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This report was prepared as an account of work sponsored by
the United States Government. Neither the United States nor the
United States Department of Energy, nor any of their employees,
nor any of their contractors, subcontractors, or their employees
take 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.

OBJECTIVES

Task 1. Preperation of catalyst samples

2, Testing catalysts for syngas conversion

3. Measurement of surface composition and structure

4. Determination of nature of surface complexes

5. Reaction mechanism determination by isotopic tracers and
kinetics

6. Design, prepar= and test optimized catalysts



ABSTRACT

The major .thrust of this work in the last quarter was to
study the effect of the reacting gas"phase on the behaviour of
the catalyst by infrared spectroscopy. Effects-of composition of
gas, pressure and temperature were investigated for promoted and
non-promoted systems.The appearance and relative stability of
linear, bridged and geminal dicarbonyl species of chemisorbed
carbon monoxide was observed and .is discussed. Strategies for
detailed kinetic modelling are ~discussed. In addition, kinetic
measurements were carried out on a molybdena promoted catalyst.
The problem of identifying primary and secondary reactions and
products for a complex reaction network is tackled.



Task 1 and 2: Catalyst preperation and testing for syngas
conversion

Extensive testing was done for the system 3%Rh 7.5% Mo /Al,03.
The data is shown in table 1.

Task 3: Measurement of surface composition and structure

Infrared spectroscopy is a very valuable tool for determin-
ing the local environment around an atom in an oscillator. The
problem is tackled in two stages using carbon monoxide as a probe
molecule, Extensive low pressure work has been done on Rh/Alu-
mina. In the first stage the effect of promotion of sodium and
molybdena is investigated using the earlier work done om non-
promoted system, In the second stage the effect of pressure will
be investigated.

Earlier results of preliminary high pressure work was
discussed previously( £fifth quarterly report). These runs
were made on 3ZRh/Alp03 and 3%ZRh2%Na/Al703 where large downshifts
in the IR frequency of adsorbed linear and bridged CO species
were observed in the sodium promot®d system. Both the catalyst
samples were used (around 48 hours of reaction time), then mixed
with Degussa alumina and re-reduced at 200C. The TPD/TPR results
in the previous quarterly report showed that re-reduction of used
catalyst at 200C is sufficient for reducing the surface layer of
oxidised Rhodium particle. The above problem of using used
catalyst for high pressure infrared spectroscopy is because
of the temperature limit on the seallng material used in the
cell.

A series of low pressure experlments were done to investiga-
te the following parameters for sodium and molybdena promoted
Rhodium on Alumina.

l,Adsorptive behaviour of used catalyst as compared to
adsorptive behaviour of fresh catalyst.

2. Temperature stablllty of various species on the
surface of the catalyst.

3.85tability of different spec1es as a functlon of
partial pressure of CO.

No shifts in the fregquency of linear CO and gem-dicarbonyl CO’
have been found for fresh sodium containing catalyst at room
temperature and at 1 atm pressure. The catalyst was reduced at
400C.

The conclusions reached from comparison of sodium promoted
system with Rh/A1203 are:
1l.In sodium promoted system at 30C the linear species is

much more stable than in .the non- promoted case at pressure
of about 0.001 torr.
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2.Linear species is stable at 50C for sodium promoted
system, but this is not the case for unpromoted system(Fig-
ure 2). ’ '

3.Two other bands appearing at 1699 cn=l and 1656cm-1
are connected with the presence of sodium(probably formate
species). '

4.At 30C bridged species gets converted to linear species.
This can be followed by observing the increasing absorbance of
linear species.
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3%ZRh2%ZNa/A1203,30C.
Time after starting _ Absorbance[peak heights]
evacuation . linear bridged
£=0 minute . - Y 0.1798 0.0905
t=10 minute iv 0.1922 0.0776
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The bands at 1699cm-! and 1656cm-! increase with time; the
reason behind this is not clear.

The higher stability of linear species in the sodium
promoted catalyst can be explained as follows. In certain cases
when carbon monoxide adsorbs on a surface of a rhodium metal
crystallite it breaks up the crystallite. This can be explained -
in terms of usual bonding picture between CO and a transition
metal. In this case the highest occupied molecular orbital of CO
interacts with the metal atom while the metal donates electrons
from its d orbitals to the lowest unoccupied molecular orbital
which weakens the C-0 bond. The same d orbitals of metal are
responsible for metal-metal bonds in a crystallite. )

When CO0 is adsorbed on a metal crystallite, electrons
are partially withdrawn from the orbitals which are responsible
for metal-metal bonds im a crystallite. This weakens the
crystallite and in ‘some cases it breaks it up. It is facilitated
by surface OH groups(l). The formation of geminal dicarbonyl
species from linear and bridged species is an evidence of this
phenomenon.

