s c o s i t y  
a t  known shea r  r a t e s .  

S ince  cracked petroleum p i t ches  were 

Flow p rope r t i e s  of b inde r s  D ,  E and F were eva lua ted  i n  
Koppers vacuum c a p i l l a r y  v iscometers  a t  t h r e e  temperatures:  107, 135 
and 163OC. Data obtained a t  va r ious  shear  rates are  shown i n  F igures  5, 
6 and 7. While coa l  tar p i t c h  F w a s  confirmed as being Newtonian 
throughout, t h e  petroleum p i t c h e s  were shear  s e n s i t i v e .  A t  t h e  lowest 
temperature and shear  rate D had the lowest v i s c o s i t y ,  a t  135OC i t  w a s  
in te rmedia te  and a t  163OC and h igh  shear rate i t  had t h e  lowest v i s c o s i t y .  
Flow ind ices  ca l cu la t ed  f o r  D and E were 0.7 and 0.9 (1.0 f o r  F). 

I n  commercial p r a c t i c e ,  Soderberg p a s t e  i s  c a s t  i n t o  b locks  
about 3 .5  x 1 3  x 1 f t  i n  s i z e  and weighing over 5000 l b .  The anodes a r e  
rep len ished  by p lac ing  a block of s o l i d i f i e d  p a s t e  on cop, where the  
temperature is 10O-15O0C. 
anode cas ing  under these  condi t ions .  The p res su re  a t  t h e  bottom of a 
b lock  of p a s t e  due t o  its own weight is approximately l o4  dynes/cm2. 
The l abora to ry  e longat ion  test previous ly  descr ibed  was developed t o  
con t ro l  t h e  f l u i d i t y  of Soderberg pas t e s  made wi th  coa l  tar p i t c h  under 
average  commercial opera t ing  condi t ions .  I n  the labora tory  test, t h e  
stress causing the  pas t e  t o  flow i s  about l o 3  dynes/cm2 bu t  t h e  

The p a s t e  should f low t o  a l l  co rne r s  of t h e  

' I  
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temperature (225OC) seemed much too  high. Addi t iona l  e longat ion  tests 
done a t  205' and 15OoC gave t h e  r e s u l t s  shown i n  F igure  8. The b inder  
requirements of t he  th ree  p i t ches  were a s  ind ica t ed ,  being based on 
80-1OOX e longat ion  a t  255OC. 
e longat ion  o f  the  pas t e  is shown by t h e  lowest curve.  

The e f f e c t  of too l i t t l e  b inder  on t h e  

To s imula te  t h e  very  low shear  r a t e s  of commercial ope ra t ion ,  
a l abora to ry  s p r e a d i n g e s t  was developed. A block of Soderberg pas t e ,  
1.5 x 6 x 0 .5  inches i n  s i z e  and loaded w i t h  steel weights a s  r equ i r ed ,  
is placed i n  a shallow steel con ta ine r  ( 2 . 5  x 6 x 0.25 inches)  and 
heated i n  an  oven a t  150OC. Since  t h e  volume of t h e  conta iner  w a s  made 
equal t o  t h e  volume of t h e  semi-molten b lock  of p a s t e ,  spreading  of t h e  
block is complete when the  conta iner  is f i l l e d .  T e s t s  were c a r r i e d  o u t  
using pas t e s  conta in ing  the  "optimum" amount of c o a l  t a r  p i t c h  F, 
cracked p i t c h  D ,  and blended p i t c h  E ,  f o r  per iods  of 1, 8 and 16 hours: 
(a) under a load  of 0.5 p s i  which produces a stress of about lo4 dynes/cm2, 
and (b) under no appl ied  load .  The r e s u l t s  a r e  shown i n  F igure  9. 

