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7.6.4 F o r m a t i o n  of  M i x e d  Oxide  

Discussion of phases containing sodium, rhodium and oxygen where the 

o.x:idation state of rhodium is greater tb.an 3 is warranted at this stage. Scheer 

et al.il8! during their investigation of species formed from platinum metals and 

alkali oxide found that o~des of the type ABO~. and'A,.BO4 are formed. Here. A 

is the alkali ion and B is the plat!hum group metal ion. Most of the compounds 

formed are of the type Ao.B04 and are formed by heating a mixture of plat inum 

group metal and alkali carbonate to 1000C under oxygen for 20 hours. The only 

rhodium compound was Li~.Rh04. £iRhO2 was formed first, and rhea converted 

to £io.Rh04. For the mixed o:ddes containing sodium, only NaRhOo was formed. 

.The phase Na~Rh04 has not been reported in literature in the 30 years since the 

investigation of Scheer et al.il8 ]. The reason for absence of A~.B04 compounds 

containing Rh and Na is not clear. The possible reason for non-existence of other 

compounds of rhodium and sodium oxide may'be the ahsence of oxidation states of 

rhodium higher than -3 .  This is relevant to the current investigation, since higher 

consumption of hydrogen in a T P R  spectra can be explained by the presence of 

mixed oxides containing'one transition metal in a higher oxidation state. The 

amount of hydrogen consumed in t he  reduction of these catalysts increase with 

the amount of sodium added. However, when compared to the data of Houalla et 

a1.~19-21: the observed changes'are very small. Hence (his increase in the hydrogen 

consumption is not due to increase in the oxidation state of rhodium. 

7.6.5 E n s e m b l e  R e q u i r e m e n t  

Thus the overall effect of addition of sodium is to block the rhodium hydro- 

genation sites. This not only decreases the activity substantially but also reduces 

the size of many ensembles. A fixed number  of rhodium metal atoms in an ensem- 

ble required to form hydrocarbonsi22.23 I. However the ensemble requirement for 
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CO insertion reaction is less stringent than that for hydrocarbon sites'24". Because 

sodium blocks some of the surface sites, the number of ensembles large enough for 

~ 'drocarbon formation decrease faster than the number of sites available for CO 

insertion and MeOI-I formation. This causes drastic changes in the reactivity and 

minor changes in the selectivity. 

7.7 Conc lus ions  

The addition of sodium to Rh/A1203 decreases the rate of CO hydrogenation. 

The rate decrease exponentially with the amount of sodium added. The selectivity 

to oxygenates is increased slightly. 

Hydrogen chemisorption and XRD showsthat  addition Of sodium poisons 

blocks or poisons the rhodium crystallite. The rhodium is" in" metallic state 

under reaction conditions and the oxidation state of sodium is not changed. The 

formation of gem-dicarbonyl species is hindered due to the Lower amount of surface 

-OH groups. XPS and IR results show that hexa methyl disilazane reacts wit h the 

surface -OH groups to form surface silanes. These sil.vlated catalysts show that 

the forma.tion of the gem-dicarbonyl species is l~ndered. 
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C H A P T E R  8 

P E R F O R M A N C E  OF M O L Y B D E N A  M O D I F I E D  

R H O D I U M / A L U M I N A  CATALYSTS 

The effect of addition of molybdena on the performance of Rh/AN.O3 cata- 

lysts is investigated. First catalysts containing different loading of .X, lo were inves- 

tigated. Then, the products are separated according to their rank. The activation 

energies and the power law indices for the rate expressions were also calculated. 

8.1 Cata lys t  P r e p a r a t i o n  

The.catalysts support used was CATAPAL alumina extrudate. The alumina 

extrudate was first ground to a particle size of 60-100 mesh. The support was then 

calcined at 500C under following air ( > 99.999% purity) for two hours. The surface 

area of the support is about 200 m2~,'gm, The details of preparation of Rh/A120~ 

catalysts are given in chapter 5. A no-excess impregnation technique ~,'as used 

to support rhodium and molybdenum salts on the support.  The rhodium was 

impr,~gnated from a sulfate-fre.e acidic solution (pH=I) from Engelhard. Molyb- 

denum was impregnated using Puratronic grade ammonium molybdate from Alfa 

Products. All Rhodium was nominally 3 wt.%. 

The molybdena-containing catalysts were prepared in stages. In the first 

stage. Mo was deposited on the,alumina using a molybdena solution at a pH of 

1-2. The impregnated sample was kept at room temperature for 30-60 minutes. 

in an oven at 110C for 12-16 hours. The catalysts was later air calcined at 500C 

for 2 hours. The 2.8 wt. % Mo catalyst was prepared by coimpregnation. All 

280 
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% Mo numbers quoted are for *[o metal by weight although tile .'XIo is present 

in an oxide form. In the preparation of 2.8 % 3,[o catalyst, a white precipitate 

was formed when .'xlo solution was added to the rhodium nitrate solution. This 

precipitate dissolved immediately on shaking. So the addition of ammonium 

molybdate solution to rhodium nitrate solution was continued drop-wise with 

vigorous shaking. After 'addition of three-fourths of the molybdenum solution, 

further addition of molybdate solution formed a precipitate that did not dissolve 

on shaking. So. small amounts of concentrated nitric acid was added. Addition of 

nitric acid dissolved the precipitate and the solution was once again clear. The 7.5 

wt. % and 1.5 wt. /~ Mo catalyst were prepared by sequential impregnation. First 

the molybdenum salts were impregnated, foUowed by drying in air at 110C and 

air calcination at 500C. Then the rhodium salt was impregnated using rhodium 

nitrate solution using a no-excess solution impregnation technique. The color of 

the catalysts on ~[o impregnatlon and after calcination was white. In contrast. 

the color o[ catalysts after rhodium impregnation was bright yellow and reddish 

brown after calcination, 

The theory of impregnation of salts from aqueous solution and its relevance 

to catalysts preparation is discussed in chapter 2. However some results from 

this theory will be discussed here. Since molybdenum forms anions in solution, 

molybdenum was impregnated first. In contrast, rhodium e~st  as hydrated cations 

in the solution, and hence adsorption of rhodium cation on alumina surface in 

an acidic solution is not thermodynamically facilitated. In the case of 15 wt. 

% .Xlo catalysts, because of the limited solubility of the ammonium molybdate, 

two successive impregnations were made with a 500C air calcination in between 

them. Before testing, all catalysts were prereduced with flowing hydrogen with 

the foUowing schedule. 200C '( 1/2 hour). 3.50C ( !/2 hour ) and at 50OC (1 hour). 

Catalyst (0..%lgm) was tested in a flow reactor system. The flow reactor is 

described in detail in chapter 4 and the procedure [or catalysts testing is described 
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in chapter 6. Unless otherwise specified, all data were obtained at hydrogen. CO 

ratio of two and a pressure of 30 arm. The knalytical system is described in de~ail 

in chapter 3. To make activity comparisons: space rates were varied at constant 

temperature to obtain equal; conversions (limited to 6 % CO conversion), then 

the conversions were obtained by normalizing to 3000 GHSV by multiplying by 

the factor: GHSV/3000. 

8.2 Performance Testing Results 

This section shows the effect of molybdena addition on the reactivity and 

the selectivity of molybdena modified rhodium/alumina catalysts. 

8.2.1 Overal l  Act iv i ty  and Select iv i ty  

• Table 8,1 sununarizes the effect of molybdena addition. The % CO con- 

versions given in table 8.1 are the total conversions. However % selectivities to 

oxygenates and hydrocarbons are % of CO converted to these products on a COo. 

free basis. The % C2-. oxyg. is the percentage of all oxygenates C2 and above. 

The Mo/alumina catalysts has very low activity for CO.eonversion and does not 

form any oxygenates. The effect of incorporating increasing amounts of molybdena 

in the Rh/alumina system is to increase the activity for CO conversion. For exam- 

ple. table 8.1 shows that the catalyst with Mo/Rh atom ratio of 2.7 (Rh/7.SMo) 

is 12 times as active as Rh/'AI.-03 . when compared at 3000GHSV and at 250C. 

The water gas shift reaction is greatly enhanced as seen by the appearance of 

CO~.. Also, the % CO converted to oxygenates( particularly methanol) increases 

sharply with increasing Mo content, rising from 29 % for Rh/AI~.O3 ti 65 % for 

Rh/7.5*lo/Al~O3 both at 250C. Oxygenates are 80 % for the Rh/15Mo/Al,O~ 

catalyst at 200C. 
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Table  8.1: Effect of addition of .~Io oil the reactivity of Rh alumina 

Catalyst T(C) GHSV %CO ~. CO cony. to (1'2- Oxyg. 

hr -1 Cortv. C O ~ .  Oxyg. " ~ of Ox.vg. 

(CO~. free) 

Rh/AI203 250 3000 5.7 1 29 82 

275 3000 12.5 1 19 87 

Rh/2.SMo/ 225 

Al.,O3 

3000 9.0 21 59 42 

3Rh/7.5Mo 206 3000 7.3 24 86 17 

AI20~ 250 36000 5.3 25 65 27 

Rh/15Mo 200 3000 6.0 27 89 12 

AI~03 225 3000 27 37 83 14 

15Mo/kl,~O3 225 

250 

275 

3000 <I  61 0 

3000 2 50 0 

3000 5 51 0 
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The results for Rh-Mo, A1.'203 . with low loading of llo,-are consistent with 

other investigations[1-8]. The Rh'-.'llo A1'2_03 catalysts derived from monometallic 

catalysts were less reactive than the conventional catalysts[5 I. In contrast, the 

catalysts derived from bimetallic cluster RhMo.~cpa(CO)6 was more reactive than 

the conventional ~catalysts[8]. 

8.2.2 P r o d u c t  Dis t r ibu t ion  

Table 8.2 shows the detailed product distribution for Rhs'AI.~O3, Y.lo/Al.~Os 

and Rh-.Xlo/Ab.O3 catalysts. There are significant changes in the product distribu- 

tion on XIo addition to Rh/AI.~O3 catalysts. For example, there is a steep increase 

in the CO2 formed from the water gas shift reaction. Also, there is a decrease in 

the C2+ oxygenate fractign of the total oxygenates The water gas shift reaction is 

helpful since this permits use of syngas with lower hydrogen/CO ratios and sim- 

plifies the product separation. The complete lack of aldehydes in the product the 

good hydrogenation capability. The increase in the ethers may be because of the 

increase in surface acidity due to molybdena addition. Decreased ester formation 

may be due to decreased acetic acid formation because of increased hydrogenation 
t 

activity. The most important observations are the drastic reduction in formation 

of methane, accompanied by a substantial increase in the oxygenates, especially 

methanol and dimethvI ether. 

Further insight can be deduced from the product distribution. The addition 

of Mo results in oxygenates with much higher percentage of methanol, l{owever. 

it is important to note that while C3 -  oxyg. has decreased the ~ ( ' 2 -  oxyg as 

a percentage of CO conversion remains nearly at the same level, even though 

catalyst activit.v has increased by greater than 10-fold by Y.Io addition. 

In comparison the product distribution for 15 % .~Io/Al~.O3 ~ves .50 % CO 

converted to CO~. and rest to hydrocarbons at 250C with a GHSV of .3000 hr -1. 
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Table  S.2: Product  distribution on CO hydrogenation on Rh-Mo AI-.O3 cata- 
[ysts 

Catalyst Rh,'AI.~O3 Rh ..~Mo.,AI.,O3 Rh 15Mo. A1203 

Tempi C) 250 225 200 250 

GHSV 3000 3000 3000 36000 

~.CO Cony. 6 9 7 5 

% CO to 

CO~. 1 22 24 25 

of CO converted, % converted to:(CO~, free basis) 

Hydrocarbons 

Methane 

Ethane 

Propane 

Butane 

Oxygenates 

.\leOI-I 

MeOMe 

MeCHO 

EtOH 

MeOkc 

HOAc 

ErCHO 

n-PrOH 

MeOEt 

EtOAc 

72 41.5 13 34 

61 35 9 26 

4 4.5 3 6 

5 1 .5  1 2 

2 0.5 0 0 

28 58.5 87 66 
¢% 
• - 13 38 16 

1 16 30 26 

2 0 0 0 

l l .  12 6 7 

3 2.$ 1 1 

0 0 0. 0 

0.4 0 0 0 

2.7 2.4 2 1 

3 12.6 10 15 

3 0 0 0 

%of C 2 -  

Oxygenates 82 42 17 27 
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The overall carbon monoxide conversion under these condition was 1.~.¢. The 

carbon percentage ill hydrocarbons is as follows: ~Iethane 61c~, ethane 297~ and 

propane 10%. 

The effect of the amount  of molybderia addition on the selectivity to oxy- 

genates is clearly seen from figure 8,1. In this figure the overall oxygenate se- 

lectivity on a carbon dioxide free basis is plotted against the overall conversion( 

including carbon dioxide). For a ~ve.n catalyst the selectivity to oxygenates de- 

creases with increasing conversion, e.g., for Rh/A1203 the selectivity ro oxygenates 

decreases from 35 .% to 20 ~ when the CO conversion was increased from 2,~ to 

18,%. The x-a,,ds is the selectivity versus conversion curve for .~Io/Al~.O3 since no 

oxygenates are formed on this catalysts. As seen in figure 8.1 the addition of 

.~Io "to Rh/Al2Oa shift the selectivity versus conversion curves to higher selectiv- 

ity. However the slopes of these curves do not change. Also there is an effect of" 

t.emperature since the selectivity versus conversion curves are shown for different 

reaction temperature. The effect of reaction temperature  on the selectivity to 

oxygenates will be discussed in detail while calculating the activation ener~es.  

Tab le  8.8: Effect of .~Io addition on Methane/Methanol  product distribution 

Catalyst %C0 to %total ' ~.C2-e Oxygenates'  Dist. %('H4 - 

CH4 oxygen oxygen C1 C2. C3 .",[eO H 

Rh. Al.~O3 60 30 82 5 21 3 65 

Rh/7.SMo/ 

AI.-,O3 

24 65 27 47 17 1 74 
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Figure 8.1: Efl'ecl ,)f Y.lo athlition and temperature on the selectiviLv to ox.v- 
genates 
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8.2.3 Approach  to S teady  State  

The initial transient properties of these catalysts show interesting trends. 

Figure 8.:?. shows the approach towards steady state of overall conversion, methane 

selectivity and oxygenate selectivity. The data in the figure are reported for CO 

hydrogenation on 3%Rh 7.5%Mo/Al.~03 at 200C, 30atm and hydrogen/CO=2. 

The initial activity of these catalysts is high as' seen" by the lfigh conversion. 

However, these data should be interpreted with caution, since the gas phase 

environment at zero time is only hydrogen and at time zero. carbon monoxide 

feed is started. Thus the gas phase may contain a different hydrogen/CO ratio 

than at steady state. However, this transient in gas phase should approach the 

steady state feed gas composition in an hour. The overall con~'ersion approaches 

a steady state within 12 hours. Subsequent steady states by changing conditions 

are approached within 1-2 hours. The methane selectivitY, also decreases w i t h  

time and reaches steady state within 12 hours. However, in contrast the percent 

decrease in methane selectivity is much lower than the percent decrease in the 

overall conversion. In comparison, the total selectivity to oxygenates increases 

~ith time on stream, but the increase is very small compared to the decrease in 

the overall conversion. This decrease in activity is similar to those reported by 

Van der Berg[9!. 

The effect of hydrogen/CO is shown in figure 8.3 on CO hydrogenv_tion on 

3%Rh 7.5%Mo/AI.~O3 is shown in figure 8.3. This set of data was collected at 

200C, 30atm and GHSV of 3000hr -r. The conversion increases with increasing 

hydrogen/CO ratio, this is true with many CO hydrogenation catalysts. Many of 

the known catalysts do not work below a Hydrogen: CO ratio of 1. 

Another way to see the initial transients is to plot the log(l-CO cony.) versus 

space-time, as given in figure 8.4. The transients in the figure are marked by an 

arrow. Also, the points at space time 2.4 show the initial transients. For example 



289 

13 

m 1 2 -  
m 

¢I 
o 

m 

0 
@I 
~. 1 1 -  
0 

1 0 -  

g 
0 
¢J 9= 

¢ RCO conversion 
Methane selectivity 

* Oxygenates selectivity 

0 

100 

- 9 5  m o 

- 9 0  
0 

o 
-85~. 

-80  

-Ts o 

8 " i I I I i I l l i 7 0  
0 1 2 3 4 5 a 7 B 9 1 0  

Time In hours 
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catalysts a~ 200C: 30atm and hydrogen/CO=2. 
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Figure 8.8: Effect of hydrogen/CO ratio on the overall conversion of 3c,"~Rh 
7.5~Mo/Al.oO3 catalysts at 200C, 30 arm and 3000GHSV. 
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the point at the lowest ordinate or the highest conversion is the point at zero time. 

and the point move towards the steady state line. 

8.3 T ranspo r t  L imi ta t ionz  

From the calculations in appendix 1, the m~ss and heat transport limitations 

for CO hydrogenation on l~-Na/Ai, .03 catalysts were shown to be insignificant. 

