
TABLE I

Functional Improvements of Dough Strengtheners in Bread

Loaf Firming Relative
Compound volume inhibition b r e a d quality

Polysorbate 60 Very good Little effect Good
Calcium stearoyl-2-1actylate Very good Good + Very good
Lactylic stearate Good + Good + Very good
Sodium stearyl fumarate Fair Very good Good
Sodium stearoyl-2-1actylate Very good Very good Very good
Succinylated monoglyeeride Very good Good + Very good
Ethoxylated mono- and Very good Little effect Fair

diglycerides

t h e s e p r o d u c t s are m a n u f a c t u r e d by the r e a c t i o n o f f a t t y
a c i d s w i t h the appropriate p o l y o l u s i n g s t a n d a r d esterifica-
tion t e c h n i q u e s .

G e n e r a l l y , at l e a s t t w o a n d as m a n y a s five o f t h e e m u l s i -
f i e r s a r e u s e d in v a r i o u s c o m b i n a t i o n s t o give t h e d e s i r e d
f u n c t i o n a l properties. The f u n c t i o n o f s u r f a c t a n t s in t h e s e
n o n b r e a d b a k e r y p r o d u c t s is principally t o completely
e m u l s i f y the fat w i t h the w a t e r to give a s y s t e m o f opti-
m u m stability. Air e n t r a p m e n t is also an i m p o r t a n t f u n c -
tion in w h i p p e d p r o d u c t s a n d in chemically l e a v e n e d
s y s t e m s s u c h a s c a k e s a n d d o u g h n u t s . In t h e s e s y s t e m s ,
e n t r a p p e d air in the fat s e r v e s a s foci f o r gas e x p a n s i o n .
G r e a t e r q u a n t i t i e s o f f i n e l y d i v i d e d fat g l o b u l e s c o n t a i n i n g
e n t r a p p e d a i r l e a d t o i m p r o v e d v o l u m e r e s p o n s e o n b a k i n g .
T e n d e r n e s s a n d g r a i n s t r u c t u r e are also e n h a n c e d .
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ABSTRACT
When g l y c e r o l is h e a t e d w i t h an a l k a l i n e c a t a l y s t

t o over 230 C, w a t e r is evolved a n d polymerization
o c c u r s t o form a w h o l e f a m i l y o f polyglycerols
r a n g i n g from d i g l y c e r o l w i t h 3 h y d r o x y g r o u p s , to
triacontaglycerol w i t h 32 h y d r o x y g r o u p s . T h e c a r -
b o x y l i c acid e s t e r s o f polyglycerols p r e p a r e d by di-
rect esterification o r by interchange, m a y be s o l i d
o r l iqu id ; s a t u r a t e d o r u n s a t u r a t e d ; aliphatic o r
a r o m a t i c ; m o n o , di- o r p o l y c a r b o x y l i c a c i d e s t e r s ;

m o n o - , di-, o r polyesters o f the polyglycerol; s i n g l e
o r m i x e d a c i d e s t e r s ; h i g h o r l o w m o l e c u l a r w e i g h t ;
w a t e r o r oil s o l u b l e ; a n d w i t h a n H L B f r o m a b o u t 4
to a b o u t 13 . Polyglycerol e s t e r s find u t i l i t y in a wide
variety o f f o o d p r o d u c t s i n c l u d i n g beverages, d e s s e r t s ,
t o p p i n g s a n d b a k e d g o o d s . They are t h e r m a l l y s t a b l e
a n d f i n d a p p l i c a t i o n i n s e v e r a l i n d u s t r i a l s y s t e m s .

Polyglycerol e s t e r s have b e e n commercially available for
a b o u t 20 y e a r s . A t t h e p r e s e n t t i m e , they are b e i n g o f f e r e d
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by at l e a s t six c o m p a n i e s in the U n i t e d S t a t e s a n d several
o t h e r s in E u r o p e . Several f o o d p r o d u c t s list polyglycerol
e s t e r s on t h e i r ingredients l a b e l s . In s p i t e o f the g e n e r a l
availability a n d f r e q u e n t use o f t h e s e c o m p o u n d s , many
p e o p l e u t i l i z i n g emulsifiers are b a r e l y a w a r e o f t h e i r e x i s -
t e n c e o r o f t h e i r b r o a d functionality. The p u r p o s e o f this
p a p e r is to desc r ibe the g e n e r a l m e t h o d s o f m a n u f a c t u r e as
we l l as some o f the properties a n d uses o f polyglycerols a n d
t h e i r f a t t y esters.

