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ABSTRACT 

Relat ive oxidat ive  stabil i t ies  of  sperm whale oil 
and  eight  wax es ter  p r epa r a t i ons  were d e t e r m i n e d  by 
compar ing  oxygen u p t a k e  profi les  t h a t  had  been  
cor rec ted  for  ester  vola t i l i ty .  Wax esters wi th  unsa tu -  
ra t ion  near  the  es ter  b o n d ,  even t h o u g h  more  volat i le ,  
are as s table  t oward  ox ida t i on  as those  wi th  doub le  
b o n d s  near  the  cen te r  of  each a l iphat ic  chain.  

INTRODUCTION 

Research  a imed  at saving an endange red  species, the  
sperm whale ,  has involved the  p r epa r a t i on  of  n u m e r o u s  wax 
esters as p o t e n t i a l  sperm whale  oil r ep lacements .  To qualify 
for  cons ide ra t ion ,  each cand ida te  mus t  possess good oxida-  
tive s tabi l i ty .  Accord ing ly ,  we have sought  a qu ick  micro  
m e t h o d  by  wh ich  to ini t ial ly screen p r o d u c t s  t ha t  m igh t  be 
ob ta ined  f rom unusua l  seed oils. 

Most  l abo ra to ry  p rocedures  tha t  measure  oxida t ive  
s tabi l i ty  are designed for  use wi th  t r ig lycer ide  fats and  oils 
for cooking  and  frying.  Two c o m m o n  m e t h o d s ,  the  active 
oxygen m e t h o d  (AOM) (1)  and  the  ASTM oxygen  b o m b  
tes t  (2 ,3) ,  measure  oxida t ive  degrada t ion  in t e rms  of  
pe rox ide  f o r m a t i o n  or  o x y g e n  up take .  T h e s e  m e t h o d s  
require  r a t h e r  large . amounts  of sample.  In recen t  years,  
t he rma l  analysis  t e chn iques  have gained in popu la r i ty  (4-6) 
because they  c o n s e r v e s a m p l e  and  of fer  add i t iona l  advan-  
tages of  sho r t e r  tes t ing  t imes  and  improved  objec t iv i ty .  

Dynamic  t h e r m o g r a v i m e t r i c  analysis ( T G A )  (5),  seemed 
sui table  for use wi th  the  wax esters,  bu t  sample  volat i l iza-  
t ion,  wh ich  was a m u c h  grea ter  p r ob l em  wi th  the  waxes  
t han  wi th  t r iglycer ides ,  p rec luded  di rec t  obse rva t ion  of  
oxygen  up take .  Scanning  samples  the rmograv ime t r i ca l ly  in 
oxygen  and  n i t rogen  e n v i r o n m e n t s  p rov ided  the  means  to 
cancel  the  adverse effects  of  vo la t i l i za t ion  and readi ly  
iden t i fy  the  onse t  and  course of  ox ida t ion .  

