
I IIlUlIIIIIIIIIIIIIIIIIIIIIMIIIIIIIIIIIIIIIIIIIIIIIIIIII 
DE92011626 

One Source. One Search." One Solution. 

PROBE MOLECULE STUDIES: ACTIVE SPECIES IN 
ALCOHOL SYNTHESIS. FIFTH QUARTERLY REPORT, 
OCTOBER 1991--DECEMBER 1991 

PITTSBURGH UNIV., PA. DEPT. OF CHEMICAL 
AND PETROLEUM ENGINEERING 

DEC 1991 

I,  tl ltttttttttttttttt,  

U.S. Department of Commerce 
Nat iona l  Techn ica l  In fo rmat ion  Serv ice 



One Source.  One Search.  One Solut ion.  

e 

P r o v i d i n g  P e r m a n e n t ,  E a s y  A c c e s s  
to  U .S .  G o v e r n m e n t  I n f o r m a t i o n  

National Technical Information Service is the nation's 
largest repository and disseminator of government- 

initiated scientific, technical, engineering, and related 
business information. The NTIS collection includes 
almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetic tape, diskette, multimedia, microfiche 
and paper. 

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of thebibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



DOE QUARTERLY REPORT, No.'5, 

0 • 

C DOE/PC/90 305--T 
Octobe~ 1991 - De=~mber 1991 ". 

,: DE92 011626 :' 

PROBE MOLECULE STUDIES: 

ACTIVE SPECIES IN A L c o H o L  SYNTHESIS 

5th Quarterly Report 

October 1991 - December 1991 

Donna G. Blackmond (PI) 

Irving Wender (Co-PI) 

Department of Chemical.and Petroleum Engineering 

University of Pittsburgh 

Pittsburgh, PA 15261 

f .  

" "  - .  December 1991 

, I  . 

• ~ . . . . .  

%?\ Prepared for the U.S. Department o~f Energy 
., % 

:~ undeOr Grant No DE-FG22-90PC-90305 ,I 
F; 

= DISCLAIMER 
i i  

This report was. prepared as an account of work sponsored by an agency of the United'State~ 
Government. Neither the United Stat~ Government nor any agency thereof, nor any 0f their 
employee, s, makes any warranty, express Or implied, or assumes any legal liability or responsi- 
.bUity for the accuro~, completene.~, or usefulness of any'information, apparatus product, or 
process disclosed, or represents that its use would not infringe privatelyown~ righls. Refer- 
ehce herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom. 
mendation, or fav0ring~by the United States Government or any agency thereof. The views 
and :opinions of autho~ expressed herein do not necessarily state or reflect those of the 
Uniled States Government or any agency thereof. 

• : - .  - . 



DOE QUARTERLY REPORZ, No.5, October 1991 - Deuember 1991 

TABLE OF CONTENT 

FEB ! Q 

l 
? 

I 
I. INTRODUCTION -.- ..... 2 ................................ ~" " 

2. SUMMARY OF PRoGREss ............ " ............ l 

3. DETAILED DESCRIPTION OF TECHNICAL PROGRESS ............ 2 

l, 

4. PLANS F~R NEXT REPO~TING PERIOD ....................... ii 

12 
5° REFEReNCe, S ............................................ 



DOE QUARTERLY REPORT, NO,5, October 1991 - December 1991 

I.. INTRODUCTION 

The goal of this research is to develop a better under-- 

.standing of the mechanism of alcohol synthesis from CO/H2 by 

adding probe molecules (principlely, CH3N02) to the dynamic 

reaction mixture and following how the added probe molecule 

is incorporated into the products to distinguish the dominant 

pathways from the possibilities proposed in the literature. 
I 

Cu/ZnO/AI203 and Co/Cu/ZnO/AI203 catalyst systems have been 

chosen for this study. It is well known that Cu/ZnO methanol 

synthesis catalysts can be made into higher alcohol synthesis 

cata1'ysts by adding alkali metal (Cs, K, Na). The inclusion 

of Group VIII metals (Co, Fe) for the same purpose has been 

studied to a much lesser extent [I-4] . Few mechanistic studies 

of the Co/Cu/ZnO/Al203 have been reported in the literature [1] 

Study of a catalyst system consisting of both Group VIII 

metal and well-known methanol synthesis catalyst may bridge 

the knowledge of supported metals and traditional alcohol 

synthesis catalysts. 

