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NOTICE 

This repor t  was prepared as an account o f  work sponsored 
by an agency of the United States Government. Neither 
the United States nor any agency thereof, nor any o f  t h e i r  
employees, nor any o f  t h e i r  contractors, subcontractors, o r  
t h e i r  employees, makes any warranty, expressed o r  i,mplied, .- ... 
o r  assumes pny legal  l i a b i l i t y  o r  respons ib i l i t y  f o r  any 
t h i r d  par ty 's  use o r  the resu l ts  o f  such use o f  any information, 
apparatus, product o r  process disclosed i n  t h i s  repor t  o r  PPPP. -: , .  - 
resents t h a t  i t s  use by such t h i r d  par ty  would not  in f r inge,  
p r i v a t e l y  owned r igh ts .  



ABSTRACT 

The work done under t h i s  contract  in the"1ast quar ter  of 1978 
was concerr~ed with Phase I ,  which involved preliminary ca t a ly s t  and 
process evaluation. The processes under study a r e  hydrogen ass i s ted  
steam reforming (HASR), ca t a ly t i c  par t i a l  oxidati,on (CPO) ,  and auto- 
thermal ,steam reforming ( A T R ) .  Existing Engel hard t e s t ' u n i  t s  were 
modified t o  carry out preliminary runs using the  f i r s t  two processes. 
Technical analys is  t o  support work in t h i s  area consisted of heat - 
and material balances constrained by equilibrium considerations. In 
a t h i r d  task,  the  steam reforming of methanol to-"produce hydrogen 
vras studied over two commercial low-temperature s h i f t  c a t a ly s t s .  
Aging runs indicated good i n i t i a l  performance on both c a t a l y s t s ,  but 
methanol conversion s t a r t e d  to decline a f t e r  a few hundred hours on 
stream. 

Paae ! 



TECHNICAL SUMFlARY 

Three <cperimental runs were made using t h i s  process i n  
an e x i s t i n g  Engelhard reac to r .  The f i r s t  run, made w i t h  a  
p a r a f f i n i c  naphtha over a  n i c k e l  c a t a l y s t  a t  1500°F, was made 
t o  observe experimental  problems, e s p e c i a l l y  coking- i n  t h e  
prehea ier  sec t i on .  A t  1500°F, coke formed i n  the preheater.  

- I n  a second r u n  w i t h  t h e  same naphtha a t  1200°F and a  weight 
h o u r l y  space v e l o c i t y  o f  0.36, steady operat ions were observed 
for 10 1/2 hours w i t h  no s ign  o f  coking i n  t h e  mixer  o r  p re-  
hea te r  sec t i on .  I n  a  t h i r d  run,  No. 2  o i l  was proces ed a t  T 1500°F in t he  HASR type mode w i t h  a  WHSV o f  0.23 hrs -  . 
Uni form cok ing  was observed again i n  t he  packed bed preheater.  
A f t e r  these observat ions,  a  redesign o f  t h e  mix ing  and preheater 
s e c t i o n  was made. I n  t h e  mix ing  section', No. 2 o i l  i s  i n j e c t e d  
i n t o  the steam/H2 m i x t u r e  which enters i n  t h e  annulus around 
t he  o i l  i n j e c t i o n  tube. A s p i r a l  preheater has been designed 
t o  permi t  r a p i d  heat ing  t o  r e a c t i o n  temperature w i t h  a  s h o r t  
res idence t ime. , Th is  was cons t ruc ted  du r ing  December, 1978. 

. . 

1.2  CATALYTIC PARTIAL OXIDATION (CPO) 610-1 1  

An e x i s t i n g  Engelhard t e s t  r i g  was mod i f i ed  t o  per form 
t h i s  study. To c a l i b r a t e  t h i s  equipment, a  s h o r t  run  was made 
w i t h  propane. It was observed t h a t  the  P t / ~ d  composit ion 
pe rm i t t ed  p a r t i a l  o x i d a t i o n  o f  propane w i t h o u t  coking a t  an 
02/C molar  r a t i o  o f  0.62. However, t he  a d d i t i o n  o f  steam 
served t o  d i l u t e  the  stream and no evidence f o r  steam reforming 
was observed. A f t e r  t h i s  observat ion, a  new c a t a l y s t  composit ion 

. was prepared f o r  a  run  planned using No. 2 o i l .  This  composit ion 
conta ins  Pt/Pd/Rh on Corning c o r d i e r i  t e  w i t h  300 c e l l  s / in2 .  The 
rhodium was added t o  enhance the  r a t e  o f  steam reforming.  
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TASK 2.  TECHNICAL ANALYSIS 610-20 

. . 