Since the process parameters used in the Rh-,Na~Al*.Oa catalysts and the Rh- 

Mo Al~.O3 catalysts are nearly same, the calculations in appendix 1 are valid for 

the reaction study conducted in this chapter as long as the temperature is lowered 

to give differential conversions.. Hence the transport limitations are insignificant 

on CO hydrogenation oft Rh-Mo/AI~O~ catalysts under the conditions investigated 

in this chapter. 

8.4 Delplot  Analys is  

The next stage in kinetic analysis of product is to separate products accord- 

lag to their rank, i.e.. to separate the primary, secondary and tertiary products. 

A new method for separation of products according to their rank was developed 

in chapter 4. In th.is section this method is applied to the kinetic analysis of car- 

boa monoxide hydrogenation on Rh-Mo:Al~.Oa ca.talysts. The basis set has only 

carbon alonoxide since carbon monoxide is the only reactant monitored. From 

delplot analysis most of the products'are kinetic primary products. Sometimes. it 

is difficult to assign rank to the product because tile intercept may be small and 

finite. In this section first the basic delplot method will be developed, then the 

extended delplot will be applied to higher rank products. In the last subsection 

the concept of separation of regimes of product rank will be discussed. 
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"[he basic delplot method consists of plotting mole fraction conversion 

against conversion. .% finite intercept denotes a primary product while a zero 

intercept denotes a secondary product. Figure 8.5 shows the basic delplot for 

methane. This data was coUected for CO hydrogenation.on 3%Rh 7.5%Mo/A1-O3 

catalysts at 30 atm total pressure and 200C reaction temperature. The hydro- 
E r  1 I =en: CO was fixed at 5. The space velocity was varied from 1500 to 6000 hr -1. 

The basic delplot of methane clearly shows that methane is a primary product. 

The delplot intercept for methane under, the above conditions is 0.1. This is the 

ratio of the initial rate of formation of methane to the initial rate of consumption 

of carbon monoxide. " Thus there is only one slow step in the methane formation re- 

action under the above mentioned conditions. The basic del.plot of carbon dio.,dde 

also shows a finite intercept,  this implies that  carbon dioxide is a kinetic primary 

product. This should be compared with the results from the sodium modified cat- 

alysts, where carbon diomde had a small intercept. The carbon dioxide is formed 

from the water gas shift reaction ~ven  by equation (8.1). 

CO -. H~.O = CO~. '- H2 (8.1) 

The reactant water is formed in methane formation, ethanol formation. 

ethane formation, and dimethyl ether formation. Carbon dioxide is thus formed 

sequenlia[ty: first water is formed then carbon dio~de is formed by the water gas 

shift reaction. Thus carbon dioxide can be primary product if the water gas shift 

reaction is fast on the process time scale. T, hus the water gas shift reaction is fast 

on the process time scale on the molybdena modified rhodium. 'alumina catalysts 

but is slow on the process time scale on the sodium modified rhodium/a lumina  

catalysts. The delplot intercept for carbon dioxide is 0.09. 
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Figure 8.7 shows the basic delplot for methanol and dimethvl ether on 

carbon monoxide hydrogenation with hydrogen. CO of .5. The plot shows finite 

intercept for both methanol and dimethyl ether, hence both methanol and dimethyl 
/ 

ether are primary products. Thus the formation on ethers is fast on these catalysts 

because of their higher acidity. In contrast, small amounts of ethers are formed 

on sodium modified catalysts. The large amount of methanol formed compared 

to dimethvl ether is reflected in the higher intercept for methanol as compared to 

~timethyl ether(0.45 versus 0.I5). The high hydrogen/CO ratio (5) leads to .higher 

hydrogenation of surface species and less products from recombination. This leads 

to a high methanol/dimethyl ether ratio. Figure 8.8 shows the basic delplot for 

ethanol and ethane under the above mentioned conditions. Since ethanol and 

ethane are formed in small amounts, their intercepts, if any are small, this makes 

discrimination between finite but low and zero intercepts dit~cuttl However, figure 

8.8 clearly shows that ethanol has a finite intercept. The low signal to noise in the 

analytical data at low conversions for some C2 and higher products prevents'the 

discrimination between zero and small but finite intercepL 

The delplot analys!s can be checked for internal consistency by checking the 

sum of product of stoichiometric coeffcients and the delplot intercepts. Table 

8.4 list the delplot intercepts and the stoichiometric coefficients of each product. 

For example, the delplot intercept of dimethyl ether is 0.1.5 and its stoichiometric 

coefficient is 2. The stoichiometric coeffcient here is easily found from the carbon 

balance. 

Thus the sum o[ st oichiometrically accounted delplot intercepts, ~ven in 

~'vp 1Pco = 1.00 ( 8 , 2 )  

P 
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Table 8.4: Delp[ot intercepts and stoichiometric coefficients of products formed 
on CO hydrogenation on 3/°/c Rh 7.5% -Mo,'Al~.03 catalysts at 200C. 
30 atm and hydrogen/CO=5. 

Product[ P ) Delplot Int.( 1Pco ) Type Sto. Coeff.(v/) 

"Methaae 0.1 

CO2 0.08 

Methanol 0.45 

Ethanol 0.025 

Dimethyl ether 011.5 

Ethane 0.01 

Primary 

Primary 

.Primary 

Primary 

Primary 

Primary 
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equation 18.2) is close to unity within experir.~ental limits. Hence rule 3 of basic 

delplot analysis ~ven  in chapter 4 is satisfied. 

8.4.2 Separation of Regimes 

In the last section of chapter 4, the concept of separation o[ re~mes  was 

developed and quantified..4, primary product is a product  that has only one slow 

step between the the reactant and itself, while a secondary product is a product 

which has two slow steps between reactant and itself. A reaction is slow or fast 

on the process time scale and not on a relative scale. Now. if the process time 

scale changes, then a reaction step can change from a slow step to a fast step 

or vice versa. The process time scale can be changed by looking at two different 

conversion regions. 

However. this phenomenon is not seen in many products because, in a 

reaction network, one strep is often much slower than the remaining steps. Thus to 

make one of the fast steps as a slow step, we have to use extremely smaU process 

time. At these low process time, the conversions are low and this causes analytical 

problems. However, an example of a product which changes regimes will be shown 

here. 

The basic delplot of MeOEt is shown in figure 8.9 The figure shows two 

distinct regimes. The first regime is above !.5% CO conversion ;~'here the basic 

delplot ~ves a finite intercept. In contrast, the second regime below 1.5¢,'~ conver- 

sions shows a zero basic delplot intercept. Hence _MeOEt is a secondary product 

below 1.5'-'~C'O conversion and a primary product  above 1.5..~ conversion. Regime 

1( above 1.5:~. CO conversion) consists o[ high conversion or low space time runs, 

while regime 2 consists of low conversion or high space  time runs. The above 

behavior is qualitatively and quantitatively explained using order of magnitude 

analysis and singular perturbation analysis in chapter 4. 
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8.4.3 Nature of Reaction Steps 

The previous section showed that the delplot intercepts for various products 

of CO hydrogenation on 3~.Rh 7.5%'.'kIo/Al~.03 catalyst at 200C. 30atm and 

hydrogen/CO = 5. Thus here, the network rank of each product is same as the 

effective rank. Thus 

N(CH4) = N(CO..) = lq(MeOH) = N(C..H6) = N(E~OH) = [4(MeOMe) = 1 

and 

E(CH~) = ~3(C0~) = E(MeOH) = E(C~.H6) = ~(EfOH) = E(lleOMe) = 1 

Section 3.4 showed the use of network rank of different products to identify 

t he  number and location of slow steps in a reaction pathway. For a reaction 

pathway given in figure 3.2, the network rank of products under these conditions 

corresponds to scheme C1 or H2 in table 3.4. Thus by using simple delplot analysis 

the various combinations of fast and slow steps can be identified. 

In scheme C1. steps 1 and 2 shown in figure .3.2 are fast whiles steps 3 

and 4 are slow. In contrast scheme H2 consists of steps 2, 3 and 4 as fast steps 

while step 1 as ~low. Step 1 consists of two sub-steps, the dissociation of CO 

and hydrogenation of "active carbon" to CH~ species. Other investigations on Ni 

single crystals and supported Ru catalysts have shown that the dissociation of CO 

on the surface is fast as compared to the ~'drogenation of the "'active carbon" to 

CH~ species. 

8.5 P o w e r  Law Fit  

A convenient method to study the effect of process parameters on the  activity 

of the catalyst is to fit the overall rate and the rate of primary products as power 
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law of the reactants. Even though t.he power law model does not have as much 

physical significance as the Langmuir-Hinshelwood models, their ease of obtaining 

power law indices helps in understanding the critical issues in kinetics such as 

inhibition. 

Table 8.5 shows the power law coefficients for various catalyst for overall 

rate of consumption of CO and for rates of formation of methane, methanol and 

carbon dioxide. For 3Rh/A.1203 catalysts the overall rate of consumption of carbon 

mono.v.ide varies as" 0.8 power of partial pressure of hydrogen and as -0.3 power of 

partial pressure of carbon monoxide. The hydrogenation of carbon monoxide on 

transition metal surfaces is usually inhibited by carbon mono~de, and this leads 

to the negative exponent'in the partial pressure of carbon monoxide. The physical 

significance of the negative exponent is that carbon rr, onoxide adsorbs strongly 

and hence blocks hydrogen activation. In comparison, the exponent Ior partial 

pressure for carbon monoxide for Rh-Mo/AI.~O3 catalysts is -0.03 '- 0.09, this 

is significantly higher than the exponent for Rh/AI203 . The percent change in 

the exponent for partial pressure of hydrogen is small, e.g., the exponent changes 

from 0.8 to 0.72 on molybdena addition. These exponents agree with the resu_[ts 

of Underwood and Bell[10]. Thus the rate of consumption of carbon monoxide 

is less inhibited on Rh-Mo/A1203 catalysts than on Rh/AI_~O3 cataJ.ysts. These 

results point out that the mode of interaction of SIo in RE-Mo/Al~.O3 catalysts 

is not a physical one but a chemical one. Also the role of molybdena addition to 

Rh/AI~.O~ catalysts is truly a synergistic effect, because the effect of sum is much 

greater than the sum o[ effects. 

8.6 Ac t i va t i on  Ene rg i e s  

The next stage of kinetic analysis is to find the effect of temperature on 

the product distribution. As seen in figure 8.1, the selectivity is a function of 
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T a b l e  8.5: Power law coefficients for Rh-Mo/AI203 and related systems 

Ca.talyst Species x y Ref. 

3~Rh; .4.1203 CO 0.8 -0.3 - 

Rh/SiO~. CH4 0.7 -O.2 12 

MeOH 1.3 -0.1 12 

3%Rh15%Mo/AI.~03 CO 0.72-0.05 -0.03--0.09 ÷ 

C1:I4  1.02-0.08 -0.32~-0.09 :- 

MeO [-I 1.53-;-0.01 -0.01--_' 0.11 ÷ 

C 0 - 2  0.38'-0.0.5 -0.04'-0.06 - 

- - this work 
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the amount of molybdena added and tile temperature.  Figure 8./0 shows the 

semi-log plot of approx.imate rate versus the reciprocal temperature.  Ther are 

two assumptions in this plot. The first assumption is of differential conversions. 

Because the data is taken only for differential conversions, the rate of reaction is 

proportional to conversion if all the data is compared 'at the same space time or 

GHSV. Thus the second assumpt ion is that all the data is normalized to a space 

velocity of .30fJ0 hr -1 as suggested earlier. Also the contribution to the apparent 

activation energy from the concentration term is neglected, since the exponential 

term from the apparent rate constant will dominate.  Thus the rate constant can be 

subst i tuted bv the rate. The rate can be substi tuted by conversion for differential 

conversions and for a single space rate. 

Thus the slope of the line in figure 8.10 shows the apparent activation 

energies. This figure shows data for overall conversion for Rh/A1203 and Rh- 

.Xio/A1203 catalysts. Also, the data for various product distributions is also shown. 

It is clear from the figure that  the slope of the Line for Rh/Al~.O3 is nearly same 

as that for Rh-~Io/Al203 indicating that the overall activation energy for CO 

consumption is same for Rh/AIz03 and Rh-Mo/A1203 . Thus the two order of 

magnitude increase in the rate o[ CO hydrogenation on .Xlo addition cannot be 

at tr ibuted ~o decrease in the activation energy for the overall reaction. 

T h e  activation energies for various product categories is given in table 8.6. 

The activation energies for various products show interesting trends. The acti- 

vation energy for various products decreases in the following order. CI-I4 ", C2 

oxyg ~ C02 .'. total oxyg > Cloxyg. Thus these differences in activation causes 

changes in the products distribution. He, nce the reaction temperature plays an 

important  role in deciding the selectivity of these catalysts. For example, because 

the activation energy for oxygenates is much lower than the activation energy for 

hydrocarbons, higher selectivities to oxgenates can be obtained by using lower 

temperature.  Of course, the catalyst should be sufficiently active to be useful at 
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lotver temperatures. The data in figure 8.10 was fitted to straight lines and their 

intercepts evaluated. These intercepts are listed in table ,..q.6". 

Since the y-axis in figure 8.10 is not the rate constant, the intercepts are 

the pre-exponential factors multiplied by an arbitrary constant b. This constant 

b takes irtto account theproport ional] ty between the rate and the conversion 

for differential conditions and the proportionality constant between the rate of 

a species and rate constant of the reaction: 

A simple predictive calculation is summarized in table 8.7 shows how new 

and more active catalyst could lead to higher oxygenate selectivity. For example 

if a catalyst were to be sufficiently active at 140C, the selectivity to oxygenates 

would be 98.5%. The calculated selectivities were computed using and activation 

energy for methane of 32.4 Kc.al/gmol and activation energy for oxygenates of 18.6 

Kcal/gmol, This data  shows that differences in the activation ener~es could be 

effectively used for selectivity control in CO hydrogertation reactions. Thus the 

activation energies points us towards the direction in which further improvements 

can be achieved. 

Table  8.7:  

Temp(C) 

Use.of activation energies for selectivity control 

% Selectivity % Selectivity 

Calculated • Observed 

250 

225 

220 

180 

160 

140 

65 

78 

88 

94 

97 

98.5 

65 

73 

86 
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Table 8.6: Activation energies 

Catalysts Species In(A:'b) 

Kcal," gmol 

3~ Rh/,~-1203 CO 22.5-0.1 21.3-0.3 

3%Rh 7.5%Mo/.-k!203 CO 25.0=0.1 21.6=0.9 

CO~, 23.9-0.1 21.9=0.7 

CH4 33.9=0.2 32.4-2.6 

C1 oxygenates 19.7=0.5 17.2___0.7 

C2 oxygenates 25.6=0.2 24.32_2.4 

total oxygenates 21.3=0.1 18.6=0.9 

b - arbitrary constant 

8.7 E thy lene  H y d r o g e n a t i o n  

The IR results in chapt~,r 9 indicate that there is no weakening of CO bond 

on addition of Mo to Rh/AN.O3 catalysts. Thus there is no evidence that addition 

of Mo affects the activation of carbon monoxide. Hence the activation of hydrogen 

is investigated. Ethylene hydrogenatiQn was chosen as a test reaction because 

of its simplicity. To simulate the gas phase environment at reaction conditions 

ethylene hydrogenation was run in the presence and absence of gas phase CO. 

Ethylene hydrogenation was run at room temperature and  at 9750hr -1 

GHSV. The catalysts was reduced under hydrogen under the same temperature- 

time schedule as in the CO hydrogenation runs. The gas feed for ethylene 

hydrogenation consisted of 30% hydrogen. 3% ethylene and the rest helium. The 

reactant feed is deliberately lean in ethylene to prevent poisoning of the catalysts 
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by coke formation on the surface'll ' .  The reaction was run at 

pressure. 

at mospheric 

Ethylene hydrogenation was first run on calcined Al~O~ Mo, AI-,O3 

Rh/AI203 and Rh-Mo/AI,O3 . None of the catalysts are active for ethylene 

hydrogenation at room temperature in calcined state. However. in the reduced 

state the catalysts behave differently. It is well known that transition metals are 

active for ethylene hydrogenationill~j. Presence of carbon monoxide in the gas 

phase can have a profound effect on ethylene hydrogenation activity. Rh; Al.~O3 is 

reported to be a good ethylene hydrogenation catalyst; this is also seen in our re- 

sults i.e. ethylene undergoes complete conversion. However in presence of carbon 

monomde there is no conversion of ethylene. Carbon monoxide in gas phase acts 

as an O'.N/OFF switch for conversion of ethylene at 30C. There is no activity for 

ethylene hydrogenation owing to Al~.O3 at .3[JC. Rh-Mo/A1,.O3 acts like Rh/AI-.O~ 

in the absence of carbon mono.'dde and like Mo/AI.~C3 in the presence of carbon 

monoxide. A summary of results is given in table 8.8. 