However there is a. critical size(or a critical r-duc-
tion temperature since particle size is dependant on the 2 -due-
tion temperature) above which the metal particle holds together.

This is because the ratio of number of Rh atoms on the surface
to the Rh atoms in the bulk is so small that the effect of
backbonding is minimized.



Whenever a Rh atom ‘'on the surface of a crystallite is
blocked, it causes less backbonding, which in turn increases
the stability of the crystallite. In sodium promoted systenm,
sodium ion and its co-ion cccupies a substantial part of the
crystallite surface, this gives rise to increased stability of
the linear species. 4 similiar effect is seen for used catalyst
which has carbon deposited on its surface.

Task 4: Reaction mechanism determination by isctopic tracers
and kinetics

Basic background procedures using direct integral method of

kinetics 1is underway(2). Recent approaches using spline smoo-
thing of data for better rate coefficient determination are also
under investigation(3). The problem of identifying primary and

.secondary products and their regimes 'has been investigated in
this quarter.

In a reaction network scheme if one plots [(molefrac-
tion of product)/(conversion of reactant)] against conver-
sion of reactant, then one finds that the primary product
have definite y-intercepts while the secondary products have.
zero intercepts. The value of the intercept is the ratio of
the pseudo first order rate constant of the reaction leading
to the formaticn of the product to the sum of all rate constants
of the reactions where the reactant is consumed. Since the plots
need not be straight 'lines, finding intercepts accurately is a
problem. In case of sodium promoted Rh/A1203 the sum of the
intercepts is around 0.9
e.g. for a scheme
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Kinetic schemes in CO hydrogenation catalysis have always
been expressed by power law, The best work to-date is by Vannice
where he investigates the power law kinetics of different



supported noble metals(4). In his work he has dealt with
hydrocarbon formation only. In promoted Rhodium system we have
three main kinetic networks:

1.Methanol formation

2.Hydrocarbon formation

3.Higher Oxygenates formation : .
and three other reactions ether formation, ester formation
and water gas shift reaction. By changing the relative impor-
tance of the schemes above we can get a broad range of product
distribution. The neccessary kinetic parameters must be identi-
fied and should be related to the catalyst composition, structure.
and the chemistry of the reactions involved. .The dependance of
pseudo first order rate constants on partial pressure of
reactants are investigated for molybdena promoted catalyst and
are reported in Table 1. The data reported in table 1 isg for low
conversions, future experiments would encampass higher\conver-
sions. However the assumption of neglecting the effect of water
on gas chromatograph data analysis would break down at higher
conversions. The data at extr2mely low conversion shows con=-
siderable scatter at the same GHSV, because the error in sample
analysis becomes substantial.

A brief éunmary for sodium promoted system is giveﬁ below(

see figures 4,5,6 and 7)
1. As expected MeOH and methane are primary products,
the y—intercepts of MeQOH is approximately .05 while the y-
intercept of methane is approximately 0.46, this shows hov
methane pathway is so predominant over the MeOH pathway.
2.Ethane is a secondary product, hence either one
of the following steps is unidirectional
a. CHy insertion
b. CgHy hydrogenation T
c. CoHg desorption .
3.AcOH, MeCHO and EtOH are primary products. This

indicates that CO insertion and subsiquient hydrogenation of .-

the CHy; precursor is very fast,

4, The decreasing slope of COg makes it dlfflcult
to say whether COp is a primary or secondary product.

5.Figure 5 shows that AcOH and MeOAc follow extremely
closely which indicates that the formation of ester is very fast
and is limited by formation of AcOH(or of acetyl species on the

surface).

6..EtOAc has a s-shaped curve which indicates that

the pathway is of the following type.
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AE"'B = C

I'n region I, the step II falls out of equilibrium because
the contact time is so.low. An order of magnitude estimate
of the lowest rate constant in the composite step II can be
easily estimated.

pseudo first order rate constants

= 0( 13 sec-1) 7
7. Overall rate constant for sodium promoted system is
0.013 sec-1 at 250c , CO/H9p=1:2 and at 450psig( figure 8).
Figure 9 and 10 show the effect of partial pressure on the
overall rate constant for molybdena promoted system.
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Table 1: . _
mo75dk julv 16.1986. 38Rh 7.5% Mo/Al203, 200C