A computer program (ATR-1) has been wri t ten  t o  simulate the  
autothermal reactor  system. The ATR-1 program can ca lcu la te  reaction 
heats and the thermodynamic equilibrium composition f o r  the, products 
obtained from the par t i  a1 oxidation and steam reformi ng reactions.  
The equilibrium composition calculated from t h i s  program f o r  steam 
reforming of hydrocarbons has been checked w i t h  l i t e r a t u r e  data ,  
and very good agreement has been observed. The equilibrium com- 
posi:tion calculated from t h i s  program f o r  the pa r t i a l  oxidation 
reaction wi l l  be . checked l a t e r  with other published data .  

A survey of' Chemical Abstracts ,  f o r  issues dated within the 
l a s t  ten years ,  covered steam reforming methods of natural  gas,  
naphtha, methanol, o the r  heavy feedstocks and some gas i f i ca t ion  
methods of coal .  A few references t o  c a t a ly s t  compositions were - 
found but most references c i t ed  only processes. 



TASK 3. METHANOL . -- -. REFORiYING GI 0-30 

Three commercial c a t a ly s t s  have been evaluated in the  p i l o t '  
p lant  f o r  the steam reforming of methanol a t  low temperature 
(about 400°F). The three  ca t a ly s t s  a r e  G i rd l e r ' s  G66B, United 
Ca ta lys t s '  T2130A, and ICI ' s  52-1. For each of the above low- 
temperature s h i f t  ca ta ' lys ts ,  the i n i t i a l  conversion of methanol 
was about 100% a t  4OO0F, 6 psig,  440 hrs-1 H z  space veloci ty  w i t h  
a feedstock containing 1 . 5  moles of water per mole of methanol . 
However, a l l  of these  ca t a ly s t s  show a decline i n  a c t i v i t y  f o r  
methanol decomposition a f t e r  a few hundred hours on stream. Since 
the  phosphoric ac id  type fuel  c e l l  requires a feed f r e e  of methanol, 
none of the above.catalysts a r e  s a t i s f ac to ry  a t  the  conditions 
used. I t  was demonstrated t h a t  the  product gas (dry bas i s )  .was 
c lo se  t o  the  equilibrium value calculated thermodynamically. T h u s ,  
i t  appears t h a t  water gas s h i f t  function of these ca t a ly s t s  i s  
s t i l l  effecti14e even a f t e r  the s i t e s  f o r  methanol decomposition 
a r e  no longer as  e f f e c t i v e  as  with the virgin ca t a ly s t .  
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REVIE!d OF TASKS 

TASK 1 1.1 HYDROGEN ASSISTED STEAM REFORblING (HASR) - G10-10 

The experimental apparatus was i n i t i a l l y  checked out  i n  Run 
No. 7025 fo r  the hydrogen ass i s ted  steam reforming (HASR) of naphtha 
( 9% aromatics, 66%.paraffins and 25% naphthenes) a t  1500°F, H20/C 
r a t i o  of 4.5 and a WHSV of 0.35 g naphtha/gcat/hr. I t  was observed 
t h a t  the  reaction could reach steady s t a t e  with hydrogen admitted 
i n  feed ( H  / C  r a t i o  of 0.68),  and t h a t  severe coke formation was 2 .found i n  t e preheater zone. After improving the design of the  
reac tan t  mixer, the  above reaction could be r u n  (Run No. 7035) f o r  
10 1 jZ .hrs .  under steady s t a t e  conditions a t  1200°F, 1 atm, WHSV 
of  0.36 g/g/hr ,  H20/C r a t i o  of 4.5 and H 2 / C  r a t i o  of 1.53. There- 
f o r e ,  HASR of naphtha could successfully be r u n  in o u r . u n i t  w i t h -  
o u t  experimental d i f f i c u l t i e s .  

NUA- 
and 

The HASR of No. 
.21 c a t a l y s t  a t  1 
H,/C r a t i o  of 0. 

2 o i l  was done (Run No. 7051) over a commercial 
500°F, 1 atm, WHSV of 0.23, H20/C r a t i o  of 5.0 
342. Since the steam reforming react ion i s  

endothermic, the degree of conversion could be monitored by watching 
t h e  temperature p ro f i l e  in  the ca t a ly s t  bed. For t h i s  r u n ,  the  
endothermic react ion died out  a f t e r  about 2 hours on stream, and 
coke was deposited uniformally over the length of the  p rehea te r .  
secti on. 

The coke found in the preheater was probably formed by hydro- 
crzcking of the  unstable compounds present in No. 2 o i l  i n  the 
temperature range between 1200 t o  about 1500°F. Therefore, a sp i r a l  
preheater  which i s  designed t o  cu t  down the residence time i n  the  
preheater  zone to about 0.2 sec ;  has been designed and constructed.  

To r u n  the reforming. reaction higher than 1500°F, some o t h e r '  
modifications of the  experimental u n i t  were necessary. A71 the  
rnodif,ications have been completed. 