2 .  SUMMAKY OF PROGRESS 

During this period, the effect of CH3NO2 addition to MeOH 

synthesis from H~/CO/CO2 over Cu/ZnO/Al203 has been further 

investigated. Analysis of the experimental results has raised 

many interesting questions about the nature of the interac- 

tion of CE3NO2 with Cu/Zn-based system..The Co/Cu/ZnO/AI203 
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system has been chosen for future :studies of higher alcohol 

synthesis~..in.:.:: the attempt to bridge the knowledge of supported 
~" 4'9 '" 

metals and traditional alcohol synthesis catalysts as well as 

probing the similarities and differences between alcohol 

'~synthesis over this system and hydrocarbon chain growth over 

supported metals. 

3. DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

In order to understand the behavior of CH3NO2 over Cu/ZnO 

under CO/H2 conditions, experiments were carried out with 

CH3NOz addition to a co~unercial methanol synthesis catalyst, 

Cu/ZnO/A1203r under selected reaction conditions. 

Blank runs with He, H2 and CH3NO2 were carried out at 400 

psi, 503 K, with GHSV = 4190 hr "1 over both the reactor filled 

with only glass wool and the reactor loaded with ~i g Cu/ZnO/ 

A1203. Reaction of C0/H2/C02 (40:80:6) over Cu/ZnO/A1203 (0.5-1 

g) was studied at both 400 and 150 psi, 503 K, with GHSV = 

4190 hr -I. The results are summarized below and in Table 1. 
/ 

(a) He/CH3N02 flow through the empty reactor showed no 

interaction with the reactor and demonstrated satisfactory 

performance of the system in plug flow. 

(b) When CHsN02 was added at about 2 ~mol/min in He over 

Cu/ZnO/AI203, steady-state production of about 1.2 ~mol/min 

C02 was estimated by MS. No C HsN02 or other C- or N-containing 

compounds were detected by FID (with capillary column) and MS 

(N2 is always present in MS spectra due to contamination from 
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air in the syringe and hence it is difficult to quantify ~ts 

presence in a sample). The fact that roughly 60% of the C 

from CHsNO2 introduced was converted to CO2 shows that, in the 

aDsence:, of other reactants, a significant fraction of the 

CHsNO2 decomp~osed~by breaking the 'C-N bond over Cu/ZnO/AI203. 

(c) When". 2.1 ~mcl/min CH3NO2 was added to the catalyst 

surface in the presence of H2 in He under the same conditions, 

mono-, di- and tri-methylamines were formed with trimethyl- 

ami'ne in abundance, whereas no CO2 was detected. A very small 

amount o'f CH~ (~0.5% C from CHsNO2 was detected. When steady. 

state was reached (after ~3 "hr addition of CHsN02), trimethyl- 
i 

amine was the only product detectable (at a rate of about 0.7 

pm01/min). Considering that three CHsNO2 molecules are requi- 

red to produce one molecule of (CHs)sN, this shows ~a::~-100% 
,:: ).:y.~ 

conversion of CH3N02 to (CH3)3~.. " 

(d) As shown in Figure I, when 2 ~m61/min CHSN02 was added 

to CHsOH synthesis at steady state(~3% conversion of CO to 

CHsOH) under 400 psi, no perturbation to CHsOH formation was 

observed, and no amines or other organic products were 

detected. 

