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An enzymatic treatment with carbohydrases was performed either simultane- 
ously with or prior to the hexane extraction of oil from soya grits. The enzy- 
matic treatment increased the oil extractability by 5% of the extractable oil 
when it was carried out simultaneously with the oil extraction and 8-10% if the 
treatment was carried out prior to the solvent extraction. For this latter case, 
the fraction ‘easily’ extractable increased up to 7.5%. With regard to the products, 
the in-vitro apparent digestibility of the meal was slightly improved by 3%, and 
the enzyme assisted extracted oil contained higher free fatty acids and phosphorus 
contents than the oil from untreated samples (P < 0.05). 

INTRODUCTION 

The solvent extraction of oil from seeds is the most 
usual and efficient extraction technique, both from 
seeds with an oil content lower than 20% and from 
those with high oil content (Bernardini, 1983). Oil from 
fruits and seeds provides 70% of the total world oil 
production, soya bean oil accounting for 30% of this 
production. The recognised quality of its oil and the 
nutritive value of the meal. protein make soya bean a 
primary oilseed. 

Before extraction, soya beans must be cleaned, 
cracked and flaked as efficient solvent extraction of oil 
requires that every oil cell is broken (Garcia Serrato, 
1981) so improving the mass transfer (Fan et al., 1948; 
Smith, 1952). Cell walls (mainly composed of cellulose, 
associated with hemicelluloses, pectic substances and 
lignin), could also be broken by means of enzymes, to 
achieve a significant improvement in extraction yields 
and rates (Olsen, 1988; Dominguez et al., 1994~). 

Oil extraction with enzymes as processing aids has 
been extensively reported for fruits (Buenrostro & 
Lopez-Munguia, 1986; Cin.tra et al., 1986; Alba et al., 
1987; Christenson & Olsen, 1988). The enzymes can be 
incorporated during the mixing of the paste. Oil extrac- 
tion yields from seeds became greatly enhanced when 
the enzymatic treatment was performed during the 
aqueous oil extraction (Olsen 1988; Laiho et al., 1990; 
Marek et al., 1990; Badr & Sithohy, 1992), since 
water is not a specific oil solvent, and the extraction 
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efficiency is considerably lower. Furthermore, a reduc- 
tion in the operation time, a good quality of the 
obtained oil and higher protein yields were also 
observed. 

In established processes for olive oil extraction, the 
oil increase as a result of the enzymatic treatment could 
account for l-2 kg1100 kg olive while, for coconut and 
avocado, higher yields could be attained. For seeds, 
15-30% more of the total oil can be extracted from 
aqueously processed soya bean and rapeseed, and up to 
60% in the presence of an organic solvent (Fullbrook, 
1983). 

Nowadays, the aim is to incorporate enzymatic treat- 
ment in the industry without significant alteration of 
the conventional process. However, a number of diffi- 
culties arise, because (i) the enzyme efficiency is lower 
at the reduced moisture common in the industry, (ii) 
particle size is optimised for industrial operation but 
not for enzyme attack, and (iii), being the basic process 
maximised for oil extraction, the attainable increases in 
the oil extraction yield will be lower. Among these 
three, the moisture value is decisive since, for cellulases, 
water activity plays an important role in swelling, 
expanding the structure of fibre, increasing the surface 
area accessible to cellulolytic enzymes, and also facili- 
tating the diffusion of enzymes and the inhibiting prod- 
ucts formed (Fan et al., 1987). 

The incorporation of the enzymatic treatment (at 
2040% moisture during the incubation with enzymes) 
prior to the conventional extraction process, has been 
studied for canola seeds (Sosulski et al., 1988; Sosulski 
& Sosulski, 1990). A similar enzymatic pretreatment 
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was applied before the mechanical expelling of soya 
beans (Smith et al., 1993) and sunflower (Dominguez et 
al., 1993). 

