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Abstract

Physical refining of vegetable oils aims to produce healthier oils, minimize excessive oil loss, and reduce
production waste. Deacidification, or the removal of free fatty acids (FFA), is a crucial step in this
process. This study aimed to develop a mathematical model that shows the deacidification behavior of
cold-pressed camelina oil and lampante olive oil using short-path molecular distillation (SPMD) as a
solventless and green technology. A mass conservation balance along with the Langmuir equation was
used to describe the evaporation and separation mechanisms. The model's predictive capabilities were
evaluated for oil samples at different feed flow rates (Q) and evaporation temperatures (ET), while other
factors—including feed temperature, vacuum pressure, condensation temperature, and wiper speed—
were kept constant. The group contribution method was applied to predict vapor pressure. The model
predictions showed reasonable agreement with the experimental data, indicating that higher evaporation
temperatures (ET) and lower feed flow rates (Q) led to greater deacidification efficiency. Furthermore,
the proposed model can be used to determine FFA concentration at different longitudinal sections of the
SPMD column.
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Nomenclature
Ak, Bik, Cik, Di,
Group contribution equations adjusted parameters Greek symbols
Ak, B2k, C2k, D2k
D Distillate flow rate, mL/min Film thickness, m
ET Evaporation temperature, °C Dynamic viscosity,
N.s/ m?
FFA Free fatty acids Kmematlg viscosity,
m- /s
H SPMD coefficient, kg\/ °C/ §? The number pl, 3.14
h Evaporation coefficient, s \/(kg. kgmol.°C) /m Density, kg /m3
J Evaporation flux, kg/(m? s) Subscripts
L SPMD length, m Component i
M Average molecular weight of feed, kg/kgmol Group kini
m Mass flow rate of feed, kg /m Cartesian z coordinate
m’ Mass flow rate of volatile compounds, kg /m
Y. Average molecular weight of volatile compounds,
kg/kgmol
Mi Fatty acid molecular weight
Nk The number of group k in the molecule
P Total vapor pressure, Pa
p° Vapor pressure of the volatile compound, Pa
(0] Feed flow rate, mL /min
R Residue flow rate, mL /min
r Evaporator radius, m
N Cross-sectional area of falling film, m 2
SPMD Short path molecular distillation
TG Triglycerides
vz Feed velocity at direction z, m /s
wt% Weight percent
Y. Weight fraction of volatile compounds

1. Introduction

Edible oils are refined so that disagreeable
matters including oxidation compounds, free
fatty acids (FFA), and phosphatides are
eliminated. Deodorization or steam distillation,
is a common physical refining process and serves
as the final and most critical stage, typically
occurring at around 240 °C [1,2]. However,

prolonged exposure to high temperatures can
accelerate spoilage and rancidity [3]. It has been
proved that removing free fatty acids (FFA) from
oil improves its organoleptic properties [3—-5]. A
high FFA content can contribute to an
undesirable odor in vegetable oils and is
considered a crucial factor affecting both quality
and process efficiency [1,2,6]. To meet edible oil
standards, it is essential to reduce elevated FFA
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levels [3,7]. The maximum allowable FFA
content in cold-pressed and virgin oils is 2.0 wt%
[8], while for refined olive oil, the recommended
limit is 0.3 wt% [9].

Compared to triglycerides (TG), FFA are more
volatile. Due to environmental
recovering and recycling vegetable oil waste with
high FFA content remains a significant challenge.

concermns,

Moreover, conventional deacidification methods
have notable drawbacks, including excessive oil
loss and the need for intensive wastewater
treatment, especially at an industrial scale
[5,10,11]. Regularly, FFA are primarily removed
through alkali refining or alkali neutralization.
The remaining FFA are further separated during
the final steam deodorization stage. In the
standard physical steam stripping deodorization
process, high temperatures and low pressures are
applied, allowing FFA molecules to evaporate
along with other volatile and odorous compounds
[7,12,13]. The financial aspect of vegetable oil
production is substantially influenced by the
deacidification process [4].
deacidification of vegetable oils, such as corn oil,
has already been investigated [11,14,15].
Adsorption and solvent extraction are other

Enzymatic

techniques used for deacidification [16,17].
Additionally, deacidification of olive oil using
charcoal or activated carbon provides an
alternative method that avoids the use of chemical
agents [18]. Membrane technology also presents
new opportunities in the refining and
deacidification of vegetable oils [19]. The
elimination of free fatty acids (FFA) from palm oil
using anion exchange resins is another viable
alternative [20,21]. FFA can also be separated
through physical refining processes, including
SPMD [7,16]. Olive oil is usually treated by
physical procedures [22].

Camelina (Camelina sativa L.) is gaining
increasing global recognition [23-25] as an oil seed
crop with a vast record of farming. The camelina
oil market is steadily expanding [26]. Camelina oil

is emerging as an important vegetable oil,
containing a significant amount of unsaturated
fatty acids, including 30 to 40 wt% alpha-linolenic
acid and 15 to 25 wt% linoleic acid. Its unique
fatty acid profile positions camelina oil as a
potentially suitable option for a wide range of bio-
based markets [27-33].

Olive oil is renowned for its high oleic acid
content, exceptional thermal stability, and
distinctive taste and aroma [34]. Due to its high
content of monounsaturated fatty acids and the
presence of beneficial compounds such as
squalene, vitamins, sterols, and antioxidants like
tocopherols, olive oil continues to experience high
demand [35,36]. In the Mediterranean basin, virgin
olive oil is the main oil source and its economic
impact is significant [37,38]. Olive oil production
in the 2021/22 crop year was over 3 million metric
tons [39]. Iran is among the 24 major olive-
producer countries [40]. Virgin olive oils are
classified and evaluated based on their acidity, and
when the FFA content exceeds 3.3 wt%, the oil is
classified as lampante olive oil. Lampante olive
oil, being a non-edible type, must undergo refining
to become suitable for consumption.

Short-path molecular distillation (SPMD) is
recognized as a physical separation procedure
with applications in the food, pharmaceutical, and
petrochemical industries. Recently, research in
this area has been grown progressively [41,42].
The separation of high boiling point and heat-
sensitive constituents is a primary application of
SPMD [43,44]. One of the key uses of SPMD in
the food industry is vegetable oil refining [41,42].
The SPMD process involves brief exposure of the
feed to high temperatures and high vacuums on
the evaporator surface, which is positioned close
to the condenser [45].

