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ABSTRACT 
Polar lipids were extracted from raw, nitrite-treated beef and pork 
by a dry column procedure. The polar-lipid fraction had substantial 
activity in inhibiting the oxidation of linoleic acid as determined by 
a ~3-carotene bleaching method and by conjugated diene formation. 
The antioxidant activity of the polar-lipid fraction was stable over 
several months when stored in hexane at -20 C. Residual sodium 
nitrite, carbon-nitroso and nitrogen-nitroso compounds or products 
of the addition of nitrogen oxides to olefins do not seem to account 
for the antioxidant activity observed. 

INTRODUCTION 
In the preparation of cured meat, sodium nitrite is added to 
the cure because of its ability to impart color, flavor, 
bactericidal activity and stability against oxidation to the 
product. Research effort during the past 15 years has led to 
some understanding of the anticlostridial action of sodium 
nitrite (1), of the chemistry of nitrite in meat (2), of the 
function of nitrite as a flavor enhancer (3) and of the 
formation of N-nitrosamines (4,5). On the other hand, little 
has been revealed about the mechanism that allows nitrite 
to protect cured-meat lipids against oxidative degradation. 

The role of sodium nitrite in modifying cured-meat 
flavor (6,7), and particularly in preventing the "warmed- 
over" flavor generally associated with lipid oxidation in 
cooked.- meat (8,9), has been examined. Although how 
nitrite might act to prevent lipid oxidation in meat is still 
unclear, Pearson (8) has speculated that nitrite might act on 
the lipid components of meat cell membranes, or perhaps 
deactivate the natural prooxidants present in muscle. 

Sodium nitrite reacts rapidly with various meat compo- 
nents. Within 24-48 hr after addition, only 40-50% of the 
amount  added originally is analytically demonstrable as free 
nitrite (2). Using lsNO~, Cassens et al. have demonstrated 
(2,10,11) that only a small part (1-5%) of the sodium 
nitrite added becomes associated with lipids. The nature of 
this association remains unknown. Goutefongea et al. (12) 
studied the reaction of sodium nitrite in brine with whole 
adipose tissue, both ground and unground, and found that 
ca. 2-3% of the nitrite was bound by lipid and was extract- 
able with the lipid by the Folch (13) procedure. They sug- 
gested that the nitrite binding was related to the degree of 
unsaturation of the lipid. The implication is that nitrite or a 
derivative has reacted with one or more double bonds. The 
reaction of various nitrogen oxides with olefins has been 
reported to result in the formation of nitroso-nitrite deriva- 
tives (nitrosites)as well as nitroso-nitro compounds (pseudo- 
nitrosites) (14-16). Lipid pseudonitrosites have been impli- 
cated as transnitrosating agents (17). The purpose of the 
current work was to develop information on the manner in 
which sodium nitrite retards the oxidation of meat lipids. 

EXPERIMENTAL PROCEDURES 

Materials 
Linoleic acid (>99%) was obtained from Nu-Chek Prep, 
Inc., Elysian, MN. Cytochrome c (type Ili  from horse 
heart) and trans-f3-carotene (type I) were purchased from 
Sigma Chemical Company, St. Louis, MO. 

Meat Preparation 

Raw bottom-round beef, or lean, center-cut pork chops, 

obtained directly from a slaughter house, were trimmed of 
adipose tissue, and ground once in a Hobart meat grinder 
through a 3/16 in. plate. To prepare "treated meat," 20 mL 
of a solution of 780 mg sodium nitrite in 100 mL distilled 
water was added to 1,000 g of meat to give an initial con- 
centration of 156 ppm as NaNO2, which is equivalent to 
100 ppm as NOz. To prepare "untreated meat," an equal 
amount of distilled water was used in place of the sodium- 
nitrite solution. Treated and untreated meat samples were 
mixed manually and then reground to assure thorough 
mixing. Portions (15 g) of each sample were wrapped in 
air-permeable plastic film (PVC) and stored at ca. 4 C. 

Analytical Procedures 
Lipid extraction. Total lipids were extracted from meat 
samples by the dry column procedure published by Max- 
well et al. (18). Neutral and polar lipids were extracted 
sequentially by the method of Mariner and Maxwell (19). 