Polyglycerols are most o f t e n p r e p a r e d by the polymeri-
z a t i o n o f g l y c e r o l u n d e r alkaline c o n d i t i o n s at e l e v a t e d
t e m p e r a t u r e s (1). The c o n d e n s a t i o n r e a c t i o n ( F i g . 1)
involves t h e a - h y d r o x y l g r o u p s o f t w o g l y c e r o l m o l e c u l e s
w h i c h r e a c t t o form an e t h e r l i n k a g e w i t h the c o n s e q u e n t
e x p u l s i o n o f a w a t e r m o l e c u l e . The t w o c~-hydroxyl g r o u p s
r e m a i n i n g on the diglycerol m o l e c u l e t h u s f o r m e d are
available for reaction w i t h o t h e r m o l e c u l e s o f g l y c e r o l or
o t h e r p o l y m e r i z e d m o l e c u l e s . The reaction p r o d u c e s
p o l y m e r s w h i c h apparently a r e a l m o s t entirely l i n e a r (2).
Care must be t a k e n d u r i n g the polymerization r e a c t i o n to
e x c l u d e a i r from the s y s t e m . T r a c e s o f o x y g e n l e a d t o the
f o r m a t i o n o f a c r o l e i n as well a s a d a r k p r o d u c t w h i c h is
n o t easily b l e a c h e d .

It i s advisable to f o l l o w the r e a c t i o n rate o r d e g r e e o f
polymerization by determination o f viscosity, refractive
i n d e x , o r h y d r o x y l v a l u e . The h y d r o x y l v a l u e i s usua l ly the
bes t i n d i c a t o r o f the a m o u n t of polymerization w h i c h h a s
o c c u r r e d . When the average m o l e c u l a r w e i g h t o f the poly-
m e r has r e a c h e d a p r e d e t e r m i n e d v a l u e , the r e a c t i o n i s
t e r m i n a t e d by c o o l i n g a n d a c i d u l a t i o n . When r e q u i r e d , the
polyglycerol may be b l e a c h e d w i t h special activated car-
b o n s , c l a y s , ion e x c h a n g e o r c h e m i c a l a g e n t s ( 3 , 4 ) . If the
acrolein c o n t e n t o f the p o l y o l is h i g h , it may be necessary
to s t e a m strip the p r o d u c t u n d e r v a c u u m b e f o r e the
b l e a c h i n g step.

The polymerization r e a c t i o n p r o c e e d s by c h a n c e , a n d
the m o l e c u l a r size d i s t r i b u t i o n w o u l d be e x p e c t e d t o f o l l o w
a n o r m a l d i s t r i b u t i o n pat tern. A s a r e s u l t , the commercial
p r o d u c t does not contain a p u r e m o l e c u l a r s p e c i e but a
m i x t u r e o f s i m i l a r m o l e c u l e s h a v i n g the average m o l e c u l a r
w e i g h t o f the n a m e p o l y o l . The most f r e q u e n t l y m a n u f a c -
t u r e d polyglycerols are diglycerol, triglycerol, hexaglycerol,
octaglycerol a n d decaglycerol. A l t h o u g h h i g h e r p o l y m e r s
m a y be easily p r e p a r e d , they are s e l d o m m a n u f a c t u r e d ,
s i n c e they are not p e r m i t t e d for use in foodstuffs.

The polyglycerols are d e n s e , viscous l iqu ids a n d are
d i f f i c u l t to h a n d l e at o r d i n a r y t e m p e r a t u r e s w h e n w a t e r -
f r e e . Typical d e n s i t i e s a n d viscosities o f s o m e commercially
p r e p a r e d polyglycerols are s h o w n in T a b l e I. When s e l e c t i n g
e q u i p m e n t for the m a n u f a c t u r e a n d h a n d l i n g o f t h e s e
p o l y o l s a n d t h e i r e s t e r s , the e f f e c t s o f both viscosity a n d
d e n s i t y m u s t be t a k e n into consideration.

Esters are most s i m p l y m a d e by d i r e c t esterification o f
the p o l y o l with a free o r g a n i c a c i d . The reaction p r o c e e d s
s m o o t h l y at e l e v a t e d t e m p e r a t u r e s ; the only b y p r o d u c t o f
the reaction is w a t e r , w h i c h is i m m e d i a t e l y volatilized.
T h e s e c o m p o u n d s also can be m a d e by the i n t e r m o l e c u l a r
a r r a n g e m e n t o f a triglyceride w i t h a p o l y o l in the presence
o f a s u i t a b l e alkaline catalyst. When this m e t h o d is used ,
the glycerol can e i t h e r be c o n t i n u o u s l y r e m o v e d u n d e r
v a c u u m or left a s part o f the r e a c t i o n m i x t u r e in the form
o f m o n o - a n d diglycerides. In e i t h e r c a s e , the r e a c t i o n m u s t
be c a r r i e d o u t u n d e r an i n e r t a t m o s p h e r e to o b t a i n g o o d
c o l o r , flavor a n d o d o r characteristics. E q u i p m e n t u s e d m u s t
be d e s i g n e d t o h e a t q u i c k l y to temperatures a b o v e 200 C
a n d t o agitate the s y s t e m w e l l .

