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Abstract: Separation of free fatty acids and triglycerides is important in the edible oil industry. In this
study, both experimental and simulation approaches were conducted using falling film molecular
distillation. A binary mixture of oleic acid as free fatty acid with refined soybean oil as triglyceride
was used. Evaporation temperature range tested was from 110 to 160 ◦C, while other parameters
such as condensation temperature, feeding rate, and vacuum pressure were fixed. The free fatty acid
content of retentate was gradually decreased as evaporation temperature increased, while the free
fatty acid content of distillate was approximately 100 wt.%, regardless of temperature. Triglycerides
had an extremely low vapor pressure compared to oleic acid; therefore, their fraction in distillate was
negligible. The mass conservation and transport equations were selected to explain the evaporation
mechanism, and analytical solutions were simply introduced under the conditions of low mass
fraction of volatile compound in the feeding mixture. Some experimental data are re-quired to
determine the coefficient of molecular distillation in the governing equation. Using this obtained
parameter, the proposed model could simulate all mass amounts and fractions of each component in
retentate and distillate with a good agreement between experimental and simulation data, indicating
the reasonable accuracy of the model proposed.

Keywords: molecular distillation; physical refining; free fatty acid; vegetable oil; model; simulation

1. Introduction

Globally, most households consume edible vegetable oils. Since 2018, the produc-
tion of edible vegetable oils has exceeded 200 million tons, and this trend is expected to
continue in the coming years [1]. In general, triglycerides consist of more than 70 wt.%
crude oil extracted from seeds [2]. It is a complete structure of glycerol bound by three
molecules of fatty acids, thus, the remaining components in crude oil could be diglycerides,
monoglycerides, and free fatty acids (FFA). For instance, the composition of diglycerides,
monoglycerides, and FFA in crude palm oil is 6.3, 0.3, and 3.8 wt.%, respectively [3]. FFA
are volatile compounds, may cause an unpleasant odor in edible vegetable oil [4]. Moreover,
the increasing FFA content in vegetable oil reduces the oxidative stability of vegetable
oil [5]. Therefore, FFA content is an indicator of edible oil quality and refining process is
required to reduce FFA content to an acceptable level [6]. The recommended limit for FFA
content in refined edible oil is 0.3 wt.% (as oleic acid) [7]. In contrast, the most-valued edible
vegetable oil is extra virgin olive oil and is obtained by the first cold-press in mechanical
extraction from olive fruits. The limit for FFA content in this oil is up to 0.8 wt.% [8].

Processes 2022, 10, 2053. https://doi.org/10.3390/pr10102053 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr10102053
https://doi.org/10.3390/pr10102053
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-9241-9885
https://orcid.org/0000-0002-3384-4395
https://orcid.org/0000-0002-7159-549X
https://doi.org/10.3390/pr10102053
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10102053?type=check_update&version=2


Processes 2022, 10, 2053 2 of 12

Then, subsequential cold-pressing products are considered as virgin oil, and FFA content
is allowed up to 2.0 wt.% [7]. The pleasant aromatic flavor of virgin oil is preferred by
customers; however, the FFA removal process also affects the valued aromatic compounds
as well [9].