Some value-added compounds in the food,
chemical, and pharmaceutical industries, such as
omega 3, vitamins, essential oils, bio-compounds,
fragrances, and flavors are heat-sensitives [43].
These compounds are prone to damage when
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exposed to thermal stress, resulting in thermal
decomposition, polymerization, and side reactions
that negatively affect the quality of the final
product. By significantly reducing the operating
pressure, the distillation temperature and duration
of thermal stress on the materials can be
minimized, leading to a significant improvement
in product quality [41,46,47].

In short-path molecular distillation (SPMD), the
feed flows along the wall of the evaporator as a
thin fluid film from the supply point to the
discharge outlet. The residence time in the
system is very short, and the period of heat stress
is minimal. An innovative wiping mechanism
inside the evaporator ensures ideal mixing and
even distribution of the feed as it flows
downward. This continuous movement brings
volatile molecules to the film surface. Thus, the
volatile molecules vaporize more effectively.
Heating in the evaporator is achieved using a heat
transfer medium, such as thermal oil or steam
[42]. A distinctive feature of this technology is the
condensation of the vaporized molecules on the
condenser surface, which is located inside the
SPMD chamber. The 'short path' of the vaporized
molecules to the condenser results in minimal
pressure loss. Therefore, in short-path molecular
distillation (SPMD), distillation occurs at
significantly lower temperatures compared to
thin film evaporators. This method uses the
mildest process parameters [48]. The effect of gas
pressure on the evaporation and condensation
rates has also been reported [49].

SPMD is an environmentally friendly technology
in which volatile molecules are evaporated from
a hot surface and move towards an adjacent
condenser. The distance is highly evacuated,
ensuring that the mean free path of the
evaporated molecules is equal to or greater than
the gap between the evaporator and the cold
surfaces, minimizing energy consumption and
reducing thermal degradation [50,51]. The mean
free path, which can be determined by the kinetic

~
theory of gases, is a key factor in the design of
SPMD. In a study, the mean free paths of
molecules were [52]. When the vacuum pressure
in the distillation gap is reduced to below 10
mbar, undesired intermolecular collisions are
largely prevented. By conducting distillation
under decreased pressure, the boiling points of
volatile compounds are lowered, allowing for the
recovery of high boiling point chemicals that
might otherwise undergo thermal degradation.
This process ensures that sensitive compounds
are preserved during distillation [6,41,42]. In a
study, SPMD conditions were optimized to
increase oleic acid purity in a fatty acid mixture
[53]. In another study, SPMD parameters were
optimized for treating olive pomace oil to
remove squalene while preserving tocopherol
content [54]. Additionally, several studies have
focused on tocopherol recovery from soybean oil
deodorizer distillate [55,56].

SPMD designs could be classified as falling film
or centrifugal. In centrifugal type, the feed is
conducted to the center of a rotating evaporator.
In contrast, the falling film SPMD contains a
cylindrical evaporator with an internal
condenser. The feed enters at the top of the
system [6] and flows downward under the
influence of gravity, forming a thin film on the
evaporator surface [42]. A high-viscosity feed
demands a low feeding rate to generate a thin and
homogeneous film. Wiper blades make working
with high viscosity feeds more practical [57].
Depending on the design and manufacturer, the
relative position of the condenser and evaporator
can differ. In some models, the evaporator is
located at the center, surrounded by the
condenser. In some designs, the condenser is
placed at the center, surrounded by the
evaporator. The typical SPMD gap ranges from
10 to 50 mm [52]. The application of SPMD has
been steadily expanding in recent years. It can
also be used for the pre-refining of oils with high
FFA content, reducing it to practical levels before
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processes like steam distillation or alkali
neutralization.

In SPMD, the key process factors include
evaporation temperature, feed flow rate, feed
temperature, wiper speed, and vacuum pressure
[41,58,59]. To scale up the process, it is essential
to describe the main phenomena at a specific
scale (e.g., laboratory or pilot scale) using
dimensional analysis. Given the significant role
of mathematical modeling and simulation in
characterizing the studied procedures, their
impact on scaling up activities is undeniable [60].
Modeling and simulation of the transport
phenomena occurring in SPMD has been a
challenging objective. To derive the governing
equations that represent the processes in SPMD
treatment, it is essential to have a comprehensive
understanding of the behavior of the treating
compound molecules under different conditions
[42]. Mathematical modeling and simulation are
highly beneficial in this regard [44]. Furthermore,
several studies have been conducted focusing on
the mathematical modeling of SPMD [6,42,61].
Due to the design and operational similarities,
analyzing and understanding wiped film
evaporator technology proves
simulating and modeling SPMD. Successful
mathematical modeling of SPMD requires

useful in

incorporating parameters that account for both
thermodynamics and transport phenomena.
Vaporization enthalpy, vapor pressure, heat
capacity, thermal conductivity, and density are
examples of the essential properties required in
SPMD  modeling.
challenging to obtain the necessary properties
[42]. Regarding mass balance, the primary

However, it 1is often

objectives in SPMD modeling and simulation
involve determining the compositions and flow
rates of the distillate and residue streams.

Establishing the governing equations is a crucial
step in this process, often leading to a set of partial
differential equations. Solving these equations

requires  significant computational effort.

However, the complexity of the model can be
significantly reduced by making certain
assumptions. An SPMD model could incorporate
the kinetic theory of gases to describe the
evaporation rate and vapor phase behavior. For
instance, Xubin et al. applied this theory to
develop a model that predicts the concentration
and temperature profiles of a binary mixture
during the SPMD process [62]Lutisan et al.
conducted several studies in which they
investigated the mass and energy balances of
various compounds [63]. Vapor phase properties,
thin film thickness, and mean free path are critical
factors influencing SPMD performance. To
develop an accurate simulation of the SPMD
process, a deep understanding of the molecular
behavior of different compounds under various
conditions is essential [42]. The general mass and
heat transfer within the evaporating film of SPMD
has been studied [63]. The kinetic theory of gases
can be used to describe the behavior of vapor
phase molecules. Through conduction and
diffusion mechanisms, the heat and mass transfer
rates are influenced by the driving forces acting at
the liquid-vapor interface [64]. Additionally, even
minor deviations in the process parameters can
lead to significant changes in the properties of the
resulting phases. Therefore, it is crucial to develop
accurate models that can help determine the
optimized process conditions [65]. Compared to
FFA, the vapor pressures of TG are much lower,
meaning that TG does not evaporate within the
concerned temperature range [, In this case, the
volatile components (i.e., FFA) constitute a
smaller fraction of the total mass. As a result, the
non-volatile molecules, including TG, have a
greater influence on the behavior of SPMD [67].

