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E 
PONiIDATION has advanced in 10 years  f rom little 

more than a laboratory curiosity to a major  com- 
mercial chemical process. Epoxidized fa t ty  esters. 

derived from such natural  oils as soybean oil and 
f rom such synthetic oils as butyl  oleate, are major  
products  of epoxidation technology. These find use 
pr incipal ly  as secondary plasticizers for polyvinyl  
chloride and copolymers, to which they impar t  a spec- 
t rum of properties including heat and light stability, 
superior  aging', and low-temperature flexibility. 

In 1945 Findley  and associates (1) reported the 
first practical  synthesis of epoxides f rom a preformed 
peracetic acid. The first in situ epoxidatiou (in which 
hydrogen peroxide and a earboxylic acid are allowed 
to react, usually in the presence of a strong acid cata- 
lyst, to form the peracid in situ with the olefin to be 
epoxidized) was reported by Niederhauser and Koroly  
(2) in 1949. These authors used formic acid. An in 
situ process, employing acetic acid, was reported by 
Gall and Greenspan (3) in 1955. Ion-exchange resins 
were first used in 1955 (4,5) to replace the mineral 
acids in in situ epoxidations. Continuous processes for  
cpoxidation were described i~l 1958. Barlow and co- 
workers (6) described a continuous cascade (overflow) 
process which was operated eoeurrently.  Bataafschc 
(7) has a British patent describing a countereu~rent 
cascade t)rocess characterizcd by separation vessels 
between reactors, f rom which tile aqueous phase may 
be punlped c<)unt(~rcurrently to the flow of the oil 
1)base. 

Tile chemical equations showing the major reactions 
involved in epoxidation ar(, as follows: 

P r e f o r m e d  Techn ique  

/C~C~.. + RCO=H ' '  > ~C + RCO=,H I 
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The economic advantages of tile in situ epoxidation 
technique are well known (2,a,4). A smaller quan- 
t i ty  of organic acid may be used, resulting in a savings 
in material  cost and an increase i~ volume produc- 
tivity. A much greater utilization of active oxygen 
results since vir tual ly  all of the hydrogen percxide is 
converted to peracid. A savings in capital and oper- 
ating costs results since only one operation is involved 
ra ther  than two. 

1 P r o s e n t e d  at the fal l  mee t ing ,  A m e r i c a n  Oil Chemis t s '  Society, Sep- 
t ember  2 8 - 3 0 ,  1959,  Los  A~geles ,  Calif .  

~ l~esearch  p e r f o r m e d  fo r  a n d  u n d e r  the  d i rec t io~  of t, he Becco 
Chemica l  Div i s ion .  

5 5 9  

~t-" 

'A 

I N 

Fro. l. EpoxhLa~ion cquJl~lltonf. 

In general, continuous processes arc known to be 
economically SUl)erior to batch I/rocesses, par t icular ly  
at large volume. When a continuous process can be 
run by passing two immiscible phases countereur-  
rent ly to ()tie another, additional adwmtages will be 
realized. The over-all rate of reaction and thus the 
time-volume product ivi ty  is increased since one of 
the reactants is present in relatively large concentra- 
tion throughout  the reaction. If the product  reacts 
with the medium, side reaethms are minimized by 
reducing the time and manner  of contact. 

In order to apply  in situ technique and the counter- 
current  principle to epoxidation, a process was con- 
ceived in which the unsatura ted  oil to be epoxidized 
is introduced into the bottom of a packed column 
where it flows upward  as a continuous phase. Into 
the top of the column is introduced aqueous hydro- 
gen peroxide, which since it is more dense than the 
oil, proceeds downward as discontinuous droplets 
through the oil phase. Into the side of the column is 
introduced a earboxylie acid which contains a rata- 
lyric quant i ty  of a mineral  acid. The carboxylic acid, 
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which dissolves in the oil phase, is extracted from the 
rising oil phase by the descending aqueous droplets. 
'l'he hydrogen peroxide then reacts with the carbox- 
ylic acid in the aqueous phase to form peraeid in the 
presence of the mineral  acid catalyst. The peracid is 
extracted from the aqueous phase by the oil phase, 
where it r eac t s  with the olefin to form epoxide and 
regenerate acetic acid. The acetic acid which is formed 
is extracted again into the aqueous phase where the 
cycle repeats itself. 