The traditional method to remove FFA from crude oil is chemical refining. Almost all
FFA are neutralized with sodium hydroxide in the alkali neutralizing step, and then the
remaining FFA are removed with hot steam under vacuum pressure in the deodorization
step [10]. For instance, chemical refining was applied to neutralize FFA in rapeseed oil, and
then steam was used to remove the remaining in the deodorization step at a temperature
of 240 ◦C, vacuum pressure of 100 Pa, and residence time of 1 h [11]. Crude rapeseed
oil originally contained 0.83 wt.% FFA. After neutralization and deodorization, the FFA
content dropped to 0.11 and 0.07 wt.%, respectively. Chemical refining, however, resulted in
significant oil losses and wastewater contamination. The noticeable drawback of chemical
refining was chemically contaminated wastewater and a considerable amount of oil product
loss [6]. As a means of minimizing chemical additions and the disadvantages of chemical
refining, a physical refining process has been investigated. These two processes differ in one
major way: alkali neutralization. The other steps, such as degumming, washing, bleaching,
and dewaxing, remain unchanged [10,12]. Steam refining is a conventional physical refining
process that uses superheated steam temperatures between 220 and 270 ◦C and vacuum
pressures between 133 and 667 Pa to remove FFA from crude oil [13]. In a physical refining
process, maize and sunflower oils were successfully marketed by reducing FFA content
from 5.24 to 0.3 wt.% without adding alkalizes when evaporated at 260 ◦C under pressures
400–667 Pa [14]. The noticeable disadvantage of the physical refining by using superheated
steam is the degradation or removal of valuable volatile compounds such as tocopherol or
carotenoids [10,13].

The evaporation phenomena depend on pressure and temperature; therefore, low-
ering operating pressure and temperature may be a solution to improve product quality.
Two types of evaporators have been used in high-vacuum conditions [15]. The thin film
evaporator had a separated condenser unit, and the short-path evaporator had a condenser
unit placed near the evaporator surface. The operating pressure of the thin film evaporator
was approximately 100 Pa, while the short-path evaporator was operated under vacuum
pressure at 0.1 Pa. Under the extremely low vacuum pressure, the mean free path of
evaporated compounds could be extended until it reached the distance between evaporator
and condenser surface, this being called molecular distillation [16,17]. Molecular distillator
can be classified as centrifugal (Figure 1a) or falling-film distillator (Figure 1b) [18]. For the
centrifugal distillator, a feeding mixture is pumped to the center of the evaporator. The
evaporator rotates to spread mixture over the surface, and then retentate exits at the rim of
evaporator. In contrast, the falling-film distillator consists of a cylindrical evaporator and
internal condenser. A feeding mixture is fed at the top of the distillator, and then separated
as retentate and distillate.
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The falling-film molecular distillation was used to refine cold-pressed rapeseed and
sunflower oils with evaporation temperature at 210 ◦C, and vacuum pressure at 40 Pa [19].
The process was able to reduce FFA content and peroxide value of rapeseed oil to 0.05 wt.%
and 0.35 mmol kg−1, respectively. Sunflower oil was also processed to low FFA content and
peroxide value at 0.04 wt.% and 0.17 mmol kg−1, respectively. The centrifugal molecular
distillation was used to recover decanoic acid from cuphea fatty acids, using evaporation
temperatures of lower than 110 ◦C and pressures of 0.08–0.40 Pa [20]. The fatty acid could
be recovered in distillate steam, and the purity increased from 96.0 to 99.8 wt.%, by two
passes. The optimization of molecular distillation in food processing have been recently
discussed to improve its performance. The conjunction of the response surface method
and an artificial neural network was utilized to optimize the enrichment process of terpene
alcohol by molecular distillation [21] under the conditions of evaporation temperature
between 60 and 110 ◦C, condensation temperature from 2 to 18 ◦C, and wiper rotational
speed of 100 to 600 rpm as optimization targets. The wiper rotational speed showed less
influence, compared to evaporation and condensation temperature. Another approach to
explain the mechanism of molecular distillation is a mathematical model and simulation.
The Direct Simulation Monte Carlo method was used to simulate a vapor flow in molecular
distillation, which emphasized the importance of the difference between evaporation and
condensation temperature [22]. A binary mixture of ethylhexyl phthalate and ethylhexyl
sebacate was studied with evaporation temperature between 80 and 100 ◦C and condensa-
tion temperature from 0 to 20 ◦C to simulate vapor flow in a distance between evaporator
and condenser surface ranging from 10 to 30 mm. The evaporation temperature, which
was correlated with vapor pressure, showed more influence in the model as compared to
condensation temperature. The model developed in ASPEN HYSYS was investigated to
study the influence of evaporation temperature, vacuum pressure, and feeding rate [23].
Beta-carotene, tocopherol, and FFA in palm oil were the target compounds. The authors
suggested a significantly higher influence of the temperature and pressure over the feeding
rate. Then, the response surface method was applied to optimize the process; the optimized
temperature, pressure, and feeding rate were 147 ◦C, 0.7 Pa, and 1291 kg h−1, respectively.

