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Polymerization of Linseed Oil in an Electric Discharge 
C. BOELHOUWER, T. HOEKSTRA, ~ H. I. WATERMAN, and J. B. WESTERDIJK, 
with the collaboration of J. VAN DAM and A. J. KRUIDENIER, Laboratory of 
Chemical Engineering, Technological University, Delft, Holland 

W 
HEN MINERAL OILS or f a t t y  oils are subjected 
to the action of glow discharges fit a hydro-  
gen or a ni trogen atmosphere at low pressure 

a considerable increase in viscosity is effected, prob- 
ably because of polymerizat ion of the s ta r t ing  mate-  
ria]. In the, " E l e k t r i o n "  process of 1)e I I empt inne  
(1), also known as "Voltol  " process (2), this reaction 
was ai)l)lied, especially dur ing the first World War,  
on a commercial scale for the prepara t ion  of high- 
grade hlbrieating oils. 

The lihenomena in an electrie~ discharge are ~'ery 
('onil)li(:iite(I. In a [ow-I)resstlre hydrogen atnlospher(' 
the a(.|iOll of hydrogei i  atouis, :in all l)robability, is of 
pri inar.y i l i lportal lee ( 3 ) .  ] )olyl l ler igat ioi l  o f  u l l s a t l l -  

rated as well as saturate(l conlpounds takes place by 
the (.ombination of radicals uhi(,h have been forme(t 
priuia.ri ly hy the action of tho hydrogen atoms; in 
addition, hydrogellation and dehy(Irogeliatioli reac- 
tions have beeli reported (4:). 

Several authors (5, 6) investigale(I the ai)plicabil- 
ity of the Voltol-proeess for the i)rel)aratiolt of poly- 
mei'iz~,d ,ils in the pa in t  induslry.  Aecx)rding 1o 
(loldeusl(,in (6),  the propert ies  of v(iltolized linseed 
oils are belier in several respects Â}lau lherinally poly- 
merize(I oils, (,specially in regard to |he hardness and 
resistan(.(, of the films aftex drying.  This might  1)c 
due lo the (!onlpletely different (,,henlieal s t ructure  of 
the polynlerized oils. The thermal I)olymerization, 
which (.all be considered as a l)iels-Alder eon(ten,~t- 
tion (d' (.onjugated double bonds in lhe f a t t y  acid 
chains, results in the formation of six-menibered 
rings in the polymerized oils (7, 8 ) ;  polymerization 
in a glow discharge at low teml)crature,  (s.g., 7()°C., 
is a result of a combination of radicals into com- 
pounds in which the occurrence of ey(dic s t ructures  
is (tilestionable (9).  

Ill ]952 Boelhouwer, Jol, and Walerlnan (8) pub- 
lishe(I a general schenle f(>r analysis of polynierized 
fa t ty  oils, which alh>ws fi)r a reliabh~ dt,ternlinatiou 
of the (~oil l i ' ibutioli O f  illt, r~tliiol4~(qi]ar l ' e a ( t t i o l l s  ( c o i l l -  

binati(m of f a t ty  acid chains in the original glyceride 
molecules) and intermoleeular  rea(d:ions (('mnbina- 
tion of f a t ty  acid chains of (liff(,rent gly(,eride mole- 
cules), also for a proper  s tudy of the ('oupling of the 
f a t ty  acid chains in the polymerization process, par-  
t icular ly  in regard  to the occurren('e of rings in the 
polymerized oils. 

