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This report w~s prepared as an account of work sponsored by the United States Gov- 
ernment. Neither the United States nor the United States Department of Energy, nor any 
or' their!iemployees, nor any of ~helr contractors, subcontractors, or their employees take 
responsibility for the accuracy, comp]eteness, or usefulness of any information~ apparatus, 
product or process disclosed, or represents that its use would not infringe privately owned 
rights. 
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• Task 1. PreparatiOn of catalyst samples ..- ".. 
Task 2. Testing catalysts for syngas.conversion .~ ,. 
Task 3. Measurement of surface composition and s tructure :. x, 
Task 4. Determination of nature  of surface comple~es ",/ i:  
Task 5. Reaction mechanism determination by isotopic tracers: and kinetics 

~ f g" . Task 6. Design, prepare and test optimized catalysts ~: ,. 
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- • ABSTRA~CT ::: 

Changes in adsorption sites on Rh/Al203 c.~talysts brought about by addition of 
sodium or by molyb'~lena, was quantlfied:by adsorption of.hydrogen and of carbon monox- 
ide. Fresh a~d used catalyst were test$~i. XRD was done to rule out the presence of crys- 
talline compound formation. Infrared.measurements showed that C-O bond is strengthened 
slighf]y by molybdena addition. Hence the enhanced activity of ..Rh/Mo./Al203 is caused 
'neither by a greater fiumber of CO sites~:nor, by weakening of CO bond. 

The role of sodiubn in removing surface -OH groups, which in turn chaunts the distri- 
bution of different carbonyl species on the surface, was rested. 

Detailed kinetic data for Rh'/Mo/Al203 having different amounts of molybdena ~ere 
collected. Analysis of rate of formation for primary products were carried out."Activat]on 

.~energi~ for various reactions were calculated and its implication on the reaction scheme 
is discussed. The analysis of secondary reactions is underway. 



T a s k  3: M e a s u r e m e n t  of  Surface Co~nposi t lon and  S t ruc tu re  

Task 4: D e t e r m i n a t i o n  of n a t t l r e o f  sur face  complexes  .. 
! 

Hyi~rogen C h e m | s o r ~ t l o n  , . ,  

!~To quantify the nu'~nber of sites, hydrogen chemisorption is used. Hydrogen chemisorp- 
tion is done on Mi6"r'omeritics 2100 surface area analyser. Hydrogen is purified with CuO 

• , d  • . 

trap and water is removed with zeolite trap. These experiments were done m a statm 
mode. Since CO can be adsorbed ~ a variety of carbonyl sp~ies ,  CO chemisorption can- 
not be used to quantify the number of sites. However CO ch~misorption can be coupled in 
a qualitative way with IR to find approximate number andi'type of CO- adsorption sites. 
Hydrogen chemisorption is done on used and fresh catalyst.  

The striking difference between them is indicated in the table below. The used catalyst 
was re-reduced at 500C. The irreversibly adsorbed hydrogen decreases quite a lot when the 
catalyst is used. It is =also seen that the difference between the irreve~rsible mid reversible 
hydrogen chemisorpt!~n in the used sodium promoted catalyst and the used n6n-promoted 
catalyst is not substantial. The amount of irreversible and reversible hydrogen 6n 3%Rh 
2.8%]~[6/Ai~Os decreases, however the turnover number based on the total Rh content 
increases by an order 0f znagnitude. This proves that the enhanced activity of Mo-promoted 
system is not becaus4' of physical reasons such as higher dispersion. 

Summary of Hydrogen Chemisorption : 

catalyst state ; Irreversible Reversible 
': /i Hydr°g en~ Hydrogen 

gmOles/gm gmoles/gm , I ~ # P 

- !  

/ 
,J 

3%P,-h/AI2 Q3 fresh 93.1 
3%P,.h/A120,~s used 26.8 
3%R.h 0.67~Na/A12Os used 23.6 
3%R.h 2%Na/k12Os fresh 46.0 
3%Rh 2.8%Mo/Al~Os fresh 39.2 

" 57.5 '- 
14.5 
14.2 
44.9 
39.4 

Note: 
In 3%Rh 2%Na/A1203-fresh catalyst the reversible hydrogen decreases with increase 

in pressurell 

145.9/z~!gmoles of H2 = 1 gm of 3% Rh (100% disp),lH:lRh 

C O  c h e m i s o p t i o n  

CO chemisorption was done in a flow system with TPD capability (figure 1). The CO 
chemisorption experiments corroborate the fact that  it is not the number of CO adsorption 
sites ~hich makes the difference between Mo promoted and unpromoted Rh/At20s. The 
difference in reactivity and CO and hydrogen chemisorption is shown in figure 2. Future 
experiments are planned' to study the effect of state(fresh,used) of catalyst on the CO 
adsorption on molybdena promoted Rhodium catalyst. 

