
ABSTRACT: The content of nonhydratable phosphatides in
soybean crude oil is increased by phospholipase D activity dur-
ing the oil-making process. Enzyme inhibition would allow to
minimize them. Recently harvested soybeans with high mois-
ture levels require adequate drying to store safely. Simultane-
ous soybean drying and phospholipase D inactivation in a sin-
gle operation when applying a thermal treatment by the flu-
idized-bed technique was evaluated. The process conditions for
performing the drying and a complete enzyme inhibition on
soybeans, with an initial moisture content between 7.4 and
20.6% wet basis, similar to that at the time of the harvest, were
fluidizing and drying medium temperature between 110 and
140°C, and a drying time between 1 and 2 min. For the treated
soybeans, the phosphorus content increased up to 223% in
crude oil and decreased 17% in degummed crude oil with re-
gard to the values of the control sample.
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The production of refined oil requires phosphatide removal
from crude oil (CO). Most soybean CO phosphatides are hy-
dratable (HP) and can be separated by means of aqueous
degumming. The increment of nonhydratable phosphatides
(NHP) diminishes the degumming efficiency, so it is neces-
sary to use treatments which increase the oil lost (1). Trans-
formation of HP into NHP is carried out during the oil-mak-
ing process by phospholipase D (PLD) (2), which is freed by
cell breakage during cracking and flaking operations (3). Soy-
bean PLD activity increases linearly as temperature increases
when the grain moisture content is between 11.3 and 13.6%
wet basis (wb), and its greatest activity is at 85°C. NHP con-
tent in CO increases at the same time as the extraction tem-
perature (4). List et al. (3,5) proved that moisture, cellular dis-
ruption, heat, and PLD activity are factors that promote NHP
formation; PLD inactivation minimizes it. PLD was fully in-
activated in whole soybeans by a 8–9 min microwave treat-
ment at 115–120°C, and by a live steam treatment at about

110°C of soyflakes. In both cases, it was proved that thermal
treatment completely destroyed PLD activity and made mois-
ture removal possible.

Kock (4) demostrated by means of a moisture–heat treat-
ment of soyflakes prior to extraction that enzyme activity
could be completely eliminated, thereby minimizing NHP
formation. 

To store soybeans safely when their moisture exceeds
14.2% wb, they must be dried while minimizing grain fissur-
ing, cracking, and dehulling. Florin and Bartesch (6) proposed
fluidized-bed (FB) for drying, cooling, dehulling, and condi-
tioning in oil seed processing. This method is advantageous
for the following reasons: homogeneous product treatment,
additional cleaning, precise control of treatment temperature,
low quality losses, and low damage levels of oil and proteins.

Tosi et al. (7) dried soybeans in a FB and proposed an em-
pirical equation for the drying kinetics. A 3-min FB treatment
at 130°C is enough to achieve soybean drying with 17.5% wb
initial moisture content and to destroy urease and the trypsin
inhibitor simultaneously. The available lysine lost was less
than 2% (8).

The objective of this study was to evaluate simultaneous
soybean drying and PLD inhibition by FB short time–high
temperature treatment and to determine its influence on the
HP and NHP content in both CO and degummed crude oil
(DCO), as well as on the oil quality.

MATERIALS AND METHODS

Materials. Coker variety soybeans, air-dried down to 11.3%
wb immediately after harvest and kept at 25°C were used.
Soybean lecithin and ammonium tetrathiocyanodiammono-
chromate (ammonium reineckate) were purchased from
Sigma Chemical Company (St. Louis, MO); other chemicals
used were from Merck (Darmstadt, Germany). All reagents
were American Chemical Society reagent grade.

Equipment. The thermal treatment was performed in pilot
scale FB. The drying air-mass flow was 3.0 kg dry air/s m2 and
the grain held in the dryer was 29 kg dry solid/m2. The tests
were carried out at different drying temperatures and times on
whole soybeans rewetted to current harvest moisture values,
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between 15.4 and 23.0% wb so that, at the end of the treat-
ment, the grain final moisture content (FMC) ranged between
13.5 and 14.2% wb. To obtain this, the grains were rewetted
by spraying a water quantity calculated with the drying kinetic
empirical equation (7), and they were periodically mixed dur-
ing 48 h at 23–25°C, according to the rewetting method previ-
ously determined. Significant differences in the drying curves,
HP and NHP contents, and PLD activity were not found be-
tween soybeans with natural moisture and rewetted ones, both
at equal initial moisture contents between 14.5 and 22.5% wb. 

Rewetted soybeans were submitted to four-stage process-
ing resembling industrial methods: thermal treatment of dry-
ing and PLD inhibition, conditioning, flaking, and oil extrac-
tion. The control whole soybeans at 11.3% wb storing mois-
ture were submitted to the last three processing stages.

