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Abstract

After rice harvesting, the milling processes generate many by-products including husk, bran, germs, and broken rice repre-
senting around 40% of the total grain. Bran, one of the external cereal layers, contains proteins, dietary fibers, minerals, and
lipids. One of the most common rice bran utilization is the extraction of rice bran oil (RBO). Among all vegetable oils, RBO
presents a unique chemical composition rich in antioxidant compounds such as y-oryzanol that provide several beneficial
properties. RBO is generally extracted by exploiting hexane, a solvent toxic to the environment and human health. The grow-
ing demand for this oil has led researchers to look for more sustainable extraction techniques. Supercritical carbon dioxide
(SC-CO,) has been successfully applied to extract oil and functional compounds from several matrices. In this work, the
SC-CO, extraction of RBO was optimized using a Design of Experiment (DoE) on a pilot scale. "The DoE approach involving
multilinear regression allowed modelling the yield in RBO and gamma oryzanol as a function of temperature and pressure,
keeping the extraction time constant, as decided by the company. This approach made it possible to optimize the extraction
yield and to identify the best temperature (40 °C), while also highlighting that pressure did not play any influential role in the
process, at least concerning the analyzed experimental domain on this industrial plant. A model for computing the extraction
yield as a function of temperature and pressure was obtained. This study shows that it is possible to obtain good quality RBO,
rich in y-oryzanol and essential fatty acids, using low temperatures and pressures, starting from a rice milling by-product.
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Statement of Novelty

Rice bran oil is extracted from a rice by-product and it pre-
sents a very high antioxidant power. Supercritical carbon
dioxide was often applied, as a green extraction technique,
for the extraction of oil from rice bran, at the laboratory
scale. In this work, we went beyond the laboratory instru-
mentation and SC-CO, extraction was optimized on a pilot
scale using a Multi-Factorial Design of Experiment (DoE)
to produce an edible rice bran oil that has been effectively
used for food production. This study demonstrates the
applicability of this process at higher scales allowing to
obtain high-quality food starting from agricultural waste
more sustainably.

Introduction

The increase of obesity and cardiovascular diseases in
developed countries caused a rise in the consumer demand
for healthier foods, leading industries to focus on new
products rich in nutritional and functional values [1]. The
consumption of edible oils in general and vegetable oils
in particular plays a fundamental role in nutrition within
a healthier lifestyle. Rice bran oil (RBO), among all veg-
etable oils, presents a unique chemical composition. This
oil is rich in compounds such as y-oryzanol, tocotrien-
ols, and phytosterols with high antioxidant power [2]. In
particular, y-oryzanol, which is a mixture of ferulic acid
and phytosterol esters, shows several beneficial proper-
ties such as cholesterol-lowering capacity, antioxidant, and
anti-inflammatory activities. Like all oils it must be con-
sumed in moderate quantities, as some studies have shown
that excessive quantities of this oil can lead to also few
side effects like gas, flatulence, stomach discomfort [3].
RBO is already widespread in Asian cuisine and, thanks
to its remarkable properties, it is also spreading to the
rest of the world in food, cosmetic and pharmaceutical
applications [2, 4]. This oil is extracted from rice bran,
a by-product derived from the rice milling process that
is often wasted, burned, or used in animal food prepara-
tion [4]. Bran is an external cereal layer, one of the most
attractive rice by-products, representing around 9% of the
cereal total weight. It contains proteins, dietary fibers,
minerals, and lipids [5]. Obsolete technologies are gener-
ally used to extract RBO from rice bran, often exploiting
hexane, a solvent toxic to the environment and humans
[6]. The growing demand for this oil has led companies
and universities to seek for greener and safer alternative
extraction technologies. Among these green extraction
techniques, supercritical carbon dioxide (SC-CO,) fluid
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has been successfully applied to extract oil and functional
compounds from several matrices, such as Portulaca oler-
acea seed, Ferulago angulata and others[6].

A fluid brought at temperature and pressure above its
critical point is called supercritical. It is possible to vary the
extraction power, density, viscosity, and penetration capacity
in the matrix, changing the temperature and pressure of these
fluids. CO, is exploited in supercritical extraction because
its critical point is easily reachable at low temperatures and
pressures (31.1 °C and 74 bar) making it a very useful and
environmentally friendly solvent to extract vegetable oils
[7]. SC-CO, shows more advantageous transport proper-
ties, better penetration power in the matrix, and more effi-
cient extraction capability than the organic solvents used in
conventional extraction. SC-CO, also allows recovering the
dissolved compounds and obtaining a pure and solvent-free
extract by simply reducing the fluid density and decreasing
the temperature and pressure. Moreover, SC-CO,-extracted
RBO shows better stability and physiological safety than
RBO deriving from other extraction techniques [4].