A shakedoivn r u n  with H 2  and Hz0 as  feed (no o i l  admitted t o  
the reac to r )  has been performed f o r  about 1 hour a t  1740°F a t  1 
atmosphere. Steady react ion temperature could be achieved under 
the above experimental conditions. The next r u n  wi l l  be w i t h  No. 2 
o i l  over a nickel c a t a ly s t ,  Engelhard's SF-3. 
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1.2 CATALYST PARTIAL OXIDATION - ( C P O )  610-1 1 

Some prel iminary commissioning t e s t  runs have been 
made i n  t h e  two s t a g e  r e a c t o r  system with propane f u e l ;  
the i n i t i a l  t e s t  condi t ions  s e l e c t e d  were a s  fo l lows:  

I n l e t  Temperature: 360°C 

Air /Fuel  Ratio ( w .  /n. ) :' . 6. 71 , 5. 83 ... . - - - - - .  -- I 
02/C (molar r a t i o ) :  0.72, 0.62 

Pr'essure :. 1 Atmosphere 

Feed H20/C (molar r a t i o ) :  0,0.92 

The c a t a l y s t  used was a  Pt/Pd composition loaded on a  
Torvex ceramic suppor t .  Exhaust gases  were analyzed by a  gas 
chronatograph and t h e  r e s u l t a n t  hydrogen concen t r a t ions  a r e  given 
be1 ow: 

Air/Fuel Mass Rat io:  6.71, 6.71, 5.83 

H20/C (molar r a t i o ) :  0  , 0.92, 0  

H2(rno1e .5 dry  basis) :22.15,19.90,22.79 

I t  i s  'appareri't f r o m  ' t h e  r e s u l t s  t h a t  t h e  a d d i t i o n  of steam 
t o  t h i s  s y s t m  d id  no t  i nc rease  the  H2 . concen t r a t ion .  Several  
f a c t o r s  could exp la in  t h e s e  r e s u l t s .  The Pt/Pd c a t a l y s t  may 
n o t  be e f f e c t i v e  f o r  steam reforming t o  produce more hydrogen. 
Also, t h e  space v e l o c i t y  used c o u l d , b e  much too  high f o r  t h e  
steam reforming r eac t ion .  

The a i r / f u e l  r a t i o s  were high enough t h a t  no carbon form- 
a t i o n  occurred.  The 0 / C  molar r a t i o  of 0.62 i s  s t i l l  apprec iab ly  
above t h e  d e s i r e d  leve? (<0.35)  f o r  fue l  c e l l  ope ra t ion .  

The equipment was s a t i s f a c t o r i l y  demonstrated in  t h i s  run. 
A dec i s ion  was made t o  add rhodium t o  t h e  c a t a l y s t  and t o  u s e ,  
a c o r d i e r i  t e  monolith i n  t he  next  run. This w i l l  be' made with 
Flo. 2  o i l .  

Page 6 



TASK 2. TECHNICAL ANALYSIS - ~ 1 0 - 2 0  . . 
The disproposi t ion reaction of C O  t o  carbon ( i  . e .  2 C O -  C + G O Z )  

has been added to  the  exis t ing ATR-1 computer program. The equi- 
librium co~nposition a t  a given temperature and pressure  i s  obtained 
by solving numeric all.^ a s e t  of solut ions  to  s a t i s f y  four equilibrium 
constants.  The ATR-1 program .wi) 1 numerically search f o r  a .:set of 
concentrations f o r  each product component, so t h a t  the  equilibrium 
constants f o r  methanation,.water gas s h i f t ,  methane cracking and 
CO disproport ionation reactions a re  s a t i s f i e d  simultaneously. Under 
the  conditions f r e e  from the carbon deposition region, good.agreement 
between ATR-1 and two l i t e r a t u r e  references has been obtained as 
discussed i n  Table I .  

The current  ATR-1 program can ca lcu la te  reaction heats a t  a 
given temperature. To s a t i  sfy the autothermal reactor  system, some 
port ion of the program will  be revised so t ha t  the  program can 
search f o r  a condit ion where heats of . react ion between pa r t i a l  
oxidation and steam reforming a r e  balanced. 

search 140. 003013 (November 10, '  1978) reviews the open l i t e r a t u r e  
and p a t e n t s  f o r  the  steam reforming of hydrocarbons (methane', naphtha, 
d iese l  fuel  and methanol) f o r  the l a s t  ten years .  Most c i t a t i ons  
were procssses from the patent  l i t e r a t u r e  whiie thermodynamic 
e q u i l i b r i ~ i  ca lcula t ions  dominated the journal references.  Of those 
patents c i t i ng  c a t a l y s t  compositions, the  majority f o r  high-temperature 
steam r e f o n i n g  were alumina supported nickel while f o r  methanol, . 

copper with zinc and chroinium on alumina a r e  prevelent .  