To the best of our knowledge, the analysis of evaporation rate and mechanism of
molecular distillation for edible oil processing have not been clarified yet. Therefore, in this
study, a binary mixture of two components, soybean oil and oleic acid, was employed, and
falling-film molecular distillation was investigated. A model to elucidate the evaporation
mechanism was proposed, and simulation was performed in order to compare with the
experimental results.

2. Materials and Methods
2.1. Sample Preparation and FFA Separation

Refined soybean oil and oleic acid (both of reagent grade) were purchased from
FUJIFILM Wako, Osaka, Japan. Samples were blended using a magnetic stirrer for at least
2 h at room temperature, forming a complete oil mixture. Refined soybean oil was used
as triglyceride fraction in the binary mixture since FFA content was negligible; oleic acid
was selected as FFA fraction in mixture. The mass of FFA in oil mixture was in the range
of 1–10 wt.%. The mixture was added to a short-path molecular distillation apparatus
(KDL-1, UIC GmbH, Germany), as shown in Figure 2. The pre-heat chamber (Figure 2a)
was heated at a fixed temperature of 50 ◦C, and each sample was held in this chamber for
at least 10 min. The separation process was initiated by a manually adjusting feeding rate
to 0.300 kg h−1, and pressure in the apparatus (Figure 2b) was maintained at 0.1 Pa. The
condenser temperature was set to 20 ◦C, and the wiper rotational speed was set at 400 rpm.
Evaporation temperature varied from 110 to 160 ◦C. The condenser area was 0.007 m2,
while the evaporator length and surface areas were 0.160 m and 0.018 m2, respectively.
Retentate (Figure 2c) and distillate (Figure 2d) were collected separately and weighted.
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2.2. FFA Content Determination

To begin, 1-3 drops of the sample were mixed into 50 mL of preheated ethanol (Purity
99.5%, FUJIFILM Wako, Osaka, Japan) at 50 ◦C, with phenolphthalein (FUJIFILM Wako,
Osaka, Japan) as an indicator. Then, the mixture was neutralized with 0.1 M NaOH solution
(FUJIFILM Wako, Osaka, Japan), yielding a faint pink mixture. The sample was precisely
weighted with 0.01 g precision in a range of 1 to 5 g before being added to the neutralized
mixture, yielding a colorless mixture. Finally, the colorless mixture was titrated with 0.1 M
NaOH solution until it produced the same faint pink color, indicating that the pH had
returned to neutral. FFA content (wt.%) was calculated based on the volume of 0.1 M NaOH
that could neutralize the FFA in oil [24]. The efficiency of FFA removal was calculated
using the difference between the FFA content in feeding and retentate. As a result, FFA that
remained in retentate of various amounts of FFA in the feeding mixture could be compared.

2.3. Statistical Analysis

All the distillation experiments were performed at least in duplicate, and the FFA
content determinations were performed in triplicate. The experimental data were subjected
to one-way analysis of variance to search for significant difference in the mass and FFA
content of retentate and distillate, followed by Duncan test to identify between which pairs
of means those differences might be [25]. The bivariate correlation of experimental and
simulation results was analyzed by Pearson correlation coefficient and a two-tailed test
of significance [26]. All mentioned statistical analyses were performed using IBM SPSS
Statistic version 24 (SPSS Inc., Chicago, IL, USA).

3. Experimental Results
3.1. Mass Ratio and FFA Content

Both retentate and distillate were recovered when the feeding mixture with 10 wt.%
of oleic acid was treated with molecular distillation. Retentate and distillate ratios (wt.%)
were calculated on using Equations (1) and (2), respectively.