Mo/AI.2.O3 catalysts has some activity for ethylene hydrogenation in par- 

tially reduced state. This activity is orders of magnitude less than the ethylene 

hydrogenation activity of reduced Rh/A1..,O~. Rh-Mo/A1203 is an active for ethy- 

lene hydrogenation at room temperature in the absence of gas phase CO. There 

is complete ethylene conversion to ethane under the conditions specified in table 

8.8. Mo/AI.,O3 unlike Rh'AI.~O3 . has some residual hydrogenation activity for 

ethylene hydrogenation in the presence of ga~ phase CO. Thisis because molyb- 

denum exists in partially reduced form and hence is not completely inhibited by 

gas phase CO. In comparison. Rh-.Mo, AI.~03 behaves like .XIo;'AI.~03 catalysts in 

the presence of CO. Thus for ethylene hydrogenation Rh-Mo/AI~.O3 behaves like 

Rh/AI~.O3 in the absence of gas phase CO and behaves llke Mo/Ab.03 in the 

presence of gas phase ( '0 .  
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Table 8.8: Surrmlary of ethylene hydrogenation resul[s 

Catalysts(reduced) pCO(atm) Ethylene conversion % 

3%Rh: Al.~03 0.00 

0.08 

>99.99% 

<0.0].% 

7.5%Mo/AloO~ 0.00 

0.08 

~-40.0% 

~5.30*% 

3%Rh, .o ~c.-vlo/AN.Os 0.00 

0.08 

>99.99% 

~5.50*% 

* - deactivated in "4 hours 

! 
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In this section, the reactivity of molybdena mocfified rhodium aluu~na cat- 

alyst,~ for CO hydrogenation is discussed. Addition of molybdena to Rh. A1203 

catalysts was found to increase rates of CO hydrogenation from 10 to 100-fold. The 

.Xio/Al20a catalysts were inactive in the same process parameter space. Thus, tile 

addition of molybdena to Rh/Al2Oz is truly a synergistic effect. The selectivity 

to oxygenates is also found.to increase on molybdena addition. There are subtle 

yet important differences in the product distribution. The observed absence of 

aldehydes, acids and esters on the Mo-Rh/AI~.O3 catalysts indicate the higher hy- 

drogenation activity of these catalysts. Also, the large amounts of ethers formed 

is a manifestation of the higher acidity of these catalysts. The water gas shift 

react.ion is accelerated and this leads to large amounts of carbon dio:dde formed. 

Because of the fast water gas shiR reaction very small amounts of water is formed. 

Delplot analysis of the products formed suggests that all products except ethane. 

ethanol and methyl ethyl ether(sometimes) are primary products. Delplot anal- 

)-sis also indicates that carbon dioxide is a primary product, which implies that 

the water gas shift reaction is a fast process. A power law fit for the overall rate 

shows that the rate of carbon monoxide hydrogenation on the molybdena mod- 

ified rhodium/alum.inn catalysts is less inhibited by gas phase carbon mono.,dde 

than for the rhodium/alumina catalysts. This again reflects the higher hydrogena- 

tion activity of these modified catalysts, and less inhibition by carbon monoxide.. 

The activation energies for the overall rate of consumption of CO is same. The 

activation energy for formation of various products vary as 

C'H.t > C'2 orv9  .x C'02 > total o.ry 9 > C1 o."y9 

This differences in activation energies leads to tile changes in selectivity with 

temperature. 
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The ethylene hydrogenatiorr results clearly showed that the hydrogenation 

activity of Rh-.Mo.'.-kl.~O.3 in tile absence of CO in the gas phase stems from 

the rhodium component and the hydrogenation activity of Rh-_~Io.'Al~.Oa in the 

presence of CO stems form the partially reduced molybdena component. 
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C H A P T E R  9 

C H A R A C T E R I Z A T I O N  OF M O L Y B D E N A  M O D I F I E D  

' R H O D I U M / A L U M I N A  C A T A L Y S T S  

As sho~':'n in chapter 8. the incorporation of large amounts of Mo in Rh A1203 

catalyst leads to greatly enhanced CO hydrogenation activity. The selectivity 

to oxygenates is increased significantly and the water gas shift reaction is also 

accelerated. The work done in this chapter was aimed at elucidating the structure 

of these catalysts to probe the reason for their enhanced activity. 

This chapter deals with characterization of physical and chemical state of Mo 

and Rh in Rh-Mo/AN.0~ using a battery of spectroscopic techniques. Specifically. 

issues such as changes in oxidation state of Mo and Rh. changes in dispersion of 

molybdena and rhodium, changes in bonding of CO on addition of ln'olybdena and 

the spatial distribution of species on the surface are addressed. 

Each section discusses the results of the individual characterization tech- 

nique. The discussions section combines the results o[ all the techniques and 

discusses the relevance of the results for explaining the higher activity obtained 

on molybdena addition. 

9.1 X-Ray Fluorescence Spectroscopy 

Even though a no-excess solution impregnation method is used for catalysts 

preparation, the Mo and Rh loading in the series of catalysts was measured using 

314 
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x-ray fluorescence spectroscopy. The selection of.calibration standards and other 

details are Wen  in chapter 4. 

The Rh loading was lower than expected. However the relative Rh load- 

ing was within 10% error The difference in the Mo loading between 3%Rh 

x%Mo/AI.~O3 and x%Mo/Al~.O3 was again within 10%.The results are summa- 

rized in table 9.1. 

Table 9.1: Elemental ratio in Pd).-Mo/AI.,O3 and MoiA1,.O3 catalysts measured 
by x-ray fluorescence spectroscopy 

Catalyst Rh ratio .Mo ratio 

3%RhA12Os 1.00 

3%Rh2.8%Mo/Al.~O3 i.05 

3%Rh2.8%Mo/AN.O3(+) 1.90 

7.5%Mo/A1203 

3%Rh7.5%Mo/A1203 1.25 

15%Mo/Al.~Oa 

3%Rh15%Mo/AN.O~ 1.23 

1.00 

1.33 

3.10 

2.72 

5.6i 

5.27 

(+) Prepared from carbonyl clusters by Prof. Henry C. Foley 

9.2 CO Chemiso rp t i on  

CO chemisorption was done to measure the dispersion of rhodium. Normally, 

dispersion is measured with hydrogen chemisorption or x-ray line broadening or 

TEM. In the case of Rh-Mo/Al203 molybdenum is expected to be in a partially 

reduced molybdena. This will be shown later. This partially reduced molyb- 

dena forms non-stoichiome~ric compounds with hydrogen known as molybdenum 
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bronzes. Hence hydrogen chemisorption cannot be used to measure rhodium dis- 

persion in Rh-.Mo. Al,.O3 catalysts. In contrast, as will be shown in the section on 

[R, carbon monoxide does not adsorb on p.artially reduced molybdena. However. 

CO can ~,dsorb in many forms such as linear, gem-dicarbonyl and bridged, hence 

the stoichiometry of adsorption can change. But CO chemisorption gives trends 

in dispersion. Furthermore, IR can be used in conjunction with CO chemisorption 

studies to find the stoichiometry of CO adsorption. 

CO adsorption was done in. a flow apparatus described in detail in chapter 

3. The reduction was carried out in stages sfirSiar to the reduction procedure 

used in reaction studies. Figure 9.1 shows the amount of CO chemisorbed in 

microgmole of CO/  gm of catalysts versus the amount of mo[ybdena added to 

rhodium/alumina.  The point on the y-axis is for 3.°/0Rh 0%Mo/AI.~O~ . Hydrogen 

chemisorptioa on 3%Rh/.Al~.O3 is used to fi.nd the dispersion of rhodium, which 

is 60%. The hydrogen chemisorptJon was done in a static mode. The amount of 

CO chemisorbed decreases monotonously with the amount of molybdena added to 

rhodium/alumina.  The decrease in CO chemisc~rption is substantial, e.g.. the CO 

chemisorption for 3%Rh 15%Mo/AI20~ is 20-25~]. of the CO chemisorption of 3% 

Rh / Al~. O3 • 

Also, on the same plot, the overall rate of carbon mono~de consumption 

based on each rhodium atom present in the sample at 225C is plotted. "This is also 

called as turnover frequency based on the total number of rhodium atoms. This 

turnover frequency increases with the amount of molybdena added• Thus even 

though the number o¢ CO adsorption sites decrease, the rate of CO consumption 

increases. Furthermore. more drastic results are obtained if the comparison is done 

on the turnover frequency based on each C'O adsorption site(assuming a stoichio- 

metric coefficient of 1). CO cherrdsorption was 112~moles/gm for Rh/AI~.O3 and 

28pmoles/'gm for 3%Rh 15%Mo/A1203 . However the overall activity increased 

37.5-fold. Thus the overall activity per CO site was increased by 150-fold. In any 
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case there is a 10-100 fold increase in the rate of CO hydrogenation on nlolybdena 

addition. 

Three factors could account for the decrease in CO chemisorption. 

1: an increase in the particle size of rhodium, caused by the addition of moLy bdena. 

2: a fraction of rhodium may be in an o:ddic form which cannot adsorb CO and 

this fraction may increase with amount of moiybdena added. 

3: Molybdena cover or blocks part of rhodium surface and reduces the amount of 

carbon mono.,dde adsorbed by s'~mply blocking adsorption sites. 

The nex'c section on x-ray diffraction studies will rule out 1. X-ray photoelectron 

spectroscopy and [R will rule out 2. 

9.3 X-Ray DifFraction 

In this section, the different phases and their particle sizes are investigated in 

Rh-Mo; AI20~ catalysts. XRD was done on fresh calcined, used and passivated cat- 

alysts. The powder diffractometer and T.he experimental set-up used is described 

. in chapter 3. First XRD pattern were collected for calcined Rh-.Mo/AI~.03 with 

different loading of molybdenum. None of the catalysts showed diffraction pattern 

corresponding to Rh metal, and Rh~.Oz. A mixed oxide of rhodium and molybdena 

is reported[1 i. However the samples which included calcined, passivated and used 

3% Rh 2.8%.Xio: AI~.O3 . 3C~Rh 7.5~-Mo,'k1203 and 3~cRh 15%.XIo/Al~.O3 catalyst 

did not show any presence of the mixed oxide of rhodium o.'dde and molybdena:l: 

with up to 200sec data collection time for each increment of 0.02 degree in two- 

theta. This nfixed oxide is expected only in tile calc;,ned catalysts, since both the 

rhodium phase and the molybdenum phase in the calcined catalysts are in oxide 

form. The absence of XRD pattern of Rh and rhodium oxide indicate that the 
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particle size of rhodium is less thail 30 .-~. Thus the scheme 2 outlined in the 

previous section to account for the decrease in CO chemisorption cannot explain 

the XRD data. 

There is no detectable pattern of any molybdenum o:dde in any of the 

.Xlo,'A120~, and P,,h-Mo/Al.~05 catalysts after various treatments. Also all catalysts 

except 15% -~Io/Al.~O3 do not show any detectable pattern of aluminum nmlyb- 

date. A weak and .broad pattern corresponding to AI.~(h[oO4)3 is detected for 

15~XIo 'A1203 catalysts. It is interesting to note that no A12(MoO4)3 diffraction 

pattern is not observed with 3%Rh I5~.*!o/AI~.O.~ catalysts. Thus the presence 

of rhodium prevents the formation of aluminum molybdate. 

Figure 9.2 shows the x-ray diffraction pattern for used 3%Rh 2.8~Mo/Al~.03 

catalysts. The results from this diffraction pattem'is tabulated in table 9.2. The 

sharp peaks C. E and H have an intensity ratio of C:E:H = 100:90:50 and these 

peaks correspond to aluminum metal from the sample holder. The rest of the 

broad and diffuse peaks arise from the supportl2 ]. As noted earlier, there is no 

detectable x-ray diffraction pattern of rhodium metal, rhodium oxide, molybdena 

and .XIoRh206 in of the catalysts samples investigated. 

Figure 9.3 shows the x-ray d:,ffraction pattern of (A) 3~.Rh 2.8~Mo/Al~.O,~ 

, (B) 3~'iRh 7.5~Mo/.-kl_,O3 and {C) 3/KRh 15,¢Z,..Mo./Ai~.O3 catalysts. From the 

figure it is clear that the XRD pattern of the three catalysts is same and there are 

no additional features in any one of them. However, as shown in figure 9.4 (A). 

the diffraction pattern of 15?~.klo Al.,O3 shows a broad diffraction pattern cor- 

responding to At~(.Mo04}3. For comparison, same regions of the diffraction pal- 

tern of 3C}Rh 15"i.Mo, AI-.O3 and 7.SC,~.X, lo, A1,.O3 are also shown. The alunfinum 

molybdate is formed and dexected only at [tigh loading of molybdenum. XRD pat- 

tern of 7.5'QMo A]_~O3 collected for long times ( > 4 times the data collection time 

for t5~Mo Al,,O3 ) did no~: show any detectable pattern of alunfinum molybdate. 
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Table 9.2: Analysis of peaks in the k-ray diffraction pattern of used 3%Rh 
2.8~Mo/AI.,O3 catalysts 

Peak 20, deg. d ( .1 . )  Comments 

A 33.65 2.663 diffuse-overlapped 

B 37.13 2.421 diffuse-overlapped 

C' 38.37 2.345 sharp 

D 39.27 2.294 shoulder peak 

E 44.55 2.033 dlffuse-intense 

F 45.78 1.9819 sharp 

G 60.$9 1.5213 diffuse 

H 65.06 1.4335 sharp shoulder 

I 66.03 1.4335 diffuse-intense 
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Hence the absence of aluminum molybdate in 7.5~cMo/AI.~O3 is not due to detec- 

tion iinxits. To check the presence of aluminum molybdate, it was synthesized by 

air calcining a stoichiometric mixture of alunfinum nitrate and ammonium molyb- 

date at 700C. Figure 9.5 skows the XRD pattern of aluminum nitrate, anunonium 

molybdate and aluminum molybdate. Note the absence of aluminum nitrate and 

ammonium molybdate in the synthesized aluminum molybdate. 

Also, for comparison, the synthesized aluminum molybdate and 15%Mo/A1203 

catalysts are shown in figure 9.6. A silicon standard was used to find the instru- 

ment line broadening. The procedure for calculating average particle size is given 

elsewhere:3:. The average aluminum molybdate particle size measured with x-ray 

line broadening is 90.:1. 

9.4 Transmiss ion E lec t ron  Microscopy and  Ene rgy  Dispers ive  X-Ray  

.4.nalysis 

In the previous section, the absence of any crystallite above 30.'4 was rule'd 

out based on evidence from XRD studies. In this section, TEM/EDX results are 

reported, which corroborate the XRD evidence. Some more evidence will be shown 

to rule out scheme 1 outline in section 1 of this chapter. 

9.4.1 Bright Field Images 

There are no visible particles in the bright field image of calcined and used 

3~"~Rh AI-.03 , used 3~,'~Rh T.5~.Mo, A1203 and calcined 3~Rh 15~Mo/AI.,O3 . 

To check the instrument, particles of size ~ 150.~.were detected on the catalysts 

after agglomeration due to oxidation:reduction treatment outlined in chapters 6 

and 7. The contrast between the particle and other components in lhe catalysts 

is very low. This low contrast arises due to many reasons. First and foremost, the 

aiuaxi.ua consists of semi-crystalline nficrocrystallhes. These randomly oriented 



3"23 

. m  

.4--  

>. 

n~ 
I 

X 

Figure  9.3: 

A 

B 

--' ' "  - C 

t 

1 

i 
, 

3D 

i 

-- -f 

40 50 

Two-Thelo(degrees) 

T m m  j 
60 70 

X-Ray diffraction pattern of fresh (A) 3%Rh 2.~e;Mo:A1203 (B) 
35"~Rh 7.5c'~ Mo a and ~(:') 3",~Rh 15:~Mo AI20~ catalysts 

, 



324 

i - . . . . . . . . . . . . . . . . . . . .  ,~;<,rl 
I . A . f '  

I '/ I1 I 
! ~,4 ~' ./~ 

1 %  . ..,,d' I 
r=i ",',,. ~, ..,,,,,'"j 
l "  ! l'.. iI _ l i l t . 4 "  , P 

i " " ' T  ; / 

X 

! 

.. ] 

T [ ] T 
22 24 26 2B 50 

T w o - T h e r e ( d e g r e e s )  

Figure  9.4: X-P,.ay &iffraction pattern of fresh (A) tS~.t.XIo. Al._,03 , [B) 3c.'~l:th 
I5c-~-XIo 'A1203 and (C') 7.5c,-'¢ Mo: A1203 calal.vsls 

I | ,  I 
I 
I ! 

2O 



325 

_.= 

X 

-7_ Z 

: m: ' f  i l J  ' ! | l , w 

I 

20 40 60 

Tw o - T h  el,', (d e Q reQs) 

Figure 9.5: X-Ray diffraction pattern of (A) ammonium mo]vbdale (B) alu- 
minum ~ r a t e  and.(C) synlhesized ~luminum mclybdate 



326 

w 

(/1 

I-- 

g- 

X 

I 
I ~ -  "~' r~ 
I 

f 
! 

