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Abstract: Sesame oil is a food and energy resource that is not used enough. Sedimentation of
crude oil after pressing can remove particles and happens regardless of the producer’s intention.
However, sedimentation of crude plant oil and its sensing technology are rarely studied. This research
studied crude sesame oil sedimentation and monitored it with low-cost laser backscattering imaging
(LBI). In the discontinuous measurement, a 30-day sedimentation was conducted with oil samples
sent to the lab LBI system for image capture. A scattering spot and an increasing Tyndall effect
along the light path were seen. In the continuous measurement, an LBI system was mounted on
a sedimentation tank for 30 days. The sedimentation curve, scattering images, and oil properties
were checked. The sedimentation speed was about —7 mm/h, then less than —2 mm/h. The
image features correlated well with the sedimentation interface height (R? = 0.97) when the height
was above —100 mm. The oil-particle-related properties (ash content, phosphorus content, carbon
residue, and total contamination) dropped by at least 87%, water content decreased by 90%, and the
oxidation-related properties (oxidation stability, y-tocotrienol, 6-tocopherol, y-tocopherol, and acid
value) changed less significantly. The crude sesame oil sedimentation had two stages: diluted and
hindered sedimentation. This research can help improve sedimentation tank and LBI system design
and prevent unwanted sedimentation.

Keywords: batch settling curve; laser backscattering imaging; rancidification; Sesamum indicum L.;
settling tank; turbidity

1. Introduction

In 2020, global sesame oil production was 1 million metric tons, with Sudan being the
leading producer of sesame seeds [1]. Sesame oil is widely known for its use in the cosmetic
industry, cooking, and medicine [2-4]. Langyan et al. suggested that the nutritional and
health benefits of sesame oil are not fully utilized [5]. Furthermore, due to the growing
demand for renewable energy, researchers are considering using sesame oil as a source of
biodiesel [6-8].

Gravity separation, also known as sedimentation [9], is a simple method for removing
solid impurities from crude plant oil [10,11]. It is a physical process where suspended
solid particles in a liquid undergo gravitational settling and accumulate at the bottom
of the container, resulting in a clearer supernatant. Sedimentation for crude oil purifica-
tion is not commonly used in the industry due to its low efficiency, while the filtration
process is prevalent [10,12]. However, Altieri et al. suggested that applying an assisted
sedimentation system could save energy and improve olive oil quality on an industrial
scale [13]. Additionally, sedimentation is a suitable method to reduce total contamination
in plant oil for energy use in rural areas [14,15]. Short-term oil sedimentation could be
used as a pre-processing step before filtering [16]. In the last decade, the technology for
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designing sedimentation tanks has developed a lot in the field of treating wastewater [17],
which has the potential to also benefit the design of oil sedimentation tanks. Notably, once
plant oils are pressed and stored in a container, sedimentation occurs regardless of the
producer’s intention. For instance, sediment in unrefined oil products requires additional
explanation from sellers to reassure consumers [18]. The fundamental theory of sedimenta-
tion in physics indicates that the sedimentation process might encompass several distinct
stages. These stages include diluted sedimentation, which is characterized by a constant
sedimentation speed, and hindered sedimentation, distinguished by the evolution of a
distinct supernatant-sediment interface [19], However, the sedimentation process could
vary depending on practical situations. For example, Pietsch et al. found that no diluted
sedimentation occurred in a biogas fermenter due to the fibrous structure of the substrate
particles [20]. Few studies have been conducted to investigate the sedimentation stages
of plant oil; therefore, further research is needed to help maximize the potential use and
minimize the drawbacks.

Laser backscattering imaging (LBI) is a non-destructive optical technique that exploits
the scattering effect of porous objects when illuminated by a laser beam. The resulting
scattering pattern images are analyzed to extract object information. LBI exhibits potential
in numerous agricultural domains [21-23]. Since the concentration of suspended solid
particles in sedimentation fluctuates, LBI may have the potential to monitor the oil sedi-
mentation process. Additionally, the affordability and non-invasive nature of LBI make
it particularly suitable for application in rural areas or small-scale factories. Thus, the
objective of this study was to investigate the crude sesame oil sedimentation process with
an LBI system.