1"BA values. The 2-thiobarbituric acid method for the 
determination of malonaldehyde, according to Tarladgis 
et al. (20) and modified by Zipser and Watts (21), was used 
on ground meat samples. 

Peroxide values. These were determined on extracted lipids 
by AOCS Official Method Cd 8-53 (22). 

Sodium nitrite. Sodium nitrite determination in meat 
samples was carried out by a modified AOAC procedure 
(23). 

Antioxidant activity-carotene bleaching method Inhibi- 
tion of linoleic acid oxidation by test substances, as indi- 
cated by spectrophotometric observation of fl-carotene 
bleaching, was measured by the method of Ben-Aziz et al. 
(24) with cytochrome c as catalyst. A Bausch and Lomb 
Spectronic 21 (single-beam) or a Perkin-Elmer 559A 
(double-beam) spectrophotometer was used (at 460 nm, 
path length 1 cm). Potential antioxidants were dissolved in 
O. 1 mL of ethanol or isopropanol. Alternatively, as required 
by substrate solubility, potential antioxidants were dis- 
solved in 0.1 mL of a mixture prepared as follows: ethanol 
(1 mL), 10% v/v Tween 80 in 95% ethanol (0.3 mL), and  
0.5% w/v EDTA in distilled water (5 mL) were combined, 
the mixture was adjusted to pll 9 with 0.1 N NaOtt, and 
the volume of the mixture was brought to 10 mL with 
distilled water. A corresponding amount of ethanol, iso- 
propanol or the solvent mixture was present in the control 
not  containing antioxidant. The final reaction mixture in 
the cuvette contained 1.5 mL linoleic acid-H-carotene solu- 
tion, 0.3 mL cytochrome c in distilled water, 0.1 mL 
ethanol and 0.1 mL antioxidant solution or blank. Relative 
antioxidant activity, i.e., the ability to inhibit the bleaching 
of carotene, is measured and compared with that of con- 
trois containing no antioxidant. 

Antioxidant activity-conjugated diene method. The spec- 
trophotometric assay described by Ben-Aziz et al. (25) was 
used with cytochrome c at 4 /ag/mL at pH 5. The linoleic 
acid concentration in the reaction mixture was 5 x 10 -4 M. 
The final reaction mixture contained 2.3 mL linoleic-acid 
solution, 0.1 mL sample and 0.1 mL enzyme solution. 

Addition of  nitrogen oxides to olefins. General procedure: 
A solution of olefin (0.05-0.20 mol) was added to a reac-  
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tion chamber (500 mL 3-neck flask) in an appropriate 
solvent (150 mL). The solution was stirred and cooled to 
3-5 C. Nitrogen oxide gases were generated in a second flask 
by the slow addition, with cooling, of sodium nitrite (35 g) 
in water (80 mL) to sulfuric acid (54 mL, concd.). The 
gases evolved were swept into the reaction flask and below 
the surface of the olefin solution by means of a stream of 
nitrogen gas or air. After gas generation was completed, the 
reaction mixture was allowed to warm slowly, was stored at 
room temperature for 1 hr, and was then washed twice with 
water and dried. Solvent was removed under reduced pres- 
sure. The crude product mixture was either tested for 
antioxidant activity, or was fractionated by chromato- 
graphic techniques and the fractions tested. 

Specific proccdures. Table 1 lists the specific olefin sub- 
strates, solvents, and carrier gases used. 

l tPLC-TEA. Samples (50 #L) of polar lipids were analyzed 
on an HPLC interfaced with a thermal energy analyzer 
(TEA) detector. HPLC was performed on a 25 cm 5/~ silica 
column. The mobile phase was programmed linearly from 
methylene chloride/methanol (1:1) to 100% methanol in 
20 rain at a flow rate of 1 mL/min. HPLC eluates were 
pyrolyzed in a TEA furnace at 750 C. 

