
I DEVELOPMENT OF ALCOHOL-BASED SYNTHETIC TRANSPORTATION 
FUELS FROM COAL-DERIVED SYNTHESIS GASES 

Fourth Qwrtetly Progress lbport for Period July I -September 30,1980 

Work Pefformed Undet Contract No. AC21-79ETl48J8 

Chem Systems Research & Development Group 
Falrfleld, NBW Jersey 

U. S. DEPARTMENT OF ENERGY 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Avrtlabli, &&a tlh N&ttfparl Technical Infonmtkm Scndsa. W. S: Departm uf 
C u m m ,  Sprinsfieid, V i  22151. 



DOE/ET/14858-4 
Distribution Category UC-90d 

CONTRACT NO. DE-AC 22-79. ET 14858 

FOURTH QUARTERLY PROGRESS REPORT 

JULY 1 - SEPTEMBER 30, 1980 

DEVELOPMENT OF ALCOHOL-BASED SYNTHETIC 

TRANSPORTATION FUELS FROM COAL-DERIVED 

SYNTHESIS GASES 

SUBMITTED TO: 

U.S. DEPqRTlvENT OF ENEFGY 

COAL LIQUEFACTION PROJECT MANAGEMENT 

PITTSBURGH ENERGY TECHNOLOGY CENTER 

PITTSBURGH, PA 15213 

PREPARED BY: 

CHEM SYSTEMS RESEARCH & DEVELPENT GROUP 

ONE EVANS STREET. 

FAIRFIELD, NJ 07006 

DOE P r o j e c t  Manager: R i cha rd  D i f f e n b a c h  

Chem Systems P r o j e c t  'kanager: Marvin.  I. Greene 

DECEMBER 3, 1980 



TABLE OF CONTENTS 

1.0 ABSTRACT 

2.0 OEJECTIVES AND SCCPE 

3 .O SUMMARY OF TECHNICAL PROGRESS 

4.0 WORK PLANNED FOR NEXT QUARTER 

5.0 DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

5.1 Task 1 - Cata lyst  Formulation and Screening Studies 

5.1.1 Recent L i t e r a t u r e  Review 

- 5.1.2 Catalyst  Preparation 

5.1.3 Experimental Results 

5.1.4 Analysis o f  Results 

5.2 Task 2 - Process Var iable Studies i n  BSU 

5.3 Task 3 - Engineering Studies & Economic Analyses 

5.4 Task 4 - Performance Studies i n  PDU 

6.0 PATENTABLE INVENT1 ON5 

PAGE - 

1 

3 

4 

8 

11 

11 

11 

14 

20 

41 

50 - 

50 

50 

51 

52 1 



1.0 ABSTRACT 

Chem Systems, under DOE Contract No. De-AC 22-79. ET-14858, i s  car ry ing  

out an experimental program f o r  the conversion o f  coal-derived synthesis 

gases t o  a mixture o f  C1-C6 alcohols. The object ives o f  t h i s  

contract  are to:  1) develop a ca ta lys t  and reactor system fo r  producing 

a mixture o f  C1-C6 alcohols t o  be used as a synthet ic  t ranspor tat ion 

f u e l  and 2) assess the technical  and economic f e a s i b i l i t y  o f  sca l ing the 

process t o  a commercial-scale appl icat ion. 

This four th  quar te r ly  repor t  presents the experimental work performed f o r  

the per iod o f  Ju ly  1 - September 30, 1980. Some o f  the accomplishments 

made t h i s  quarter dur ing the Task 1 screening studies were: 

1. A t o t a l  o f  twenty-four cata lysts  were prepared by e i t he r  evaporation 

o f  metal n i t r a t e - c i t r i c  ac id  solutions; by impregnation o f  methanol 

synthesis ca ta lys ts  or by doprec ip i ta t ion w i th  KOH. 

2. A t o t a l  o f  seventeen cata lysts  were tested i n  e i ther  the Berty 

gradientless reactor o r  the plug-flow reactor. These ca ta lys ts  have 

been characterized i n t o  the fol lowing f i v e  groups: 

Group I: Catalysts containing Cu, Zn, Co, C r  and a l k a l i  

Group 11: Catalysts o f  Group I without Zn, Co, or C r  

Group 111: Modif ied methanol synthesis cata lysts  o f  Cu-Zn-A1 fami ly 

Group I V :  Catalysts o f  Group I where C r  i s  subst i tu ted by t r a n s i t i o n  

metal(s) such as Fe, Mn, T i ,  Th, etc. 

Group V: Catalysts o f  Groups I, I1 or  I V  supported on i n e r t  oxides such 

as Si02, T iOZ o r  MnO 

3. , A CUCOZn~. ~ 5 ~ ~ 0 .  lThO .5%. 11 cata lys t  produced by 

evaporation o f  metal n i t r a t e - c i t r i c  ac id  solut ions resul ted i n  an 

oxygenates s e l e c t i v i t y  o f  about 50% (C3-free basis) a t  t o t a l  CO 

oonversior,is o f  the order o f  5 t o  15% per pass. The alcohols ( inc lud ing  

about 2% aldehydes) d i s t r i b u t i o n  was 48.2% C1; 33.4% C2; 10.7% C3; 

5.3% C4 and 2.3% C5. The calculated heating value o f  t h i s  Alkanol 



mixture i s  about 78,000 Btu/gal  (20% higher than t h a t  o f  methanol). The 

estimated c l ea r  Research Octane Number (RONC) o f  t h i s  mixture i s  109. 

The estimated octane q u a l i t y  (RONC) o f  a mixture o f  80% unleaded gasoline 

having an 80 RONC and 20% o f  the Alkanols i s  about 91. 

4. The fo l low ing  observations regarding the conversiun-select iv i ty 

cha rac te r i s t i c s  'were made: 

a) USE! o f  the evaporation technique (metal n i t r a t e - c i t r i c  ac id  

so lu t ions)  r e s u l t s  i n  a s i g n i f i c a n t  improvcment i n  oxygenates 

s e l e c t i v i t y  over t h a t  o f  the KCH cop rec ip i t a t i on  method when 

processing a C U Z ~ ~ . ~ ~ ~ C O T ~  0 . 5 ~ ~ 0 . 1 ~ 0 . 1 1  ca ta lys t ;  

b) A broad maxima i n  the Fe/Cu r a t i o  vs. oxygenates s e l e c t i v i t y  

r e l a t i o n s h i p  was observed between about 0.1 and 0.25 Fe/Cu 

r a t i o  w i t h  the above ca ta l ys t  formulation; 

c )  Cata lys ts  having an atomic formula o f  CuZno 125C~K0. llM 

have oxygenates s e l e c t i v i t y  vary ing w i t h  t r a n s i t i o n  metal type 

according t o  the fo l lowing ser ies  ( i n  order o f  decreasing 

s e l e c t i v i t y  ) : 

d) Recycle o f  methanol a t  7 mol% i n  syn gas t o  a 

CuZnO. 125'OTh0. 5K0. l l F e O .  1 ca ta l ys t  resu l ted  i n  no' 

improvement i n  oxygenates s e l e c t i v i t y  but  s i g n i f i c a n t  

conversion o f  the methanol was observed t o  p r ima r i l y  methane. 

e) The incorporat ion o f  MnO (a poor hydrogen chemisorber) as a 

support f o r  a CuZn~.  125'OTh0 .gFeO -5%. 11 ca ta l ys t  

produced by evaporation d i d  no t  supress hydrocarbon formation 

a c t i v i t y .  

Plans f o r  the  next  quarter inc lude the preparat ion.  and t es t i ng  of 

ca ta l ys t s  formulated t o  study a) the e f fec t  o f  Co/Cu r a t i o ;  b )  the 

e f f e c t s  o f  ca ta l ys t  aging on both a c t i v i t y  and s e l e c t i v i t y ;  c )  l e s s  

complex chemical compositions; d) ca l c i na t i on  temperature; e) hydrogen 

reduct ion cond i t ions  and f) a l t e rna t i ve  cop rec ip i t a t i dn  methods. 



2.0 OBJECTIVES A N 0  SCOPE 

This project  is pa r t  of the DOE-Fossil ~ n e r ~ 3  alcohol fue l s  research 
'program which is d i rec ted  towards developing technology for  producing 
alcohol-based, syn the t ic  t ransporta t ion fuels '  from coal-derived, 
synthesis  gases. A major ' ~ n - ~ o i n ~  e f f o r t  is i n  the  a rea  of methanol fo r  
use i n  methanol-gasoline b l ends .  ("methyl fue lw) .  Another a l t e rna t ive ,  
which is the subject  o f  t h i s  research and development,. p ro jec t ,  is t o  
produce a mixture of methanol and higher alcohols (C2-C6), which we 
c a l l  ALKANOL. This mixture has the  po ten t ia l  fo r  providing a syn the t ic  
t ransporta t ion .fuel f a r  ' super ior  t o  ' t h a t  which would be provided by 
straight-run methanol. The ALKANOL fue l  has' improved v o l a t i l i t y ,  
so lub i l i t y  and water s e n s i t i v i t y  cha rac t e r i s t i c s  over t h a t  of methyl fue l  
a s  well a s  having higher hea t s  of combustion, of t he  order of 35-70% 
higher depending upon the  carbon number d i s t r i bu t ion  of the  ALKANCL fuel .  

A s  an outgrowth 'of  ' our Liquid-Phase Methan01 (LPM~OH) synthes i s  
experience, we have been invest igat ing the effect iveness  of c a t a l y s t s  
comprised of ~ i s c h e r - ~ r o p s c h  elements and low pressure methanol synthesis  
ca t a ly s t  elements. The ob jec t ives  of t h i s  con t rac t  a r e  to: 1) develop a 
ca t a ly s t  and reactor  system fo r  converting coal-derived synthesis  gases 
t o  alcohol-based, syn the t ic  . t ranspor ta t ion  fue i s  and 2)  assess  the  
technical  and economic f e a s i b i l i t y  of sca l ing  the  process concept t o  a 
commercial-scale appl icat ion.  

A multi-task program was formulated t o  provide the  necessary information 
f o r  meeting t he  cont rac t  objectives:  

Task 1: c a t a l y s t  m or mu la ti on and Screening Studies 
Task. 2: R o c e s s  Variables S tud ies ,  i n  Bench-Scale Unit 
Task 3: Engineering and Economic Analysis 
Task 4: Catalyst  Performance Studies In  rooe ego Develirp~rlent Unit 

The experimental work is being performed a t  Chem systems Research Center 
i n  .Fair f ie ld;  New Jersey,  and the cont rac t  r i l l  require  2 4  months t o  
canpietion. 