I 
I 
! 
I 

I 
I 
I 

i 

i 

I 
I 
I 

! • 

I 

f 
I 

20 22 9_4 26 28 30 

Two-Thefa(degrees) 
Figure  9.6: X-Ray diffraction pattern of (A) fresh 155[Mo~ AI.-O3 catalysts and 

(B) synthesized aluminum molybdate 



327 

microcrystaltites diffract the electron beam in different direction, causing the 

contrast to decreases. Furthermore, the alunxina used is a porous alunfina, hence 

in a typical electron rrficroscope sample (10000 - 100000.'~}, there are 200-2000 

alumina-vacuum interfaces. These interfaces cause large anaount of scattering of 

the electron beam. Because of this large scattering and the relatively low Z of 

Rh and Mo. Thus the presence of large particles of rhc, dium in this sample can 

be ruled out. Recall that the XRD of.this sample did not show any detectable 
• 0 

diffraction pattern of rhodium or rhodium oxide. 

The bright field images of used 3%Rh 15/~.Mo/A120a , also do not show 

any detectable contrast between any particles aud sup,-.ort, thus confirming the 

presence of small particles of rhodium. The highest obtainable magnification on 

the electron microscope used was 400kX. With a 2.5 magnification while developing 

and printing gives an effective magnification of 1000kX. On this scale a 1ram 

particle corresponds to 10.:1. Thus the absence of particles in the image is due to 

poor contrast. This is consistent ~'ith hydrogen cherrfisorption on Rh/A1203 . 

9.4.2 E n e r g y  Dispers ive  X - R a y  A n a l y s i s  

The bright field images of 3%Rh/Al,,O3 . used 3%Rh.7.5~ hlo/Al.~O3 and 

calcined 3~Rh  15~Mo/Al~03 discussed earlier do not show any presence of 

particles. To make sure that there is rhodium and molybdenum in the area of 

the bright field image. A subsequent energy dispersive x-ray spectrum is taken. 

The EDX results show the presence of Rh and .~Io in the region from which images 

are taken for Rh-Mo/AI,.O3 catalysts. 

9.5 In - s i t u  I n f r a r e d  S p e c t r o s c o p y  

Low pressure in-situ IR spectroscopy was used to investigate the changes in 

the bonding of C'O on addition of .~Io to Rh; At.~03 catalysts. As discussed in chap- 
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ter 2. the predonfinant adsorbed species seen in an infrared spectra on Rh,'A1203 

are the gem-dicarbonyl, the linear and lhe bridged species. The amounts of these 

species depend on the gas phase environment. This was illustrated in chapLer 7. 

Table 9.3 on page 330 shows the different species observed ~nd their observed fre- 

quencies. For example, the gem-dicarbonyl species is atomically dispersed and has 

an oxidation state of 1, and the gem-dicarbonyl species i.s affected by the presence 

of moh, bdenum. The details of these shift ~ill be discussed later. In contrast: 

the Linear and the bridged species which are observed on metal crystallite and 

are associated with rhodium of omdation state zero, do not shift on molybden~ 

addition. Thus there is no detectable change in the vibrational frequency or the 

bonding of CO in the linear and the bridged species. 

The gem-dicarbonyl shifts to higher wave numbers and the shift is compared 

in ~able 9.4. These results agree with the recently reported results of Hecker et 

al.i4 ~ on R.h-Mo/SiO.~. The vibrational spectra of a gem-dlcarbonyl species has two 

relevant st.retching force constants, if the coupling between metal vibrations and 

the adsorbate stretches and also the coupling between the adsorbate stretching 

and adsorbate bending force fields is neglected[5]. The F &: G matrix theory, 

details of which are given elsewherei6 i is used to find the C-O stretching force 

constant k(CO) and the coupling constant between the two CO ligands on the 

gem-dicarbonyl species. Thus the CO bond is strengthened on molybdena a~di~ion 

however this shift is snmll compared to observed shifts. Furthermore as shown in 

chapters 2 and 7. the gem-dicarbonyl species are formed under oxidizing gas phase 

environments and are also shown by other investigators to be of no significance to 

the catalytic actlvity. 

The IR results of fresh and used molybdena modified Rh/AI_~03 catalysls 

are compared in table 9.5. The linear and bridged species are much more stable 

on the used catalysts as compared to the fresh catalysts. However at 150C. all 

the species are converted to the gem-dicarbonyl species. Thls higher stability 
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Summary of changes in the [R Spectrum of adsorbed CO oa molyb- 
dena addition 

Frequenc_y~ 
Range(crfi ) 

2080-2090 
2010-2018 

2042-2076 

1 845-1875 

Site 
distribution 

Atomic 

Crystall ite 

Crystall ite 

Oxidation 
state Structure  

, ,  , , , ,  , , 

0 0 
\ / 
C C 
\/ 
Rh(]) 

g-dicarbonyl 

? 
C 
I 
Rh 

linear 

0 0 0 
I I I c/c\ /c 

Rh Rh 

b=idqed 

Change 
with IVto 

Yes 

No 

No 
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Table 9.4: Results o[ F & G matrix calculation of the IR results 

Catalysts Experimental Data 

antisynmaetric symmetric 

stretch, cm -1 stretch; ¢m -1 

Calculation Results 

k(CO) k(CO, CO') 

Nm-1 Nm-1 

Rh/AI203 2012 ?.084 1694.3 59.6 

Rh-Mo/AI~.O3 2027 2093 1714.1 ,54.9 

of the linear and bridged carbonyl species on used catalysts is attributed to the 

deposited carbon on the metal crystallite. This deposited carbon prevents the 

complete break-up of the metal crystallite by oxidative addition of the surface 

-OH groups. Also, 7.5%Mo/AI203 shows a weak adsorbed species at 2110cm -I 

at room temperature. This weak band disappears on heating to I00C. Thus, no 

CO is adsorbed on Mo/Al203 catalysts at temperatures higher than 100C. These 

results are in agreement with other investigations[7,8]. 

9.6 X-Ray Photoelectron Spectroscopy 

The next stage in the characterization of Rh-Mo/A1203 catalysts is to' 

investigate the chemical state of various elements. Specifically, the ox.idation state 

of Rh and Mo in Rh/Al=,Oa . Mo/AI~.O3 and Rh-Mo/A1203 catalysts after various 

catalysts treatments and with different Mo loadings is investigated. Also. the 

physical state of Xio is also investigated. The XPS sampling depth is 10-30.~. 

9.6.1 B i n d i n g  Energ ies .  

The binding energies of the different elements referenced to Al(2p) are 

listed in table 9.6. Rhodium is present in the - 3  state after air calcination. 
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Table 9.5: Effect of various treatments on the IR spectra of fresh 3%Rh/AI20~ 
• fresh 3~Rh 7.5%Mo/Al~_O3 , used 3C~Rh 7,5~ Mo/A!203 and 
7.5~'~ Mo/:kl2 O3 catalysts 

Catal. 3%Rh/Al,~O3 3%Rh 7.5/~Mo/kt203 7.5%_Mo/Al.~ O3 

treat, fresh fresh used 'fresh 

all three g-dicarbonyl(S) linear and adsorbed 

species linearl W) bridged species 

present only ~- 2110 cm -I 

only only g-dicarbonyl(S) above 

g-dicarbonyl g-diarbonyl linear(W) banci 

desorbs 

linear g-diarbonyl(S} linear 

only g-dicarbonyl 

Key to catalysts treatments: 

1. Catalysts reduced, and .cooled to room temperature, followed by  CO 

adsorption and outgassing at room temperature 

2. Heating the above catalysts to 150C. foUowed by CO adsorption and 

outgassing. 

3. Cooled the catalysts to 50C, and spectra taken under hydrogen. 
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but after reduction in hydrogen at 500C . it is completely converted to metMlic 

state. The oxidation state of Rh is not affected by subsequent treatments such 

as CO adsorption ~.nd reaction. Molybdenum e:dsts in the - 6  state after air 

calcination. The binding energy of Mo(3d~.,,~) in 3%Rh2.8%Mo/AloO3 is 1 eV 

higher than that of Mo+6 in MoOz. This has been explained as a result of the 

interaction between M o - 6  and the support,  where there is donation of electron 

density from molybdenum to oxygen or the oxygen binding AI and Mo is more 

electronegative than the oxygen in the bulk MOO3. On reduction in hydrogen at 

500C molybdenum is reduced from the - 6  state to a mixture of , 6 ,  - 5  and to - 4  

states W e n  in figures 9.8 and 9.9. However. substantial amount of molybdenum 

exists in - 5  oxidation state. 

This confirms with the data obtained from ESR experiments, which will be 

discussed later. The binding energy and the shape of the SIo peak do not change 

on subsequent CO adsorption and reaction. The reduction of Mo is increased with 

increase in Mo loading. Surprisingly, the extent of reduction of Mo is not affected 

by the presence of Rh. see figures 9.8 and 9.9. In contrast, with Ni and XIo the 

reduction of Xlo is enhanced by" presence of Ni. These results are consistent with 

previous investigations[9-12~. 

9 . 6 . 2  ~Relative Photoeleetronic Response 

Figure 9.10 shows the relative photoelectronic response of Mo (defined as 

Intensity of Mo peak: Intensity of A1) for Rh-.Mo/Al,_O3 and Mo:Al203. The 

variation of the relative photoeleetronio response for each .~eries o[ catalysts, i.e.. 

Mo Al~.O3 and Rh-.Mo AI~.O3 is linear with respect To Mo loading. This implies 

That the state of aggregation of molybdena is same in each series of catalysls at 

different Mo loading. However. the MoI3d) photoelec~roific response is higher on 

.Mo AI.~Oz than on Rh-Mo AI.~O3 . Furthermore, the photoelectronic response is 

no* very sensitive to catalysts t reatments such as reduction. CO adsorption and 
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Table 9.6: Binding energies of various elements referenced to Al(2p) peak for 
Rh.'AI203 . .Mo,'AI.,O3 and Rh-MoiLkl~,O3 after different catalysts 
lreatments 

Cat alysts Treatment Rh(3ds/~), eV Mo(3ds/.) , eV 

3%Rh/Ab.O3 

3",'~ Rh 2.8¢~Mo/A1203 

3,~Rh 2.8~.7c.XIo/AI,~O3 

(3Rh28MoC) 

7.5~.Mo/Al.-O3 

3~Rh 7.5%Mo :.¢ I.~03 

15 ,~.X.Io 'Al.-O3 

3¢'~ Rh 15¢,-.¢Mo, A1,O3 

Rh foil 

.MOO,, 

.'MOO, 

air calcined 310.5 

reduced 307.9 

CO chemisorbed 308.1 

reaction 307.8 

air calcined 310.5 

reduced 307.6 

air calcined 309.6 

reduced .307.3 

air calcined 

reduced 

air calcined 310.4 

reduced 307.4 

CO chemisorbed 307.7 

air calcined 

reduced 

C'O chemisorbed 

£ir calcined 310,4 

reduced 307.9 

CO chemisorbed 307.7 

reaction 307.5 

307.3 

232.7 

233.8 

233.5 

?.33.0 

233.3 

233.0 

233.5 

232.9 

232.9 

233.5 

232.5 

232.7 

233.3 

232.7 

232.6 

232.8 

233.5 

232.5 
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react.ion. Thus the state of aggregation of molybdena is not affected by the above 

treatments.  The lower photoelectronic response of Mo in Mo,;.kl~.O3 than in Rh- 

.M0/AI.~O3 may be due to rhodium blocking molybdenum phase or formation of 

mixed oxide, 

9 .6 .3  E s t i m a t i o n  o f  P a r t i c l e  Eize  

Grinding the catalyst does not. change the relative photoelectronic response 

appreciably, hence there is no surface segregation. The absence of surface segrega- 

tion allows us to use the model of Kerkhof and Moulijni13 ] to estimate crystaIlite 

size explained in figure 9.11. 

According to Kerkhof and Moulijn[13] 

(9.1) 

where 

lm - Intensity of modifier peak 

Is = Intensity of support peak 

m = -:- density of the modifier atoms in the bulk 

s = - '  density of the support atoms in the bulk 

D~ el = detector efficiency . where ~ is the kinetic energy of ejected photo- 

electron 

o',n..cr~ = Absorption cross-section for ejected photoelectron from modifier 

and support respectively 
f 

31 = - -  (9.2) 
k~s 
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where t = thickness of support  wall 

"3 

t - (9.3} 
p '~ So 

where p = density of the suppor t  

So = surface area of the suppor t  

Ass = inelastic mean free path  of ejected photoelect ron from support  ~ravet- 

ing th rough  support 

¢ 
3 2 =  - -  (9.4) 

) ' m s  

where ,kms = inelastic mean free path  of ejected photoe lec t ron  from modifier 

th rough the  modifier. 

c = thickness of modifier crystallite on the support  

and 

where , \ , ~  

c 
= 

= inelastic mean free path of the ejected phot.oelectron from the 

modifier through the modifier 

Since 31 and 3.. are func t ions 'o f  t only, and all )',3 should be same for 

Mo AI203 and Rh-Mo ;AI2Os . The  only parameter  which ctlanges is "c'. 

In a monolayer catalyst the  sixth term on the right hand side of equation (9.1) 

is unity. It is well known that  Mo-oxide forms a monolayer on A1203 • The lower 

photoelectronic response of Mo in Mo-Rh.;A12Os cannot be due to blocking of 

Mo-oxide by Rh crystallites. This  is because Rh dispersion is low and i~s covers 

a very small amount of the suppor t  surface area. The  decrease in photoelectronic 
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response of Mo cannot be due to mixed compound formation because (i) No 

detectable mixed oxide phase is found in X-Ray Diffraction studies in calcined 

and used catalyst and (ii) After reduction Mo e.xJsts in --6 and +5 state and Rh 

exists in metallic state , and under these oxidation states of Rh and Mo no mixed 

compound is possible. Hence the decrease in photoelectronic response is due to 

aggregation of Mo-oxide in, the presence of Rh. 

Hence using equation (9.1) for Mo/A120:~ and Mo-Rh/kl,,O3 

• tl .I M o - R h ' A I ~ 0 3  ( 1  - -  e - c~)  

I io /41 . ,0 :~  

(9.6} 

The ratio of relative photoelectronic response should be independent  of all 

the equipment parameters.  

From figure 9.11 and equation (9.6) we get a ~ 0.93 

Since ,\pp ~ 20.~. hence c ~ 20.:1.. 

Hence the particle size of Mo-o-'dde crystallite in Mo-Rh/A1,.O:3 is ~- 20 .'4. 

9.6.4 Effec t  o f  p H  of  t h e  S o l u t i o n  on  M o l y b d e n a  A g g r e g a t i o n  

In the previous section the aggregation of molybdena was observed. This 

aggregation might be a *rue aggregation or an artifact of method of preparation. 

I11 the preparation of Rh-.Mo A1,.O3 catalysts, the catalysts was ~ven  one more 

acid treatment than wi*h Mo AI~.O3 . This extra acidic solution is contacted 

when the Rlx-nitrate solution with a pH of 1-2 is used for impregnation.  Mo is 

also impregnated at pH of I-";'114,151. The theory of impregnation of ions from 

aqueous solutions on oxide surfaces was discussed in chapter 2. Since pZPC ( 

pH corresponding to the point of zero charge) for A1,,O3 is 8-9. the surface is 
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positively charged at a pH of 1-2. The predominant .klo species at pH of 1-2 and 

at concentrations corresponding to no excess solution impregnation for 7.5wt% 

Mo is MolgO~ [16]. However as evidenced by the linear photoelectronic response 

of Mo.;kl,.O3 . hence Mo is dispersed during the calcination in .Mo/AI',O3 . 

To check the effect of pH a batch of 7.5~Mo/A1-_O3 catalysts is taken and 

its pore volume was measured. Then, a solution with a pH of 1 was prepared,  

simulating the conditions for impregnatix~g rhodium salts. Then, the exact pore 

volume of the solution was added to the catalysts. The catalysts was then calcined 

in air. The photoelectronic response for the original catalysts and the pH treated 

catalysts did not differ by more than 10%. This should be compared with a 

507~ decrease in the photoelectronic response of Mo:'AI.203 when Rh was added 

to Mo.,:AI~O3 . Hence the aggregation of molybdena is a true effect and not an 

artifact of method of preparation. 

9.7 Electron Spin Resonance Spectroscopy 

Electron Spin Resonance Spectroscopy was performed specifically to qualita,  

tively investigate the chemical state of molybdenum. ESR was performed both at 

room temperature and at liquid nitrogen temperature.  ESR spectr~ were collected 

for calcined and CO-dosed Al203 , Mo/A1203 . Rh.'AI203 and Rh-Mo/AIsO3 . 

Figure 9.12 shows the ESR spectra of A1203 and 3-,~Rh/A1203 in the reduced 

state. Here again, both samples were calcined, reduced under flowing hydrogen, 

followed by CO adsorption at roola temperature.  There are no strong peaks in 

both alun~na and Rh,Al , .03 . The CATAPAL alunfina used is made from alu- 

m.inure isopropoxide and is one of the most pure foml of industrial.alumina avail- 

able. Thus there is no evidence of any ESR:active species in the sample. This is 

consistent v-ith the XPS results, because Rh e,'dsts either as Rh-metal crystallite 

or as isolated gem-dicarbonyl species. In Rh-metal crystallite, the oxidation state 
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of Rh is zero. Rh(0) is a d 9 state with unpaired electron, however: because it 

forms a metal crystallite the electrons are paired. In contrast, the gem-dicarbony[ 

species .-kI-O-Rh(I)(CO)~_ has rhodium in o.x.idation state of 1, which is d s. The 

gem-dicarbonyl species has all electrons paired, hence no ESR-active centers are 

expected. Also, spectra collected at liquid nitrogen temperature did not show any 

ESR-active centers. 

