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i i A B S T ] ~ A C T  

In this quarter, the problem of separation of the reaction kinetics for carbon monoxide 

hydrogenation for the synthesis of primary and secondary products was investigated for 

molybdena modified ~hodium/alumina catalysts. A new mathematical• metl~od(Delp.iot) 

• for separating primary/secondary products was found. The utility of this approach is in the' 

easy method of finding the effect, of process parameters (G'.HSV, CO/Hydrogen~ P.'ressure) 
- .  

on t.he reaction pathway. Furthermore, this method is used tosepa.rate regimes of space 

time ('eonyersion) where a certain product is primary or secondary. 

The results of the ongoing investigation of particle size and spatial distribution of 

~,arious components using TEM and XRD are discussed. " .,. 
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Task:3 M e a s u r e m e n t o f  surface complexes  
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Task:5 R e a c t i o n  mechan i sm d e t e r m i n a t i o n  by  isotop!c tracers artd kinetics 

Separa t ion of  Kine t i c  P r i m a r y / S e c o n d a r y  P r o d u c t s  

Introducl:.ion 

Sel~aration of products into primary and secondary.groups is'essential to the inves-' 

tigation of the kinetics and performance of the catalysts. A kinetic primary product is 

one which is formed from one slow step while a kinetic secondary product is formed from 

several slow steps. A brief analysis of this method for Rh-Na/k12Os catalysts, was given 

ifi the sixth quarterly report. In this section a detailed analysis of this method and its 
o • 

application for Rh-Mo/,~120.3 catalysts is discussed:" : 
. 0 • 

Previously two different methods were used to sel~arate "primary and seconda-D" prod'- 
L 

ucts. In the first method, which is also known as the intial rate method, ' the rate of 

formation of a product is plotted against space time. A positive slope indicates that the 

productis primary, while a zero slope indicates that the'product'is secondary. This method 

needs differential reactor data. In the second method the rate. of formation of a product 

is plot~.ed against the total flow rate at a f~:e.d partiaI'presslire of the reactants. A finite" 

asymptotic ~.'alue of rate at large fiowrates indicates a' primary product. 

An improvement over the generally used differential method based on initial rates is to 

plot (mote fraction of product/conversion of A) against conversion of A. If product P is 

secondary, the y-intercept is zero but if product P is primary, it has a finite intercept. In 

the case of primary prodxlcts the intercept is a ratio of pseudo first order rate constant of 

the slowest step leading to the formation of product P to the sum of pseudo first order rate 

constant leading to the formation of various-other products. Furt]mrmore, based on the 

kinetics of cac]l step. the intercept can vary with the.: inlia] colicentration (partial pressur(') 

of tile rcaclants, except when all reactions arc first order. Using the ahovc method it is 
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t,ossi}J[o to s(,paratc the ro~lction network il:T(I distinct regimes wlwr(' a species is a kinelic 

primary product and killel.i c se(.'ondary producl.: 

The adv~mtage of the met.hod described is two-fold. Firstly inr.ogral kinetic data can bc 

/~se(1.' Secondly a lot ,nore infer,nation can be obtained from the intercepts. To understand 

this, lets see how this method wor:ks. 

f 

I 

- _ re./' I _ I" .. I n t e r c e p ~  ~ ~..~=or. ~ 

where 

r ° is..the intial rate of species P . .. 

and n is the number of steps in whichA is consumed - 

If h~tercept =0 then product is. non-primary and if intercept # 0"then product is 

primary. 

• Hence the intercept for a primary product is the •ratio of the pseudo first order rate .. 

eonst.ant in the slowest step leading to the formation of that product divided by the sum 

• of pseudo first order rate-constants of all slow steps by which:the react.antis consumed. 

" Thus by finding the intercepts at various partial pressures of the reactants we can find 

how tile reaction pathway changes withpartial pressure of the reactants. As an example, 

figure 1 illustrates the use of such a plot for Rh-Mo/Al203 catalysts We have not only used 

this method' tO for separating kinetic primary and secondary products but also extended it 

further to separate then irtto regimes, i.e. into regi.mcs where a ccrt.ain product is primary 

and regimes where certain product is secondary( -': 
. . % ,  

In figure 2 : the molefraction of McOEt/Convcrsion is plotted against the conversion of 

C,O. The figurc'can be divided into two asyntpu~t.h" rt,gions. In r(,gion 1 the time constallt 

<-~. T2 is less'than r,:. 