RESULTS AND DISCUSSION 

Ground raw beef was treated with 156 ppm sodium nitrite 
and stored at 4 C for a period of 3 weeks. Samples were 
removed from storage periodically and aliquots were 
analyzed for TBA value and residual free nitrite. From 
another portion of each meat sample, polar lipids were 
extracted and these were analyzed for peroxide values. 
Table II gives a comparison of results from nitrite-treated 
samples with untreated controls. The data clearly demon- 
strate that nitrite treatment inhibits lipid oxidation. The 
results shown here are illustrative of several experiments in 
which similar data were obtained. Shortly after treatment, 
the free nitrite content decreased to 50% or less of its 
original value and then slowly decreased further over a 
period of several weeks. TBA numbers of the treated meat 
remained very low (usually less than 1 ppm) whereas those 
of the controls rose rapidly and then levelled off. The 
peroxide values of polar lipids extracted from nitrite- 
treated beef showed an induction period and then rose 
slowly; those from untrcated beef rose more markedly. 
Both tended to fluctuate. These fluctuations have also been 
observed by others (26). The experiments could not be 
extended beyond the 3-week period, because the untreated, 
but not the treated, samples underwent microbial spoilage. 

MacDonald et al. (6) and Hadden et al. (7) also obtained 
reduced TBA values on nitrite-treated pork. In our experi- 
ments, we noted high peroxide values were associated with 
polar, rather than neutral lipids. In fact, oxidation of 
neutral lipids remained quite low. This is not  entirely unex- 
pected, as most of the polyunsaturated fatty acids are 
found in thc polar-lipid portion. 

Heine proteins and nonheme iron are known to be active 
catalysts in the oxidation of lipids (27-29). MacDonald 
et al. (30) have shown that nitrite inhibits the prooxidation 
effect of Fe ~ and Fe~-EDTA as well as those of aqueous 
beef and pork extracts, and they suggested that nitrite may 
function as a metal chelater in tying up the trace metals 
present in meat. In addition to inhibiting the catalytic 
effects of prooxidants, sodium nitrite might also give rise to 
an antioxidant factor that, in order to be most effective, 
may be in close association with the lipid itself. To test this 
hypothesis, we extracted lipids from nitrite-treated and 
untreated meat and compared the antioxidant activity of 
the polar lipids. Lipids were extracted by the dry column 

TABLE I 

Reaction of Olefins with Nitrogen Oxides 

Olefin Solvent Carrier gas 

Methyl oleate CIICI 3 N: 
Methyl oleate Petroleum ether Na 
Oleic acid Petroleum ether N~ 
Methyl oleate tlexane N 2 
Cyclohexene Petroleum ether: N,. 

ether(l : l )  
Cyclohexene Petroleum ether: Air 

ether (1:1) 
Beef polar lipids Petroleum ether Air 
Sorbic acid CItCI. Air 
Methyl linoleate Petroleum ether: Air 

ether (1:1) 
Methyl linoleate Petroleum ether: N 2 

ether (1:1) 

TABLE II 

Lipid Stability During Meat Storage 

Whole meat Polar lipids 

TBA values (ppm) Peroxide values Storage NaNO 2 
time ppm Treated Untreated Treated Untreated 

48 hr 80 0.50 7.80 <15 <15 
1 week 56 0.60 12.9 <15 28.8 
2 week 47 0.57 13.9 <15 247 
3 week 31 0.77 13.8 62.9 125 

procedure of Marmer and Maxwell (19), which is faster and 
more convenient than the Folch procedure (13) or the 
Bligh and Dyer method (31), and which permits the sepa- 
rate isolation of neutral and polar lipids. The extracted 
polar lipids were dissolved and stored in hexane, in which 
most associated nonlipid materials are insoluble. 

Numerous methods are available for measuring lipid 
oxidation (32). The method of Ben-Aziz et al. (24) was 
chosen because of its rapidity, convenience and adaptability 
for use with small samples. In this procedure linoleic acid is 
allowed to oxidize in the presence of cytochrome c and 
/3-carotene, and progress of the oxidation is followed spec- 
trophotometrically by observation of the bleaching of 
fl-carotene at 460 nm. The reaction is essentially complete 
4 min after the reagents are mixed. In this investigation, 
relative antioxidant activity, i.e., the ability to inhibit 
bleaching of /3-carotene, was measured and compared with 
that of controls containing no antioxidant. 