According to this scheme the polymerized oil to 
be investigated is first stabilized by hydrogenat ion 
(150°C., 100 atm. hydrogen,  5% of a nickel on kiesel- 

~ Conlpare T. }Ioekstra, Thesis, l)cift 1958 (in Dutch) .  

g'uhr catalyst)  to sa tura te  the olefinie double bonds, 
then separated quant i ta t ive ly  into monomerie and 
polymeric glyccrides by repeated molecular  distilla- 
tion in a fall ing film still (10). Both the monomerie 
and the polymeric glycerides are saponified and the 
fa t ty  acids, a f t e r  t ransformat ion  into their  methyl  
esters, are submit ted to ()rdimtry "~aeuum fractiona- 
tion. Monomerie esters distill at  150°-200°C. at  1 
ram. f ig  and dimeric esters remain as a residue (boil- 
ing point >250°C.  at; 1 ram. t Ig ) .  The degree of 
intr 'amolecular polymerization is indicated direct ly 
hy th(' amount  of residual methyl esters ohtained 
from the moaomcric  glycerides. To inv(,sligat,e the 
I)resenve of rings, the lnell iyl esler frm,|ions are 
lral isforl iwd into saturated hy(lroea>rboll l i l iXiilres, 
c..q., hy diro(~t hydrogenali(ni (11) (;i00°-:150°C., 300 
atll l, hydr()g(,ll, al ld 20 } )  (it' a ni('kel COl)piq' Oll kiesel- 
g l ihr  (.,alalysl). The average l i l in iber of r i i igs l)er 
ll loleclile ili l l ie hydroc, arboli i i i ixtt l i 'es f o l l o w s  frOl/i 
their i)hysiea] 1)roperth,s ae(~ording to i'iiif~ analysis 
liiethod~ (1:{) all(I (;all also be (,al(qilate(I dire(, l ly fronl 
I i ] l i l i iale aiia]ysis alld iiioleeillar weight. 

This svllellie was applied ill (,ar]ier work Ill Âhe Stlldy 
(it' lher l l la l ly  l io lymerized linsee(I oils (S) all(t f l i ng  
oils (12). For eoitlparis()ll Ihe aualysis (if sortie %rol- 
lolize(I linseed (ills is (h's(;rib('d in this I)al)er. 

Description of Apparatus 
For lhe l r e a t m e n t  of  l inseed  oil a l a b o r a t o r y  

" V o l t o l "  r(,a<'tor was (.(mstrm't:('d (F igure  1) whieh 
reseuibh,s e(mimereial equipmellt  deseribed ill the 
l i terature (1, 2) and allows ~'oltolization of oils raider  
c(n'resl)onding conditions. 

The exl)eriments are conducted in a ro ta t ing  cylin- 
dri(:al Pyrex  tube (500 × 90 ram.) composed of two 
parts, which are held together by glass flanges, t ight-  
('ned with oil-resistant rubber  rings. The m~rrow ends 
(>f lhe rotat ing reactor are e(mneeted with fixed inlet 
arid outlet  tubes with sphcrit.al joints, lubricated with 
A piez(m grease. 

Two concentric a luminum cylinders serve as elec- 
trodes. They are separated by a glass eylin(ter, 1)ro- 
trudino" 60 ram. on both ends of the electrodes. The 
contact wires, which connect the electrodes with slid- 
ing contacts on both ends of the reactor,  are laid on 
in such a way that  there is no danger of sparks. Tung- 
sten wires c(mneet with the outside of the reactor.  

In  the reactor approxinlately 600 ml. of oil can be 
treated. The surfaces of the electrodes and the sep- 
arating glass cylinder are wetted continuously by  an 



374 TIIE JOURNAL OF THE AMEalCAN OIL (]IIEMISTS' SOCIETY VOL. 37 

I +' ! / i t  
. . . . . . . . . . . . . . . . . . . .  ~ ......... L_!  ... . . .  ) :  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  • + l a . . . . . . . .  J . . . . .  - - 4 - - - ~  

F I G .  ] .  L M ) o r a t o r y  ~,rolto] : q ) p n r a t u s ,  

oil film which is mainta ined by the rotat ion of the 
system. 

A thernmmeter  is placed in a small central glass 
tube and a heat ing spiral  is wound around the out- 
side of the reactor. Current  supply  is provided by 
a sliding contact. 

:Experimental 
In  the laboratory  Voltol appara tus ,  linseed oil was 

submit ted to ele(.~ri('a] (lischarges in a hydrogen at- 
nmspherc at a pressure of 8 elm l l g  and a temI)erature 
of 70°C. The reactor was rotated l0 times per minute.  
The effective potential differem,e between the elec- 
trodes amounted to 6,000 V, the effective discharge 
cur rent  was 24 mA, and the applied f requency 500 
lIerz.  