3.0 SUMWRY OF TECHNICAL PROGRESS 

Task 1 - C a t a l y s t  Formulation & Screening- s t u d i e s  . . 

During this q u a r t e r l y  period, '  . . a t o t a l  o f  twenty-four' c a t a l y s t s  were 
prepared by e i t h e r  evaporat ion ' techniques (with m e t a l  n i t r a t e s ,  c i t r a t e s  
o r  a c e t a t e s ) ,  c o p r e c i p i t a t i o n  techniques (with KW) o r  by impregnation 
techniques ( ' o f  potassium-promoted, methanol syn thes i s  c a t a l y &  with a 
d i c o b a l t  octacarbonyl-methanol-monoeth&olamine so lu t ion) .  A l l  c a t a l y s t s  
were ca lc ined  and p e l l e t i z e d .  

A t o t a l  o f  seventeen c a t a l y s t s  were t e s t e d  i n  e i t h e r  t h e  Berty 
g r a d i e n t l e s s  r e a c t o r  o r  t h e  plug-flow reac to r .  These c a t a l y s t s  have been 
charac te r i zed  i n t o  t h e  . fol lowing f i v e  groups based on t h e i r  e lementa l  

composition: 

Group I: C a t a l y s t s  conta in ing Cu; Zn, Co, C r  and a l k a l i  
Group 11: C a t a l y s t s  o f  Group I without Zn o r  Co o r  C r  

Group.111: Modified methano1,synthesis  c a t a l y s t s  o f  
Cu-Zn-A1 family. 

Group IV: C a t a l y s t s  o f  Group I where C r  is s u b s t i t u t e d  by 
t r a n s i t i o n  meta l ( s )  such a s  Fe, Mn, Th, V ,  etc. 

Group V: C a t a l y s t s  o f  Group I ,  I1 o r  I V  supported on i n e r t  
oxides  such a s  Si02, T i02  o r  MnO. 

The t e s t i n g  during t h i s  q u a r t e r  was formulated t o  determine whether 
v a r i a t i o n s  i n  t h e  following parameters would improve oxygenates 
s e l e c t i v i t y :  

\ 
8 Reduction temperature; 
8 Coprec ip i t a t ion  with KOH vs .  evaporat ion of  metal 

. s 
. . 

n i t r a t e s ,  c i t r a t e s  o r  ace ta tes ;  
P e l l e t i z i n g  pressure ;  ! 

8 Addition of  methanol t o  feed gas  (simulated methanol 

r ecyc le )  and; 
8 Incorpora t ion  o f  a MnO support  having low hydrogen 

chemisorption capac i ty .  



The ca ta lys t  formulat ion w i th  the highest s e l e c t i v i t y  t o  oxygenates was 

CuCoZn~. 125Fe0. lThO -5%. 11 produced by ' evaporation o f  metal 
n i t r a t e - c i t r i c  ac id  solutions. Se lec t i v i t y  was about 50% (C02-free 

bas i s j  a t  t o t a l  CO conversions o f  the order t o  5 t o  15% per pass. The 

C2+ alcohols/CH30H r a t i o  was about 1/1. 

Examination of the . . conversion-select iv i ty charac te r is t i cs  o f  the 

ca ta lys ts  tested l e d  t o  the fol lowing apparent correlat ions: 

Higher temperature and lower space ve loc i ty  r e s u l t  i n  higher CO 

conversion per pass w i th  the higher oxygenates s e l e c t i v i t i e s  occurr ing a t  . e . ;\ 
, , . . 

the lower l e v e l s  o f  co conversion. .. .. 
> 8 .  

* : 

For Fe . K  a CuZn~. 125C0Th0. 5  0.1 0.11 
ca ta lys t  formulation, the 

evaporation technique resu l t s  i n  a  s i g n i f i c a n t  improvement i n  oxygenates. 
, . 

. . . C 
8 .  

s e l e c t i v i t y  over t h a t  o f  the K M  coprec ip i ta t ion method, p a r t i c u l a r l y  a t  
(I 1 .. . . 

CO conversions between 5 and 20% per pass as seen from the fo l lowing . ;I . 
table: 

Production Method Evaporation 

% CO Conversion 6,3 17.5 

Temperature, OC 270 2 72 

VHSV, L/hr/kgm 3351 976 

Pressure, ps ig  905 905 

% Oxygenates S e l e c t i v i t y  43.1 32.8 

KOH Coprec ip i ta t ion 

Catalysts having an atomic formula of CuZnO. 125C~K0. llM have 

oxygenates. s e l e c t i v i t y  varying w i th  t rans i t i on  metal type according t o  

the fo l lowing ser ies ( i n  order o f  decreasing s e l e c t i v i t y ) :  



The incorpora t ion  o f  a poor hydrogen chemisorber i n  t h e  form o f  MnO i n t o  

a . ' CuZnO . 125C~Th0 . 5Fe0 5K0 . 11 c a t a l y s t  produced by evaporat ion o f  
metal n i t r a t e - c i t r i c  a c i d  s o l u t i o n s  d id  no t  suppress  hydrocarbon 
formation a c t i v i t y  o f  ' t h i s  c a t a l y s t .  While oxygenates s e l e c t i v i t y  d i d  

no t  vary,  s e l e c t i v i t y  t o  methane increased.  

There appears t o  be a smal l '  effect o f  ' i ron/copper r a t i o  on oxygenates 
s e l e c t - i v i t y  with a CuZno.125 CoTh , 0.5K0 .llF ex c a t a l y s t  produced , by 
evaporat ion of metal n i t r a t e - c i t r i c  ac id  s o l u t i o n s .  A broad maxima i n  

t h e  Fe/Cu r a t i o  vs. oxygenates. s e l e c t i v i t y  was observed between about 0.1 

and 0.25 Fe/Cu r a t i o .  

T e s t s  with the above c a t a l y s t  having a 0.111 Fe/Cu r a t i o  i n d i c a t e d  t h a t  
t h e  c a t a l y s t  has  l i t t l e  o r  no homologation a c t i v i t y  when methanol is fed  
along with the s y n t h e s i s  gas. Tota l  carbon conversion ( feed  methanol 
carbon p lus  CO carbon) was approximately cons tan t  ' b u t  t h e  methane/higher 

a l coho l s  r a t i o  increased from 0.8/1 t o  about 2.3/1 a s  seen below: 

. M e M  Content o f  Feed Gas, Mol % 7 0 

Equivalent  CO Converted, gmol/hr/kg c a t .  6.4 

% S e l e c t i v i t y  To: 

CH3M 
C2-C6 Oxygenates 

CH4 
C2 + H.C. 

C% 

There appears t o  be e s s e n t i a l l y  no effect on t h e  oxygenates 

se lec t iv i ty-C0 conversion c h a r a c t e r i s t i c s  when t h e  chromium/cclpper r a t i o  

i n  a CuZnO 125C~%. llCrx formulation produced by evaporat ion of 
metal n i t r a t e - c i t r i c  a c i d  s o l u t i o n s  is var i ed  between 0 and 1/1. 



3.2 Task 2 - Process Var iables  S tud ies  i n  BSU 

M work has been performed on t h i s  t a s k  dur ing t h e  , r e p o r t i n g  
. . 

period. 

3.3 Task 3 - Engineering S tud ies  & Economic Analyses 

No work has  been performed on t h i s  t a s k  dur ing t h e  present  r e p o r t i n g  
period. 

. , 

3.4 Task 4 - Performance S tud ies  i n  PDU 

$ .  , 
a .  , 

No work has been performed on t h i s  t a s k  dur ing t h e  present  r e p o r t i n g  ,, A lAa i  . 
period.  



4.0 WORK PLANNED FOR NEXT QUARTER 

Task 1: C a t a l y s t  Formulation and Screening S tud ies  

P a s t  t e s t i n g  has  concentra ted  i n  the s tudy and opt imizat ion  o f  a 
f i v e  o r  s i x  component c a t a l y s t  system con ta in ing  copper, coba l t ,  z i n c ,  an 

, . 

a l k a l i  metal promoter and one o r  more t r a n s i t i o n  metal promoters. Work 

concentra ted  on optimizing c a t a l y s t  production techniques and on 
exp lo r ing  t h e  types  and atomic r a t i o s  of t h e  va r ious  c a t a l y s t  components. 

A t  t h i s  p o i n t ,  we a r e  n 6 t  convinced t h a t  f i v e  o r  s i x  c a t a l y s t  components 
a r e  r equ i red  f o r  an e f f e c t i v e  c a t a l y s t .  I n  t h e  next  q u a r t e r ,  we plan t o  
exp lo re  less complex compositions and . v a r i a b l e s  t h a t  we be l i eve  may l ead  
t o  minimizing hydrocarbon s e l e c t i v i t y  and simultaneously inc reas ing  

a l c o h o l s  s e l e c t i v i t y .  The following d i scuss ion  b r i e f l y  desc r ibes  t h e  
parameters  t h a t  w i l l  be s tud ied .  

Aging E f f e c t s  

Aging o f  c a t a l y s t s  genera l ly  r e s u l t s  i n  l o s s  o f  a c t i v i t y  due t o  carbon 
laydown, metal s i n t e r i n g ,  etc. I n  Run 201-678, described i n  the Third 

Q u a r t e r l y  Report, an i n c r e a s e  i n  oxygenates s e l e c t i v i t y  was observed over 
t h e  43-hour run period even though t h e  c a t a l y s t  a c t i v i t y  i . .  , % CO 

conver ted  o r  t h e  gmol/hr CO converted per  kgm c a t a l y s t )  decl ined.  We 

p lan  to .  make an extended run (ca.,  100-300 hours) with a 

CuCoCr~ -8% -09 c a t a l y s t  and determine whether aging r e s u l t s  i n  t h e  
suppress ion o f  hydrocarbon formation a c t i v i t y  and t h e  corresponding 

i n c r e a s e  i n  oxygenates s e l e c t i v i t y .  

Ca lc ina t ion  Temperature Effects 

We plan  t o  c a l c i n e  f u t u r e  c a t a l y s t  formulat ions a t  lower temperatures 

(ca. ,  350'~) then previous ly  used. The d a t a  o f  Runs 201-378 and 
201-348 repor ted  i n  t h e  Second Q u a r t e r l y  Report i n d i c a t e  t h a t  t h e r e  is an 

i n c r e a s e  i n  a c t i v i t y .  r e s u l t i n g  from a reduct ion  i n  c a l c i n a t i o n  

temperature from 550'~ t o  450 '~  and t h a t  f u r t h e r  reduct ions  i n  

c a l c i n a t i o n  temperature might improve c a t a l y s t  performance. 



