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1 .  Introduction 

Filamentous coke deposition i s  a major fouling problem for  ca t a lys t s  used 
in synthesis gas methanation, the  water-gas s h i f t  reaction and hydrocarbon steam 
reforming. S igni f icant  e f f o r t  has been spent in studying carbon deposition 
r a t e ,  deposit morphology and s t ruc tu re ,  a n d  process conditions fo r  minimization 
of deposition r a t e .  A co l lec t ion  of papers from a special symposium a n d  ?n 
exce l len t  review a r t i c l e  which survey t h i s  work have recently appeared. (1 - 2 )  
Much l e s s  study, however, has been devoted t o  modeling the  inverse reaction or 
t he  gasification/removal of filamentous carbon deposits.  
fundamental understanding of the  k ine t ics  of the  inverse reaction a re  needed 
for  improved design of ca t a lys t  regeneration schemes used in commercial ca ta -  
l y t i c  fuel gas  processing. Better understanding of the inverse reaction may 
a l so  a s s i s t  i den t i f i ca t ion  of improved deposit prevention methods. 

The present research was undertaken t o  develop a model f o r  cor re la t ing  
conversion rate  w i t h  the  extent o f  conversion fo r  the  gas i f ica t ion  of f i l a -  
mentous carbon. 
carbon, we find tha t  t r ad i t i ona l  f lu id-so l id  reaction models such as the  
"shrinking core",  shrinking sphere" and  progressive conversion, a r e  n o t  adequate 
fo r  descri in c nversion k ine t ics .  We suspect from our work a n d  t he  r e su l t s  
of others ! 3 - i 3 5 ?  t ha t  cer ta in  filamentous carbon gas i f ica t ion  reactions 
proceed via a c a t a l y t i c  mechanism involving an embedded ca t a lys t  pa r t i c l e .  
We have developed a new model f o r  t h i s  type o f  reaction which we have termed 
the "ax ia l ly  shrinking filament" model. The conceptual basis a n d  fornulation 
for  t h i s  new model are presented in t h i s  paper. Refinement and ex erimental 
verification/application of t h i s  new model a re  in progress. An  i l yus t r a t ive  
example o f  the model's a b i l i t y  fo r  describing the  conversion k ine t ics  of t h e  
filamentous carbon-hydrogen reaction i s  presented from t h i s  work. 

Information and 

In our s tud ies  of the  gas i f ica t ion  reactions of filamentous 

, 

2 .  Axially Shrinking Filament Model 

Essential fea tures  of the  ax ia l ly  shrinking filament (ASF) model are 
i l l u s t r a t e d  in Figure 1 .  
sumable filament-shaped pa r t i c l e  attached t o  a small ca t a lys t  nodule. For 
a grain s i tua ted  in  a f l u id  reac tan t  medium, the ca t a lys t  nodule serves as 
t h e  s i t e  of reaction between f lu id  reactant and the  filament p a r t i c l e .  I n  
reac t ion ,  f lu id  reactant i s  adsorbed by t h e  ca t a lys t  nodule a n d  combines 
w i t h  filament material in the v i c in i ty  of t he  nodule. The i n i t i a l l y  formed 
reaction product i s  subsequently desorbed and l o s t  t o  the  bulk f l u i d  phase. 
Continuing reaction a n d  loss  of filament material  r e su l t s  in axial  shrinkage 
of the  grain without change in filament cross-section. 
topochemical reaction i s  constant throughout conversion of an  individual 
filament a n d  i s  proportional t o  the in t e r f ac i a l  area between the nodule a n d  
filament. 
r a t e ,  v ,  under a given s e t  of reaction conditions.  
f o r  each filament in a co l lec t ion  of reacting grains i s  given by v t ,  where t 

As depicted, the so l id  g r a i n  cons is t s  of a con- 

The r a t e  of the  

Different diameter filaments thus exhib i t  the  same l i n e a r  shrinkage 
The shrinkage observed 
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i s  the reaction time. 
reactant,  nodule composition and or ien ta t ion ,  and possibly other physiochemical 
conditions of t he  reac t ion .  Interphase heat and mass t ranspor t  res i s tances ,  
i f  s ign i f icant ,  are assumed t o  be constant during reac t ion .  

A global conversion expression may be developed f o r  this  reaction model 
by considering the  pa r t i c l e  collection t o  have a time-dependent filament 
length d i s t r ibu t ion .  Change i n  filament length d i s t r ibu t ion  due t o  reaction 
i s  related t o  conversion ex ten t  or i n  the  present case ,  the  amount of carbon 
gas i f ied .  A general expression fo r  r e l a t ing  f rac t iona l  conversion, a, t o  the 
filament length d is t r ibu t ion  i s  given by Equation ( 1 ) .  The terms 1 and pail} 
are  t h e  f i lament length and the  f rac t ion  of the  i n i t i a l  ! t=o )  population 
having length 1 .  poC1l i s  t he  probabili ty density function or the length 
d is t r ibu t ion  function f o r  the pa r t i c l e  co l lec t ion  a n d  may be considered a 
continuous function of  1 for  la rge  number filament populations. 