In the present study, the ability of the enzymatic pre- 
treatment performed at low moisture conditions to 
enhance soya bean oil extractability was evaluated. For 
this purpose the treatment was carried out either prior 
to (at 15-20% moisture) or simultaneously with the hex- 
ane extraction (under 12% moisture). Under-optimal 
conditions (particle size, temperature and solvent to 
seed ratio) were stated for better-observing the effect on 
the oil extraction. Product quality and extraction rate 
are also examined. 

MATERIALS AND METHODS 

Seeds 

Soya beans (Amsoy N.2 cultivar) kindly supplied by 
Cereol Iberica (La Corufia) were stored at 4°C until 
used. The seeds were cracked, dehulled and screened to 
obtain the desired particle size distribution of l-0.75 
mm, for certain experiments, and 0.75-O-4 mm for 
other ones. 

Solvent 

Industrial hexane, kindly supplied by the above-men- 
tioned local factory, was rectified before use. 

Enzymes 

A commercial cellulolytic formulation, Celluclast 1.5 L 
(Novo Nordisk A/S) and Multifect (Finnish Sugars Co. 
Ltd), a mixed activity consisting of cellulase, hemicellu- 
lase and other side-degrading activities were used for 
these experiments, both with similar activity per unit 
volume. 

Adsorption assays 

The enzymatic solution was added to the cracked seeds 
(0.05 v/w, db) and after periods of less than 1 h at 
room temperature (where virtually no hydrolysis 
occurs) 2.5 ml citric buffer/g seed db were added, mixed 
and then centrifuged at 5000 rpm (3696 X g). The 
supematant was assayed for cellulolytic activity, and 
the adsorbed activity was calculated as the difference 
between the initially added (100% activity) and that 
removed in the supernatant. 

Enzymatic treatment 

Simultaneous enzymatic treatment-solvent extraction 
Under-optimal conditions for extraction were stated to 
discern the effect of the enzymatic treatment, because 
low improvements in the oil extractability were expected 
at reduced moisture conditions. For this reason, a parti- 
cle size in the range O-75-1 mm was chosen; this size is 

small enough both to favour the enzymatic action (as in 
small sizes) and to slow down the extraction kinetics, 
since after periods of 2 h (necessary to allow the enzy- 
matic action) only 80% of oil potentially extractable 
with Soxhlet from the ground seeds was extracted. 

Moisture values should be kept below 11.5%, to 
avoid negative effects on the extraction rate; also, dur- 
ing industrial operation, moisture must be kept below 
this value in order for the extractor to function 
efficiently, without irregular draining and plugging. 
Before the addition of the enzyme, the seeds were dried 
at moderate temperatures (40°C) in order to minimise 
the effect on both the quality of the end-products and 
the porosity of the material. The enzyme was added in 
water, so the pH during the treatment was that of the 
unmodified natural seeds; the enzymatic solution was 
sprayed onto the solid sample so the moisture content 
was adjusted to the desired level for hydrolysis. After 
equilibration to stabilise and homogenise the moisture, 
the solvent was added in a dry weight to volume ratio 
of 1: 17, since the oil yield is not significantly increased 
if higher ratios are used (Bernardini, 1983). Both the 
enzymatic treatment and solvent extraction were simul- 
taneously performed in an orbital incubator at 50°C; 
this is the usual value in commercial solvent extraction 
practice and the optimum for cellulolytic activity. To 
keep a good contact between seeds and solvent, 150 
rpm agitation was maintained in 250 ml Erlenmeyer 
flasks. After extraction, samples were cooled at room 
temperature and the separation of seeds and oil was 
accomplished by means of vacuum filtration, measuring 
the oil extracted by weight difference once the solvent 
was removed. 

Enzymatic treatment previous to solvent extraction 
The enzymatic solution was sprayed onto the grits, 
reaching 15-20% moisture. The enzymatic treatment 
was carried out at 50°C for 3 h and, before extraction, 
the moisture content was reduced to 10% under care- 
fully controlled drying conditions in half-opened flasks, 
to avoid affecting the structure during drying, in which 
hydrolysis could occur in some extent. To follow the 
extraction kinetics, samples of miscella were taken, 
filtered through 0.5 ,um filters and the oil concentration 
was spectrophotometrically measured. 