Cor re l a t ions  between Soderberg p a s t e  e longat ion ,  spreading tests 
and t h e  apparent  v i s c o s i t y  of the b inder  under s i m i l a r  condi t ions  of 
temperature and stress are complex. 
lo3 dynes/cm2. t h e  apparent  v i s c o s i t i e s  of a l l  t h r e e  b inde r s  t e s t e d  are 
so low (0.01 poise)  t h a t  t h e  b inder  v i s c o s i t y  probably has l i t t l e  e f f e c t  
on the flow p r o p e r t i e s  of t h e  pas t e .  Under these  cond i t ions ,  i t  is t h e  
amount of b inder  t h a t  has  t h e  g r e a t e s t  e f f e c t  on t h e  f l u i d i t y  of t he  
pas te  by c o n t r o l l i n g  the  packing of t h e  coke aggrega te  p a r t i c l e s .  

A t  255OC and a shear ing  stress of 

I n  the  e longat ion  t e s t  a t  15OoC, t he re  is  some i n d i c a t i o n  t h a t  
the f low of the p a s t e  increases  a s  t h e  apparent  v i s c o s i t y  of t h e  b inder  
i nc reases ,  and t h e  same r e s u l t  was observed i n  t h e  spreading test a t  
150°C under a load of 0.5 p s i  (upper curve,  Figure 10).  I t  is poss ib l e  
that i n  t h i s  v i s c o s i t y  range  (about 1 t o  10 poises)  t h e  f i l m  of binder 
on t h e  coke aggrega te  p a r t i c l e s  is not  of s u f f i c i e n t  th ickness  t o  
l u b r i c a t e  them under a stress of lo3 t o  l o 4  dynes/cm2; and a s  t h e  
v i s c o s i t y  o f  t he  binder i s  increased ,  f r i c t i o n  between t h e  p a r t i c l e s  
decreases due t o  t h e  th i cke r  l u b r i c a n t  f i lm. 

I n  t h e  spreading test a t  1 5 O o C  wi th  no appl ied  load (lower 
curve, F igure  10) flow v a r i e s  d i r e c t l y  a s  t h e  apparent  v i s c o s i t y  of t h e  
binder,  i n d i c a t i n g  t h a t  at extremely low stress l e v e l s ,  t h e  v iscous  
r e s i s t ance  of t he  binder has a s i g n i f i c a n t  r e t a r d i n g  e f f e c t  on t h e  flow 
of tne pas te .  

Electrode Performance 

The performance of t h e  b inde r s  i n  l abora to ry  s c a l e  baked 

A l l  test da ta  appear s a t i s f a c t o r y .  
e l ec t rodes  is summarized i n  Table 3. 
used(9). 
optimum binder  conten t ,  t h e  e longat ion  a t  225OC immediately a f t e r  
prepara t ion  and aga in  a f t e r  aging the  p a s t e  f o r  24 hr  a t  225OC, and t h e  
p rope r t i e s  of baked t e s t  e l ec t rodes  made from aged and unaged p a s t e  a r e  
given. 

The procedure of Jones  e t  a1 was 
For cracked p i t c h  D ,  t he  
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L. Girolami(lo) has r epor t ed  a " sa tu ra t ion"  test which 
involves  hea t ing  coa l  t a r  Soderberg p a s t e  i n  two s t ages  ( a t  200°C and 
a t  30OoC) p r io r  t o  labora tory  coking a t  the  normal temperature of 55OoC. 
The y ie ld  of coke was increased  by t h e  prehea t ing  steps, depending on 
t h e  f ineness  of t h e  coke, t h e  soaking temperature and t h e  b inder /aggrega te  
r a t i o .  Girolami ascr ibed  t h i s  behaviour t o  displacement of a i r  o r  o the r  
gases adsorbed on the coke aggrega te ,  thus  permi t t ing  more in t ima te  
contac t  between binder and coke. Our r e s u l t s  appear t o  confirm t h i s  
f ind ing:  t h e  dens i ty  and compressive s t r e n g t h  of e l ec t rodes  increased  
s i g n i f i c a n t l y  a f t e r  hea t  soaking of t he  pas te .  This has been observed 
i n  our l abora to ry  wi th  many petroleum p i t ches .  