The aim of this study was to develop a
mathematical model to predict the changes in
FFA content during the deacidification of
vegetable oils via SPMD, utilizing mass balance
and evaporation rate equations. The simulated
results were compared with experimental data
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from the deacidification of cold-pressed
camelina oil and lampante olive oil. Additionally,
the developed model was used to determine the
FFA content changes in the treated oils
throughout the SPMD process. For vapor
pressure calculations, the group contribution

method was applied.

2. Mathematical model

Mass conservation balance and the Langmuir
equation were employed to describe the changes
in FFA content during the SPMD process. The
schematic diagram and real photo of the studied
SPMD chamber are presented in Fig. 1. To
establish the mass balance, a volumetric element

|

D R

—~
with a thickness of dz and a cross-sectional area

of s was selected. The following modeling
assumptions were made:

1. Steady-state conditions,

2. Constant film thickness (8) throughout the hot
surface of the evaporator,

3. Negligible re-evaporation of condensed
molecules from the condenser surface,

4. Using rectangular coordinates (& is small
relative to the system diameter),

5. FFA content expressed as the dominant fatty
acid of the oil. That is, the FFA of the camelina
and olive oils samples were assumed as linolenic
and oleic acids, respectively.

Fig 1. Schematic diagram and photo of the SPMD chamber: (D) distillate flow rate, (L) evaporator length, (Q) feed flow rate, (R)
residue flow rate, (S) cross-sectional area at z, (J) evaporation flux, (S) film thickness, (v.) feed velocity at direction z.

Feed is maintained at a constant temperature and
enters the evaporator, continuously flowing
along the internal wall of the evaporator. The
mass flow rates of the residue and distillate,
denoted as R and D (in kg/h), respectively, are

considered. The overall mass balance can be
written as follows:

Q=R+D 8
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Due to the heat transfer from the hot surface of
the evaporator, more volatile compounds, mainly
FFA, evaporate to the adjacent cold condenser
surface. The evaporation flux can be expressed
by Langmuir equation as Eq. 2

0

z )

J=hP s

where J is the evaporation flux, h is the
evaporation coefficient, P is the vapor pressure,
M’ is the average molecular weight of the volatile
compounds [6,68].

Assuming an ideal mixture of two compounds,
the relative enrichment of the condensate will be
(P: / M) = (P2 / M,) instead of Py = P,[50]. The
primary volatile compounds of feed are assumed
to be FFA. Thus, the vapor pressure is dependent
on the weight fraction of FFA (Y), average
molecular weight of feed (M), average molecular
weight of FFA (M°), and vapor pressure of the
FFA (P°).

m
P—U=PE 3)

p 4)

By substituting Eq. 4 in Eq. 2.

0

o M
ET + 273.15

J=hY Mﬂ P (5)
By considering the element shown in Fig. 1, the
mass balance can be set as Eq. 6.

PSV,Y,— PSVsraz Yoraz —
MO
ET + 273.15

2mrhY, = P’

[
o

(6)

Dividing by dz and following differentiation we
get

d(vzYzs) —h 2nrMp’ Y (7)
- z

d
z [M°(ET +273.15)

Because the volatile molecules are a small
fraction of the feed, velocity (v) and the
elemental surface (s) are assumed to be constant.
So,

0

ay, _ 2mrM

= _p i Y, (8)
Paz™ vsVym® JET +27315) 2

Using h, 1, p, v, s, M, and M’, the H value is
defined as

2nrM

= hpvsm ©)

Regarding the fact that all terms in Eq. 9 are
constant and are dependent on the SPMD design
and the feed characteristics, H can be assumed as
the SPMD coefficient (kg V(°C/ s?)). By
integrating Eq. 8 throughout the evaporation
chamber we have:

0

f S =

P z
Yo v, —H J(ET + 273.15) fO dz (10)

Eq. 10 is to be solved with the following boundary

conditions:
B.C.1:atz=0;Y,= (initial FFA content) (11)

B.C.2:atz=L;Y,=Y (final or residue FFA content) (12)

Y, = Y, exp(—H Jﬁ 2) (13)
As previously mentioned, linolenic acid and
oleic acid, the predominant FFAs in camelina and
olive oils, were selected for vapor pressure
calculations. Vapor-liquid equilibrium data is
essential for designing processes and equipment,
especially when dealing with mixtures
containing trace amounts of compounds that
need to be separated through distillation.
Empirical or analytical models are beneficial for
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accurately determining the required properties,
including vapor pressure. A widely used
approach for calculating physicochemical
properties is the group contribution method. For
predicting vapor pressure, the group contribution
method proposed by Ceriani and Meirelles was
applied. It can be used to determine the vapor
pressure of key fatty compounds found in the
edible oil industry. This method is particularly
valuable for assessing distillation loss during the

treatment of edible oils [69]. As Eq. 14 displays,

~
vapor pressure depends on evaporation
temperature (ET). Ni is the number of group k
repetitions in the FFA chemical formula. M; is
the molecular weight of compound i. Ak, Bix,
Cik, D1k, A2k, Bok, Cok, and Do, whose values for
each group are given in Table 1, are factors
attained by regression of the available
experimental statistics. k denotes the groups
available in the compound i (i.e., oleic or
linolenic acids).

nP; = %y N (Ave + 2 = Cyi INET = DyyET) + [M; S Ny (Age + 22 = CorInET — Dy ET )[+0.001(3.4443 —

ET1S

499.3

ETLS

S — 0.61361n(ET) + 0.00517ET) (14)
Table 1. Parameters of Eq. 14.
Group A1k Bik Cix Dix Azk B2k Cax Dax
CH -117.5 72323 -22.7939 0.0361 0.00338 -63.3963 -0.00106 0.000015
CH 8.4816 -10987.8 1.4067 -0.00167 -0.00091 6.7157 0.000041 -0.00000126
COOH | 8.0734 -20478.3 0.0359 -0.00207 0.00399 -63.9929 -0.00132 0.00001
CH=is 24317 1410.3 0.7868 -0.004 0 0 0 0

Using the experimental data including initial and
final FFA contents, ET, the vapor pressure at ET
(i.e., P"), and the SMPD apparatus length (L), the
actual H value can be calculated as follows:

H= \/ET+2073.15 nXe (15)
LP YL

Regarding the fact that TG is not evaporated at
the operating ETs, the distillates are assumed to
be almost entirely FFA.