Hydrogen Reduction Conditions 

We plan t o  investigate the ef fects o f  modifications t o  the standard 

hydrogen reduction procedure being u t i l i zed .  One change w i l l  consist o f  

reducing a C&&rg e8% -09 catalyst with a ' 0.2% H2/99.8% 3 gas 

vs. the standard 2% H2/98% Y gas. deduction pressure and standard 

hourly space veloci ty  w i l l  be increased ten-fold, thereby maintaining 

contact t i m e '  and hydrogen p a r t i a l  pressure a t  a' constant value. The 

excess heat capacity o f  the Y-d i luent  i n  the reducing gas should 

e f fec t ive ly  absorb hydrogenation heat and prevent any local ized exotherms 

that  might possibly occur a t  active cata lyst  sites'. 

Another reduction procedure w i l l  consist o f  reducing copper-cobalt 

containing catalysts that do not contain zinc with a CWC02 containing 

reducing gas. This procedure should resu l t  i n  maintaining the copper i n  

i t s  CU'' state, which has been shown i n  the l i t e r a t u r e  t o  be the active 

species for  methanol synthesis catalysts. Although methanol synthesis 

catalysts are reduced w i t h  reducing gases free o f  C 4  content, they 

contain zinc which complexes the copper thereby preventing the copper 

from being reduced completely t o  i t s  zero.valence state. 

The bulk o f  the' catalysts produced by coprecipi tat ion used KOH as the 

coprecipi tat ion agent. Sodium carbonate as' the coprecipi tat ion agent has 

been reported (a) t o  resu l t  i n  superior a c t i v i t y  t o  that  o f  KOH or NaDH 

copre'cipitati'ng agents, and i t  i s  the preferred material  for producing 

methanol synthesis catalysts. Several catalysts w i l l  be produced using 

the Na2C4 coprecipi tat ion method. 

(''~dvances i n  catalysis, Vol I V  , Frankenburg, Komarewsky h Rideal 

(editors), New York, (1952.), Pg. 276. . . . . 



Catalyst Composition 

The following catalysts w i l i  be tested,: 

Atomic Formula Basis - o f  Formulation 

cuco 

3-component system; no. a l k a l i  

Cu/Zn = 2.0; Cu/Co = 1 

3-component system; Cu/Zn = 0.5; 

CdCo = 5 

2-component system; no a lka l i ;  

Cu/Co = 1 

%component system; Cu/Co = .1 with 

a l k a l i  

CuCoTho 3-component system; no a l k a l i  

C U C O ~  .3Cr0.8%.09 4-component system w i t h  a i ~ a i i ;  

c u c o  = 3.33 

CuZ% $0 3-component system without a lka l i ;  

Cu/Zn = 2 

CUZ% .80o .sA1o .is%;..os Co + K impregnated methanol synthesis 

catalyst;' CdCo = 2 

Co .impregnated methanol synthesis 

catalyst; CdCo = 2 

CUz%.4c00. lA1O .25% .05 Co + K impregnatgd methanol synthesis 

catalyst; C ~ C O  = 10 

No work i s  planned i n  the next quarter for. Tasks 2, 3, and 4. 
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5.0 DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

5.1 Task 1 - Catalyst Formulation & Screening Studies 

5.1.1 Recent L i terature Review 

IFF' - 
1 I n s t i t u t  Francais Du Petrole (IFP) recently f i l e d  a U.K. patent 

1 application for a process t o  manufacture 'alcohols from synthesis 
I 

1 gas. The process i s  very s imi lar  t o  the West German and U.S. patents 
I 
I awarded t o  I W  and discussed i n  previous quarterly reports. The major 

1 difference i s  the' enlargement o f  the scope o f  catalyst composition t o  

include 5-40% o f  a rare earth metal i n  addit ion t o  copper, cobalt, a l k a l i  

or alkal ine earth metal and a t rans i t ion  metal o f  atomic Number 23 t o  26 

I inclusive. The catalyst  can also contain zinc and/or a noble metal from 
! 

1 Group V I I .  The following catalyst formulations were reported t o  resu l t  

i n  high space yields and se lec t i v i t i es  o f  90-98%: 
' 

1. CuCoCr.8K.09 

2 *  CLC0Mn0.8%.~ 

CuCoFeO .8%. l2 

CucOvO. 8%. 12 

5. CEer0.5La0.3%.09 

6 *  cl@~r0.5ce0.3%.09 

.5Nd0 .21Pr0 .09% -09 

8' CICcfeO .gL% .3% .09 

9 *  CUC0V0.5L%.3%.09 
10. C a r o  .4C00 .8A16%. 1 

11* cucr0.2c00.8A10.4La0.8Ba0.1 

Amoco - 
Standard O i l  o f  Indiana (Amoco) f i l e d  for  a €uropea; patent(2) for  a 

process t o  produce alcohol mixtures from synthesis gases. The heart of 

the process i s  a catalyst described by the following empirical formula: 

C u a ~ h ~ b ~ c ~ x  



wherein M i s  one'or. more o f  Ca, Mo, Rh, Mn,.Pt,.;Ce, 

Cr., Zn, A l ,  ~i, La, V, U,' Re; Ru ,and ~ d .  . . . 

A i s  an a l k a l i  'metal and, 
. . 

a = 0.5 - '2 .5  " 

b = 0.01 - 1.0 . . 

. c  = 0.05 - 0.9.and 

x = a number t o  sat is fy  valence 

requirements o f  other elements. . . 

. . . * .  

This ca ta lys t  notably i s  devoid o f  cobalt content. Methanol i .s the key 

component o f  the alcohol mixtures w i l h  C1/C2+ alcohol r a t i os  varying 

from 2/1 t o  16;l and methanol content o f  the alcohol mixtures equivalent 

t o  65-94%. by weight. . It i s  interest ing ' to note that  Amoco also claims a 

modified 'gasoline composition which consists o f  a mixture o f  alcohols 

(40% minimum methanol content). w i t h  e i ther paraf f in ic  hydrocarbons or  

para f f i n i c  plus aromatic hydrocarbons. 

Further Review o f  Mechanisms 

There i s  recent evidence t o  'suggest 'that fo r  higher alcohols production, 

a cata lyst  must possess s i tes  capable o f  adsorbing carbon monoxide 

associatively with hydrogenation t o  methanol .or a methanol-like 

intermediate and also disso.ciatively w i t h  formation : o f  a hydrocarbon 

intermediate (3-7 , i.e., 



where M i s  an active. metal o r  metal oxide .,sl.te..: M - CHOH and M - C can 

undergo f a c i l e  hydrogenation as follows: 

1/2 "2 1/2 H;! 
M - CHOH -M - CbOH w M + CH3OH 

"2 1/2 H;! 1/2 H;! 
M - C - M - C h  ,M - CH3- M + CH4 

Both modes o f  adsorption A and B are important and i n  addit ion, the two 

s i t e s  which promote the two types o f  adsorption must be i n  proximity so 

tha t  the methanol-like and hydrocarbon-like moieties can i n t e r a c t  t o  

produce higher -alcohols (and higher hydrocarbons). . This suggests an 

extremely we l l  'dispersed cata lyst ,  i. e. , a nhomogeneousw heterogeneous 

catalyst .  

M - CH - C H p i  + CO + 3,-mpropanol, butanol, etc. 

There i s  some evidence t o  say tha t  i n  general, associative adsorption o f  

carbon monoxide takes place on metal oxides (e.g., CO 0; cul i n  

culznl' Ox * which i s  the act ive s i t e  , f o r  methanol formation) 

although i t  can take place on metals. Dissociat ive adsorption 'o f  carbon 

monoxide takes place on metals (e.g., CO on Co, N i )  although ' i t  i s  

possible tha t  metal oxides are involved as well. 

One o f  the problems w i t h  opt imizat ion o f  our present cata lysts  i s  ' t h e  

large number of species present on preparation and under run condit ions. 

For example, the CuZnO 125C~CrK0 110, ca ta lys t  tested i s  ' probably . 
composed of: 

coo 

'*2'3 



plus any surface carbides, while a CuZno. 125C~Feo .5Th0 .5% llOx 

cata lyst  l i k e l y  has: 

Coo 

plus stable surface carbides o f  Fe and Co. 

5.1.2 ca ta l ys t  Preparation 

During the past quarter, twenty-four catalysts were prepared. The 

calculated atomic compositions and the respective production methods are 

shown i n   able 5.1.2-1. The detailed composition o f  . each o f  the 

formulations made i s  shown i n  Table 5.1.2-2. Selected catalyst 

formulations were analyzed by atomic absorption spectrophotometry and 

some differences were observed between the calculated compositions and 

those determined by A.A.  as seen from Table 5 .1.2-3. 

The preparation techniques f a l l  i n t o  three general areas: 

A. Evaporation 

1) O f  metal n i t r a te - c i t r i c  acid solutions. 

2) O f  metal acetate-ci tr ic acid solutions. 

3) O f  metal c i t rates.  

B. Coprecipitation 

1) With KOH 

2) With K2C4 

C. Detergent Dispersion 

Evaporation o f  a potassiuhimpregnated methanol 

synthesis cata lyst  s lur r ied i n  a methanol-ethanolamine- 

dicobalt octacarbonyl solution. 



TABLE 5.1.2-1 

CALCLLATED ATOMIC COWOSITIONS 

Catalyst  

Number Atomic Formula Preparation Method 

Evaporation of  metal 
n i t r a t e s  with ci tr ic  
ac id .  

I t  

I t  

I 1  

Evaporation of metal 
citiates. 
Coprecipitat ion with KM 

Coprecipitat ion w i t h  

Coprecipitat ion w i t h  KOH 

Evaporation of metal 
n i t r a t e s  with citric 
acid .  
Detergent dispersion 

I t  

Evaporation of  metal 

a ce t a t e s  with citric 
acid .  

Coprecipitat ion with KOH 
I t  



TABLE 5.1 .2-2 

DETAILED COMPOSITION OF CATALYST FORMULATIONS 

CATALYST NO. 

COMPONENT 
~ - - - 

CU(NO~)~ .Z .  5H20 

z ~ ( N o , ) ~ % H ~ o  

C O ( N O ~ ) ~ - ~ H ~ ~ '  

Mn(NO 3) 2 

Cr(N03)3.9H20 

Cr03 

Fe(N03)3-9H20 

Th(N03)4'4H20 

Z ~ ( O A C ) ~  

Co2(CO18 

RuC1 

KN03 

KOH 

K2C03 . 