(e) When a large amount (6.7 ~mol/min) of CHsN02 was added 

to CHs0H synthesis at steady state (2.7% conversion of CO to 

CHsOH) under 400 psi, as shown in Figure 2, CHsOH formation 

was suppressed (coiversion dropped to ~0% within ~i hr) but 

could be recovered easily (within 2 hours) by stopping CHsNO2 
l 

addition. No amines or other products were detected. 

(f) When a large amount (6.3 ~mol/min) of CHsNO~ was added 
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Table i. Reaction Conditions and Results 

(CH~NO~ Addition £o CH~OH Synthesis from CO/H.~ over Cu/ZnO/Al~O~) 
, ¢ 

[ Reactants and Conditions I Products (upon CHINO= Addition) 

Orders -T = 230 °C, Wcat -- 1 g I' ' ?i 

in " ] P I H2 [ CO I CO21 He ] CH3N02 [ CH30H CO2 (CH3) ~N Other 

m __'llllllm ~ ~ u m ,  m m  --- 

(b) 400 0 0 0 126 2.0 No 1.2 No No 

(c) 400 80 0 0 46 2.1 No No 0.7 

CH4 

(cH3) ~NH 

" ,cracQ cnly 

unu!l Ss. 

2.1 

A d d e d  after ss NO 

(d) 4 0 0  80 40 6 0 conve=~.o, co ~5 ~.n adclJ, cion NO No 
3% C~30H to chac 

Fig.l (45 lu~ol/mln) a~ed 

................................................................................................... 

6.7 '~ 
Added afuer ss Drop No 

(e) 400 80 40 6 0 ' co.version co to i n  addlcion NO I~O 

2.7% C430H Zero co that 

Fig.2 (44 pmol/mln) ~ 

a~aln~ 

6 . 3  
.~ a~t~ :~ Drop No 

(2) 150 8"0 40 6 0 = ~ , r s ~ o ,  co to i ,  ~ a ,  
4% ~30H 10 ~mol/min to that 

~ig. 3 {5 9 Bmol/mln) aftsr ad,~ 

a~talne~ 250 mln 

- 2  

NO 

~ -  "i 2 . 4  34 
, :  ~ ~ r  ( 2 .1% ~O 

(g)  4 0 0  80 40 6 0 w~ch ,21C01C02 ~onve=sion) in ae~.cJ.on 1 . 0  NO 
uo frQshly Paachad to ~ha~ 

Fig. 4 =educed cacalys~ ~. ~. added 

I: 
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to CHsOH synthesis at steady state, (~4% conversion of CO to 

CHsOH) under 150 psi, a similar suppression of M~OH fo-~mation 

to that observed in case (e) occurred (see Figure 3) . 

However, in this case the suppression was not as complete, 

and both this suppressio~ under CHsNO2 and the recovery of 

CHsOH synthesis activity after removal of. CHsNO2 were slower. 

The amount of carbon in the (CH3)sN (-2.0 • 3 ~mol/min) was 

about the same as •'that in the added CHsNO2. The catalyst in 

this experimen£ had undergone me-reductiod after reaction 

under the conditions given in (g). = ~. 

(g) When 2.4" ~mol/min CHsNOz was added to a fresh catalyst 

• surface together with C0/.CO2/H2 mixture at 400 psi, without 

first letting the alcohol synthesis mixture reach the 

catalyst prior to addition of the probe molecule, ~(CHs)sN was 

formed along with CHsOH and they both reached ste'ady .state 

(2.1% CO conversion to CHsOH, e.g. 34 ~mol/min CHsOH, I. 0 ~mol 

/rain (CHs)sN) within an hour (see Figur e" ~.). The mole number 

of C in the (CHs)3'N produced at steady state was 25% higheD: 
o, 

than the C mole nuhuber in the CHINO2 stream, indicating tha£: 
J 

some of the carbon in the amine must have originated from CO. 