2. Materials and Methods
2.1. Sesame Oil

Sesame seeds (Sesame 542 White) were imported from Bobo-Dioulasso (Burkina Faso).
The seeds, with an initial moisture content of 3%, were re-moistened to 8% at 10 kg per
unit, by adding distilled water as described in [24]. Sesame oil was mechanically extracted
by pressing the seeds with a spindle press (KK20 F Universal, Kern Kraft oil press GmbH &
Co. KG, Reut, Germany) and stored in 10 L containers.

2.2. Experimental Setup for Discontinuous LBI Measurement

A discontinuous LBI measurement experiment was conducted to investigate the inter-
action between the laser and sesame oil during the sedimentation process. The sedimenta-
tion lasted for 30 days, with the room temperature ranging from 20 to 25 °C. Twenty-nine
liters of crude sesame oil, stored at a temperature below 5 °C, was warmed up under room
temperature for 24 h and then poured into a 30 L open container. The container was left
open to promote oxidation of the oil. A stirrer was used to homogenize the oil. At Day 0,
Day 5, Day 20, and Day 30, oil samples were taken out from the top of the sedimentation
tank and filled in transparent plastic cylindrical bottles (34 mm diameter, 69 mm height) at
a height of 66 mm for the LBI system to capture images. The LBI system in a black box, as
illustrated in Figure 1, consisted of two lasers with wavelengths of 635 nm (LFD635-1-3,
Picotronic, Koblenz, Germany) and 405 nm (DD405-1-3, Picotronic, Koblenz, Germany),
and a camera (PX5-CM, PAX cam, Villa Park, IL, USA) equipped with a zoom lens. The size
of the images was 2592 x 1944 pixels. The distance between the camera lens and the surface
of the oil sample was 190 mm, enlarging the scattering phenomenon while ensuring that
the image boundary was not exceeded. To ensure stable laser light during measurement,
the laser was turned on for a minimum of 15 min before image capture.

2.3. Experimental Setup for Continuous LBI Measurement

In addition, an LBI system was directly mounted on a sedimentation tank to perform
continuous LBI measurements during the sedimentation process (Figure 2). The sedimenta-
tion process lasted for 30 days; during the experiment, the oil temperature was 21 + 3 °C.
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About 120 L of pressed crude oil was homogenized and poured into a transparent acrylic
glass cylindrical tank (500 mm diameter, 1000 mm height), with a transparent acrylic glass
lid put on the top. The crude oil height in the tank was 592 mm. The LBI system mounted
on top of the tank consisted of a red laser (DC650-1-3-HT-CON-]JST, Picotronic, Koblenz,
Germany) and camera 1 (ELP-USBFHDO1M-BFYV, Ailipu, Shenzhen, China). To minimize
the direct laser light reflection and at the same time optimize the laser light penetration into
the sesame oil, the incident angles of the lasers were set at 15° to vertical direction [21]. The
image taken by camera 1 had a size of 1920 x 1080 pixels with a resolution of 0.3 mm/pixel.
A one-meter rule was pasted onto the oil tank, and camera 2 and camera 3 (same type as
camera 1) were mounted at side positions to observe the interface between sediment and
supernatant. All three cameras and lights were connected to a computer. As cameras 2 and
3 could not capture the complete view of the tank, manual images were taken from a larger
distance every 24 h. Images were automatically taken every hour by camera 2 and camera
3 to measure the sediment’s height. Afterwards, the light was automatically turned off for
camera 1 to take an LBl image. When the oil interface height changed by 1 mm or more,
the corresponding time was recorded. Both the time and interface height were used for

further data analysis.
"

Camera Blue Laser

Figure 1. (a) The imaging system setup employed for discontinuous LBI (laser backscattering

imaging) measurement; (b) the experimental phenomena with clean sesame oil when subjected to

red laser illumination.

2.4. Image Analysis

For the analysis of the LBI images in the continuous experiment, an 80 x 80 pixel
box at a fixed position in the image was used to segment the backscattering area from the
background (Figure 2) followed by a 3 x 3 median filter to reduce the noise in the images.
The mean grey value of the segmented image was used as the feature of the LBI images:

IR+ 1+ Ip 1
Tnean = 3 " 80 x 80

)

where Ir, I, Ip are the red, green, and blue channel intensity, respectively, on a scale of
0-255.
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Figure 2. The system setup used for continuous LBI measurements, with an example image captured

by camera 1 and segmented by an 80 x 80 pixel box.