A smal l  s c a l e  t r i a l  of cracked petroleum p i t c h  D was c a r r i e d  
o u t  i n  a commercial Soderberg anode. In s p i t e  of t h e  f a c t  t h a t  l e s s  than  
t h e  ind ica ted  optimum amount of b inder  was inadve r t en t ly  used i n  the  p a s t e  
(26 v s  31%) the  performance was s a t i s f a c t o r y ,  t h e  r a t e  of anode 
consumption being low. 
spreading s i n c e  i t  would not spread t o  f i l l  t h e  cas ing  completely by 
v i r t u e  of i ts  own weight. The petroleum binder exhib i ted  extremely low 
v o l a t i l i t y  a t  t h e  ambient temperature,  so t h e  amount of vapour above t h e  
c e l l  w a s  almost n e g l i g i b l e  compared t o  t h a t  evolved by c o a l  tar b inders .  

Upgrading Coal T a r  P i t c h  

The p a s t e  on t h e  top of t he  c e l l  requi red  manual 

Coal t a r  p i t ches  from d i f f e r e n t  sources  a r e  v a r i a b l e  i n  
qua l i t y .  Low grade b inders  can be Improved f o r  Soderberg e l e c t r o d e  use 
by add i t ion  of furnace  b lacks  i n  much t h e  same way as petroleum res idua .  
The Improvement is evidenced by increased  d e n s i t y  and compressive 
s t r e n g t h  of baked test e l ec t rodes .  
r e a d i l y  upgraded are those  having a r e l a t i v e l y  low coking va lue  (about 
50%) and a quinol ine  in so lub le s  conten t  of less than 10%. L i t e r a t u r e  
da t a (6 )  i n d i c a t e  tha t  t h e  bes t  c o a l  tar b inders  conta in  10 t o  15  w t  % 
of quinol ine  inso luble  r e s i n s .  

Laboratory in spec t ions  and performance da ta  a r e  summarized 

Coal tar p i t ches  which a r e  most 

i n  Table 4.  
coa l  t a r  p i t ches  e f f ec t ed  a marked Improvement i n  performance. I n  one 
case ,  (A), t h e  e longat ion  of t h e  p a s t e  was below the  des i r ed  va lue  f o r  
Soderberg e l ec t rodes ,  but t h i s  could be overcome by inc reas ing  s l i g h t l y  
the  amount of binder used. This  is shown i n  B ,  where t h e  r e t a rd ing  
e f f e c t  of t h e  carbon b lack  on paste f low was compensated f o r  by inc reas ing  
the  binder conten t  from 30.5 t o  32%. 

Addition of 2.5 w t  % of a r e in fo rc ing  b lack  t o  poor q u a l i t y  
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COAL TAR AND PETROLEUM PITCHES AS BINLlERS FOR SODERBERG ELECTRODES 

EFFECT OF AROMATICITY OF CATALYTIC 
FRACTIONATOR RESIDUE ON THE 

YIELD OF PITCH 

EFFECT OF CATALYTIC CRACIING SEVERITY 
ON THE AROMATICITY OF 
FRACTIONATOR RESIDUE 
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EFFECT OF CARBON BLACK CONCENTRATION 
IN CRACKED PETROLEUM PITCH 

ON FLOW PROPERTIES OF SODERBERS PASTE 
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COAL TAR AND PETROLEUM PITCHES AS BINDERS FOR SODERBERG ELECTRODES 

EFFECT OF PARTICLE SIZE OF CARBON BLACK IN CRACKED PETROLEUM 
PITCH BINDER ON THE FLOW PROPERTIES OF SODERBEI 

3zx BINDER IN PASTE 
sx C L R ~ O N  nuci IN BINDER 

P R O P E R T E S  OF BINDERS FOR Y)DERBERO E L E C T R O D E S  
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COAL TAR AND PETROLEUM PITCHES AS BINDERS FOR SODERBERG ELECTRODES 
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COAL TAR AND PETROLEUM PITCHES AS BINDERS FOR SODERBERG ELECTRODES 

Figure 10 

PERFORMANCE OF YJDERBERC ELECTRODE BINDERS 

Table 3 
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CONVERSION OF MANURE Til OIL BY HYDROTREATING 