EXPERIMENTAL 

Cal ib ra t ion  of  a Pe rk in -E lmer  TGS-1 in c o n j u n c t i o n  wi th  
a DSC-1B di f ferent ia l  s cann ing  ca lo r ime te r  and  general  
e x p e r i m e n t a l  cond i t ions  were as descr ibed  previously  (5)  
wi th  e x c e p t i o n  tha t  t e m p e r a t u r e  p r o g r a m m i n g  (5 C/ ra in )  
was s t a r t ed  at  60 C. Three  runs  were made  for  each  wax in 
b o t h  oxygen  and  n i t rogen  wi th  an average sample size of  ca. 
1.6 nag (2 /~1) o f  l iquid wax.  Fo r  data  i n t e r p r e t a t i o n ,  a line 
was drawn t h r o u g h  the  s tabi l ized basel ine  at 60 C to 
represen t  the  weight  of  the  sample at the  beg inn ing  of  
t e m p e r a t u r e  p rogramming .  The  weight  gain or loss f rom 
this  e x t r a p o l a t e d  basel ine  was measu red  at intervals  o f  10, 
5, or  2 C, depend ing  on  the  ra te  of  weight  change ,  and  the  
weight  change  was reduced  to a percen tage  of  sample  
weight .  The  average pe rcen t  of  weight  change at each  
measu red  t e m p e r a t u r e  was ca lcula ted  to give an average 
weight  change  curve over  the  t e m p e r a t u r e  range from 60 C 
to  ca. 200  C. The  n i t rogen  curve was t hen  sub t r ac t ed  f rom 
the  oxygen  curve at  each t e m p e r a t u r e  to  give a d i f fe rence  
curve or  a more  accura te  r ep re sen t a t i on  of  the  reac t ion  
wi th  oxygen .  Rates  o f  oxygen  u p t a k e  were d e t e r m i n e d  by  
measur ing  the  slope of  a t angen t  to  the  rapidly rising 
po r t i on  of  the  d i f ference  curve. 

Several wax esters were ob t a ined  and  tes ted  by  the  
descr ibed m e t h o d .  Crambe  wax esters A and  B represen t  
small and  large b a t c h  p repa ra t ions  (7) f rom the acids of  
Crambe abyssinica. Three  d i f fe ren t  waxes were p repa red  
f rom the  acids of  Limnanthes douglassi ( u n p u b l i s h e d  
i n f o r m a t i o n ) ;  mixed  esters,  f rom the  to ta l  acids of  the  oil; 
diene wax esters,  f rom m o n o e n e - r i c h  acids; and  t e t r aene  
wax esters,  f rom diene-r ich acids. Jo joba  oil A was raw 
u n t r e a t e d  oil, wh ich  is a na tu ra l  wax ester.  J o j o b a  sample B 
was oil t ha t  had been hea t ed  in the  presence  o f  ac t iva ted  
charcoal  to  300 C and f i l tered ho t  to  remove  caramel ized  
mater ia l  (8). J o j o b a  oil B was mixed  wi th  b u t y l a t e d  
h y d r o x y l t o l u e n e  (BHT)  at 0.1 and  1% (w/w)  to tes t  t he  
effect  of  an an t i ox idan t .  Beheny l  a rach ida te  was pu rchased  
f rom Nu Chek  Prep,  Elysian,  MN. Sperm whale oil was 
ob t a ined  f rom Ash land  Chemica l  C o m p a n y ,  Maple ton ,  IL. 

RESULTS 

Data  ob t a ined  for  the  waxes in oxygen  and  n i t rogen  
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FIG. 1. Thermogravimetric curves of synthetic and natural 
waxes. Curves for oxygen and nitrogen are the average of three runs. 
. . . . .  02,  - -  - N2, - - - -  02 minus N 2 (difference curve). 
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T A B L E  I 

T h e r m o g r a v i m e t r i c  P a r a m e t e r s  o f  W a x  Esters  

We igh t  Ra t e  o f  
Tva Tib TtC gain  0 2 u p t a k e  d 

Sample  (C) (C) (C) (%) (/~g/C) 
. 

S p e r m  w h a l e  oil 145 100  150  0 . 4 4  0 .15  
J o j o b a  oil A 162 165 188  0 .52  0 . 6 6  
J o j o b a  oil B 158  128  152 0 . 2 4  0 .17  
J o j o b a  oil B w i t h  0 .1% BHT 110  132 158 0 .64  0 .42  
J o j o b a  oil  B wi th  1 .0% B H T  100  151 164  0 . 4 8  0 . 6 7  
L i m n a n t h e s  w a x  es ters  105 146 166  0 .30  0 .28  
L i m n a n t h e s  t e t r a e n e  w a x  es ters  88 142 172 0 .61  0 . 5 3  
L i m n a n t h e s  d iene  w a x  es ters  I 12 162 178  0 . 5 3  0 .69  
Beheny l  a r a c h i d a t e  192  115 180  0 . 3 0  0 . 0 4  e, 0 . 1 9  f 
C r a m b e  w a x  es ters  A 115 130  155 0 . 3 0  0 .32  
C r a m b e  w a x  es ters  B 100  115 158  0 .32  0 .25  