The steady-state CO conversion to CH3OH in this case (2.1%) 

:was slightly lower than that in :case (d) (3%) and.(e) .(2.7%). 

These results suggest some very interesting surface info- 
i. 

,,l .o 

rmation abou~ this CHsOH synthesis catalyst: 

(I) These res'ults differ from those of the supported Ru 
. .:' 

;i, case in a number of ways: 

- No CO2:,was formed from CNsNOz in either He or H2 ~lanks 
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~7 

on supported Ku; .: <, 

- No c o m p o u n d s  w e r e  d e t e c t e d . i n  w h i c h  t h e  c a r b o n - n i t r o g e n  

bond of CHsN02 was retained in anyf reactions over supported 

Ru. 

- Large amount ~ of CE4 were found in H2 and He blanks over 

Ru catalysts. 

This clearly shows" that the interaction of CH3N02 with 

Cu/ZnO/A!203 is different from its interaction with Ru. Over 
O 

Cu/ZnO/AI203, CH3NO2 behaves in a more complex manner than 
c, 

that was observed over supported Ru. It appears that in the 
< 

presence of H2 the C-N bond ':of CH3NO2 ~is not selectively 

cleaved and that CHx species are not readily formed over Cu/ 

ZnO/AI2Os. 

(2) CHsNO2 was never detected in the product stream in any 

of those experiments in which CHsN02 was added over Cu/ZnO/ 

A1203. The same phenomenon was observed over supported Ru. 

~, (3) CHSNO2 can be reduced to CHsNH2 in the presence of H2 

over Cu/ZnO/A!203. This opens the path for CH3NH2 to be 

converted to (CHs)sN by disproportionation Over Cu/ZnO as has~ 

3 
been observed previously[7]. 

(4) CH3NO2 contacting the freshly reduced catalyst surface 

provides (or permits the surface to retain) sites for CHsN02 

reduction to CH3NH2. When the reduced catalyst was first 

contacted with only syngas and reached steady state activity "~ 

to CH3OH formation, these sites were no longer present or were 

unavailable. Initial contact of the clean surface with CHsNQ2/ 

~: C0/H2/CO2 gave a steady state CO conversion to CHsOH which was 
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• , °.~ .-" 

. ; : %  

" lower, by about 1/3 thah~that .a~hieved when' the probe was 

added at steady state. T~e'parailel. formation of (CH3)sN and 

CH@OH under"ihese conditions suggests that the probe molecule 

may':,compe~e for s~es~'~ith CHs0H intermediates. It appears 

that this competition is only significant if contact occurs 
., -. ~ '- 

. between theprobe molecule and the surface before it achieves 

';s%eady state CHs0H activety. Probing this sites further may 
0 

heap to understand the surface processes occurring during the 

initial[btages of CHsOB.synthesis which change the way CH3N02~ 

interacts with the catalyst. .' 

(5) The fact that CH30~ formation at steady state was not 

perturbed by a small amount (2 ~mol/min) of CHSNO2 addition 

but was significantly suppressed with a higher amount (6-7 

'~ol/min) also suggests that the probe molecule can perturb 

CHsOH s#nthe~is even .' in the absenc~ of activity for amine 

formation. This shows that further investigation of the 

interaction between CHsN02 and the surface at steady state of 

CHsOH synthesis may provide important information for better 

understanding of CHsOH synthesis mechanism. 

(5) The fact that the amount of C in the (CHs)sN formed 

along with CHsOH (after both processes reached steady state) 

was higher than the amount of C in the added cHsN02 suggests 

that there is a second pathway for (CHs)sN formation during 

" Chemical CHsOH •synthesis ovir Cu/ZnO which involves :CO. ~.~ 

trapping studies of surface intermediate(s) in CHsOH synthesis 

over Cu/ZnO in the presence of amines [6] concluded that the CI 

methanol precursor, an aldehydic type intermediate IX], under ~ 
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goes amination, e.g. 