To main ta in  a ¢.onstant hydrogen pressure in the 
appara tus ,  hydrogen had to be supplied dur ing  the 
exper iments  because some hydrogenat ion of the oil 
occurred. 

I t  is a well known fact  thai; the reaetion t ime of 
voltolizati(m processes of f a t ty  oils is l imited by the 
formation of high molecMar products,  which are in- 
soluble in the oil aml may give rise to inhomogeneities 
in the reaction pro(lu('~ts even when the viscosity in- 
crease is still small. In (mr exper iments  the voltotiza- 
tion was finished before these phenomena set in;  there- 
fore the obtained voltolized oils possessed a ]infited 
viscosity only. 

In  Table I the reaction conditions for  two experi- 
ments  are given, and some physical  data  of the reac- 
tion products  are presented. 

The voltolized linseed oils were analyzed according 
to the scheme mentioned above, and each was trans-  
formed into four  hydrocarb<m fractions,  represent ing 
the monomeric and polymeric f a t t y  acid groups of 
both the monomeric and polymeric glyceride mole- 
cules of the reaction products.  The resul ts  are shown 
in Table I I  in which, for  comparison, are also given 
analyt ical  data  of a thermal ly  polymerized linseed 
oil (9). 

Discussion of Results 
1. Table I shows tha t  considerable polymerizat ion 

occurs dur ing  the voltolization process of linseed oil. 

The molecular  weight and the viscosity of the oil 
show a remarkable  increase. The co,ns.umption of 
hydrogen points  to a distinct hydrogenat ion of ole- 
finic double bonds. The carboxylic groups are not 
a t tacked;  the saponification value remains constant 
dur ing the process. 

2. Reaction of f a t ty  acid chains dur ing  the vo]- 
tolization process is near ly  exclusively intermolecular  
(Table H ) .  The amount  of glyeeride molecules in 
which an in t ramolecular  combination of f a t t y  acid 
chains occurs can be ignored. There is an obvious 
difference with thermal  polymerization, where a fair,  
though not predominant ,  in t ramolecular  polymeriza- 
tion is effected. 

When it is assumed tha t  dur ing  voltolization in- 
t ramolecular  reactions can he ignored, also in the 
polymeric  glycerides, the rat io of monomerie and 
polymeric methyl  esters obtained f rom the polymeric 
glycerides (which amounts to 14.5:7.5 ~ 2:1 in oil I )  
indicates tha t  in the beginning only dimeric glyccrides 
are formed. In  la ter  stages of the process formation 
of t r imeric  glycerides also occurs; the decreased ratio 
of the methyl  esters in oil I I  (36:25 ~ 3 : 2 )  might  
indicate tha t  approx imate ly  one-half o,f the polyrneric 
glyeeride molecules is dimeric, the e ther  half  is tri- 
merle. The molecular weights of the voltolized oils 
(Table I )  are in reasonable accordance with  these 
considerations. 

3. The results  of the s t ruc tura l  analyses of the hy- 
drocarbon fractions,  obtained f rom the voltolized oils 
(Table I I ) ,  show that  the products  are poor in cyclic 
structures.  The monomeric f a t t y  acid chainu are not 
at all cyclic; the polymeric groups contain only 0.8 
rings on the average. This indicates a sharp  contrast  
with the s t ruc ture  of thermal ly  polymerized linseed 
oils. The polymeric f a t t y  acid chains contain more 
than two r ings  per  average molecule, and even the 
monomeric f a t t y  acid chains themselves show a dis- 
t inct  cyclization (0.5 rings per  average molecule).  

4. The completely different chemical s t ruc ture  of 
voltolized and thermal ly  polymerized linseed oils finds 
expression also in their  completely different physical 
propert ies  and par t icu lar ly  in their  viscosities. 