3. Experimental data

To validate the model, results from two published
studies on the deacidification of cold-pressed
camelina and lampante olive oils using SPMD
were utilized [25,36]. Briefly, the trials were
conducted using a pilot-scale SPMD unit made
of borosilicate glass, designed by the Iranian

Research  Organization for Science and
Technology (Tehran, Iran). Figure 1 illustrates
the structure of the SPMD chamber. The core
component of the apparatus was the SPMD
chamber (inner diameter: 0.12 m, length: 0.36 m;
surface area: 0.14 m?), equipped with a Teflon
roller-type wiper to ensure uniform oil
distribution on the evaporator surface. A
WiseCircu bath (WCR-P8 WiseCircu, Witeg
Labotechnik GmbH, Germany) supplied a low-
temperature flow to the cold trap and internal
condenser. A 2 kW heating bath, operating with
thermal silicone oil, was used to heat the
evaporation section through its external jacket. A
vacuum pump (Trivac D4B, Leybold, Germany)
maintained a constant vacuum of 0.1 mbar
throughout all experiments. The cold stream
temperature and wiper speed were set at 0°C and

30 rpm, respectively. The SPMD system allowed
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for adjustable feed flow rates (Q) ranging from
0.50 to 3.00 mL/min.

4. Results and discussion

The initial FFA contents of the cold-pressed
camelina and lampante olive oil samples were
2.23 wt% and 10.11 wt%, respectively. The

lowest final FFA contents achieved were 1.13
wt% for cold-pressed camelina oil and 0.81 wt%
for lampante olive oil. Table 2 [25,36] presents
the calculated vapor pressures of linolenic and
oleic acids at the reference temperatures studied.
As observed, the vapor pressure of fatty acids
increases significantly with rising ET.

Table 2. Oleic and linolenic acids vapor pressures at different ET.

Evaporation temp. (ET), °C 150 160 175 180 200
Linolenic acid vapor pressure, Pa 22.0 424 107.3 144.1 439.0
Oleic acid vapor pressure, Pa 16.6 33.0 85.9 116.0 356.0

Table 3 presents the mean H values at different
flow rates (0.50, 1.75, and 3.00 mL/min). These

Table 3. H mean values at each Q.

H values represent the arithmetic mean at each

Q, calculated using Eq. 15.

Feed flow rate (Q), mL/min 0.50 1.75 3.00
H for camelina oil, kg \°oC/ § 0.244 0.203 0.104
H for olive oil, kg V°C/ 3 0.453 0.254 0.176

As shown, the H values decreased at higher Q,
which may be attributed to an increased YL due
to a lower heat transfer rate and reduced
residence time at higher feed flow rates.
According to Eq. 15, a higher YL value results in
a lower H value. Additionally, the reduction in H
values at higher Q is more pronounced for
lampante olive oil, likely due to its higher initial
FFA content.

Figs. 2 and 3 illustrate the linear regressions of
the experimental results versus the model’s
predicted outcomes for the oils. For camelina oil,
which had a relatively lower initial FFA content
(2.23 wt%), the Pearson correlation coefficient
was 0.89, indicating a strong and adequate
association.
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Fig. 2. Model FFA content plotted vs. experimental FFA content for the cold-pressed camelina oil

For lampante olive oil, which had a significantly
higher initial FFA content (10.11 wt%), a
stronger agreement between the model and
experimental data was observed, with a Pearson
correlation coefficient of 0.97. The model-

12/00

predicted FFA contents were calculated using Eq.
13, while vapor pressure calculations were
performed using Eq. 14. The experimental FFA
contents represent actual values reported in
previous research studies [25,36].
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Fig 3. Model FFA content plotted vs. experimental FFA content for the lampante olive oil.
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In a similar study, the performance of SPMD in
separating FFA from TG was examined. In that
research, oleic acid was added to soybean oil in
varying percentages. The deacidification efficiency
of these binary blends was evaluated using both
experimental and modeling approaches. While
other SPMD process parameters, including Q,
vacuum pressure, and condensation temperature,
remained constant, ET varied between 110 and
160°C. Similar to the present study, the FFA
content in the treated feed decreased as ET
increased. A strong agreement between the model
and experimental results was reported, with a
Pearson correlation coefficient of 0.99 [6].

Figs. 4 and 5 illustrate the trends in FFA content
reduction for the two oil samples throughout the
SPMD evaporator column, at the minimum and
maximum limits of the studied ET and Q ranges.
For both treated oils, the decrease in FFA content
through the SPMD evaporator is more pronounced
at higher ET and lower Q. In SPMD, the vapor
pressure difference serves as the driving force for
evaporation and separation of constituents with
higher volatility [41]. For vegetable oils, the vapor
pressure difference between FFA and TG (the main
compound) is significant.

e e |60 °C, 0.50 mL/min

2/50
< e
S 200 047~
E o... -~ )
N \
= 1/50 -
S 100 *ee
o
< ois0
Lo

0/00

000 020  0/40  0/60

ZIL

160 °C, 3.00 mL/min
eeeee 200°C,0.50 mL/min
e« 200 °C, 3.00 mL/min

0/80 1/00

Fig 4. FFA content changes of cold-pressed camelina oil throughout the SPMD evaporator column at ET of
160 and 200 °C and Q of 0.50 and 3.00 mL/min.

As shown in Table 2, FFA exhibits higher vapor
pressures at higher ET. Increased vapor pressure
results in a higher evaporation rate, leading to
improved deacidification efficiency. In other
words, at elevated ET, the enhanced vapor
pressure of the evaporating molecules improves
separation efficiency. A lower Q results in more

exposure time for the feed in the SPMD
evaporator chamber, making heating more
effective. This extended exposure allows volatile
compounds more time to escape from the liquid
phase,  thereby
deacidification efficiency with a reduction in

significantly ~ improving

flow rate.
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Fig 5. FFA content changes of lampante olive oil throughout the SPMD evaporator column at ET of 150 and
200 °C and Q of 0.50 and 3.00 mL/min.