C i t r i c  Ac id 

Ca lc in ing  
Temperature, OC . c %  I m:, a)  A n  equiva lent  amount o f  Cobalt 

Carbonate was used. (CoC03) 
C)  Two hundred grams o f  commercial methanol 

c a t a l y s t  was used. 

b)  An equiva lent  amount o f  Cobalt  d)  An equiva lent  amount of the acetate s a l t s  
Carbonate was used (2CoC03 ~ C O ( O H ) ~ - H ~ O )  was used. 



TABLE 5.1.2-3 

CATALYST ANALYSIS BY ATOMIC ABSORPTION 

CALCULATED( I.) 
Catalyst  No. -Atomic Formula dlLL 

 MEASURED^^) 
W t  % -. Atom1 c Formula 

Notes: )Calculated based on mater ials used i n  preparation. 

Metals % based on t o t a l  metal oxide mixture. 

( 2 ) ~ a l  cul  ated based on w t  % found, Co assumed 1 .OO 

( 3 ) ~ n m r c i a l  catalyst assumed t o  be 2 CuO: 1. ZnO 

(4)~ubml t t e d  before impregnation o f  K ( y ' =  0 before impregnation) 

A l l  cata lys ts .  analyzed . . a f t e r -  ca lc inat ion.  



TABLE 5.1.2-3 (Continued) 

CATALYST ANALYSIS BY ATOMIC ABSORPTION 

CALCIJLATED( '1 MEASUMO(~), 
Cata lys t  No. .' .Atomic Formu.1 a: , w t %  . I W: Atom~c tormula . 

(')Gal cu la ted based on mater ia ls  used i n  preparation. 

Metals % based on t o t a l  metal oxide mixture. 

( 2 ) ~ a l c u l a t e d  based on wt % found, Co assumed 1.00 

( 3 ) ~ o m e r c i a l  ca ta l ys t  assumed t o  be 2 CuO: 1 ZnO 
. . 

(4 )~ubmi  t t e d  before inpregnatibn o f  K (y = 0 before impregnation) 

A l l ,  c!talysts analyzed a f t e r  calc inat ion. 



Evaporation Methods, 

The evaporat ion of  metal n i t r a t e s  i n  t h e  presence o f  ci tr ic  a c i d  was 
c a r r i e d  o u t  as descr ibed previous ly  by adding ci tr ic  a c i d  ( 0.1 mole/mole 
metals)  t o  a ~ l u t i o n  o f  the metal n i t r a t e s .  and evaporat ing a t  l0o0c 
t o  a viscous g l a s s .  This  semi-golid is t h e n  ca lc ined  a t  450'~ a f t e r  
inc reas ing  t h e  temperature slowly. S t e r o t e x  was .added, t h e  ma te r i a l  
p e l l e t i z e d  a s  above and heated slowly t o  350'~ i n  o rde r  t o  combust t h e  
Sterotex .  

The evaporat ion o f  metal a c e t a t e s  followed t h e  same procedure a s  above 
except  t h a t  t h e  metal  n i t r a t e s  were replaced by metal a c e t a t e s .  

The evaporat ion o f  metal c i t r a t e s  d i f f e r e d  from t h e  above two evaporat ion 
methods i n  t h a t  t h e  metal citrstes were prepared s e p a r a t e l y  by mixing 
each ind iv idua l  metal n i t r a t e  w i t h  excess  ci tr ic  a c i d  t o  form a metal 
n i t r a t e - c i t r a t e  complex. The i n d i v i d u a l  complexes were then mixed 
toge the r  and evaporated a t  1 0 0 ~ ~  u n t i l  a viscous,  g lassy  pas te  was 
formed. N 4  evolut ion  was observed during t h i s  s t e p .  The c a l c i n i n g  
and f i n i s h i n g  s t e p s  were t h e  same a s  those  o f  t h e  s tandard  evapora t ion  
method. 

. . I 

Coprecip i ta t ion  Method 

I n  the c o p r e c i p i t a t i o n  technique, the s o l u t i o n  of metal n i t r a t e s  and 
potassium hydroxide were prepared and charged t o  two b u r e t t e s  such t h a t  
t h e  s o l u t i o n s  could be added s e q u e n t i a l l y  o r  s imultaneously t o  a 
we l l - s t i r r ed  sample o f  deionized water (80'~). W i t h  e i t h e r  mode o f  
add i t ion ,  t h e  pH o f  t h e  r e s u l t i n g  s o l u t i o n  was kept  a t  about 9. This  
procedure was continued u n t i l  a l l  t h e  metal  hydroxides were p r e c i p i t a t e d  
from t h e  n i t r a t e s  with t h e  KOH s o l u t i o n .  The p r e c i p i t a t e d  hydroxides 
were then allowed t o  age  f o r  about 18-24 hours a t  40'~. The hydroxide 
s l u r r y  was f i l t e r e d ,  r e s l u r r i e d  i n  5% KOH s o l u t i o n  f o r  one hour, f i l t e r e d  
and s l u r r i e d  twice with deionized water. The f i l t ra te  had a pH o f  7. 

The c a t a l y s t  cake was d r i e d  a t  1 2 0 ~ ~  and then ca lc ined  a t  4 5 0 ~ ~  f o r  3 

hours  (temperature brought t o  450'~ slowly).  The ca lc ined  c a t a l y s t  was 



added t o  a potassium' carbqnate'so1"tion for  impregnation :of  the potassium 

component o f  the catalyst.  The water was then evaporated using a rotovap 

un i t .  The catalyst was pelletized, using Sterotex, t o  a 1 1/411 x 1/8" 

wafer which was recalcined a t  350'~ for  three hours (temperature 

brought up very slowly). The recalcined catalyst  was broken apart and 

screened t o  .8 x' 12 mesh part ic les. 

When potassium carbonate, instead .of potassium hydroxide was the 

prec ip i ta t ing agent (n i t ra tes  . t o  carbonates), the above procedure also 

was used. 

Deteraent D i s~e rs i on  

This method was based on a procedure developed by ~ h i r o k o v ( ~ )  and 

consisted o f  dispersing and mixing oxide-base .catalysts i n  the presence 

o f  surfactants. The atomic formulation tested wi th t h i s  method was 

C U z n ~  .4C00 .sA1O .25Kx where x was either 0 or  0.05. This method 

also allowed for  . the incorporation o f  cobalt i n t o  the catalyst i n  a form 

not  previously used. A commercial methanol synthesis .catalyst o f  the 

Cu-Zn-A1 type was crushed and sieved through a 106 micron screen. For 

the formulation i n  which x = 0.05, some.of the powdered methanol catalyst 

was impregnated w i t h  KOH solut ion t o  add the proper amount o f  K onto the 

catalyst.  The powders were then s lu r r ied  i n  a dry methanol-ethanolamine 

solut ion containing dicobalt  octacarbonyl: The s lu r ry  was agitated i n  an 

ul t rasonic bath for  two hours. The mixture was removed from the 

ul t rasonic bath and allowed t o  age ' for a per iod 'o f  time. The mixture was 

then heated t o  evaporate the methanol followed by heating a t  200'~ for  

a period o f  8 hours. The dried sol ids were broken and mixed with 3-5% 

Sterotex and pel let ized t o  produce 1 1/411 x 1/8" wafers.. F ina l  f in ishing 

was accomplished by burning o f f  the Sterotex . at'300°c. . 

5.1.3' Experimental Results 
. . 

A t o t a l  o f  seventeen catalyst screening runs were completed during the 

fourth quarter including eleven tests i n  the Berty reactor and the 
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remaining s ix  in  the plug-flow reactor. These catalysts  (see Table 
5.1.3-1A) can be .classif ied in to  the following . f i re  groljps based on their  
elemental composition: 

Group I: ' Catalysts containing Cu, Zn ,, Cr , 'Co, and Alkali 
' Group 11: Catalysts of ~ r o ' u ~  I without Zn, Co, or ;Cr 

Group 111: Modified methanol synthesis ca ta lys ts  'of the 
Cu-Zn-A1 family. 

Group IV: Catalysts of Group I where.Cr is substituted by 
. . a: transition metal (,or metals) su,& as. Fe, Th, T i ,  . V . , etc. 

Group V: Catalysts of Group I ,  11, or I V  supported on iner t  oxides. 

Runs 201-100P and 213-28 were made with catalysts  that  do not direct ly 
f i t  into any of these groups. In 201-100P, .the plug-flow reactor was 
loaded wi th  the f i r s t  zone containing a conmercial methanol synthesis 
catalyst followed by a second zone containing a Group I V  catalyst..' In 
213-28, the Berty reactor was loaded wi th  , a  random and equal mixture of 
'these same two catalysts.  - 

The following parameters were. tested t h i s  quarter: 

1. Effect of incorporating a support having low hydrogen 
chemisorption capacity. 

2. Effect of reduction conditions. 

3.. Effect of catalyst  preparation methods. 
Evaporation of metal n i t ra te-c i t r ic  acid solutions. 
Evaporation of metal c i t r a t e  solutions. 
Coprecipitation of metal n i t ra tes  wi th  KOH. 

4. Effect of pelletizing pressure. 

5 .  Effect ofmethanol addition t o  syn gas (simulation 

of methanol recycle). 

Detailed summary of resul ts  for each of the seventeen t e s t s  is 
presented in  ~ a b l e s  5.1.3-1 through '5.1.3-17. 



TABLE 5.1 -3-1A 

SUMMARY OF CATALYSTS TESTED 

Catalyst  

Run No. Number 

.Group I: 

201-828 197-70 

201-878 197-73 

201-908 197-76 

201-918 193-73 

201-92P 197-78 

201-97P 197-73 

Group I V :  

Calculated Composition 

Catalysts Containing Cu, Zn, C r ,  Co, and A l k a l i  

Catalysts o f  Group I Without C r  & Containing 

Transi t ion Metals 

CuZnO 125C~M~% . 11 
CuZ%. 125C0Th0 .5Fe0. 1%. 11 

C U Z n ~  .125C0Th0 .gFeO .5%. 11 

CuZn~. 125C0Zr%. 11 

CuZn~. 1 ~ 5 ~ ~ ~ ~ 0 . 5 % .  11 

CuZnO. 125C0Th%. 11 

CuZnO. 1 ~ 5 ~ ~ ~ ~ 0  .gFeO. 1%. 11 

Group V: Supported Catalysts 

197-67 C U Z ~ ~ . ~ ~ C O C ~ K ~ . ~ ~  on Ti02 

197-81 CuZn~. 125C0Th0 .gFe0 .5%. 11 on MnO 

Catalysts Not F i t t i n g  I n t o  Groups I Through V 

&OH cat/ 
C U Z ~  .49~1 e 2 1 \ ~ ~ ~ n .  1 2 5 ~ ~ ~ h  . 5 ~ e  .5K. 11 

200-27-1 

* Suff ix P devotes tes t i ng  i n , t h e  plug-flow reactor and Su f f i x  8 denotes 

tes t i ng  i n  the Berty gradientless reactor.  

