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Abstract The mathematical modeling of the overall extraction curve (OEC) was performed using experimental data of
supercritical fluid extraction (SFE) from a byproduct of the rice bran oil (RBO) industry. The soapstock derived from the
RBO deacidification process was used as raw material because it contains a significant amount of y-oryzanol, which is a
valuable natural antioxidant. The main goal of this work was to describe the OEC by a simplified model using the kinetic
data obtained for the SFE from rice bran oil soapstock (RBOS). The global yield isotherms (GYI) were used to select the
best operational conditions (temperature and pressure) based on the extraction yield and the y-oryzanol content of the
obtained extract. The OEC was fitted to four simplified models and the kinetic parameters which characterize the constant
extraction rate (CER) were estimated. The highest values for the extraction yield (12.5 %, w/w), the y-oryzanol content
(16 %, w/w), and the y-oryzanol recovery rate (55 %, w/w) were found at 30 MPa/333K. The proposed spline model
presented the best fit to experimental data and quantitatively described the OEC. The estimated time span of the CER
period (tcgr) was 70 min and the corresponding solvent to feed (S/F) ratio and extraction yield were 23 and 9.4 %,

respectively.
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1. Introduction

Supercritical fluid extraction (SFE) is a versatile and
environmentally friendly alternative to conventional extracti
on processes. Carbon dioxide (CO,) is the most used
supercritical fluid because it has low critical temperature
(304.2 K), mild critical pressure (7.38 MPa), and important
characteristics such as non-toxic, non-flammable, non -
expensive, and readily available at good purity[l]. Some
other well noticed advantages of the SFE are the easily
solvent elimination, solvent recycling possibility, low
energy consumption, adjustable solvent selectivity, and
prevention of oxidation reactions[2, 3].

The investigation of the SFE process requires two types of
experiments: the global yield isotherms (GYI), and the
overall extraction curve (OEC). The GYI are performed in
different conditions of temperature (T) and pressure (P)
because both parameters are directly related to the adjustable
selectivity of supercritical CO,. Therefore the GYI can be
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used to select the operational conditions of T and P based on
the extraction yield and the chemical composition of the
obtained extract[4]. After this selection the OEC must be
determined because it brings information about the kinetic
behaviorof the SFE process. A typical OEC presents three
different regions[4 — 6]: (i) a constant extraction rate (CER)
period where the solute contained at the surface of the
particles is removed by convection; (ii) a falling extraction
rate (FER) period where convection in the fluid phase and
diffusion in the solid phase are both important mechanis ms;
(iii) a diffusion-controlled (DC) period in which the mass
transfer is controlled only by the diffusion mechanism.

The mathematical modeling of the OEC allows the
determination of the time of extraction (cycle time), which is
important for an optimal utilization of the industrial scale
plant[7]. In order to achieve this, mathematical models must
be evaluated with respect to their applicability in terms of
process design. Many mathematical models have been
developed to describe the OEC, from simple equations to
very complex ones. Meireles[5] presented a simplified
model in which the OEC was described by a family of two or
three straight lines, where the first line represented the CER
period. According to Pereira and Meireles[8] 50— 90% (w/w)
of the total amount of extract can be obtained at the end of
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the CER period, what makes this step the most important one
in terms of process design. Therefore, for many industrial
applications, the extraction process ends shortly after the
CER period because the best operational conditions will be
those in which a high amount of extract is obtained in a
relatively short process time[8]. The previous affirmation
justifies why it is usual and important to determine some
kinetic parameters which characterize the CER region of the
OEC.

Researchers and consumers’ interest in the rice bran oil
(RBO) have been increasing due to its great potential as a
nutraceutical food. The RBO health benefits are usually
associated with natural antioxidant components such as
tocopherols, tocotrienols and y-oryzanol[9, 10]. Attention is
usually focused on y-oryzanol (a group of ferulic acid esters
of sterols and triterpene alcohols) since it has a powerful
antioxidant action[l1]. Improvement of the plasma lipid
pattern, hypocholesterolemic activity, and treatment of
inflammatory processes are some of the health-promoting
effects attributed to y-oryzanol[10, 12]. The antioxidant
action has also been associated with the prevention of some
cancers[13, 14].

In traditional chemical refining the deacidification is a
process step in which the free fat acids are neutralized by
addition of an alkali reagent, resulting in neutral oil plus
soapstock as a byproduct. The y-oryzanol content in the
crude RBO varies in the range of 1.5 — 2.9 % (w/w)[15].
During deacidification step, however, there is a significant
decrease (up to 90 %) in the RBO y-oryzanolcontent because
it is transferred to the rice bran oil soapstock (RBOS)[10,
16].