Yuan C .  Fu, Eugene G. I l l i g ,  and Sol  J .  Metlin 

P i t t sburgh  Energy Research Center,  U. S. Department of the I n t e r i o r ,  
Bureau of Mines, 4800 Forbes Avenue, P i t t sburgh ,  Pennsylvania 15213 

L 

I 

INTRODUCTION 

In an e f f o r t  t o  u t i l i z e  a s i g n i f i c a n t  po ten t i a l  energy source and a t  the  same time 
reduce pol lu t ion ,  the Bureau of Mines has been experimentally converting organic 
wastes t o  o i l .  The o r i g i n a l  process (1,Z) uses  carbon monoxide and water t o  t r e a t  
the  organic mater ia l  a t  temperatures of 350'-400°C and pressures near 4000 p s i .  
Even though t h i s  reac t ion  proceeds well  and produces a good y ie ld  of o i l ,  there a r e  
some technical problems t h a t  have t o  be  resolved before the process would be 
economical. The major problems include the high operating pressure,  the large 
amounts of energy necessary fo r  heating the water r eac t an t ,  and the  pu r i f i ca t ion  
of the process water containing organic so lubles .  

In our previous study (2) o n  bovine manure conversion, we reported t h a t  s ign i f i can t  
improvements i n  reducing operating pressure and energy requirement f o r  heating were 
achieved by replacing la rge  percentages of water with a s u i t a b l e  high boi l ing  vehic le .  
It was a l s o  shown t h a t  synthes is  gas can be used i n  place of carbon monoxide t o  convert  
manure t o  o i l  i n  reasonably good y ie ld .  
t o  use manure-derived o i l  a s  a recycle vehicle i n  place of water. 
manure o i l  i s  an unsui tab le  vehic le ,  giving poor conversion and o i l  y i e l d  i n  the 
absence of a su i t ab le  c a t a l y s t .  However, bovine manure, l i k e  coa l ,  can be hydro- 
genated and l iquef ied  a t  e leva ted  temperatures and pressures i n  the  presence of a 
vehic le  and a cobalt  molybdate c a t a l y s t .  
i t  requires f a i r l y  la rge  amounts of expensive hydrogen i n  the reac t ion .  
method f o r  hydrotreating organic wastes using synthes is  gas and a combination of 
coba l t  molybdate-sodium carbonate c a t a l y s t  is presented i n  t h i s  r epor t .  
process requi res  n o  process water and results i n  the e f f e c t i v e  hydrogenation and 
deoxygenation of organic wastes without a s i g n i f i c a n t  consumption of hydrogen. 

The present work dea ls  with fu r the r  attempts 
We have found tha t  

This process may be uneconomical because 
A promising 

The proposed 

EXPERIMENTAL 
The conversion of manure to  o i l  was studied i n  a 500-ml magnet ica l ly-s t i r red ,  s t a i n l e s s  
s t e e l  autoclave.  Bovine manure from Be l t sv i l l e ,  Maryland, was used. Chemical analyses 
of two samples used a r e  given i n  Table 1. 
(boi l ing  above 235OC) and manure-derived o i l s  were used a s  vehic les .  A manure o i l  
produced from the reac t ion  of manure with CO and H20 a t  380' and 4500 p s i  was used as  
the s t a r t i n g  vehic le .  I n  seve ra l  s e r i e s  of experiments using d i f f e r e n t  gas reac tan ts  
o r  c a t a l y t i c  conditions,  each succeeding run within a s e r i e s  u t i l i z e d  the  o i l  product 
recovered from the preceding run a s  the vehic le .  The c a t a l y s t  was a commercial cobal t  
molybdate supported on s i l ica  alumina used e i t h e r  i n  the presence o r  absence of sodium 
carbonate. 