This procedure was used with the following 
purposes: 

(i) to analyse the effect of the enzymatic treatment 
on the kinetics in a system where the concentra- 
tion of oil in the solvent was kept practically 
constant; and 

(ii) to evaluate the reduction of the operation time in 
equipment where the solvent becomes progres- 
sively enriched in oil. 

Depending on the objective, the extraction was per- 
formed: 

(i) in Erlenmeyer flasks at a sub-optimal temperature 
for hexane extraction (3O”C), with a solvent to 
seed ratio of 20 (v/w). 
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(ii) in a vertical extractor heated at 50°C by a ther- 
mostatted external water bath. To simulate the 
use of a miscella progressively enriched in oil, the 
solvent to seeds ratio was fixed as a function of the 
shape and size of the equipment; so the available 
volume was occupied with the seeds (40 g grits), 
and 115 ml hexane were used. 

The vertical extractor was capable of operating with 
ascendant or descendant flow. A condenser was used to 
avoid solvent losses, since the system was not hermeti- 
cally closed and, even with condenser, the evaporation 
losses accounted for 3 ml/h. Hexane was pumped 
through the bed of seeds with a peristaltic pump at a 
flow suitable to allow a good circulation of solvent 
(65-70 ml/min). During extraction by percolation, the 
solvent was sprayed from the upper part, where a filter 
filled with glass spheres (6 mm diameter) continuously 
shared the flow over the bed of seeds without com- 
pletely filling up the empty spaces. For extraction by 
immersion, the solvent was pumped from the bottom, 
also filled with glass spheres, before reaching the seeds 
that were kept immersed in the solvent. In both opera- 
tion schemes, hexane was continuously recirculated. 
Since no pure solvent was used in further extraction 
stages, complete oil extraction was not possible, but the 
oil concentration in the miscella was far from that 
affecting the extraction rates (20% w/w) (Othmer & 
Jaatinen, 1959). 

Either when the enzymatic treatment was done previ- 
ously or simultaneously with the hexane extraction, a 
control sample (with water instead of enzyme) was 
examined for oil extractability in order to assure that the 
drying conditions did not affect the oil extractability. 

Analytical methods 

Total oil content was determined in a Soxhlet appara- 
tus with hexane. Experiments on the simultaneous 
enzymatic treatment-solvent extraction were carried out 
in Erlenmeyer flasks and the extracted oil was calcu- 
lated by weight differences in previously tared flasks, 
after separating the miscella from the solid by filtration 
and evaporating the solvent. The extraction kinetics 
when the enzymatic treatment was carried out previous 
to solvent extraction were followed by measuring the 
oil concentration in the extracting miscella. Samples 
were conveniently diluted in hexane, and analysed by 
UV spectrophotometry (Shimadzu UV-160A), at 225 
or 300 nm, depending on the required sensitivity. Hex- 
ane was used as reference. The standard calibration 
curve at each wavelength was obtained with known 
concentrations of crude soya bean oil in hexane (Wiese 
& Snyder, 1987). Oil concentration in the miscella (“!, 
vol), was calculated as a function of the absorbance 
values, 0.083 Abs [225 nm] and 1.96 Abs [300 nm]. 

Ash and moisture were determined according to the 
methodology of AOAC (1990). The crude protein con- 
tent was calculated from Kjeldahl nitrogen values 
(N6.25). The in-vitro apparent digestibility coefficient 

(ADC) of the meal was estimated by a multi-enzymatic 
digestion with trypsin, chymotrypsin and peptidase 
(Hsu et al., 1977). Available lysine was determined by 
the TNBS method (James & Ryley, 1986). 

Reducing sugars were determined by the DNS 
method (Miller, 1959) once extracted from the defatted 
meal with 80% ethanol. 