2.5. Chemical Analysis

At the beginning and end of the continuous LBI measurement, the following chemical
properties were measured (Table 1): ash content, phosphorus content, carbon residue, total
contamination, water content, oxidation stability, vitamin E (y-tocotrienol, 5-tocopherol

and y-tocopherol), and acid value.

Table 1. Measurement methods used for continuous LBI measurement.

Method or Instrument

Oil Parameter Unit
Ash content % (m/m) ISO 6884 [25]
1
Phosphorus content mg/kg DH\DII];:\IT\] }31151014111(?;;5[27526]
Carbon residue % (m/m) DIN EN ISO 10370 [28]
Total contamination mg/kg DIN EN 12662 [29]
Water content % (m/m) DIN 12937 [30]
Oxidation stability h DIN EN 14112 [31]
v-Tocotrienol ug/g Grebenstein and Frank, 2012 [32]
d-Tocopherol ng/g Grebenstein and Frank, 2012 [32]
v-Tocopherol ug/g Grebenstein and Frank, 2012 [32]
Acid value mg KOH/g SI Analytics [33]

! Performed after microwave digestion due to the high presence of particles in the crude oil.

2.6. Statistical Analysis

The statistical analysis in this research was performed with OriginPro (Version 2020,
OriginLab, Northampton, MA, USA). R squared (R?) was used as the indicator of goodness
of fit. To smoothen the plot of sedimentation velocity vs. time, a moving average function
was applied with the period parameter set to 8.
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3. Results and Discussion
3.1. Discontinuous LBI Measurement

Figure 3 shows the backscattering images of oil samples from discontinuous LBI
measurement. At Day 0, the crude oil displayed a typical backscattering pattern on the
sample surface. Gradually, the laser images showed a linear shape with increasing length
over time, indicating the path of the laser light (Tyndall effect). The intensity of the linear
pattern decreased in the direction of light transmission. For the red laser, an additional
scattering pattern was observed on the right side of the image due to excessive light
reaching the bottom of the sample container. Notably, yellow hues were visible between
the overexposed center and the surrounding scattering area for the red laser, and purple
hues for the blue laser.

Day 5 Day 20 Day 30

(a)----
(b)----

Figure 3. Backscattering images of oil samples under (a) the 635 nm laser and (b) the 405 nm laser.
The crosses in the images indicate the incident points where the laser light entered the surface of the
oil. Note that the light from the 635 nm laser transmitted from left to right, reaching the bottom of the
container as the oil became cleaner. The 405 nm laser transmitted light from right to left.

At Day 0 of sedimentation, the round scattering spot can be attributed to the laser
light interacting with particles that were still uniformly dispersed in the crude oil. Similar
scattering spots were observed by other scientists when handling bio-materials [34-36] due
to the porous nature of bio-materials. Wu et al. suggested that this scattering spot should
be related to the particle size of the material [37]. As the oil became clearer, laser light could
travel deeper because there were fewer particles present to scatter and absorb the light,
causing the scattering spot at the incident point to shrink. The Tyndall effect suggests that
some particles remained within the oil even after sedimentation, which aligns with the
research findings by Karaj and Miiller [15]. They found that the sedimentation process
predominantly impacts particles of substantial size. Huang et al. applied the Tyndall effect
to detect Hg?* in a colloidal solution and found that this method increased accuracy by
5400 times compared to the traditional approach [38].

3.2. Continuous LBI Measurement
3.2.1. Sesame Oil Sedimentation Dynamics

During the sedimentation process of crude sesame oil, the oil and the sediment were
divided, with an increasingly distinct interface (Figure 4). After 720 h of sedimentation,
493 mm of clear oil was obtained from the initial height of the crude oil layer of 592 mm.
The change in interface height and sedimentation velocity over time are illustrated in
Figure 5. The sedimentation velocity remained close to —7 mm /h until about 25 h of the
sedimentation. Afterwards, the velocity decreased to —2 mm/h within about 15 h, then
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gradually dropped to a value close to 0. Linear and exponential regressions were performed
to fit the curves within 0-39 h and 39-720 h, respectively. The timepoint 39 h was fitted as
the turning point, since the R? of the linear regression remained above 0.999 between 0 and
39 h and dropped below 0.999 after 40 h. Both regressions showed an R? value close to 1.