This work was aimed at optimizing the SC-CO, extrac-
tion of RBO, at different pressures (300, 350, and 400 bar)
and temperatures (40, 50, and 60 °C) using a Multi-Factorial
Design of Experiment (DoE) on a pilot-scale. The extraction
time was kept constant at three hours as a condition imposed
by the company that owns the pilot plant. This approach
allows to simultaneously investigate several factors which
could affect the yield, reducing the number of experiments
and resources used to identify the optimal condition [8, 9].
The obtained RBO was analyzed in yield, fatty acid compo-
sition and y-oryzanol content, and it was finally used for the
production of commercial food products.

Materials and Methods
Materials and Chemicals

Cryo-milled rice bran samples, with 500 pm particle diam-
eter, were supplied by Agrindustria Tecco S.R.L. and stored
at —20 °C until extraction. High purity methanol, acetoni-
trile, acetic acid, sulfuric acid, sodium hydroxide, sodium
chloride and hexane used for analysis, y-oryzanol standard
and fatty acid methyl esters standard mixture for quantifi-
cation were purchased from Merck (Darmstadt, Germany).
High-performance liquid chromatography (HPLC) mobile
phase was prepared using deionized water (Millipore, Milli-
Q, Bedford, MA, USA).

Rice Bran and RBO Characterization

The analysis of the proximate composition was conducted
to characterize the rice bran and the extracted RBO. The
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proximate composition in food matrices includes the deter-
mination of protein, lipid, carbohydrate, moisture, and ash
contents. The determination of total proteins was conducted
following the “ISO 16634-1:2008” procedure [10], while the
determination of total lipids, moisture and ash contents was
conducted following the procedure from “Rapporto ISTI-
SAN 1996/34” [11], and the total carbohydrate content was
calculated by difference as suggested by FAO (1998) [12].
Briefly, the total protein content was calculated by determin-
ing the total N content through the Dumas (or combustion)
method using an Elementar analyzer and multiplying multi-
plying the resulting value for a nitrogen-to-protein conver-
sion factor of 6.25 [13]. To determine the total lipid content,
the sample was extracted with petroleum ether in a Soxhlet
apparatus; the solvent was evaporated and the total lipid
content weighed. The moisture content was gravimetrically
determined after drying a portion of sample in an oven at
130 °C, overnight until the weight has remained constant.
Also the ash content was determined gravimetrically but, in
this case, the sample was incinerated in a muffle at 550 °C,
for six hours, until a constant weight was achieved. The car-
bohydrate content was calculated by the difference between
the total weight and the sum of proteins, lipids, ash and
moisture contents.

Supercritical Carbon Dioxide Extraction

The extractions were performed on a pilot-scale supercriti-
cal fluid extraction (SFE) apparatus at the Exenia Group
S.R.L. plant, located in Pinerolo (TO), Italy. The system is
composed as shown in Fig. 1: the CO, is stored in a tank (T),

then the gas is compressed, heated up to the supercritical
condition, and made flow into the extractor (E) filled with

;
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Fig.1 Scheme of the plant located at the facilities of Exenia Group
S.R.L. supercritical fluid extraction (SFE). Tank, extractor, and gravi-
metric separator are indicated respectively as T, E, and S

the rice matrix. After the extraction, the fluid enters into the
gravimetric separator (S) where pressure and temperature
are rapidly lowered. The CO, returns to gaseous form, los-
ing its solvent capacity and moving away from the matrix
to be recirculated for a new extraction. The extracted phase
falls to the bottom of the separator, where it can be recov-
ered through a valve. The extraction was performed with a
constant solvent flow of 20 kg/h for 3 h, filling the extractor
with 1 kg of rice bran and metal Raschig rings to promote
the solid and solvent contact. SFE pressure (P) and tempera-
ture (T) conditions were, respectively, 300, 350 and 400 bar,
and 40, 50 and 60 °C, according to the experimental design
presented in Sect. "Design of experiment (DoE)".