Retentate ratio =
mass o f Retentate (kg)

mass o f f eeding mixture (kg)
× 100 (1)
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Distillate ratio =
mass o f Distillate (kg)

mass o f f eeding mixture (kg)
× 100 (2)

The retentate and FFA content decreased as the evaporation temperature increased
in the range of 110 to 140 ◦C, in contrast, those parameters at 150 to 160 ◦C reached
a plateau (Figure 3a). The retentate ratio decreased from 97.1 to 90.6 wt.%, while FFA
content decreased from 6.9 to 1.0 wt.%. At 150 ◦C, the retentate ratio and FFA content were
90.7 wt.% and 0.37 wt.%, respectively, which were not much different from the retentate
ratio and FFA content at 160 ◦C (89.5 wt.% and 0.23 wt.%, respectively). The distillate ratio
was inversely proportional to retentate ratio, as shown in Figure 3b. Moreover, the distillate
ratio was increased proportionally to the evaporation temperature, until it reached a plateau
at 150 ◦C. The distillate ratio at 150 ◦C (9.36 wt.%) was similar to 160 ◦C (9.91 wt.%), which
was the highest mass that could be recovered as distillate in this condition. The summation
of retentate and distillate ratio in every condition was at least 99.1 wt.%, showing a good
mass balance in the experiments.
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As shown in Figure 3b, FFA content of distillate was approximately 100%, regardless
of evaporation temperature, which will be also discussed from the point of vapor pressure
in the next paragraph. The reduction in mass was an FFA, due to the feeding mixture.
FFA was removed due to low molecular weight compared to other compounds such as
triglycerides [27,28].

3.2. Effect of Vapor Pressure

The driving force that let FFA evaporate from the feeding mixture film is the vapor
pressure, P0 (Pa) which is dependent on temperature T (◦C). Antoine equation is commonly
utilized for calculating P0 [29].

log P0 = A− B
C + T

(3)

where A, B, and C are constant. These constant values for oleic acid are as follows: A = 12.95,
B = 5380.57, C = 324.11 [30]. In our study, the experiments were performed using evap-
oration temperature within the range of 110 to 160 ◦C. The calculated vapor pressure of
oleic acid ranged from 3.6 to 68.0 Pa. The vapor pressure of triglycerides could be also
determined with the chemical constituent fragment as described in Equation (4) [31].

log P0 =
−∆Gvap

θ

R(θ + 273) ln 10
+

∆Hvap
0

R ln 10

(
1
θ
− 1

(T + 273)

)
(4)
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where θ is the reference temperature, 25 ◦C; R is the gas constant; ∆Gvap
θ is the Gibbs free

energy of vaporization at the reference temperature, and ∆Hvap
0 is the enthalpy of vaporiza-

tion at the reference temperature. ∆Gvap
θ and ∆Hvap

0 of triglycerides could be calculated by
the summation of fragment constant reported by the same authors. The major fatty acids
that bound to glycerol in soybean were linoleic acid, oleic acid, and palmitic acid [32]. The
similarities between fragments constant across those fatty acids were reported [31]. ∆Gvap

θ

and ∆Hvap
0 of soybean oil were estimated as 7.9 × 107 and 1.7 × 108 J kmol−1, respectively.

The calculated vapor pressure of soybean oil at temperatures from 110 to 160 ◦C were be-
tween 5.9 × 10−8 and 2.7 × 10−5 Pa. Regarding Raoult’s laws, vapor pressure of individual
compound P (Pa) in ideal liquid mixture at certain temperature T (◦C) could be determined
as described in Equation (5) [33].

