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6. The effect of temperature upon the relationship of pH to foam stability was 

7 .  The effect of temperature on the foam stability of all the soaps mentioned 

8. The effect of pH on the foam stability of mixtures of sodium laurate and 

9. Good foam stability \vas obtained for a fen- solutions containing two mate- 

studied for sodium caprate and laurate. 

in paragraph 2 above was ascertained for the range 27" t o  82°C. 

palmitate was determined. 

rials neither of n-hich. alone, is a particularly good foam stabilizer. 

The authors wish to express their appreciation t o  N r .  C. W. Jakob for the care 
which he exercised in performing many of the determinations upon which t'his 
paper is based. 
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h number of years ago the catalytic oxidation of ethylene \vas studied, using a 
series of active metallized silica gels as catalysts (4). The results indicated that 
the oxidation was incomplete over the temperature range then explored. The 
products of the partial oxidation proved to  be largely the oxides of carbon and 
water. However, a t  times Ivhen the silver-silica gel catalyst was used, a trace of 
a pleasant odor differing from that of ethylene was detected in the products of 
reaction. Since that time 1e.s active 
forms of silver catalysts, giving rise to  almost no oxides of carbon, have been 
successfully used on a commercial scale in the production of ethylene oxide. I t  
therefore seemed desirable to study the oxidation of ethylene, using a series of 
silver catalysts over a wide teniperatuie range, in an attempt to eqtablish some 
of the conditions for the succesqful preparation of ethylene oxide from ethylene. 

It nas  decided to r1.e three different silver catalysts: ( 1 )  a silver-silica gel 
catalyqt qimilar t o  the one previously used ; ( 2 )  silver deposited on fused alurriinuni 

-4ttemptq to identify the substance failed. 
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oxide, known to be effective in the commercial production of ethylene oxide; (3) 
finely divided silver produced by the thermal decomposition of silver oxalate. 
The silver-silica gel catalyst \vas prepared by shaking 80 g. of purified silica gel 
in 500 ml. of a solution of 0.5 N -4g(SH&S03. The solution was decanted after 
several hours, the gel n-as lightly dried, and the adsorbed silver salt was reduced 
in a 4ow stream of hydrogen at  200°C. The gel granules usually became black 
and lustrous. Silver gels containing 8.9, 14.7, and 22.2 per cent of silver were 
prepared in this way. In one of 
the preparations an interesting product was obtained. The gel was by accident 
treated with a silver nitrate solution that did not contain ammoniuni hydroxide. 
When this was noted the solution was decanted from the gel and ammonium 
hydroxide added, after which the solution was again poured onto the gel and the 
treatment carried out as usual. The gel was divided into tTvo parts for reduction 
in hydrogen. One of them produced the regularly obtained black or gray black 
silver-coated gel. The other contained granules which were very shiny, and it 
appeared as though they were covered with silver mirrors. On crushing, the 
fragments looked black and treatment with strong nitric acid instantly turned 
the silver mirrors black. Every evidence pointed to  a very thin mirror-like film 
that coated the granules. 

The catalyst consisting of finely divided silver on fused aluminum oxide con- 
tained 5 per cent silver and had a yellow appearance. It was a sample of a 
catalyst used in oxidizing ethylene to  ethylene oxide. 

Silver oxaIate was formed by mixing approximately 1 normal solution of silver 
nitrate and oxalic acid. The white precipitate v a s  allowed to settle for several 
hours. It was then filtered, washed with distilled n-ater, and dried a t  about 
80°C. Thermal decomposition began at  about 110°C. and became rather violent 
a t  150°C. The residue \vas very voluminous, had a bron-nish yellox color, and 
possessed no structural strength. 

Each of these catalysts was used in an electrically heated U-tube having a 
diameter of 17 mm. By using 10 ml. of the catalyst, the curved part of the 
C-tube n-as always filled to  the same extent. This catalyst bed was equivalent to  
one 6 cm. deep. A thermometer was inserted in the tube so that its bulb was 
always buried in the catalyst. T'ariable resistances and a lamp bank in the heat- 
ing circuit made i t  possible to Tvorkin a.temperature range of 150" to  350°C. The 
ethylene used was a commercial product of high purity. I t  was taken from the 
tank, mixed with the required amount of air, and stored over water. In the runs 
without added steam the gas mixture was dried by passing i t  through tubes of 
anhydrous calcium chloride. A mixture of 2 per cent ethylene and 98 per cent 
air, or one of 2 per cent ethylene, 48 per cent air, and 50 per cent steam, was 
passed over the catalysts at a constant rate and temperature for slightly more 
than 1 hr. for each run. The rates of f l o ~  Tvere measured by calibrated flon-- 
meters and varied from 950 ml. to 3860 ml. per hour. In  the earlier study (4) 
the concentration of ethylene v a s  maintained at  more than ten times the amount 
used in the present study. It has since been learned that low ethylene concen- 
tration gives better conversion to  ethylene oxide. 