Figures 6 and 7 present the model results alongside
the experimental values for the changes in FFA
content versus ET. According to Eq. 14, P° is a
function of ET. As indicated in Eq. 13, by applying
the arithmetic mean value of H at each Q, Yz is
considered a function of both ET and z. Therefore,
at constant Q and z = L (i.e., the SPMD system
outlet), YL (the FFA content in the outlet stream)
depends solely on ET. Higher H values correspond
to higher evaporation rates in the evaporator’s

falling film section. Therefore, the lower FFA
content at lower Q is scientifically explainable. As
shown, for both samples, the model demonstrated
good agreement with the experimental results at
lower ET. However, at an ET of 200°C, the
experimental data tend to show some discrepancies
compared to the model. One explanation for the
more accurate predictions of the model at lower ET
is that Eq. 14 predicts the vapor pressure of FFA
more precisely at lower temperatures.
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Fig 6. Comparison of experimental and model FFA content vs. ET at different Q related to the treated camelina
oil. Lines and markers represent the model and experimental results, respectively.
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Fig 7. Comparison of experimental and model FFA content vs. ET at different Q related to the treated olive oil.
The lines and markers represent the model and experimental results, respectively.

algorithm was established based on the mass

5. Conclusions . ] )
conservation law and the Langmuir equation. By

This investigation aimed to develop a viable defining an SPMD coefficient (H) specific to the
from cold-pressed camelina oil and lampante feed, the governing equations were derived.

olive oil using SPMD technology. The required According to the results, the FFA content
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throughout the evaporator column and the final
FFA content at the outlet were strongly
influenced by the applied ET and Q values. The
analytical solution of the model's differential
equations proved to be effective in describing the
deacidification efficiency of SPMD. For both
studied oils, the experimental and model results
showed good agreement. The proposed model
can be used for optimization and prediction
purposes to scale up the oil deacidification
process. Although the developed models
primarily focused on FFA separation, the
methodology can be applied to model the
removal behavior of other volatile constituents,
such as tocopherol or squalene recovery. Finally,
it is recommended to develop similar
deacidification modeling and simulation studies
that incorporate qualitative factors, such as
peroxide value.

Conflict of interest

No conflict of interest has been declared by the
authors.

Acknowledgments

The financial support of the Iranian Research
Organization for Science and Technology [Grant
number 034623, June 15, 2024] is gratefully
acknowledged.

References

[1] Chew, S.C., & Nyam, K.L. (2020). Refining
of edible oils, in: Galanakis C.M. (Ed.), Lipids
and Edible Oils. Academic Press: Cambridge,
MA, USA, pp. 213-241.
https://doi.org/10.1016/B978-0-12-817105-
9.00006-9.

[2] Yang, C., Wang, C., Wang, M., Qin, X., Hao,
G., Kang, M., Hu, X., Cheng, Y., & Shen, J.
(2021). A novel deodorization method of edible
oil by using ethanol steam at low temperature. J.
Food Sci., 86,394-403.
https://doi.org/10.1111/1750-3841.15578.

~
[3] Zhang X., Ma Y., Qin X.L., Hollmann F., &
Wang Y. (2022). A new deacidification strategy
for crude vegetable oil: Removal of free fatty
acids via photobiocatalytic decarboxylation.
Authorea Preprints.
https://doi.org/10.22541/au.164736455.58070076/v1.
[4] Abd El-Salam, A.S.M., Doheim, M.A.,
Sitohy, M.Z., & Ramadan, M.F. (2011).
Deacidification of high-acid olive oil. J. Food
Process Technol. S5-001.
http://dx.doi.org/10.4172/2157-7110.S5-001.
[5] Stefan, N.G., lancu, P., Plesu, V., Calinescu,
I., & Ignat, N.D. (2021). Highly efficient
deacidification process for camelina sativa crude
oil by molecular distillation. Sustainability. 13,
€2818. https://doi.org/10.3390/su13052818.
[6] Changwatchai, T., Nakajima, M., Felipe,
L.D.O., & Neves, M.A. (2022). Separation of
free fatty acid and triglycerides by molecular
distillation—experimental and simulation
approaches. Processes 10. €2053.
https://doi.org/10.3390/pr10102053.
[7] Nazim, O., Ciftci, D., & Jenab, E. (2012).
Potential Applications of Green Technologies in
Olive Oil Industry, in: Yasin, M., (Ed.), Olive Oil
— Constituents, Quality, Health Properties and
Bioconversions. InTech, Croatia, pp. 293-308.
[8] Codex Standard 210-1999, 1999. Standard
for Named Vegetable Oils, Codex alimentarius
Commission.
[9] Codex Standard CXS 33-1981, 2021.
Standard for olive oils and olive pomace oils,
Codex alimentarius Commission.
[10]Li, Y., Zhuang, X., Wu, X., Qiu, C., & Wang,
Y. (2022). Sustainable valorization of Litsea
cubeba (Lour.) pers. residue as the new lauric oil
source using alternative green extraction and
refining  methods.  Foods, 11, e2047.
https://doi.org/10.3390/foods11142047.
[11] Gao, R., Sun, S., Zhou, Y., Chen, X., Zhang, H.,
& Yao, N. (2022). Low-cost liquid lipase selective
deacidification of corn oil with high triglyceride
yield. Process Biochemistry, 122, 137-145.
https://doi.org/10.1016/j.procbio.2022.10.006.



48

Innovative Food Technologies, 12(1), 34-52,Autumn 2024

O

[12] Vaisali, C., Charanyaa, S., Belur, P.D., &
Regupathi, 1. (2014). Refining of edible oils: a
critical appraisal of current and potential
technologies. Int. J. Food Sci. Technol., 50, 13—
23. https://doi.org/10.1111/ijfs.12657.

[13] Peri, C. (2014). The olive oil refining
process, in: Peri, C. (Ed.), The Extra-Virgin
Olive Oil Handbook. John Wiley & Sons Ltd.,
NJ, USA, pp. 201-210.
https://doi.org/10.1002/9781118460412.ch17.
[14] Li, S., Deng, Y., Peng, J., Liu, G., Zhao, Z.,
Wei, Z., Zhang, Y., Tang, X., Li, P., & Hou, L.
(2022). Design of functional glycerol-based deep
eutectic solvents as reaction media for enzymatic
deacidification of high-acid rice bran oil.
Biochemical Engineering J., 177, ¢108257.
https://doi.org/10.1016/j.bej.2021.108257.