Design of Experiment (DoE)

In order to understand the effects of temperature and pres-
sure on the recovered amounts of RBO and y-oryzanol, to
optimize the extraction technique and, at the same time,
to minimize the number of experiments, a DoE was put in
place. A two-factor and a three-level full factorialDoE con-
sisting of ten experimental runs was employed, including
three replicates at the central point. In the design, the three
levels are conventionally named — 1, 0, and + 1, where — 1
and + 1 correspond, respectively, to the lowest and highest
values the factor can assume within its experimental range,
while O represents its central value [14]. The design factors
were the temperature (40, 50, and 60 °C) and the pressure
(300, 350, and 400 bar), and the response variables were
the yields of RBO (g/kg of rice bran) and of y-oryzanol
(mg/kg of rice bran). Table 1 shows the experimental plan
with the independent variables temperature and pressure and
their three levels (both the original values and their coded
version), while Fig. 2 shows the experimental domain as a
2D space, defined by the temperature (T, on the x axis) and

Table 1 The experimental matrix (with levels coded with — 1, 0 and
1 values) and the experimental plan (with the original values of tem-
perature and pressure)

Experiment T (C°) P (bar) T coded P coded
N°

1 60 300 1 -1
2 40 400 -1 1
3 60 400 1

4 40 350 -1 0
5 60 350 1 0
6 50 300 0 -1
7 50 400 0 1
8 50 350 0 0
9 50 350 0 0
10 50 350 0 0
11 40 300 -1 -1

@ Springer



Waste and Biomass Valorization (2023) 14:3327-3337

3330
1 2 7 3
P o 4 8;9;10 5
1 11 6 1
-1 0 1
T

Fig.2 The Full Factorial design domain, with the number of each
experiment

pressure (P, on the y axis) factors. Each point of the experi-
mental domain corresponds to one specific combination of
factors (and their levels) as obtained according to the CCF
design scheme.

Multiple Linear Regression

To understand and explain the results of the DoE, a multiple
linear regression (MLR) model was computed [15]. MLR is
a statistical modeling technique usually used in regression
analysis. This kind of analysis aims to relate independent
variables x (i.e., the factors of the DoE) and the dependent
variable y (i.e., the response variable of the DoE) by fitting
a linear equation to the observed data [16].
The MLR equation can be generalized as follows:

y=ﬂ0+ﬂ1xl+ﬁ2)€2+"'+ﬂp.xp+6 (])

where y is the predicted or expected value of the depend-
ent variable (i.e., the response), x; through x are p distinct
independent or predictor variables (i.e., the factors), f, is the
value of y when all the independent variables (x; through
X,) are equal to zero, f3; through f, are the estimated regres-
sion coefficients, and ¢ is the residual noise. MLR was per-
formed using the R-based CAT (Chemometric Agile Tool
[17]) software, by the Italian Group of Chemometrics of the
SCI (Societa Chimica Italiana, Rome, Italy).

Determination of RBO Yield

After the extraction, the RBO was collected into a previously
weighed glass jar. The yield of RBO was computed using
Eq. (2), where the weight of extracted RBO, expressed in
grams, is divided by the weight of the initial mass of rice
bran, expressed in kilograms. The weight was measured on
a technical XS balance BL 224.

@ Springer

. RBO(g)
RBOyield = ————
e ricebran(kg) @)

Determination of y-oryzanol content

After determining the oil yield, around 200 mg of the RBO
samples were resuspended in 15 mL of isopropanol, and
y-oryzanol content was determined by reversed-phase
HPLC. The HPLC system (Shimadzu 20A Prominence) was
equipped with a Kinetex C18 column (5 um, 150 x4.6 mm)
by Phenomenex and photodiode array (PDA) detector using
an isocratic elution. The mobile phase was composed of
methanol (Merck, Germany), acetonitrile (Merck, Ger-
many), and 0.03% acetic acid (Merck, Germany), at a ratio
of 52:45:3 (v/v/v) [6, 18]. The flow rate was maintained
at 0.8 mL/min, and the column oven was thermostated at
30 °C. The content of y-oryzanol was determined by means
of a calibration curve computed using eight different con-
centrations of y-oryzanol standard (Merck, Germany)
(0.01-0.8 mg/mL) in isopropanol (Merck, Germany). The
limit of detection (LOD) and the limit of quantification
(LOQ) were calculated with Egs. (3) and (4), where o is the
standard deviation of the response and S is the slope of the
calibration curve [19]. LOD and LOQ were respectively 0.01
and 0.04 mg/mL.