T A t t L E  I 
Voltol izat ion of L inseed  Oil 

P r o d u c t  

I r ig inM l inseed  oil 
d. 500 g. voltolized 

4.4 hrs .  
d. 540 g. voltolized 

Couslllrllp- 
tion of 

h y d r o g e n  
l i te rs  It2 

(0°C.  1 at . )  
p e r  kg .  

of oil 

0.2 

17 .g  h r s .  ...... 5.7 

Consump-  
t ion  of 
e n e r g y  

k W h  p e r  
kg .  of oil 

0.3 

1.0 

n~/D 

1.4810 

1.4828 

1.4861 

d20/4 

O . 9 3 1 8  

0 .9354 

0 .9433 

P r o p e r t i e s  of r eac t ion  Droducts  

K i n e m a t i c  v i scos i ty  
Saponi-  I o d i n e  cen t i s tokes  Specific Acid  f icat ion va lue  Mol r e f r ac -  va lue  

w e i g h t  t ion va lue  ( W i j s )  2 0 ° 0 . .  4000.  70°0 .  

900 0 ,3054  5.8 192 182 64 30 14 

1050 0.3052 4.4 190 167 112 50 21 

1490  0 ,3044  4.1 189 143 776 281 93 



TABLE I I  

Structural  Analysis uf Polymm'ized Linseed Oils 

Product  

Results of 
molecular distil- 
}a~ion wt. % of 

original oil 

I 
Vo!¢oli~ed linseed oil 
I .V. 167, viscosity 
1, 12 st. at 20°C. 

I I  
Voltolized linseed oil 
I .V. 143, viscosity 
7, 76 st, at 20°C, 

I I I  
Thermally polymcr- 
ized linseed oil 
I .V. l 16, viscosity 
76 st. at 20°C, 

78% Monomerie 
glycerides 

22% Polymeric 
~lyeerides 

39% Monomeric 
glycerides 

38.5% Monomers 

0.5% Polymers 

36.0% Monomers 

25.0% Polymm's 

61% Polymeric 
glyeerides 

(5% free fat ty 
acids) 

38% Monomerie 
glyeerides 

57% Polymeric 
g'lyeerid es 

Distillation 
of methanolized 

z}yeerides wt. % 
of original oil 

77.0% Monomers 

1.0% Polymers 

14.5% Monomers 

7.5% Polymers 

27.0% Monomers 

l 1.0% Polymers 

26.0% Monomers 

31.0% Polymm.s 
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~ters 

,~ vera~c 
numI)er of 
r ings  per 
molecule 
(n, d, M- 
method) 

--0.1 

--0.1 

0.8 

--0. ! 

--0.1 

0.8 

0.5 

2.3 

0.5 

2.6 

Extrapolated. 
'~ Cahmlated by multiplying the percentages of polymeric methyl esters from the monomeric glyccridcs by 3/2. 

Voltolization of linseed oil uuder  these conditions 
does n<>t allow producti(>n of " s t a n d  o i l s"  of reason- 
able viscosity. Even when approx imate ly  60% of ill(, 
oil is po.lytaerized, the viscosity does not exceed 8 
st<>kes. Prolonged reaction results ill the formation ()t' 
un<lesired high molecular solid material .  On the other 
hand, it has been stated (5, 6) that  voltolized oils 
possess highly desirable dry ing  properties, part icu-  
lar ly  ill regard to the hardness and resistance of ill(, 
fihn. 

Thermal  l>olymerization <>f linseed oil results ill 
viscous stan<t oils, e.g., when truly 60% of the original 
glyeeri(h,s are polymerized, viscosity a l ready anlounts 
to 76 st<)kes. The l>rocess Call he continued until a 
high polymerizati(>ll degree is obtained (90% anti 
more) ; the viscosily or tile oil (;all be increased to any 
desired value (Table [ l ) .  