*+No cata lysts  were tested i n  Group I1 (Catalysts o f  Group I without 

Zn or Co o r  ,Cr )  and Group I11 (Modif ied methanol synthesis catalysts).  



TABLE 5.1.3-1 SUMMARY FOR RUN 201-81 P (10-~uly-80)  

CATALYST NO. 200-58-1 ATOM1 C FORMULA CuCoMoZnO. 125K0. 11 
: I S  . ., . . ,,:, ., 

PREP. METHOD Eva~orat ion of n i t ra tes  & (NH,, ),Mo,4H,O w/ci t r i c  acid 
L 

BULK DENSITY(~) 1.41 gmjcc 
I 

! TEST NO. - 1 -2 -3 

Avg. Temp. , OC 

Hot Spot, OC 

Pressure, ps ig  

VHSV, L/hr/kgm cat. 

Hrs. on Stream 

CONVERSION 

co, Vol% 

CO, gm mol/hr/kgm cat. 
l a \  

STY o f  oxygenatest '' 
gm mol/hr/kgm cat. 

.NORMALIZED CARBON SELECTIVITY.,vol % - 
CH30H 5.0 

C2-C6 A1 coho1 s 2 .o 
C1'C6 A1 dehydes 0.3 
. . 

C4-Cg H.C. 

CH4 

APPROACH  TO(^) 
WGS EQUILIBRIUM, OC 

ACCOUNTABILITY , % '78.8 97.2 102.8 

l ~ r e s h ,  non-reduced ca ta lys t  

VHSV % CO i n  Feed % CO Conv. % S e l e c t i v i t y  t o  oxygenates 
(2 )~pace  Time Yield (STY) = x 100 100 100 

( 3 ) ~ e f i n e d  as T = Teq - TaVg 

where T = water gas s h i ' f t  equ i l i b r i um temperature calculated- f o r  reac to r  
eq e f f l uen t  composition 

TaVg = average observed bulk-phase reac t i on  temperature 
. . -23- 



TABLE 5.1.3 .-2 SUMMARY FOR RUN 701 47R ( O-w) 
CuCrC0Zn0.125K0. 11 CATALYST NO. 197-70 Reduced i n  s i  t u  ATOM1 C FORMULA 

PREP. METHOD _.Evaporation . . o f  metal n i t r a tes  - c i t r , i c  ac i d  . . 

SURFACE FEED H2/C0 2.0 

BULK 

TEST NO. 

Avg., Temp., . O c  

Hot Spot, OC 

Pressure, p s i g  

VHSV, L/hr/kgm cat.  

Hrs. on Stream 

CONVERSION 

co, Vol% 

CO, gm mol/hr/kgm cat.  

STY o f  Oxygenates (2) 
gm mol/hr/kgm cat.  THIS BATCH ..OF ,CATALYST WAS FOUND TO HAVE BEEN POISONED 

BY FOREIGN 'MATERIAL .'DURING .PREPARATION; 

.NORMALIZED CARBON SELECTIY ITY., v0l  % 

CH30H 

C2-C6 A1 coho1 s 

C, -C6 A1 dehydes 

C4-Cg H.C. 

APPROACH 
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTAB I LITY , % - - 

l ~ r e s h ,  non-reduced c a t a l y s t  

- VHSV % CO i n  Feed % CO Conv. % S e l e c t i v i t y  t o  Oxygenates ( 2 ) ~ p a c e  Time Y i e l d  (STY) - 100 100 100 

where T = water  .gas s h i f t  equ i l i b r i um temperature c a l c u l a t e d  f o r  r eac to r  , 

eq e f f l  uent  composit ion 

Tavg = average observed bulk-phase reac t i on  temperature 



TABLE 5.1.3-3 SUMMARY FOR RUN 201-838 ( 14-July 80) 

CATALYST NO. 197-71 Reduced i n  s i  t u  ATOM1 C FORMULA CuZnO. 125C0Fe0.1Th0.5K~. 11 

PREP. METHOD Evaporation o f  N i t ra tes  w/ci t r i c  aci.d; Calcined a t  450 '~ f o r  3 hrc. 

SURFACE  AREA(^ ) m2/gm FEED H ~ / C O  2.0 C02 5,o v01 x 
BULKDENSITY(~) 1.80 gm/cc 

TEST NO. -1 -2 -3 

Avg. Temp. , OC . -  246 274 27 5 

Hot Spot, OC 

Pressure, p s i  g 

VHSV, L/hr/kgm cat. 

~rs. on Stream 

CONVERSION 

CO, VolX -LxL_118.9 5.90 

CO, gm mol/hr/kgm cat. 0.801.561.16 ' A,,! 

(2) : *  
STY o f  Oxygenates 0.42 0.85 0.45 t a .. . 
gm mol/hr/kgm cat.  . >.,$ . 

. s 2 .  

; ? 
.NORMALIZED CARBON SE'LECTIVITY.,VO~ fl: 

C2-C6 A1 coho1 s 

Cl-C6 A1 dehydes 

C4-Cg H.C. 

CH4 

. APPROACH ~ 0 ' ~ )  
WGS EQUILI'BRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

Trace 

27.2 22.5 

15.4 12.5 

Trace 23.8 - - 

) ~ r e s h  , non-reduced c a t a l y s t  

VHSV X CO i n  Feed % CO Conv. % S e l e c t i v i t y  t o  Oxygenates 
("Space Time y i e l d  (STY) = 100 100 100 

where T = water gas s h i f t  equ i l i b r i um temperature ca l cu la ted  f o r  r e a c t o r  
eq ' eff1,uent composit ion 

TaVg = average observed bulk-phase r e a c t i o n  temperature 



TABLE 5.1.3-4 SUMMARY FOR RUN 7nl-84 P 11R-Ju4r.80) 

CATALYST NO. 197-67 AT.0MIC FORMULA 30% (CuZno .125C~CrK0 ,11 )on Ti02 

PREP.. METHOD lmpregrnation . . .  o f  T i tan ia  w i t h  metal n i t r a t e  solut ion; Calcined a t  450'~ f o r  3;hrs. 

FEED H2/C0 2 * 0  
- 

BULK DENSITY (1) 1.27 JMCC 

TEST NO. . -1 . -2 

Avg. Temp. , OC 

Hot Spot, OC 

Pressure,, p s i g  

VHSV. L/hr/kgm cat.  

Hrs. on .Stream 

CONVERSION 

CO. Vol% 

' CO, gm m l /h r / kgm cat. 

STY o f  Oxygenates (2) 
: gm mol/hr/kgm cat. 

NORMALIZED CARBON SELECTIVITY, v01 % 

CH30H 0.2 

C2-C6 A1 coho1 s 0.5 

Cl -C6 A1 dehydes 5.1 

C4-Cg H.C. 1.9 - - 
CH4 42.8 

5.7 

43.8 

APPROACH ~ 0 ' ~ )  
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

' ~ r e s h ,  non-reduced c a t a l y s t  

VHSV % CO i n  Feed , % CO Conv. , % S e l e c t i v i t y  t o  Oxygenates ( 2 ) ~ p a c e  Time Y i e l d  (STY) = x 100 100 100 

( 3 ) ~ e f i n e d  as T = Teq - Tavg 

where T = water gas s h i f t  e q u i l i b r i u m  temperature ca l cu la ted  f o r  r e a c t o r  
eq e f f l u e n t  composit ion 

Tavg = average observed bulk-phase r e a c t i o n  temperature 
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TABLE 5'. 1.3-5 SUMMARY FOR RUN 201-858 (22-JUlv-80) 

CATALYST NO. 197-71 ATOM1 C FORMULA C u Z n ~ .  1 ~ 5 ~ 0 ~ ~ 0  .5Fe0.1K~. l l  

PREP. METHOD Evanora t i o n  - .- o f  N i t r a t e  Scilution w/ci trig acid;  Calcined a t  450'~ f o r  3 hrs. .,> 

SURFACE AREA (1) , ' m2/gm FEED H2/C0 2.0 C02 5.1 Vol% 

BULK DENSITY(' ) ' 1 -73 . gm/cc 

TEST NO. 

~ v g .  Temp. , OC 

Hot Spot, OC 

Pressure, p s i  g 

VHSV, L/hr/kgm cat.  

Hrs. on Stream 

CONVERSION 

co, Vol% 

CO, gm rnol/hr/kgm cat. 

STY o f  Oxygenates (2) 
gm mol/hr/kgm cat. 

,NORMALIZED CARBON SELECTIY ITY.,val % 

C2-C6 A1 coho1 s 32.O 26.4 
C, -C6 A1 dehydes 3.3 1.8 
C4-Cg H.C. 9.4 5.5 
C H ~  24.4 2 i  .4 

C +CjH;C. 16.1 13 -8 

c6* Trace 20.4 

APPROACH  TO(^) 
WGS EQUILIBRIUM, OC 147 176 

CARBON 
ACCOUNTABILITY , % 

( ' I ~ r e s h ,  non-reduced c a t a l y s t  

VHSV , % CO i n  Feed , % CO Conv. , % S e l e c t i v i t y  t o  Oxygenates  ace Time' y i e l d  (STY) = 100 100 100 

where T = water gas s h i f t  equ i l i b r ium temperature c a l c u l a t e d  f o r  r eac to r  
eq e f f l  uent  composi t i o n  

Tavg = average observed bulk-phase r e a c t i o n  temperature 
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TABLE 5.1.3-6 SUMMARY FOR RUN 201-878 (31-July-80) 

CATALYST NO. ' 197-73 ATOM1 C FORMULA CuZn0.125CrC0K0. 11 

PREP. METHOD Evaporation o f  metal n i  tra-te-ci t r i c  ac id sol.ution. 