1 
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Summary of Carbonmpnoxide chemisorption 

catalyst state • CO ~hemisorbed 
/zg~oles/gm ~t 25C 

// 

dispersion 
% 

,q 
3%Rh/%1203 .. fresh ,112.4 
3%Rh 2.8% .1V_I~.~/AI?08 fresh ..:.'.:'74.0 
3~0Rh 15% M//o/. A12Os fres ~.."!'!' 28.1 

39.2 
25.8 
9.8 

/ / '  
Note: ,i' ." , .' 

Ver:y little e'ffect of temperatu~e','cycles is observed i.e. reduction and then CO 
,(." ,:' . 

chemisorption in cycles :. ' i 
', [. .j 

X - R a y  Diffract ion ..': ~. 
X-Ray diffractlon.was done on used arid fresh Molybdena promoted catalyst (3~Rh 

2.8% Mo/Al203,  3%RhT.5%Mo/A!:2"Os and 3~RhlS~cMo/Al20s ). XRD results show 
the absence of Rh-crystallite, any" M~>-oxlde. MoRh20e l~hodium oxide or Al2 (MoO4)s in 
the particle size range of 30A .to 100A. 

? 

.React'ion of s u r f a c e - O H  groups  wi th  Dis i lazanes  
:' In the-.gth quarterly report ,. an explanation for the differences in the stabilities of 
: different adsorbed species on the,Na-prbmoted and non-promoted Rh/Al203 catalyst was 

put forward. It was proposed that the extent of surface -OH groups play a key role in the 
interconversion of clifferent carbonyl species on the surface. In the Na-promoted l~h/A12Os, 
sodium provides a chemical way of blocking or removing -OH groups. This hypothesis was 
tested by reacting surface -OH groups with disilazanes. Hexamethyldisilazane (HMDS) 
was selected because of previous work :.done on Rh/AI?O3 I 

The reaction with.the surface-OH, groups is as follows 
. ° •  

Z oil 4- t4e  si NS/Me 3 2 
t4 

_ £ .  N '3 

HMDS can als'o bind to the aniohic vaca'ac~s on Al2Os surface 
d 

• . ~ .~  ~ Me~ ' - ,..- § c  M e D  7- H ~ ':'''~' 

• ~ ' H  

In the first set of experiments Rh/Al2Osc'~-~;s reduced at 400C tinder hydrogen and 
then cooled to 20C. The/catalyst is then exposea ~o vapors of HMDS insitu fo~"2 hours. It / 

I Zaki M., Gates B.C. and Knozinger H. submitted to J.Phys. Chem 



is observed that after the insitu treatment of disilazanes" there are no N-H bands. How~er 
the two CH3 bands are clearly seen. It is also observed that, the amount of g-dicarbonyl 
spec!es decrease while the linear species increase. Since CO is adsorbed before exposing 
the Catalyst to HMDS and no N-H bands are seen, we donor expect disilazanes on the 
metal crystallite. The doublet CHs bands are stable upto 300C. Substantial amount of 
surface -OH groups are present after this treatment. (Figure 3 and 4). 

The second set of experiment~were done by treating the support with excess HMDS 
for 24 hours. :In this case most of the~ surface -OH reacts with HMDS as seen by the absence 
of the surface -OH bands. 

I n t e r p r e t a t i o n  of Infrared shifts ~ for CO chemlsorbed on  M o - p r o m o t e d  Rh/A1203 | .  

The shifts in CO-adsorbed on Molybdena promotdd Rh/A12Os were reported in the 
ninth quarterly report. These shifts can be explained using F and G 2 matrix theory of' 
vibrational spectroscopy The vibrational spectra of a g-dlcarbonyl specie has two relevant 
~t-re~ ct~in~g- forhe -6-~;St ~t~-(ii~l~6 ~if~g-th~ d-o~lirigb-~t~/e~d~-~h~l-Vib-r-~i6ffS-~-d-tl~e - 

adsorbate stretches and also the coupling between the stretching and bending force fields). 
k(CO) is the vibra:tional force constant for each CO bond and k(CO,CO') is the force ~ 
fi41d parameter for coupling between the stretches 'of the adjacent CO ligands on the g- 
dicarbonyl specie. 

The results of the calculations are summarised below " 

catalyst 
Experimental data Calculations 
antisymmetric symmetric k(CO ) k(C0 :CO') 
stretch cm -1 stretch cm -1 Nm -1 Nm -1 

3~Rh/A1203 fresh 2012 
C, 

3%Rh 7.5%Mo/A1203 fresh 2027 ' 
r: 

2084 1694'.3 59.6 

2093 :~1714.1 54.9 

r 

The C-O bond is strengthened on Molybdena promotion. Hence the enhanced activity 
is caused neither by grea~er numbe'r of CO sites nor by weakening of the CO bond. 