The treatment g i v e n the r e a c t i o n mass a f t e r the esterifi-
c a t i o n or transesterification i s usua l ly d e p e n d e n t o n the
d e g r e e o f esterification. When a b o u t one-third or less of the
h y d r o x y l g r o u p s are esterified, the r e a c t i o n m i x t u r e is
n e u t r a l i z e d a n d c o o l e d to a r o u n d 9 0 C o r s l i g h t l y h i g h e r .
The u n a g i t a t e d mass is h e l d a t this t e m p e r a t u r e to a l l o w
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FIG. 1 . Preparation of polyglycerols.

free p o l y o l s to settle. The free alcohols are then s e p a r a t e d ,
the p r o d u c t is f i l t e r e d a n d it is then p a c k a g e d . N o r m a l
b l e a c h i n g p r o c e d u r e s are not u s e f u l w i t h these p r o d u c t s .

When complete or n e a r l y c o m p l e t e e s t e r s are p r e p a r e d ,
n o s e t t l i n g p e r i o d is r e q u i r e d . Moreover, the p r o d u c t s can
be t r e a t e d m u c h the same a s triglycerides. They can be
b l e a c h e d a n d d e o d o r i z e d by the usua l p r o c e d u r e s e m p l o y e d
w i t h fats a n d oils.

A la rge n u m b e r o f e s t e r c o m p o u n d s m a y be synthesized
from a given polyol. F o r e x a m p l e , it i s technically possible
to p r e p a r e 12 d i f f e r e n t esters from the reaction o f only
decaglycerol a n d o l e i c acid by varying the stoichiometric
q u a n t i t i e s o f the t w o ingredients. This e x c l u d e s considera-
tion o f positional i s o m e r s w h i c h can be f o r m e d . Theoreti-
c a l l y , it is p o s s i b l e t o form six different decaglycerol m o n o -
oleates a n d thirty-six decaglycerol dioleates w h e n all
positional i s o m e r s are c o n s i d e r e d .

In the commercial m a n u f a c t u r e o f partial esters, the
reaction p r o c e e d s a c c o r d i n g to c h a n c e . I n a h o m o g e n e o u s
s y s t e m the esterification reaction g i v e s a m i x t u r e in w h i c h
the f a t t y acid r a d i c a l s are d i s t r i b u t e d a t r a n d o m a m o n g all
available h y d r o x y l g r o u p s . The composition o f the p r o d u c t
can be c a l c u l a t e d . F o r the reaction o f one, t w o a n d f o u r
m o l e s o f stearic a c i d w i t h one mole o f polyol ( F i g . 2),
c o m p o u n d s p r e s e n t at less than 0.1% w e r e d i s r e g a r d e d (5).
U n l e s s o t h e r w i s e n o t e d , the compositions given in the
f o l l o w i n g discussions are all w e i g h t percentages. The
p o l y o l s are a s s u m e d t o be p u r e c o m p o u n d s to simplify the
calculations.

When e q u i m o l a r q u a n t i t i e s o f triglycerol a n d stearic acid
are r e a c t e d , nearly one-third o f the triglycerol does not
r e a c t w i t h the a c i d ; the equ i l i b r ium r e a c t i o n mass contains
s l i g h t l y over 15% free polyol. The monostearate a n d di-
stearate represent 41 a n d 31%, respectively, of the mass
composition. If c a l c u l a t e d on a triglycerol-free b a s i s , the
respective v a l u e s are 4 9 a n d 47%. When the m o l a r r a t i o of
stearic acid to triglycerol is increased to 2:1, the diester is
the p r e d o m i n a n t s p e c i e (35 w e i g h t %). The free p o l y o l
c o n t e n t h a s f a l l e n t o 2.4%. The tristearate content has r i s e n
to 32%, a n d a s m a l l a m o u n t o f the c o m p l e t e (penta-) e s t e r
is present.

TABLE I

Typical Viscosities and Specific Gravities
of Commercially Prepared Polyglycerols

Viscosity, cs.
Specific

Polyglycerol gravity 65.6° 99 C

Triglycerol 1.279 640 70
Hexaglycerol 1.283 1700 110
Decaglycerol 1.290 3200 280
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FIG. 2 . Composition at equilibrium of single-phase reaction
mixtures of triglycerol and 1 , 2 and 4 mole equivalents of stearic
acid.

The reaction o f f o u r m o l e s o f stearic a c i d w i t h one mole
o f triglycerol will esterify 80% of the h y d r o x y l g r o u p s . The
tetra- a n d p e n t a - e s t e r s a c c o u n t for ca. 80% o f the p r o d u c t
w e i g h t . The di- c o n t e n t is only 3%.