According to Paucar-Menacho etal.[ 15] the typical RBOS
contains 1.2 — 3.6 % (W/w, dry basis) of y-oryzanol. The
RBOS has been mostly used to produce soap by detergent
industries. Nevertheless, this byproduct has a remarkable
potential o fbeing financially profitable since it could be used
as a raw material for y-oryzanol recovering processes[17].
The valuable antioxidant activity presented by y-oryzanol
makes it an interesting substance for wide application by
food, cosmetic, and pharmaceutical industries.

Research works reporting the SFE from rice bran using
supercritical CO, as solvent have already been published,
including comparisons between SFE and conventional
hexane extraction as well as investigations to optimize the
y-oryzanol content in extracted oil[ 18 — 21]. There are also
reports about the application of conventional extraction
techniques for recovering the y-oryzanol available in the
RBOS[22, 23]. However, as far as we know, there are yet no
reports about the use of the RBOS as raw material for the
supercritical CO, extraction. The main goal of this work was
to investigate the mathematical modeling of the OEC
applying simplified models, as well as the determination of
the kinetic parameters from the CER period. For that, we
used experimental new data about the SFE using the RBOS
as raw material. The GYI were evaluated in order to select
the operational conditions (T and P) which maximize the
v-oryzanol recovery in the obtained extracts.

2. Materials and Methods
The experimental assays were performed in the
Laboratory of Thermodynamics and  Supercritical

Technology (LATESC, EQA, UFSC, Floriandpolis, Brazil).
The details about the applied experimental methodology
have been described in the sections 2.1 to 2.4.

2.1. Characterization of the Raw Material

The raw material was a RBOS obtained from IRGOVEL
Ltd. (Pelotas, RS, Brazil). The RBOS initial moisture content
was determined gravimetrically using a drying oven at 378
K[24]. The y-oryzanol content (OC) was quantified by
high-performance liquid chromatography with UV detection
(HPLC-UYV), as detailed in section 2.4.

2.2. Pretreatment of the Raw Material

The RBOS pretreatment included three sequential steps:
saponification, drying, and crushing. The first step was a
saponification reaction, which was based on the
methodology proposed by Rao and co-workers[25]. The
RBOS saponification was carried out using sodium
hydroxide (NaOH) at controlled temperature (363 K) and
constant stirring over a period of 1 hour. The proportion of
reagents was 1:20 relating NaOH amount to RBOS dried
matter content. The excess alkali was neutralized by sodium
bicarbonate addition in order to adjust the pH between 9 and
10, which is the optimum pH range for y-ory zanol extraction
fromthe RBOS[26].

The resultant soap was allowed to air-dry for 2 hours at
roomtemperature. Then the soap was dried in an oven at 388
K for 4 hours. The dried soap was crushed and particles were
fractionated in a vibratory sieve shaker (Bertel Metallurgic
Ind. Ltd., SP, Brazil). The obtained solid particles were used
as the feed material for the SFE experiments.

2.3. Supercritical Fluid Extraction

The SFE equipment was a dynamic extraction unit
developed by ZetzZl and co-workers[27] at the
TechnischeUniversitdit Hamburg-Harburg (Germany). The
details about the unit design as well as the experimental
procedures have already been well described in previous
works[28, 29]. The extraction solvent was CO, 99.9 % pure
delivered at pressure up to 6 MPa (White Martins, Brazil).
The extract was collected in the separator which was an
amber glass vial immersed in an ice bath at ambient pressure.

In the GYI assays the operational conditions of pressure
and temperature varied according to a 3? factorial design.
Thelevels were: 10, 20,and 30MPaand 303, 318,and 333 K.
The mass of feed material (F), the total extraction time, the
CO; flow rate (Qco2), and the solvent to feed (S/F) ratio were:
30 g, 240 min, 1.67x10* kg/s, and S/F=80, respectively. The
assays were all performed in duplicates. In the kinetic
experiments the extracted mass was collected and quantified
in predetermined time intervals and the accumulated mass of
extract was plotted as a function of the extraction time (t) to
generate the OEC. The kinetic assays were performed using
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the following operational conditions: F = 30 g, Qcoz =
1.67x10™ kg/s,P =30MPa, and T=333 K.