[15] Dunford, N.T. (2022). Enzyme-aided oil and
oilseed processing: opportunities and challenges.
Curr. Opin. Food Science, 48, €100943.
https://doi.org/10.1016/j.cofs.2022.100943.

[16] Wang, Z., Ma, X., Zheng, C., Wang, W., &
Liu, C. (2023). Effect of adsorption
deacidification on the quality of peony seed oil.
Foods, 12 (2), 240.
https://doi.org/10.3390/foods12020240.

[17] Ramirez, J.C., Montafiez, M.A., Orjuela, A.,
Narvaez, P.C., & Katryniok, B. (2022).
Deacidification of used cooking oils by solvent
extraction under lab scale and in a falling film
contactor. Chem. Eng.  Process.
Intensification, 181, €109089.
https://doi.org/10.1016/j.cep.2022.109089.

[18] Aniobi, C.C., Esan, T.O., Ojo, O.1., & Ajayi,
M.G. (2023). Analyzing the bleaching effects of
activated carbon produced from natural coal on

Process

soyabean oil and Goya olive oil. GSC Biological
Pharmaceutical ~ Sciences, 23, 217-222.
https://doi.org/10.30574/gscbps.2023.23.3.0242.
[19] Shihab, J.M., Rashid, K.T., & Toma, M.A.
(2022). A review on membrane technology
application for vegetable oil purification
processes. Int. J. Food Eng., 18, 655-677.
https://doi.org/10.1515/ijfe-2022-0058.

[20] Mhadmhan, S., Yoosuk, B., Chareonteraboon,
B., Janetaisong, P,  Pitakjakpipop, P,
Henpraserttae, S., & Udomsap, P. (2023).
Elimination of free fatty acid from palm oil by
adsorption process using a strong base anion
exchange resin. Sep. Purif. Technol. 310, e123211.
https://doi.org/10.1016/j.seppur.2023.123211.
[21] Hadiah, F., Rainaldi, A.M., Sari, M.I.M., Rico,
M., Kusumawardani, D.S., Gayatri, R., Agustina,
T.E., Arita, S., & Sari, T.I. (2022). Deacidification
of palm oil mill effluent using anion exchange
resin.  Mater. Today Proc. 63, S50-S54.
https://doi.org/10.1016/j.matpr.2022.01.041.
[22] Ozdikicierler, O., Yemiscioglu, F., & Saygin
Gilimiiskesen, A. (2015). Effects of process
parameters on 3-MCPD and glycidyl ester
formation during steam distillation of olive oil
and olive pomace oil. Eur. Food Res. Technol.,
242, 805-813. https://doi.org/10.1007/s00217-
015-2587-7.

[23] Zanetti, F., Alberghini, B., Jeromela, A.M.,
Grahovac, N., Rajkovi¢, D., Kiprovski, B., &
Monti, A. (2021). Camelina, an ancient oilseed
crop actively contributing to the rural renaissance
in Europe. a review. Agronomy Sustainable
Development, 41.
https://doi.org/10.1007/s13593-020-00663-y.
[24] Agarwal, A., Prakash, O., & Bala, M.
(2021). Camelina sativa, a short gestation oilseed
crop with biofuel potential: Opportunities for
Indian scenario. Oil Crop Science, 6, 114—121.
https://doi.org/10.1016/j.0csci.2021.07.001.

[25] Seifollahi, F., Eikani, M.H., & Khandan, N.
(2024b). Cold-pressed camelina oil deacidification
using short path molecular distillation: An
optimization study and comparison with
conventional techniques. Food and Bioprod.
Process., 147, 92—-104.
https://doi.org/10.1016/j.fbp.2024.06.010.

[26] Technavio (2022). Camelina oil market 2023-
2027. Toronto, Canada.
https://www.technavio.com/report/camelina-oil-
market-industry-analysis (accessed 24 April 2024).



F. Seifollahi et al

49

[27] Tariq, M., Khan, M.A., Muhammad, W., &
Ahmad, S. (2023). Fiber crops in changing
climate, in: Ahmed, M. (Ed), Global Agricultural
Production: Resilience to Climate Change.
Springer, 267-282. https://doi.org/10.1007/978-
3-031-14973-3 9.

[28] Shukla, V.K.S., Dutta, P.C., & Artz, W.E.
(2002). Camelina oil and its unusual cholesterol
content. J. Am. Oil Chem. Soc., 79, 965-9609.
https://doi.org/10.1007/s11746-002-0588-1.
[29] Popa, A.L., Jurcoane, S., & Dumitriu, B.
(2017). Camelina sativa oil-a review. Scientific
Bulletin Series F. Biotechnologies 21.

[30] Weiss, R.M., Zanetti, F., Alberghini, B.,
Puttick, D., Vankosky, M.A., Monti, A., &
Eynck, C. (2024). Bioclimatic analysis of
potential worldwide production of spring-type
camelina [Camelina sativa (L.) Crantz] seeded in
the spring. GCB Bioenergy, 16, e13126.
https://doi.org/10.1111/gcbb.13126.

[31] Berti, M., Gesch, R., Eynck, C., Anderson,
J., & Cermak, S. (2016). Camelina uses, genetics,
production, and management.
Industrial Crops Products, 94, 690-710.
https://doi.org/10.1016/j.indcrop.2016.09.034.
[32] FAO (2019). Oilcrops complex: Policy
Changes and Industry Measures - Annual
Compendium - 2018. Rome, Italy.

[33] Z. Piravi-vanak et al., “Physicochemical

genomics,

properties of oil extracted from camelina
(Camelina sativa) seeds as a new source of
vegetable oil in different regions of Iran.” J.
Molecular  Liquids, 345, 2022, doi:
10.1016/j.molliq.2021.117043.

[34] Piravi-Vanak, Z., Ghasemi, J.B., Ghavami,
M., Ezzatpanah, H., & Zolfonoun, E. (2012). The
influence of growing region on fatty acids and
sterol composition of Iranian olive oils by
unsupervised clustering methods. J. Am. Oil
Chem.’ Soc., 89, 371-378.
https://doi.org/10.1007/s11746-011-1922-9.