A s s h o w n in F i g u r e 3 , the reaction o f stearic a c i d w i t h
hexaglycerol i s s o m e w h a t s i m i l a r t o that o f triglycerol, but
it m u s t be kept in m i n d that hexaglycerol h a s e i g h t
h y d r o x y l g r o u p s w h e r e a s triglycerol h a s but five.

Decaglycerol, w i t h t w e l v e h y d r o x y l g r o u p s available for
reaction, p r o d u c e s ca. 38% by w e i g h t o f the m o n o e s t e r
w h e n c o m b i n e d with a n e q u i m o l a r q u a n t i t y o f stearic a c i d
( F i g . 4). The free p o l y o l c o n t e n t o f ttie r e a c t i o n m i x t u r e i s
26%. The di-stearate e s t e r is p r e s e n t at the 24% level. As the
m o l a r r a t i o o f stearic a c i d to p o l y o l is i n c r e a s e d , the free
a l c o h o l c o n t e n t is d i m i n i s h e d r a p i d l y . The n u m b e r o f
m o l e c u l a r entities is i n c r e a s e d m a r k e d l y . At the 4:1 r a t i o ,
e i g h t c o m p o u n d s are p r e s e n t at levels over 2%. When the
r a t i o is i n c r e a s e d to 6:1 ( d a t a not s h o w n ) the s h a p e o f the
d i s t r i b u t i o n c u r v e i s s i m i l a r t o that at the 4:1 r a t i o but is
slightly flattened. This exercise i n d i c a t e s that c o m m e r c i a l
preparations o f p a r t i a l e s t e r s o f polyglycerols are n o r m a l l y
m i x t u r e s of several r e l a t e d c o m p o u n d s . Moreover, m o n o -
a n d d i e s t e r s m a y contain significant a m o u n t s of free p o l y o l
u n l e s s s t e p s are t a k e n for removal.
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FIG. 3 . Composition at equilibrium of single-phase reaction
mixtures of hexaglycerol and 1 , 2 and 4 mole equivalents of stearic
acid.

The hydrophilic-lipophilic properties o f polyglycerol
e s t e r s are c o n t r o l l e d by the size o f the polyglycerol m o i e t y ,
the c h a i n l e n g t h o f the e s t e r i f i e d f a t t y a c i d , the d e g r e e o f
u n s a t u r a t i o n o f the f a t t y a c i d , the n u m b e r o f h y d r o x y l
g r o u p s w h i c h r e m a i n free a f t e r esterification, a n d the
p r e s e n c e o f o t h e r c o m p o u n d s in the p r o d u c t . The c h a n g e s
in properties due to t h e s e factors will be n o t e d l a t e r .

The u t i l i t y o f m o s t polyglycerol e s t e r s is d e p e n d e n t
u p o n t h e i r hydrophilic-lipophilic properties; in o t h e r w o r d s ,
the H L B r a n g e c o v e r e d by t h e s e un ique e s t e r s . In all the
d i s c u s s i o n s w h i c h f o l l o w , H L B v a l u e s w e r e c a l c u l a t e d by
the G r i f f i n f o r m u l a :

HLB = 20 (I-S/A)
w h e r e S is the saponification value of the ester, and A is the
acid value of the fatty acid used in the ester preparation.
The higher the H L B value the greater its hydrophilic property.
The H L B scale covers values in the range from zero to
twenty. Although empirical, this simple m e t h o d is widely
used by formulators of emulsified systems.

The range of H L B values of c o m p o u n d s w h i c h are
theoretically possible to obtain by esterifying triglycerol
with organic acids is s h o w n in Figure 5. In this graphic
representation it is noted that variations in H L B of trigly-
cerol esters occur w h e n the molecular weight of the esteri-
fled fatty acid is changed. The n u m b e r over the horizontal
line represents the degree of esterification;i.e., the n u m b e r
of molecules of the straight chain organic acid c o m b i n e d
with a molecule of triglycerol. T w o conclusions are easily
drawn. A decrease in the molecular weight of the fatty acid
or portion of the molcculc results in an increase in the
h y d r o p h i l i c n a t u r e o f the e s t e r . The m o n o e s t e r s r a n g e in
H L B v a l u e from 15.7 for the mOnoacetate t o 8.8 f o r the
monostearate. A n i n c r e a s e in the n u m b e r o f f a t t y a c i d
m o i e t i e s r e a c t e d with the p o l y o l m o l e c u l e ( w i t h a c o r r e -
s p o n d i n g d e c r e a s e in the n u m b e r o f free h y d r o x y l g r o u p s )
wi l l r e s u l t in a more lipophilic p r o d u c t . F o r e x a m p l e , the
t tLB v a l u e s for triglycerol s t e a r a t e e s t e r s r a n g e from 1.9 for
the pentastearate to 8.8 for the m o n o s t e a r a t e ; the corre-
s p o n d i n g p a l m i t a t e e s t e r s r a n g e from 2.1 to 9.3.

