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APPENDIX I 

Progress Report  

The first six months of the project were devoted to construction and 

testing of two kinetic reactors: a batch recirculation reactor and a plug 

flow reactor. The preliminary kinetic data
(23) 

for the selective oxidation 

of propylene over the mixed metal oxide catalysts confirm the earlier 

findings of the principal investigator: (5) mixtures of cuprous oxide and 

other metal oxides having the formula Me-0 exhibit enhanced yields for the 

partial oxidation of propylene to acrolein when compared to the standard 

cuprous oxide catalysts. (See Table I.) 

While a student at Rice University, the principal investigator observed 

a positive catalyst-yield synergism for combining cuprous oxide with other 

metal oxides, such as stannous oxide or zinc oxide (see Table I). The 

preliminary work at the Georgia Institute of Technology (Table I) seems to 

reproduce and confirm the existence of the catalyst-yield synergism. The 

apparent effect of mixing copper (I) oxide and tin (II) oxide or zinc (II) 

oxide is to favor the reaction to the desired product, acrolein. 

The data reported in Table I are for the selective oxidation of propylene 

with oxygen in a plug flow reactor using helium as a diluent. The reactor 

conditions were temperature equal to 275 °C to 300 °C, space time varying from 

1 second to 5 seconds, and the concentration of the feed stream in the 

proportions of He:C T :0
2 
 ::12:3:1 for the data gathered at Rice while the 
 

proportions were He:C 5
3
:0

2 
 ::10:6:1 for the data obtained at Georgia Tech. 

Direct comparisons of the catalysts at conditions of the same reaction temper-

ture and similar fractional oxygen conversions show the mixed oxide catalysts 

to have higher selectivities to acrolein than the constitutent metal oxides 



alone. The magnitude of the yield enhancements for the mixed metal oxide 

catalysts is a 50% to 80% relative improvement over the standard Cu
2
0 

catalyst. As expected, the yield to acrolein will be favored by increasing 

the propylene to oxygen ratio. Alone, stannous oxide and zinc oxide showed 

almost no activity for the selective oxidation of propylene at the reaction 

conditions considered in this study. 

A significant amount of effort was required to convert the laboratory 

space into a functioning catalysis research laboratory which includes a 

plug flow reactor and associated parts and a batch recirculation reactor. 

The kinetic data reported in Table I were gathered in the differential plug 

plug flow reactor. The temperature of the reactor was controlled by a Leeds 

and Northrup Electromax III controller while the Hoskin's electric furnace 

was energized by a Leeds and Northrup 11906 Zero-Voltage-Firing Power Supply. 

The catalyst temperature was sensed by an iron-constantan thermocouple 

connected to a Leeds and Northrup Model 8686 millivolt potentiometer. The 

reactor effluent was analyzed by a Hewlett-Packard HP 5722 Gas Chromatograph 

coupled to a Spectra-Physics Minigrator and a Linear Recorder, Model 361. 

Part of the proposed work will require the batch recirculation 

reactor, which is near completion. The all-glass reaction system features 

a double-action, positive displacement punp also fabricated in pyrex by the 

Georgia Tech Glass Shop. The Hoskin's electric furnace is controlled by a 

Leeds and Northrup Electromax III controller and a Leeds and Northrup Zero-

Voltage-Firing Power Supply. The gas analysis equipment is as follows: 

Varian Aerograph Model 920 Gas Chromatograph, Spectra-Physics Minigrator, and 

a Linear Recorder, Model 361. 



