I ——— o
— NTIS

One Source. One Search. One Solution.

STUDY OF SYNTHESIS GAS CONVERSION OVER
METAL OXIDES. PROGRESS REPORT, AUGUST 1,
1984-JULY 31, 1985 o |

TEXAS UNIV. AT AUSTIN

1985

- U.S. Depariment of Commerce
National Technical Information Service




DOE/ER/10720~16

STUDY OF SYNTHESIS GAS CONVERSIORN DOE/ER/10720--16

OVER META™ OXIDES DEBS 010136

Progress Report

John G. Ekerdt
The University of Texas N
Austin, TX 78712 G20 2789

Avgust 1, 1984 - July 31, 1985

DISCLAIMER

ﬁmmwwudu-“d-ﬂwbynmdmws:.s
Gowermmest. muwmwuqmmquu
m-mmm.mamc-mqmﬁﬁ;em
Biliey for the ssracy, cuoplsizans, or wcfalaen of sy ifarmumion, spoerstes. prodest. of
prvoems Gisclosd, or scpreysts thel its nae woskd act infrisge prisately owond rights. Befer-
cace: Tereia 30 ey spucif 2 commercinl prodeck, procees, or rervice by trade asne, trademerk,
|sElactrres, or Zincwac dom ot seceaasily e ¢ imply its oxdomemrst, rocc-
muxieting, or fasoticg by the Unitsd Siates Goversmeat o any ageacy thernol. The vicws
deﬁdmwmbnmwcmndt
Uisdind Striws Goverasoost of msy agescy thaesol.

PREPARED FPOR THE U.S. DEPARTHENT OF ENERGY

UXDER COETRACT RO. DE-AS05-80ER10720



RESEARCH SCOPE AND OBJECTIVES

The objectives of the research arve idestification of the rssctiom
intermedigtes present during CO hydrogesation over metsl oxides,
determination of the reaction machaniems, and a description of the sctive
gite and how the metal cations and lattice oxygens participate in the CO
hydrogenation reactione. Z2irconium dicxide was selected for study becacse
it catalyzes the formation of aremarics and highly branched alkanes in a
process referred to as isosynthesis. It is a single metal oxide which also
perrits the role of one cation type to be studied in detail.

DESCRIPTION OF THZ EESEARCH EFFORY

The research has continued at atmospheric and at high pressures during
the past year. The atsuspheric work concantrated on sitharol synthesis
mechsnisss and surface reactions. The high pressure work has been directed
toward an identification of the carbon-carbon chain growth step during
iscsynthesis.

Previcus studies at one atmosphere (1-3) have revealed that CO and K,

interact with Zr0, to form the formate, oxynethylene, and metboxide strue-

tures indicated in Fig. 1. Methoxide reacted to methane in the presence of
gas phase H, and to methznol in the presznce of gas phase H,0. We contimued
to investigate the process whereby methanol was forsed. The role of water
in methanol forzation vzs addressed using oxygen—18 labeled E,0 and CO.
These labeling studies have also provided insight into the manner by which
fornate is formed at g Zr0, surface.

The methanol work is best suzmarized by wmaking use of Figs. 2-4.
Figures 2 and 3 represent the masses datected during tapeﬁtute—ptogt-d'

heating of the Zr0, in a gas stresm of CO/EH,/H,0. The ZrG, was pretreated
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by cxiddzing 2r0, at 600°C, cooling to 25°C, ramping the Zr0, to 620°C and
cooling back to 25°C in flowing CO/H,. Figure 2 presents the products
forwed following pretreatment with €160, and ramping in C160/H,1%0. Figure
3 presents the products formed folloving pretreatment with C180, and ramping
in C180/B,160. Figure 4 rTepresents the amount of methanol formed follewing
a similar pretreacment but only cooling to 290°C at which time CO/E,/H,0
were czused to fiow over the 2r0,. The temperature ves held constant at
290°C until methanol was no lomger formed.

The pretreatment enables ne.thoxide to form prior to reacting methoxide
with water. The study with C16¢/H,180 (Fig. 2) suggests that the 0-Zr bond
in tke methoxide was cleuved to give 97Z-160-methamol. The reaction with
H,180 results in the formation of Zr-180H. This 180 never appeared above 32
in the methanol produced by continuing the cycle of cooling in C160/H, .
ranping ia clso/nzlnzleo. cooling in clsolnz. etc. at least ten more times.
The carbon dioxide signals in Fig. 2 demomstrate that wost of the carbon
dioxide was €160,, however, some C150180 and C180, formed. (This €O, is
thought to derive from bicarbonate and carbonate species.)