Thermal treatment of drying and PLD inhibition. Rewet-
ted soybeans were treated at each one of the selected drying
temperatures, between 50 and 140°C, during the correspond-
ing drying time (Table 1), determined by means of the drying
empirical equation (7), until the FMC was reached. For all

tested temperatures, the mean transient ranged between 33
and 40 s; within that time, the difference between both drying
air and grain temperatures was 0.5 ± 1.2°C. This value de-
creased as drying time increased.

Conditioning of thermal-treated and control soybean.
Grains were conditioned by air drying at 40°C until the mois-
ture content ranged between 11 and 12% wb. After that, they
were cracked and heated at 60°C during 3 h in an hermetic
spinning container. PLD activity was then determined.

Flaking. Conditioned soybeans were flaked at 0.22 mm
mean thickness.

Oil extraction. The extraction was carried out with a Butt
extractor (Ricardo Bueloni y Cia, Rosario, Santa Fe, Ar-
gentina) on 1000 g of flakes with n-hexane. The obtained mis-
cella were desolventized in a rotary evaporator under a nitro-
gen stream, applying a 3.3 kPa vacuum in the final stage. The
obtained oil was degummed by adding 2% distilled water and
shaking for 15 min in a 60°C constant-temperature bath. The
gums were separated by centrifugation for 15 min at RCF 700
× g. Thermal treatment tests and analyses for moisture con-
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TABLE 1
Drying Conditions, Phosphorus Content in CO, RCO, Phosphorus Content in DCO, RDCO, and Phospholipase D
Activity in Soybeansa

PLD activity

T t Mi MF PCO RCO PDCO RDCO
choline mmol

(°C) (min) (% wb) (% wb) (ppm) (ppm) ( g soybean · min )
Control — — 13.6 — 560 — 160 — 6.30 × 10−4

A 50 30 15.4 13.7 560 1.00 180 1.13 6.00 × 10−4

50 60 16.8 13.5 550 0.98 180 1.13 6.10 × 10−4

80 10 18.2 14.1 620 1.11 180 1.13 6.10 × 10−4

50 120 20.2 13.8 560 1.00 170 1.06 6.10 × 10−4

80 20 19.7 13.7 630 1.13 170 1.06 5.80 × 10−4

80 30 21.3 13.9 630 1.13 170 1.06 6.00 × 10−4

60 60 20.0 13.7 580 1.04 160 1.00 6.20 × 10−4

80 40 23.0 13.5 640 1.14 160 1.00 5.70 × 10−4

100 4 17.7 13.8 640 1.14 160 1.00 5.80 × 10−4

B 100 10 19.3 14.1 670 1.20 150 0.94 5.00 × 10−4

100 20 22.0 13.7 690 1.23 130 0.81 3.70 × 10−4

C 110 2 17.4 14.1 710 1.27 120 0.75 ND
110 4 18.0 13.5 760 1.36 110 0.69 ND
110 10 20.2 14.0 760 1.36 100 0.63 ND
120 2 17.7 14.2 750 1.34 100 0.63 ND
110 15 22.1 13.7 800 1.43 90 0.56 ND
120 4 18.7 13.6 780 1.39 90 0.56 ND
120 6 20.1 13.8 800 1.43 85 0.53 ND
120 10 22.0 13.7 820 1.46 80 0.50 ND
130 1 17.4 14.1 800 1.43 70 0.44 ND
130 2 18.2 13.7 840 1.50 70 0.44 ND
130 4 19.4 13.6 920 1.64 70 0.44 ND
140 1 17.5 13.7 910 1.63 60 0.38 ND
140 2 18.5 13.8 950 1.70 60 0.38 ND
130 6 20.8 14.0 970 1.73 50 0.31 ND
140 4 20.6 14.0 1100 1.96 40 0.25 ND
140 5 21.8 13.6 1250 2.23 30 0.19 ND

aCO, crude oil; DCO, degummed crude oil; RCO, ratio of phosphorus content in crude oil from treated and untreated soy-
beans (Eq. 1); RDCO, ratio of phosphorus content in degummed crude oil in treated and untreated soybeans (Eq. 2); Mi, ini-
tial moisture content; MF, final moisture content; PCO, phosphorus content of crude oil; PDCO, phosphorus content of
degummed crude oil; PLD, phospholipase D; ND, not detected.



tent, phosphorus in both CO and DCO, and PLD activity were
carried out in triplicate.

Moisture content determination. Moisture content was de-
termined according to ISO 665:1977 (9).

Color determination. Color was determined according to
British Standard 864 Sec. 1.14 1987, equivalent to AOCS Cc
13c-92, with a Lovibond Tintometer model E [The Tintome-
ter Ltd., Salisbury, England (10)].

Acidity. Acidity was determined according to AOCS
Method Ca 5a-40 (11).

Phosphorus determination. Phosphorus determination in
CO and DCO was carried out following the method proposed
by Tosi et al. (12).