By this procedure, the polar-lipid fractions from raw 
nitrite-treated beef had substantial antioxidant activity 
compared with those extracted from raw untreated beef. 
Figure 1 compares the effect on carotene bleaching over a 
4-rain span by polar-lipid fractions from treated and un- 
treated beef and by the commercial antioxidant BHT 
(butylated hydroxytoluene) at 1 x 10 -4 molar with a con- 
trol containing no antioxidant. The plots shown for the 
control and for treated and untreated polar lipids are 
averages of values obtained from 10-12 samples. These 
values were taken over a 3-week period while the meat 
was stored at 4 C. On each of the sampling days, 5 g por- 
tions of the treated and untreated meat were removed from 
storage, extracted and the antioxidant activity of the polar 
lipids isolated was determined, along with that of a control. 
The curve for BHT represents an average of 4 values ob- 
tained on 4 different days. Statistical analysis of the daily 
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FIG. 1. Ant iox idant  e f fect  on l inoleic acid of  polar-lipid fractions 
from untreated and nitrite-treated raw beef  sampled over 3 weeks  
and compared  to control  and BIIT. Vertical bars indicate standard 
e l a ' o r .  

TABLE 111 

Raw Beef--Carotene Protection a 

Untreated Treated BIH" 

O. 75 m in 10. 3% 32.3% 73.5% 
1.O ruin 9. 5% 35.7% 72.6'?/,, 
2 m in 14 5% 37.3% 77.3% 
3 min 15.7% 38.0% 77.7% 
4 m in 15. (Y?,b 37.8% 78.7% 

aControl- Sample X 100. 
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FIG. 2. Ant iox idant  e f fec t  on l inoleic acid of  polar-lipid fractions 
from untreated and nitrite-treated raw pork sampled over 2 weeks  
and compared  to control .  Vertical bars indicate standard error. 

TABLE IV 

Raw Pork--Carotene  P r o t e c t i o n  a 

Untreated Treated 

0.5 rain 6.7% 23.3% 
1 m in 13.0o/o 37.0% 
2 min 25.0% 50.0% 
3 rain 33.3% 57.1% 
4 min 35.5% 58.1% 

aControI - Sample 

Control 
X 100. 

values (at 2 and 4 min) indicated that  daily values of  each 
type  of  sample ( t reated,  unt rea ted  and cont ro l )  did not  
differ  significantly ( p <  0.05), whereas the differences 
be tween  sample types were significant. 

Caro tene  p ro tec t ion  afforded by the an t iox idants  can be 
derived f rom the/3-carotene bleaching data  by the equa t ion  

CP = C - S  x 100 
C 

where CP is the percentage  of  carotene  p ro tec t ion  and C 
and S arc the micrograms of  /3-carotene bleached in the 
control  and the sample, respectively. Table  III gives /3- 
carotene  p ro tec t ion  data  derived f rom the values plot ted 
in Figure 1. The  data indicate that  natural ant ioxidants  
present  in unt rea ted  raw beef  provide some pro tec t ion  
against lipid ox ida t ion  and that  ni tr i te  t r ea tment  generates 
substantial  addit ional  an t iox idant  activity in the polar 
lipids. The  polar  lipids f rom treated meat  at ca. 2.0 x 10 -4 
molar  concent ra t ion  arc less effect ive ant ioxidants  than 
BIIT at 1 x 10 -4 molar. This  comparison,  however,  neglects 
the fact  that  the concent ra t ion  of the an t iox idant  factors 
present in the treated polar lipids is, as yet, unknown.  Pre- 
l iminary compar ison  of the treated and the unt rea ted  polar 
lipids by, thin layer ch romatography  (TLC) shows no 
obvious differences be tween  tile two. l lcnce,  wc suspect 
that  the concen t ra t ion  of  the an t iox idant  factors in tile 
t reated polar  lipid fract ions is not very great, or that the 
factors differ  little in polarity' f rom one of  the major 
componen t s  of  the fraction.  

The  data presented above (Fig. 1, Table  III) give the 
results of one of  several exper iments  carried out  on raw 
beef. Similar results were obta ined  in the others.  In all 
cases, the protect ive  index of  the polar  lipids f rom treated 
meat,  i.e., the  percentage of carotene  p ro tec t ion  afforded 
by the treated polar  lipids divided by the pro tec t ion  af- 
forded by the unt rea ted  polar  lipids, ranged be tween  1.5 
and 2.5, 2 ,lain after reagents were mixed.  Analogous  ex- 
per iments  were carried out  on lean pork meat.  The results 
f rom one of  these exper iments  arc shown in Figure 2 and 
Table IV. In raw pork meat,  the polar  lipids ext rac ted  from 
ni tr i te- t reated meat  also had substantially higher anti- 
ox idan t  act ivi ty than those from untrea ted  meat.  