LOD = 33e0 3)
100
LOQ = S 4

The y-oryzanol yield was calculated using Eq. (5):

- l
y — oryzanol yield = L2724 (mg) )
rice bran (g)

Determination of fatty acids (FA) composition

The fatty acids (FA) composition was determined according to
UNI EN ISO 12966-2:2017 and UNI EN ISO 12966—4:2015
standard methods [20, 21]. Fatty acids were analyzed in the
form of methyl esters (FAME) using a gas chromatograph
equipped with a mass analyzer (GC-MS). To prepare the FA
methyl esters, around 100 mg of sample was dissolved in 3 mL
of methanolic KOH (0.6 M) (Merck, Germany), in a falcon
tube and stirred for 10 s under an N, flow to avoid oxidation of
compounds. The solution was heated under agitation (ARGO-
lab M3-D, Italy) for 10 min at 70 °C using a water bath. After
and the complete dissolution of the oil, 3 mL of 5% H,SO,
(Merck, Germany), in methanol (Merck, Germany), was added
and the solution was heated at 70 °C for 5 min more. Then
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2 mL of a saturated solution of NaCl (Merck, Germany), and
2 mL of hexane (Merck, Germany), were added, and the fal-
con was centrifuged at 4000 rpm for 10 min with a centrifuge
SL16R (Thermo Fischer, USA). The supernatant was col-
lected, diluted 1:2, and transferred in a vial for the GC-MS
analysis [22]. The FAME analysis was conducted using a gas
chromatograph (Agilent 7890A GC System) equipped with
a ZB-FAME column (30 mx0.25 mm ID X 20 pm; Zebron
Phenomenex) and a quadrupole mass detector (Agilent 5975
C VL MSD). Helium was used as the carrier gas with a flow of
0.4 mL/min, the injection volume was 1 pl using the split mode
with a split ratio of 20:1 at 240 °C. The injector temperature
was maintained at 250 °C. The column was initially main-
tained at 100 °C for 2 min and then the temperature was then
increased to 240 °C at 5 °C/min, and kept constant for 8§ min
[22]. The mass analyzer worked in electron ionization mode
with ionization energy of 70 eV, and in full scan mode between
50 and 600 a.m.u.. The temperatures of the source and quad-
rupole were maintained at 230 °C and 150 °C, respectively.
FAME quantification was determined through calibration
curves prepared using a FAME standard mixture and using
the software ChemStation and the NISTO8 Library.

Fig.3 The extracted product

Results and Discussion
MLR on the Design of Experiment Results

The product obtained after the extraction shows high density,
butter-like consistency, yellow straw color and has the scent
of rice (Fig. 3).

Table 2 shows the results of the DoE in terms of RBO and
y-oryzanol extracted mass. The amount of extracted RBO and
y-oryzanol ranges respectively from 10 to 37 g, and from 59 to
200 mg, in both cases starting from one kg of rice bran. The
maximum yields were obtained at 40 °C and 400 bar for RBO
and y-oryzanol, while the minimum was obtained at the high
conditions of the DoE (60 °C and 400 bar).

To interpret the DoE data, a MLR model with the following
formula was initially computed:

y =B+ BrT + BpP + PrpTP + By T> + pppP’ + € (6)

where y is the predicted response, € represents the noise and
p; are the regression coefficients of each factor, including
the interaction between the factors (f;p) and their quadratic
terms (fr and fpp). To model oil and y-oryzanol yields a
full MLR regression model was first computed and after a
preliminary elaboration, the model was simplified excluding
the non-significant terms, i.e., the interaction and quadratic
terms. Only the statistically significant terms were included,
as described by Eq. 7.

y="P0y+brT+ppP+e¢ )

The significant linear terms are reported in the plot of the
coefficients (Fig. 4) where * indicates the significance of the
coefficients: **=p <0.01, ***=p<0.001.