2.4. Deter mination of the y-Oryzanol Content

The vy-oryzanol quantification was performed by
HPLC/UV according to Scavariello[30]. The analysis system
was composed by:isocratic pump (Perkin Elmer Series 200);
ultraviolet (UV)/visible detector (Perkin Elmer LC 290);
column (Thermo Electron Corporation LICHROSORB RP
18; 4.6 x 250 mm, 5 mm coupled to a C18-5 pre-column).
The UV detector was set at 315 nmand the mobile phase was
composed by acetonitrile/methanol/isopropanol (50:45:5 by
vol.) at a flow rate of 1.0 mL/min. The samples were diluted
in hexane and a volume of 20 pL was injected into the
system.

2.5. Calculation of the Extraction Yield and the
v-Oryzanol Recovery Rate

The extraction yield (Xog/r) of the GYI assays (S/F = 80)
was calculated by the ratio between the mass of extracted
matter and the mass of feed material (wet basis) used to fill
the extraction cell. The y-oryzanol recovery rate (ORR) was
obtained by the ratio between the mass of y-oryzanol in the
extract and the mass of y-oryzanol originally present in the
raw material (RBOS) which was treated to produce the SFE
feed material (according to the pretreatment described in
section 2.2). Thus the ORR was calculated by Equation 1
using experimental data obtained for: Xogr (%, W/w),
v-oryzanol content in the extract (OCgxr) (%, wW/w),
v-oryzanol content in the RBOS (OCgrgos) (%, W/w), and
pretreatment yield (Ypr) (W/w). The pretreatment yield was
defined as the ratio between the final mass of'solid particles
and the initial mass of crude raw material.

OCgxr XO,S,fF YPT)
OCrpos

ORR (%) :( (1)

2.6. Mathematical Modeling

The extraction curve was obtained by plotting the
accumulated mass of extract (or extraction yield) versus the
extraction time. The OEC mathematical modeling was
evaluated using the following models: empirical model
presented by Esquivelet al[31], diffusion model of
Crank[32], logistic model presented by Martinez et al.[33],
and spline model described by Meireles[5].

The empirical, diffusionand logistic models were fitted to
experimental data using the software Mass Transfer
(LATESC/EQA/UFSC, Florianépolis, Brazl)[34]. This
software was developed in Delphi 7.0 using the maximum
likelihood method to minimize the sumofthe squares of the
residues. The spline modeling was performed by fitting the
experimental OEC to a spline containing three straight lines
using the procedures PROC REG and PROC NLIN of the
SAS software package (version 9.0, SAS Institute Inc., Cary,
USA).

The adjustable parameters as well as the equations used in
the mathematical modeling are detailed in Table 1.
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Table 1. Description of the equations used in the mathematical modeling
of the overall extraction curve (OEC)

Model Equation

Empirical _ ( t )
m = xoF

[31] EXT 0 Cl Tt

fusi 6 1 —n’1’D;t
Diffusion Mo = xF |1 ——Z—EXIJ by

[32] EXT =70 w2 Lun? r2

n=1
Logistic xoF 1+ exp(Catm)
MExT = -
[33] exp(Cytm) (1 + explC; (tm — 1)]
* when t < cm:
Mgt — bO + blt
Spline * when tcer<t<trm
5
5] mexr = bo + byt + ba(t — tegr)
* when t >trgr
mexy = by + byt + by(t— tegr) + ba(t— trer)

Nomenclature:

mext =mass of extract (g);

F = mass of feed material (g);

Xo = initial mass ratio of extractable solute in the solid substratum
(g/9);

t =time of extraction (min);

C = adjustable parameter of the empiric model: no physical meaning
(min);

n = integer number;

D, = adjustable parameter of the diffusion model: diffusion coefficient
of the solute within the solid substratum (m’/min);

r =the radius of the sphere particle (m);

C, = adjustable parameter of the logistic model: no physical meaning
(min™);

tm =adjustable parameter ofthe logistic model: instant in whichthe
extraction rate reaches its maximum value (min);

tcer =time span of the CER period (min);

trr =endofthe FER period (min);

by = linear coefficient (zero-order term) ofthe CER straight line (g);
b1, b e by =slope coefficients (first-orderterms) of the CER, FER, and
DC straight lines, respectively (g/min).