Having established that  polar lipids f rom nitr i te- treated 
meat  did possess significant an t iox idant  act ivi ty compared 
with polar lipids f rom untreated meat ,  we wished to con- 
firm this act ivi ty by a second assay method.  Two  active 
polar-lipid samples were analyzed by the/3-carotene and the 
be t t e r -known diene conjugat ion  (25) procedure.  The  per- 
centage of  an t iox idant  activity' values obta ined by the 2 
assays were 43% and 46% on one sample and 5 5 . 6 %  and 
54% on another,  conf i rming the validity of  the results of  
the/3-carotene assay. 

To  test the storage stabili ty of  the an t ioxidant  activity, 
2 samples of  active polar lipids dissolved in hexane were 
s tored at - 2 0  C, and their  act ivi ty was tested periodically 
over  a month .  The  act ivi ty of  both samples remained con- 
stant  over that  period. One of  the samples was tested again 
6 weeks later and was found to have undiminished activity. 

Several exper iments  were pe r fo rmed  to test  the quest ion 
of  whether  the an t iox idan t  act ivi ty in the polar lipid is 
caused by an addi t ion p roduc t  of  a nitri te residue to an 
unsaturated fat ty  acid. Polar lipids that  have active anti- 
oxidants  f rom nitr i te- treated beef  were separated and 
de tec ted  by HPLC interfaced with a thermal  energy ana- 
lyzer (TEA),  a de tec to r  specific for nitric oxide (33). 
Chromatograms  were compared  with those obta ined f rom a 
sample of  polar  lipids f rom unt rea ted  beef. Both samples 
gave identical  tracings, suggesting tha t  the active material 
did not  conta in  ni t roso or  nitro compounds  that  were 
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thermal ly  labile under  the T E A  condi t ions  used, or  that  
such c o m p o u n d s  were present  in amounts  that  were too  
low to be detected.  If ni t roso or  ni tro derivatives of  fa t ty  
acids had been present  in greater than 1% concen t ra t ion  in 
the HPLC fract ion,  they should have been de tec ted  by this 
me thodo logy .  

To  test  the possibili ty that  ni t rogen oxide  addi t ion  to 
olefins might  account  for  the observed an t iox idan t  activity,  
n i t rogen oxide  addi t ion products  to olefins were synthe- 
sized. Methyl  oleate, methyl  l inoleate,  oleic acid, cyclo- 
hexene and polar  lipids f rom unt rea ted  beef  were all t rea ted 
with ni t rogen oxides generated f rom sodium nitr i te  and 
acid in the absence of  air (generat ing p redominan t ly  nitric 
oxide)  and in thc presence o f  air (yielding p redominan t ly  
dini t rogen trioxide).  Table  I provides a list of  exper iments  
performed.  Conf i rming  analogous work by  others  (14-16),  
react ion products  were formed in all exper iments  by the 
addi t ion o f  ni trogen oxides  to the olefins. The  an t iox idan t  
act ivi ty of  all crude products  (af ter  the removal  o f  solvent),  
as well as that  o f  various chromatographica l ly  isolated frac- 
tions, was tested. No an t iox idan t  act ivi ty could  be de tec ted  
in any of  the synthet ic  products ,  excep t  that  slight act ivi ty 
was found in one product  derived f rom methy l  oleate. 
However,  even this slight a m o u n t  of  act ivi ty  (12%) could 
not  be conf i rmed in later repeat  experinaents.  

The  an t iox idant  act ivi ty  of  sodium nitri te was compared  
(at 1 x 10-4 M) with those o f  a cont ro l  and of  4 antioxi-  
dants in commerc ia l  use: bu ty la ted  hydroxyan iso le  (BHA), 
bu ty la ted  h y d r o x y t o l u e n e  (BIIT), p ropyl  gallate ( P G ) a n d  
sodium ascorbate  (ASC). The  results are shown in Figure 3 
and indicate that  sodium nitri te is inactive in this proce- 
dure, whereas act ivi ty of  the others  increases ASC < PG < 
BHT, BItA. Citric acid was also examined  at the 1 • 10 -4 M 
level and showed no activity. These results indicate  that  
sodium nitri te remaining in thc tissue is probably  not  
responsible for the an t iox idant  act ion found,  in the un- 
likely event  that  the nitrite became associated with the 
polar lipids. 