The free fatty acid (FFA) content in the oil, 
expressed as percent of oleic acid, was determined by 
the calorimetric method of Lowry and Tinsley (1976). 
The phosphorus content, measured as phospholipids in 
the oil, was measured by the method of Raheja et al. 
(1973). Peroxide value was measured as the cadmium 
iodate complex formed from the cadmium-iodide 
oxidised by the peroxides in the oil (AOCS, 1985). 

Cellulolytic activity was measured as endo-B-glu- 
canase on 1% CMC (Panreac), cellobiohydrolase on 
5% Avicel (Merck), and total activity on 50 mg Filter 
Paper (Whatman N.l). Assays were carried out in 0.1 M 

citric buffer at pH 4.8 at 50°C during 1 h for the latter 
activities and during 0.5 h for endoglucanase. 

RESULTS AND DISCUSSION 

Adsorption studies 

The adsorption of endoglucanase and total celullolytic 
activity (measured in filter paper) of the enzymes used 
during this work revealed that the maximum values of 
adsorbed cellulolytic activity occurred 15-25 min after 
the addition of enzymes, with average values of 90% 
for FPase and 70-80% for CMCase. The adsorption of 
enzymes in concentrated solutions (as those used dur- 
ing this treatment) becomes difficult (Fan et al., 1987); 
also the particle size and the lack of water-swelling to 
increase the available surface area could in some mea- 
sure hinder adsorption during this treatment. 

Selection of the operational conditions during the simul- 
taneous enzymatic treatment-solvent extraction 

For studying this process, a central composite design of 
experiments with six replicates in the central point, to 
evaluate the experimental error and the reproducibility 
of the experiment, was used. An additional experiment 
consisting in extracting untreated soya bean grits was 
performed and considered as reference. Two opera- 
tional variables were considered: the moisture content 
during the enzymatic treatment, m (g water/100 g soya 
grits) and the enzyme to kernel ratio, r (g enzyme/l00 g 
dry soya grits). Likewise, their effects on the oil extrac- 
tion yield and the cell wall degradation were studied. 

The appropriate range for each operational variable 
was selected by previous experience (Dominguez et al., 
19946). Moisture was varied in a very limited range, 
since it was determined by the operational conditions 
compatible with solvent extraction (8-12%). The 
enzyme to seed ratio was chosen in the range of the 
lower values, showing significant action on the oil 
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Table 1. Operational conditions and experimental results obtained in the study of the enzymatic treatment of soya bean grits simultaneous 
with solvent extraction following a central composite design for two factors 

Experiment M R Moisture E/S Fi (% total oil) F2 (OD/g meal) 

Experimental Calculated Experimental Calculated 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Untreated” 

-1 -1 8.5 
-1 +l 8.5 
+l -1 11.5 
+l +I 11.5 

0 0 10 
0 0 10 
0 0 10 
I.41 0 12.1 

-1.41 0 7.8 
0 I.41 10 
0 -1.41 10 
0 0 10 
0 0 10 
0 0 10 

0.25 
1.25 
0.25 
1.25 
0.75 
0.75 
0.75 
0.75 
0.75 
1.46 
0.04 
0.75 
0.75 
0.75 
- 

81.96 82.39 0.03 
82.34 82.99 0.04 
82.06 82.20 0.47 
84.33 84.69 0.95 
84.20 83.97 0.55 
83.86 83.97 044 
82.77 83.97 0.35 
84.19 83.99 0.95 
83.53 82.93 0.33 
84.33 83.77 0.81 
81.82 81.58 0.16 
83.91 83.97 0.50 
84.85 83.97 0.74 
84.22 83.97 0.67 
79.50 0.00 

0.13 
0.24 
0.45 
1.04 
0.54 
0.54 
0.54 
0.94 
0.15 
0.64 
0.14 
0.54 
0.54 
0.54 

‘Untreated: % oil extraction from soya bean grits not treated with enzymes, 79.50 i 0.52. 

extractability (0.05-1.5 g/100 g dry seeds). The coded 
variables were the moisture percentage during the treat- 
ment, A4 = (m-10)/1.5, and the enzyme to seed ratio, R 
= (r-0.75)/0.5. 