Experimental 
Equipment. The reactor consisted of a number of 

sections of glass tubing, 1.2 in. (30.5 ram.) in diameter 
and 2 ft. (61 cut.) long. Each section was packed to a 
height of 1.4 ft. (43 cm.) with 6-ram. Berl  saddles. 
Details of construction are shown in Figure  1. 

Between each packed section were reservoirs, K, in 
which the descending aqneous phase collected before 
overflowing throu~'h L into the ncxt section. The vol- 
ume of aqueous phase, contained in each reservoir was 
37 ml. The oil was fed to the bottom of the column 
f rom a 2-liter graduated addition funnel,  A, through 
a rotameter,  D, into the bottom of the column at N. 
Acetic acid was passed in from a l- l i ter  Hershberg 
dropping funnel, B, through rotameter,  E, into res- 
ervoir, K, through J. I lydrogen  peroxide was intro- 
duced directly into C front a l- l i ter  IIershberg drop- 
ping funnel[ without passing through a rotameter.  
The overflow reservoir, F, was used to separate any 
aqueous phase that might overflow from the column 
before passing through the product  line, G. The spent 
aqueous phase overflowed through O, the height of 
which was adjusted to maintain the interfacial  level 
between aqueous and oil phases at the top of the low- 
est column section. Dur ing  operation of the column, 
samples of the oil and aqueous phases could be with- 
drawn from I and M, respectively, for analysis. 

The eolmnn containing seven packed sections and 
six interconnecting peraeid reservoirs, had an over-all 
height of 16 ft. (4.88 m.) of which approximately 10 
ft. (3.0.5 m.) were packed. The total volume of fluid 
contained in this packed column was 3,500 ml. Eight- 
een-millimeter glass tubing was used to introduce the 
oil to the column, and 8-ram. tubing for the acetic 
acid and hydrogen peroxide. The sample removal 
tubes, I and 3I, were constructed of 2-mm. capillary 
tubing. All connections were made with suitable- 
sized ball joints. The large ball joints used in con- 
necting sections of the main column were sealed with 
fused Saran, as described by Quin and Greenlee (8).  
For  the acetic-acid addit ion joints a Teflon sealing 
compound was used. For  all other bali joints a heavy 
petroleum grease sufficed. 

For  temperature  control each section of the col- 
umn was wound with niehrome wire, and each was 
controlled with an individual variae. Cooling was 
accomplished either by blowing air on the outside of 
the column or by installing within the column sections 
spiral  glass cooling coils through which tap water  
could be run  as needed. Temperatures  were meas- 
ured  by means  of thermoeouples inserted in thermo- 
wells located near the base of each column section 
and were recorded on a 12-point Brown recorder. 

Passivation. As in the case of other epoxidations, the 
equipment was passivated before use (9,10). Briefly 
the method used involved thorough rinsing with tri- 
chloroethylene; af ter  removing the residual trichloro- 

ethylene by evaporation, rinsing with de-ionized water ; 
heating with 45% nitric acid at 45~ for 45 rain.; 
and rinsing with de-ionized water. 

Materials. Soybean oil, alkali-refined; butyl  oleate, 
distilled grade;  hydrogen peroxide, 50%, Beceo; ace- 
tic acid, glacial, ACS grade;  formic acid, 90%, ACS 
grade;  phosphoric acid, 85%, ACS grade;  and sul- 
furic acid, 96%, ACS grade. 

Proccdure. The oil to be epoxidized was introduced 
to the column through A unti l  the colunm was com- 
pletely full. Hea t  was applied t~ the column and 
adjusted unti l  the temperature  of the entire colunm 
was that  desired, usually about 60 ~ . The flow of oil 
was agaiu started and adjusted by means of a glass 
stopcock unti l  the flow, as measured by rotameter,  D, 
was at the desired rate. A secondary check oil the flow 
rate of the oil over a period of tinIe was obtained by 
timing the decrease in volume of oil f rom graduated 
addition funnel,  A. In t roduct ion of acetic acid a and 
hydrogen peroxide was then started simultaneously 
at the desired rate. The additions were made from 
graduated Hershberg dropping funnels in which flow 
control is maintained by inserting a cylindrical drawn- 
out glass rod into a cylindrical capil lary tube for vary- 
ing distances, depending on the rate of flow desired. 
The acetic-acid flow rate was measured by rotameter,  
E, and checked by timed disappearance of acid from 
the graduated funnel.  I f  acetic acid was introduced 
at more than one point, separate funnels and rotam- 
eters were used. 