In ~he reac'.fion of CO and H., over 3c";Rh 7.5"i=Mo. AI20:~, .the finite inlc,rcei,1s for 

MeOH. _h,h:O.Me and CO_~(figure 1) show that thc: products are primary as is CH.I . The 

results indicate that T.hc:re is only one slow step in the formtLtion of the above products. 

This implies that either .MeOH~or MeOMe is formed from the same intermediate on tim 
ii' 

surface and the formation of the intermediate is the slow step, or the conversion of h,leOH 

to h,leOMe is very fast. The finite intercept for CO2 implies that the water gas shift 

reaction is very fast so that water reacts with CO to'form carbon dioxide as soon as it is 

formed. 

--Table l-lists-the-intercept.s of CO2-; MeOH"ahd M~OMe-fd-r-'3%PiE-7-5%N~o~=Xi~0~---~as ..... : 

a function of ~ i ~.. ratio. The intercept for carbon dioxicle decreases with decrease in 

CO/H~ ratio" because the gas phase contains more hy.drogen and hence the water gas sh~ft 

reaction is. lcss favor.ed. Higher amounts of MeOH are formed at higher H~_/C0 ratio and 

this leads to a higher intercept. 

In the case of format, ion of MeOEt (figure 2.), two" distinct regimes are seen. MeOEt 

is a primary product.above 1..5% CO conversion., while it is a secondary product for low 

conversions. Regime 1 consists of 10w conversion or low space time runs, while regime 2 

consists of high co nverslon or high space time. The above behaviour can be explained by 

consi.dering the following'example. • 

A---~ B ~- C 

Let ~'I and ~2 be the time constants for each reaction step. Usually r2 ~ rc , where 

r~ is the space time. This leads to the second step being at equilibrium and hence C is a 

kinetic primary product. In the case where r2 >> rc , the molecules do not have enough 

time to. equ]ibrate according to reaction 2. Tl~is leads to two s]ow steps in the forzm,tion 

of C, hencc. C is a kinetic secondary product. The point of c.h'ange in the regimes gives an 

order of ma~nitucle estimate of r~ , which is O(8 scc) t'~r :~d¢,OEt. 

Transm!ss ]on  Elect ron M!croscopy(TEM.)  



]I11 l ' aduc!  ion 

Tran.~mission electron microscopy was used to find part.icl/~ size and distribution ofvari' 

ous components on the catalyst surface. Scanning transmisssion ele'~tron microscopy(STEM)| 

with energy dispersive x-ray analysis(EDX) was used in conjunction with TEM to find spa-' 
¢, 

tial element distribution. A Phillips EM 400 electron microscope,wk.h attached STEM.!EDXJ 

unit wa.s used. Fresh and used catMysts were used. The sample preparation included 

grinding the sample on glass slide. Small particles of sample wcre then transferred.to the 

copper grid. To' get meaningful and 'comparable data, experiments were run on the same 

catalysts used in reaction and characterizatioh studies. It is difficult to get good contrast 
¢s 

fronl porous supports. Thlsis  because of the many vacuum-suppor.t interfaces present in 

the beam pat.h in. the the specimen. This res.~lts in large scattering of the electron wave 

from the support..The porous c.a.tapa! alumina~used colisists of smallcrystalline particles . ". 

.in t.he range of 10 to 100nm. The small, crystallite size of the alumina particles and its 

semi-crystallinenature decreases the contx:ast,further. Fresh and used,.catalysts such as 

Rh/A1203, .Mo/AI.~O3 and Rh-Mo/A12Oa clid not show any particles. XRD studies on 

fresh and used.catalysts did not show an5: detectable'Zpattern of Rh or Rh-oxide. To make 

sure tl{at the ope.rating procedtire was right Rh/MgO used catalysts were also run. 