Table I 

Selective Oxidation of Propylene Over Metal Oxides 

Catalyst 
Sample 

Initial 
Concentrations 

He:C!,
,-

:0,-, 

Oxygen 
Reactor 	Conversion, 

Temperature 	Percent 

Selectivity* 
to Acrolein, 
Percent 

....1--- 

Cu20 12:3:1 275 ° C 34.3 24.9 

SnO 12:3:1 275 ° C 0 0 

ZnO 12:3:1 275 ° C 0 0 

Cu20/Sn0(1:1) 12:3:1 275 ° C 32.6 42.5 

Cu2 0/Sn0(3:1) 12:3:1 275 ° C 32.4 42.3 

Cu20/Zn0(1:1) 12:3:1 275 ° C 25.4 40.6 

Cu20 12:3:1 300 ° C 58.8 23.1 

Cu2
0/Sn0(1:1) 12:3:1 300 ° C 55.3 33.8 

Cu2 0/Sn0(3:1) 12:3:1 300 ° C 55.9 35.7 

Cu20/Zn0(1:1) 12:3:1 300 ° C 43.3 45.2 

Cu20 12:3:1 300 ° C 60.7 20.3 

Cu2 0/Sn0(1:1) 12:3:1 300 °C 60.4 34.0 

Cu20/Sn0(3:1) 12:3:1 300 ° C 58.2 38.9 

Cu2 0 10:6:1 300 ° C 54.7 23.0 

Cu2
0/Sn0(1:1) 10:6:1 300 ° C 62.3 47.6 

Cu20/Sn0(1:1) 10:6:1 300 ° C 36.0 61.7 

Cu20/Sn0(1:1) 10:6:1 300 ° C 42.6 66.6 

Cu20/Sn0(1:1) 10:6:1 300 ° C 47.3 64.2 

Selectivity 
moles of propylene converted to acrolein 

moles of propylene converted 

NOTE: The last five table entries were obtained at Georgia Tech. 



The aged cuprous oxide/stannous oxide catalysts (Cu/Sn atomic ratio 

equals 3/1) were analyzed at Georgia Tech for bulk crystal structure by x-ray 

diffraction. The G.E. diffractometer with copper K a radiation was used on 

the samples of fine powder suspended on clear plastic tape. The data of 

d-spacing and relative intensities are reported in Table II. All of the 

reflections except two (d = 2.351 5, I/Io = 15.6 and d = 2.0910 R, I/10 = 14.1) 

may be explained from the x-ray spectra of the constituent metal oxides or 

a different oxidation state of the constituent metal oxide, i.e., Sn0 2 . 

These two additional reflections which appear in the x-ray diffraction pattern 

of the aged catalysts may be new crystalline phases of the bulk metal oxides. 

Further study may shed light on any connection between this observed change 

in crystal structure and the enhanced yields of acrolein over these mixed-metal 

oxide catalysts. 



Table II 

X-Ray Diffraction Patterns For Cu 30-SnO Catalysts 

Cu2
0-SnO (3:1) 

aged  

Sn0 2 
Cu

2
0 

literature 

$-SnO 

literature 

d, A I/lo d, A I/Io d, A I/Io d, A I/Io 

3.3606 82.9 3.351 100 3.39 100 
3.0304 18 3.02 9 3.00 50 
2.6496 70.7 2.644 81 2.93 50 
2.4694 100 2.465 100 2.89 90 
2.3749 27.3 2.369 24 2.67 90 
2.3510 15.6 
2.3161 11.7 2.309 5 
2.1401 36.6 2.120 2 2.135 37 
2.0910 14.1 2.08 10 
1.7656 56.1 1.765 63 1.743 1 2.02 40 
1.6757 17.1 1.675 63 1.773 80 
1.5946 8.5 1.593 8 1.678 20 
1.5098 28.3 1.510 27 1.598 20 
1.5010 19.5 1.498 13 1.499 20 
1.4389 15.6 1.439 17 
1.4152 17.1 1.415 15 1.417 20 
1.3227 8 1.322 7 
1.2873 17.1 1.287 17 1.297 20 
1.2323 5.5 1.233 4 
1.2149 9.3 1.215 11 1.206 20 
1.1849 4.3 1.184 3 
1.1546 7.1 1.155 8 
1.1170 4.6 1.117 3 
1.0913 8.3 1.092 8 
1.0815 7.7 1.081 8 1.098 20 
1.0595 5.3 1.059 3 1.0674 2 
1.0363 4.6 1.036 4 
.97874 4.9 .9795 4 
.94939 8.5 .9505 8 .9548 3 
.92937 4.3 .9291 3 
.91435 4.6 .914 3 
.90832 7.1 .9081 8 
.90654 5.9 
.88174 7.1 .8819 7 
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Progress Report for ENG78-06209 for the period - April 14, 1978 to 

November 15, 1979. 