The response for each objective function F can be 
described as a function of the selected factors, M and 
R. The empirical relation shows individual and crossed 
effects of each variable, in a second-order model with 
two first-order effects (Bu, BR), two second order effects 

(B,w, BRR) and the interaction term (B,,&: 

~(M,R)=B,+B,.M+B,.R+B,,.M2 

+ BRII: R2 + BM,, M . R (1) 

To measure both the extent and efficiency of the enzy- 
matic reaction, two objective functions were taken into 
consideration. The oil extractability at 3 h (to observe 
the effect of the enzymatic action), Fl (measured as % of 
Soxhlet extractable oil from the ground untreated grits) 
and the cell wall degradation of the defatted meal, F, 
(measured as OD by the DNS method). 

Previous to the experiments, we verified that the 
activity and thermostability of the different enzymatic 
activities were not affected by hexane. Also, thermal 
stability was considerably enhanced with respect to that 
in hydrated media (Sineiro et al., 1994). 

Table 1 lists the set of experiments expressed as 
dimensionless and dimensional variables corresponding 
with the experimental design. The values reached for 
the objective functions are also shown in this table. The 
values named as calculated were determined with 
coefficients in Table 2. 

Table 2 shows the set of coefficients calculated by 
multiple regression of data and their statistical signifi- 
cance (based on the values determined by a t-test), as 
well as the mathematical parameters measuring both the 
correlation and the significance of the empirical models. 

Table 1 shows that the oil extraction yield (F,) varied 
in a very limited range. It can be inferred from the 
coefficients in Table 2 that the oil extractability was 
mainly affected by the enzyme to kernels ratio (includ- 

Table 2. Regression coefficients and statistical parameters obtained for the empirical models” 

Coefficient Fi F 
exP 

P-value F2 F 
exP P-value 

(a) Regression coeficients 
BO 83.97 
BM 0.38 
BR 0.77 
B MM -0.25 
B RR -064 

BMR 0.47 

(b) Statistical parameters 
Objective 
function 
Fl 
F2 

2.36 016 
9.92 0.01 
0.63 0.45 
6.35 0.03 
1.84 0.21 

R2 Corr R2 F =P 

0.7251 0.5533 4.22 
0.8081 0.6881 6.74 

0.54 
0.28 
0.17 
0.00 

-0.08 
0.12 

- - 
21.55 co.01 

8.68 0.02 
0.01 0.92 
1.53 0.25 
1.91 0.20 

Prob. (Fexp > F,,) 

CO.04 
<O.Ol 

‘FeXp defined as the ratio between the mean squares of model and error. F,, defined as the statistical value of F for the degrees of 
freedom of model and error. 
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Fig. 1. Predicted dependence of (a) F,, oil extraction yield, and (b) F,, cell wall degradation of the defatted meal on the moisture 
content and the enzyme to seed ratio during the simultaneous enzymatic treatment with solvent extraction of soya bean grits. 

ing linear and second-order terms, both significant at 
99% and 97% confidence level, respectively), being the 
favourable influence of the moisture content, in the 
range studied, statistically non-significant. 

Figure l(a) shows the predicted dependence of the oil 
extraction yield on the enzyme to seed ratio and moisture 
content. When no enzyme or low enzyme to seed ratios 
were used, the oil extraction was slightly favoured operating 
at reduced moisture percentages, as this variable has a cru- 

cial effect on the solvent extraction (Karlovic et aZ., 1992). 
The oil extractability was progressively enhanced as the 
enzyme to seed ratio increased, regardless of the moisture 

during the treatment. With lower moisture percentages, 
an increase in the enzyme to seed ratio does not have a 
favourable repercussion on the oil extraction yield. 
This fact could be explained by the unfavourable condi- 
tions for the enzymatic action, where the extension of the 
reaction after relatively short periods of hydrolysis and 
the consequent effect on the extractability are actually low. 