A high boi l ing  alkylnaphthalene-based o i l  

TABLE 1. Analyses of bovine manure (as used),  percent 

0 
Sample C H N S (by d i f f . )  Ash Moisture 

1 44.2 6.2 2.5 0.35 39.9 6.9 3 .8  
2 42.5 5.7 2.3 0.35 34.7 14.5 4.2 
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For most of these experiments, hydrogen and synthes is  gas  (approximately equal p a r t s  
of hydrogen and carbon monoxide) were used as  gas reac tan ts  a t  i n i t i a l  pressures of 
1000 t o  1500 p s i .  
temperatures of 330' t o  425 C,  and the reac t ion  was maintained f o r  15 t o  60 minutes 
a t  the reac t ion  temperature.  Af te r  the  experiment, rap id  i n t e r n a l  cooling of au to-  
c l ave  t o  ambient temperature was achieved. 
ambient temperature t o  ob ta in  centrifuged i i q u i a  o i i s .  Cenrrifuge cakes containirig 
res idue  and water were ex t r ac t ed  by benzene. The water was removed by azeotropic 
d i s t i l l a t i o n  and the  remaining o i l  was recovered by removing the  benzene with a 
ro t a ry  vacuum evaporator.  Gaseous products were analyzed by mass spectrometry. 
Data on conversion, o i l  y i e l d ,  hydrogen consumption, and carbon dioxide fotmation, 
e tc . ,  a r e  given as weight percent based o n  moisture- and ash-free manure. 

Operatin pressures ranged from 2000 t o  3000 ps i  a t  reac t ion  ! 

Tota l  products were cent r i fuged  a t  

I RESULTS AND DISCUSSION 

Effec ts  of Cata lys t  and Vehicle 

The conversion of bovine manure t o  oil by reac t ion  with synthes is  gas is grea t ly  
influenced by the presence or absence of c a t a l y s t  and vehic le .  
showed t h a t  bovine manure could be converted to oil by a mild hydrotreating with 
hydrogen o r  synthesis gas  in the  presence of alkylnaphthalene o i l  a s  vehic le .  
a manure oil was used as veh ic l e ,  however, manure conversion and o i l  y i e ld  were poor, 
and the  oil product became more viscous a f t e r  each successive run. The use of sodium 
carbonate as c a t a l y s t  (1) did  not improve the o i l  qua l i t y .  Af te r  being hydrotreated 
i n  the presence of a CoMo c a t a l y s t ,  manure o i l  became a good vehic le ,  and successive 
runs using t he  manure o i l  product as vehic le  in the  presence of CoMo c a t a l y s t  gave 
good r e s u l t s .  
successive runs, suggesting the  f e a s i b i l i t y  of using manure o i l  product as a recyc l ing  
veh ic l e .  
o i l  a r e  improved a f t e r  hydro t rea t ing  with e i t h e r  hydrogen o r  synthes is  gas in  the 
presence of a CoMo c a t a l y s t .  
E f fec t s  of vehicle and c a t a l y s t  on the conversion of manure t o  o i l  by hydrotreating 
with synthes is  gas a re  shown in Table 3. 
opera t ing  pressure of about 3000 p s i ,  both alkylnaphthalene oil and manure o i l  used 
a s  veh ic l e  gave high conversion and good o i l  y ie ld  when the CoMo c a t a l y s t  was present.  

TABLE 2 .  Analyses of vehic les ,  percent 

I n i t i a l  experiments 

When 

The f l u i d i t y  of vehic le  o i l  could be maintained throughout many 

Analyses of veh ic l e s  a re  given in Table 2 .  Note t h a t  proper t ies  of manure 

The oxygen content and o i l  v i scos i ty  are reduced. 

A t  temperatures of 380' and 425'C and an  

0 Kinematic v i scos i ty ,  
C H N S (by d i f f . )  cen t i s toke  a t  6OoC 

90.6 8.7 0.06 0.37 0.3 Alkylnaphthalene 
o i l  1 . 7  

- - -  Manure oil-  80.7 9 . 6  4.0 0.26 5.5 J J U  

80.9 10.3 4.5 0.21 4 .1  120 Treated manure 
oi l b  

Treated manure 
o i l C  83.8 10.2 4.6 0.11 1.3 17 I 

~ ~~~~ ~~ ~ ~ 

a Prepared by r eac t ion  of manure with CO and H20 a t  38OoC and'4500 ps i .  
Manure o i l  was hydrogenated with HZ a t  380'C and 2200 p s i  i n  the presence 
of a CoMo c a t a l y s t .  
Manure o i l  was hydro t rea ted  with synthes is  gas a t  425'C and 2600 ps i  i n  the 
presence of a CoMo c a t a l y s t .  