In view of  MacDonald ' s  f inding (30) that  ni t r i te  inhibits 
the prooxida t ive  effect  of  free and bound  iron, testing the 
ques t ion  o f  whe ther  the relative an t iox idan t  ef fec t  we ob- 
served was not, in reality, the result  o f  inhibi ted p roox idan t  
act ivi ty  in the t reated vs the unt rea ted  samples was impor- 
tant. We analyzed 2 active ( t reated)  polar-lipid samples (one 
f rom beef  and one f rom pork)  for iron con ten t  by a tomic  
absorpt ion spect roscopy and compared  the results with 
those f rom parallel inactive (untreated)  samples. The  active 
samples contained more  iron than the inactive samples. 
We concluded that  the observed an t iox idan t  ef fec t  is no t  
the  result of  decreased prooxida t ive  act ivi ty  by iron. 

A final set of  exper iments  was designed to test the ef fec t  
o f  unbound  iron, alone and in combina t ion  vdth nitrite,  on 
an t iox idan t  activity. Ferrous  sulfate was added to the 
t3-carotene assay solut ion to reach final concen t ra t ions  of  
50 and 200 ppm. The  act ivi ty of  these samples was indis- 
t inguishable f rom that  of  controls.  To  some of  the  iron- 
conta ining assay solutions, sodium nitr i te  was added to 
reach final concen t ra t ions  of  50 and 100 ppm. The  act ivi ty  
of  solutions conta ining both ferrous sulfate and sodium 
nitr i te  were also indistinguishable f rom those  o f  the con- 
trols. We conclude that  under  the  assay condi t ions  used in 
this work, nei ther  iron nor  nitri te accoun t  for  the antioxi-  
dant  act ivi ty observed in ni t r i te- t reated polar  lipids. 

The  in format ion  developed in the current  work demon-  
strates that  the addi t ion of  sodium nitr i te  generates  an 
an t iox idan t  factor  in raw beef  and raw pork.  This  factor ,  
which requires fur ther  def ini t ion,  is p roduced  consis tent ly,  
is associated with the polar-lipid fract ion,  and does not  
appear to involve an addi t ion p roduc t  of  ni t rogen oxides  to 

Io 

~ 6 

4 Z 

CONTROL 
~ NoNOz 

~ ASCORBIC ACID 

/ / , / / ~ . ~ ~  ~ • PBRHCIP Y L GALLATE 

~Y 8 u BHA 
[ i l J I 2 3 4 

TIME (rain) 

FIG. 3. Comparison of antioxidant effect on linoleic acid of s o d i u m  
nitrite with that of common antioxidants at 1 • 1 0  -4 M. B H T  = 

butylated hydroxytoluene, BHA = butylated hydroxyanisole. 

olefinic double  bonds. It also scems unre la ted  to a possible 
reduc t ion  of  the p roox idan t  act ivi ty  o f  iron c o m p o u n d s  by 
sodium nitri te.  Studies to ident i fy  the an t iox idan t  factors  
are cont inuing.  
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ABSTRACT 

A membrane bioreactor was developed for continuous synthesis of 
glycerides by lipase to overcome the drawbacks associated with the 
usual operation in an emulsion system. One unit (total area: 726 
cm a ) of flat, plate-type dialyzer was used as the membrane bioreac- 
tor at 40 C. The glycerol solution, containing bacterial lipase and 
water, was supplied continuously to 1 side of a sheet of micro- 
porous polypropylene membrane (strongly hydrophobic) and the 
effluent" was recycled, while undiluted liquid fatty acid (oleic o r  

linoleic) was fed continuously to the opposite side of the mem- 
brane and came in contact with a glycerol-waterqipase solution to 
cause the reaction. The product, glycerides, was obtained at the 
outlet, in a pure state, with no other phase, lfighest conversion (ca. 
90%) was obtained when the water content of the glycerol solution 
was 3-4%. As the accumulation of water produced by the reaction 
lowered the conversion, molecular sieves in a column that the 
glycerol solution passed through were used for optimal water con- 
tent. The reaction could be continued at least for 1 month, yielding 
a conversion above 70% when 1% CaCI 2 was added in the glycerol 
solution. The main component of glycerides formed was almost 
equimolar amounts of mono- and diglycerides. 