NS N
r.p r.p ?.P. GIUSY Sime 4COconv time &  MOLE FHAG/
co Lo He v~ nes ine) COZ condiiiounCh Conv
150 300 0 TO8s 12 2.5 12 3.870+01
i50 300 o 5434 14 2.8 14 3.54E+01
150 3060 4 2984 15 7.6 153 3.78E-=01
150 100 G 5984 i 2.6 16 3.7LE-01
i50 =00 U 2997 19 5.6 3 1.72E+01
150 300 4 uuyn 2 5.8 4 1.56E+01
150 3006, G 2599 2 5.1 5 1.57E+01
150 300 R 22 1.8 i 5.59E-+01
150 30C 0 8976 23 1.5 2 6.G4E+01
150 300 0 5976 24 1.8 3 5.51E+01
150 300 v 3% 1.3 g 7.01E+01
150 300 4 34 1.3 10 7.29E+01
150 500 5 _ 36 i.2 12 8.07E-+01
150 300 o 27 1.1 1 8.795+01
50 300 3 33 i.0 2 9.940+01
180 120G ¢ %3 L. 3 G.44F-01
iTtT RYIE § i1 0.5 T 1.445+02
T 366 o T U.4 2 1.11E+D2
py
75 130 b vgen 1% 1.8 15 2.03E+01
75 130 14 .5 14 2,16E401
75 15T i 2. 16 2. 30E+0!
T3 150 i =3 R
T3 156 R LR ¢ G, 7RE-(I
i iy D CTE A GORs 0l
T T e 1LE 7ot 25ES01
T3 LI = i.4 3 7.15E+41
T3 150 R 0.9 5 1. 10ET02
. ¥
§0.35714 '160.7L4Y 208.9285 TABO oz 1.0 1 1.03E+02
B0.35714 160.7142 208.828% 7420 25 G.9 14 1.14E+07



Table 1(c6ntd): ’ o
mu75dk july 16, 1986.

MDLE FRACTION /CoNWVERLION oF QO -

CHA coz C2HB Meol MeOMe [ EtOH " MeOEt MeDAc |
L. 45E~02 0.2422 0 0.3210 0.1408 0.02998 . 002902 0.90000 .
4.87E-02 0.2072 0 0.2549 0.1880 0.02483 0.02223 0.00000 °
4.33E-02 0.2242 0 0.2682 0.1617 .0.03149 0.02815 -0.00000
3.978~02 D.21%7 ) 0.2586 0.1741 06.03006 0.02757 0.00000.
6.998-02 0.2704 0.011315 0.2091 0.352C 0.0248B8 0.02650. 0.00284
6.36E-02 0.2831 0.003204 C.1988 0.1645 . 0.02511 0.02601 '0.00798
4.90E-02 0.2552 0.007653 - 0.1907 0.1684 0.02873 0.02486  0.01198
3.82E-02 0.18B1 0 0.2545 0.1360 - 0.02761 0.02623 0.00000
4,39E-02 0.1954 0 0.2925 0.1666 0.02847 0.02686 0.00000
3.60E~02 0.15%9 0 0.2588 0.2118 -0.02781 0.02435 0.00000
4,01TE-02 0.1580 0 0.2687 0.1797 - 0.03677 0.03480 0.00000.
4. 27E-02 0.1673 0 0.2850 0.1953 0.02406 0.02319 0.00600
4,35E—-02 0.1742 0 0.3053 0.1782 0.02198 0.02541 0.00000
4.05E-02 0.1487 0 U.7762 0225770701330 0. 01089 0. 00000
4.5BE~02 0.1684 0 0.2033 C.202% 9:01508 0.01679 0.00000
2.82E-02 0.1629 0 0.3047 0.2183 0.01448 0.01344 .0.00000
3.95E-02 0.1596 0 0.3454 0.1935 0.01087 0.0161&4 0.00000
3.GZ2E-02 0.1376 0 0.3011 0.2382 0.00898 0.01234 0.00000
0 0 0 0 0 .0 ] 0
B8.32E-02 0.2423 0.013625 0.1349 0.1736 ©5.01887 0.03962 0.00000
8.54E-02 0.2545 0.01835%2 0.1422  0.1598 0.02241 _0.04290 0.00000
- LiIBE-0L 0.2517 0.017014 0.15867 $.1462 5.01533  0.04044 '0.00000
1.75z-C% C.2331 0.018C4s G.18G5 0.10L1 0.02i5: 0.04538 0.00000
9.96E-02 0.2186 0 0.1769 0.1630 0.00855 0.05643. 0.00000
1.7 7E=0¢2 0.2139 0 0.2100 0.2127 ¢.00000 ¢€.03d535 .0.6000G0
2.73E-02 0.2036 0 0.1266 0.197¢ 0.02420 0.08823 0.00000
3.30E-02 0.2393 0 0.2085 C.1786 0.00000 0.05598 0.060000
5.85E~02 v.1922 0 0.1373 0.2346 0.00000 0.04920 0.00000
0 0 0 0 0 0 0 .. 0
E.E3E-02 0.2194 0 0.2184 0.1147 0.00000 0.08851 0.00000
6.35E~02 0.2487 0 0

. 2816 0.1214 ©.00000 0.086014 0.00000

rd



BHAEWNNI AN

[{ I

R

1

<
-

£102.