The shrinkage r a t e  may be a function of temperature, 

0 Fpo{ 1)dl 

While the  derivation of t h i s  expression i s  being presented elsewhere, 
the  in tu i t i ve  correctness of the  expression may be appreciated by pointing 
out t h e  essence of the  in tegra l  terms. The e n t i r e  r a t i o  on the  right-hand 
s ide  of Equation ( 1 )  i s  the  mass f rac t ion  of carbon remaining a t  time t .  
The denominator in tegra l  simply represents t he  average filament length for 
the par t ic le  co l lec t ion  before any reaction ( t = O ) .  The  numerator i s  the 
difference between the  average length of t h a t  portion of the  i n i t i a l  f i l a -  
ment population with a length equal t o  o r  grea te r  than v t  a n d  the t o t a l  
shrinkage length suffered by t h i s  population segment up t o  time t .  
important t o  note t h a t  Equation ( 1 )  i s  a general conversion expression 
independent of filament geometry a n d  i s  va l id  f o r  any continuous probabili ty 
density function. 
d i s t r ibu t ion  function must be known a pr ior i  from independent measurement 
or ascertained from a gas i f ica t ion  experiment. Application of E q u a t i o n  (1)  
fo r  describing the  gas i f i ca t ion  of  filamentous carbon i s  shown below. 

3. Experimental 

Filamentous carbons used in these s tud ies  were prepared by carbon 
monoxide disproportionation over cobaltosic oxide. Cobaltosic oxide is  an 
ac t ive  CO disproportionation ca ta lys t  and produces filamentous carbon a s  
the  principal deposit  form a t  temperatures below approximately 873’K. 
the  preparation, heated carburizing g a s  mixture i s  flowed over a sample of 
thinly-dispersed, f i n e  oxide powder. 
deposit so l id  contains approximately 90-95 w t .  percent carbon. 
mixture (85:15 mole r a t i o )  i s  used fo r  the  carburizing g a s  and the deposi- 
t i o n  temperature i s  maintained a t  723’K. These conditions lead t o  the  
production of fi laments w i t h  diameters in the range of 50-200 nm and large 
apparent length-to-diameter r a t i o s  when examined by scanning a n d  t rans-  
mission e lec t ron  microscopy. 

I t  i s  

I n  order f o r  the equation t o  be useful in p rac t i ce ,  the  

In 

Deposition i s  car r ied  out unt i l  t he  
A CO-H2 

Reaction of a filamentous carbon sample with hydrogen was conducted 
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/ volumetric displacement type flowmeter. The precision and accuracy o f  a l l  
measurements permitted carbon mass balances fo r  t e s t  reactions of 96-102% 
t o  be routinely obtained. All reactions were conducted a t  near atmospheric 
Pressure over the  temperature range from 798 t o  1073°K. Commercially pure 
bottled hydrogen and deuterium were used in  a l l  reac t ions .  
tion of the reac tor  system and experimental procedures i s  being reported 
el  sewhere. 

I Further descrip- 
1 
I 1' 4.  Results and Discussion 

Representative gas i f ica t ion  curves fo r  filamentous carbon are shown 
For the temperature range inves t iga ted ,  a l l  reactions d is -  in Figure 2 .  

played a s imi la r ly  shaped conversion curve. Dur ing  the  i n i t i a l  60-70% 
carbon gas i f i ca t ion ,  the  global r a t e  for a l l  reactions was v i r t u a l l y  
constant, exhibit ing a zero-order dependence on carbon. Beyond approximately 
70% conversion, reaction r a t e  declined rap id ly  with fu r the r  conversion. 
zero-order r a t e  dependence i s  consistent with a c a t a l y t i c  o r  topochemical 
reaction involving axial  attack of long length fi laments.  T h e  reaction 
span marked by an unsteady r a t e  probably has zero-order r a t e  dependence also,  
b u t  t h i s  i s  masked by a diminishing percentage of reacting fi laments.  

s tud ies  (4,s) involving carbons produced from hydrocarbons and  employing 

gas i f ica t ion  reaction below 873°K i s  approximately 178 KJ/mole. Between 
approximately 873 and 1023°K an apparent maximum in reaction r a t e  was 
observed. 
attainment of equilibrium and the onset of hydrogen feedrate control of the 
reaction. 

i l l u s t r a t e d  in  Figure 3. 
normal probabi l i ty  function (6) fo r  the  fi lament length d i s t r ibu t ion  term 
in Equation (1 )  a n d  using non-linear l e a s t  squares regression analysis t o  
determine the model parameters. 
i s  given in Equation ( 2 ) .  The terms f, and 02 used i n  this equation r e f e r  
t o  the filament length d i s t r ibu t ion  parameters, mean length ,  and variance 
for  the i n i t i a l l y  unreacted sample. Selection of the  Gaussian function t o  
represent the filament length d is t r ibu t ion  i s  a reasonable choice in  the 
absence of any foreknowledge about the length d i s t r ibu t ion .  I t  i s  i n t e r -  
mediate between a monodisperse a n d  uniform length d i s t r ibu t ion  i n  i t s  e f f e c t  
on the predicted shape of the gas i f ica t ion  curve. Additionally,  i t  requires 
only t w o  parameters, a mean and variance, t o  f u l l y  describe the  d i s t r ibu t ion .  