Task 5: P~eactlon mechanism by  isotopic tracers and  kinet ics .  

Kine t ic  analysis  of p r o m o t e d  " l~h/Al2Os -- : 

The kinetic analysis of Molybena promoted Rh/Al?Os is done to investigate the effect 
of piocess parameters on the activity and selectivity of the catalyst The catalyst are 
remarkably stable aftei: an initial transient of about 8 hours. The kinetic analysis is done 
in 4 stages. 

Stage I: 
Identification of primary and secondary products and analysis of overall kinetics. 
Stage II: " 

Kinetic analysis of prirna~r products. 

2 Braterman P. S., " Metal Carbonyl Spectra ~, Academic Press, 1975. 

-f 
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Stage HI: 
Kinetic analysis of secondary l~roducts and analysis of complete reaction network. 
Stage IV: 
Estimatioli of .&civation Energies and effect of temperature on the reaction network. 

Stage I: 
Table 2,3 and 4 show data for 3%Rh15~Mo/AI203 at three different temperatures.  

The increase in the amount  6f hydrocarbons is evident when the temperature  is high. The 
x and y values for the  rate expression for conversion of  CO to all product~: 

i¢, R.co - k • (pH2) z , ( p c o ) "  

for 3%Rh15~oMo]:'A1203 are x ~ 0.8, y ~ 0.0 compared to z ~ 0.6 and y ~ -0 .3  for' 
non promoted system~. However it sho.uld be noted' that  this x and y values are at different 
temperatures to get the same :,converslon range. T h e  shift in the values of x and y reflect 
the shift in the product  distribution. Higher amounts  5f oxygenates are formed at lower 
temperature 
" The ~Carbon  selectivity to  C2+ oxs, genates decreased sligthly with increase in tem- 
perature. This result  is surprising because CI-Iz species are needed to form Ca+ oxygenates 
and ..the amount of CH., species should increase with temperature.  This result indlca+~es 
that CO insertion step is the rate controlling step in formation of C2+ oxygenates. 

: Another set of kinetic data is reported in table 2 . This data is ..made up of two set of 
runs. The effect of 15i'essure was investigated at same mass flow rate and at same actual 
contact time. There was very httle effect on of pressure on the formation of hydrocarbons. 
The fraciion of oxygenates and CO2 increased while the secondary products decreased. 

Effect of CO/H~ ratio and space, time on the activity and product distribution character- 
istics of  the catalyst : ', 

This set of experifnents were done for 3%RhT.5%Mo/Al~03. The catalyst was reduced 
at 500C for l hr  under 50scc/min of flowing hydorgen.  The product dist{'ibution and 
ac t iv i tyof  the catalyst  was measured at flxed'~t-emperature and pressure .and at a range 
of GHSV and CO/H2 ratio. It was surprising to see that  the overall conversion follows 
I)seudo first order kinetics(see figure ) ,: 

The table below shows the pseudo first order  rate  constants 

3%Rh 7.5%Mo/Al2Os , 200C., 450 psi 

; C0/H~_ k(sec-~) 
i 

2 " 0.00832 ::t 0.00032 "" :, 
1 0.02248 ~ 0.00.013 ,.. 
1/2 0.04480 + .0015 
1/3 0.0623 ± 0.0028 
1/5 0.110I 4- 0.0033 

The data collected' for 3%Rh 7':6~0 Mo/A1203 was plotted to see the efl~ect, on CO/H2 
on the nature of the product and the  ratio of the pseudo first order rate constants. This 
methodology of analysing data was discussed in 8th quarterly report. The following con- 
clusions were reached. : - • 

. 4  



CH4 is a primary product'for CO/H2 _< 2. This implies the formation Of CH4 at high 
CO/H2 ratio has two slow steps compared to one at low CO/H2 ratio 

The intercepts for the plot of (mole fraction of specie)/conv of CO against conversion 
of CO are listed on the next p a g e , ~ h e  intercepts are the ratio of the pseudo first order 
rate constant for the slow step in the formation of the specie to the sum of pseudo first 
order rate.constant for the consumption of the parent specie. 