Introduction  

During the first year we sought to (1) prepare the mixed oxide 

catalysts in a reproducible manner; (2) to characterize the enhanced 

yields of the selective oxidation product, acrolein; and (3) to charac-

terize the catalysts by BET surface area measurements and by x-ray dif-

fraction techniques. Since this grant was a research initiation grant, 

there was much effort expended to building a viable catalysis labora-

tory (described in Part I of this report). Mr. David E. Self received 

a M.S. degree in Chemical Engineering as a result of his completion of 

an M.S. thesis (summarized in Part II). 



Part I. 	Description of the Catalysis Laboratory 

Two chemical reactors were constructed in the catalysis laboratory: a dif-

ferential flow reactor and a batch, recirculation reactor. The support structure 

and utilities for the laboratory were installed by the principal investigaror 

prior to the start of this grant and hence will not be described here. 

Differential Flow Reactor  

The differential flow reactor was a 12mm x 30cm long quartz tube with a 5mm 

0.D. thermowell inserted axially (See Fig. 1). The catalysts were supported in the 

annular space by plugs of quartz wool. The catalyst temperature was sensed by an 

iron-constantan thermocouple connected to a Leeds and Northrup millivolt petentiometer. 

The reactor was immersed in a Hoskins electric furnace which was controlled by a 

Leeds and Northrup Electromax controller. The reactant gases (oxygen, propylene, 

and helium) were independently metered by three Fisher-Porter rotameters with 

downstream needle valves. Analyses of the products were determined by a Hewlett-

Packard chromatograph (HP 5722), a Spectra-Physics Minigrator, and a Linear Re-

corder. This reactor is ideal for "screening" catalysts for selectivity and acti-

vity as well as for obtaining preliminary kinetic data. 

Batch Recirculation Reactor and Vacuum System  

The batch recirculation reactor and the attached vacuum system .are shown in 

Figure 2. The vacuum system and storage bulbs plus the BET system all connect to the 

batch recirculation system. This all-pyrex system features a variable frequency, 

double-acting, positive displacement pump. The catalysts may be easily inserted in-

to the quartz catalyst holder which is heated by a Hoskins electric furnace. 



The furnace temperature is controlled by a Leeds and Northrup Electromax 

controller and the catalyst temperature is sensed by an iron-constant 

thermocouple connected to a Leeds and Northrup millivolt potentiometer. 

Product concentrations are determined by a Varian model 920 Gas Chromatograph, 

a Spectra-Physics Minigrator, and Linear Recorder. This batch reactor will be 

devoted to the determination of the reaction kinetics and mechanisms. 

• - 

; 	 ' 



Part II. Results of the First Year's Work 

The first objective was the development of a preparation and pretreatment 

method to render reproducible catalysts. Mechanical mixtures of the consti-

tuent metal oxides were pretreated according to the following method: 

(1) Oxidation of the mixture in a helium-oxygen stream 

at 325 °C for thirty minutes. 

(2) Reduction of the catalyst in a stream of helium-propylene 

at 325°C for thirty minutes. 

Omission of either step would result in a catalyst that was either unselective 

or inactive. Initially, we chose this simple procedure for catalyst preparation 

in lieu of a co-precipitation method because the mechanical mixture catalysts 

worked! The future work on this project will attempt to develop better catalysts 

by the co-precipitation method. 