[35] Rodrigues, N., Casal, S., Pinho, T., Cruz, R.,
Peres, A.M., Baptista, P., & Pereira, J.A. (2021).
Fatty acid composition from olive oils of

~
Portuguese centenarian trees is highly dependent
on olive cultivar and crop year. Foods, 10, 1-13.
https://doi.org/10.3390/foods10030496.
[36] Seifollahi, F., Eikani, M.H., & Khandan, N.
(2024a). Optimization of operating conditions
for lampante olive oil deacidification by short
path molecular distillation: Waste valorization
approach. J. Clean. Prod., 454, ¢142304.
https://doi.org/10.1016/j.jclepro.2024.142304.
[37] Jafari, M., Kadivar, M., & Keramat, J. (2009).
Detection of adulteration in Iranian olive oils using
instrumental (GC, NMR, DSC) methods. JAOCS,
J Am. 0Oil Chem. Soc., 86, 103-110.
https://doi.org/10.1007/s11746-008-1333-8.
[38] Khwaldia, K., Attour, N., Matthes, J., Beck,
L., & Schmid, M. (2022). Olive byproducts and
their bioactive compounds as a valuable source
for food packaging applications. Comprehensive
Reviews in Food Science and Food Safety, 21,
1218-1253. https://doi.org/10.1111/1541-
4337.12882.
[39] Kaniewski, D., Marriner, N., Morhange, C.,
Khater, C., Terral, J.F., Besnard, G., Otto, T,
Luce, F., Couillebault, Q., Tsitsou, L.,
Pourkerman, M., & Cheddadi, R. (2023).
Climate change threatens olive oil production in
the Levant, Nature Plants.
https://doi.org/10.1038/s41477-022-01339-z.
[40] Mohammadi, P., Kavoosi-Kalashami, M., &
Zanganeh, M. (2019). Olive production in Northern
Iran: Physical and comparative advantages
analysis. Ciéncia Rural, 49, €20190322.
https://doi.org/10.1590/0103-8478cr20190322.
[41] Mahrous, E.A., & Farag, M.A. (2021).
Trends and applications of molecular distillation
in pharmaceutical and food industries. Sep. Purif.
Rev, 51,300-317.
https://doi.org/10.1080/15422119.2021.1924205.
[42] Idarraga-Vélez, AM., Orozco, G.A., & Gil-
Chaves, 1.D. (2023). A systematic review of
mathematical modeling for molecular distillation
technologies. Chem. Eng. Process. Process
Intensification, 184, €109289.
https://doi.org/10.1016/j.cep.2023.109289.



50

Innovative Food Technologies, 12(1), 34-52,Autumn 2024

O

[43] Ketenoglu, O., & Tekin, A. (2015).
Applications of molecular distillation technique in
food products. Italian J. of Food Sci., 27, 277-281.
https://doi.org/10.14674/1120-1770/ijfs.v269.
[44] Erdogdu, F. (2023). Mathematical modeling
of food thermal processing: current and future
challenges. Current Opinion in Food Sci., 51,
e101042.
https://doi.org/https://doi.org/10.1016/j.cofs.202
3.101042.

[45] Jiang, S.T., Shao, P., Pan, L.J., & Zhao, Y.Y.
(2006). Molecular Distillation for recovering
Tocopherol and Fatty Acid Methyl Esters from
Rapeseed Oil Deodoriser Distillate. Biosystems
Eng., 93,383-391.
https://doi.org/10.1016/j.biosystemseng.2006.01.008.
[46] Altuntas, A.H., Ketenoglu, O., Cetinbas, S.,
Erdogdu, F., & Tekin, A. (2018). Deacidification
of crude hazelnut oil using molecular distillation-
-multiobjective optimization for free fatty acids
and tocopherol. Eur. J. Lipid Sci. Technol., 120,
€1700369.
https://doi.org/10.1002/ej1t.201700369.

[47] da Silva Filho, V.F., Alves, J.L.F., Reus,
G.F.,, Machado, R.A.F., Marangoni, C., &
Bolzan, A. (2018). Experimental evaluation of
the separation of aromatic compounds using
falling film distillation on a pilot scale. Chem.
Eng. Processing - Process Intensification, 130,
296-308.
https://doi.org/10.1016/j.cep.2018.06.026.

[48] UiC GmbH, & Alzenau, G. (2022). Pioneer
in Short Path Distillation. https://www.uic-
gmbh.de/en/ (accessed 29.12.24).

[49] Lutisan, J., & Cvengros, J. (1995b). Effect of
Inert Gas Pressure on the Molecular Distillation
Process. Sep. Sci. & Tech., 30, 3375-3389.
https://doi.org/10.1080/01496399508013152.
[50] Embree, N.D. (1941). The separation of
natural components of fats and oils by molecular
distillation. Chem. Rev., 29, 317-332.
https://doi.org/10.1021/cr60093a008.

[51] Sagili, S.UK.R., Addo, PW., Addo P.W.,
Gladu-Gallant F., Bilodeau S.E., MacPherson S.,

Paris M., Lefsrud M., & Orsat V. (2023).
Optimization of wiped-film short path molecular
distillation for recovery of cannabinoids from
cannabis  oil using response  surface
methodology. Ind. Crops Prod., 195, e116442.
https://doi.org/10.1016/j.indcrop.2023.116442.
[52] Lutisan, J., & Cvengros, J. (1995a). Mean
free path of molecules on molecular distillation.
Chemical Engineering J. Biochemical Eng. J.,
56, 39-50.
https://doi.org/10.1016/0923-0467(94)02857-7.
[53] Ketenoluglu, O., Erdolugdu, F., & Tekin, A.
(2018).  Multi-objective  optimization  of
molecular distillation conditions for oleic acid
from a rich-in-fatty acid model mixture. J. Oleo
Sci., 67,21-28.
https://doi.org/10.5650/jos.ess17134.

[54] Ketenoglu, O., Sahin Ozkan, K., Yorulmaz,
A., & Tekin, A. (2018). Molecular distillation of
olive pomace oil — Multiobjective optimization
for tocopherol and squalene. LWT, 91, 198-202.
https://doi.org/10.1016/j.1wt.2018.01.051.

[55] Martins, P.F., Batistella, C.B., Maciel-Filho,
R., & Wolf-Maciel, M.R. (2005). Comparison of
two different strategies for tocopherols enrichment
using a molecular distillation process. Industrial &
Eng. Chem. Research, 45, 753-758.
https://doi.org/10.1021/ie050614i.

