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1., 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, CH3NO2) to the dynamic
reaction mixture and following how the added probe molecule
is inco;porated into thé products to distinguish the dominant
pathways from the possibilities proposed in the literature.
Cu/Zn0/A1203 and Co/Cu/an/Alea.catal§st systems have been
chosen for this study. It is weli known that Cu/zn0 methanol
synthesis catalysts can ge made into higher alcohol synthesis
catalysts by adding alkali metal (Cs{ Kr~ Na). The inclusion

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

studied to a much lesser extentll-4]l., Few mechanistic studies

of the Co/Cu/Zn0/RAl203 have been reported in the literaturel!l].
Study of a catalyst system consisting of both Group VIII
metal and well-known methanol synthesis catalyst may bridge

+he knowledge of supported metals and traditional alcohol

synthesis catalysts.

2. SUMMARY OF PROGRESS

During this period, the effect of CH3NO2 addition to MeOH
synthesis from H2/CO/CO2 over Cu/Zn0/Al203 has been further
investigated. Analysis of the experimental results has raised
many inferesting questions about the nature of the interac-

tion of CH3NOz with Cu/Za-based system. The Co/Cu/zZnO/Al203
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system .has been chosen for future studies of higher alcohol
synthesisr;,g'.n the attempt to bridge the knowledge of supported
metals anﬂd\.?traditional alcohol synthesis catalysts as well ;.s
probing the similarities and differences between alcchol
':'synthesis‘over this system and hydrocarbon chain growth over

supported metals.
3. DETAILED DESCRIPTION OF TECHNICAL PROGRESS

In order to understand the behavior of CH3NOz over Cu/ZnO
under CO/H2 conditions, experiments were carried out with
CH3NO2 addition to a commercial methanol synthé‘sis catalyst,
.Cu/ZnO/Alea, ‘under selected reaction conditions.

Blank zuns with He, Hz and CH3NQ2 were carried out at 400

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

with only glass wool and the reactor loaded with ~1 g Cu/Zn0O/
Al203. Reaction of CO/Hz2/CO2 (40:80:6) over Cu/zZn0O/Al203 (0.5-1
g) was studied at both 400 and 150 péi, 503 K, with GHSV =
4190 hr-l. The results are summarized below and in Table 1.

(a) He/CH3NOz2z flow through the empty reactor showed no
interaction with the reactor and demonstrated satisfactory
performance of the system in plug flow.

. ~(b) When CHsNOz was added at about 2 pmol/min in He over
Cu/Zn0/Al203, steady-state production of about 1.2 pmol/min
CO2 was estimated by MS. No C_H:-E&gz 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




DOE QUARTERLY REPORT, No.5, October 1981 - December 1891 3

" air in the syringe and hence it is difficult to q-u;ntify its
- presence in a sample) .’ The fact that.roughly 60% of the C
from CH3NO2 introduced was converted to vCOz shows that, in the
absence of other reactants, a significant fraction of the
CHaNO2 decomposedyby breaking the 'C-N bond over Cu/Zn0/Al20s.
{c) When" 2.1l pmol/min CH3NO2 was added to the cataiyét
surface in the presence of:. Hz in He under the same conditions,
mono-, di- and tri-methylamines were formed with trimethyl-
ami.‘né in abundance, whereas no COz was detected, A very small
amount of CH4 (~0.5% C from CH3NOz was detected. When steady-
state was reached (after ~3 hr addition of CH3NO2), trimethyl-
amine was the only product detectable '(at a rate of about 0.7
pmol/min) . Considering that three CH3NO2 molecules are requi-
red to produce one molecule of (CHz)asN, this show§_ .;gz:,-loob%

oy
conversion of CH3NOz to (CH3)3N. - <

(d) As shown in .Figure 1, when 2 ;in}c':l/min CH3N0z2 was added
to CH3OH synthesis at steady state(~3% conversion of CO to
CH30H) under 400 psi, no perturbation to CH3OH formation was
observed, and no amines or other organic products were
detecteci.

{e) When a large amount {6.7 pmol/min) of CH3NOz was added
to CH30H synthesis at steady state (2.7% conversioan of CO to
CH30H) under 400 psi, as shown in Figure 2, CH30H formation
was suppressed (convers:.on dropped to ~0% w:Lth:Ln ~1 hr) but
could be recovered easily (within 2 hours) by stopping CH3NO2
addition. No gmines or other prodl.‘xcts were détected.