Having perfected a manner to prepare the catalysts, we sought to characterize . 

 the yields over these oxides for the selective oxidation of propylene to acrolein. 

The performance of the mixed oxides as compared to the constituent metal oxides 

were measured at a standard set of conditions: temperature = 300 °C, oxygen con-

version = 52%, He/C3/02 initial concentrations = 10/6/1. These "high" oxygen 

conversion results are summarized in Figure 3 as percent selectivity to acrolein 

(defined as moles of propylene converted to acrolein divided by moles of propylene 

converted) versus virgin catalyst composition, expressed as moles Cu+/mole Sn
-H-  

. 

Clearly, the mixed oxide catalysts are more selective (49% vs. 29%) than the 

cuprous oxide, and stannous oxide is an inert to the reactant mixture. These few 

data suggest the enhanced yield to..acrolein.is somewhat unaffected by the re-

lative concentration of cuprous oxide to stannous oxide in the virgin, mixed 

oxide catalysts. 



Energies of activation for the selective oxidation were determined from 

differential reactor data of rate constants (based on the rate of production of 

acrolein reported in Figure 4) for the reaction over cuprous oxide and several 

mixed oxide catalysts. For these low 02 conversion data (less than 10%) at 

temperatures of 548
0
K to 603 °K, the selectivity to acrolein was in excess of 

90%. The initial reactant concentrations were in the proportions of He: C 3': 

02:: 10: 6:1. These data of rate constants vs. reciprocal absolute temperature 

may be fit to the Arrhenius expression with values of the pre-exponential factor 

ko, and activation energy as given in Table I. The Arrhenius constants for the 

reaction over these catalysts vary with catalysts composition in a manner similar 

to the findings of previous investigators on other reaction and catalysts systems 

that is, low values of the pre-exponential factor are "compensated" by low values 

of the activation energy. 

The catalysts were analyzed for specific surface area by the B.E.T. method using 

nitrogen as the adsorbate at a catalyst sample temperature of 77 °K. The specific 

surface areas for all the catalysts are between 25 x 10 3  and 30 x 10 3  m2 /kg and 

these surface areas do not change appreciably with the pretreatment. 

The oxide catalysts were analyzed for crystal structure by x-ray diffraction; 

the virgin, constituent metal oxides were identified as cuprous oxide (cuprite) 

and stannous oxide (Sn0)4 T, See Figure 5. After the constituent metal oxides were 

pretreated separately, the diffraction patterns were interpreted as follows: the 

pretreated cuprous oxide sample contained cuprite and large amounts of zero-valent 

copper; no evidence of cupric oxide in the sample. The pretreated stannous oxide 

sample contained cassiterite (Sn02), Sn203, Sn304 and Sn506 (Figure 5). One sample 

of the mixed metal oxide catalysts (equal molar mixture of Cu20 and SnO) was analyzed 

by XRD prior to the oxygen treatment (i.e. virgin catalysts), subsequent to the oxygen 

treatment, and after the reduction treatment (Figure 6). 



The oxygen treatment caused radical changes in the crystal structure of the 

mixed metal oxide; some of the very strong reflections characterictic to cuprous 

oxide dissappeared, or were severely reduced in magnitude, but the reflections 

characteristic to stannous oxide were changed only slightly by the oxygen 

treatment. The reduction treatment with propylene partially restored the x-ray 

diffraction pattern observed for the virgin catalysts with small shifts towards 

the lower angles (0.2 °  in 2e) and small changes in the relative intensities 

(I/Io) for some of the reflections. The pretreated catalysts showed the evidence 

of the formation of a new crystalline phase; small peaks not observed in the 

virgin material are present in the pretreated catalysts at values of 29 equal 

to 33.9 ° , 43.25 ° , 51.7 ° , 52.4 ° , 62.6 ° , 69 ° , 89.8 ° , 92.2 ° , 105.5 ° . The XRD 

spectrum of the aged mixed metal oxide after pretreatment cannot be explained in 

terms of a combination of the XRD spectra of the aged constituent metal oxides which 

have been pretreated in the same manner. 