P = xP0 (5)

where x is the mol fraction of individual compound. The mol fractions of oleic acid and
triglycerides in the 10 wt.% mixture were 0.27 and 0.73, respectively. Vapor pressure of
oleic acid ranged from 0.96 to 1.81 Pa at 110 to 160 ◦C and those of triglycerides were from
1.6 × 10−8 to 7.2 × 10−5 Pa, respectively. The vapor pressure values of triglycerides were
much lower than those of FFA. It was difficult to evaporate triglycerides at this level of
evaporation temperature as suggested by numerous studies [34–36]. From these results,
distillate could contain only FFA, whereas triglycerides were considered as negligible.

3.3. Effects of FFA Content and Temperature on FFA Removal from Triglycerides Mixture

Feeding mixture samples with 1, 3, or 5 wt.% FFA contents were treated by molecular
distillation with evaporation temperature in range of 130 to 150 ◦C. FFA removal efficiency
(%) can be determined as described in Equation (6).

FFA removal e f f iciency =
FFA contentFeeding − FFA contentRetentate

FFA contentFeeding
× 100 (6)

The experimental data from the previous section on 10% FFA content in feeding
mixtures were also used to calculate their FFA removal efficiency and compared with lower
FFA content in feeding mixture, as shown in Figure 4. The FFA removal efficiency increased
proportionally with evaporation temperature, regardless of FFA content in feeding rate.
The efficiency increased almost linearly with the temperature from 110 to 140 ◦C. Then,
a plateau was observed from 150 to 160 ◦C. The highest efficiency was 97.7% at 160 ◦C.
The FFA removal efficiency depended on evaporation temperature, while FFA content in
feeding mixture had little influence on the efficiency.
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Martins et al. reported that soybean oil deodorizer distillate with 57.8 wt.% FFA
content had the FFA removal efficiency at 96.2 wt.% with evaporation temperature at
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140 ◦C [25], in which the feeding rate of 0.344 kg h−1 and the efficiency of their study were
similar to those of this study.

4. Modeling Discussion
4.1. Mathematical Model Approach

The mass conservation and transport equations were applied to explain the evapora-
tion mechanism by molecular distillation. The cross-sectional view perspective from top
of evaporation chamber is shown in Figure 5a. The wiper was continuously spinning to
distribute the feeding mixture as a thin film to create a cross-sectional area of falling film,
Az (m2). The cross-sectional view from front perspective (Figure 5b) indicates a falling-film
characteristics of the feeding mixture,

.
mF (kg h−1), which separates into retentate,

.
mR

(kg h−1) and distillate,
.

mD (kg h−1). The mass balance was calculated as described in
Equation (7).

.
mF =

.
mR +

.
mD (7)

Processes 2022, 10, x FOR PEER REVIEW 8 of 13 
 

 

 

Figure 5. A simple drawing of evaporation chamber in (a) top view and (b) cross-

sectional view to explain a mass flowing during the distillation. (c) Assumption of the 

proposed mathematical model in small boundary area at evaporator. 

𝑚𝐹̇  = 𝑚𝑅̇  +  𝑚𝐷̇   (7) 

The volatile solvent was reported to evaporate under vacuum pressure by following 

Langmuir equation [37]. The evaporate flux of solvent, J (kg m−1 s−1) was calculated using 

Equation (8). 

𝐽 = ℎ 𝑃0√
𝑀

(𝑇+273)
    (8) 

where h is the evaporation coefficient, and 𝑀 is the molecular weight of volatile com-

pound (kg kmol−1). In the case of solution, vapor pressure of volatile compound is dis-

cussed in Equation (5), and it is modified to express as described in Equation (9). 

𝑃 =
𝑀𝑡𝑜𝑡

𝑀
𝑤𝑃0  (9) 

where Mtot is the average molecular weight of solution (kg kmol−1), and w is the mass 

fraction of volatile compound. The mass balance scheme at small displacement is shown 

in Figure 5c. Volatile compound enters with the fraction of wz and falling velocity uz (m 

s−1) over the cross-sectional area Az (m2) at position z (m), flows along small displacement 

dz, and then leaves at position z+dz with mass fraction wz+dz, falling velocity uz+dz, and cross-

sectional area Az+dz (m2). From the mass balance, the following Equation (10) is given. 