TABLE 3. Ef fec ts  of veh ic l e  and c a t a l y s t  on conversion of manure 

(vehic1e:manure = 2.3:1, 1500 ps i  i n i t i a l  synthes is  gas pressure)  

Vehicle Alkylnaphthalene o i l  Manure o i l  

Temperature, O C  380 380 425 425 380 425 
Catalyst" CoMo CoMo CoMo CoMo 
Operating pressure,  p s i  3200 3000 3200 3100 3000 3000 
Time,  min. 30 30 15 15 30 15 

O i l  y i e ld ,  percentb 34 47 35 45 45 40 

- 

Conversion, percen tb 86 92 88 95 93 93 

a Two p a r t s  c a t a l y s t  per 100 pa r t s  feed of manure plus vehic le .  
Weight percent of maf manure. 

Ef fec ts  of Gas Reactants 

To determine the e f f e c t s  of various gas r eac t an t s  on the conversion of manure, hydrogen, 
carbon monoxide, and synthes is  gas were compared. Vehicle o i l s  fo r  d i f f e r e n t  runs were 
conditioned by pre t rea t ing  with the d i f f e r e n t  gases a t  des i red  experimental conditions.  
A t  an i n i t i a l  pressure of 1500 p s i ,  opera t ing  pressures a t  38OoC reac t ion  temperature 
ranged from 2600 t o  3500 ps i ,  depending on the  ex ten t  of hydrogen consumption o r  hydrogen 
formation during the reac t ion .  Data a re  given i n  Table 4. 

Experiments with hydrogen indica te  t h a t  cobal t  molybdate ca ta lyzes  the  hydrogenation 
reac t ion  under the operating condi.tion6. 
consumption were increased by thc use of the  ca t a lyd t .  When carbon monoxide o r  carbon 
monoxide and water were used to  r e a c t  with manure, both conversion and o i l  y i e ld  were 
low, and the o i l  product behaved poorly as a vehic le .  But synthes is  gas could be used 
in  place of hydrogen without adverse e f f e c t s  on manure conversion, o i l  y i e ld ,  and o i l  
qua l i ty .  In th i s  comparison, hydrogen consumption decreased from 3.0 t o  2.3 percent,  
water y ie ld  decreased from about 23 to  13 percent,  but carbon dioxide formation 
increased considerably. The oxygen content i n  manure was removed i n  the form of water 
and carbon dioxide i n  both cases .  

The conversion, o i l  y i e ld ,  and hydrogen 

TABLE 4. 

(manure oi1:manure = 2.3:1, 30 minutes a t  38OoC) 

Effec ts  of gas . reac tan ts  on conversiona 

Hp + CO (1 : l )  Gas reac tan t  H 2  CO' 

Ca ta lys tb  C oMo CoMo - COMO 

I n i t i a l  pressure,  1500 1500 1500 lO0OC 1500 1500 
PS i 

p s i  
Operating pressure,  2.900 2700 3500 2900 3200 3000 

Conversion, percent 78 97 7 2  84 81 93 
O i l  y i e ld ,  percent 23 47 19 34 23 45 
H 2  consumption, 2 . 2  3.0 (1.2)d (1.6)d 1.4 2.3 

C02 formation, 1 7  16 78 86 60 42 

a 

C Water (33 pa r t s  per 100 pa r t s  manure) was a l s o  added a s  the r eac t an t .  

percent 

percent 

Data a r e  given i n  weight percent of maf manure. 
par t s  of c a t a l y s t  per 100 pa r t s  feed of manure plus manure o i l .  