2.7. Estimation of the Kinetic Parameters

The experimental OEC was described by a family of three
straight lines using a nonlinear fitting performed in the
software SAS (as described in the section 2.6). The fitted
lines were associated with three different mass transfer
mechanisms following the classic descriptions of the CER,
FER and DC periods[6]. Thus the first, second, and third
lines were respectively identified as the CER, FER, and DC
regions. Fromthe spline model the following parameters for
the CER period were estimated: the time span of the CER
period (tcgr), the extraction rate for the CER period (Mcgr),
the mass ratio of extract in the supercritical phase at the bed
outlet (Ycgr), the extraction yield of the CER period (Rcgr),
and the solvent to feed mass ratio of the CER period (S/FcgRr).
The tegr and Mcgr (kg extract/s) are both adjustable
parameters from the spline model (tcgr and by, respectively,
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according to Table 1). The Ycgr (kg extract/kg CO,) was
obtained by dividing Mcgr by the mean solvent flow rate
(Qco2, kg COy/s). The parameters Rcgr (%, kg extract/kg
feed material) and S/Fcgr (kg CO,/kg feed material) were
calculated using modeled data (mgxr) from spline model.

2.8. Statistical Analysis

The statistical analysis of the experimental data was
performed through a one-way Analysis of Variance
(ANOVA) and Tukey test using the software STATISTICA
for Windows (version 7.0, Statsoft Inc., USA). A calculated
p-value< 0.05 was considered to be statistically significant.

3. Results and Discussion

3.1. Characterization of the Raw Material

The RBOS characterization analyses resulted in a
moisture content of 45 + 1 % (w/w) and a y-oryzanol
content of 2.7 + 0.1 % (w/w, dry basis). The determined
RBOS moisture content is lower than the ones reported by
Narayan et al.[17] (65 — 70 %, w/w) and by Kaewboonnum
et al.[22] (57 %, w/w). Such differences in the moisture
content are understandable since the RBOS composition
depends on operational parameters of the RBO refining
process, which usually differ from one industry to another.
Some variations in the deacidification step, such as
centrifugation time and amount of water and alkali added in
the process, as well as rice bran initial composition, have
direct influence on the RBOS composition. The obtained
y-oryzanol content (2.7 + 0.1 %, w/w, dry basis) is in
accordance with the range (1.2 — 3.6 %, w/w, dry basis)
reported by Paucar-Menacho et al.[15].

3.2. Pretreatment of the Raw Material

(a)

Figure 1. Raw material pretreatment: (a) crude rice bran oil soapstock
(RBOS); (b) RBOS after saponification and drying steps

The RBOS received fromthe RBO industry was the crude
raw material (Figure la) which was pretreated in order to
obtain the feed material used in the SFE. The pretreatment
was conducted in three steps: saponification, drying, and
crushing. The material presented in Figure 1b was the RBOS
after the saponification reaction and the drying process. This
material was then crushed and the obtained solid particles
were fed into the fixed extraction bed.

The solid particles moisture content was less than 3 %

(w/w) and the mean particle diameter was 2.4x10™ m. The
pretreatment yield (as previously defined in section 2.5) was
equalto 0.41 g of solid particles/g of RBOS.

3.3. Extraction Yield, y-Oryzanol Content, and
v-Oryzanol Recovery Rate

The interactions between the solvent and the various
solutes present in the solid substratum are fundamental to
understand the SFE process. However, the solid substratum
is a complex multicomponent system and very little
information is known about these interactions. The
extension of these interactions can be measured through the
determination of the solubility of the system (solid
substratum + CO;) or through the results of the GYI
experiments[35].

The results of the GYI assays are presented (Table 2) in
terms of extraction yield, y-oryzanol content and y-oryzanol
recovery rate. Taking into account an isothermal condition a
rising operational pressure resulted in the increase of both
the extraction yield and the y-oryzanol content. This effect
can be attributed to the increase in CO, density and
therefore the enhancement in the solvation power.

Table 2. Results of the global yield isotherms (GY]) assays: extraction
yield (Xo,s/r), y-oryzanol content (OC) and y-oryzanol recovery rate (ORR)

P T pCOz(SU ot oC ORR
(MPa) (kg/m”) (%, W/W) (%, ww) | (%, wiw)
10 303 773 6.1°+0.3 05 08
10 318 503 22°+02 03 02
10 333 291 022°+0.04 0.03 0.0
20 303 891 10.4%¢+02 34 10
20 318 814 97'+0.1 238 74
20 333 725 53°+0.1 24 35
30 303 949 10.6%°+£09 11.8 34
30 318 891 11.1°£04 135 41
30 333 830 1257405 16.0 55