A s s h o w n in F i g u r e 6 , the decaglycerol e s t e r s o f f e r a
m u c h g r e a t e r r a n g e o f hydrophilic-lipophilic properties than
the triglycerol esters. The t w e l v e h y d r o x y l g r o u p s o f
d e c a g l y c e r o l o f f e r a m u c h g r e a t e r o p p o r t u n i t y to d e v e l o p
the h i g h e r H L B e s t e r s t h a n t h o s e p o l y o l s w i t h f e w e r hy-
droxyls. Note that the H L B v a l u e s for the m o n o e s t e r s r a n g e
from over 18 for the m o n o a c e t a t e to ca. 14.5 for the
monostearate. T h e s e v a l u e s are 3 a n d 5 H L B u n i t s h i g h e r
than t h e c o r r e s p o n d i n g m o n o e s t e r s p r e p a r e d from trigly-
c e r o l .
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The differences in the H L B r a n g e s c o v e r e d by the
s t e a r a t e e s t e r s o f tri-, h e x a - a n d decaglycerols is i n d i c a t e d in
F i g u r e 7 . This s h o w s that a d e c r e a s e in the free h y d r o x y l
c o n t e n t l o w e r s the HLB, the e s t e r s o f decaglycerol cover a
w i d e r r a n g e than t h o s e o f triglycerol a n d hexaglycerol a n d
the H L B r a n g e from a b o u t 3 to 8 c a n be c o v e r e d by esters
o f all t h r e e polyols. In c o m m e r c i a l preparations, the HLBs
o f polyglycerol m o n o e s t e r s are not a s h i g h a s e x p e c t e d
u n l e s s we take into consideration the laws o f r a n d o m
d i s t r i b u t i o n d u r i n g the esterification. As jus t n o t e d , c a l c u -
l a t e d v a l u e s for the p u r e stearic a c i d m o n o e s t e r s of tri-,
h e x a - a n d decaglycerols are 8.8, 12.2 a n d 14.5. W e f i n d that
the c a l c u l a t e d H L B o f t h e esters o b t a i n e d from reaction o f
e q u i m o l a r q u a n t i t i e s o f stearic a c i d a n d t h e polyols i s 6.7 ,
10.1 a n d 12.5 (on a polyol-free b a s i s ) . The l o w e r v a l u e s are
due to the presence o f significant q u a n t i t i e s of the di- a n d
tri-esters. In o t h e r w o r d s , in o r d e r t o a p p r o a c h the theoreti-
cal H L B v a l u e s for t h e monoesters, l a rge excesses o f p o l y o l
w o u l d be r e q u i r e d . T o m a k e this economically feasible, t h e
free p o l y o l m u s t be s e p a r a t e d from the e s t e r inexpensively
a n d then r e c y c l e d .

T a b l e II s h o w s the c a l c u l a t e d H L B v a l u e s for the stearate
e s t e r s s h o w n in F i g u r e s 3-5 . The v a l u e s in parentheses
i n d i c a t e theoretical v a l u e s for the p u r e mono-, di-, tetra-
esters. In these c o m p u t a t i o n s , all p r o d u c t s are free o f
u n c o m b i n e d polyol. The d a t a s h o w that w h e n t w o m o l e s o r
less o f the fat ty a c i d i s r e a c t e d with a m o l e o f polyglycerol,
the H L B of the s y s t e m is c o n s i d e r a b l y l o w e r than that o f
the c o r r e s p o n d i n g p u r e ester. At h i g h e r r a t i o s o f f a t t y a c i d
to p o l y o l , the d i s t r i b u t i o n o f h i g h e r a n d l o w e r s u b s t i t u t e d
e s t e r s t e n d s t o b a l a n c e o n e a n o t h e r ; t h e s e e s t e r s have H L B
v a l u e s e q u i v a l e n t t o the c o r r e s p o n d i n g n o n r a n d o m i z e d
m o l e c u l a r entities.

P r o d u c t i o n o f polyglycerol e s t e r s w i t h l o w f a t t y acid to
p o l y o l r a t i o s r e s u l t s in compositions w i t h high free p o l y -
glycerol content . I f the reaction i s n o t c a r r i e d o u t entirely
u n d e r h o m o g e n e o u s conditions, then even h i g h e r a m o u n t s
o f free p o l y o l wi l l be present. U n d e r t h e p r o p e r conditions,
m u c h o f this u n r e a c t e d c o m p o n e n t m a y be r e m o v e d . If the
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TABLE II