Hydrogen formation. 
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Effec ts  of Reaction Variables 

Pressure .  The e f f e c t  of opera t ing  pressure on t h e  conversion of  manure was s tudied  
f o r  both hydrogen and syn thes i s  gas .  
30 minutes. 
as  high operating pressures  as the synthes is  gas runs, probably because of the 
g rea t e r  hydrogen consumption. As shown in  Figure 1, the conversion and the o i l  
y i e ld  increase s l i g h t l y  with pressure i n  the range of 1500 t o  3000 ps i ,  but there 
a r e  very l i t t l e  d i f f e rences  between hydrogen and synthes is  gas. 

Temperature. Of a l l  t he  va r i ab le s  inves t iga ted ,  temperature has the  most dramatic 
e f f e c t  on the proper t ies  of the o i l  product. Experiments were conducted a t  an 
i n i t i a l  pressure of 1500 p s i  but a t  d i f f e r e n t  operating pressures,  ranging from 
2600 t o  3100 p s i ,  depending on the reac t ion  temperature and gas r eac t an t .  The 
r eac t ion  was maintained f o r  d i f f e ren t  periods a t  d i f f e ren t  temperatures: 60 minutes 
a t  330OC. 30 minutes a t  38OoC, and 15 minutes a t  425OC. The r e s u l t s  i n  Table 5 
i nd ica t e ,  f o r  both hydrogen and synthes is  gas runs,  tha t  the hydrogen consumption 
increased with temperature without improvements i n  the conversion o r  o i l  y i e ld .  
However, s ign i f i can t  improvements i n  o i l  product qua l i t y  were observed with 
increas ing  temperature ; carbon content  increased, oxygen content decreased, and 
v i scos i ty  was reduced. The change in the proper t ies  of o i l  product is accompanied 
by some decrease i n  the  o i l  y i e ld ,  mainly because the  oxygen-containing groups a re  
fu r the r  reduced and the  product o i l  is subjected t o  cracking. The amount of low 
molecular weight hydrocarbon gases produced was small but increased with temperature. 
Again, i n  cornpatison with the  hydrogen runs, the synthesis gas runs yielded g rea t e r  
amounts of carbon dioxide but  smaller amounts of water. In the hydrogen runs, the 
consrant amounq of carbon dioxide formed (average 16 percent) i s  probably a l l  t ha t  
could be,produced frdm the thermal decomposition of the manure. 

The reac t ions  were ca r r i ed  out  a t  38OoC f o r  
S ta r t ing  a t  the  same i n i t i a l  p ressures ,  the hydrogen runs d id  not reach 

TABLE 5. Hydrotreating of manure a t  various temperaturesa 

(manure oi1:manure = 2.3:1, CoMo c a t a l y s t ,  1500 p s i  i n i t i a l  pressure) 

Temperature, O C  

Operating pressure,  p s i  
Time, minutes 
Conversion, percent 
O i l  y i e ld ,  percent 
CHq formation, percent 
C02 formation, percent 
H20 y i e l d , u  percent 
H consumption. percent 
021 ana lys i s ,  percent 

C 
H 
N 
S 
0 (by d i f f . )  

H2 + CO (1 : l )  H 2  

330 380 425 330 380 425 
2600 2700 2700 3100 3000 3000 

60 30 15 60 30 15 
95 97 94 94 93 93 
49 47 39 

0.3 0.9 2.7 
1 7  16 16 
20 23 25 

2.3 3.0 4.5 

81.9 
9.7 
4.2 
0.18 
4.0 

47 
0.5 
31 
16 

'2.0 

77.5 
9.8 
4.3 
0.19 
8.2 

45 40 
1.3 3.5 
42 47 
13 10 

2.3 2.6 

e1.5 83.4 
9.9 10.2 
4.4 4.6 
0.10 0.11 
4.1 1 .7  

118 563 129 17  
Kinematic v i scos i ty  of o i l  

a t  6OoC, cent i s toke  

Data are given i n  weight percent of maf manure. 
Excluding moisture conten t  i n  manure. 