Although peroxide was fed through a IIershberg 
dropping funnel,  its flow rate could not be measured 
by means of rotameter since snlall gas bubbles collect- 
ing on the rotameter  floats completely distorted the 
readings. The peroxide flow was estimated by count- 
ing the drop rate and checked as with the other flows 
by measuring the decrease of volume with time in the 
graduated funnel.  Af ter  about 3 hrs. of operation 
when the aqueous phase had completely filled the res- 
ervoirs and was overflowing through the aqueous out- 
let O, the height of 0 was adjusted to control the 
height of the aqueous-oil interface at the desired point, 
usually the top of the bottom section. 

The epoxidized oil product  was collected in a gradu- 
ated receiver at G. The aqueous phase which collected 
in F was periodically drained out by use of the indi- 
cated stopcock. 

Careful  tempera ture  control was required since at 
temperatures  above about 80 ~ excessive gas evolution 
occurred. 

Sampling and Analyses. Samples of the aqueous 
solution were taken every 3 hrs. from the base of each 
peracid reservoir, M, and at the spent acid outlet, O. 
Oil samples were taken from the base of each column 
section, H, every 3 hrs. and from a point directly 
preceding the oil settling basin, F, every hour. 

The aqueous samples were collected in bottles kept 
between 0-10~ to minimize decomposition losses and 
equilibrium shifts. The hydrogen peroxide and per- 
acid concentrations were determined, using the method 
of Greenspan and MaeKellar (11). 

Oil samples were analyzed for their  acid content 
af ter  s tanding 24 hrs. to permit  suspended aqueous 
droplets to settle out. The samples were t i t ra ted with 
0.1 N sodium hydroxide by using a mixed indicator 
of bromthymol blue and phenolphthalcin. The acid 

S The word "acetic" is used for convenience and is intended to 
include acetic and formic acids. 
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T A B L E  I 

The  Con t inuous  E p o x i d a t i o n  of B u t y l  Oleate  Condi t ions  and  Resu l t s  
Res idence  T i m e  a 3.2 H r s . ;  A l i p h a t i c  Acid,  Acet ic ;  M i n e r a l  Acid  Cata lys t ,  S u l f u r i c  

R u n  No . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ac id-moles /double  bond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

t t yd rog ' en  pe rox ide -moles /doub le  bond . . . . . . . . . . . . . . . . . . . . . . .  
A v e r a g e  t e m p e r a t u r e  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P o i n t s  of ac id  add i t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
% Epoxy  convers ion  best . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
% E p o x y  convers ion  a v e r a g e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
% R i n g  open ing  a v e r a g e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
% U n r e a c t e d  double bond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Moles ac t ive  oxygen r e e o v e r e d / u m l e  doab le  bond ........ 
Moles ac t ive  oxygen decomposed /mole  double bond .... 
% ac t ive  oxygen decomposed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

42  

0 . 7 9  
1.10  

66 
1,3,5 
54 .8  
53 .2  

1.2 
4 5 . 6  
0 .37  
0 .19  

17 

43 

i.i0 
66 

1,3 ,5  
65.3  
64.2  

7.7 
28 .1  
0 .18  
0 .20  

18 

44  

1 .41  
1 .10  

68 
1 ,3 ,5  
51 .8  
4 7 . 5  
31 .8  
2 0 . 7  
0 .13  
0 .18  

16 

45-A 

0 .70  
1 .10  

68 
1 

60.5  
53 .2  

6.5 
40 .3  
0 .24  
0 . 2 6  

24 

45-]E 

67.1 
56.~ 
12.~ 

45-C 

- o ~ T - o  
1.10  

65 .4  
56.2  
18.1 
25 .7  
0 .18  
0 .18  

16 

41 14 

0 .50  
2 . 2 4  (1).51 [ .09 

64 67 
1 1 

83.3  79.3  
74.27.9 53 .7  

17.9  4118 
1.1 ...... 