it 

The 
il 
1 

The 
, zero-order dependence observation agrees with observations made in o the r  
I 

I d i f fe ren t  deposition ca t a lys t s .  The activation energy determined f o r  t h e  

This maximum, however, was a n  experimental a r t i f a c t  due t o  t h e  

I 

The a b i l i t y  of the  ASF model t o  quan t i t a t ive ly  f i t  experimental data i s  
This cor re la t ion  was made using the Gaussian 

The in tegra l  expression used fo r  regression 
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i As i n d i c a t e d  by F igure  2 the  model appears adequately capable o f  desc r ib ing  
the conversion k i n e t i c s  o f  f i l amentous  carbon. 
model was f u r t h e r  eva lua ted  i n  a spec ia l  s e r i e s  o f  t e s t s .  
samples o f  carbon produced from a s i n g l e  depos i t i on  experiment were reac ted  
a t  d i f f e ren t  temperatures and model parameters determined f o r  each reac t i on .  
If t he  model i s  an approp r ia te  one, o n l y  t h e  f i l amen t  shr inkage ra te ,  v ,  
should be observed t o  va ry  w i t h  temperature; the  f i lament  l e n g t h  d i s t r i b u t i o n  
parameters should be constant w i t h i n  sampling and exper imental  e r r o r .  
t h i s  i s  indeed t h e  case may be seen from t h e  r e s u l t s  presented i n  Table 1. 
Glhile v inc reases  by n e a r l y  a - fac to r  o f  f i v e  i n  going from a r e a c t i o n  
temperature o f  798 t o  848'K, 10 and a remain r e l a t i v e l y  constant.  
t h e  reac t i on  temperature t o  1073'K, where the re  i s  a d e f i n i t e  change i n  
Arrhenius a c t i v a t i o n  energy, and a l s o  sw i t ch ing  t o  deuter ium reac tan t  y i e l d  
t h e  same d i s t r i b u t i o n  parameter values. 
appropr iateness o f  t h e  model. The ASF model i s  a macro-physical d e s c r i p t i o n  
o f  the r e a c t i o n  and i s  n o t  based on any p a r t i c u l a r ,  mo lecu la r  r a t e - c o n t r o l l i n g  
mechanism. 

Table 1. Regression f i t t e d  model parameters 
f o r  var ious  temperature reac t i ons .  

Appropr iateness o f  t he  ASF 
I n  t h i s  s e r i e s ,  ; 

,, That 

Increas ing  

Th is  i s  f u r t h e r  evidence o f  t h e  

Gas i f i  c a t  i o n  Model Parameter 
Temperature, O K  - b  

Va  1, cl 

798 .39 a4 16 

82 3 1 .oo 84 15 

a48 1.91 82 22 

1073 0.80 83 20 

1073 0.81' 82' 26' - -  
Average 83 20 

a F i lament  shr inkage r a t e  r e l a t i v e  t o  823°K value. 
b F i lament  d i s t r i b u t i o n  average l e n g t h  and standard d e v i a t i o n  

expressed i n  dimensionless l e n g t h  u n i t s .  
c Resu l t s  f o r  deuter ium - carbon g a s i f i c a t i o n  r e a c t i o n .  

5.  Summary and Conclusions 

A general  r e a c t i o n  model has been proposed f o r  desc r ib ing  t h e  g a s i f i -  
ca t i on  o f  f i l amentous  carbons. 
f i l a m e n t "  model, s u c c e s s f u l l y  c o r r e l a t e s  g a s i f i c a t i o n  data ob ta ined f o r  t he  
hydrogen-fi lamentous carbon r e a c t i o n  where t h e  carbon i s  produced from CO 
d i sp ropor t i ona t ion  over  a coba l t  c a t a l y s t .  The model may be app l i cab le  f o r  
o t h e r  f i lamentous  carbon g a s i f i c a t i o n  reac t i ons  and should be use fu l  i n  
t h e  design of  coked c a t a l y s t  regenera t i on  schemes. 

The model, termed the  " a x i a l l y  s h r i n k i n g  
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FIGURE 1 .  AXIALLY SHRINKING FILAMENT MODEL.  
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FIGURE 2. REPRESENTATIVE CONVERSION-TIME 
CURVES FOR FlLlWENTOUS CARBON 
GASIFICATION. 

nME. MINUTES 

FIGURE 3 .  MODEL CORRELATED REACTION DATA 
FOR FILAflENTOUS CARBON GASIF ICATION.  
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