I0 

CO + H2 --> If] --> CH30H 

RIE2NH + [I] --> RIR2NCH3 + H20 

Our results are consistent with this scheme if we assume that 

CH3NO2 is hydrogenated to the monoamine before disproportional/ 
// 

tion to give "(CH3)sN. It can also e plain why CH30H yield ;~t 

steady state with (CH3)3N formation (~2% CO conversion)is 

lower than the yield without (CH3)3N formation (~3% CO 

conversion) . ~" 

Based on the available information, the following scheme 

is~, proposed: 

CH3NH2 + [ I ] -~ (CH3 % 3N 

NH3 is a possible by-product of the amine disproportions- 

tion reaction, but it was not detected in our experiments. 

This could perhaps be due to separation or adsorption 

problems in the GC column or because any NH3 formed could 

react with surface Cu to form a nitride: 
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~ 3  + 3 C u  -- .~=='" Cu:sN 
+312~ 

c 

which would only be remgved under ,H2 at {47 °C[5,B] (the 
g' r 

- : 

reaction temperature used wa~ 230"°C). 

These results demonstrate that C~N02 can interact with 
• , Jl 

CH3OH s y n t h e s i s  c a t a l y s t s  i n  d i f f e r e n t  w a y s  u n d e r  d ~ f f e r e n t  

conditions and that some of our observations may provide 

information about mechanisms for CH30H:synthesis over Cu/~nO- 

b a s e d  c a t a l y s t s .  The p o s s i b i l i t y  t o  o b s e r v e  C-N b o n d  . c l e a v a g e  

over Co as seen over Ru promises a more challenging study on 

alcohol synthesis from CO/H2 over a Co/Cu/ZnQ. catalyst using 

CH3NO2 as the probe.molecule. 

1 

~.,4'. PLANS FOR THE NEXT REPORTING PERIOD ~ ' 
'L 

In the n~xt reporting period, the focus will be on the 

foilowing~topics: g, .. '[~ 
~T. 

(I) The effect of nitromethane addition to CH30H over 

'CU/Zn0/A1203~-ill be further studied assisted by catalyst 
,. j~ - 

characterization by XRD before' and after reactions under: 
a~ 

different conditions in order~ to understand better: .~, 

- What i s  t h e  n a t u r e  o f  t h e  • i n t e r a c t i o n  o f  CH3N02 w i t h  

Cu/ZnO on the freshly; reduced catalyst in the, presence 
2 

: and a b s e n c e ' o f  H27 What i s  t h e  n a t u r e  o f  t h e  s i t e s  w i t h  ~" ,: 
~ U 

which that CHaN02 interacts? Does CNsN02 introduced~.in }; " 

.~ absence of C0/C02/ H2. irreversibly chang the surface? . 
C O 

O ..~ ?: 
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-- HOW does the surface of the catalyst change during 
2 

the induction period in CH3OH synthesis? How:~does this 

change affect the sites for adsorption and hydrogenation 

of CH3N02 ? : : 

-Why is the suppression of CH30H formation sensitive 

to the amoun~.~of CB3N02 introduced? Under what conditions 

can amines be formed during the CH30H :synthesi:s react:ion? 

(2) Preparation of Co/Cu/ZnO)AI203 c.a£alysts"by incipent 

wettness impregnation will be attempted and the reactivity of 

the cataiysts for higher alcohol ~s'ynthesis will: tested t.o" 

answer questions including: 

- Can catalyst preparation and CO/H2 'reaction conditions 

• .Tj 

be .devise'd so that a Co/Cu/ZnO/AI203 catalyst sys.~,m;L.., produces 

a significant amount of higher alcohols? ~. ~ 

- What is the effect of addition of the probe~}molecule 

(CH3N02) to this higher alcohol synthesis cata,lyst?"[What can 

we learn about the pathways of alcohol synthesis using this 

approach? 
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