0 .32  ...... 
14 ...... 

16  

0 .44  
0 .93  

66 
1 

53 .0  
46 .3  

3 .4  
50 .3  
0 .31  
0 .11  

12 

17 

0 .28  
1 .37  

63 
1 

4 2 . 7  
4 2 . 7  

2.5 
54 .8  

18 

0 .58  
1 .22 

61 
1 

81 .0  
65 .0  

5.5 
29 .5  
0 .30  
0 .22  

18 

21 

0 .37  
1 .07  

58 
1 

78.2  
61 .8  

3.1 
35 .1  

a R u n  41, 2 .6  hrs .  
Res idence  T ime  2.6 H r s .  

R u n  No . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ac id-moles /double  bond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
]~Iydrogen pe rox ide -moles /doub le  bond .. . . . . . . . . . . . . . . . . . . . . .  
Acid  ( a l i p h a t i c )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ca ta lys t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Oil so lvent  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A v e r a g e  t e m p e r a t u r e  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1)oints of ac id  add i t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
% Epoxy  convers ion  best . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
% E p o x y  convers ion  a v e r a g e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
% R i n g  open ing  a v e r a g e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
% U n r e a c t e d  double bond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Moles ac t ive  oxygen r e c o v e r e d / m o l e  double bond ....... 
Moles ac t ive  oxygen decomposed /mole  double bond .... 
% ac t ive  oxygen decomposed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

23 31 32 33 

0 .79  0 .77  1 .16  1 .04  
t l O A r  t - I C 0 0 1 I  I I C O O t I  I-IC O O t t  

I IzS0~ H e S 0 4  I-I2S0 ~ t t s P 0 4  
None I None  I H e p t a n e  I I-Ieptane 

51 58 58 62 
1 1,3 ] ,3 1 ,3 ,5  

26 0 21 .2  48 .8  51 .7  
18 .4  21 .2  43 .3  45 .5  

1.8 6.0 7.5 7.8 
79.8  72 .8  49 .2  4 6 . 7  
...... 0 .44  0 .59  0 .44  
...... 0 .06  0 .06  0 .07  

8 5.2 6.7 ...,.. 

35 

1 .10  
t t O A r  

t t a P 0 4  
I I e p t a n e  

53 
1 ,3 ,5  
25 .8  
25 .8  

5.5 
68 .7  

36  

1 .09  
t I C 0 0 H  

n a P 0 ~  
H c p t a n e  

55 
1 ,3 ,5  
44 ,1  
44 .0  

6.1 
49 .9  
0 .31  
0 ,28  

26  

37 

~ o  
1.08  

H C 0 0 K  
t t a P 0 ~  

I-Ieptane 
77 

1 ,3 ,5  
56 .6  
51 .8  
11 .6  
36 .6  
0 .28  
0 .17  

16 

38 
A,B,C 

0 .80- - -  
1 .08 

t t C O O H  
HAP04 

H e p t a n e  
62 

1 ,3 ,5  
68.3  
50 .5  

6.2 
43 .3  
0 .24  
0 .27  

25 

26  

0 .63  
1 .12 

H O A c  
I t2S04  
None 

72 
1 ,4  

62 .6  
53 .5  
19 .4  
27 .1  
0.2O 
0 .19  

17 

content of aqueous samples was also determined by 
this method. 

The oil samples for oxirane attalysis were washed 
with sa turated sodinm sulfate until  free of acid and 
hydrogen peroxide, dried over anhydrous  calcium 
sulfate, and filtered. The method of I )urbetaki  (12) 
was used for tile oxirane determination.  The stand- 
ard  American Oil Che, mis ts '  Society Method (13) 
for the iodine number  was used. The degree of epoxy 
ring opening was calculated by difference between 
lhe oxirane and io(lin(~ values. 