In Table 3 the coefficients of Eq. (7) for the two response
and their statistical significance are reported. Both models
explain more than 50% of the data variance for responses,
fitting the y-oryzanol yield better. It is possible to notice

Table 2 The exeprimental plan N° T (coded) P (coded) Temperature Pressure bar RBO (g/kg of  y-oryzanol (mg/
°C (uncoded) (uncoded) rice bran) kg of rice bran)
1 1 -1 60 300 15 73
2 -1 1 40 400 37 200
3 1 1 60 400 10 59
4 -1 0 40 350 28 179
5 1 0 60 350 11 65
6 0 -1 50 300 26 140
7 0 1 50 400 20 98
8 0 0 50 350 27 151
9 0 0 50 350 19 104
10 0 0 50 350 20 125
11 -1 -1 40 300 24 147
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that, for RBO and y-oryzanol, only the temperature has a
significant effect in this range of temperature and pressure.
These results can be easily confirmed and further visualized
by inspecting the response surface reported in Fig. 5. The
response surface consists of a three-dimensional view of the
relationship between the factors (on the x and y axes) and
the modelled response variable (on the z axis), providing
a clear picture of how the factors influence the response.
Since no interaction nor quadratic terms are included in the
MLR model, the response surface takes the shape of a tilted
plane: in our case, the yield decreases with temperature and

Rice Bran Qil (RBO)

0.0

02

04

-0.6

Coefficients

-0.8

-1.0

-1.2

RBO

Coeflicients

(ue1q 2011 Jo 3%/3) O

remains basically constant with pressure. According to both
models, it is possible to obtain the maximum yield of RBO
and y-oryzanol at the lower temperature of the DoE, inde-
pendently from the pressure.

This is the first study regarding the SC-CO, extraction on
a pilot-scale applying a DoE with this range of temperatures
and pressures to the best of the author’s knowledge. In this
type of plant, it is necessary to use higher pressures than
those necessary for the critical point, since part of that pres-
sure is used to penetrate the matrix which has a very fine
particle size. The temperature and pressure applied are in

y-oryzanol

y-oryzano

(ue1q 2011 Jo 3y/3w) [ouezAio-A

Fig.4 The coefficients of the model of y (A) RBO and B) y-oryzanol yields) obtained by the Design. **p <0.01, ***p <(0.001 and the response

surfaces for (C) RBO (g/kg of rice bran) and (D) y-oryzanol (mg/kg)

Table 3 Coefficients of the

Rt Response Coefficients Significance of the coefficients = Explained
models and their significance Variance
with the explained variance of B Br Pp B Br Pp %
the data

RBO (g/kg of rice bran) 47.163 —0.754 0.033 0.0171* 0.0048**  0.4434 52.01
y-oryzanol (mg/kg of rice bran) 342.486 —5.027 0.081 0.0008*** 0.0003*** 0.6505 74.39

*=p<0,05 **=p<0.01, ***=p<0.001
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Fig.5 Graph of the predicted value versus the experimental value for A) RBO (g/kg of rice bran) and B) y-oryzanol (mg/kg of rice bran)

Table 4 RBO yield in previous works

Temperature  Pressure ~ RBO Yield Plantscale  References
80 °C 300 bar 24.1% laboratory [1]

30 °C 300 bar 39% laboratory [2]

60 °C 400 bar 18.5% laboratory [4]

60 °C 414 bar 17% laboratory [23]

40 °C 250 bar 12.68% laboratory [24]

40 °C 400 bar 3.7% pilot This work

line with previous work on a lab scale, but the yield in oil
is however of about an order of magnitude lower (Table 4)
[1-3, 6, 23, 24].

Another important aspect emerging from the literature
review is that extraction yields are usually influenced by
temperature, pressure, and their interaction. For instance,
Balachandran et al., investigated the RBO extraction yield
and y-oryzanol content on a pilot-scale varying temperature
and pressure respectively between 50, 60 and 70 °C and 350,
425, and 500 bar [25]. Moreover, they applied three extrac-
tion times and three different packing materials. The authors
noted an increase in yields with the rise in temperature and
pressure; indeed, the best extraction conditions were found
at 500 bar, 60 °C for 1.5 h, and using structured SS rings
used as packing material.

Imsanguan et al. studied the effect of the temperature
and the pressure independently on the yield of y-oryzanol
SC-CO, extraction [26]. Their results show that an
increase in pressure and temperature causes an increase
in extraction rate and yields due to a rise in CO, density

and diffusivity, and a decrease in its viscosity, making it a
better solvent. These results are confirmed by Yoon et al.,
and Sookwong and Mahatheeranont [4, 23].