HLB Values Calculated from the Theoretical
Compositions of Products Formed by Reaction

of Stearic Acid with Polyglycerols

HLB

M o l a r ratio of stearic a c i d / p o l y o l

P o l y g l y c e r o l 1 : 1 2 : 1 4 : 1

Triglycerol 6.7 (8.8) 4.9 (5.3) 2.6 (2.6)
Hexaglycerol 10.1 (12.2) 8.1 (8.8) S. l (5.1)
Decaglycerol 12.5 (14.5) 10.6 (11.2) 7.5 (7.5)

free p o l y o l c o n t e n t is low, the saponification v a l u e o f the
p r o d u c t can be a n i m p o r t a n t determination. With a n y given
f a t t y a c i d , the G r i f f i n H L B calculation can be s h o w n to
f o l l o w the f o r m u l a f o r a straight l i n e , y = m x + b; w h e r e y
is the H L B a n d x i s the saponification v a l u e o f the ester. In
o t h e r w o r d s , the H L B is directly r e l a t e d to the saponifi-
c a t i o n v a l u e o f the e s t e r . With the decaglycerol o l e a t e s a n d
stearates, a c h a n g e in t h e saponification v a l u e o f ten (the
u n i t s are m g o f K O H p e r g) will r e s u l t in a n HLB d i f f e r e n c e
o f one. F o r this r e a s o n , specifications for t h e s e e s t e r s
s h o u l d c o n t a i n r e a s o n a b l e restrictions on the saponification
v a l u e i f the H L B is critical in the e n d use. I f the preparation
c o n t a i n s significant q u a n t i t i e s o f free p o l y o l , the saponifi-
c a t i o n v a l u e i t s e l f i s n o t s u f f i c i e n t t o desc r ibe the n a t u r e o f
the e s t e r .

Data p u b l i s h e d earlier i n d i c a t e that the d e c a g l y c e r o l
m o n o - , d i e s t e r s o f c a p r i c a c i d , o r a c i d s c o n t a i n i n g f e w e r
c a b o n a t o m s , are w a t e r s o l u b l e (6). In o r d e r to p r e p a r e h i g h
H L B f a t t y e s t e r s f r o m polyglycerols, one m u s t e i t h e r use
the s h o r t e r c h a i n f a t t y a c i d s , s u c h a s t h o s e d e r i v e d from
c o c o n u t oil, p r e p a r e the l o n g e r c h a i n a c i d e s t e r s from
g l y c e r o l p o l y m e r s g r e a t e r than decaglycerol, or u se l a rge
e x c e s s e s o f p o l y o l in the preparation.

When we c o n s i d e r only t h o s e e s t e r s p e r m i t t e d for use in
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FIG. 8 . Viscosity of polyglycer01 esters.

f o o d s , the n u m b e r o f c o m p o u n d s w h i c h c a n be m a n u f a c -
t u r e d is g r e a t l y r e d u c e d • A t the p r e s e n t t i m e , polyglycerol
esters d e r i v e d from p a l m i t i c , stearic, o l e i c , a n d linoleic
a c i d s , o r oils c o n t a i n i n g t h e s e a c i d s , are a c c e p t a b l e for f o o d
use. Polyglycerols h a v i n g an average o f ten or less glyceryl
u n i t s per m o l e c u l e can be u s e d in e d i b l e preparations;
h i g h e r p o l y m e r s are n o t p e r m i t t e d a t this t ime (7). The
H L B r a n g e w h i c h can be practically c o v e r e d by e s t e r s o f
stearic, o l e i c a n d linoleic a c i d i s a b o u t t h r e e to thirteen.
When p a l m i t i c a c i d is u s e d in the esterification the r a n g e
can be e x t e n d e d t o a b o u t 14 . S i n c e the r a n g e c o v e r e d by
the s t e a r i c a n d o l e i c e s t e r s is a b o u t the s a m e , t h o s e p e r s o n s
u s i n g the e s t e r s in f o r m u l a t i o n w o r k m a y have a c h o i c e o f
l iqu id o r s o l i d p r o d u c t .

The stearate e s t e r s o f triglycerol, hexaglycerol a n d
decaglycerol are all s o l i d s a t r o o m t e m p e r a t u r e . T h o s e w i t h
saponification v a l u e s o f less than ca. 120 t o 125 a r e w.axy
a n d slightly p l i a b l e : h i g h e r stearate c o n t e n t p r o d u c e s
c o m p o u n d s w h i c h are f i r m e r . The c o m p l e t e e s t e r s a n d
t h o s e p a r t i a l e s t e r s h a v i n g f e w free h y d r o x y l g r o u p s , for
e x a m p l e , triglycerol tristearate a n d decaglycerol o c t a -
stearate, are b r i t t l e s o l i d s . The m e l t i n g p o i n t s o f s u c h
c o m p o u n d s are in the 60 t o 6 5 C r a n g e , w h e r e a s the s o f t e r
p r o d u c t s melt in the 55 to 6 0 C r a n g e . F o r this r e a s o n m o s t
polyglycerol s t e a r a t e s are m a d e from a b l e n d o f s t e a r i c a n d
p a l m i t i c a c i d s . The m e l t i n g p o i n t o f a n e s t e r can be l o w e r e d
as m u c h a s 8 C w h e n the p a l m i t a t e c o n t e n t is i n c r e a s e d t o
ca. 35%. The p h y s i c a l a p p e a r a n c e at room t e m p e r a t u r e is
the s a m e , but they a r e e a s i e r to d i s p e r s e in oil or w a t e r . The
H L B is slightly i n c r e a s e d . The stearate e s t e r s are m o s t e a s i l y
h a n d l e d as f l a k e s o r b e a d s .