( h r m l i t i o n s  a m l  R e s u l t s .  A number  of variables 
were investigated. These are divided into those whictl 
are w~riable only in discrete steps, such as types (if 
organic aci(t, and those which are continuously vari-  
able, such as temIleratlm~. The discrete group of vari-  
ables investigated were butyl  oleate v e r s u s  soybean 
oil, acetic acid v e r s u s  forinie acid, sulfuric acid v e r s u s  
i)host)horie acid, hclltane solvent v e r s u s  nonsolvent, 
Tr i ton  X-45 sur fac tan t  v e r s u s  no sur fac tan t  in oil 
phase, Nacconal N R S F  sur fae tan t  v e r s u s  no snrfact-  
ant  in water phase, 1 v e r s u s  2 and 3 points of acid 
addition, 1 v e r s u s  6 peracid reservoirs, and 8.5 ft. 
(2.59 nletcrs) v e r s u s  10.0 ft. (3.05 meters) ,  of packed 
cohlmn length. 

The <'~ontinously variable group consisted of differ- 
(,nt molar ratios of organic acid to double bond, 
and molar ratios of hydrogen ilcroxide to <lonble 
bond, a te lnperature  range of 50-90~ residence 
times of 0.87-4.2 hours  and an interface height f rom 
(~ohlmn base of 1.7 ft. (0.5 mete r ) -2 .0  ft. (0.6 meter ) .  

The total t ime of reaction was always sufficient t<> 
have completely replaced the contents of the column 
several times so tha t  equilibrium was achieved. This 
var ied f rom perhaps  7 hr. to 24 hr. The conditions 
applied and results obtained on a number  of runs  are 
shown in Table I. Several variables, such as the use 
of surfaetant ,  were found to be relat ively unimpor-  
t an t  or susceptible to s tandardizat ion and are not 
included in the table. 

Discussion 

D e s i g n  o f  E q u i p m e n t .  In  the design of equipment  

for  this contimmus epoxidation the interrelat ionship 
of several pr ime factors  was impor tan t :  the rates of 
the reactions shown ill Equat ions  2 and 3; thc part i-  
tion coefficients and rates of migrat ion of the various 
mohtcular species within and between tile phases;  
and remowtl of heat due 1o the hi~rhly exothermic 
el)oxidation r(,aetion. 

The rates of rea(.tion, of e.oursc, are depmldcnt  on 
temI)crature and concentration. The tilne of reaction 
must  be sufficicnt to br ing the yield of epoxide to the 
desired point. Since Reaction 2 o(,.curs pr imar i ly  in 
the aqueous phase and Reaction 3 ill tile oil phase, 
the residence times (if both of these phases in the 
column are important .  The reside.nee t ime of tile oil 
(tan be (-ompletely controlle(l by w~rying the rate of 
addit ion of the unsa tnra ted  oil since tile oil forms the 
continuous phase ill tile column. ] lowever  tile aqueous 
phase, ( lropping through as discontinuous droplets, 
is not controllable in the same malmCl'. I t s  residence 
lime is dependent  on such factors  as the length ()t' 
the column, tile na ture  of tile packing, the viscosity 
of the oil, and the velocity of the risillg oil flow. 

The results obtained suggest that  the rate-l imiting 
steps are a) the format ion  of peracid and b) its mi- 
grat ion into the oil phase. The forlnc, r was improved 
by the instal lat ion of peracid reserw)irs within the 
column to increase the time available for tile forma- 
tion of peraeid. The la t ter  can be improved by in- 
creasing the length of the column, increasing the 
interracial  area (such as by agi ta t ion) ,  or by the 
use of surfaetants .  We have found tha t  the use of 
Berl  saddles as packing gave excellent dispersion 
of the aqueous droplets. 

An impor tan t  fea ture  of the packed column design 
was the introduct ion of acetic acid at points on the 
side of the column ra ther  than at  the top with the 
hydrogen peroxide. This allowed the acetic acid 
dissolved in the rising oil phase to be extracted by the 
hydrogen peroxide before the oil left  the column, 
thus reducing the acetic acid requi rement  for the 
reaction as well as the amount  of acetic acid that  
must  be washed out of the epoxidized product.  I t  was 
found that  if acetic acid was introduced at  a number  
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of points along the colunm, the amount  of the total 
reaction that  occurred in any  one section could be 
made more uniform.  This assisted in the heat-removal  
problem. 