Sme  cnusual compositions were: 
, . 

A )  High-Tempera tu re  Stean ~eforming::  
?lickel wi t h  barium or  titanium o r  msgnesium on 4'-A1 Z03 
Nickel with lanthanum and strontium on Y-A1203 
Nickel with .uranium and-A1203.. 
Nickel alumina magnesium spinel  

B )  Cata ly t i c  Par t i a l  Oxidation (No Steam Addition): 
Rhod i urn on &.A1 203 

C) Methanol Steam Reforming:. 
Copper wi t h  Cr, Mn, Zn o r  A1 



TASK 3. METHANOL REFORMING ti1 U-30 

To generate hydrogen from methanol f o r  f u tu r e  fuel c e l l  systems, 
the a c t i v i t i e s  of several  commercial Cu/Zn oxide ca t a ly s t s  f o r  low 
temperature ;team reforming of methanol have been evaluated i n  the 
p i l o t  p lant .  To determine experimentally the  c d t a l y t i c  a c t j v i t y  
of a given c a t a l y s t  a t  a given temperature and pressure,  a portion 
of t h i s  c a t a l y s t  was loaded i n to  a f ixed bed reac to r  and t h i s  sample - - . . - - - - - - -. . . 

was reduced in - s i tu  i n  H 2  or  in d i lu ted  H2 a t  temperatures u p  t o  
230°C. After  the  sample reduction, a pre-vaporized feed containing 
1.5 moles water per mole of methanol was .:subsequently admitted i n to  the 
reactor  and react jon were allowed t o  occur isothermally i n  the  reac to r  
a t  a given temperature and pressure. After  ex i t ing  the reac to r ,  the  
water present  in the product gas was p a r t i a l l y  condensed ( a t . l l ° C ) ,  and 
the volume of the  product was determined by a gas chromatograph. 
Using'these experimental procedures, the  methanol conversion over a 
given c a t a l y s t  a t  a given temperature and pressure could be determined 
by calcula t ing the  carbon balance across the reac to r ,  o r  by cal -  
cula t ing the  t o t a l  amount of hydrogen produced i n  the  product gas. In 
t h i s  repor t ,  the  a c t i v i t y  of each ca t a ly s t  s tudied a t  t h e i r  respect ive  
experinental condit ions a r e  summari zed i n  Tab1 e 2. - 

The f i r s t  sample studied was G i rd l e r ' s  6-668 c a t a l y s t .  A 100 
C.C. port ion (14-20 mesh) was loaded i n to  the  reactor  and reduced 
i n  pure Hz a t  230°C (Run No. 6989). The i n i t i a l  CH OH conversion 
of t h i s  sample was found t o  be only 77% a t  440°F, 3d psig,  1.5 H20/CH30H 
feed (nolar  r a t i o )  and 440 hr-1 space veloci ty .  (The space veloci ty  
was defined a s  the r a t i o  of volume of H produced a t  S.T.P. a t  100% f C330ii con:/ersion per volume of c a t a ly s t  . Since the reduction react ion 
( i  .e.  cut*+ Cu" o r  Cu +)  i s  exothermic, the reac to r  temperature was 
quickly ra ised t o  about 340°C as soon as  hydrogen was admitted i n to  
the  reac to r .  Thus, t h i s  sample was probably s in te red  thermally during 
the reduction s tep ,  and  t h e  low i n i t i a l  a c t i v i t y  could be a t t r i bu t ed  
to  t h i s  improper reduction procedure. In..order t o  increase the  i n i t i a l  
a c t i v i t y  and ' t o  f ind  a proper reduction procedure, a thermal micro- 
balance was used t o  determine the i n i t i a l  and f i na l  reduction temp- 
era tures  f o r  C u / Z n  oxide ca t a ly s t s .  

Uhen a sample i s  reduced, the C u O  present i n  the  v i rgin  c a t a l y s t  
wil l  be converted t o  CuO ( o r  Cu+)  and a weight l o s s  due t o  t h i s  
reduction reaction wi l l  occur. Therefore, by properly increasing t he  
sample temperature a t  a given r a t e  ( i . e .  2.5"C/min), while flowing 
hydrogen through the reactor  the i n i t i a l  and f i n a l  reduction temp- 
era tures  can be determined from the  weight l o s s  of t he  sample versus 
the sample temperature. As shown in Figure 1 ,  the  main weight loss  
of the  sample occurred a t  temperatures between 140°C and 220°C. 
Therefore, t h e l i n i t i a l  and f i na l  reduction temperatures were 140 
and 220°C respect ively .  Furthermore, i n  order t o  avoid a rapid 
temperature r i s e  due t o  the  exothermic reduction reaction and, thus,  
to avoid any possible thermal s in te r ing  ... of the  sample, i t  i s  a l so  . . 
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 ASK 3; METHANOL REFORMING 610i30 . . CONTINUED . . 