{f) When a large amount (6.3 umol/mih) of -CHaNO2 was added
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Table 1. Reaction Condii;ions and Results

(CHaNO; Addition to CH3iOH Synthesis from gO/Hz over Cu/ZnO/Al20z)

B

| Reactants and Conditions | Products (upon CH3NO2 Addition)

Oxder | T=230°%, Wecat =1 g I ?
in" | P | H2|CO|CO2| He | CH3NO2 | CHs3OH CO2 (CHa3) E”N Othex
Text | {psi) | {cc/min) | (mol/minm) | {umol /min)
(b) 400 © O 0 0 126 2.0 No 1.2 No No
CH4
(CH3) 2NH
(c) 400 80 0O 0O 46 2.1 No No 0.7 CHIH 2
*trace only
uncil ss.
2.1
Added afer ss No
(d) 400 80 40 6 0 cenversion to 45 in addition No No
3% cu3oH to that
Fig.l (45 pmol/min) addad
attained
6.7 o
Asded after s Drop No .
(e) 400 80 40 6 0 conversien to to _  in addition No No
2.7% a3y Zero to that
Fig.2 (44 pmol/min) added
attalined
6.3
Added after 33 Drop No
{E) 150 80 40 6 0 conversion to to in sdditien No
~ 4% cd304 10 pmol/min  to that ~2
Fig.3 (59 nmol/min) after added
attained 250 min
o 2.4 34
LA Added together  (2.1% No
(@) 400 80 40 6 0 with H2/C0/c02 conversiom) in sddition 1.0 No
to frashly Raachad to that

Fig.4 reduced catalyst  §.S. added

’




DOE QUARTERLY REPORT, WNo.5, October 1991 - December 1991 e 5

to CHsOH syntheésis at steady state (~4% com‘rersion of CO to
CH3OH) under 150 psi, a similar suppression of MeOH'for‘mation
to that observed in case (e) occuired (see .Figure 3).
However, in this case the suppress:.on was not as complete,
and both this suppression under CHaNOz and the recovery of

CH3OH synthes:.s act:.v:.ty after removal of CH3NO2 were slower

JETTSUUR. S G SR )

) The amount of carbon in the (CH3)3N (~ 2.0 * 3 pumol/min) was
about the same as ‘that in the added CHéNOz. The catalyst in
this experiment had undexrgone rn-reductlon after reaction
under the condit:.ons given in (g). = o

(g) When 2.4 pmol/min CH3NO2 was added to a fresh catalyst .

. surface together with C0/CO2/H2 mizture at 4000 psi, without
first letting the alcohol synthesis mixture -reach the
catalyst prior to addition of the probe molgcule, ‘(CHé)aN was
formed along with CH30H and they both reached stéédy-state
(2.1% CO convers:.on to CH30H, e.g. 34 p.mol/m:.n CH30H, 1.0 pmol
/min (CH3)3N) w:t.th:.n an hour (see F:Lgure 4) The mole numbexr

. 0of C in the (._CHa)aN produced at steady state was 25% 'h;'.gher-; h
than the C mole nuwber in the CHINO2 stream, indicating thaf’
some of the carbon in the amine must have originated from CO.
The steady-state CO conversion to CHsOH in this case (2.1%)
was slightly_ lower than that in .case (d) (3%) and .(e) ..(2.7;1;) .
' These re;ults suggest some very interesting sﬂurface info-
;:mat':ion about this CH3OH synthesis catalyst: )

(1) These res'ﬁlts differ from those of the suppcrted.Rub

t : case in a number of ways- '

- No COz was formed from CH3NO2 in either He or H2 blanks

-
IR
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Figure 1. CHaO: ieisn (2.0 umol/min) to CHiOH synthesis Szem #2/C0O/CO2
(80:40:6) at steady stare. D=400 psi, T=230 °C, GaASV=4190 hx™.
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on supported Ru;
b ' .

- No compounds were detected in which the carbon-nitrogen
z le BN . .

gl

"bond of CH3NO2z was retained in any. reactions over supported

Ru.

- Large amount of CH« were found in Hz and He blanks over
Ru catalysts. ‘ ‘ )

This clearly shows” that the interaction oﬁ CH3NOz with
Cu/Zn0/Al1203 is différent from its interaction with Ru. Over |
Cu/2n0/A1203, CH3N02J bel-‘;ayes in a more complex manner than
that was observed over supported Ru. It appears that in the
presence of Hz the C-N bond "of CH3NO2 ‘is not s.electively
cleaved and that CHx species are not readily formed over Cu/
Zn0/Al203, |

{2) CHsNO2 w"a__s never detected in the product stream in any
of those experiments in which CH3NOz was added over Cu/Zn0/
21203. The same phénomenon was. observed over supported Ru.
L A3 CH3NO2 can be reduced to CH3NH2 in the presence of H2
over Cu/zZn0/Al203. This opens the path for CH3NH2 to be
cdnverted to (CH3)3N by disproportionation over Cu/2n0O as has -

VA
been observed previouslyl?l. d

.‘(4) CH3NO2 contacting the freshly reduced catalyst su£face
provideé (or permits the surface to retain) sites for CH3NO2
reducéion to CH3NH2. When the reduced catalyst was _f;'_rst
contacted ‘with only syngas and reached‘ steady state acti.vity_'
to CH30H formation, these sites were no longer present or were
unavailable. Initial contact of the clean surface with CH3NQz/