+ ++ 
Two other mixture compositions of the copper-tin catalysts (Cu /Sn = 3/1 and 

5/1) were analyzed by the x-ray diffraction technique (see Figure 7). The aged 

catalysts are observed to have somewhat different x-ray diffraction patterns from 

the virgin materials; both of these catalysts exhibit a reflection at 29 = 26.5 ° 

 whereas the 1:1 Cu+/Sricatalyst did not have such a reflection. These three 

catalysts have very similar selectivity-activity characteristics, very similar 

specific surface areas, but vastly different crystal structures. We are presently 

at a loss to explain the implications of these data. Obviously, the surface 

characteristics of these oxides must be investigated as a next step to understanding 

these catalysts systems. 

• 	 ....10VA•••Iper•41.6.,..4ci :. -44 .• 	∎ • • • 	41 



TABLE I - Arrhenius Constants for Selective Oxidation 
Catalysts 

Catalyst K  ko  ml 	 EA kcal  
_gm-sec 	 - gmole 

 

Cu20 1558'7 13 . 1 

Cu20:Sn0(1.1) 9338.5 14.5 

Cu20:Su0(3.1) 408.7 11.3 

Cu20:Sn0(5'1) 6'89 7"1 

imi#Apolow . 
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FIGURE 5. X-RAY DIFFRACTION PATTERN FOR CUPROUS OXIDE AND STANNOUS OXIDE 
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FIGURE 7. X-RAY DIFFRACTION PATTERN FOR Cu 2 0/5n0 5/1 AND 3/1 MIXTURE 
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The Partial Oxidation of Propylene 

to Acrolein Over Mixed 

Metal Oxides 

David Edward Self 

97 Pages 

Directed by Dr. Mark G. White 

Catalysts for the partial oxidation of propylene to 

acrolein were studied to determine if a catalyst-yield 

synergism was produced by mixing stannous oxide (SnO) with 

cuprous oxide (Cu20), a known catalyst for this reaction. 

Catalysts with cation atomic ratios (Cu/Sn) of 1:1, 3:1, and 

5:1 were used and their performance for the selective 

oxidation reaction were compared to cuprous oxide catalyst. 

Differential reactor data were obtained for each 

catalyst and used to construct zero order plots of acrolein 

mole fraction vs. space-time at several reaction temperatures. 

The limiting slopes of these zero order plots which are 

proportional to the rate constants, were used to construct 

Arrhenius plots for each catalyst. Energies of activation 

for the formation of acrolein were obtained from the slopes 

of these Arrhenius plots for each of the mixed oxide (8-14 

kcal/mole) catalysts,and compared to that of the cuprous 

oxide (13 kcal/mole). A plot of selectivity to acrolein at 

high oxygen conversion (-5570) vs. catalyst tin concentration 

showed the mixed oxide catalysts to be slightly more active 



(-50 relative %) and much more selective to the product 

acrolein (49% selectivity vs. 29% selectivity) than the 

cuprous oxide catalyst. Stannous oxide when used alone as 

catalyst did not show significant activity for the oxidation 

of propylene. 

X-Ray diffraction data for the virgin and aged states 

of the catalysts used in this study indicated that some of 

the stannous oxide in the mixed oxide catalysts was oxidized 

to stannic oxide (Sn0 2) during the aging process. Stannous 

oxide alone was not converted to stannic oxide when aged 

under the same reaction conditions. 

Surface area analysis of the virgin and aged states 

of all the catalysts yielded data which could not, by itself, 

explain the increases in activity and selectivity of the mixed 

metal oxide catalysts. This indicated that the catalyst-

yield synergism was due to something other than a change in 

pore size or surface area. 
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