ESR spectra of calcined 7..5%Mo/AI.~03 and 3%Rh 7.5%Mo/Al.,O3 at liquid 

nitrogen temperature  did not show a.ny ESR-active center in both samples. The 

spike in the spectra is due to an external standard, DPPt t .  Molybdenum in calcined 

Mo/A1,O3 is expected to be in Mo(~6) state. Mo(+6) is a d o state and has no 

unpaired electron, hence is ESR-inactive. Hence Mo is an ESR inactive center in 

calcined 3%Rh 7.5•hIo/A1203 catalysts. This is consistent with the XPS results, 

because K2S shows that Mo e~st.s predominantly in - 6  oxidation state in calcined 

7.5,~Mo;Al_~03 and 3%Rh 7.5~Mo/AI.*O3 catalysts. 

Figure 9.13 shows the ESR spectra of 15%Mo/AI203 after various sample 

treatnmnts. Spectra C is for calcined 15~Mo/Al~03 at liquid nitrogen tempera- 

ture. There is a small amount of ESR-active center which shows up at the same 

g value as Mo(-rS) centers. SmaLl amount of Mo(+5) in calcined Mo/Al.,Oa has 

been observed by Rao et al.[9], especially when the catalysts is evacuated. ESR 

spectra of CO-dosed 15%Mo/A12Oa is shown in spectra B. The g-value of the ESR- 

active center in 15% Mo/Al*_O3 . presumed to be Mo(+5) is same as the g-value for 

7.5~Mo AI.-03 . i.e. 1.9611. This is consistent with the results reported by Kevan 

et al. 17.1,'3.". Here again, there is no fine structure around the ESR peak. This 

may be due lo either zero field or due to heterogeneity in the sample. ESR spectra 

was also collected at liquid nitrogen, with the aim of elucidating the fine structure 

around these peaks. However as seen in spectra A. there is no fine structure even 

at liquid nitrogen temperature.  
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F i g u r e  9 .12:  Elec t ron  spin resonance spec t ra  of IA} reduced and CO-dosed  
A1.'203 at room t e m p e r a t u r e  and  ( ]3 ) reduced and ( 'O-dosed  3% Rh Al~O.,, 
at room t e m p e r a t u r e  
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Figure 9.13: Elect ron spin resonance spectra  of t A) re,luc,-d and CO-do..ed 
1..'Se~-XIo AI~.O.3 at liquid ni t rogen t e m p e r a l u r e .  IB) reduced aad 
CO-dosed  ""'" 1o. c.X, lo a at room tempera*ure  and L t ' j  calcined 1~',"; .~Io Al:~Oa 
at l iquid n i t rogen  t e m p e r a l u r e  
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Figure 9.14 shows the ESR spectra of 3%Rh 15%Mo/AI-.O3 catalysts. The 

absence of any ESR-active center in spectra C. [or calclned 3~A.Rh 15~Mo/Al~.O.~ 

is indicative of rhodium being in (--'3) state (d 6) and ~lo being in - 6  o~:idation 

state (dO). Comparison of this spectra with spectra C of figure 9.13 shows that 

sm~ll amounts of (~-5) state observed in Mo/AI.~O3 is not seen here. Spectra B 

and C are ESR spectra for reduced and CO-dosed 3%Rh 15%Mo/AI..O3 catalysts 

at room temperature and liquid nitrogen temperature respectively. Here again. 

Mo(-5) is seen without any fine structure. 

In conclusion, the ESR experiments supplement and corroborate the XPS 

results to show that Mo exists in +6(d °) oxidation state after calcination. Also. 

rhodium exists in +3( d 6) oxidation state after calcination and in metallic particles 

or in the form of isolated Rh(I) species after reduction. Reduction of molybdenum 

containing samples show the presence of Mo(+5). The g-~alue for Mo(-5) is same 

in all catalysts. No fine structure is observed around the Mo{+5) peaks. There 

are no ESR-active centers in calcined and CO-dosed Al~.O3 and 3%Rh/.-kl-.O3 

catalysts. 

9 . 8  Ion -Sca t t e r i ng  Spect roscopy 

The evidence for aggregation of molybdena was shown in the XPS results. 

However the sampling depth of XPS experiment ranges from 10 to 30.:1 from the 

surface:!9:. Hence XPS results does not ~ve any information about top laver 

aggregation. ISS experiments were clone because ISS is sensitive to the top one 

or" two layers. Dr. Dennis Swartzfagger ran the ISS experiments at the duPom 

Experimental Station. 

i 

The aggregation of molybdena was studied using ion scattering spectroscopy. 

In low energy ion-scattering spectroscopy experiments, the sample is bombarded 

with a beam of ions..-k very small fraction of these ions undergo elastic scattering. 
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Figure 9.14: Electron spin resonance spect ra  of (AI reduced and ( 'O-dt,sed 
3%Rh 15e[.XIo AI:O~ at room t empera tu re ,  t BJ redttced aud ( 'O- 
dosed 3';; Rh ]:',"~.XIo AI'2_O: at liquid ,litro~en l , -mperature  and t ( ' i  
calcified 3c'~ Rh 15t'i.Mo AI:O?, at liquid ,,it rf,~e,t l e ,npera ture  
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The intensity of the scattered beam is measured as a function of angle of scattering. 

The peak position is a function of the nature of the element while the intensity 

is related to atomic density on the surfaces. Ion scattering is a surface sensitive 

tool and ~ves surface densities of elements in the top I to 2 atomic l~,yers The 

intensity of the peak is proportional to the number of atoms per unit surface area. 

As discussed in chapter 2, it is not possible to separate Mo and Rh peaks 

with 4He- ion source. Figure 9.15 shows the ion scattering spectra of calcined 

155"2.x, lo/A1203 . 3,%Rh/Al.~O3 and 3%15%/A1.-03 respectively. A typical ISS 

spectra consists of intensity versus the the energy of the outgoing ions. The 

first peak corresponds to the oxygen on the topmost layer of the catalysts. The 

second peak corresponds to aluminum. Also. there is a blocking effect due to 

the larger size of the oxygen anion. The  third peak corresponds to rhodium 

and molybdenum atoms or ions on the surface. Since the atomic number of 

molybdenum and rhodium are very close (42 and 45}. these peaks corresponding 

to these t~vo elements cannot be separated using helium ions. Use of higher atomic 

number ions increases the resolution, however the fraction of ions back-scattered 

decreases substantially. 

Figure 9.16 shows the ISS spectra of neon sputtered (A) 3~Rh/A120.3 , {B) 

15'7¢ .Mo/AI.-O3 and (C) 3~Rh  15~YcMo.,'AI203 catalyst. The average appro.'Gmate 

sputter length was 150 .-k. As explained in chapter 2. a single unique sputter length 

cannot be ascribed for sputtering on powdered samples. Table 9.7 shows the 

intensity ratios of various elements ratioed with respect to aluminum peak. From 

table 9.7 it is evident that the :I3lo--iRh) 1.41 is smaller for 3¢,'~.Rh 15~Mo AI~.O~ 

than 15:'~.XIoAl.~O~ . This implies that e i ther  Mo is aggregated in-the presence 

of Rh. or it is being covered up by Rh crystal lites. If the state of aggregation of 

molybdena is same in .Mo Al~.03 and Rh-.Mo A1203 catalysts, then the blocking 

of molybdena by rhodium will decrease the contribution of molybdena to the ISS 

signal intensity. However because mol.vbdena forms a monolayer on .'Mo: AI20.~ 
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catalysts, this decrease in intensity of molybdena by caused bv rhodium covering 

molybdena would be insignificant. Hence the decrease in intensity of the composite 

peak of Mo and Rh is due to aggregation of molybdena. This confirms and 

corroborates the XPS results. 

Table 9.7: ISS intensity ratios of various elements for 3%Rh/AN.O3.15%-'Mo/AI20s 
and 3¢/~Rh 15~Mo/kl.~03 catalysts 

Catalysts treatment IO/IAt (I.~o - I R h ) / I A I  

15~Mo/kl~. 03 calcined 0.74 0.89 

3%Rh/Al.~O3 calcined 0.37 0.15 

3~.:~.Rh15%Mo,' Al~. O~ calcined 0.63 0.84 

15¢~ Mo:' kl., O5 .Neon spur tered 0.47 0.47 

3¢.'~ Rh 'At~ 03 -Neon sputtered 0.32 0.06 

3~,'~Rhl-5~.'~Mo; AI.~Oo .Neon sputtered 0.51 0.04 
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The topmost layer of alumina surface contains hydroxyl groups, oxygen 

anions and aluminum cations. While the molybdenum on the surface of calcined 

catalysts e~sts predominantly as species(I). 

o 
 olvO 

/ \ 
0 c) 
I I 

A L  
Lx) 

The surface density of oxygen atoms is higher in molybdenum containing 

samples because molybdenum exists predominantly as species(I) and oxygens 

atoms have higher radius. Hence Io/I..ll in IS$ provides a good" measure of 

Molybdenum dispersion on the first two layers. The higher Io/I.¢e in Mo/Al.~Os 

compared to Rh-Mo/Al.~Os further proves that molybdenum in Rh-Mo .catalysts 

is aggregated. 

9.9 Solld-State Nuclear Magnetic Resonance Spectroscopy 

9.9.1 C h e m i c a l  Shifts 

Solid-State NMR spectroscopy is used to investigate the natare of carbonyls 

and their spatial distribution in Rh-Mo/.Al20~ catalysts. The sample preparation 

method is outlined in chapter 4. Both single-pulse and cross-polarization tech- 

niques were used. The spectral width used was 14kHz. The pulse delay was 5 sec 

and the number of scans were 63000. The contact time for the cross-polarization 

e.xperiments was 8ms. 

Figure 9.17 shows a typical NMR spectra of CO adsorbed on Rh/'Ab.O3 . In 

contrast, no detectable NMR signal was observed for Rh-.'vlo/A1203 catalysts for 

twice the amount of scan time. The adsorption of 13("O on these samples was 
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cross-checked using IR spectroscopy. The s~mple after the NMR experiment was 

taken into the glove box under nitrogen. The 13C'O dosed sample was then nfixed 

with degussa alumina for ease of pressing wafers. This mixture was then pressed 

in the form of a self supporting IR transpaxent w~fer. An infrared spectra of this 

wafer is given in figure 9.17. The IR spectra shows the adsorbed 13C0 on Rh- 

Mo/AI20~ catalysts. The absence of a detectable NX'IR signal is then attr ibuted 

to the presence of Mo+5 paramagnetic centers in the sample. 

9.9.2 C a l c u l a t i o n s  

As reported ear.lier, on reduction molybdena in Rh-Mo/A1203 is partially 

reduced to Mo(+5).  Mo (+6) has no unpaired electron while ' I o ( - 5 )  has one un- 

paired electron. This paramagnetic species causes an intense fluctuating magnetic 

field ~t the N~IR-active nuclei, This leads to rapid relaxation of NhIR-active nu- 

clei. The theory of relaxation of NMR-active nuclei by fixed paramagnetic  species 

in space was is given elsewhere!20-23]. As long as one lzC nucleus is relaxed 

on the metal  cr~'stallite , all the rest of the 13C nuclei can be relaxed by the 

phenomenon of  spifx diffusion. Since all the adsorbed 1:3C0 molecules on a metal 

crystallite are connected through the conduction electrons, the relaxation of one 

13C nucleus relaxes all the other laC nuclei. 

The results indicate that 13C'O adsorbed on Rh in Rh-Mo/AI.~O3 does not 

give any N.~IR signal. This at t r ibuted to the fast relaxation by" paramagnetic 

species. The peak width of a X.MR signal is inversely proportional to the spin- 

lattice relaxation time. T1. if the spin lattice relaxation time is much smaller than 

spin-spin relaxation time T~.. In the absence of an1 observable peak an estimate of 

the lower bound on the peak width can be made. "i'his can be converted to upper 

bound on T1, which in turn leads to upper  bound on the min imum separation 

distance between Mo(-5)  and 13C' nuclei b v r.he follo~ving expression. The  spectral 
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width used gives the range of zeeman frequencies.excited and hence gives a lower 

bound o,1 the peak width. 

The electron spin-lattice relaxation time is typically 10 -T to 10 -8 sec at 

300K:23.24}. 

where 

_ .  3~27~ 
TI 10rr 6 H o 

(9.7) 

~s is the gyromagnetic ratio of the unpaired electron 

r is the minimum separation distance between the Nk:[R-active center and the 

paramagnetic center 

H0 is the magnetic field strength 

The above order of magnitude analysis gives a separation distance of 0 (5  

.3k). This close proximity of Mo(+5) and C.O adsorption sites means that diffusion 

of chemical intermediates from one The minimum width of the detectable peak is 

1000ppm. This can be converted to frequency units and is 2.5× 103 Hz. This 

gives rise to an upper bound  on the spin-lattice relaxation time and is 

T1 > 4 x 10-5 ~ec 

This upper bound of Tl is then used to find the order of magnitude separation 

between the para~niagnetic center and the SMR-act ive center. 

Figure 9.19 shows the model used for relaxation of ?;MR-active nucleus by 

fixed paramagnetic centers. Since the expression for / '1  given in equation (9.7) 

a~.'erages over 3" Thus  the contribution from the lowest r ~s predominant.  This r e 

dependence arises from dipolar coupling between the nuclear spin Hanfiltonian 
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and the electron spin Hamiltonian. A brief summary of this theory is g iven 

in chapter 2. Secondly when an NMR-active nucleus is adsorbed on a metal 

crystallite, there is an overlap between the electrons of' the adsorbate and the 

metal crystallite conduction electrons. Thus ali ihe electrons on the NMR-active 

centers on the adsorbates are connected through the spin lattice relaxation time. 

Thus ":f the nearest NMR-active nuclei is relaxed, then the rest of the nuclei 

on the same metal crystallite are also relaxed. This relaxation of nuclear spins 

through the metal conduction electrons occurs through a well-known process of 

Spln-Diffusion. Details of the theory of spin-diffusion are given elsewhere[23]. Thus 

it is important  to recognize that  the order of magnitude of the distance obtained 

from equation (9.7) is the ensemble average of the minimum distance between the 

paramagne6.c center and the NMR-active center. 

9 . !0  D i scus s ions  

From XRD results, the average rhodium crystallite size was less than 30.~. 

in Rh/AI.~O3 and Rh-Mo/A12Os catalysts. Thus even though the amount  of CO 

chemisorbed decreases rapidly v;:ith the amount  of molybdena added, no concomi- 

tant increase in the rhodium particle size is observed. Also, the TEM results are 

consistent with XRD results since the particle size is below the detectable limit in 

Rh/a and Rh-Mo/AI2Os . 

The chenfical state or the oxidation state of rhodium'is zero under reaction 

conditions. The IR results show the presence of the linear and bridged spei:ies 

and gem-dicarbonyl species. The linear and bridges species are formed on the 

metal crystallite, where' the oxidation state of rhodium is zero. In contrast, the 

gem-dicarbonyl species is attached to an isolated rhodium atom with an oxidation 

state of one. As shown in chapter 7. and in many other investigations, the gem- 

dicarbonyl species is formed under o.~Sdizing environments and plays no significant 



.359 

direct role in the catalytic conversion of CO to hydrocarbons and oxygenates. Also, 

because the binding e n e r ~  of Rh(0) is very close to the binding energy of Rh(I), 

it is difficult to differentiate between Rh(0) and Rh(I} from the XPS spectra. 

However as shown by the IR and XPS results, under reaction conditions rhodium 

exists in metallic state and there is no change in the chemical state of rhodium 

with addition of molybdena. This is consistent ~i th  results reported by Jackson 

et ai.['2.5] on l:[h/Ik[o03 . 

After reduction under hydrogen at 500C for 1hour, molybdenum exists in +5 

and - 4  oxidation state, however most of the molybdenum e.xists in --,5 oxidation 

state. This is consistent with the results of other investigators[9-12]. This is also 

consistent with the ESR spectroscopy results in which Mo(+5) is obtained. The 

catalytic species may be Mo(-5)  or Mo('-4). Hall et al. [26] have reported that  

Mo( -4 )  is the hydrogenation site for many structure-insensitive reactions. 

Mo/Al.oO3 forms a monolayer on alumina surface. The effect of rhodium 

on the physical sta, e of the molybdena is drastic. The presence of rhodium 

aggregates rhodium and this aggregation takes during the calcination stage. Thus  

the molybdena is in an aggregated form in the presence of rhodium. After 

reduction, rhodium oxide particles are reduced to rhodium crystallite and the 

molybdena is reduced from - 6  state to a nfixture of - 5  and -:-4 state. Furthermore, 

the aggregation is not due an artifact of the method of preparation. This was 

checked by contacting the Mo 'AI~.O3 catalysts s~ith an acidic solution of pH--1. 