The o l e a t e e s t e r s are l iqu ids at room t e m p e r a t u r e . The
viscosities o f the o l e a t e s are d e p e n d e n t o n the m o l e c u l a r
w e i g h t o f t h e polyglycerol m o i e t y , the d e g r e e o f esteriflca-
tion a n d the t e m p e r a t u r e o f the ester. The e f f e c t s o f t h e s e
p a r a m e t e r s on the viscosities o f polyglycerol e s t e r s are
s h o w n in F i g u r e 8 . The viscosity o f t h e decaglycerol dio-
l e a t e a t 37.8 C is ca. 2 0 , 0 0 0 cs. When it i s h e a t e d t o ca. 65
C, t h e viscosity i s r e d u c e d t o ca. 6000 c s ; it is r e a d i l y
p u m p e d at t e m p e r a t u r e s a b o v e 90 C. The hexaglycerol
o l e a t e s a r e less v i s c o u s than the c o r r e s p o n d i n g d e c a g l y c e r o l
e s t e r s ; the triglycerol e s t e r s are even less viscous. T h e s e
p r o d u c t s can be h a n d l e d at t e m p e r a t u r e s a b o v e 50 C.

The stearate e s t e r s , a t t e m p e r a t u r e s a b o v e t h e i r m e l t i n g
points, e x h i b i t viscosity properties s i m i l a r t o t h o s e o f the
c o r r e s p o n d i n g o l e a t e e s t e r s a t that t e m p e r a t u r e .

At 37.8 C t e m p e r a t u r e , the specific • gravities ( F i g . 9) o f
the d e c a g l y c e r o l m o n o - , di-, tri-, tetra- a n d p e n t a o l e a t e s are
g r e a t e r than o n e ; t h o s e h a v i n g h i g h e r a m o u n t s o f o l e i c a c i d
e s t e r i f i e d are less d e n s e than w a t e r . H e x a g l y c e r o l o l e a t e s
f o l l o w a like p a t t e r n . T h o s e h e a v i e r t h a n w a t e r have t h r e e
or less o l e i c m o i e t i e s p e r m o l e c u l e . In the triglycerol series,
only t h e m o n o o l e a t e i s as d e n s e as w a t e r . Mono-, d i o l e a t e
m i x t u r e s o f f e r e d commercially have a specific gravity o f
jus t slightly over one.

At high t e m p e r a t u r e s , polyglycerol e s t e r s have excellent
t h e r m a l stabilities ( T a b l e I I I ) . At 200 C , only a b o u t a
q u a r t e r o f t h e w e i g h t o f t h e s a m p l e was lost w h e n e x p o s e d
for 16 h r in a f o r c e d d r a f t oven. In the p r e s e n c e o f an
efficient a n t i o x i d a n t , t h e p r o d u c t s d id n o t form a r e s i n , but
r e m a i n e d f lu id t h r o u g h o u t the test . A t the h i g h e r t e m p e r a -
t u r e s , c a r b o n i z a t i o n o c c u r r e d d u r i n g this t ime p e r i o d a n d
r e s i n o u s p r o d u c t s w e r e f o r m e d . In a n o t h e r e x p e r i m e n t , t h e
c o m p o u n d s w e r e h e a t e d 10 m i n o n a hot p l a t e . L o s s e s o f
less than 50% w e r e o b s e r v e d a n d the p r o d u c t s r e m a i n e d
l iqu id at 2 5 0 a n d 3 0 0 C.

At the p r e s e n t t i m e , polyglycerol e s t e r s f i n d acceptance
in a very b r o a d a r e a o f application. I n the f o l l o w i n g discus-
sion o f u s a g e s , we do n o t wish t o give the i m p r e s s i o n that
t h e s e i n g r e d i e n t s are the only e m u l s i f y i n g m a t e r i a l s in a
g i v e n s y s t e m . In s o m e c a s e s , they do n o t r e q u i r e o t h e r
agents, but o f t e n they a r e b l e n d e d w i t h m o n o g l y c e r i d e s ,
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s o r b i t a n polyoxyethylene e s t e r s o r o t h e r c o m p o u n d s .
Polyglycerol e s t e r s have several uses in the e d i b l e oil