INTRODUCTION 

Glycerol  and polyglycerol  esters of  fa t ty  acids are indus- 
trially prepared and commercia l ly  available as food flavors, 
pharmaceut icals ,  fragrancies and emulsifiers (1,2). The 
industr ia l  processes are based on direct esterification of  
fa t ty  acids with glycerol and polygycerol  of various chain 
length in the presence of inorganic catalyst  at elevated 
tempera tures  (200-250 C). The chemical  react ion is tedious, 
nonselect ive and consumes a large a m o u n t  of energy. 
Fur the rmore ,  the product  obta ined  usually needs fur ther  
pur i f ica t ion through a bleaching process (3). 

In recent  years, the synthesis of glycerides by  lipase or 
cel l -bound emzymes  has received keen a t t en t ion  (4-6). The 
enzymat ic  process has certain advantages over the chemical 
process because the former  involves mild react ion condi t ions  
and stereo and posi t ional  specifieities, saves energy and has 
eno rmous  catalytic activity. Because lipase is soluble in an 
aqueous  glycerol solut ion,  b u t  no t  in higher fa t ty  acid, 
enzymat ic  synthesis of  glycerides has been carried ou t  in an 
emuls ion  system where the react ion takes place at the 

*To whom correspondence should be addressed. 

interface of oil droplets and aqueous glycerol solution.  
Such a convent ional  emuls ion system for the industrial  

synthesis of glycerides (and for the hydrolysis  of fat as 
well) has, however,  certain drawbacks.  First the emulsifica- 
t ion of oil needs surfactant  and a large power input ,  e.g., 
stirring at high speed. Second,  after the reaction has fin- 
ished, the separat ion of emulsif ied oily products  is com- 
plicated and needs powerful  centr i fugat ion.  Third,  the 
reaction system of free lipase plus emulsified substrate is 
economical ly  difficult  to operate cont inuous ly .  Fresh 
lipase mus t  be con t inuous ly  supplied to the bioreactor  
because the lipase adsorbed on the surface of the emulsi- 
fied oil droplets  is lost from the bioreactor  with the dro- 
plets of products .  Four th ,  the immobi l iza t ion  of lipase 
involves restricted diffusion of substrate and product .  One 
can easily imagine that  part iculate droplets have limited 
access to the enzyme,  result ing in a very low reaction rate. 
The activity of immobi l ized lipase is commonly  only 
several percent  of the original activity of the free lipase. 
Last, control  of  the water con ten t  of the reaction system is 
difficult.  The result is very im por t an t  because the catalytic 
act ion of lipase is reversible. Lower water conten t  favors 
the synthet ic  reaction,  whereas, at a higher water content ,  
hydrolysis  prevails. 

These l imi ta t ions  present  obstacles to the application of 
lipase as a successful industr ial  biocatalyst  in glyceride 
synthesis.  In view of  the above disadvantages of the emul-  
sion system, an a t t empt  has been made to carry out  the 
con t inuous  synthesis of glycerides from glycerol and liquid 
fa t ty  acids by a lipase in a nonemul s ion  system. A special 
bioreactor,  with a hydrophobic  microporous  membrane ,  
has been developed for the purpose.  In the present  article, 
the conf igurat ion of the bioreactor ,  opt imal  condi t ions  of 
operat ion and the operat ional  stabili ty of the lipase are 
described for the con t inuous  synthesis of fat ty acid glyc- 
erides. 

CONFIGURATION OF THE BIOREACTOR 
One un i t  of  a plate-type dialyzer, made of plastic material  
(Hospal Hemodialyzer  RP-6), was used as the microporous 
membrane  bioreactor.  The setup of the bioreactor  is shown 
in Figure 1. A frame was covered with membranes  (the 
size of  1 sheet of m e m b r a n e  was 11.6 cm x 31.3 cm), 
making a narrow compar tment .  The membrane  is made of 
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