𝑢𝑧𝐴𝑧𝑤𝑧 − 𝑢𝑧+𝑑𝑧𝐴𝑧+𝑑𝑧𝑤𝑧+𝑑𝑧 − ℎ𝑃𝑧√
𝑀

(𝑇+273)
∙ 2𝜋𝑟 ∙ 𝑑𝑧 = 0  (10) 

Figure 5. A simple drawing of evaporation chamber in (a) top view and (b) cross-sectional view to
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The volatile solvent was reported to evaporate under vacuum pressure by following
Langmuir equation [37]. The evaporate flux of solvent, J (kg m−1 s−1) was calculated using
Equation (8).

J = h P0

√
M

(T + 273)
(8)
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where h is the evaporation coefficient, and M is the molecular weight of volatile compound
(kg kmol−1). In the case of solution, vapor pressure of volatile compound is discussed in
Equation (5), and it is modified to express as described in Equation (9).

P =
Mtot

M
wP0 (9)

where Mtot is the average molecular weight of solution (kg kmol−1), and w is the mass
fraction of volatile compound. The mass balance scheme at small displacement is shown in
Figure 5c. Volatile compound enters with the fraction of wz and falling velocity uz (m s−1)
over the cross-sectional area Az (m2) at position z (m), flows along small displacement
dz, and then leaves at position z+dz with mass fraction wz+dz, falling velocity uz+dz, and
cross-sectional area Az+dz (m2). From the mass balance, the following Equation (10) is given.

uz Azwz − uz+dz Az+dzwz+dz − hPz

√
M

(T + 273)
·2πr·dz = 0 (10)

where r is evaporator radius (m) shown in Figure 5a. Equation (10) could be arranged to
differential equation as described in Equation (11).

d(uzwz Az)

dz
= −h

2πrMtotP0√
M(T + 273)

wz (11)

If the mass fraction of volatile compound is small enough, falling velocity and the
cross-sectional area of mixture solution can be assumed as constant. Then, Equation (11) is
expressed as Equations (12) and (13).

dwz

dz
= −h∗

P0√
(T + 273)

wz (12)

h∗ = h
2πrMtot√

M
(13)

where h* is the coefficient of molecular distillation (kg ◦C0.5 s−2). Considering the boundary
condition at entrance of evaporator until any length z (m), the Equation (13) could be solved
analytically, resulting in Equation (14).

wz = w0·exp
(
−h∗

P0
√

T + 273
z
)

(14)

where w0 is mass fraction of the volatile compound (FFA) in the feed. Considering over the
evaporator length, L (m), Equation (14) could be expressed as a simple governing equation
for molecular distillation as described in Equation (15).

wL = w0·exp
(
−h∗

P0
√

T + 273
L
)

(15)

where wL is mass fraction of the volatile compound at the bottom of evaporator, which is
equal to the fraction of FFA in the retentate.

Considering parameters in Equation (15), P0 could be calculated by Antoine equation,
and other known parameters are categorized into equipment parameter, L, and experimen-
tal parameters, w0 and T. The remaining unknown parameter is h*. If h* is known, wL (FFA
mass fraction in retentate) and all other data such as triglycerides mass fraction in retentate,
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mass values of retentate and distillate can be calculated. The value of h* was calculated
using Equation (16), if one set of experiments was done at certain temperature.

h∗ =
√

T + 273
L P0 ln

w0

wL
(16)

Then, wL, which is the FFA mass fraction of retentate, could be simulated using the
governing equation. As previously discussed, triglycerides are unable to evaporate and
remain in retentate. A mass balance of triglycerides could be applied to calculate the mass
of retentate

.
mR (kg h−1) using Equation (17).

.
mR =

(1− w0)

(1− wL)

.
mF (17)

Finally,
.

mD can be calculated using Equation (5). A single or a few experiments might
be enough to determine suitable h* for the simple mathematical model.