SURFACE AREA( ) m2/gm . FEED H2/C0 2.0 . C02 5.1 Vol% 

BULK DENSITY(~ ) 1.28~~~ 

TEST NO. 

Avg. Temp. , OC 

Hot Spot, OC 

Pressure, p s i g  

VHSV, L/hr/kgm cat. 

Hrs. on Stream 

CONVERSION 

co, VolZ 5.6 
CO, gm mol/hr/kgm cat. 

I n \  2.41. 
STY o f  
gm mol/hr/kgm cat. 

.NORMALIZED CARBON SELECTIYITY.,vol % 

CH30H 

C2-C6 A1 coho1 s 
C, -C6 A1 de hydes 

Cq-C9 H.C. 

APPROACH  TO(^) 
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY , % 

) ~ r e s h ,  non-reduced cata lys t  

- VHSV % CO i n  Feed , % C O  Conv. % S e l e c t i v i t y  t o  Oxygenates ( 2 ) ~ p a c e - ~ i m e  Yie ld (STY) - 1 00 , 100 100 

where T = water gas s h i f t  equ i l ib r ium temperature calculated f o r  react,or . - 
eq e f f l uen t  composition 

TaVg = average observed bulk-phase reac t ion  temperature. 
. . .  ... - 28- 



TABLE '5,1..3-7. SUMMARY FOR RUN 201-89 P ( 6 - A u ~ .  -80) 

C ~ Z ~ 0 ~ 1 2 5 C ~ Z ~ K 0 ~ l l  . . 
CATALYST NO. . 197-72 ' ATOM'I c FORMULA 

I PREP. METHOD Evaporation o f  n i  ti-ates & Z r  acetate, Calcined a t  450'~ f o r  3 .hrs . 
SURFACE AREA( ) m 2 / y  . FEED H ~ / C O  2.0 Coz 5.1 ~ 0 1 %  

I TEST NO. . -1 . . - ? - 3 -4 - - 
~ v g .  Temp. , OC 

Hot Spot, OC 

Pressure, p s i  g 

VHSV, L/hr/kgm cat.  

Hrs. on Stream 

1 CONVERSION 

CO, gm mol/hr/kgm cat. 

STY o f  Oxygenates (2) 
gm mol/hr/kgm cat.  

.NORMALIZED CARBON SELECTIVITY.,vol % 

CH30H 16.1 .15.6 24.1 21.9 : 

16.9 
3 

C2-C6 A1 coho1 S 6.7 . .  9.0 11.3 - - .. 
1.8 , 3.6 5.3 4 .O C, -C6 A1 dehydes .- - - .; . 
3.2 4.L 3.2 5 .1. Cq-C9 H.C. - - 

CH4 
34,8 28.7 35.5 30.7 - - 

APPROACH ~ 0 ' ~ )  
WGS EQUILIBRIUM, OC 

I I 

? CARBON 

I ACCOUNTABILITY, % 

) ~ r e s h ,  no"-reduced c a t a l y s t  

- VHSV ,, % CO i n  Feed , % CO Conv. % S e l e c t i v i t y  t o  Oxygenates  ace ~irne ~ i e l  d (STY) - 100 1 00 100 

(')Defined as T = Teq - TaVg 

where T ,  = water gas s h i f t  equi 1 i brium temperature ca lcu la ted f o r  reactor  
eq e f f l u e n t  composition 

= average observed bul k-phase react ion temperature 

* CG s e l e c t j v i  t y  s l u e  was not  normalized 



C U z n ~ .  125 C O C ~ K ~ . ~ ~ .  . CATALYST NO .c 197-76 ATOMI c FORMULA * ,  

. . 
, PREP. METHOD Evaporation of c i t r a tes ;  Calcined a t  -450'~ f o r  9hrs. 

TEST. NO. 

Avg .- Temp. , OC 

Hot Spot, OC 

Pressure, p s i g  

:' VHSV,' L/hr/kgm cat,. 

Hrs. on Stream 

. CONVERSION 

CO, Vol% 4.8 24.6 8.6 17.1 

CO, gm ml /h r /kgm cat. 2.07 2.61 0.339 0.647 

STY o f  Oxygenates (2) 
gm mol/hr/kgm cat. 0.364 0.355 0.070 0.104 

.NORMALIZED CARBON SELECTIVITY., v0l  % 

CH30H 

C2-C& A1 coho1 s 

C1 -C6 A1 dehydes 

C4-C9 H.C. 

CH4 

APPROACH ~ 0 ' ~ )  
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY , % 

) Fresh, non-reduced c a t a l y s t  

- VHSV , % CO i n  Feed , % CO Conv. , % S e l e ~ t i v i t y ~ t o  Oxyqenates  ace Time Y i e l d  (STY) - 1 00 100 100 

where T = water gas s h i f t ,  e q u i l  i b r i  um temperature ca l cu la ted  f o r  r e a c t o r  
eq e f f l u e n t  composit ion 

Tavg = average observed bulk-phase r e a c t i o n  temperature 
- 30- 



CATALYST NO. 197-73 ATOMIC FORMULA CuCrCoZnO. 1 2 ~ ~ 0 . 1 1  

PREP. METHOD Evaporation o f  metal n i  t r a te - c i  t r i c  acid;20,000 psi  p e l l e t i z i n g  pressure 

SURFACE  AREA(^ ) m2/gm FEED H2/C0 2.1 C02 5.2 Vol% 

TEST NO. 
.. . 

Avg. Temp. , OC I 27 1 ,- - - 
Hot Spot, OC 

/ 
27 2 - - 

Pressure, p s i  g 91 5 

VHSV, L/hr/kgm cat. 918 - - 
Hrs. on Stream 9.2 - - 
CONVERSION 

I co, Vol% 

CO, gm mol/hr/kgm cat. 

STY o f  Oxygenates (2) 

I gm mol/hr/kgm cat. 

.NORMALIZED CARBON SELECTI.VITY.,VO~ % 

CH30H 5.6 - - 
C2-C6 A1 coho1 s 12.9 

CI.-C6 A1 dehydes 0.6 - - 
5.3 C4-Cg H.C. .- - 

CH4 
29.0 - - ~ 
11 .'8 - - I 

34.8 - - i 

APPROACH  TO(^) 
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

) ~ r e s h ;  non-reduced ca ta l ys t  

I VHSV % CO i n  Feed Z CO Conv. % S e l e c t i v i t y  t o  Oxygenates (')space Time Y ie l d  (STY) = 100 100 100 

where T = water gas s h i f t  equ i l i b r i um temperature ca lcu la ted  f o r  r e a c t o r  
eq e f f l  uent composit ion 

Tavg = average observed bulk-phase r e a c t i o n  temperature 
-31- .. 



TABLE ' 5.1.3-10 SUMMARY FOR RUFi 701-97 p (1-0) 

CATALYST NO. 197 -78 ATOMIC FORMULA CUZn~.125C0Cr~. 125~0  .I1 

PREP. METHOD Evaporation o f  .metal n i  t r a t e - c i t r i c  ac id  so lu t ions 

SURFACE AREA(' ) m2/gm . FEED H2/C0 2:0 , c02 5.1 Vol % 

BULK DENSITY(') U~~/CC 

TEST NO. -1 -2 2 - . . - 
.Avg. Temp. , ?C 
Hot Spot, OC 

Pressure, p s i g  

VHSV, ,L/hr/kgm cat.  

Hrs. on Stream 

CONVERSION 

co, VolX 

CO, gm mol/hr/kgm cat. 
/ q \  

STY o f  
gm mol/hr/kgm cat.  

.NORMALIZED CARBON SELECTIVITY.,VO~ % 

3.6 .3.5 2.4 CH30H . - - - 
C2-C6 A1 coho1 s 6.16.53 - - 
C, -C6 A1 dehydes 16.8 16.0 3.9 - - 
C4-Cg H.C. 10.3 7.4 6.0 - - 
CH4 30.1 24.6 23.3 - - 

18.7 - 16.6 14.1 

.14.1 25.4 41 .O - - 

APPROACH ~ 0 ' ~ )  
-WGS EQUILIBRIUM, OC 142 7 2 19 - - 
CARBON 
ACCOUNTABILITY , % 83.9 112.8 104.6 - - 

)Fresh, noti-reduced c a t a l y s t  

VHSV % CO i n  Feed % CO Conv. 4 S e l e c t i v i t y  t o  Oxygenates  ace Time Y ie l d  (STY) = 100 100 1 00 

where T = water gas s h i f t  equ i l i b r i um temperature ca l cu la ted  f o r  r eac to r  
eq e f f l u e n t  composit ion 

TaVg = average observed bulk-phase reac t i on  temperature 
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TABLE 5-1.3-11' SUMMARY FOR RUN 201-93 B (19-Aug-80) 

CATALYST NO. 197-77 ATOMIC' FORMULA CuZn0.125C0Th0.5K0.11 

PREP. METHOD Evaporation o f  metal n i t ra tes ,  Calcined a t  450°c for  3 hrs. ~ e l l e t i z e d  i t  .10,000ps4 

SURFACE AREA( ) n2/gn FEED , H ~ / C O  2.1 C02 5.0 Vol% 

BULK DENSITY(~) , ~III/CC 

TEST NO. , -1 -2 -3 -4 -5 -6 ------ 
Avg. Temp. , OC ------ 262 268 270 230 282 284 

Hot Spot, OC 262 268 270 270 283' 284 ------ 
Pressure, p s i g  920 ,915 920 920 920 .915 - - - -  
VHSV, L/h.r/kgm cat. 3607 900 3239 931 3431 984 ------ 
Hrs. on Stream 4 .O 7 .O 10.2 13.1 18.1 20.2 

- - - - - - .  

CONVERSION 

CO, VolZ ----- 4.3' 30.5 '7.5 29.8 13.6 63.8 . . : 

CO, gm mol/hr/kgm cat. ----- 1.90.. 3.37 2.98. 3.41 5.73. . 7.71 
(2) STY o f  Oxygenates 0.59 0.87 0.75 0.72 1.67 1.33 .. 'I. 

gm mol/hr/kgm cat. ------ 
1 ( 

.NORMALIZED CARBON SELECTIVITY.,VO~ % .' 

CH30H 8.4 5.5 7.7 5.3. 7.3 4.2 ------ 
L , I  ' 

16.3 17.9 15.0 13.9 17.7 11.6 . . 
C2-C6 A1 coho1 s ------ ., b .. , I . .  