When the catalyst tube had reached the desired temperature, the air in the 

The dark film coating was proved to be silver. 
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system \vas m e p t  out by the gas mixture before the actual run was begun. After 
passing over the catalyst, the gases Trere bubbled through three gas-washing bot- 
tles. The first tu-o contained solutionq (Jf hydrochloric acid saturated m-ith mag- 
nesium chloride. The third bottle contained m t e r  in order t o  catch any acid 
that might be carried over from the first tn-o bottles. The gas n-as bubbled 
through the soluiionq from .mall orihccs, -1nalytical determinations showed 
that almost all of the ethylene olide formed in the reaction was absorbed in the 
first \rash bottle. Hon-ever, the Solutions of the botTles n-ere aln-ays analyzed to 
determine the total ethylene oxide absorbed. Diveigent opinions still prevail as 
to the e-iact mechanism of the absorption of ethylene oxide by the acid magne- 
sium chloride solution. IT. Declcert (2) concludes that the reaction proceeds in 
two stages: 

CHz OH 

CH2 C1 
I 2C2H40 + lIgCl2 + 2Hz0 --+ 2 1 + 33g(OH)2 

I1 ilIg(0H)z + 2HC1 -+ MgClz + 2Hz0 

On the other hand, Lubatti (3) believes that the ethylene oxide adds directly to  
the hydrochloric acid. The salt is required to  control the actiyity of the acid. 
J. H. Bronsted and his coworkers (1) have shou-n that the truth probably lies 
somewhere between these t\ro viewpoints. For this work, however, the mecha- 
nism is not important, since 50 mg. of ethylene oxide in a cubic meter of gas can be 
detected by this method. The hydrochloric acid used up by the ethylene ovide 
was readily determined by titration. The percentage of ethylene converted to  

I ethylene oxide was then calculated. 
The yield of 

ethylene oxide is the percentage of the ethylene n-hich was converted to the oxide. 
These results shon- the T cry lon. efficiency of silvei-silica gel ca ta lp ts  in convert- 
ing ethylene to ethylene osidc. The other catalyqts proved effective and both 
showed a maximum efficiency somewheit between 2GO"C. and 300°C. 

The results shon-n in table 2 indicate that changes in space velocity within 
reasonable limits do not appreciably affect the conversion to  ethylene oxide. 
H o ~ ~ e v e r ,  theie T T ~ <  yome evidence that the catalysts lost activity to  a slight 
extent if uced for seT-era1 iiins a t  one temperature. When the catalyst v a s  
alloired t o  stand uvernight exposed to  air, it, activity appeared to be fully re- 
stored. Thi. TTXS especially true of the finely divided silver catalyst. -4ctivity 
appeared to be definitely impaired if the catalyst TYBS heated to 350°C. or above. 
Heating of the catalyqt :dfected the color of the finely divided silver. so that  the 
surface TI as iindoubtedly altered. The effect of diluting the gas mixture with 50 
per cent steam n-ai .;tudiecl on finely divided ;.ilver and on silver-silica gel cata- 
lysts (see table 3 ) .  

Coinpwiion of the-e ieiult- IT ith those obtsinetl IT ithout steam showed that 
this catalyst lost xmie efficiencj- in the pie-ence of ,<team. Silrer-silica gel cata- 
lysts seemed to gain Some efficiency in the presence (Jf steam, hut piolonged liqe 

of these catalysts in the pre-ence of steam finally cut donn theii activity. The 

The results of different runs are given in the following tables. 
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Silver-silica gel catalyst, 22.3 per cent silver; rate of gas 
flow, 1820 ml. per hour 

I 
177 2.2 
210 1 .1  
230 1 0  
270 1 . 5  
290 1.1 
306 1.8 

fact that water vapor and ethylene are strongly adsorbed by such silica gel cata- 
lysts may partially account for this effect. At any rate each of the later runs 

Second preparation of finely divided silver 

3 . 3  
22.3 
42.5 

196 
220 
268 
285 1 40.1 
300 ~ 31.1 
333 25.6 I 

T-IBLE 1 
The e$ect of fei i iperature on t h e  reaction compos i t ion  o j  t h e  gas mixture cons is t ing  of 2 p e r  cent  

Rate of gas f l o ~  through the catalyst, 1930 nil. per hour 
ethylene arid 98 p e r  cent a i r  

TEXPERATURE ’ IIELD O€ETH>LENE OXIDE 11 TEXPERATURE ~ >IELD O F  ETHYLENE OXIDE 

Catalyst: Silver on fused aluminum oxide /I Catalyst: finely divided silver from silver oxalate 

“C. 

208 
228 
246 
254 
268 
29 1 
307 

per cent 

10.6 
25.1 
32.6 
28.9 
33.5 
27.2 
19.3 

”C. 