4.2. Comparison between the Experimental and Simulation Results

The coefficient of molecular distillation h* was calculated from an experiment con-
ducted using 1 wt.% FFA in the oil mixture, with evaporation temperature of 130 ◦C. and
evaporator length, L was 0.16 m. A replicate of this experiment was performed, and h* was
determined as 12.6 kg ◦C0.5 s−2. The simulation wL data (shown as wt.%) from the model
compared with experimental data are shown in Figure 6a. The good agreement between
experimental and simulation data was observed in every condition. Moreover, a Pearson
correlation was conducted, which showed a significant correlation between experimental
and simulation data (r = 0.97, n = 47, p < 0.01). To investigate a linear regression of this set
of data, the experimental data are shown against simulation data in Figure 6b, indicating
reliable linear regression correlation equal to 0.99.
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To compare the mass flows of retentate and distillate between experiment and simula-
tion, ratios of retentate and distillate to feed (wt.%) could be calculated from Equations (18)
and (19).

Retentate ratio =

.
mR

.
mF
× 100 (18)

Distillate ratio =

.
mD

.
mF
× 100 (19)
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Retentate and distillate ratios from the experiment are shown in Figure 3a,b, and both
experimental and simulation data are shown in Figure 7. Both mass ratio results showed
a good agreement, and the Pearson correlation shows a significant correlation as well
(r = 0.94, n = 12, p < 0.01) (r = 0.99, n = 12, p < 0.01). The proposed model was found very
effective to explain the mechanism and can be used for prediction or optimization of the
experimental conditions. Due to the assumption in Equation (11), a possible limitation of
this model could be an FFA content in the feeding mixture. So far, up to 10 wt.% of those
mass fraction could be simulated by the proposed model, which is fit for FFA removal
from crude edible oil. Previous research compared the cost per mass of deacidified oil
between alkali neutralization and deacidification with falling-film molecular distillation on
a micro-pilot scale [38]. The optimized molecular distillation process is less expensive than
alkali neutralization, and our proposed model required only a few experiments and simple
calculations, potentially resulting in even lower investment costs.
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A possible utilization of the proposed model is to predict the removal of squalene or
tocopherol from vegetable oil with falling-film molecular distillation. One example of this
is squalene removal from olive pomace oil, which was reported to maintain tocopherol
olive pomace oil [39]. The other is tocopherol recovery from soybean oil deodorizer
distillate [40,41].

5. Conclusions

This study aimed to understand the separation behavior using falling-film molecular
distillation for free fatty acid removal from vegetable oil. Soybean oil and oleic acid
mixture were used as model substances. The effects of temperature and FFA content up
to 10 wt.% on the molecular distillation process were investigated. The FFA removal was
characterized from the mass balance and chemical analysis of FFA. The FFA removal ratio
depended on temperature but did not depend on FFA content. In order to characterize
the separation process, a mathematical model was introduced based on mass balance and
transport phenomena. If the FFA content in feeding mixture is small enough, analytical
solution of differential equation can be obtained as a simple governing equation. This
simple governing equation had experimental parameters of temperature and FFA content,
equipment parameters such as evaporator length and evaporator radius, and one unknown
parameter, the coefficient of molecular distillation, h*. The coefficient h* is a process
parameter, which could be obtained by one set of experiments. After calculating h* value,
simulations under all other experimental conditions were carried out. Good agreement
was found in all the data between experiment and simulation, regardless of evaporation
temperature and FFA content in feeding mixture up to 10 wt.%. The prediction and
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optimization can be done for scaling up and industrialization with the proposed model. It
was developed for FFA removal from vegetable oil, but it could be used for other volatile
component removal systems such as squalene or tocopherol recovery, and so on. The
approach is a simple and required minimal investment to simulate the volatile compound
separation from mixture. However, the model limitation is the initial mass fraction of
volatile compounds. Investigation on feeding rate and vacuum pressure might be required
to improve this model for more varieties of simulation.
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