10]

LBET, . GBH1  ELS1 1991  BRLI

0 WNHLIAAS W04 ATING ST WIS SIXB-A:3LON

. 06 115 105 -7 354 -8 2001 -Y

COZURSUAT CONY 10D 6L 8350DdX3 -

00477 LY 033N03H E02TIM/UNLE  HHYE

L 3Engrs

LEG1  S2B1-

| 2
)
D
(0
O
D
n o
S..
]
i
-
w =
3
r
W
.
i)



Y < N e MERTE = TN B

L1410 .serl Bl 1981 BOGL  LSGL SOQZ €

QIOALNT -t — <

90E LY DI DL 03sDdXI "ED2TY/ UNZe HYZE-0O

"JDE 1Y 0J DL

0E LY DI 0L 03sDdX3” EN2TTY/HUAE-H

"NOLLYNOYAD WdY NLIWOI=1
‘706 1Y DJ DL 03sDdX3 “ENZ2TIY/HUZE-H

BVIINL \.\.

AR FIVIIQ -D

NDi LYNIYAT WILAY NIWO1=

: TNR ILUNJUAZL HILAY LSO
03S0dX3d E02TY AUNYLZ HHZE-]

NOI LUN3YAT H3L49 1Lsir
2 J4nard

SEO° 250" 8OO

i R S N I N I e Yan {0

8E1".



SHIEWNNIAGM
L161 B8961

5102

DLOZ2

12

12

E1L1  RSL1 5181 9881

0 Z:
HDd ATIND SO10H Mqum SIXY-A

~ NDILUYNJBAZ HIL4Y 1snr

205 | NOTLYNJIUAT HIL4U NI

LY DI DL 03sDdX3 EDZTIY/UNZZ HHLE

H134d5

* JLON

-(

W 0OLl-3
*0°3d

NOL LUNJYAd H3L4Y 1SNMF-8
NOU LBNJYUAT H3Ldd NIW O1

-
qu LY DJ pL 035DdX3 EDZTY/HHZE:H°Y
E JIHNIL S

SB1° <01"° 600"

- 3ONUYadpsay

gge’

188"



HO?H  © OHDJa/  +
(200 19U1) 1L01S.LBNLUOD o5

HOIA v

900 #>0°0 20

U [P

820°0

PRGN I, R

cLo
{ ndin i) 1

e et

G =ZH /0201808 D088 80211 DN UHEE

SNOILOVHY AUVANODHS 40 Lo

e van et M o - et e

t{IN 0

0 o ..

o -ri» TR S 'L,.. [ERRTY —?:E...IL.—-..:_..; 'l o mﬂu Q

- 4070

- 070
- €00
- .C.Q.Q
- 2070
- §0°0
- 30°0

- 10

- L0

fodd

tp aunbiry

70

;.".'-2

I}
e,

U0T]aD

wuoLsL2niLea GO



HO%V'

2i°0

9Hzl

v ayoa "o OHILT +
ﬂ 200 10UL u UOLSLDAU0D O
80°0 g0'0 0’0 00
U FURSTUVE EDUINPIS (U IPDVRU PPN S R i

L0

-

" P

-

i1

- $00°0

i

SNOLLOVHY AHYUHODS

G =2ZEH /09 DISA0GEF JOGE EQETV VNGEUNISE

AC Ll

- LU0
eroto

200

- £0°0

. .m..m.é..o

. 1070

1 2anbyy’

0%.20TuL2

JouL

Ll 4
A

N

WOLELINRUOD



ovorH © OHNMRA +

QHED a

(202 19U1) WOLSLIAUOT ()

gLo L0 80°0 90°0

+0°0 200 0

7| _ ! _ | | | , ! I T P
- 200°0
) - +00°0
- L L YU J
= . 4 9000 &
e *
-} . r...:
13
800U g
100
1 S
21070 o
)
1070 8
3
. [
-910°0 3
3.
v
8100 &
3
Z20°0
- &20°0
O e o e
ToToo” ;

SNOTLOVAY AMYUNODTS

G == ZEH 00 DISL08 ) D082 E0Z 1 DNLSU{IE

- o0

A0 LOH L4

:g aanbLq



Figure 7:
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EFFECT OF SECONDARY REACTIONS

I%Rh2%Na Al203,250C 450PSIG,C0/H2=.5
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3%Rh 7.5%Mo Al203,200C

Figure 9: PpHZ=300:ppc0=150
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