a V o l a t i l i z a t i o n  t e m p e r a t u r e .  
b l n i t i a t i o n  t e m p e r a t u r e .  
CTrans i t ion  t e m p e r a t u r e .  
d M e a s u r e d  f rom d i f f e r e n c e  curve  (cf .  Fig.  1). 
e R a t e  f rom ca .  1 1 5 - 1 6 5  C. 
f R a t e  f rom ca.  1 7 0 - 1 8 0  C. 

environments  and for the difference curves are shown 
graphically in Figure 1. Weight losses under  oxygen or  
ni trogen were recorded cont inuously .  Data points  taken at 
2-, 5-, or 10-degree intervals in construct ing the difference 
curves have been omi t ted  for clarity. Weight change mea- 
surements  for any one wax at a part icular  tempera ture  for 
the three runs in ei ther oxygen or ni t rogen had a mean 
deviation from the average of  0.04%. 

Thermogravimet r ic  parameters  and tempera tures  for 
each wax are listed in Table I. The " in i t ia t ion  tempera-  
tu re , "  Ti, is that tempera ture  where oxidat ion  begins as 
evidenced by a positive change from the ext rapola ted  
baseline, Figure 1. Tt,  the " t rans i t ion  t empera tu re , "  is the 
poin t  of  max imum gain in sample weight.  Both T i and T t 
were obtained f rom the difference data. The slope o f  the 
line be tween T i and T t on the difference curve is a measure,  
in/~g/C, of  the react ion rate with oxygen.  Tv, the "volati l i-  
zat ion t empera tu re , "  is that  tempera ture  where weight loss 
begins in the ni trogen environment .  The tempera tures  
recorded for Tv and T i were taken as those points  where a 
cumulat ive change exceeded the mean deviation of  0.04%, 
even though the incremental  change was of ten  less than 
0.01%. 

Unlike crambe oil, whose volat i l izat ion in ni t rogen was 
negligible up to 200 C (5), the waxes under  ni t rogen (Fig. 
1) showed appreciable weight loss at much  lower tempera-  
tures. The one except ion  was the saturated wax,  behenyl  
arachidate,  which showed anomalous  weight gain under  
ni trogen with an op t imum at ca. 180 C. This weight  gain 
under  inert gas did not  appreciably exceed the 0.04% mean 
deviation of  the method .  Of  the unsaturated waxes, jo joba  
oils were the least volatile;  l imnanthes te traene wax,  the 
most.  However ,  when BHT was added to jo joba  oil B, the 
volat i l izat ion tempera ture  was lowered considerably.  

Under  oxygen,  only behenyl  arachidate,  sperm whale oil, 
and the  jo joba  oils registered weight gains above the extra-  
polated baseline. The weights of  o ther  waxes e i ther  leveled 
off  or increased slightly, but  any evidence of  oxida t ion  was 
recorded on the weight  loss side of  the ex t rapola ted  base- 
line. True points  of  max imum oxygen  uptake (Tt) were not  
apparent  from the oxygen curves alone. With the two 
crambe wax samples and sperm whale oil, Tt ' s  f rom the 
difference curves were several degrees higher than those 
f rom the oxygen  curves. 

Except  for behenyl  arachidate and l imnanthes  te t raene 
wax esters (IV = 126.2) (S.P. Chang, private communica-  
t ion),  all samples had IV's between 80 and 90, yet  they 
exhibi ted  rather different  thermogravimetr ic  behavior.  

Especially no t ewor thy  is the large difference observed 
between untreated jo joba  oil A and heat- t reated oil B. Also, 
sperm whale oil, which consists of  ca. 30% triglycerides and 
nonwax esters (9), t o o k  up much  more oxygen  at lower  
tempera tures  (0.2% at 125 C) than did any of  the o ther  
waxes. 