The experimental values (Table 1) for the cell wall 
degradation (FJ indicate that this function was 
strongly dependent on the operational conditions. The 
extreme values were obtained in experiments 1 and 4, 
performed with the minimum and the maximum values 
of both assayed variables, respectively. This function is 
significantly affected by M and R as can be deduced 
from the respective coefficients. The moisture content 
presents a more marked influence. The terms involving 
both the interaction and second-order terms are not 
significant and only slightly influence the objective 
functions. Figure l(b) shows the predictions of the 
empirical model for the dependence of the cell wall 
degradation on the moisture content and the enzyme to 
seed ratio. 

From these results, the more suitable values for both 
variables during the enzymatic treatment simultaneous 
with hexane extraction were the higher enzyme to seed 
ratio and the higher moisture studied in the interval 
(1.25-1.5 g enzyme/100 g dry seed and 11.512% mois- 
ture), always in order to attain higher enzyme efficiency. 

Product characteristics 

Under the above optimum conditions, the enzymatic 
treatment was prolonged during 6 h in the simultane- 
ous hydrolysis-extraction process. The properties of oil 
and meal obtained from untreated samples (directly 
solvent-extracted), treated samples (the enzyme solu- 
tion was added after a previous drying) and control 
samples (a volume of water equivalent to the enzymatic 
solution was added and incubated as those treated with 
enzymes) were evaluated. 

Oil 

The hexane-oil miscella was vacuum evaporated at 
40-5O’C to remove the solvent until no characteristic 
odour was detected. The crude oil obtained was anal- 
ysed for some quality indices to compare the effect of 
the enzymatic treatment (Table 3). FFA values over- 
pass the maximum value of 0.75 proposed for physical 

Table 3. Characteristics of the crude oil from soya beans treated 
and untreated with enzymes during extraction with hexane” 

Characteristics Untreated Treated 

Control Enzyme 

Oil 
FFA (% oleic) 0.59a 0.78b 0.82b 
Phosphorus (ppm P/g oil) 44a 124b 151a 
Peroxide value (meq/kg) 3.89a 3.77a 3.43a 
Colour 

420 nm 0.43a 0.60b 0.40a 
453 nm 0.53a 0.63b 0.47a 

Meal 
Ash (%, db) 6.35a 6.66a 6.45a 
Reducing sugars (%, db) 04Oa 0.49a 0.71b 
In-vitro ADC (%) 75.6a 75.0a 77.6b 
Available lysine (mg/16 N) 4.99a 4.92a 

“Means within rows with the same following letter are not 
significantly different (5% level). 
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refining. However, values are in the range of those 
of crude commercial soya bean oils, from 0.26 to 
1.33%. 

The low phosphorus values, as compared to the 
500-700 ppm of the crude commercial oils, may be 
attributed to the 0.75-l mm grits which do not allow 
all the fat fractions to be extracted in the time interval 
studied, especially the last ones where the phospholipid 
content is higher. Likewise, the absence of a thermal 
treatment before extraction could explain these low values. 
An increase in the phosphorus content in enzyme- 
treated samples with respect to untreated was regis- 
tered; perhaps this increase was produced by the moist 
thermal treatment prior to oil extraction to inactivate 
endogenous enzymes such as lipoxygenase or lipases. 
However, this fact was also found in the control sam- 
ples, probably caused by the addition of water, 
although the temperatures are lower than those used 
during the thermal conditioning (80-90°C) (Koch, 
1981; Ong, 1981). 

Peroxide value was not significantly different for the 
treated samples, remaining under 10 meq/kg, the high- 
est value allowed to remain within the standard limits. 
The colour of the crude oil, measured in an 1: 1 oil to 
hexane solution at 420 and 453 nm with hexane as ref- 
erence, did not differ significantly in samples enzymati- 
tally treated or untreated. 