O . J2E 48 h

Figure 4. Images of the entire tank during the sedimentation process.

At 24 h, the interface was still blurred. This is likely because, as sedimentation
continued, particles within the sample mainly settled individually at varying speeds due
to differences in particle size or shape within the crude oil, resulting in a slightly spatial
difference for the particles and a blurred interface. As the particles approached each other,
their settling patterns became increasingly influenced by their proximity, leading them to
settle more collectively as a whole. This resulted in a clearer interface and a sedimentation
velocity smaller than —2 mm/h at48 h. As the sedimentation process persisted, the particles
were increasingly compacted, thereby causing a continual decrease in the sedimentation
velocity. According to the features of different sedimentation stages, we could confirm
that at least diluted sedimentation and hindered sedimentation exist for the sesame oil
sedimentation process.

The sedimentation velocity of diluted sedimentation is not related to the sedimentation
tank’s cross-section area. Karaj and Miiller also found that both horizontal and vertical
sedimentation system had the same sedimentation speed at the beginning of their sedimen-
tation process [15]. Further, it is interesting that oil sedimentation velocity is at a magnitude
millimeter per hour, while for wastewater it is millimeter per minute [39]—this could be
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explained by the much higher viscosity of edible oil compared with water. In practice,
when combining sedimentation with other oil-refining techniques, the rapid sedimentation
velocity changing period could be a possible option to switch from sedimentation to other
techniques. Additionally, for unrefined sesame oil producers (who typically only filter the
oil after pressing), due to the nature of diluted sedimentation, it is possible for them to
predict and control the time when an obvious sediment could be seen by customers.

(a) 04 @8 | H=-70xt
1 R?=0.999

-100

-200

-300 +

Interface height H (mm)
g

-500

T N T T T N T N T N T N T T 1

100 200 300 400 500 600 700 800

Time t (h)

|
~
" l N "
© 1 Q
@%Cbo{?‘nm oO_ooeo

Figure 5. Plot of the (a) interface height vs. time and (b) the sedimentation velocity vs. time.

3.2.2. Backscattering Images

In Figure 6a, the temporal changes in backscattering images are illustrated. At the
initial timepoint (0 h), the backscattering was characterized by a large scattering area with
an overexposed center. As time progressed to 1 h, the scattering area notably reduced but
the central region became even brighter. Subsequently, both the central brightness and the
scattering area diminished, and at time 720 h, the overexposed center was no longer present.
Figure 6b shows an “L” shape, where the backscattering shows a sharp change followed by
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a gradual decrease over time. Notably, purplish hues were observed between the center
and the surrounding scattering area, while in the discontinuous LBI measurement, it was
yellow. Wu et al. indicated that this was caused by the different sensitivities of the camera
color channels [37]. Additionally, the discontinuous LBI measurement showed the Tyndall
effect (Figure 3) but it was not observed in Figure 6. This could be due to the lid on top of
the sedimentation tank, which caused a reduction in laser light intensity when reaching
the oil.
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Figure 6. (a) Backscattering images during sedimentation in in situ experiment. (b) Plot of mean grey
value of the segmented image vs. time.
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3.2.3. Correlation between Backscattering Images and Oil Interface Height

Figure 7 illustrates the correlation between the height of the oil-sediment interface
and the backscattering images. The scattering phenomenon decreased as the interface
moved to a lower position, particularly when the interface height ranged between 0 and
—100 mm. When the interface was lower, e.g., at —450 mm, a laser signal fluctuation could
be observed. An exponential curve was initially used to fit this correlation, resulting in
an R? value of 0.73 (Figure 7a). As the sedimentation process progressed, the influence on
the scattering spot located on the oil surface diminished, thereby increasing the difficulty
of predicting the interface height based on the scattering spot. However, fitting the data
with interface heights only between 0 and —100 mm using a power function resulted in
an R? of 0.97 (Figure 7b). This indicates that the scattering spots at the oil surface were
more suitable for measuring the sedimentation process in the early stage of the diluted
sedimentation. The Tyndall effect (Figure 3) may be more suitable for monitoring the
entire sedimentation process. The laser’s traveling depth should be crucial for observation,
indicating that decreasing the height of the sedimentation tank may not only speed up
the sedimentation process [15] but also make laser scattering technology more suitable for
monitoring the sedimentation process.
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Figure 7. (a) Regression between interface height and mean grey value intensity Imean of segmented
images. (b) Regression when the interface height is less than 100 mm.