(I) Carbon dioxide density[36]
(IT) Equal letters indicate no statistically significant difference

The effect of the process temperature in the SFE is
typically more complex[37, 38] and can be better
understood through the analysis of the GYI presented in
Figure 2, where a crossover point (near 27 MPa) can be
clearly observed. At 10 and 20 MPa the rising temperature
produced a decrease in the extraction yields as well as in the
v-oryzanol content of the obtained extracts. This effect is
associated with the significant reduction in the solvent
density and therefore it is possible to conclude that below
crossover pressure the density effect was the dominant
mechanism in the SFE process. At 30 MPa, on the other
hand, an increase in the process temperature resulted in the
enhancement ofthe extraction yield and the y-oryzanol
content. This behavior can be explained because in the
highest pressure the CO, density changed slightly with
temperature, and as a consequence the solute vapor pressure
was the dominant mechanism affecting the extraction
process.
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Figure 2. Global yield isotherms (303, 318, and 333 K) obtained in the

SFE process (the experimental points are connected to evidence the
isothenm s crossover)

Analogous pressure and temperature effects in the GYI
results, as well as the presence of a crossover region, have
already been noticed by many authors studying a wide
range of raw materials[4, 29, 35, 38 — 39]. It is actually well
established in the specific literature that both pressure and
temperature are key variables in the SFE process.

The highest OC and ORR values were found at 30
MPa/333 K. The maximum OC (16 %, w/w) obtained in
this work was lower than the ones reported by Kumar and
co-workers[23] for conventional extraction using various
organic solvents. These authors studied the recovery of
v-oryzanol from RBOS through Soxhlet extraction and
found a maximum OC (25 %, w/w) when using ethyl
acetate as solvent. Higher values for the OC (up to 90 %,
w/w) can be obtained when the extract is further purified to
achieve higher y-oryzanol purity. Processes for y-oryzanol
purification usually involve sequential steps including
fractional precipitation, crystallization, and/or separation by
chromatographic column[22, 25].

The maximum ORR (55 %, w/w) is higher than the value
(31 %, w/w) reported by Jesus et al.[40] in a previous work
in which a different RBO byproduct was used as feed
material for the SFE process. The obtained ORR could not
be appropriately compared with some results from other
works because it seems that each author calculates the
y-oryzanol recovery based on specific considerations which
are usually different from one research group to another. In
the present work we defined the ORR by Equation 1,
however this kind of information was not found in other
authors’ works and therefore no additional comparisons
were possible.

3.4. Mathematical Modeling and Kinetic Parameters

The experimental and modeled curves are illustrated in
Figure 3. The adjustable parameters and the mean square
error (MSE) calculated for the applied models are presented
in Table 3.

The analysis of the lowest MSE values, as well as the
visual observation of Figure 3, indicated that both the
spline[5] and logistic[33] models could quantitatively
describe the OEC. The distribution ofthe residuals (Figure 4)
confirmed the good fits presented by spline and logistic

models.
16 1
14 -
12 1 ..
— 10 A
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[}
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= = = Diffusion
4
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Figure 3. Experimental data (30 MPa/Z333 K) and modeled extraction
curves obtained by empirical[31], diffusion[32], logistic[33], and spline[5]
models

The empirical[31] and diffusion[32] models did not
present good agreements with experimental data and so
could not be used to describe quantitatively the OEC. This
performance was already expected taking into account the
specific characteristics of these models. Therefore both were
applied in this work only for comparison purposes. The
empirical model is described by a very simple equation
(Table 1) which has just one adjustable parameter and no
physical meaning. The diffusion model has some relation
with the mass transfer phenomenon but it considers only the
diffusion mechanismsince the mass balance is applied to the
solid phase while fluid phase is neglected. The observation
of the experimental curve shape already indicated that the
diffusion model would not be adequate since the convective
mechanis mshould notbe neglected in the extraction process.