The H,180 study suggested that the CH;-0 fragment remained intact.
Experiments with C180/H,160 (Fig. 3) sgain show scrazbling among the carbon
dioxides. Ewamipation of the methanol peaks reveals that 47X of the
methanol contsined 160. This 160 was lattice oxide which ended up attached
to methoxide during the formate to methexide transformation.

Lattice oxide involvement in methoxide formastion along with the absence
eff 'ﬁ:m:reaaing anounts of 18C in methanol with repesting cycles pravides
ingight into the nature of sites at which CO is activated over Zrd,. Figure
‘ "5 1ists three routes to formate. The first two, reactions 5-1 and 5-2,

dififer oniy in the oxygen which is bonded to the zirconimm cation in ihe
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intesmediste (2r-0-C=0) Zr. {Lattice oxygen is bonded to Zr in 5-2) 2Zx-0
48 meant to represent lattice 02" ead Zr is a coordinately unesaturated (CUS)
gircoaica caticn. We propose that these CUS sites are gemerated at tempeva-
tures above 600°C and are availsble for reaction with CO. The formate
{8000~ ) formzs by hydrogenaticn of the COO _mternediate. We suspect (?)
that E comes from adjacent hydroxyl gronps.v The direct route to formate,
reaction 5-3, cennor be disproven, however; it appears unlikely in light of
the fact thar 180H is formed from H,186 and this never becsze Imcorporated
into methanol to a significant extent. We sugpect that CO (and CO;) inmteract
with Zr-0H to form the —bicarbonat'e and possibly carbonate species. The
auzher of CUS centers in our studies is suggested by the steady-state amount
of methanol formed in the experiment represented in Fig. 4. A total of 6.4
x 1017 (molecules of CH30H)/m? Ha.s‘ observed. This agrees with studies by
Wakanc et al. (&) wvho reported approximately 2 x 1016 (molecules of
pyridine) /e and 1.6 x 10!7 (molecules of CO,)/m? adsorbed at the acidic and

| basic sites of 2r0;, respectively. They found tﬁat the amount of these
sites was a function cf the calcination temperature.

The atmospkeric studies have shown tile types of C; species which form
and have revealed that the active sites may be associated with CUS cations.
The gtudies have aleo shown rhat lattice oxygen ions participate in CO
hydrogenation. Infrared scudies are in progress to determine if Zr-H Ebms
and, 1€ so, if it is involved in the conversicn of CO to methoxide. The
_;ltetnative gource of H ‘_is hydroxyl hydrogen (2).

The high pr.essnte studfes have not been as conclusive as the
" atmospheric studies but are beginning to show promise and have suggested the

- sppropriate direction we must take. Earlier work (5) had revealed that C,

products werz formed in a step-wise fashion between a C; and a C3 species.



The eariier work had also revealed that imbutm and 1-Sutens vere m
primsry products at low convernion (<5Z) szd a pressurs of 35 atm um: .
these primary products were most likely formed from a comson Muuad:l.an. )

We rebuilt cur system several times in an effor: to obtain lgetn:
kinetic data on the £;-C3 hyd:qmbon products and have wodified oux
analytical methods to follow the Cs and (g prcducts. Further modificsticns
are in progress which were suggested by the regults discussed helow, These
modifications include ipstalling a syrisge pump to control the wate of
addition of intermediate precursors which will ensble use to cloge materisl
balances on the system and purchasing (with local funds) a enltidimensional
gar chromatograph accessory for our on-line gas chrocatograph which will
erable us to resolve and measure all the C3;-Cs hydrecarbon and oxygenated
products which are produced.