Perhal>s a colnbinatiol~ of the two processes wouhl 
open new l>ossibilities for the I)reparati(>n of high 
viscosity sland oils of complete.ly differmlt properties.  
The relatively low energy-consuniption <lt~rin~ tilt, 
voltolization of linseed oil (apt)roximately 1.0 k w h  
per  kg. of oil to polymerize 60% of the glyceri<h,s) 
cer ta inly will not hamper  such deveh>pnlent. 

5. The number  (>f charged l/articles which plays a 
pa r t  in the voltolization process can be easily cah,u- 
lated fronl the discharge current  and the reaction 
time. Thus it f<)llows that  in the case of ()i] I I (dis- 
charge eurrel~t 24 mA, reaction time 17.8 hrs.) 6.4 × 
10 2 × Na,. collisions have happened  between electrons 
and  positive ions and the oil film (Na,, = Avogadro 
number,  oil films are present  both on the glass tube 
and on the electrodes). 

The number  of carbon-carbon linkages formed dur- 
ing the voltolization can be calculated f rom the ana- 
lytical  data  of Tables 1 and I L  In  the case of Oil l [ 
60% by  weight  of the glyceride molecules polymer- 
ized into equal numbers  of dimerie and t r imeric  
glycerides (compare sub. 2) .  This means that per 
100 molecules of the original oil at least 12 ÷ 24 = 36 

new c a r b o n - c a r b o n  l i nkages  have been f o r m e d  (or 
nlore when ~he cyclizatiol~ is also taken intt) consi(1- 
erat ion) .  With  540 g. ( = 0 . 6 r e e l . )  of the s ta r t ing  
material  thus at; least 0.6 × 0.36 × Na,. = 22 K 10 ~ × 
NA,. new carbon-carbon liukages <>Ccllrred; this is al)- 
pr<)ximately :l to 4 per ,o]lisi<m. 

Al though the initiation or 3 to 4 reactions by  only 
one charged I)arti('h' has not been I)roved impossible, 
it can be eonvluded t'l'~>ll, the above calculatimls thai  
ill all pr<)babilily other ;wlive I)arlieles, parti(,.ularly 
hydrogen a tOl l lS ,  will have played a predominant  pa r t  
ill the p(>lymerizai:ion phelmmeml. 

Summary 

The treatment of linseed oil by |lie at|ion of eloc- 
trie discharges (voltolization) in a hydrogen atlnos- 
phere (80 toni. f ig, 70°C.) is described. 

It, has been known fl)r a hm~ iinle that voltoliza- 
tion of linseed oil brhl~s about a polymerization of 
the oil. Now it has heelJ provel~ that  the nature  of the 
polymerization product  thus obtained is absolutely 
different fronl that of therlnally or catalyt ical ly poly- 
ulerized linseed oils. 

In  contrast  to the latter,  voltolized linseed oils con- 
tain only small amounts  of cyclic eonlponllds. Their  
viscosity is relat ively h>w, even at a high l>olymeriza- 
tion degree, and considerably less than that  of Hler- 
nlally l)olymerized oils of a corresp(>nding degree of 
polymerization.  

Atomic hydrogen seems to play all impor tan t  pa r t  
in the voltolization process. Coupling of f a t t y  acid 
chains is made possible by <'onlbining radicals, formed 
p r imar i ly  by the action of hydrogen atoms. Coupling 
reaction occurs alntost exclusively intermoleeularly.  

The  p o s s i b i l i t y  of t r a n s f o r m i n g  l in seed  oil and  
other d ry ing  oils into polymerizat ion products  of a 
completely different chemical s t ructure,  depending on 
the applied polymerizat ion process, opens new possi- 
bilities for their  manufac ture .  
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• Letter to tke E  ?or 

The Calculation of Restricted Random Glyceride Distribution 

K 
AaTIIA ( l . )  has prol)osed tha t  the f a t t y  aeyl  
groups in triglycerides are distribuied at ran- 
dom except that in certain cases a restriction 

may be placed on the anionnt of lr isaturated glyeeride 
that can be fornled, th, has giw,n the following equa- 
tions for caleulating the glyeeride distribution of fats 
from random distribution and the anlollnt of trisatu- 
rated glyeeride f<mml exlmrim<mtally: 

(GS:~)r - GS:~ = 1" 
(2/;~) (F)  ((;SU._,),. 