DISCUSSION 

Recording the thermogravimetr ic  behavior of  wax esters 
in oxygen and ni t rogen simplified their  comparison and 
revealed subtle variations in volat i l i ty  and ox ida t ion  charac- 
teristics that might otherwise have gone unde tec ted  by 
t radi t ional  tests for oxidat ive stability. The difference 
curves allowed precise discr iminat ion be tween samples on 
the basis of  ini t iat ion and transit ion tempera tures  and 
illustrated clearly that  wax esters derived from seed oils are 
suitable sperm oil replacements  as far as oxidat ive stability 
is concerned.  

The constructed plots also made it easy to see the effects  
of  a purif icat ion t rea tment  on jo joba  wax esters. It seems 
unlikely that heat ing with charcoal produced any signifi- 
cant chain shortening,  because the treated oil, jo joba  B, 
volati l ized at about  the same tempera ture  as the unt rea ted  
oil. Nevertheless,  this t rea tment  does reduce the natural  
oxidat ive stability of  jo joba  as evidence by 3 0 4 0  C reduc- 
tions in the ini t iat ion and transi t ion temperatures .  Added 
ant ioxidant  reversed the effect  of  heat ing and charcoal 
t rea tment ,  but  even when jo joba  oil B was supplemented  
with 1% BHT, its transit ion tempera ture  still did not  ap- 
proach that  o f  jo joba  oil A. The oxygen uptake rate for the 
t reated oil was much lower  than that  for the unt rea ted  oil, 
as if a certain por t ion  of  the oil had been destabil ized by 
the t reatment .  Addi t ion  of  BHT increased the rate of O 2 
uptake.  This result and the effect  of BHT addi t ion on initia- 
t ion and transit ion temperatures  suggest that  heat  treat-  
ment  removed some natural  oxida t ion  inhibitors.  
Curiously,  no such depressing effect  of  destabil ized oil on 
the oxygen  uptake rates of  crambe oil mixtures  is apparent  
in the data of  Nieschlag et al. (5). 

Even though the jo joba  wax esters and the synthesized 
esters all had comparable  molecular  weights and (except  the 
te traene wax) all possessed the same level of  unsaturat ion,  
they each exhibi ted rather novel thermal  behavior.  Like 
behenyl  arachidate,  the crambe wax esters fol lowed a 
biphasic oxida t ion  path;  unlike the saturated wax,  they 
seemed to be affected adversely, low Tv, by the initial 
low-level oxidat ion ,  which compl ica ted  the ident i f icat ion of  
an ini t iat ion temperature .  It remains to be seen if the 
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b i p h a s i c  o x i d a t i o n  is d u e  t o  s a t u r a t e d  w a x e s  in  t h e  c r a m b e  
w a x  s a m p l e s .  

S t r u c t u r a l  e f f e c t s  o n  p r o p e r t i e s  w e r e  m o s t  o b v i o u s  in t h e  
vo l a t i l i t y  o f  w a x e s  m a d e  f r o m  L i m n a n t h e s  ac ids .  T h e i r  
t e n d e n c y  t o  vo la t i l i ze  a t  l o w e r  t e m p e r a t u r e s  w i t h o u t  
a f f e c t i n g  o x i d a t i v e  s t a b i l i t y ,  T a b l e  I, was  r a t h e r  u n e x -  
p e c t e d ,  b u t  in  r e t r o s p e c t ,  it  is n o t  i l log ica l  f o r  t h e s e  e s t e r s  
m a d e  f r o m  A5  o r  A S , A 1 3  ac ids  ( 1 0 )  t o  h a v e  d i f f e r e n t  
b o i l i n g  p o i n t s  t h a n  t h o s e  m a d e  f r o m  A1 1 o r  A 1 3  ac ids .  
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