The carbon-carbon bond forming reaction has been investigated by
introducing C; and C3 compounds into the CO/Hp reactant mixture ard notieg
their effect on the rate of hydrocarbon production and on the branched/normal
catio of the C, hydrocarbons. Two such experiments are described below.
Table 1 lists the effert of adding 49 ppm of propylene to the feed.
Propylene vas added at the level at which .o was produced and it essentially
passed through the reactor unreacted and had 2 negligible effect on the Ci
products. Propylene wag added to test for possible carbonium reactions
between an olefin and methanol (a kigh pressure product) or between a C3
carbonium fon and the C; species shown in Fig. 1. Table 2 lists the resiits
of adding propionaldehyde to the feed. Thia experimert was a sequential run
in which the middle column was recorded 6.12 to 9.77 kours sfter starting
the experiment. The C; and C; produrts appear to increase with time-on-

stresm. The C3 products increased drsratically in the presence of




TABLE ]

ADDITION OF CaHg

T = 425°C
P = 515 psiA

| AVERAGE CONCENTRATIONS (PPK)
FEED CO/H, /HE CO/Hy /HE+Callg
FpowRATEs : L4/uu/12 45745710 (49 ppMm)
CHg 4l 92
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FEED
TIME (HR)

CHy

's
g%“s
Calig
i=-BUTANE
i=-BUTENE
n=BUTANE
1-BUTENE
t=-2-BUTENE
c-Z=-BUTENE

i=-BUTENE/1-BUTENE
BRANCHED/L INEAR
2-CHg-1-BUTENE
Z—CH3-2-BUTENE

TABLE 3.

ADDITION OF 0

AVERAGE CONCENTRATIONS (PPR)

- HE » -
C0 /4, MHE CO/MAICHCHE.  ° CO/H,MHE
2.8233.58 5.15-337?CH° '11:1é§§3.82
(1,32-4.97) (1.25-3.97)
1,029 1,045 1,407
217 266 273
45 243 92
22 " 190 :
5 9 B
77 118 78
6 7 &
10 18 il
14 19 12
12 17 11
7.7 6.6 7.1
2.0 2.1 2.1
3 5 3
7 11 6
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propicnaldehyde and nearly returned to the initial condition afrer
propionsldehyde was no 1rnger fed (92 ppm represents the sum of prepylene
and propsne). The C,'s went up an average of s factor of 1.5 and most
inportantly returned to the infrial levels. The major C5 products are showm
and their respomse was similar to that displayed by the Cy's. The C,
branched/linear ratio vas wmaffected while the sbsolute zates incieased when
propionsldehyde was present in the feed. These sad other studies we have
conducted suggest that oxygeha:ed intercediates are present in the Cy
forming reacrions.

The proposed reaction mechanism to the iso-C, products is presented in
Fig. 6. This is an aldol-type process in which the carbon § to a carbonyl
carbon is activated for hydride-sbstraction by a base as a consequence of
the rmsomance structures shown. We propose that propionaldehyde fed with
CO/B, adsorbed and was cxidized to propionate. The carbanion is proposed to
attack a methoxide carbor produciné ‘the methyl-substituted propionate and a .
lattice oxygen ion. The methyl propionmate is expected to be reduced to a
pethyl-substituted propoxide in g mannerx analogous i:o fermate to methoxide
(1-3). We cannot address the fate of this propoxide. I-methyl-l-propanol or
isobutene. The alcohol is expected to dehydrate t., isobutene (5). The
gixilar product distributiomn in the .ptes.ence of propionaldehyde (Table 2)
strongiy suggests that the ﬁec.hanism in Fig. 6 is responsible for the
produxtion of highly branched products during isosynthesis.

Linear C, products may form in a related mommer. In this case the
hydride may be abettact(ed frem the propexide which would not favor a- over
g-shstraction. The a-carbanicn would again reacﬁ with methoxide and the
bydrogenated form would be a linesr C,.
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FUSJRE RESEARCH

The high pressure stodies will zontinue over Zr0z;. The studies vill
deﬁetﬁmifowygmtedoapc&mﬂsn’:e_the prizmary products and if the
hydrocorbons are formed in secondary reactions. A complete mlysiévof all
oxygenated and mmygmted products will permit ns to develop the complete
sechanisr for C0 hydrogenation over 2r0;. ‘

Aldol condengation is bage catalyzed. The role of alkald additives ()
will be reexamined to determine if they enkance the production of isoproduncts
and bea they alter the interaction of CO with the zirconia surface. WUe are
inzerested in their erfect on the rates and on the selectivity to proposed
intermediates.

Thege future studies will .involve injecting sBuspected intermediate
precursors inzo the feed and wmeasuring the rates of all products and
infrared investigations of the possible rearrangements of C2+-oxygmtes on
2r0, and alkali-prozwoted Zr0s.
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