advantageous t o  reduce t h e  sample w i t h  d  l u t e d  H ,so t h a t  the  degree 
o f  r e d u c t i o n  and thus  t h e  amount of hea t  r e l ease5  can e a s i l y  be c o n t r o l l e d .  
As descr ibed  i n  Tab le  3, a  r e d u c t i o n  procedure was s tandard ized  which 
pe rm i t s  a  Cu/Zn o x i d e  sample t o  be reduced a t  t h e  l owes t  p o s s i b l e  temper- 
a t u r e  i n  d i l u t e d  hydrogen, and t h i s  procedure was used t o  reduce a l l  o f  
t h e  commercial Cu/Zn o x i d e , c a t a l y s t s  eva lua ted  i n  t h i s  work. 

Us ing t h e  s tandard  r e d u c t i o n  procedure,  a  new sample o f  G-66B was 
reduced and i t s '  i n i t i a l  a c t i v i t y  was found t o  be 100%. However, t h e  
a c t i v i t y  s t a r t e d  t o  d e c l i n e  a f t e r  abou t  90 hours  on stream. For example, 
a t  147 hours ,  t h e  methanol convers ion  was 92%. 

The r e s u l t s  o f  Run No. 6989 and Run No. 6996 i n d i c a t e d  t h a t  r e d u c t i o n  
procedure was ve ry  impo r tan t  t o  t h e  i n i t i a l  a c t i v i t y  o f  a  Cu/Zn ox i de  
c a t a l y s t .  

S ince  T-2130A f rom U n i t e d  C a t a l y s t  I n c .  r ep l aces  6-668 on t h e  
c o m e r c i a l  market,  t h e  a c t i v i t y  o f  T-2130A was t e s t e d  w i t h  t h e  above 
exper imenta l  procedure.  A t  440°F, 30 p s i g  and space v e l o c i t y  o f  1780 h r - l ,  
t h e  i n i t i a l  a c t i v i t y  was 97% methanol convers ion,  b u t  i t  d e c l i n e d  t o  85% 
conve rs i on  a f t e r  45 hours on stream ( F i g u r e  3, Run No. 7009).  For  t h e  
exper imenta l  r u n  a t  400°F, 6  p s i g  and space v e l o c i t y  o f  440hr-1, t h e  
methanol  conve rs i on  cou ld  be ma in ta ined  a t  100% f o r  t h e  f i r s t  150 hours ,  
bu t  i t  g r a d u a l l y  d e c l i n e d  t o  89% a t  300 hour ( F i g u r e  4, Run No. 7016).  
S inc2  t h e  exper imenta l  c o n d i t i o n s  used i n  Run No. 7016 i s  t he  r e a c t o r  
des ign  c r i t e r i a  f o r  a  1.5 kw f u e l  c e l l  r e f o rmer  system, i t  may be con- 
c l uded  t h a t  methanol leakage f rom t h e  re fo rmer  w i l l  s t a r t  t o  occu r  a f t e r  
a s h o r t  o p e r a t i n g  pe r i od ,  i f  T-2130A i s  loaded  i n t o  t h e  r e fo rmer .  

XRD a n a l y s i s  or! a sample o f  v i r g i n  T-2130A c a t a l y s t  showed t h e  
. 

presence o f  some n i t r a t e  i m p u r i t i e s .  I n  o r d e r  t o  f i n d  o u t  t h e  e f f e c t  
o f  these n i t r a t e  i m p u r i t i e s  on i t s  c a t a q ~ t i c ~ a c t i v i t y  f o r  steam re fo rming  
o f  methanol  , a r e c a l  c i  n a t i o n  procedure which would decompose a1 1 t h e  
n i t r a t e  i rnpur i  t i e s  was sought. Again, a  thermal  m ic roba lance  was used 
t o  m o n i t o r  t he  we igh t  l o s s  o f  a  sample d u r i n g  c a l c i n a t i o n  w h i l e  t h e  
sample t m . p e r a t u r e  was inc reased  a t  5"CImin. As shown i n  F i gu re  2, 
the minimum decomposi t ion temperature o f  t h i s  c a t a l y s t  was 230°C. 
.Furthermore, XRD a n a l y s i s  showed t h e  absence o f  n i t r a t e  i m p u r i t i e s  a f t e r  
a  sample was c a l c i n e d  f o r  2  hours a t  260°C. There fo re ,  a  sample o f  t h i s  
c a t a l y s t  was f u r t h e r  c a l c i n e d  i n  a i r  a t  260°C f o r  12 hours  t o  remove a l l  
n i t r a t e  i r n p r ~ r i  t i e s  b e f o r e  r educ t i on .  The a c t i v i t y  o f  t h i s  r e - c a l c i n e d  
c a t a l y s t  (Run No. 7045) was found t o  be a t  100% CH OH conve rs i on  f o r  t h e  2 f i r s t , 2 0 0  hcurs ,  b u t  t h e  a c t i v i t y  a l s o  d e c l i n e d  a f  erward. Thus, by 
removing the n i t r a t e  i m p u r i t i e s  f rom T-2730A, t h e  a c t i v i t y  cou ld  be 
inc reased  s l i g h t l y ,  b u t  t h i s  improvement s t i l l  cou ld  n o t  meet one o f  
p r o t o t y p e  f u e l  cel.1 des ign requi rements ,  t h a t  i s ,  about  10,000 hours  o f  
c a t a l y s t  l i f e  a t  100% CH30H convers ion .  Unreacted methanol can n o t  be 
t o l e r a t e d  i n  t h e  phosphor ic  a c i d  t ype  Tuel  c e l l .  
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TASK 3. METHAEiOL REFORMING 61 0-30 CONTINUED 