This aggregation may be caused due a form,~tion of nfixed o':dde of molybdena and 

rhodium oxide. .MoRh2Os. nfixed oxide is well-known and is formed by ntixing 

-MOO3 and Rh_~O3 at 600('. Prins et al.'2T have found shift in the TPR spectrum 

of Rh,'AI.~03 and Rh-.kIo: Alo03 and have at tr ibuted this to formation of mixed 

oxide. Thus the quantilative XPS results reported in earlier section are consistent 

with the results of Prins et al.'2T:. 
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After reduction since'the rhodium oxide is converted to metallic state and 

the motybdena is converted to sub-oxide. At this point the nfixed oxide separates 

into Rh metal and partially reduced MoO~ . In contras~ the molybdena in 

Mo/A1,O3 does not aggregate on calcination because of the absence of rhodium. 

The state of aggregation of molybdenum is not affected by catalysts treatments 

such as reduction: CO chemisorption and reaction because the Mo photoelectronic 

response does not change appreciably on these treatments. The ISS results 

corroborate the XPS results. The particle size of Mo in Rh-Mo/A1203 can be 

calculated using Kerkhof and Moulijn model and is ~ 20)4. This is consistent 

with the XRD results because the particle size calculated from quantitative XPS 

analysis is less than the minimum particle size detecLable by XR.D. Figure 9.20 

shows a schematic of the presence of mixed oxides and aggregation of molybdena 

after various treatments. 

Researchers from Union Carbide were the first to observe the dramatic effect 

of addition of small quantities of poorly reducible oxides such as those of Mn. 

Mo, W, Fe on the activity and selectivity of Rh/Si02 catalysts!28.29]. Based on 

their observations[30] that the promoter ions exist in close proximity to the Rh 

erystaliires, they postulated tha t  tl~e promoter forms a mixed omde with Rh and 

this would decrease the rate of CO dissociation, thereby decreasing the carbon 

build-up on the catalysts, which would result in higher activi'ty of the catalysts. 

This explanation was later proved to be incorrect[31-33i. The XRD.. IR and XPS 

results shown in this chapter do not support the above hypothesis. 

Several investigators have used the differences in the acidity-basicity of the 

support and the modifier to explain different product distribution. Basic supports 

such as magnesia were reported to favor oxygenates formation 1-34.2-.5]. but no clear 

correlation between basicity of the support and its activity or selectivity when Rh 

was supported on it could be found[36!. Recall that the reaction studies of different 

modifiers listed in chapter 5 do not support this hypothesis. 
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The oxidation state of Rh is speculated to play a major role in determining 

the activity and the selectivity 31,37-39". The most comprehensive mechanism 

so far. was put forward by Sachtler and coworkers:37.38, to account for the wide 

range of product distributions observed for supported catalysts in CO hydrogena- 

tion. They deduced this from several pieces of experimental information. Accord- 

ing to their "'dual-site:" model, dissociative chenfisorption of CO and hydrogen, 

the formation of CH= groups, and chain propagation occur on the ensemble of 

Rh atoms. Termination of chains by H abstraction or addition resulting in the 

formation of hydrocarbons also take place on the same ensemble sites. Termina- 

tion of chains by CO insertion, resulting first in acyl groups which can then be 

hydrogenated to aldehydes or primary alcohols, is thou.ght to occur on different 

kind of sites, most probably on R h -  ions..4, large amount of experimental evi- 

dence was collected, to support this mechanism in recent yearsi40.41 ]. According 
? 

to this mechanism, formation of methanol occurs by the direct hydrogenation of 

molecularly chemisorbed CO, again, most probably on the R h -  centers, and for 

the formation of C2 and higher oxygenates, both kind of sites, viz., Rh ensembles 

which dissociate CO and R h -  sites which help CO insertion into the adsorbed CH= 

species are needed. Some experimental data "34.42,4.3: contradict the necessity of 

R h -  centers for the formation of C2-oxygenates,  and show that the selectiv- 

ity to methanol formation is related to the presence of Rh ionsi43!. Although the 

presence of small amounts of'extremely catalytically active Rh{-1 ) under reaction 

conditions cannot be ruled out. The evidence from IR studies sho~vs that the gem- 

dicarbonvl species associated with R h ( - 1 )  does not e.-dst at temperatures greater 

than 160C. Yates et al. 44" have shown using isotope exchange experiments that 

the gem-dicarbonyl species unlike the linear and the bridged species exchanges 

very slowly, and hence it is unreactive. T h u s  even when the gem-dicarbonyl is 

presem, it not reactive. 
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To explain the significant increase in the activity of silica supported Rh 

catalysts on the addition of bin or Mo, Sachtler et al.i45': proposed that the true 

function of the promoter o,'¢_ide is to decrease the he~t of CO chemisorption and 

stabilization of Rh ions. This could increase the surface concentration of hydrogen 

which results in increased activity. But strong, experimental evidence[g2,46,471 

shows that when Mn, Ti or Zr promoter oxide are present on Rh/SiO~, . the 

IR stretching bands corresponding to bridge bonded CO shift considerable lower 

frequencies which indicate a lowering of CO bond strength and increased heat of 

CO chemisorption; ~ontrary to the assumption of Sachtler et a/.[45]. 

The idea of activation of CO by bonding through both ends has been in 

e.,ristence for a long time[48] and it has become popular in the explanation of the 

metal-support effect enhancing the CO hydrogenation rates over TiO2 supported 

group VIII metal catalysts[4g-51). To explain the effect of promoters on Rh 

catalysts also, this is gaining popularity recently [30,32,38,52], and the in-situ 

FTIR evidence ~32.33,47] for the tilted CO'chemisorption mode gi th its carbon 

bonded to Rh atoms and the oxygen to the promoter ions overwhelmingly supports 

this idea. The criticism of this theory stems from the experimen~a/ observation 

that the addition of alkali ions to Rh catalysts decreases the activity for CO 

hydrogenation, at the same time the IR bands corresponding to the bridge bonded 

CO on alkali promoted Rh catalysts are also shifted to lower frequencies.[53~. 

thereby indicating a strengthening of the Rh-CO bond and weakening of C-O 

bond. But. it is possible that the effects of this weakening of C-O bond might be 

different in the two systems during the catalytic reaction and some times the shift 

can be attributed to dipolar coupling. In contrast, the IR spectra reported here 

do noi show any evidence of weakening of CO bond of adsorbed carbon monoxide. 

The C-O bond in the gem-dicarbonyl species is.slightly strengthened. This may be 

due to fhe physical interaction between the oxygen of the molybdena interacting 

with the carbon a.tom of the carbonyl ligand of the gem-dica.rbony! species. Thus 
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the two order of magnitude increase in the rate of CO hydrogenation cannot be 

explained by weakening of CO bond. 

Explaining the very significant changes in the selectivity brought about by 

Mo is even more complicated. According to the present belief:45 I, hydroca.rbons 

are formed by CO dissociation on ensembles of Rh atoms and hydrogenation of 

the surface carbon; methanol  is formed on Rh ions: and the other oxygenates 

( C 2 -  oxygenates) are formed via a dud  site mechanism wherein alkyl groups are 

formed on metallic Rh. nfigrate to Rh ions on which CO insertion takes place prior 

to subsequent hydrogenation to form various classes of oxygenated compounds. 

Thus, the product distribution is simply dependent on the relative concentration 

of Rh metal and Rh ions on the surface. There are some indications in the current 

literature that the Rh is in an oxidation state between 0 and l. and this rhodium 

site is active for both hydrocarbon and oxygenate formation[54]. Ponec et al.[43] 

recently showed that C2 oxygenates can form on catalysts that do not contain 

any R h -  ions, making the Sachtler's explanation doubtful. They also showed that  

methanol formation is directly related to the amount of R h -  ions. 

Ichikawa et a1.[55! classified the promoters into two groups. The first group 

consists of highly oxiphillic elements such as Mn, Ti or Zr that are present as 

sub-oxides and form an incomplete overlayer on metal: they interact with the 

O atom of the adsorbed CO on the same metal, thus weakening the C-O bond 

favoring CO dissociation and hence the formation of alkyl groups. The second 

group. Zn. big and Fe. impede CO dissociation by blocking the "'Freundlich" 
J 

sites oa the Rh surface forcing the adsorption of CO in linear position resulting 

in the suppression of methane formation, promotion of methanol formation and 

acceleration of nfigrator.v insertion of adsorbed C.O. 
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Kiennemann et al.'56] and Kuznetov et a1.[.571 have proposed that hydrogen 

assists greatly in the CO bond breaking. This adsorbed CO forms formyl species. 

However this theory has been long ruled out in FT synthesis. 

Dissociation of hydrogen on non-stoichiometric molybdena with transfer to 

the CO chemisorbed on Rh is one possible reason for enhanced activity. Borg 

et a1.1581: to explain the synergistic effect of Pt-Mo supported Y zeolites in CO 

hydrogenation, proposed that Mo atoms act as dissociative adsorption sites for CO 

and carbidic Mo species are hydrogenated by hydrogen dissociated on Pt atoms. 

However the last explanation can be ruled out because, in the Rh-Mo/AI~.O3 

catalysts investigated in this chapter Mo exists in +5 oxidation state and from IR 

results there is no CO adsorption on b lo/Al,,Oa catalysts above 120C. 

Thus there are two possible reasons for the increase in the rates of CO 

hydrogenation on Rh-Mo/Al.~O3 catalysts. First, the increase in rate can be 

attributed to the special sites at the interface, where CO is bonded at both ends. 

This leads to very tow frequency CO vibrations and enhanced CO dissociation. 

The second possible reason is due to the reverse spillover. In this mechanism, the 

hydrogen is activated and stored in partially reduced molybdena, this hydrogen 

can also be activated by rhodium, and be stored by partially reduced molybdena. 

Partially reduced molybdena is well-known to form bronzes, i.e., non stoichiometfic 

compounds of hydrogen and molybdenum oxides. Both the hypothesis can explain 

the increase in the rate of CO hydrogenation on Mo addition. However. each 

of the hypothesis should be consistent with the detailed characterization and 

reaction data at various loading of Mo. For example, if the interracial sites are 

the active sites. Then in the first approximation, the rate of CO hydrogenation 

is proportional to the number of interfacial sites in a given amount of catalysts. 

Various models of decoration of molybdena on Rh crvstallite ~ve  rise to different 

variation of number of interracial sites. 
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Figure 9.2t shows the various models and the variation in the number of 

interfacial site versus the surface of the rhodium crystalli'te covered. The first 

scheme is called the "'radial cover-up'" scheme. In this scheme the motybdena 

particles cover up the particle radially. As more molybdenum is added, the 

surface of the particle cover-up. This type of distribution of phases is present 

when the partially reduced oxide wets the support surface better than the metal 

crystallite surface. In this case the interfaciar sites decrease monotonously as more 

molybdenum is added. If th," r.~te of 'CO hydrogenation is directly proportional 

to the number of interracial sites, then the rate would decrease from 2.8~,Mo. to 

7.5~.XIo to 15~.hIo. However experimental evidence shows that the rate of CO 

hydrogenation increases as molybdena is added' till 15%. 

The second scheme shown in figure '9.21 is called the "'Constant Nucleation 

Site". In this scheme, there are a fixed number of nucleation sites for molybdena or 

partially reduced molybdena on supported rhodium metal particle. In this scheme 

at low molybdena coverage the number of interracial sites would increase with the 

amount of molybdena added, since the particle size of the molybdena increases 

and the number of the interracial sites increase with the particle size. However 

at high molybd.ena coverage, aggregation or agglomeration between the particles 

takes place which leads to decrease in the number of interracial sites. Thus there 

is a ma.x.imum in the number of the interracial sites versus the fraction of rhodium 

surface blocked by parti£11y reduced molybdena, This maximum occurs when 

approx.imately 50~. of the rhodium surface is blocked by the partially reduced 

molvbdena. Thus in this scheme the number of interracial sites go through a 

maximum at about 50% in the rhodium surface blockage. Recall from the CO 

chemisorption data showu in earlier sections, the CO chemisorption of 3~.Rh 

15~Mo.'A1203 is one-fifth of the CO chemisorption of 3cTcRh/Al~.Oa . The IR 

results show that the same stoichio,, ~.ry is valid for Rh/kl,_03 and Rh-Mo/Al?02 

The XPS results show that all the Rh is in nmtallic state and hence has the 
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increase in Mo loading 

F i g u r e  9.21: Different distribution of an oxide on a metal particle and the 
variation in the number of interracial sites 
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potential of adsorbing CO. Thus 80,~ of the rhodium surface is blocked on 3%Rh 

15~.XIo,AlzO~ catalysts. Thus the interracial site mechanism would predict that 

the rate of CO hydrogenation would reach a ma:dmum when .50% of the rhodium 

surface is covered. However, the rate of CO hydrogenation increases with the 

amount of molybdena added. Hence the this" schemeof interracial sites can be 

ruled out. 

If the assumption of constant number of nucleation sites of the second scheme 

is relaxed, i.e.. if the number of nucleation sites increase with the amount of ,.Mo 

added, then the maximum in the [nterfacial sites versus the fraction rhodium 

surface blocked shifts to the higher percentage. However this scheme is not 

probable because of the large energy required to produce increasing number of 

isolated nucleation sites. Although, the "radially outward gro~ing" scheme shown 

in figure 9.21 can also explain the data, thi~ scheme is not considered feasible. The 

key assumption in the above arguments are (i) the particle size of rhodium does 

not change on addition of molybdena and (ii) the reaction rate of each interfaclal 

site is constant within the Mo loading range investigated. 

Recall from chapter 8 that the activati;on energies for the overall rate of 

CO consumption does not change appreciably on Mo addition to R.h/AI203 • 

Therefore, the two order of magnitude increase in the rate of CO hydrogenation 

cannot be attributed to decrease in CO hydrogenatibn. The power law fit of the 

overall rate of CO consumption show that the overall rate of CO consumption 

is less inhibited by the presence of gas phase CO on Rh-~Io:'A1203 than on the 

Rh,AI.~O3 . Thus somehow the rate of hydrogenation of CO on Rh-Mo A1-..O3 is 

less inhibited by CO in the gas phase. This shows the good hydrogenation activity 

of this catalysts. This is further corroborated by the near absence of acetaldehyde 

from the product distribution. Ethanol unlike acetaldehyde is the predonfinant 

C2 oxygenate. Thus the hydrogenation activity was tested using reactions such as 

ethylene hydrogenation. However these test reactions are usually performed not 
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only under conditions that do not represent the CO hydrogenation conditions but 

also the ga.s phase environments under these test reaction conditions are different. 

For example, under CO hydrogenation conditions at high pressure, the partial 

pressure of CO in the gas phase is high. this leads "~o virtual blockage of the metal 

sur£ace by adsorbed CO. This is manifested in the negative exponents for partial 

pressure of CO in the overall rates of consumption of reactants. Hence it was 

decided to perform ethylene hydrogenation in the presence and absence of CO in 

the gas phase. 

The  ethv!ene hydrogenation results clearly demonstrate the catastrophic 

decrease in hydrogenation capability of Rh/Al.~03 in the presence of gas phase 

CO. The ethylene hydrogenation results also show that Rh-Mo/.-kl.~O3 behaves 

like Rh/XI~.03 in the "absence of gas phase CO while it behaves like Mo/AI.~O~ in 

the presence of gas phase CO. Thus under the reaction conditions where the partial 

pressure of CO in the gas phase is high, the t~e hydrogen activation takes place 

on the partially reduced motybdena. The ethylene hydrogenation experiments do 

not rule out the presence of high hydrogen storage ability of partially reduced 

molybdena. This is not surprising in view of the well-known hydrogen activation 

and storage capability of molybdenum bronzes, i.e., non-stoichiometric compounds 

of hydrogen and molybdenum o,'ddes. 

However ~he IR results and the reaction studies on Mo/.-tN.O3 show that CO 

activation can only take place on Rh metal. Thus in this case there is dual-site 

mechanism: the first site is the Rh metal where the CO is activated, while the sec- 

ond site is partially reduced molybdena on which hydrogen activation takes place 

or hydrogen storage takes place. It is important to recognize thal the conclusion 

hold true only for the set of catalysts investigated. This model is consistent with 

all the schemes listed in figure 9.2_I. since the larger the amount of molybdena 

added the higher the hydrogen activation center. It is not clear if the reaction still 

takes place at the interface. Clearly. the activation barrier [or diffusion of CO on 
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the surfaces is very high. and hence the reaction proceeds through CO activation 

on rh.odium surface, hydrogen diffusion from the partially reduced molybdeaa fol- 

lowed by reaction. This model is consistent with the observed CO hydrogenation 

kinetics, since in Rh-Mo/AI_~O3 ca.talysts, the hydrogen activation on Rh surface 

is not lira.Steal. Thus the overall rate of consumption does not show strong negative 

exponent for partial pressure of CO. 