The data of the present study show an opposite trend,
i.e., by increasing the temperature there is a corresponding
decrease in RBO and y-oryzanol yields. These outcomes
can be explained by looking at the work by Bitencourt
et al. [3], which affirmed that a “crossover pressure”’may
exists. Above this pressure, the RBO solubility increases
with temperature, but the RBO solubility decreases with
a temperature rise [3]. In the present study, a very short
range of pressure was investigated, so it is possible that
our experiments were consistently performed below this
crossover pressure, in the pilot scale. These results are
also supported by Tomita et al., and Yoon et al., which
affirm that at low pressure, an increase in temperature
causes a decrease in the density of the CO, and, therefore
a decrease in the solubility of RBO and y-oryzanol [1, 23].

Two additional experiments, replicates of the central
point of the design, were used as a test set and their pre-
dicted yield computed using the model. Table 5 shows
the central points' experimental values, the upper and
lower values with their average (predicted values), and
the residuals. The graphical representation of the predicted
values versus the experimental values is shown in Fig. 5.
Both RBO and y-oryzanol models were able to predict the
responses with good accuracy. The experimental values
are located between the upper and the lower values and the
predicted value is slightly underestimated, thus confirm-
ing that the model prediction power is indeed very good.
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Table 5 Prediction results of experiments 12 and 13. The residuals are computed as the difference between the predicted and experimental val-

”»

ues.

N° Exp RBO (g/kg of rice bran)

Experimental Lower Upper Predicted Residual
12 24,00 17,35 24,33 20,84 - 3,16
13 22,00 17,35 24,33 20,84 - 1,16
N° Exp y-oryzanol (mg/kg of rice bran)

Experimental Lower Upper Predicted Residual
12 126,67 104,61 134,32 119,46 - 7,24
13 130,56 104,61 134,32 119,46 - 11,09

Table 6 Proximate composition of Rice Bran and extracted RBO
(“n.d." stands for “not detected”)

Rice Bran RBO
Moisture (g/100 g) (g/100 g)
Aashes 6.87+0.30 0.3+0.02
Proteins 10.79+0.30 n.d
Carbohydrates 45.5+4.7 0.2+0.03
Total fatty substances 20.59+4.77 n.d
Moisture 8.13+0.49 99.1+3.0

Oil Characterization and Fatty Acid Composition

Proximate analysis was conducted to verify the selectivity
of the extraction for the fatty substances of the matrix. As
shown in Table 6, extracted RBO presents a percentage of
fatty substances higher than 99%, while all other components
are present in negligible quantities or totally absent. These
results demonstrated that supercritical CO, could extract the
non-polar substances selectively in these conditions.

The total fatty substances were analyzed by GC-MS as
previously described to obtain the fatty acid composition.
As shown in Table 7 and Fig. 6, extracted RBO is mainly
composed of unsaturated fatty acids and 20% saturated fatty
acids (SFA). The high percentage of SFA is responsible
for the texture of the extracted material, which has texture
similar to butter and cocoa oil: indeed the extracted RBO
is semi-solid at room temperature. The most abundant FA
in the sample is oleic acid, representing around 42% of the
total composition. Oleic acid contains one carbon—carbon
double bond in the aliphatic chain and is one of the major
representatives of monounsaturated fatty acids (MUFAs).

These FAs present nutritional and healthy properties;
indeed some studies demonstrated that MUFAs' assump-
tion could reduce the risk of chronic disease, heart prob-
lems, age-related cognitive decline, and ovarian cancer
[27]. In particular, oleic acid plays a positive role in auto-
immune and inflammatory diseases since it helps the body

@ Springer

Table 7 Fatty acid composition of extracted RBO. All measurements
were made in triplicate of which the mean and standard deviation are
expressed in table

Fatty acids %

C14:0 Myristic acid 0.27+0.01
C16:0 Palmitic acid 15.5+0.5
C16:1 Palmitoleic acid 0.13+0.01
C18:0 Stearic acid 1.8+0.05
C18:1 Oleic acid 424+1.7
C18:2 Linoleic acid (omega-6) 351+1.4
C18:3 y-Linolenic acid (omega-6) 0.86+0.03
C18:3 a-Linolenic acid (omega-3) 1.0+0.03
C20:1 Eicosenoic acid 0.58+0.02
C22:0 Behenic acid 0.96+0.04
C20:3 Eicosatrienoic acid (omega-6) 0.49+0.01
C24:0 Lignoceric acid 0.97+0.04