The problem of heat  removal in a nonagitated slow- 
moving liquid is considerable. Some agitat ion is 
achieved in this case by the rising gas bubbles formed 
from the decomposition of minor amounts of hydro-  
gen peroxide, but  this remains a problem on scaling 
up to larger  reactors. 

Through the use of the effective thermal  conduc- 
t ivi ty data it has been calculated that  the max imum 
diameter  of a jacketed glass eolumn for the epoxida- 
tion of soybean oil without solw,nt is about 3 in. This 
calculation was made with the assumption tha t  a tem- 
pera ture  differential  of 25~ between the center of 
the column and the wall be maintained.  A cohmm 
larger in diameter  could be used for epoxidation of 
oils with a lower degree of ethylenic uusa tura t ion  
or h)wer viscosity or if oil was diluted with a solvent. 

P re l iminary  calculations indicate that  the maxi- 
mum diameter  of an agitated cohHnn, such as a jack- 
(,ted rotat ing (li~e contaetor, wouhl be 24 to 30 in. 

For  commercial  use, modified designs will p robably  
be required. Agi ta ted  jacketed cohnnns, shell and 
tube heat  exchangers, and jacketed annular  reactors 
have been considered. 

Heat Transfer. The effective thermal  conduct ivi ty 
of hot soybean oil was determined in a labora tory  
calorimeter packed with 12-ram. Berl saddles. Agita-  
tion was provided by passing d ry  nitrogen through a 
sintered-glass plate h)eated at the base of the packed 
calorimeter tube. Three thermocouples were used to 
measure the tempera tures  at the center of the tube, 
at the wall, and ha l fway between. A 31.4% solution 
(calculated to be the average composition of the aque- 
ous phase in the colmnn) of acetic acid was intro- 
duced through a g radua ted  dropping  fminel,  thence 
to a wire mesh screen before entering the packed bed;  
and the resul t ing tempera tures  were measured. 

The effective thermal  conduct ivi ty k~ (B tu /h r .  ft. 
~ was found  to be 0.6 under  conditions of zero 
ni t rogen and acetic acid flow rates. A k~ value of 0.8 
was obtained at  a 158 cc./min, ni trogen flow rate and 
4.7 ce./min, acetic-acid flow rate. 

Operating Variables. In  addit ion to the design of 
the reactor,  the results  obtained va ry  greatly,  depend- 
ing on the variables.  An analysis of the results actu- 
ally obtained in several runs  (Table I )  allows us to 
draw a number  of conclusions as to the probable opti- 
m u m  conditions. The desired results of course are 
the largest  possible yield of epoxy product  and the 
least possible r ing  opening. I t  should be noted that  
the difficulties of controlling a labora tory  reactor  and 
the large number  of variables make the results some- 
what  imprecise, par t i cu la r ly  as to the amount  of r ing 
opening, since relat ively small differences in temper-  
a ture  can have impor tan t  effects on the r ing opening. 

I t  can be seen f rom Table I tha t  the op t imum con- 
ditions depend on the oil to be epoxidized. The oils 
evaluated were bu ty l  oleate, a mono-ester of a mono- 
unsa tura ted  f a t t y  acid, with an iodine number  of 74, 
and soybean oil, a na tu ra l ly  occurring mixture  of 
po lyunsa tura ted  triglycerides,  with an iodine number  
of 133. The buty l  oleate reacts more rapidly,  yet  with 
less total  heat  evolution, and is therefore  much easier 
to control. The carboxylic acid of choice depends on 
the na ture  of the oil. Fo r  the fast-react ing buty l  

FIG. 2. Correlation of temperature and dissolved acid with 
percentage epoxidation. 

oleate, acetic acid with a sulfuric acid catalyst  gave 
good results;  with less active soybean oil, formic acid 
with phosphoric acid catalyst  seemed preferable.  The 
use of a solvent seems to give bet ter  results, par t icu-  
lar ly  with soybean oil. 

Another  variable which depended on the type of 
oil being epoxidized was the point or points of addi- 
tion of acetic acid. A single point, 2 ft. f rom the top 
of the column, appeared to give the best results with 
butyl  oleate, while several points of addition were 
preferable  with soybean oil in order to spread out 
the heat  load more uniformly.  