6.7 2 :3 2.3 1.8 4.1 ' 1.4 ,.. 
C, -C6 A1 dehydes ------ . ,  

.4.7 . 4.9 2.6 3.0 3 .O 2.7. c . .  ':,. 
C4-Cg H.C. . - - - - - -  

CH4 
33.5 19.8 . 27.8 27.4 30.2 30.6 ------ 
14.7 

C +C.jH.C. 
12.1 ' 18.3 17.4 19.4 16.3 

- - - - ,  

~8; 16.0 37.5 26.3 31.2 . .18.3 33.2 ' 

- . -  - - - - .  - 

APPROACH ~ 0 ' ~ )  
'WGS EQUILIBRIUM, OC. 

CARBON 
ACCOUNTABILITY , % 

( ' l ~ r e s h ,  non-reduced c a t a l y s t  . 

VHSV % CO i n  Feed , % CO Conv. , % S e l e c t i v i t y  t o  Oxygenates (2)~pace Time Y i e l d  (STY) = 100 100 100 

where Teq = water  gas s h i f t  equ i l  i b r i m  temperature ca l cu la ted  fo r  r e a c t o r  
e f f l u e n t  composition 

Tavg = average observed bu l  k-phase r e a c t i o n  temperature 
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TABLE 5.1.3-11 SUMMARY FOR RUN 201-93 B (19-Aug-80) .Continued 

CATALYST NO. 197-77 ATOMIC FORMULA CuZnO. 1 25'OTh0. 5K0. 11 

PREP. METHOD Evapora t i a n  o f  Ni.trates.* ca lc ined a t  450 '~ f o r  3 h rs ipe l  l e t i z e d  a t  lOOOOpsi 

SURFACE ARE# ) m2/gm FEED H2/C0 . . 2.1 cop 5.0 VolX 

TEST NO. - 7 - - 
Avg . Temp. , OC 

Hot Spot, OC 

Pressure, p s i  g 

VHSV, L/hr/kgm cat .  

Hrs. on Stream 

CONVERSION 

co, Vol% 

CO, gm mol/hr/kgm cat. 

STY o f  Oxygenates (2) 
gm mol/hr/kgm cat.  

NORMALIZED CARBON SELECTIVITY., vs l  % 

CH30H 

C2-C6 A1 co ho l  s 

C, -C6 A1 dehydes 

C4-C9 H.C. 

CH4 

APPROACH ~ 0 ' ~ )  
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, X 

' ~ r e r h ,  non-reduced ca te l  y s t  : 1 
VHSV X CO i n  Feed X CO Conv. % S e l e c t i v i t y  t o  Oxyqenates ( 2 ) ~ p a c e  Time Y ie l d  (STY) = x 100 100 ' 100 

where T = water gas s h i f t  e q u i l i b r i u m  temperature ca l cu la ted  f o r  r e a c t o r  
eq e f f l u e n t  composit ion 

Tayg = average observed bulk-phase r e a c t i o n  temperature 
. .. . -. -34- 



TABLE F; 1 7-17 SUMMARY FOR RUN 201-95 B ( 2 8 - ~ u g - ~ 0 )  

CATALYST NO. 197-79 ATOM1 C FORMULA CuZnO. 125C0ThK0. 11 

PREP. METHOD ~pprec i ,p i ta  t ion :  of mi Ni*a to< r a l r i n a r l . . & j ~  -- I . -  
1 

SURFACE AREA(' 1 m2/gm . FEED H ~ / C O  2.0 C02 5.2 V O ~  I ~ 
I 

BULKDENSITY(') 1.52 gm/cc ' I  
TEST NO. -1 -2 -3 - - 
Avg. Temp. , OC 

Hot Spot, OC 

Pressure, p s i  g 

VHSV, L/hr/kgm cat. 

Hrs. on Stream 

co, Vol% 

CO, gm mol/hr/kgm cat.  

STY o f  Oxygenates (2) 
gm rnol/hr/kgm cat.  

.NORMALIZED CARBON SELECTIVITY.,.vol % 

C H ~ O H  

C2-C6, A1 coho1 S 

C -C Aldehydes 1. 6 
C4-Cg .H.C. 

CH4 

- 
APPROACH  TO(^) 
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

)Fresh, non-reduced c a t a l y s t '  

VHSV, % CO i n  Feed % CO Conv. % S e l e c t i v i t y  t o  Oxygenates 
( 2 ) ~ p a c e  Time Y i e l d  (STY) = 1 00 100 100 

where -T = water gas s h i f t  equ i l i b r i um .temperature ca l cu ia ted  f o r  r e a c t o r  
eq e f f l u e n t  composition 

Tavg = average observed bu l  k-phase r e a c t i o n  temperature 
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TABLE 5 - 1  -3-13 SUMMARY FOR RUN 201-97 P (5-Sept-80) 

CATALYST NO. . - . ATOM1 C FORMULA CUZnO. 125C0CrK0. 11 

PREP. METHOD Evaporation o f  metal n i t r a t e s  

SURFACE AREA( '1 tn2 /g~  . FEED H ~ / C O  2.1 C02 5.1 Vol X 

TEST NO. 

Avg. Temp. , OC 

Hot Spot, OC 

Pressure, p s i g  

VHSV, L/hr/kgm cat. 

Hrs. on Stream 

CONVERSION 

CO, Vol% 

CO, gm mol/hr/kgm cat.  

STY o f  Oxygenates (2)  
gm mol/hr/kgm cat. 

CH30H 

C2-C6 A1 coho1 s 

C, -C6 A1 dehydes 

C4-Cg H-C. 

CH4 

APPROACH  TO(^) 
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

,NORMALIZED CARBON SELECTIVITY., ~ 0 1  % 

l ~ r e s h ,  non-reduced c a t a l y s t  

VHSV % CO i n  Feed % co Conv. % S e l e c t i v i t y  to.0xyqenates ( 2 ) ~ p a c e  Time Y ie l d  (STY) = 1 00 100 100 

where T = water gas. s h i f t  e q u i l  i brium temperature ca l cu la ted  f o r  r e a c t o r  
, '  

eq e f f l u e n t  composit ion 

TaVg = average observed bulk-phase r e a c t i o n  temperature 
.. -.. . .  . .  - 36- 



I TABLE 5.1.3-14 SUMMARY FOR RUN 201-98 B (8-Sept-80) 
I 

CuZn0.125Th0.5Fe0.5K0. 11 on MnO 
CATALYST NO. 197-81 ATOMIC FORMULA ... -. .- 

PREP. METHOD Coprecipi t a t i on  of Nitrates w/KOH - 
SURFACE AREA( I-. m2/gm FEED H2/C0 2.0 C02 . 5.0 . V O ~ %  

BULK DENSITY(~) 1.02 . ~III/CC 

TEST NO. 

Avg. Temp. . OC 

Hot Spot, OC 

Pressure, p s i g  

VHSV, L/hr/kgm .cat. 

Hrs. on Stream 

co. Vol% 

CO, gm mol/hr/kgm cat. 

STY of Oxygenates (2) 
gm mol/hr/kgm cat. 

.NORMALIZED CARBON SELECTIVITY., v0l % 

CH,OH 1.3 
.J 

C2-C6 A1 coho1 s, 

C1 -C6 A1 dehydes 

C4-Cg H.C. 

CH4 

A~PROACH TO( 3, 
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

),~resh, non-reduced ca ta l ys t  

VHSV % CO i n  Feed % CO Conv. , % S e l e c t i v i t y  t o  Oxyqenates 
(2 )~pace  T i k  Y ie ld  (STY) = 100 100 100 

where T = \r8atcr gas s h l f t  equ i l ib r ium temperature ca lcu la ted  f o r  reac tor  
eq e f f l u e n t  composition 

Tavg = average observed bulk-phase reac t ion  temperature 
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TABLE ' E; 1- SUMMARY FOR RUN 201-100 P (12-Sept-80). 
, . 

CuZn q g ~ ~  .21/ Methanol Synthesis. Cata lyst  (First .s.& 'i . 
'CATALYST NO. . 200-27-1 (second staqe) : , A d M k  FORMULA Cu ~ r ;  

0.125U10-3 FP u K 
r n 

.".ll 
PREP. METHOD Evaporation of metal n i  t r a  t e - c i  t r i c  ac i d  so lu t ion  

FEED H2/C0 2.1 C02 4 .9  Val% 

TEST NO. -1 - 
Avg. Temp. , OC 

Hot Spot, OC 

Pressure, p s i g  

VHSV, L/hr/kgm cat. 

Hrs. on Stream 

CONVERSION 

co, Vol% 

CO, gm mol/hr/kgm cat.  

STY o f  Oxygenates (2) 
gm mol/h j k g m  cat.  

.NORMAL1 ZED CARBON SELECTIVITY., V O ~  % 

CH30H 

C2-C6 A1 coho1 s 

C, -C6 A1 dehydes 

C4-Cg H.C. 

CH4 

Krace Trace 1.6 

APPROACH ~ 0 ' ~ )  
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

'Fresh, non-reduced c a t a l y s t  

VHSV % CO i n  Feed % CO Conv. % s e l e c t i v i t y  t o  Oxygenates 
(')space Time Y ie l d  (STY) = 100 100 100 

where T = water gas s h i f t  equ i l i b r ium temperature c a l c u l a t e d  f o r  r eac to r  
eq e f f l u e n t  composit ion 

Tavg = average observed bulk-phase r e a c t i o n  temperature 
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Random Mixture of Methanol Synthesis 
CATALYST NO-Catalyst and 200-27-2 ATOM1 C FORMULA CuZn .4gA1 .21/CUZn0. 1 2 5 ~ ~ ~ ~ 0 .  gFe0. sKO. 

PREP. METHOD Evaporation o f  metal n i  t r a  tes /c i  t r i c  ac id  

SURFACE  AREA(^ ) m2/gm . FEED H2/C0 2.1 .C02 5.0 V O ~ %  

TEST NO. 