GS.,U = (GS..,U),. + F + 
(2/3) ((ISU.,),. + (GU3)~ 

(2/3) (F)(( ,Sl . . , ) , .  
GSU,_, = (GSU2) , . -  

('V:l) ((~SU,_,)~ + ((I1/..~)~ 
P(Gl!:~)r + 

('2/3) (GSl~,.,),. + ((,~U:~)~ 
F(GU.~),. 

GI;3 = ( G I L d ~ -  
(2/:;) (GSI?.,),. + (GU:~),. 

where the subscript r refers to the values calculated 
by random distribution and GS:~, GS._,U, GSU2, and 
GU~ are the actual amounts of the four glyeeride 
types. 

However it is not eorreet to calculate from one equi- 
librium state to another by proportions. This is best 
demonstrated by the fact that  the above equations give 
negative values for GUa in cases where the saturated 
acids exceed 61.8% and the amount of tr isaturated 
glyeeride is reduced to its smallest possible value. The 
other three glyceride types add up to more than 100% 
in these cases. 

A correct equation for the conditions that Kar tha  
has proposed can be derived in the followinz way. 
Let the real proportions of GS:~, GS._,U, GSU_~, and 
GU:~ be a, b, c, and d, respectively. Let the reel pro- 
portion of saturated acids be S, then 

a + b + e + d = l  
3 a + c + 2 b =  3S 

An equilibrium condition may be considered to exist 
such that  

GU3 + GS2U ~ 2GSU2 

1 Jou rna l  P a p e r  No. 5-3837, Iowa  Agr icu l tu ra l  and  Home Economics 
Exper iment  Station, Ames, Ia .  

and thus 
db/e 2 = K 

where K is the cquilibrium constant. Sim'e ihere is 
11o restriction on this equilibrium K = 1/3, for in a 
random distribution there are three ways to form 
GSU,, and GS,_,U for each way that leads lo (lUa. Using 
these equations to solve for b in terms of S and a, 

(,~.zlI = b = (3/2) (1 + S -- 2 a ) - ( 3 / 2 )  
(1 - 3S'-' + 2S - 4a d- 4Sa) ~/'' 

Also 
GSU2 = e = 3S - 2b - 3a 
GUa = d == 1 + 2a + b - 3S 

A comparison of the results obtained by Kar tha ' s  
equation with our equation for various values of S 
and for the least amount of GS3 possible indicates 
that  his values may deviate f rom the correct values 
by 2% in many places and by 4.5% in one place. These 
are extreme conditions, and, in general, Kar tha ' s  solu- 
tion will lie closer to the correct value. 

The amount of the individual glyeerides may be 
calculated, as Kar tha  indicated, by multiplying the 
random value by the proportion in which the glyeer- 
ide type to which it belongs has changed. 

The present method of calculating glyeeride dis- 
tributions from equilibrium considerations is by no 
means lhnited to the conditions that  Kar tha  has pro- 
posed. I t  may be used for ealculating tlle glyeeride 
structure when the distribution is believed to be b a s -  
ically a random one whieh is limited in some specific 
way, e.g., the type of distribution proposed by Vander  
Wal (2). I towever the algebra involved in solving the 
equations can become complex, and this method may 
not be the simplest approach. 

EARL G. HAMMOND AND GARY V .  JONES, 
Department of Dairy and Food Industry, Iowa 
State University of Science and Technology, Ames 

R E F E R E N C E S  

1. Kar tha ,  A. R. S., "Studies  on the Na tu ra l  Pa t s , "  5Tel. 1, p. 103, 
published pr ivate ly  by au thor  a t  E rnaku lam,  India ,  1949;  also J. Am, 
Oil Chemists'  See., 30, 326 (1953) .  

2. Vender  ~Val, R, J., J .  Am. Oil Chemists '  See., 87, 18 (1960) .  

[Rec+ived April 4, 1960] 