i n d u s t r y . They have b e e n e m p l o y e d as h i g h q u a l i t y crystal-
lization i n h i b i t o r s w h i c h do not c o n t r i b u t e c o l o r or off-
flavor to r e f i n e d s a l a d a n d c o o k i n g otis. The use o f p o l y -
glycerol e s t e r s as antispattering a g e n t s in c o o k i n g oils h a s
b e e n p a t e n t e d . I c i n g s h o r t e n i n g containing polyglycerol
esters are m a r k e t e d for use by b a k e r i e s a n d a l l i e d i n d u s t r i e s .
B l e n d s o f polyglcerol e s t e r s a n d m o n o g l y c e r i d e s have b e e n
u s e d in c o m m e r c i a l high r a t i o cake shortenings in E u r o p e ;
this u se h a s not been d e v e l o p e d in this c o u n t r y but a g r e a t
potential exists.

The polyglycerol m o n o - a n d distearates are especially
u s e f u l in toppings, a e r a t e d g e l a t i n d e s s e r t s a n d frostings
w h e r e high foam s t a b i l i t y is r e q u i r e d . Several p a t e n t s have
been i s s u e d covering t h e s e t y p e s o f formulation. T h e s e
f o o d s usua l ly have a l o w fat c o n t e n t a n d the e m u l s i f i e r
c o n t r i b u t e s t o t h e i r t e x t u r e a n d pleasing m o u t h character.
L o w fat i m i t a t i o n ice c r e a m s also d e p e n d on the s a m e type
o f e m u l s i f i e r to give them t h e i r un ique properties. The
polyglycerol e s t e r s also have c a l o r i c v a l u e s b e t w e e n t h o s e o f
fats a n d c a r b o h y d r a t e s ; this is i m p o r t a n t in the f o r m u l a t i o n
of l o w c a l o r i e f o o d s . In the confectionery i n d u s t r y , t h e i r
u se has been s u g g e s t e d as a g e n t s to b o n d s u g a r a n d fat ,
anti-bloom a g e n t s , a n d c o m p o u n d s w h i c h c o n t r o l viscosity
o f coatings. This area o f use h a s not b e e n fu l l y investigated
at this t i m e .

TABLE III

Heat Stability of Polyglycerol Esters

Weight lossa at

Compound 200 C 250 C 300 C

Triglycero!
mono, dioleate 26 78 89
pentaoleate 25 71 78

Hexaglycerol
dioleate 26 76 80
distearate 25 86 91

Decaglycerol
tetraoleate 20 67 74
dodecaoleate 27 55 57

a0.2 g in a 60 mm aluminum foil dish for 16 ht in a forced draft
oven. Antioxidant present.

Several c o f f e e w h i t e n e r s list polyglycerol partial e s t e r s
o n t h e i r ingredient l a b e l s . The use o f decaglycerol mono-di-
o l e a t e s as c l o u d i n g a g e n t s for beverages i n c l u d i n g b o t h still
a n d c a r b o n a t e d beverages i s . w e U k n o w n . Manufacturers a n d
f o r m u l a t o r s of flavors f i n d the oleates w i t h H L B v a l u e
a b o v e six to be effective solubilizers a n d carriers o f essential
oils a n d essences. The pharmaceutical a n d cosmetic m a n u -
facturers have u t i l i z e d t h e s e c o m p o u n d s as part of e m u l s i -
fier s y s t e m s , thickening a g e n t s a n d opacifiers. Polyglycerol
o l e a t e s have been t e s t e d a s therapeutic agents, a n d interest
has been s h o w n for t h e i r u se as replacements for bile s a l t s
in some malabsorption s y n d r o m e s .

In the area o f f i b e r l u b r i c a n t s a n d finishes, polyglycerol
oleates have been u t i l i z e d f o r a n u m b e r o f y e a r s . The partial
e s t e r s are u s e d as part o f the critical e m u l s i f i e r s y s t e m
r e q u i r e d t o a p p l y a n d / o r r e m o v e l u b r i c a n t from f i b e r
surfaces. They apparently c o n t r i b u t e to f i b e r - r u b b e r
a d h e s i o n when a p p l i e d to tire c o r d a n d possess g o o d
antistatic properties. The high temperature stability o f
some e s t e r s s u g g e s t s t h e i r use in t e x t u r i n g and r e l a t e d
processes. V a r i o u s polyglycerol e s t e r s have b e e n m a r k e t e d
for n e a r l y t w o d e c a d e s , but only in the last f e w year~ have
w i d e s p r e a d interests b e e n s h o w n in applications. This is
b e l i e v e d due to i n c r e a s e d competitiveness from more
s u p p l i e r s , greatly i m p r o v e d p r o d u c t s a n d n e e d for h i g h l y
functional e m u l s i f y i n g s y s t e m s . The usage o f polyglycerol
e s t e r s is e x p e c t e d to increase dramatically in the y e a r s
a h e a d .
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