eliminate pathogens like bacteria and fungi [28]. The 20%
of the unsaturated fatty acids in the sample are omega-3 and
omega-6, polyunsaturated fatty acids (PUFAs) that differ for
the location of the first double bond in the aliphatic chain.
They are essential FA because they are not synthesized in the
body [27]. In the series of Omega-3, only the a-Linolenic
acid (ALA) is present in the sample, while Linoleic acid,
y-Linolenic acid, and Eicosatrienoic acid are the represent-
ants of the series of Omega-6. Many studies have demon-
strated that these PUFAs have benefits in regulating blood
pressure, blood coagulation, immune system, and inflamma-
tory process and play an important role in brain and nervous
system development [29]. It is however useful to remem-
ber that excessive consumption of omega-6-fatty acids may
increase both breast cancer and prostate cancer [3].

Thanks to its exceptionally rich fatty acid composition,
RBO is considered a "healthy oil" by the World Health
Organization (WHO), the American Heart Association
(AHA), and other international organizations [5]. Compared
to other RBOs, the oil extracted in this work presents a FA
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Fig.6 Percentages of saturated
and unsaturated fatty acids in
RBO and their ©-3 and ®-6
contents

= »-3 and ®-6 = others

composition that matches perfectly with compositions found
in literature, where the Oleic acid is always the most abun-
dant between the 38,4% and the 42,3% followed by Linoleic
acid and Palmitic acid [30].

Limitations of the Study

To better understand and contextualize the results of the
study, it is necessary to highlight its limitations. As the
work was carried out in collaboration with a company, due
to time and cost issues only a limited number of experiments
could be performed. Therefore it was decided to keep the
extraction time and the solvent type constant, and for these
reasons further experiments would be needed to investigate
how these two factors (also considering the possible addition
of a cosolvent) could affect the oil yields. It would also be
interesting to investigate how the pilot plant would behave
at higher temperatures and pressures in terms of RBO yield.
Moreover, it was not possible to choose the granulometry
of the matrix, since it was already purchased ground, but it
would be interesting to study how the size of the rice bran
granules can influence the yield, possibly avoiding packing
effects in the extraction column.

Further Considerations: Food Products
Improvements

The extraction process provides excellent added value to a
product that is usually being discarded. This extraction tech-
nology allows obtaining a product with 7 g of y-oryzanol per
kilogram of RBO. Therefore, y-oryzanol is much more con-
centrated than the starting bran making this product suitable
for food preparation, as it is possible to obtain a product with

80%

= saturated fatty acids = unsaturated fatty acids

the same antioxidant properties but using minimal quan-
tities of raw materials. The butter obtained in the present
work was sent to a bakery production company and was
used to produce edible taralli (a typical savory biscuit-like
snack from the South of Italy), crackers, and a spreadable
cream (Fig. 7). These products contain around 700 mg/kg of
y-oryzanol and they can satisfy the daily y-oryzanol intake
necessary to exploit its cholesterol-lowering properties [29].

Conclusions

RBO represents an excellent component for food, cosmetic
and pharmaceutical preparations thanks to the high con-
tent of y-oryzanol and its health benefits such as antioxida-
tive, antihypercholesterolemic, antiangiogenic properties.
SC-CO, RBO extraction represents a valid alternative to
conventional solvent extractions reducing all the risks asso-
ciated with the use of chemicals toxic for humans and the
environment. This innovative extraction technique is often
applied in several studies for the extraction of RBO at the
laboratory scale. The present work aimed to test the SC-CO,
of RBO at the pilot scale. The DoE made it possible to opti-
mize the extraction process and identify the best operating
temperature (40 °C), while it was also found that the pressure
did not play any influential role in the process, at least for
what concerns the analyzed pressure range (300—400 bar).
This study has shown that it is possible to obtain a good
quality RBO, rich in y-oryzanol and essential fatty acids,
using low temperatures and pressures at larger scale. It was
also possible to obtain a model able to compute the yield
as a function of temperature and pressure. The low yields
compared to the literature and the laboratory scale suggest
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Fig.7 Final products obtained using the RBO extracted by SC-CO,

that further studies will be needed to expand the studied
experimental domain, broadening the range of pressures and
temperatures to inspect, and perhaps also consider the poten-
tial effect of other parameters, such as the pretreatments of
the rice bran or its particle size to verify the possibility of
obtaining even higher yields.
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