The ICI-52-1 c a t a l y s t  was a l s o  evaluated i n  t h i s  study. As 
shown in Table 2 ,  Figure 3 and Figure 4 ,  a  reduced sample of t h i s  
c a t a l y s t  had a  s l i g h t l y  longer l i f e  i n  both high space veloci ty  
and low space velocity t e s t s .  B u t  the  c a t a ly s t  l i f e  i s  s t i l l  too 
shor t  t o  s a t i s f y  t he  fuel  c e l l  reformer requirement. 

Since the  co'mercial  C u / Z n  oxide ca t a ly s t s  a r e  very s ens i t i ve  
t o  ch lo r ide  and s u l f u r  imourit ies present  in the  reac tan t s ,  a 20c.c 

. - ..................... sample of a  5% Ag/A1203 ca t a ly s t  was i n s t a l l ed  i n  f r o n t  o f .  a  .: .- 
ICI 52-1 sample i n  Run No. 7082 as a. s u l fu r  and chlor ide  guard. 
A s  shown i n  Figure 3,  t h e  methanol conversion was approximately the  
same a s  t h a t  determined in Run No. 7076. Though the  su l fu r  and 
chlor ide  i inpuri t ies present  in t h i s  Ag/A1 O3 guard a r e  cur ren t ly  T being analyzed, i t  is 1  ikely  t h a t  the  dec ine i n  a c t i v i t y  found 
i n  the  previous runs were not s i gn i f i c an t l y  influenced by the su l fu r  
o r  ch lo r ide  inpuri t i e s  present  in the feed. 

The e f f e c t  o f  mass veloci ty  on the c a t a l y t i c  a c t i v i t y  was a l s o  
invest igated in  Run No. 7092. For t h i s  r u n ,  t he  space veloci ty  was 
maintained a t  1780 hr-1, but the  mass velocity of the  reactants  
a ch i t t ed  i n t o  the reactor  was increased ,four times as  compared t o  
t h 2 t  of Run tie. 7076. The methanol conversion obtained i n  t h i s  r u n  - 
was c l o s e  t o  t h a t  observed in R u n  No. 7076, indicat ing t h a t ,  w i t h i n  
the  experizental  range s tudied,  $he heat and mass t r an s f e r  e f f ec t s  
on the  c a t a l y t i c  a c t i v i t y  were not s i gn i f i c an t .  

 or lo:* temperature steam reforming of methanol over C u / Z n  
oxide c a t a l y s t s ,  the re  a r e  two chemical react ions  occuring simul- 
taneously i n  t h e  r eac to r .  i .e .  

(1 1 fkthanol  Decomposi t ion :  C H j o H  4 ~ ~ .  + 2 ~ ~ '  ------------- 
Water gas  s h i f t :  c o t ~ ~ ~  C02+H2 ---.--------------- (2  

A t  a given temperature, pressure and a  H20/CH OH feed r a t i o ,  S a c o ~ p u t e r  program (ca l l ed  METHANOL)  has been w r i t  en t o  c a l cu l a t e  
the  thenodynamic equilibrium composition..of the  product gas due 
t o  the  above t\-io react ions .  Some r e su l t s  of these  ca lcu la t ions  a r e  
s h c r ~ n  in  Table 4 .  

The  dry gas compositions as detemined experimentally (given 
i n  Table 5 )  were c lose  t o  the  equil ibrium compositions given i n  
Table 4.  Therefore, i t  may be concluded t h a t  the  product composition 
(dry gas)  from methanol refomling over C u / Z n  oxide ca t a ly s t s  a r e  
c lose  t o  the thermodynamic equilibrium composition, though i t  i s  
not  in actual  equilibrium. 