¥ CO/Hz/COz gave a steady state CO convemsion to CH30H which was
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‘o

lower: by' about 1/3 *‘hah-that aé:hi"eved when the probe was
added at steady state. The parallel formation of ({CH3)aN and
CH30H under ‘these cond:.t:.ons suggests that the probe molecule
may compete for s:.tes w:.th CH30H :..ntermed:.ates It appears
that thls compet:.t:.on is only s:.gn:.F:Lcant if contact occurs
wb between the probe molecule and the surface before it achn.eves
":.'steady state CH3CH activety. Prob:.ng th:.s sites further may
: help tc;J understand the surface processes occurring dur:Lng the
’ init;{.al -!_r;stages of CH30H ._:synthesis'which change the way CH3NO2
interacts with the cat‘al:y.st. ' ‘

(3 The fact that CHaof-l formation at steady state was not
perturbed by a small’ amount (2 pmol/min) of CH3NO2 addition
.but was significantly suppressed with a higher amount (6~7
""mel'/min) also suggests that the probe molecule can perturb
CH30H fsjmthe’sis even- in the absenc% of activity for amine
formation. This shows that further investigation of the
interaction between ChsNOz and the surface at steady state of
CHaOH synthesis may .p.rovide importar},t information for betterx
understanding of CHiOH synthes:.s mechan:.sm.

(5) The fact that the amount of C in the (CH3)3N "formed
along with CH30H (after both’ processes reached steady state)
was higher than the amount , of C in the ‘added, CH3N02 suggests
that there is_a second pathway for (CHs)3N format:.on during
CHsOH synthesis over Cu/zZn0 which ::.nvolves CO - Chemical

trapp:.ng studies of surface :.ntermed:.ate(s) in CH3OH synthes:n.s

over Cu/Zn0 in the presence of amines(®l concluded that the Ci

methanol precursor, an aldehydic type intermediate [1], under=-

3
¢4
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1= .

2

goes amination, e.g.

CO + H2 =--> [I] =~-> CHsOH

RiR2NH + [I] --> RiR2NCH3 + Hz20

OQur results are consistent with this scheme if we assume that
CH3NO2 is hydrogenated to ﬁhe monoamine before disproportiona-fﬁ
tion to'give RCHB)sN. It can also explain why CH30H yield at
steady state with (CH3)3N formation (~2% CO conversion) is
lower than the yield without (CH3)aN formation (~3% CO

-
5o .

conversion) . N

Based on the available information, the following scheme

is, proposed:

CH3NQ2 £0/Co2
lm L m2

CHs3NEHz + [I] e {CH3) 3N
{ {

(CH3) 3N CH30H

NHa is a possible by~product of the amine disproportiona~
tion reaction, but it was not detected in our experiments.
This could perhaps be due to separation oxr adsorption
problems in the GC column or_beéause any NHz formed could

react with surface Cu to form a nitride:
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oV =3/282 .
NH3 + 3 Cu ===== (CusN
+3/28

- which would only be removed under Hz at .?'.1'47\ °ci5-81  (the
. (g -:

reaction temperature used was 230 *°C).

These results demonstrate that'CHaNO;Jcan interact with
CH3OH synthesis catalysts in different ways under different
conditions and that some of our observations may provide
information about mechanisms for CH3OH: synthesis over Cu/zZn0O-
based catalysts. The possibility to observe C-N bond cleavage
over Co as seen over Rn promises a more challenging study on

ﬂalcohol synthesis from CO/Hz over a Co/Cu/ZnO catalyst using

CPBNOz as the probe molecule.

"

-

4. PLANS FOR THE NEXT REPORTING PERIOD

-

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

foilowing*topics: o §, : )

(1) The effect of nitromethane addition to CHKﬁi.ovéi
"Cia/Zn0/A1203 ¥ ll be further studied assisted by catalyst
'characterﬁzatlon by HXRD before and after reactlons under
dlfferent condltlons in ordex to understand better ..g .

- What is the nature of the .ipteraction of CH3NO2 with

Cu/ZnO on the freshly reduced catalyst in the presence

and absence of H2? What is the nature of the SlteS w;th

which that CHzNO2 1nteracts° Does CHaNO2 lntroduced in i
T absence of C0/C02/ He. lrrever51bly change the surfac §

S

3
Fad B \ L
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- How does the surface of the caLalyst change durlng
the induction per:.od in CH3QH synthes:xs" How'.does thls

change affect the sites for adsorption and hydrogenation

of CH3NO27

- Why is the suppression of CH3OH formation sensitive
to the amounti:~of CHsNO2 1ntroduced'> Undér what conditions
can amines be formed duvlng the CH30F synthesis reaction?
(2) Preparation of Co/Cu/Zn0/Al203 catal_{sts by incipent
wettness 1mpregnatlon will be attempted and the react:.v:.ty of
the catalysts for higher alcohol: synthesn.s w:.ll tested to-
answer questions including: .

- Can catalyst preparation and CO/H2 ‘reacti?n ctnditions
be devised so that a Co/Cu/erO/Alea catalyst sstZ;'{_‘_m produces

a significant amount of higher alcohols?

- What is the effect of addition of the pq;ob - molecule

(CH3NO2) to this higher alcohol synthesis catalyst? “What can
we learn about the pathways of alcohol synthesis using this

approach?
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