Meal 

The increase in the reducing sugars in the meal (0.31%, 
equivalent to 4 mg/g dry defatted basis) was lower than 
that obtained at higher water contents (40-60%) (12 

0’ 
0 50 100 150 200 

EXTRACTION TIME (Inin) 

Fig. 2. Fraction of unextracted oil as a function of time for soya 
bean grits. Curves are fitted to (a) eqns (2), and (b) eqn (4). 
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mg/g ddb) (Dominguez et al., 1993). This fact was also 
observed with artificial substrates, endoglucanase activ- 
ity at low moisture being 11.5% of that obtained in 
standard conditions, Avicelase slightly over 7% and 
FPase hardly 4%. As the mechanism of cellulose 
hydrolysis takes place with a depolymerisation in the 
surface and a posterior rupture of the cellobiose units 
in glucose in the liquid phase, the low reducing sugars 
production can be anticipated. This reduced hydrolysis 
rate could be explained by the inhibition by-product to 
which enzyme adsorbs, thus precluding its diffusion 
towards other sites where the reaction could take place. 

A slight but statistically significant increase (3%) in 
the in-vitro digestibility of the meal from treated sam- 
ples over that from untreated meal was observed. 
Although it has not been checked, this increase could be 
ascribed to the use of cellulolytic and related activities, 
that frequently result in freeing of the proteins from the 
polysaccharide matrix in which they may be entrapped, 
especially in the protein bodies of the aleurone cells of 
seeds (Schwimmer, 1980). Walsh et al. (1993) reported 
that the incorporation of cellulolytic activities in mono- 
gastric feed can increase the availability of the simple 
sugars released from cellulolytic substrates. 

Enzymatic treatment prior to the solvent extraction: 
effect on the kinetics 

The application of the enzymatic treatment prior to the 
solvent extraction gave extraction times more akin to 
industrial extraction times. Two kinds of experiments 
were carried out. In the first series (i) where the oil con- 
centration in the solvent was constant and almost zero 
(in fact the maximum attainable oil concentration in 
the miscella is 1% w/w), the objective was analysing the 
effect of the enzyme on the wall degradation, which, in 
turn, influences extraction rate. In the second series of 
experiments (ii), the possible reduction of operation 
time was evaluated. 

Eflect of the enzymatic treatment on the oil removal 
Extraction data from untreated grits were compared to 
those from samples treated at 15% moisture with 0.1 g 
enzyme1100 g grits and at 20% moisture with 0.05 g 
enzyme/100 g grits during 3 h, and dried before extrac- 
tion in Erlenmeyer flasks at 30°C. 

C (g unextracted oil/g inert solid) was plotted versus 
t (min), according to eqn (2) (Othmer & Jaatinen, 1959): 

C = m . t-b (2) 

The constant m, which depends on the particle size, was 
slightly lower for the treated samples (Fig. 2(a)), indi- 
cating an enhanced oil extractability in those samples. 

The mechanism of vegetable oil extraction depends 
largely on diffusion (Nieh & Snyder, 1991). Assuming 
that extraction takes place purely by diffusion, since the 
resistance of the external liquid film is negligible com- 
pared to the internal resistance in the pores and apply- 
ing the Fick’s law, if spherical geometry is supposed for 
soya grits, the mathematical problem can be solved as 
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for heat conduction in a sphere of radius R. The frac- 
tion of extractable oil left unextracted at time t (E) can 
be expressed as a function of a series of terms depend- 
ing on the diffusivities, D (Bird et al., 1975); E can be 
calculated as 

E = C-C, ~ = C.&+-C, 

C-C, C (3) 
Mm 

where C is the residual oil in the solid at time t, C, is 
the equilibrium oil (value at 15 h); C, is the initial oil 
content, C, is the oil content in the miscella at time t 
and C,, is the equilibrium oil content in the miscella 
(value at 15 h: 0.62-0.7 g oil/100 ml miscella). Since the 
series converges rapidly the first terms are sufficient for 
practical calculations: 

It is possible to resolve the curve for E into two the- 
oretical curves, each corresponding to a constant diffu- 
sion coefficient on the assumption that there are two 
fractions in the material being extracted, with different 
extractabilities: 

E = A * E,,,,. + ( I-A) * Edlficult (4) 

where A is the fraction of easily extractable oil, and E 
is a function of the diffusivity, D. 