Avg. Temp. . OC -?2L22!i3083nA3c;n- 
Hot Spot, OC 225 225 208 208 250 ------ 
Pressure, p s i g  910 905 905 905 910 - - -  
VHSV, L/hr/kgm cat. - - - -  3632 1251 673 3581 3972 

Hrs. on Stream 3.8 7.7 11.3 14.1 19.4 - - -  
CONVERSION 

co, VolX ' i 

. , .  34.3 65.6 52.5 AZA 1 ~ ;  -.- . . 
14.8 9.81 4.30 7 ;41 . . COD gm mol/hr/kgm cat .  ---- 17.4 

(2) 1 .. STY o f  Oxygenates . I .  .. 
gm mol/hr/kgm cat. 10.1 5.71 2.45' 6.50 8.31 ------ 

,NORMALIZED CARBON SELECTIVITY., ~ 0 1  % 

CH30H 63.9 49.8 -- 
C2-C6 A1 coho1 s 4.3 8.1 -. - 
C, -C6 A1 dehydes .\. 0 0.3 -- 
C 4 - C i  H.C. 5.1 . 5.6 -- 
CH4 

4.1 ' 6.2 -- 
5.4 . 7.3 -- 
17..3 22.7 -- 

APPROACH T O ( ~ )  
WGS. EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

( I  ' ~ r e s h ,  non-reduced c a t a l y s t  

VHSV , % C O  i n  Feed , % CO Conv. , % S e l e c t i v i t y  t o  Oxyqenates  ace Time Y ie ld  (STY) = m, 100 100 100 

( 3 ) ~ e f i n e d  as T = ' T . ~  - Tavg 

where T = water gas s h i f t  equ i l i b r i um t e m p ~ r a t u r e  ca l cu la ted  fur reac to r  
eq e f f l u e n t  coiposi  t ~ o n  

TaVg = average observed bulk-phase reac t i on  temperature 
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TABLE' 5.1.3-17 SUMMARY FOR RUN 213- 4 B (24- sept-80) 

CATALYST NO. 197-85 ATOM1 C FORMULA CuZn0.125C0Th0. gFe0. l K O .  11- 

PREP. METHOD Coprecipi ta ion of Metal n i t r a t e s  w/KOH, Calcined a t .  450'~ for 3 hrs. 

FEED H2/C0 2.1. Co2 

TEST NO. 

Avg. Temp. , OC 263 

Hot Spot. OC 263 

Pressure, p s i  g 

VHSV, L/hr/kgm cat.  

Hrs. on Stream 

CONVERSION 

co, Vol% 18.0 
. b 

CO, gm rnol/hr/kgm cat.  7.60 

(2) 
- 

STY o f  Oxygenates 
gm mol/hr/kgm cat.  1.91 

(11.1 MeOH Conv.) 

NORMAL1 ZED CARBON SELECTIVITY., v0 l  % 

CH30H 

CcC6 A1 coho1 s 

C, -C6 A1 dehydes 

C4-Cg H.C. 

CH4 

APPROACH ~ 0 ' ~ )  
WGS EQUILIBRIUM, OC 

CARBON 
ACCOUNTABILITY, % 

'Fresh, non-reduced c a t a l y s t  

VHSV , % CO i n  Feed , % CO Conv. % S e l e c t i v i t y  t o  Oxygenates 
( 2 ) ~ p a c e  Time Y ie l d  (STY) = 1 00 100 100 

where T = water gas s h i f t  equ i l i b r i um temperature ca l cu la ted  f o r  r e a c t o r  
eq e f f l u e n t  composit ion 

I .  

Tavg = average observed bulk-phase r e a c t i o n  temperature 

* 7 mol- % MeOH added t o  feed gas -40- .. . 



I The maximum selectivity to alcohol-fuel component observed during the 
tests  made this quarter was obtained wi th  a 
CuCoZno~125F~,1Thg~5K0.11 catalyst produced by evaporation of 
metal nitrate-citric acid solutions. Selectivity to Cl-C6 oxygenates 
was about 50% (Cq-free, carbon basis) a t  total  CO conversions of the 
order of 5 to  15% per pass. The distribution of oxygenates by carbon 
nunber was as follows: 

Alcohols Aldehydes Total 

Total 98.1 1.88 100 .O 

Some relevant correlations were observed for this and other catalysts 
tested. These correlations are illustrated i n  plots of the conversion 
vs. selectivity characteristics shown on Figures 5.1.4-1 through 
5.1.4-6. I n  a l l  cases, oxygenates selectivity notably decreases as total 
CO conversion per pass increases. The rate of the selectivity decrease 
does however vary with catalyst composition and catalyst production 
methods. 

Figure 5.1.4-1 shows the effect of catalyst preparation method on the 
conversion-selectivity relationship. A t  the lower CO conversion levels, 
the evaporation method results i n  a significant increase i n  oxygenates 
selectivity over that of the KCH coprecipitati~n methnfl. We plan to also 
test this formulation produced by a Na2C4 coprecipitation method. 
The lat ter  is the preferred method for the preparation of both 
present-day comnercial methanol synthesis catalysts and of the 
cobalt/thoria-based F-T catalysts produced prior to WW 11. 





Figure 5.1.4-2 shows the  e f f e c t  o f  d i f fe ren t  t r a n s i t i o n  metal types i n  a 
CUZn0.125C~.11M formulation.Catalysts having an atomic formula of 

CuZnO 125C~K0 llM have oxygenates s e l e c t i v i t y  varying with t r ans i t i on  

metal' type according t o  the following series ( i n  order of decreasing 

se l ec t iv i ty ) :  

Figure 5.1.4-3 shows the e f f e c t  o f  supporting a 

CuZnO 125C~T%.5F%.5K0.11 formulation on a manganese oxide (MnO) . 
support. Mnd a s  a support r e su l t s  i n  a strong metal-support in te rac t ion  

(SMSI) and one of  the charac te r i s t ics  of  SMSI c a t a l y s t s  is t h e i r  poor 

a b i l i t y  t o  chemisorb hydrogent9). This means t h a t  SMSI c a t a l y s t s  have 

a lower a c t i v i t y  for  hydrogenation. Although the unsupported 

CU% 125CoTh0.5Fe0.5~.11 formulation was very ac t ive  as regards 

CO r eac t iv i ty  and space time y ie ld  of oxygenates, a high s e l e c t i v i t y  t o  

C2+ hydrocarbons was observed. It is believed t h a t  t h i s  was a r e s u l t  
o f  the  high hydrogenation a c t i v i t y  of  the t h o r i w i r o n  const i tuents  o f  

the ca t a lys t  which might be reduced by incorporating a poor hydrogen 

chemisorber i n t o  the ca ta lys t  system. However, as can be seen from t h e  

figure,  oxygenates s e l e c t i v i t y  is essen t i a l ly  independent of  the 

incorporation of MnO i n t o  the ca ta lys t .  However, M70 did appear t o  

accelerate t h e  a c t i v i t y  of the methanation react ion a s  observed by the 
100% increase i n  methane se l ec t iv i ty  over the range of 35-50% CO 

conversion. 

Figure 5.1.4-4 shows the e f f e c t  of iron/copper r a t i o  i n  a 

Cu% 125C~Tho.5%.llFex ca ta lys t  over the range 0 t o  O.5/1. 

There appears t o  be a small e f f e c t  of iron/copper r a t i o  on oxygenates 

s e l e c t i v i t y  w i t h  an observed maxima i n  the  re la t ionship  between Fe/Cu 

r a t i o  and oxygenates se lec t iv i ty .  A cross-plot of  Fe/Cu r a t i o  vs. 

oxygenates s e l e c t i v i t y  a t  about 25% CO conversion per pass (see Figure 
5 . 1 4 5  shows the broad maxima occurring between about 0.1 and 0.25 

re/CU re t iu .  A t  higher CU conversions, increasing t h e  Fe/Cu r a t i o  t o  a 
value a s  high as 0.5/1 appears t o  reduce the oxygenates s e l e c t i v i t y  

r e l a t i v e  to that of  a ca t a lys t  w i t h  lower i ron  content. 











Figure 5.1.44 shows the effect of chromium/copper ratio i n  a 
CuZ%.125C%.llCrx type catalyst over the range of 0 to  U1. 
There appears to be essentially no effect of the chromiumlcopper ratio on 
oxygenates selectivity over the range investigated. 

During the course of the Task 1 studies, it was hypothesized that higher 
alcohols KT+) formation m i g h t  be accelerated i f  a sufficient quantity 
of methanol was allowed to chemisorb on a catalyst formulation that shows 
some homologation activity. Therefore, an equal mixture by weight of 
comnercial methanol synthesis catalyst land 

Cu% .1.25~~~ho .sF% -5% .ll catalyst produced by KM 
coprecipitation was tested i n  both the plug-flow and Berty reactors. The 
first-stage zone of the plug-flow reactor contained the methanol 
synthesis catalyst followed by the higher alcohols catalyst i n  the 
second-stage. In  the Eierty reactor, a random mixture of the two 
catalysts was used. The objective of these tests was' to  determine the 
effect of methanol generated in s i tu by the methanol synthesis catalyst. 
The plug-flow reactor operatian was limited by exothermic heat removal 
resulting from the high activity of the methanol synthesis catalyst and 
therefore could not be operated beyond 210'~. A t  this low temperature, 
the second-stage higher alcohols catalyst was essentially inactive. In 
the Berty reactor, reactor operation was not temperature-limited and high 

conversions to methanol were observed. However, l i t t l e  homologation 
activity was observed. Any water of hydrogenation produced by the higher 
alcohols catalyst reacted with CO to yield CO;! via the water-gas shif t  
reaction, the la t ter  being catalyzed by both the methanol synthesis 
catalyst as well as the higher alcohols catalyst. 

Wring one tes t  cordition w i t h  a C u ~ ~ ~ 5 C d ~ ~ l ~ ~ ~ ~ 1 1  
catalyst prepared by K M  coprecipitation, methanol was co-fed w i t h  the 
syn gag (at 7 mol%) to simulate methanol recycle and masure the 
hmlogation activity of t h i s  fowlation. Total carbon (methanol carbon 
plus CO carbon) conversion 





was approximately constant but the methane/higher alcohols r a t i o  

increased from 0.8/1 t o  about 2.3/1 as seen below: 

MeM Content o f  Feed Gas, Mol % 7 0 

Equivalent CO Converted, gmol/hr/kg cat. 6.4 7.6 

% Se lec t iv i ty  t o  C I - l p i  -- 4 

% Se lec t iv i ty  t o  C2-C6 Oxygenates 13 21 

% Se lec t iv i ty  t o  CH4 30 17 

% Se lec t iv i ty  t o  C2 + HC 24 34 

% se lec t i v i t y  t o  Ct$ 33 24 

5.2 Task 2: Process Variable Studies i n  0% 

No work was performed on t h i s  task during the report ing period. 

5.3 Task 3: Engineering Studies & Economic Analyses 

No work was performed on t h i s  task during the report ing period. 

5.4 Task 4: Performance Studies i n  PDU 

No work was performed on t h i s  task during the report ing period. 



6.0 PATENTABLE IWENTIONS 

No patentable inventions were conceived during this quarterly period. 
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