3%Rh 7.5%Mo/AI2Os, 200C 

CO/H~ pCO pH2 Intercept 
psi ,. psi C02 MeOH MeOMe 

2 300"~," 150 0.27 0.24 0.17 / , '  
1 ~25 225 o.21 ~ 
1/2  i50 300 o.1 
1/3 Ii1,12.5 337.5 0.09 0.40 0.15 
1/5 ]i75 375 0.06 0.43 0.13 

"~ - very small, c ~ n o t  be accurately found 
* - inverse S-sh~ped curve 

/i' 
i ;  

Stage~II: ~/ : : 
- " 7 

The rate//of formation of primary product is found experimentally at two different 
GHSV. The ;~ate of primary product should be indepandant of GHSV. Hence the consis- 
tency of rat,~ of the sp, ecie is taken as a test of the experimental method and the analysis 
of Stage I. ,'The rate is found at 18 different combinations of pCO and pH2. The above 
experiment:' is repeated at three different temperatureS. A sample ,table is givenbelowfor 
3%Rh 15% Mo/A1203 at 210C. : " 

.~: 

Si~ecie ln(k) y x 

MeOH -16.895 -4- 0.162 -{).005 4- 0.113 ':i.527 ÷ 0.096 =~.- 
c -  

CO: -I0.301 q- 0.091 -0.030 4- 0.064 0.724 - 0.054 

C02 -10.712 4- 0.091 -0.040-u 0.064 0 .377-  0.054 

CH4 -7.676 + 0.126 -0.323 ± 0.088 1.021 4- 0.075 

27" ~ , 

Table 4 shows comparison of x and y with different systems reported in literature for 
methane and methanol.~Table 2,3 and 4 show preliminary kinetic data for 3%Rh 7.5%Mo/ 
A12Oa and 3%lZh 15~0Mo AI2Oa':: r:': 

. "  
Stage I I I :  .. " 

5 

O . 

I 



The f~rst:approach is to use H::J-B method with models which are linear in parameter 
space: This method has the.' advantage of not needing any initial guess. Here the rate 
expression for primary products fro~m Stage II are used. The second approach is to use 
Spline approximation combined with non-linear regression,'routines 3 . The advantage of 
this method are (i) 'Jacobians needed for the next guess can be found"~very easily by using 
the properties of spline and (ii) it has a variable smoothing paramete;. A couple of networks 
have bee_n tried using the first approach and the second approach is in the stkge of writing 
programs. 

Stage,~IV .:. . . . .  .. "-,r. 4.~ " " ~ .  

An estimate of activa.t:ion energy is made for differrent products and overall'reaction. 
This.estimate is based on the assumption that for sma'il conversion the amount of CO 
converted is 'approximately proporti'ona!~to the rate constant ,.at a given contact time and 
that the selectivity is quite independant of t]:*e contact time. The temperature dependance 
of the actual rate constant is not very different from the tem~eratu~'e de!~endance of the' 
pseudo first order rate constant.: Figure 5 shc}ws a semi-log plot o f ~  C in a specie against 
1/T fo~ 3%Rh 7.5% Mo/A1203 at 450 psi. .-. .- 

T h e  table below list the activation energies from figure 5. -- 
i 

.ipproximate actlvation~energies , 

.. specie In(A'b) E.c~ ~' " 

Kcal/gmol e . : ,  
0 

CO 24.998 _+.. 0.067 21.62 q: 0.92 
CO2 23.897 i 0.084 21.9~t'-=h 0.66 
CH4 33.848 + 0.19.6 ~ 32.39 4- 2.6 
Cloxyg 19.707 ± 0.482 17.23 4- 0.66 
C2oxyg 25.562 4" 0.178 24.28 + 2:."~I1 
totoxyg 21.346 _+ 0.062 -- 18.58 + 0.85 

b- arbitrary constant 

..The higher Eact for methane compared to oxygenates is consistent with relatively 
increased methane formation at higher temperatures and, conversely higher relative oxy- 
genates formation at lower temperature (Figure'6). 

3" Yern/akova A., Vajda S. and Valko P . ,  'Al~.!iedCatklysi~,2(1982)139. 
~ . - -  ~.~; 
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T a b l e  4: ~ 

COMPARISON OF POWER LAW RATE PARAMETERS 

--~/R 2 x Y ":~ -" 
RATE =,, A - e PH2 " PGO '= 

CATALYST CH4 .. • MeOH REFERENCE 

Rh / Si02 

Rh / Si02 

Rh ~/ La203 

Rh / La203 

Rh/Mo/AI203 

x y 

0 . 5 7  - 0 . 2  

x y 
o "-" 

a 

0.7 -0.2 1.3 -0.I b 

0 . 8 °  - 0 . 6  1 .1  0 . 1  c , 

0.9 -0.5 ~ 1.5 -0.I b 

1.0 -0.3 2.0 0 U. Del. 

a F;'Solymosi, i. Tombacz, M. Kocis. J.Catai., 75 (1982) 78 

b R.P. Underwood, A.T~ Bell. A p p l f e d  Catal., 21 (1986)157 
: z 

c M. Ichikawa, K. Shikakura. Proc. 7th Int. Consr~ Catal. Tokyo (1980) 

U. Del. C. Sudakar,:N. Bhore, K. Bischoff, W. ManoBue, A. Mills 
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