Osburn and Katz (1944) found that the extraction 
curves for the oil from soya bean flakes might be 
explained on the basis of the existence of an oil fraction 
easily extractable and a small amount that extracts 
more slowly. Although flaking facilitates the extraction 
of oil which in larger grits is unextractable, the curves 
for grits (higher than 0.24 mm) and flakes have the 
same character (Karnofsky, 1949). 

The mechanical treatment leads to a fraction with 
easily accessible oil and another more difficult to 

extract, which could be modelled with the two diffusion 
coefficients, D, and D,. The curves obtained for soya 

bean grits were fitted in order to evaluate the effect of 
the enzymatic treatment on the relative importance of 
these fractions. The ‘easy’ fraction was hardly 60%, the 
diffusion coefficient for this fraction being about 100 
times higher than the coefficient of the ‘difficult’ fraction 
(Fig. 2(b)). The application of the enzymatic treatment 
led to a slightly higher fraction of easily extractable oil, 
because enzymes cause additional breaking of the cell 
wall structure, enhancing the liberation of oil. Osburn 
and Katz (1944), working with flakes instead of grits, 
found that the coefficient of the ‘easy’ fraction was only 
10 times higher than that of the ‘difficult’ fraction. 
Moreover, in flakes the fraction of unextractable oil is 
lower than in grits due to the intense disruption caused 
by the flaking process. The ‘difficult’ fraction is consid- 
erably smaller than the ‘easy’ fraction, the difference 
between the diffusion coefficients being also lower than 
the values found for grits, probably due to the more 
homogeneous cell wall distortion. 

Reduction in the operation time 

To evaluate this reduction, the extraction of grits previ- 
ously treated with enzyme at 15% moisture was 
performed at 50°C in the vertical extractor. To simulate the 
use of an oil-enriched miscella, the equipment was initially 
operated by percolation and then by immersion. In the 
previous section an enhanced oil-extractability was 

1 

UNTREATED 

-.‘.-.. 1 g E/loo g grlta 

--*-- 2gE/lOOggrlts 

--c-- 3 g EJlOO g grlts 

100 150 iGo 
EXTRACTION TIME (min) 

Fig. 3. Fraction of extractable oil extracted at 50°C in the vertical extractor as a function of time for soya bean enzymatically 
treated with l-3 g enzyme/l00 g seeds as compared to untreated samples. 
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observed if the enzymatic treatment was performed 
with 0.0541 g enzyme1100 g seeds, at 15 and at 20% 
moisture when the extraction was done at under-opti- 
mal temperature conditions (30°C). However, higher 
enzyme to seed ratios (l-3 g/l00 g seeds) had to be 
used during the enzymatic treatment of smaller grits 
(04475 mm) to notice the effect at 50°C. 

The extraction times to attain 90% extraction of the 
total extractable oil under these operational conditions 
were compared; whereas for untreated samples 90 min 
were required, in treated samples this was reduced to 
60-70 min (Fig. 3). From the operational point of view 
this reduction in the extraction time would yield impor- 
tant benefits in either higher processing capacity or 
reduced extractor volume. 

An effect of the enzyme concentration on the extrac- 
tion rate was noted, enzyme to seed ratios of 2 and 3 g 
enzyme/l00 g seeds being superior to 1 g/100 g. No sig- 
nificant improvement was observed with higher concen- 
trations. 

In conclusion, the proposed scheme is adequate for 
the application of an enzymatic treatment under low 
moisture conditions to enhance oil extractability, and is 
compatible with conventional solvent extraction. Dur- 
ing work, the operational conditions (particle size, 
extraction temperature, solvent to seed ratio) were fixed 
at under-optimal values to observe the effect of the 
enzymatic treatment, but additional studies are 
required to see whether significant benefits could be 
attained during a continuous countercurrent process. 
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