The residence time of the oil in the cohmm was 
standardized as much as possible by mainta ining the 
rate of flow of the oils constant throughout  the runs. 
The flow rate  of both oils was 16.6 cc./min. By  mak- 
ing suitable estimates of the volume occupied by the 
aqueous droplets  and the gas bubbles within the col- 
umn, the average residence times were estimated to 
be 3.2 hrs. for buty l  oleate and 2.6 hrs. for  soybean oil. 

The op t imum tempera tu re  range was the same as 
that  for  other in situ epoxidations, about  60 70~ 

The concentrations of carboxylic acid and hydrogen 
peroxide in Table I are expressed as mole fract ions 
of the olefinic unsa tura t ion  present. Although a large 
excess of hydrogen peroxide gave bet ter  results, the 
economic opt imum is, of course, one mole of hydrogen 
peroxide per mole of double bond. With  the rede- 
signed column as described below, there is no reason 
why the use of only slightly more than  theoretical 
hydrogen peroxide should not give good results. 

The op t imum quant i ty  of carboxylic acid is harder  
to deduce f r o m  the data  but  appears  to va ry  with the 
number  of points of addit ion and with the oil used. 
[n general, a concentrat ion between 0.5 and 0.9 moles 
per mole of double bond appears  optimum. However  
it will be noted, for  example, in runs  17 and 21 in 
Table I, tha t  good results were obtained even when 
considerably less than  0.5 mole of acetic acid was 
used. This has been explained (14) on the basis tha t  
the rising oil in the column actual ly  extracts  some 
of the acetic acid f rom the descending aqueous phase, 
giving an effective concentrat ion in the reaction zone 
greater  than  tha t  indicated by the amount  added. This 
concept could logically be extended to lengthening 
the lower par t  of the column to extract  the aqueous 
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phase with oil so that vir tually no acetic acid would 
need to be added. 

Figure  2 shows a profile of a typical epoxidation 
run, including epoxy yield and average temperature 
as well as the concentration of formic acid dissolved in 
the epoxidized product. 

In  Figure  2 it can be seen that formic acid is more 
soluble in oil of higher oxirane content. I t  is postu- 
lated that  this is due to the greater polar character 
of the oxirane r ing compared to a double bond. I f  the 
time lag in the temperature curve is taken into con- 
sideration, a rough parallelism can be seen between 
the temperature, epoxidation, and formic acid curves. 
Data f rom Runs 38 A, B, and C were used in pre- 
paring Figure  2. 

I t  will be noted that the best conversions obtained 
were 83% epoxidized butyl  oleate and 68% epoxi- 
dized soybean oil. I f  this process is to be practical, 
much higher conversions must be realized. A number 
of factors indicate that increasing the length of the 
column will be necessary to achieve high yields. 

Figure 3 relates epoxy conversion to the length of 
packing in the column by two different methods. The 
bars represent the average percentage of epoxidation 
in two series of runs when different length columns 
were used. The small circles represent the percentage 
of epoxidation at points at the bottom of each section 
of the column during a single epoxidation run. A 
line was then drawn through these circles to include 
the tops of the bars as nearly as possible. Two extra- 
polations were made, one an optimistic linear extra- 
polation and one a pessimistic curve. An inspection 
of these ~'Ul'Ves suggests that  a eolmnn approximately 
30 ft. in lenglh should give w'~ry high yMds  of 
epoxide. 

The eurve in Figure 3 was taken from Run 42. The 
average percentage of cpoxidation as represented by 
1he smaller bar was taken from Runs 14, 15, and 16. 
Rn,l 15 is not included in Table l, but the same vari- 
ahles were used as in Run 14. The percentage of 
~qmxidatiolt as represented by the longer bar is an 
average of Rims 18 and 21. 

Conclusion and Summary 
A laboratory process has been developed for the 

eOlliinuolts eountercurrent  preparat ion of epoxidized 
oils. This consists of introducing continuously, to a 
packed cohmm, an unsaturated oil, hydrogen perox- 
ide, and acetic acid, and withdrawing the epoxidized 

FIG. 3. Percentage epoxidation v e r s u s  column length. 

product. Operating variables have been investigated 
and optimum conditions predicted. Obtainment of 
maximum yields must await construction of a longer 
column. 
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