• Figure 3 and 4 show electren rhicr.0gi'.aphs of 3 %Rh 15%Mo/A12 Oa and 3% Rh/Al~Oa. 

From the figures it is clear that there is insufficient contrast. Figures "5 and 6 show t h e f t "  

energy dispersive x-ra~' analys.is spectrum obtained i'roni the regions shown in figure 3 ./ ,,/. 

" '4. The spectra shows the presence of rhodium and molybdenum. , in the specimer.', .-,'e" 

intense Cu peak is from the grid i:nd. the specimen holder. : ,,, .-.. ,/ ' , .s" 
2.  

Diffractign patterns of ~he gamma alumina supported sample do not~]mw any features. 

This is because of the very small particle sii~ and the semi-erystal]'ine nature of the support. 

Ill the case of magnesia supported Rh catalysts. The bright field images do not show - 

• a.lkv disl.inc~ contrast even upm 480K m~gnilieation. Figure 7 shows bright field images of -. 
¢ 

]'¢h/MgO used catalysts. .. , , 
% 
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Ya¢'aman ~,I ~,].;1 ]wv<' ~h¢*wn from dynamical ~]let)ry cah'uhni¢m.~ lhal the. partic'h,- 

sttpport contrast [or a dark field imagos is high compared tt, bright [h'ld iinagc's. T]wse 

calculations were carried out ['or noa-pc~rous support, however the conclu.ci~n still hold for 

porous supports. Thi.~ is the reason we tried dark field method. The diffraction p~,ttern 

of I~h;'.-klgO used catalysts ccnmis~s of rings and spots. Since the prcdominat d spacing for 

MgO and Rh is nearly same, the diffraction spots or arcs arising from Rh and MgO are at 

the same radial distance. Figure $ shows ~he diffraction pattern of Rh/MgO crystals. The 

sample is tilted to give the highest intensity in the diffraction pattern. Figure 9 shows tl~e 

dark field image of Rh/MgO when the objective aperture is on the2  o'clock spot. in the 

diffraction pattern. ,-, 

The particle si*ze mcasurccl from the dark field image is 200.~. XRD pattern show Rh 

paruicles in used catalysts (figures.10 and 11). The rhodium particle size as measured from 

x-ray line broadening experiments was 150,~,. However the .X,~gO peak corresponds to a 

crystallite size of 200~. Further experiments are underway using STEM/EDX to analyze 

the elemental composition of the particles which give rise to t, he contrast. 

TEM investigation on the alumina supported molybdena catalysts z~:ill be continued 

at University of .'New Mexico in collaboration with Professor Abhaya K. Datye. 

References:  " 

l" M. Jose Yac~/man and J.M. Dominig.uez, 3.Cag~.l.1981, 67, 475. 



EPARATION F PRODUCTS 

CO hydrogenation on 3%Rh7.5%Mo/alumina 
225C,30 atrn, Hydrogen/CO=2 
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Figure 2 

EPARA N E IME 
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Figure 3: Transmission Electron r, licrograph of 
3%Rh/A1 umina used 



Figure 4: Trar, smlsslon Electron,.Micrograph of 
3%Rh 15%Me/A1 umi na-used 
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Figure 5: Energy Dispersive 
oY S%Rh/ALumina .-used 
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Fiaure 6: Energy Dispersive X-ray "" 
An~lysi s of 3%Rh15%llo/Alumina-used 
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Figure"7: Transmission Electron Micrograph of 
3%Rh/MgO used ': 
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Figure 9: I~Dn-centered Dark Field Micrograph of 3%Rh/MgD 
used catalyst 



Figure 8: Electron Diffraction Pattern of 
3%Rh/MgO used catalyst 
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Table 1 

Intercepts from Delplot 

/., Intercepts 

CO/H2 pCO pH2 Intercept 
psi psi C02 MeOH MeOMe 

2 300 150 0.27 ().24 0.17 
1 225 225 0.21 @: 

• 1 / 2  150 300 0.1 0.3 @ 
1/3 112.5 337.5 0.09 0.40 0.15 
1/5 75 375 0.06 0.43 0.13 

- very small, c~mnot be accurately found 
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