a 
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Reaction Time. Figure 2 shows the  e f f e c t  of t ime  on the  conversion of manure by 
hydrogen a t  38OoC. 
60 minutes, and the reac t ion  was then maintained a t  t h i s  temperature from 0 t o  60 
minutes. Nearly 85 percent of conversion occurred before the system reached 380°C, 
and the conversion approached a l i m i t  of about 97 percent a f t e r  t he  r eac t ion  was i n  
progress a t  380°C f o r  30 minutes. A l l  carbon dioxide w a s  produced before the 
reac t ion  mixture reached 38OoC (before zero time). 
genation, and probably the upgrading of the o i l  p roper t ies ,  can be b e t t e r  measured 
by the hydrogen consumption which increased from 1.4 percent a t  zero  time to  3.6 
percent a t  60 minutes. 

The t i m e  required t o  reach 38OoC i n  the  autoclave was about 

The progress of the  hydro- 

Ef fec t  of Sodium Carbonate 
Two comparative s e r i e s  of experiments were ca r r i ed  out  hydro t rea t ing  bovine manure. 
In the  f i r s t  s e r i e s ,  manure was hydrotreated with synthes is  gas a t  an  i n i t i a l  
pressure of 1000 p s i  and 38OoC reac t ion  temperature f o r  30 minutes i n  the presence 
of a CoMo c a t a l y s t  and a manure o i l  vehic le .  
pa r t s  per 100 par t s  of manure) were added i n  d i f f e r e n t  runs t o  determine the e f f e c t  
of moisture content of manure. 
from the preceding run was used as vehicle.  In  the  second s e r i e s ,  experiments were 
ca r r i ed  out i n  the  similar manner except t h a t  2 percent Na2C03 (based on feed of 
manure plus vehic le )  w a s  added in addi t ion  t o  the COHO c a t a l y s t .  

Results a r e  shown i n  Table 6 .  
Ser i e s  1 a t  equal water l eve l s .  
increased and the kinematic v i scos i ty  of the  product decreased. 
consumption was reduced as shown in  Figure 3. Less hydrogen was consumed with 
increasing moisture conten t  of manure, without any e f f e c t  on the  conversion of manure 
t o  oil. 
formation and decreased water y i e ld .  
hydrogen consumed is p a r t l y  replenished by the reac t ion  of  carbon monoxide with water 
during hydrotreating. 
manure a r e  accomplished without s i g n i f i c a n t  consumption of hydrogen. 

Various amounts of water (0  t o  50 

I n  each succeeding run, the  o i l  product recovered 

Operating pressures were higher i n  Se r i e s  2 than in 
The average o i l  y i e ld  in the presence of Na2CO-j 

I n  addi t ion ,  hydrogen 

Other no t iceable  e f f e c t s  of the Na2C03 addi t ion  were increased carbon dioxide 
I t  is apparent t h a t  i n  the presence of Na2C03, 

As a r e s u l t ,  e f f e c t i v e  hydrogenation and deoxygenation of 

CONCLUSIONS 
Bovine manure is hydrogenated and l iquef ied  by hydrogen o r  synthes is  gas (equal 
amounts of hydrogen and carbon monoxide) a t  temperatures of 330" t o  425% and 
operating pressures of 1500 t o  3000 ps i  in the presence of a recyc le  manure o i l  and 
a cobal t  molybdate c a t a l y s t .  With an increase in temperature, oxygen content and 
v i scos i ty  of o i l  product decrease,  but hydrogen consumption increases .  Synthesis 
gas can be used i n  place of hydrogen t o  reduce hydrogen consumption without adverse 
e f f e c t s .  A s ign i f i can t  improvement on t h i s  process, when using synthes is  gas,  is 
achieved by adding sodium carbonate t o  the reac t ion  mixture; hydrogen consumption 
is reduced markedly, o i l  y i e ld  improved, and o i l  v i scos i ty  reduced. Manure with 
moisture contents up t o  about 35 weight percent was evaluated and found acceptable 
as  feedstocks.  The o ther  fea ture  of the process is t h a t  it requi res  no process 
water,  and t h i s  eliminates the problem o f  heating or purifying la rge  amounts of the 
process water. 
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