[56] Nagao, T., Hirota, Y., Watanabe, Y.,
Kobayashi, T., Kishimoto, N., Fujita, T., Kitano,
M., Shimada, Y., 2004. Recovery of sterols as
fatty acid steryl esters from waste material after
purification of tocopherols. Lipids 39, 789-794.
https://doi.org/10.1007/s11745-004-1297-0.

[57] Hu, H., Wang, L., Huang, J., & Wu, S.
(2012). Pilot-plant molecular distillation of seal
oil fatty acids. Adv. Materials Research, 550-
553:1703-1708.
https://doi.org/10.4028/www.scientific.net/ AM
R.550-553.1703.

[58] Babeanu, N., Nita, S., Popa, O., & Marin, D.I.
(2016). Squalene recovery from amaranth oil by
short path distillation. J. Biotechnology S53.
https://doi.org/10.1016/j.jbiotec.2016.05.200.



F. Seifollahi et al

51

[59] Komesu, A., Wolf Maciel, M.R., & Maciel
Filho, R. (2017). Central composite experimental
design applied to evaluate the lactic acid
concentration by short path evaporation. Chem.
Eng. Process. Process Intensif. 117, 89-94.
https://doi.org/10.1016/j.cep.2017.03.020.

[60] Puel, F., Briangon, S., & Fessi, H. (2006).
Industrial technologies and scale-up, in: Benita,
S, (Ed.), Microencapsulation Methods and
Industrial Applications. Taylor & Francis, New
York, pp. 152-167.

[61] Pehlivan, H., & Ozdemir, M. (2012).
Experimental and theoretical investigations of
falling film evaporation. Heat & Mass Trans, 48,
1071-1079.
https://doi.org/10.1007/s00231-011-0962-x.

[62] Xubin Z., Chunjian X., & Ming Z. (2005).
Modeling of falling film molecular distillator.
Sep. Sci. & Tech., 40, 1371-1386.
https://doi.org/10.1081/SS-200053027.

[63] Lutisan, J., Cvengros, J., & Micov, M.
(2002). Heat and mass transfer in the evaporating
film of a molecular evaporator. Chem. Eng. J.,
85,225-234,
https://doi.org/10.1016/S1385-8947(01)00165-6.
[64] Bose, A., & Palmer, H.J. (1984). Influence
of heat and mass transfer resistances on the
separation efficiency in molecular distillations.

~
Ind. & Eng. Chem. Fundamen., 23, 459—-465.
https://doi.org/10.1021/1100016a014.
[65] Shao, P., Jiang, S.T., & Ying, Y.J. (2007).
Optimization of molecular distillation for
recovery of tocopherol from rapeseed oil
deodorizer distillate using response surface and
artificial neural network models. Food Bioprod.
Process., 85, 85-92.
https://doi.org/10.1205/tbp06048.
[66] Saliu, F., Longhin, E., Salanti, A., Degano,
I., & Della Pergola, R. (2016). Sphingoid esters
from the molecular distillation of squid oil: A
preliminary bioactivity determination. Food
Chem., 201, 23-28.
https://doi.org/10.1016/j.foodchem.2016.01.056.
[67] Martinello, M., Hecker, G., & Carmen
Pramparo, M. del (2007). Grape seed oil
deacidification by molecular distillation:
Analysis of operative variables influence using
the RSM. J  Food FEng., &8I, 60-64.
https://doi.org/10.1016/j.jfoodeng.2006.10.012.
[68] Holland, L., & Srechelmacher, W. (1974).
Vacuum Manual, Springer, London.
[69] Ceriani, R., & Meirelles, A.J.A. (2004).
Predicting vapor-liquid equilibria of fatty
systems. Fluid Phase Equilibria, 215, 227-236.
https://doi.org/10.1016/j.fluid.2003.08.011.



@ DOL: https:/doi.org/10.22104/ift.2025.7365.2195
VEY 5l P —BY aomio o) o,lad VY 0,90 i Caro 4o War glasslid aslilas Bt

N

:;.u&"' j).! o

10lgS yruwo (JoSdg0 puladli 3l oolaiwl b (LS b (189, (2195 ]

S lw a9 (55l Joo

U RCESRUrY FAE L) IEWER PP || - SOVRT

Sl Ol il x5 ool (slosingsy cheibe sialoons slocs sbid 0aSings, o s 5 IS8 i 09,5 5,550 syl )
OlRl Ol lnl Gare 5 oole Glagiagh Glojle «alierd slacs)glid ouSiinghy (o 5 lié mlio 09,5 wlbial ¥
Ol Ol Olnl s 5 (oole laiaghy Olosle i aliard Slags jskd ouSimghy v (alierd o (555L8 05,5 letils Y
OFYNY TN oy )i VF YN+ 8550 2,k VE- YN/ Y ) b

PRV

sl apaas Slulo (1als 5 89, <l jl lizl Giells slages, (0 )s] Cavsss jsliie a4 (2L slapsds, (So5d ashas
Ban el oLS slaes, So5d ddal (0 (5900 Ao SO Ol O laaul gilulas L Sljaul awl o S
shoslaial b clasY gy 29 9 0w (i SLehlS o) (@l ioml B3, 0aiiS (e (8L, Joe dsny pol> Aagh
3log (Pl esliiwl 90) Semy arzee b )55k (558 G plgae 42 (SPMD) ol jone (JoSge ohail (55l
Sldse @bl b)) jshie & ol oolitul (gilulaz 5 jous Slapacille Gl jslaie 4 290S0Y g a2 &jl5e SYolae
Slae slos 128 0 STy63 slas aisle b, Lo .ol 48,5 000 Sslitte jeiesd slales 5 S1y55 alisee slaol > o
4 od (o polie o oslitul (89,5 o by, 5l B JLAS (o polaie 4 aisg Cul eallS iSy ey
slosil & e Fomly sl oud 5 VL s glabes g S5l (225 sloptalel @bi b (i ©)50
23T osz slaanl Glgime poid (SoSa (St Hshite 4 oad St Joe 5l eizren a6 VL (2lojanl

o 08l s e J3S)ge aaiiS ola cp5is Jsbo

Ladols” p€9y il (4955 (5€9 «(8 3w Aot ¢ 0L 3 (6 3w Jto (210 3amw] (SPMD) 0l 5" yuamno (J 9590yl 1 gualS” ilods”

eikani@irost.ir : Jgtus odims 5"


mailto:eikani@irost.ir