..'. . '. 
. . * .  

FUTURE PLANS (FIRST QUARTER 19.79) 

Phase 1 of the contract  wil l  be completed in the next quar ter .  
Major i terns t o  be accomplished in each task a re  out1 ined below: 

TASK 1. PROCESS FEASIBILITY STUDIES 

Ins ta l  1 the  new mixer and preheater in to  the t e s t  u n i t .  R u n  
the  hydrogen' a ss i s t ed  steam reforming of No. 2 o i l  a t  1750°F 
over 4 cormercial steam reforming ca t a ly s t s .  

Complete. the  t e s t  r u n  f o r  the c a t a l y t i c  pa r t i a l  oxidation 
o f  No. 2 o i l  with and without steam over the sample composed 
of ~ t / ~ d / R h .  

TASK 2. TECH?/IC>.L AXALYSIS 

Revise the  coniputer program ATR-1 to  search f o r  condi.tions 
where the heats of reaction between pa r t i a l  oxidation and 
s tean reforming a r e  balanced. .. . 

- Coapare r e s u l t s  from the above revised program w i t h  ca lcula t ions  
perforxed a t  J e t  Propulsion Laboratories. 

Disucss the thermodynamic calcula t ions  f o r  t h i s  task with a 
consultant ,  Dr. Henry Van Ness, of Rennsylaer Polytechnic 
Ins tutuie .  

TASK 3.  METHANOL REFORMING 

Run a process var iable  study with ICI 52-1 t o  f ind conditions 
where methanol decomposition i s  accomplished f o r  longer periods 
of t i w .  

Test a c a t a l y s t  prepared by Engelhard f o r  the methanol de- 
composition reaction and couple i t  with a low-temperature 
s h i f t  c a t a ly s t .  

Page.. 11 



EQUI LIBRIUI-1 COMPOS I T 1  ONS FOR STEA!4lREERI?,I,NG OF HYDROCARBONS 

(1 )  M. J. S c h l a t t e r ,  S J I - ~ N E !  ,NTIS (1965) 

v 
w 

( 2 )  Chemical Enqineers ' Handbook 1 5 t h  e d i t i o n ,  McGraw-Hill , N.Y. (1973) 
I i u3 

1 
d 

Mole % i n  Product  Gas 
Data Source 

ATR-1 . 

Schl a t t e r  

ATR- 1 
S c h l a t t e r  ' 

ATR- 1 
P e r r y  C h i l t o n 2  

ATR- 1 
S c h l a t t e r  ' 

ATR- 1 
Schl a t t e r  " 

Hz- 

59.02 
59.12 

49.44 
49.47 

66.96 

42.60 
42.62 

55.09 
55.11 

Pressure 
( a  tm) 

1.0 
. . , .  

1 . O  

1 .0  

12.0 

12.0 

... 

CO 

10.61 
10.64 

7.57 
7.56 

17.55 
3 . 5 9 1 7 . 5 3 6 6 . 9 4  

9.92 
9.89 

19.73 
19.71 

l y d r o -  
r a r b m  

CH4 

CH4 

CH4 

C3H8 

C9H20 

C07 

6.80 
6-.80 

6.68 
6.69 

3.58 

5.85 
5.87 

4.42 
4.44 

H30 
9 

19.25 
19.17 

36.27 
36.24 . . 

9.94 
9.95 

41.60 
41.57 

20.42 
20.40 

Temp. 
i " F )  

1200 

1400 

1340 

1800 

1800 

-- 

Feed ,Rat io  
CH4 

4.32 
4.27 

0.05 
0.04 

1.97 
1.99 

0.04 
0.04 

0.34 
0.34 

H20/C 

2.0 

4.0 

1.5 

0?/C 

0.0 

0.0 

0.0 

I 
4.0 

2.0 

0.0 

0.0 



TABLE 2 

SUMHARY OF RESULTS ON STEAM REFORl4I.NG OF METHANOL (1.5 H?O/CH?OH FEED) 

* Space Velocity = C . C  of H2(at  s . t . p . )  produced a t  100% Methanol conversion 
c . c  of c a t a l y s t  

** Standard reduction procedures were used f o r  sample pretreatments except Run No. 6989. 

v Comment ** 

Reduction in  H2 a t  230°C 

Standard reduction procedure. 
Act iv i ty  dec l ine  a f t e r  90 hrs .  

Act iv i ty  s t a r t e d  t o  dec l ine  
a f t e r  15 hrs .  on stream. 

Act iv i ty  remained a t  100% con- 
version f o r  150 hrs .  I t  s t a r t e d  
t o  decl i ne a fterward. 

Recal c i  ned sample. Act iv i ty  
s t a r t e d  t o  dec l ine  a f t e r  200 
hrs .  on stream. 