A dual-site mechanism is useful when the separation between the two sites 

is less the diffusion length of intermediates oh the surface or the two sites are 

located close to one another. This is checked by Solid-State NMR spectroscopy. 

The relaxation calculations clearly show that the minimum of the average distance 

between the Mo(-5)  and the C-13 nuclei on adsorbed CO on Rh particle is of the 

order of 5.°4. Here again the results are consistent with the dual-site mechanism. 

However each of the schemes are consistent with a dual-site mechanism 

where CO is activated by Rh and the hydrogen is activated by partially reduced 

molybdena. From a catalysts development viewpoint, the dual-site mechanism 

provide a new tool to design and balance the two sites for optimum activity and 

selectivity. The near absence fo the inhibition of CO on the overall rate of CO 

hydrogenation shows that the catalysts is not llrr.']ted by CO activation centers. 

If more molybdena is added, the CO shemisorption would decrease further and 

at some stage, the CO activation center would limit the rate. However for the 

catalysts investigated, the CO activation centers were not the limiting centers. 

This implies that there is more rhodium atoms than the nfinimum needed without 

affecting the performance of the catalysts. 

The higher selectivity of this catalysts is a direct result of the higher activity 

which leads to lower operating temperature. Recall from chapter 8. that the 

activation energy for oxygenates is much lower than the activation energy for 

hydrocarbons. This leads to higher activities at lower operating temperature. 



9.11 Conclusions 

371 

The Rh-Mo/AI203 and the Mo/AI_~03 catalysts system were characterized 

with the aim of explaining the unusually high activity of Rh-Mo/AI.~O3 for CO 

hydrogenation. The rhodium and the molybdena in both the catalysts system 

are well-dispersed with a particle size of < 30:4. The rhodium surface is partially 

blocked by molybdena or partially reduced molybdena. Rhodium is in metallic 

state and molybdenum is in the --5 and +4 state under reaction conditions. The 

addition of rhodium to Mo/A1203 decreases the dispersion of molybdena due to 

formation of mixed o.'dde. 

The CO bond is not weakened on Mo addition. The hydrogenation activity of 

Rh-Mo/klo.03 catalysts stems from the rhodium component in the absence of gas 

phase CO and from Mo-component in the presence of gas phase CO. The reaction 

kinetics, the test. reaction data and the characterization results are consistent with 

a dud-site mechanism where CO is activated at the metal center, i.e., at rhodium 

metal crystaUite and hydrogen is activated at the partially reduced molybdena. 

This second site, the partiall.v reduced molybdena is less inhibited by gas phase 

CO and is in close prommity with the metal crystallite. 
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C H A P T E R  i 0  

O V E R A L L  C O N C L U S I O N S  

A N D  R E C O M M E N D A T I O N S  

10.1 Ove ra l l  Conc lus ions  

The effect and the role of modifiers in supported rhodium catalysts for 

synthesis of oxygenated products from CO hydrogenation is investigated in this 

dlssertatioi~. 

The effect of using various rhodium salts as precursors in a no-excess im- 

pregnation on the performance of Rh/Al.,O3 catalysts was minor. The catalysts 

derived from acetate precursor were less active and less selective than the cata- 

lysts prepared from chloride and nitrate salts. The activity of various supported 

rhodium catalysts varied as 

T]O~. >Al.~O3 .':.-La.,O3 >.MgO>SiO} >Florisil(silica-magnesia) 

and the selectivity to oxygenates varied as 

Florisil-,- .MgO ". La,.03 :, SiO~_ > A1,.O3 -,- TiO2 

However. the selectivity is a strong function of conversion. Addition of Ti and .Mn 

to Rh '.-kl-.O3 did not substantially change tile overall activity or the selectivity 

to oxygenates. Addition of Sn completely poisoned the formation of oxygenates. 

In contrast, addition of .Mo to Rh/AI203 increased the overall activity and the 

selectivity to oxygenates. Similar effects were observed on addition of Mo to 

Rh/TiO,_ and Rh:'SiO_- catalysts. 
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The activity of Rh-Na/A1203 decreases exponentially with the sodium con- 

tent. The rate of formation of hydrocarbon is decreased nmch more than the 

rate of formation of oxygenate formation. This leads to increase in selectivity 

to oxygenates. Air treatment of Rh-Na/.4.N.O3 causes agglomeration of rhodium 

particles and decreases the selectivity to oxygenates. 

The XPS. and T P R  results show that  rhodium is present in a metallic state 

after reduction and under reaction conditions, The physical and chemical state 

of 'Na in Na/A1203 and Rh-Na/A1203 is the same after various treatments such 

as reduction under  hydrogen at 500C, CO adsorption and reaction. The TPR:  

XRD and hydrogen chemisorption results show that rhodium is well dispersed in 

Bh/AI203 and Rh-Na/AI203 catalysts with some rhodium surface covered with 

sodium oxide. IR results show that addition of sodium to Rh/AI.~O3 hinders the 

formation of gem-dicarbonyl species associated with R.h(I). This is due to the 

blocking or removal of surface -OH groups. The IR and XPS results on silyalated 

surfaces also show the decrease in formation of gem-dicarbonyl species. The utility 

of high pressure IR was seriously hampered by strong'interference from gas phase 

carbon monoxide. 

A new method for kinetic pa.thway analysis, the delptot method,  is developed 

and used. This method consists of plotting (mole fraction(y)/(conversion(x)) ~ 

versus x. For a series of first order reactions, a finite intercept of the above plot 

denotes a product  of rarik r, while a ze.ro intercept denotes a product of rank > 

r. This method is used To sort products according to their rank. In a complex 

reaction pathway such as in the Fisher-Tropsch synthesis network, this method 

can not only be used to find the number of reaction steps but also be used to find 

the location of slow steps in the reaction pathway. The delplot method is also used 

to identi~" reaction steps and separate regimes of conversion where the product 

rank changes..XIanv new concepts such as the network rank and the effective rank 

are developed. The quantitative foundations of this method for any given kinetics 



378 

and higher rank products is developed. The theoretical basis for separation of 

regimes using order of magnitude analysis and singular perturbation analysis was 

developed. Many variations of the de[plot method such as the product-based 

delplot and the fractional-rank delplot were also developed. 

The addition of large amounts of molybdend to Rh/A12 03 increases the rate 

of CO hydrogenation greater than 10-fold. The water gas shift reaction is acceler- 

ated and the selectivity to oxygenates is also increased. The Mo/AN.O~ catalysts 

showed very low activity and no selectivity to oxygenates under sindlar conditions. 

On Rh-Mo/'Al.~O3 catalysts methanol production is significantly increased and in 

addition large amounts of e~hers are formed as a result of the higher acidity of the 

catalysts. Unlike Rh/A120,~ , on Rh-Mo/kl-.Os almost no aldehydes are formed 

and no acids are formed. Even though the C2+ oxygenate selectivity as a fraction 

of the total oxygenates decreases on addition of Mo: the total amount of C2+ 

oxygenates formed at a given conversion ~ncreases due to high selectivity to all 

oxygenates. 

The overall activation energy for CO consumption is the same on Rh/A!203 

and Rh-Mo,:Al*_O3 . The activation energies of various products are different and 

this lead to changes in the selectivity with temperature. From kinetic studies 

it was shown that the overall rate of CO consumption on Rh-Mo/AI203 was 

less inhibited by presence of CO in the gas phase as it was for Rh/Al:O3 . 

Ethylene hydrogenation results strongly, suggests that the hydrogenation activity 

of Rh-Mo Al~.O3 in the absence of CO arises from the Rh-component and in the 

presence of ('O arises from the molybdena-component. On Rh. A1203 the ethylene 

hydrogenation activity was poisoned immediately but on ).Io.'AI203 the activity 

was poisoned slowly by added CO. 

The delplot analysis shows that at 200C. 30arm and hydrogen/CO=5, almost 

all the products are primary products indicating that the water gas shift reaction 
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and ether formation reactions are fast on the process time scale. Because most 

of the products are primary products,  the effective rank of these products is 

same as the network rank of these products. Thus by using the permutation of 

network rank of the products the slow step in the entire reaction network except 

for methanol  formation was identified to be formation of Cttz precursor on the 

catalys~s surface. 

The CO chemisorption, TEM and XRD results show that  molybdena blocks 

part of the rhodium crystallites. Rhodium e~sts  in a metallic state after reduction, 

and motybdena e~sts as partially reduced molybdena with Mo in Mo(V) and less 

amount of Mo(IV) o.vddation states after reduction. Subsequent treatments such 

as CO chemisorption and syngas reaction at 200C do not affect the chemical state 

of Mo and Rh. The ESR spectroscopy results show the presence of Mo(V). From 

XPS and ISS: molybdena was observed in a more aggregated form in Rh-MofAl~_O3 

than was the case for Mo/Al.~O3 catalysts. This aggregation takes place during the 

calcination stage and is probably due to formation of mixed oxide MoRh.~O6. The 

particle size of molybdena in Rh-Mo/Al.~O3 is ~ 20.~. Also the average shortest 

distance between the Mo(V) and the adsorbed CO estimated from solid-state NMR 

spectroscopy and the theory of nuclear relaxation is of the order of 5.~.. 

The reaction studies, kinetics, characterization results and test reaction 

studies indicate that the synergistic effect of addition of Mo to Rh/A1203 on 

the overall activity and selectivity to oxygenates is due to a second hydrogenation 

site. This second hydrogenation site is partially reduced molybdena,  which can 

activate hydrogen. This site is less poisoned by carbon monoxide than the rhodium 

• metal crystallite and is in close pro.,dnfity to the metal particle. Thus a dual-site 

mechanism can be envisioned, with CO being activated by rhodium and hydrogen 

either activated or stored by the partially reduced motybdena.  
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10.2 R e c o m m e n d a t i o n s  for F u t u r e  W o r k  

The delplot anl~,sis needs further development to incorporate the effect of 

transport limitations and thermodynamic constraints. Also, error propagation 

analysis, fractional rank delplot~ recursive relationships for effective product rank 

for fractional order kinetics laeed further investigaton. The rank of the product is 

same as the distance between the product" node and the reaction node in reaction 

chemical graph theory. Because of the strong similarity between reaction chemical 

graph theory and delplot analysis: a more detai ledlook at the use of chemical 

graph theory in delplot analysis is warranted. 

In this dissertation, the investigation was primarily focussed on the rhodium 

based catalysts and the activation of CO. In contrast, very little is known about. 

activation of hydrogen in these systems. Hence structure-sensitive test reactions 

such as ethane hydrogenolysis could provide very useful information on the nature 

and the type of ensembles in Rh /khO3 and Rh-Mo/Ab.03 catalysts. Investigation 

of the role of carbon dioxide as a feed can provide interesting leads into the working 

of these catalysts as has already been done for methanol synthesis catalysts. 

Because of the recently reported breakthroughs in sulfided catalysts for oxygenate 

synthesis, the reactivity of sulfided Rh-Mo/AI.~O3 catalyst's also needs further 

investigation. 

The nature and the distribution of oxide layers needs further investigation. 

Specifically. the problem consists of finding a probe molecule which can discrim- 

inate between the molybdenum ox.ide phase and alumina without adsorbing or 

disturbing the rhodium phase. Prelinzinary results in this laboratory have indi- 

cated that carbon dioxide is a good probe for discriminating between these oxide 

phases. The high pressure IR in. conjunction with techniques to remove the strong 

gas phase CO peak could be of use to monitor surface species under reaction condi- 

tion. The strong gas phase CO can be narrowed by the use of two-beam technique 
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to quench the rotational bands. The first beam is the [R beam and the second 

beam is a wide-range nficrowave source. The dynamic information obiained from 

relaxation in N.~IR-spectroscopy of the oxide probe has the potential of providing 

useful information of the spatial distribution of various components on the surface. 

Sodium modifed Rh/A1203 catalysts are not as promising as Rh-Mo/A1..O3 

catalysts, because sodium lowers activity. Here again the major issue is how does 

sodium oxide distribute itself on Rh/A1203 catalysts. Substantial portion of the 

sodium is expected to bind to the bare alumina surface, however small amounts of 

sodium changes the activity of the catalysts. This small amount of sodium may not 

be detectable by spectroscopic techniques. Hence techniques which enhance the 

signal from modifiers near the metal crystallite s h o e d  be investigated. Foremost 

among them is the use of probe molecules such as carbon dioxide to study oxides. 



A P P E N D I X  A 

C A L C U L A T I O N S  OF P O S S I B L E  

T R A N S  P O RT" LIM ITATI  O N S 

This analysis shown in this appendix is based on local heat and mass transfer 

effects on the small particles. Many  anomalous effects on small particles such as' 

~ 'pass ing and agglomeration is still being developed. 

A.1  M a s s  ~ r a n s f e r  

A . I . 1  A x i a l  D i s p e r s i o n  

To find the effect of axial dispersion we use the Mears criterion. 

has shown that the axial dispersion effects are insignificant if 

L 20n.  

where 

L=  catalysts  bed length 

dp = particle diameter 

n = reaction order 

Pea = Peclet number based on the effective diffusivity in the axial direction 

C0 = concentration o[ reactant in the feed s t ream 

Mearsil] 
. . 

(A.1) 
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C = concentration of reactant  in the e.xJt s t ream 

The support  particles used were 60mesh-100 mesh. so lets use a conservative 

estimate of 0.025cm as the particle diameter.  Froment and Bischoff[2] show that  

Pe~ lles between 1 and 2. Also, for calculations use the maximum conversion of 

25%. C / C o  = 0.75. Thus equation (A.1) reduces to 

L 
- -  > 8 (A.2) 
dv 

But a typical amount  of catalyst used is 0.6-1gin, and with a apparent density of 

1gin/co, the bed length is 2era. Thus 

L 
- -  = II0 >> 6 
dv 

Hence the axial dispersion effects are insignificant under the conditions used. 

A.1.2 I n t r a p a r t i c l e  M a s s  T r a n s f e r  

The Weisz-Prater  criterion will be first used to rule out intrapart icle mass 

transfer effects[3!. The Weisz-Prater criterion rules out intraparticle mass transfer 

if 
"t 

( r ~. Jobsd~ 
tb = >> 1 (A.3) 

4D~Cg 

where 

= Weisz-Prater  modulus 

(rrJob s = observed rate of consumption of a reactant 

De = effective diffusivity 

('~ = molar concentrat ion of fluid reactant on the solid surface 
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A typical (r,.)oS, is ~ 5  x 10 -4 gmole/lit-sec. The diffusivity of a gas can be 

est imated,  however here we use the data reported in table 1.1 of reference [4~. 

D c o - I - I ~ . P  = 0.651 c m "  - a t m / s e c  at  273K 

Correcting it to temp of 498K and a pressure of 45 atra, we get 

Dco-I.I= = O . 0 3 5 6 c m ~ ' / s e c  

An approximate tor tuousi ty  factor "r and a void fraction will be used. A good 

est imate for -r is 4. and for 8 is 0.6. Using this the effective diffusivity Dr is 

D~ D0 
= - -  ~. O . O 0 5 c m 2 1 s e c  

r 

Also (.'Co = 0.5 gmol/l i t  at 200C and at a partial pressure 10 atm. 

Thus substi tuting the above variables in the Weisz-Prater criterion, we get 

10 -6 << 1 
4 D e  (,'co 

Thus there is no significant intrapart icle concentrat ion gradients. Since the Weisz- 

Pra ter  modulus is much smaller than unity, the rough est imate of the variables is 

justified. The Weisz-Prater criterion has many exceptions, so to make sure we use 

the Thiele modulus method.  The Thiele modulus is # y e n  by 

m 

dp .' k,. 

°=TV  

The reaction can be considered to be nearly first order in hydrogen. Thus  

a conservative estimate of rate can be calculated from the overall rate and the 

h v(irogen concentration. At a hydrogen partial pressure of 20atm, and tempera ture  

of 500K. the concentrat ion of hydrogen is 0.5 gmol/l i ter,  Using this concentration 
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of hydrogen and an approx imate ra te  of 0.5 x 10 -~ gmol/lit-sec, the first order 

rate constant can be calculated to be 1 × 10 -3 sec -1. Thus the Thiele modulus is 

W e n  b y  

~=2x I0-~<< 1 

Since the Thiele modulus is much less than 1, we woui,t expect the effectiveness 

factor given by equation (A.5) to be nearly unity. 

1 (3ocoth(35)  - 1 

Thus there is no significant intraparticle mass transfer resistance. 

A . l . 3  F lu id  to  P a r t i c l e  M a s s  T r a n s f e r  

To estimate the fluid to particle mass transfer, we first have to estimate the 

viscosity of the gaseous mixture. The critical properties of CO and hydrogen are 

tabulated in table A.1. 