Table 3. Mathematical modeling of the overall extraction curve and
kinetic parameters of the constant extraction rate (CER) period
Model Adjustable parameter® MSE®™
Empirical[31] C; =32.8 min 0332
Diffusion[32] D; =9.49 x 10" (m*/min) 0.192
. C, =0.0159 (min™)

Logistic[33] tm= — 546 (min) 0.004

bo (g) =0.0386

bi (g/min) =0.0398
. b2 (g/min) =—0.0288

Spline[5] by (ginin) =— 0.0092 0.002

tcErR (n’lll’l) =70

tem (min) =186

o Estimated
Kinetic parameter
value
Memx 107 (kgextract/s) 6.63
Yerrx 10° (kg extract kg COy) 398
Reer (%, kg extract kg feed) 94
[S/Flcer (kg CO2kg feed) 23

(I) The description of the adjustable parameters is presented in Table 1
(II) Mean Square Error (MSE)
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Figure 4. The distribution of the residuals obtained from mathematical
modeling using logistic[33] and spline[5] models

According to Martinez et al.[33] the logistic model was
developed from the differential mass balance applied inside
the extraction bed for solid and fluid phases. The
particularity of the logistic model was the definition of the
interfacial mass-transfer term, which was described by one
of the solutions from the logistic equation. The logistic
model has two adjustable parameters named here (Table 1)
as G, and t,,. No physical meaning was attributed to the first
one (C,), while the second one (t,,) was described as the time
in which the extraction rate reaches its maximum value[33].
However, when applying this model to usual OEC shapes,
many authors[3, 38 — 40] have obtained negative values for
tm and therefore no physical meaning could be associated to
this parameter. Although logistic model provided a good
quantitative description of the OEC, the absence of physical
meaning turned it into an empirical model. Therefore the
logistic model adjustable parameters would not be applicable
in terms of process design and scale up.

The spline model presented the lowest MSE value and
described very well the OEC quantitative behavior. Besides
that, yet being a very simple model in terms of mathematical
complexity, the spline model could also be related to the
mass transfer phenomena since the experimental and
modeled curves showed the distinctive three regions: CER,
FER, and DC. The description of the CER period by a
straight line was used to estimate the kinetic parameters
which are presented in Table 3. The Rcgr value represented
64 % of the total extraction yield (14.7 %) obtained at the end
ofthe OEC. This is in accordance with the range (50— 90 %)
mentioned by Pereira and Meireles[8] when justifying the
relevance of the CER period.

The values of tegr and Rcgr roughly represent the
minimum time a SFE cycle should last and the minimum
extraction yield expected at a given process condition (T, P,
Qco2, and solid substratum pretreatment)[ 5]. The parameters
tcer, (S/F)cer, and Regr can be used in preliminary studies of
the process design by applying the scale up criterion
proposed by Prado and co-workers[41 — 42]. This criterion
basically consists in maintaining constant the solvent to feed
(S/F) ratio and also the process time which was necessary to
achieve the respective S/F value. After the scale-up

prediction is done the economical viability of the process can
be investigated by making the estimation of the cost of
manufacturing (COM) as described by Rosa and
Meireles[43].

According to Leal[44], the intersection between the lines
CER and DC defines an additional parameter of time, which
is named as tcggro. This parameter can also be used as a good
estimation of the process time for preliminary studies about
the COM prediction[4]. The calculated value of the
parameter tcgro Was 98 min, and the mass of extract obtained
at this point was 71 % of'the total mass recovered at the final
time of extraction. Both the parameters tcgg and tcgrs can be
used as an initial estimative of the cycle time when
performing exp loratory investigations about the economical
viability of the SFE process.

The specific literature about the SFE presents several
more complex mathematical models to describe the OEC.
The more accurate models can provide a more reliable
description of the mass transfer phenomena in the fixed bed
extractor. However, the application of these models also
requires some additional data which not always are available
to the investigated system. One example is the model
described by Sovova[6], which requires information about
the true density of the solid particles and also about the
solubility of the pseudo-binary system formed by extract (a
multicomponent mixture of solutes) + CO,. The data about
solubility is not always available and the experimental
determination is not an easy or quick procedure. Therefore,
when considering the above mentioned scenario, it is
possible to say that one advantage of the spline model is that
only the kinetic data of the SFE is enough to perform the
mathematical modeling of the OEC.

4. Conclusions

The high y-oryzanol content (2.7 %, w/w, dry basis)
detected in the RBOS confirmed its potential as a raw
material for y-ory zanol recovering processes. The analysis of
the GYI results (Table 2) indicated that the best operational
condition was found at 30 MPa/333 K. The spline model
presented the best fit to the OEC and the values calculated
for the parameters tcggr and tggg were, respectively, 70 and
186 min. At the end of the CER and FER periods the
extracted mass was 64 % and 93 % of the total mass obtained
at the final time of extraction.The spline model presents a
very low mathematical complexity, and despite that can
describe very well the OEC when only kinetic data about the
investigated system are readily available.
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