After  320 hrs .  a t  100% con- 
version a c t i v i t y  s t a r t e d  t o  
dec l ine .  

S. -V.* 
hr-!Hz 

440 

440 

1780 

440 

440 

440 

%CH?OH 
Conversion 

-- 77 

- 100 

97 

100 

100 

100 

I 

P 
psig 

3 0 

3 0 

30 

6 

6 

6 

440 

440 

440 

400 

400 

400 

7un No. 

6989 

5996 

7009 

701 6 

7045 

7058 

Cata lys t  

G- 668 
(1OOc.c) 

I 
G-66B 
(1OOc.c) 

T-2130A 
(20c.c)  

T-2130A 
(lOr3c.c) 

T-2130A 
(1OOc.c) 

ICI 52-1 
(10Oc.c) 



TABLE 2 CONTINUED ---- .---- 

SUNMARY OF RESULTS ON STEAM REFORMING OF METHANOL (1 .5  H20/CH30H FEED) 

I 

, > 

* Space V e l o c i t y  = c.c o f  H ? ( a t  s . t ;p . )  produced a t  100% Methanol convers ion 
c.c o f  c a t a l y s t  

** Standard r educ t i on  procedures were used f o r  sample pret reatments  except  Run No. 6989. 



STAFJDARD REDUCTION P R O C E D U R E  FOR LOW-TEMPERATURE WATER GAS SHIFT 
CATALYSTS 

1 .  Pressure  t e s t  with N 2  a t  200 psig a t  R. T. 
. . 

2.  Flow N2 at-GO 1 / h r ,  i n c r e a s e t e m p .  t o  120°C i n  N 2 .  

3 .  Admit H2/He mixture t o  t h e  r e a c t o r  ( ~ 1 :  1  volume r a t e ) .  Total flow 
r a t e  i s  about -60 l / h r .  Stay f o r  %l hr a t  120°C. 

4. Increase  t h e  r e a c t o r  temp. a t  15"C/hr t o  180°C. .Stay f o r  1  hour 
a t  180°C. 

- 5. . Inc rease  t h e  r e a c t o r  temp. t o  200°C. Hold f o r  '1 hour. 

6 .  Reduce the  t o t a l  flow r a t e  t o  40 l / h r  by c u t t i n g  down N flow. Af te r  

+40 l / h r  flow r a t e .  
$ +1 hr, f u r t h e r  decrease  N2 flow and inc rease  H2/He flow o maintain 

7. Flow H2/He (8.5% Hz) through t h e  r e a c t o r  f o r  4  hours a t  200cC, 1 .5  CFH 
H2/He over-night .  

8. Increase  the  r e a c t o r  temp. t o  230°C a t  10°C/hr and l e t  r e a c t o r  temp. . 
l i n e  o u t  a t  230°C. . 

9 .  Final reduct ion  i n  H 2  f o r  1  hour a t  230°C.2 

10. Admit 1 . 5  H20/Ch30H (molar r a t i o )  feed .  Stop H z .  

11.  ' Experimental Conditions: 

35 cc /hr  of feed (53% CH30H by weight)  
30 'psi g  , 230°C 
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E Q U I L I B R I U M  COMPOS i T I O N  OF THE PRODUCT FROM STEAM REFORMING OF METHANOL 

AND WATER GAS S H I F T  REACTIONS C_l_ . l - - -  

* 

* The values given in th is  column i s  the r a t io s  of total  moles of water in feed to  t h e  total  .. 
moles of methanol converted. I 



TABLE 5 ---- 

DRY GAS COIsIPOS ITION 
C I . - . - -  



. . 

FIGURE 1 - 

TEFIPERATURE PKOGWbIMtU REDUCTION OF 
VIRGIN T2130A CATALYST 

flicrobal ance Condi t i  ons : -- 

Dried in He flow t o  83"C/30 mins 
Reduced i n  H z  from amb. t o  475°C @ 2.5OC/min 

Y.RO Results  

Virgin ( a s  received)  - ZnO, C u O  w/some Zinc Ni t ra te  Hydroxide 

XRDl (160°C) --- ZnO, CuO \~/some Zinc Ni t ra te  Hydroxide 

XRD2 (235OC) -+ ' Z n O ,  C u O  d o t h e r  poss ible  phases (Cu, CuZn a l l o y )  



FIGURE 2 -- 
TEPIPERTURE PROGRA;,ltvIED REDIICTTON OF 

A RECALCINED T2130A SAMPLE 

Heated in  Air flow t o  490°C @ S°C/min 
Self  cooled in  He flow f o r  80 min. 
heated i n  H z  t o  490°C 2.5"C/min. 

Temperature, "C 

XRD. Rcsul t s  

XRD3 (490°C Air, 435°C Hz Cu + Z n O )  
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