The gas phase vi-~cosity of CO and hydrogen at 1 a tm can be found from 

a homograph given in Perry's Handbook[4). They are # c o ( a t  500K, latrn)  = 

0.026cP. and #t-/'.~(500K, la t in)  = 0.015cP. The viscosity at 30 arm and 500K is 

measured from the generalized reduced viscosities chart[5 I. However, because the 

reduced temperature  in both cases is much greater than one, the effect of W e n  

pressure increase(1 atm to 30arm) on the viscosity is negligible( within 10,~). The 

mixture viscosity is calculated by using a simple molar nfixing rule. for e.g., for a 

1:'2 CO:hydrogen gas the viscosity is 0.018 cP. The gas phase Reynolds number is 

given by 

Re = du___p_p = 0.831 

where 
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Properties of CO an.d hydrogen used in est imation of t raaspor t  lim- 
itations 

Proper ty  Carbon Monoxide Hydrogen 

-Pc 34.5 12.8 

Tc 132.9 33.2 

Pr(30atm) 0.87 3.9 

TT(500K) 3.76 15 

Pl,~t.~ 0 . 0 3  0.08 

,.d 0.049 .~o 

d - reactor diameter  

u = superficial gas velocity 

p = gas density 

g = gas viscosity 

['sing a suitable correlation :6: 

ejD - 

where 

ekaP p 2 3 0 . 3 5 7  ~ 

C'm pDe Re °'3~ 
(A.6) 

= void fraction 
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kG = gas side mass transfer coefficient 

G,,~ = the mass velocity 

Substi tut ing the above parameters in equation (A.6). we get 

9 17 ' /~G.P = 0.000.49 ~OllCm'Sec 

The maximum rate of mass transfer can be  calculated by using the above gas side 

mass transfer coefficient and the equation (A.7). 

rm~., transfer = I~GPayco CA.7) 

where 

a = surface area per unit  volume -- 6/dp 

Yco = mole fraction of CO in feed 

Thus the maximum rate of mass transfer at 45 arm total  pressure and Yco  of 1/3 

is 

r~,,~tT.,./eT "" O.02gmoI /cc -- SeC 

Recall that robserred = lO-6gmo/,'cc - s e c ,  thus 

rmaas transfer ~" rreactmn 

Hence there is no significant effect of fluid to particle mass transfer. 

A.2 H e a t  T r a n s f e r  

Before finding the effect on heat transfer processes on the overall rate. we 

need to est imate the thermal conductivity and the specific heat at the reaction 

conditions. 



388 

The thermal conductivity of hydrogen is found from fig 3-60 of Perry 's  

Handbook,  and is 63.57 x 10 -5 cal/sec-cm-K at 500K and at 1 atm. Similarly: 

the  thermal  conductivity of CO is taken from the generalized reduced thermal  

conduct ivi ty  chart in Reid, Prausnitz and Sherwood[5i: and is 45.36 × 10 -5 

cal/sec-cm-K at 500K and 30arm. The corrections for thermal conductivity for 

hydrogen is negligible at 30atm because the reduced tempera ture  is much larger 

than unity. 

The psuedo-critical properties are needed to est imate specific heat of the 

mixture.  The pseudo-critical properties are es t imated by the method of Lee and 

Kesler:5:. and are W e n  below. Tern = 61.8K, Pcm = 21.6atra. Thus the reduced 

tempera tu re  and pressure for 30atm and 500K for a 2:1 hydrogen:CO mixture ;s 

(Prm) = 1.4 and (Tr,n) = 8.1. The ideal gas heat  capacity can be calculated from 

the tabula, ted virial coefficientsi5 :. The ideal gas heat capacity for the rrJxture is 

calculated from the individual ideal gas heat capacity. 

C;.co = 6.994 Cal /gmoi-K 

ro (p,//~ = 7.124 Cal/gmol-K 

C'p = C° ,o _ y c o  p,co '-  YH:Cp,co - 7.037 Cal/gmol-K 

The mixture  Pitzer 's  acenWic factor is ,~m : -0.1313.  The zero and first order 

deviation function between the real specii~c heat and the ideal gas specific heat 

can be found from tabular  listings of deviation functions in Reid. Prausnitz and 

She~wood~5 I. But. there are no Listings above Tr > 4. in our case the reduced 

tempera ture  is 7.5. however, the deviation function decreases with increase in 

reduced temperature .  Thus a good upper bound on the zero and first order 

deviation function can be est imated at T, = 4, and are 

- = o . o i o  
R 
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( c ;  - 
0.003 • ~ / 

Thus,  indeed the deviation functions are negligible as compared to the ideal gas 

heat capacity. 

Jk.2.1 F l u i d  t o P a r t i c l e  H e a t  T r a n s f e r  

Now the  fluid to particle heat transfer resistance can be evaluated. The best 

way to do this is to find the t empera tu re  drop across the "film". Equation (.-k.8) 

is an s teady-state  energy balance over the film. 

- T ; ) =  (._XH),.,,.W 

where 

np is the  number  of particles in the bed 

T 9 = gas phase t empera ture  

T~ = tempera ture  at the surface of the catalysts particle 

A H  ---- heat of reaction 

rw = rate per unit weight of catalyst 

If" = weight of the catalysts 

The heat transfer coefficient can be found by equating JD and Jt-I. JD was 

calculated while evaluating fluid to particle mass transfer. Thus  the heat transfer 

coefficient was 11.4 x 10 -5 cal/cm'%sec-K. The weight of the catalysts is 0.6 gm 

and there approximately 70000 particles of diameter  0.025cm in 0.6gm of catah-sts. 

Tl~e average heat of reaction is 30kcal/gmol and the rate is 0.5 x 10 -6 gmol,sec- 

gin. The gas phase t empera tu re  is assumed to be 500K. Subst i tu t ing the above 
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(A.$), we get 

T; - 5 0 0  = 0 . 5 4 A "  

Thus the fluid to particle heat transfer does not cause a significant increase 

in the temperature of the particle. However, these ca.lculatious assumed that 

the gas hourly space velocity was lO00hr -1. For lower gas hourly space velocity 

the temperature rise across the film may 'be  substantial. The GHSV used in the 

runs described in chapter 8 was greater than 2000 hr -~ The lowest GHSV used 

on Rh-Na)'A1203 was 3.50hr - ] .  and here the temperature rise across the film is 

substantial. 

.4,.2.2 I n t r a p a r t i c l e  G r a d i e n t s  

According to Mears[l I, the intraparticte gradients are not significant when 

qrd~E 
< 0.75 (A.9) 

4kRT o 

where 

q = heat of reaction 

r - rate of reaction 

k thermal conductivity of tile catalyst particle 

E = activation energy 

A good estimate of thermal .conductivity of gamma-AN.O3 is 7 × 10 .4 

cal, era-see-K,.6.. Also chapter $ shows that the activation energy for overall rate 

of reaction is approximately 21Kcal..gmole. Substituting the above parameters in 
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0.0056 << 0.75 

Hence the intraparticle thermal gradients can be neglected. 
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A P P E N D I X  B 

SA:LIENT F E A T U R E S  OF T H E  T H E O R Y  

OF R E L A X A T I O N  OF N U C L E A R  S P I N S  

In this appendix an introduction to the theory of relaxation of nuclear spins 

is ~ven. Special emphasis is given to relaxation of nuclear spins in solids. First 

the effect: of random magnetic field on the relaxation of nuclear spins is discussed. 

Here only the main results and their physical significance is discussed. The reader 

is referred to excellent reviews in this field[I-7]. 

B.1 R a n d o m l y  F luc tua t i ng  M a g n e t i c  Field 

The Schrodinger equation has to be transformed into the rotating frame of 

reference or the zeeman frame of reference. The time fluctuating Harailtonian 

induces fluctuating magnetic fields in the system that relax the nuclear magnetic 

moment from '3 state to a states. This fluctuating magnetic field can be because 

of many reasons such as dipole-dipole interaction: anisotropic chemical shift inter- 

action, indirect coupling, quadrupolar interaction, electron-nucleus interaction. 

In this section, the most simple equation for T1 would be derived. The details 

of ~his derivation are ~ven in Gersteln and Dybowski~2 I. 

Let us evaluate the spin-lattice relaxation time under a randomly fluctuating 

magnetic field 

Htot~ = Hz~e,~a~ -' Hl~f)  (B.1) 
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where Hi ( t )  is the randomly fluctuating magnetic field given by equation (B.2). 

Hi( i )  = h..(l)I: + hy(t)I~ + h,(~)I,  (B.2) 

where hi( t)  is the component of the randomly fluctuating magnetic.field in direc- 

tion i. The single particle probability of a state i can be expressed in t e rms  of 

Zeeman Louiville operator Uo. 

U0 = e z p ( -  iHot  ) (B .3) 

Let P be the single pal;ticle probability operator, then transformation of equation 

(B.3) into the rotating frame is given by equation (B.4). 

io/, (B .4) 

I:I1 is the randomly varying magnetic field in the zeeman interaction frame 

I't l = emp( - - / H o t  )Hi( t )ezp( iH0/)  (B.5) 

k series solution to equation (B.4) can be derived. The details of this derivation 

are given in Gers~ein and Dybowski[2:,.. . After many algebraic manipulations~one 

obtains 

t 

- i ' f t l t , ) . f ' ( 0 )  - P ,q :  f dT:fll(t).'f-I,(  - at " " " 
0 

r),f~(t- T)- ~',q]} (B.6} 

Substi tuting I212(1) from equation (B.4) gives 

I:I](/) = czp(-iHot)[h,(t)L. - hy(t)I~- h:(t)I:]ezp(-iHot) (B.7) 
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where Hi(t) is tile randomly fluctuating magnetic field given by equation (B.2L 

Hi( t )  = h:(/)l; ~- h~(t)I~ - hz(t)L. IB.2) 

where hi(t) is the component of the randomly fluctuating magnetic field in direc- 

tion i. The single particle probability of a state i can be expressed in terms of 

Zeeman Louiville operator U0. 

Uo = exp(-iHot) (B.3) 

Let P be the single particle probability operator, then transformation of equation 

(B.3) into the rotating frame is given by equation (B.4). 

.of:' #] (B.4) 

I=Ii is the randomly varying magnetic field in the zeeman interaction frame 

H1 = ezp(-iHot)Hl( t)ezp( itlot) (B.5) 

A series solution to equation (B.4) can be derived. The details of this derivation 

are given in Gerstein and Dybowst~i[2 I. After many algebraic manipulations one 

obtains 

t 

Ot " 
0 

Substituting I:Ii(t) from equation (B.4) gives 

" r ) , P ( t -  r ) -  P,q]i (B.6) 

fit(t) = exp(-iHot)[hz(t)I= -~. h~(t)I~- hz(t)I:]ezp(-iHot) (B.7) 
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Combining equations (B.6) with equation (B.71 we get 

0~- = i E hj I t  ) ie : rp( iH°~) iJexP(- iHot ) ,  15(0) - P,,q 
.1 

t 

0 1 

× ieliHotIITe (-iHot) . [e(iH°lt--lllme (-IH°I(-T)). P(t - r) - Peq]i 

(B.8) 

Equation (B.8) applies to a single nuclear spin. However, experiments are done 

on macroscopic systems, wb.ere there is aa ensemble of spirt states. Hence equation 

(B.8) has to be ensemble averaged. Equation (B.9) ~ves the ensemble average 

where ~ is the density of spirt states in the zeeman interaction frame 

f 
V" r ~ 

= i ha( - - I 
Of ~ " ,, ' " 

3 0 j ,m • 

(B.o) 

where 

I j  = ezp (  i H o t  ) I i e z p ( - i H o t )  

Irn = e~:p( iHo(  t - "r ) ) Imezp(  - i H o (  ~ - r ) ) 

-If h i ( t )  are random functions hi ( t )  = 0 thus 

t 

dent = - f  a~ ~ hsCt)h~Ct- ~) 
0 j.rrt 

x "ei~°tI~ e - 'H°t. i e ' H ° l t - ' ) I m e  -'I'l°tt-~'l. ~(t - r )  -- Peqll 

(B.ZO) 

If the k s (t) are completely uncorrelated, or if there is no cross-correlation between 

different hi, then 

h j t t ) h m ( t  - r) = O, un less  j = m 
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t 

= - d~" - r )  
o J 

x . . : e i H ° t I ' e - i H ° t )  , [ e * H ° ( t - r ) I m e - i H ° ( t - ~ ' ) . f i ( t  - -  7") - -  P e q  " 

Gerstein and Dybowski[2] show that 

0<I: > 
Ot 

(B.II) 

= T r ( . ~ I : )  (B.12) 

Combining equ~.tions (B.11) and tB.12), gives equation (B.13), 

0 < I : >  f 
Ot = d r  , ~  h i ( t ) h ~ . ( t -  r)Tr[[I_-. I3!. e i H ° t l j e  - iH°~]  × (~ ( t -  r) -- Peq)  

J 

(B.13) 

Equation (B.13) can be simplified to 

t 

d < I_(t)at > = 

0 

t - r ) c o , ( w o r ) T r I - ( ~ ( t )  - p , q )  

t 

- f drhy(t )hyi t )(t - r)cos(~or)Trl: ([~( t ) - peq ) 
0 

Equation (B.14) can be simplified to 

~ <  I.- > = -T-S" ~ I - ( e )  > - - -  I_- ~"q] 

where 

{B.14) 

(B.15) 

Tl is the spin-lattice relaxa.tioa time 

< I.- > is the observed magnetization in the direction of the field 



397 

This equation ((B.15)), also known as Block Equation. is in terms of observables 

only and was first proposed on a phenomenolo@cal basis by Felix Block. 

where/'1 is given by 

1 = G=(r) - G ~ ( r )  C'os(,~or)d~" 
rl 

0 

(B.16) 

Gj(r) = hj(t)hi(t - r) (B.17) 

Thus the relaxation of nuclear magnetic spins in a fluctuating magnetic field foUow 

a first order rate process with a time constant known as the spin-lattice relaxation 

time(T1 ). The above proof shows the various important steps and the assumptions 

involved in them. The exact nature of the correlation function G=('r) would depend 

on the mode of rel~,xation; i.e.. whether the relaxation is caused, by dipole,dipole 

coupling or by anisotropic chemical shift anisotropy or by any other possible mode. 

For a general case of exponentially decreasing correlation function 

Gj(T) = Gj(O)e p(-r/r i) 

Combining equations (B.17)and (B.18)gives ('B.19). 

1 , z= , r~ 
G.,.co) i G ,(o)i - "  " 

(B.18) 

(B.19) 

B.2 Scalar Coupl ing  of Spins 

The relaxation of nuclear spins by fixed paramagnetic species in space is a 

well-developed and complex subject. Abragam has given an excellent exposition 

of th.:,s subject. To understand the relaxation of the nuclei in solids, the scalar 

relaxation phenomenon is first considered. 



398 

.-k nuclear spin I in a system is subject to various types of couplings with its 

surroundings and with the other spins. These couplings are described by tensors. 

whose components are functions of lattice parameters. There are two effects of 

this coupling. The first-order e~ect, is because of the diagonal part of the coupling 

tensor W e n  by equation (B,20). and c~uses chemical shift. In contrast, the second 

order effect is due to the traceless part of the coupling tensor.  This traceless tensor 

vanishes on random rotation and its second order effect is to induce relaxation. 

Hco~pU~g = i.hA~.S (B.20) 

Relaxation of nuclear spins by coupling can be easily understood by an 

example. The coupling tensor Ahas well-defined components with respect to the 

molecular axis. But in a NMR experiment, the orientation of the nuclear spins 

is fixed with respect to the laboratory frame of reference. If the molecular axis 

is fixed with respect to the laboratory frame than the tensor components can be 

transferred using a similarity transform. If the molecule is subject to random 

rotations, then the tensor components become random functions of t ime and a 

relaxation mechanism is provided. 

Abragam has shown that in solids, a second scalar relaxation takes place. 

This implies that the local magnetic field AS(t)/'rl prqduced by spin S and "seen' 

by the spin I. fluctuates at a rate that is fast compared with the frequency A of 

the splitting it woulc] produce among the energy levels of I. if it did not fluctuate. 

Then. the spin S is lumped with the "lattice" with which it is assumed to be in 

equilibrium because of its short relaxation time. The perturbing Hamihoaian is 

h i l l  causing the relaxation of spin I is 

h i l l  = h.4I.S = h ~ F(q)A {¢) (B.21) 
z._., 
q 

where the spin operators A (q) are 
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A (°1 = I : .  A {1) = I._ and A t - i )  = I_  

and the lattice operators F (q) are 

F {°~ = AS=, F (I) = ~AS_ and F (-I) = ~AS~. 

I t  has been shown b~,; many authors that  raising and lo.wering operators are. 

useful in the analysis and hence they are used. An analysis similar to the one 

described in the previous section yields 

1 2 A  2 "r,, 
--=- : ~ . (B.22) 3 S ( 8 -  I) i 

In the solid the vector between the NMR-active nucleus and the second spin S has 

a fixed orientat ion hence the dipolar coupling will be much more impor tant  than 

the scalar one. In most solids the electron resonance frequency is much larger than 

the electron line width(except  at low fields). In  these cases, the above equ~,tlon 

can be simplified to 
1 2 . .-~ r 

If ,a ir  = 7 tH or  >> 1. then equation (B.23) can be simplified to equation (B.i4)  

1 "~S(S + l)[H~h 2 
- -  = - ~ o  J (B.24) 
T, .:, r 

Thus  the spin'-lattice relaxation t ime can be related to separat ion distance 

between spin S and spin I. 
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