PLD activity determination. In previous studies, two meth-
ods were compared to choose the PLD activity-determination
technique: (i) extraction of the enzyme from ground thermal-
treated soybeans with an acetate buffer (10 M, pH 5.0, to
20°C) according to Nakayama et al. (13), and (ii) direct PLD
action; mixing ground thermal-treated soybeans in the pres-
ence of soybean lecithin as substrate, calcium chloride, ethyl
ether, and pH 4.8 acetate buffer and shaking for 3 h at 25°C.
The remaining solid was separated by centrifugation before
quantifying the choline in the supernatant. In both cases the
choline obtained was quantified by the Möllering and
Bergmeyer method (14). 

Some samples that did not show PLD activity by the ex-
traction method showed activity by the direct action method.
This difference is attributed to the thermal treatment effects
that would deactivate a fraction of the enzyme and at the same
time decrease the solubility of the active form, reducing the
extracted quantity. The direct action method was chosen, and
PLD activity was expressed in choline mmol/g soybean · min.
Thermal treatment effects were evaluated by moisture deter-
mination, the PLD activity in soybeans, and the phosphorus
content in CO and DCO. These were related to those of con-
trol soybeans, thus defining the following relations:

phosphorus content in CO of treated soybean
RCO = [1]

phosphorus content in CO of control soybean

phosphorus content in DCO of treated soybean
RDCO = [2]

phosphorus content in DCO of control soybean

Thermal treatment effect upon quality was evaluated by color
and acidity on CO and DCO.

RESULTS AND DISCUSSION

Table 1 shows drying conditions and results. The table can be
divided into three parts. Part A shows results of mild treat-
ment conditions without substantial modification of phos-
phatide content and PLD activity. Part B shows that the treat-
ment effects became noticeable with a reduction of both NHP
and PLD activity. Part C shows that PLD activity cannot be
measured by the employed method and that NHP decreases

gradually as the treatment severity increases. The end of part
C represents treatment conditions that ensure both the drying
from 21.8 to 13.6% wb and a low level of NHP.

Standard deviations (∆) of phosphorus content values for
each individual determination were between 2 and 9. The cor-
responding ∆ values for the enzymatic activity were between
0.3 × 10−4 and 0.6 × 10−4. Table 2 shows the mean value, ex-
treme values, and standard deviation for RCO, RDCO, and PLD
activity.

PLD activity. There was an increase of phosphatide extrac-
tion when the soybean treatment was increased as previously
reported (4). The NHP presence in soybeans treated with zero
PLD activity may be explained by: (i) presence in the grain
before treatment; (ii) production by nonenzymatic hydrolysis
as suggested by List et al. (3); or (iii) production during the
first part of the treatment, where the grain temperature in-
creases (is transient), until it reaches a level that destroys en-
zymatic activity by structure alteration. This mechanism
would explain the decreasing NHP levels as treatment tem-
perature and heating velocity increase, so that the available
period for the enzymatic activity diminishes. Diminishing
NHP levels during drying temperatures that exceed those of
the enzyme inactivation could also be explained by the cova-
lent combination between the proteins and the peroxidized
phosphatides (4), but the latter cannot be produced by lipoxy-
genase since it is inactivated under the same treatment condi-
tions as PLD. A suggested mechanism would be a phos-
phatide autoxidation process that produces lipidic free radi-
cals, which covalently link to proteins to form free
lipid–protein radicals which produce covalent compounds in-
soluble in hexane. According to Cheftel et al. (15) a covalent
link between proteins and lipid oxidation products was estab-
lished. This has been found in dehydrated or frozen fish, fish
flour, and oilseeds.
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TABLE 2
Mean Value and the Standard Deviation for RCO, RDCO, 
and PLD Activitya

Treatment

Temperature Time Mean Extreme Standard
(°C) (min) value values deviation

RCO

50–100 120–4 1.07 — 0.07
100 10–20 1.22 — 0.02
110–140 15–1 — 0.96–2.23 0.09–0.19

RDCO

50–100 120–4 1.06 — 0.06
100 10–20 — 0.94–0.81
110–140 15–1 — 0.75–0.19 0.07–0.02

PLD activityb

50–80 120–10 6.1 × 10−4 — 0.4 × 10−4

100 4–20 4.35 × 10−4 — 0.92 × 10−4

110–140 15–1 Negligible — —
aSee Table 1 for abbreviations.
bCholine mmol/g soybean · min.



It is impossible to determine which of these mechanisms
prevails from the results of the present work. In the flake-for-
mation process, the behavior of the treated soybean depends
on the drying conditions. Differences were not detected for
treatments carried out at 110°C up to 10 min and at 120, 130,
and 140°C up to 4 min maximal time.

Oil quality decrease was not observed in all the treatments
that produced complete PLD inhibition. Color values ranged
between 3.4 and 4.2 for the red one and 30 and 40 for the yel-
low one, and acidity values ranged between 0.54 and 0.82 g
oleic acid/100 g oil. 
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