182 
214 
238 
282 
300 
314 
350 

per cent 

6.7  
14.3 
34.7 
45.1 
42.6 
39.7 
29.1 

TABLE 2 
T h e  e f fec t  0.f c h a n q i n g  space i clocitg 

I 
I TEYPERATURE 

CATALYST 

I 
I “C. 

265 5 per cent  d v e r  on fused alumi- 
num oxide 

Silver-silica gel. 14.7 per cent 
silver 

Finely divided silver from silver 
oxalate 

261 
262 

289 
292 
290 

288 
292 
29 1 
293 

RATE OF F L O V  

nii. #er hour 

1 080 
1620 
2070 

1020 
1740 
1930 

980 
1350 
1820 
2210 

YIELD 

per cent 

33.2 
32.5 
31.4 

1.7 
2.2 
3.0 

39.1 
39.5 
12.8 
38.7 

were made using fresh catalysts. The yields obtained with the silx-er-silica gel 
catalyst (14.7 per cent silver) and 50 per cent steam m r e  about double those ob- 
tained in the absence of steam (see table 4). Since the eilrer-silica gel catalysts 
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were known (4) to he effective in oxidizing a portion of the etliylem to the ouidei; 
of carbon and water, it seem3 likely that the steam reduced this activity of the 
catalyst enough to incren-e its rffectivene.; ir, cthylme ()Aide formation. Finally, 
another silx er-silica gel rL1 ta1y.t contam:ii;: 8.9 pc:. cent silver TYas prepared, and 
fre-h 5amples of catalyst Tl-ere used foi- a series of run.. at varying temperatures 

TA131JC 3 
Catalyst ,  $ i i e i y  tli:,i'det/ s i l c e r ;  gas viixticTe. 2 pi' cent ethyleize, 48 per  cent  air, 

60 per  cent  s tcam 

9 RATE OF FLOW 

mi. per h o u r  

3560 
3860 
2180 
1960 

TEYFEXATL'RE YIELD 
I 
, "C per  cent 

263 17.7 
290 ~ 29.9 
290 30.4 
278 I 35.2 

TABLE 4 
Sl l ier -s i l ica  gel ca ta lys t ,  14 7 p e r  c t n t  silLer; gas i i izz ture,  2 per cent e thy lene ,  48 per  c e n t  

air, 50 p e r  ceiit s team 

BATE OF FLOIY 

7nl. per hour 

3560 
3860 
3860 
1960 

TZYPEXATLRE I r I E L D  

"C . per cenl 

4.0 
1 . 0  
6 .3  

I 7 . 1  
i 180 

237 
272 
271 

ThBLE 5 
Silzer-s i l ica ge l  c a f a l y s : ,  8 .9  pcr  ceiit s i l ce r ;  gas m i z l u r e ,  2 p e ?  cent e thy lene ,  48 per cent  

a i r ,  50 per cent  s team 

TE?IFER.\TCRE 

"C .  

153 
151 
233 
275 
293 
340 

YIELD 

per  cent 

2.3 
3.7 
3 .8  
4 .1  
2.7 
1.7 

and L constant rate of gas f l o ~  (see table 5). The gab mixture was diluted with 
50 per cent steam. -111 optimum yield was obtained at 275"C., v-hich corresponds 
to the optima obtained for the other t v o  catalysts. Hon-ever, the efficiency of 
the sih-er-silica gel catalysts is niuch l o ~ e r  than that of tlie other silver catalysts 
used in this investigation. The results reported in table 1 for the silwr-silica gel 
catalyst s l i o ~ ~ .  no such temperature optimum of activity. The presence of steam 
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appears t,o make the silica gel catalysts behave more like the other silver catalysts 
but with a much lower efficiency. 

SUNRIARY 

The finely divided silver and the silver on fused aluminum oxide showed an 
optimum activity in the conversion of ethylene to ethylene oxide in the tempera- 
ture range of 260-290°C. Iddition of steam lon-ered the activity of these cata- 
lysts slightly. Changes in space velocity of the gases did not greatly affect their 
efficiency. In  the absence of steam the silver-silica gel catalysts shox-ed very 
low activity and no such temperature optimum. The presence of 50 per cent 
steam about doubled the efficiency of these catalysts, and they showed an opti- 
mum of efficiency in the same temperature range as the other two catalysts. It 
seems likely that had steam been added to the gas mixtures in the earlier study 
(4) the investigators might 71-ell have found ethylene oxide in the products of the 
reaction. 
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In  recent years many empirical relations have been proposed to  connect the 
vibration frequency, w e ,  or the force constant, K,, with the internuclear dirtance, 
Re,  of a diatomic linkage. Among them, the Clark rule (3) 

the Badger rule (2) 

R e  = (Cij/Ke)‘j3 - D.. 1 1  

and the :Illen-Longair rule (1) 

Re = (Ii+i/Ke)1/6 