3.2.4. Chemical Properties

Table 2 presents the results of the comparison between the chemical properties be-
fore (Day 0) and after sedimentation (Day 30). Most of the parameters studied showed
significant differences before and after sedimentation, with the exception of é-tocopherol
and y-tocopherol. Among all the changes in chemical properties, the ash content was not
detectable after sedimentation. The total contamination decreased by 99.9% and the phos-
phorus content decreased by 99.5%, followed by water content (90%) and carbon residue
(87%). The chemical properties that were strongly associated with the oil oxidation process—
i.e., oxidation stability, vitamin E, and acid value—changed to a lesser degree. For pressed
sesame oil, Mohammed et al. reported a phosphorus content of 1.14-3.94 mg/kg [40]; Melo
et al. found an oxidation stability of 5.8 h and y-tocopherol of 456 ug/g [41]; Kheirati
Rounizi et al. recorded an acid value of 3.68 mg/kg [42]. Differences between these values
and those in our study may be attributed to variations in sesame seed quality or variety,
extraction conditions, or storage methods.
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Table 2. Chemical values of sesame o0il measured before (Day 0) and after sedimentation (Day 30).

Parameter Day 0 Day 30
Ash content (%, m/m) 0.842 £ 0.02 0.00° +0.00
Phosphorus content (mg/kg) 9212 +13 48°+00
Carbon residue (%, m/m) 2.682 £+ 0.04 0.34° +0.00
Total contamination (mg/kg) 48,1702 + 1836 71°+9
Water content (%, m/m) 0.86 2 £ 0.02 0.09° +0.00
Oxidation stability (h) 19.82 £0.2 9.6° +0.1
y-Tocotrienol (ng/g) 1.106 2 £ 0.108 0.858 P + 0.088
5 -Tocopherol (ug/g) 5.2002 +0.512 47172 +£0.272
v-Tocopherol (ng/g) 333.322 4+ 26.07 314.80 2 4+ 12.59
Acid value (mg KOH/g) 0.98 2 +0.02 1.82° +0.03

Note: Values are means of replications =+ standard deviation. Values in the same row with the same letter are not
significantly different at p < 0.05.

Among all the measured chemical properties, ash content, phosphorus content, total
contamination, and carbon residue should be mostly related to the particles present inside
the crude oil. The settling of the particles caused more than an 86% drop in these values
in the sesame oil. As for the 90% decrease in water content, Karaj and Miiller related it to
high-temperature evaporation [15]. Since the sesame oil was within 21 + 3 °C, it is more
likely that the decrease in water content was also influenced by the consumption of H,O
in the oil hydrolysis process. The decrease in oxidation stability and the increase in acid
value are typical changes that occur during oil oxidation. However, the values of the two
types of vitamin E (8-tocopherol, y-tocopherol) did not change significantly during the
oxidation process. This could be because sesame oil contains additional antioxidants such as
sesamin, sesamol, and sesamolin, which protected vitamin E from decomposition [6]. After
sedimentation, the measured chemical values did not meet the requirements of combustion
engines (total contamination upper limitation, 24 mg/kg) [43] but were suitable for food
(acid value) [44] and pressure stoves (acid value and total contamination) [14,45].

4. Conclusions

In the application of LBI to the sedimentation process of sesame o0il, two types of
scattering effects were observed. The first was a typical scattering spot at the o0il’s surface,
and the second was a Tyndall effect with an increasingly extended path as the sedimentation
process continued. The scattering spot at the surface of the oil should be more suitable
for monitoring the early stage of diluted sedimentation while the Tyndall effect should be
better suited for monitoring the entire process. The crude sesame oil sedimentation process
consists of at least two stages: diluted sedimentation and hindered sedimentation. In this
study, the sedimentation speed was about —7 mm/h during the diluted sedimentation
stage and then dropped to less than —2 mm/h, indicating the transition into the hindered
sedimentation stage. During the sedimentation process, three factors influenced the oil
properties: settling of the particles, oxidation, and hydrolysis. The low change in vitamin E
content may be due to the antioxidants of the sesame oil.

It is implied that when the volume of a sedimentation tank is fixed, increasing the
cross-section and decreasing the height can speed up the sedimentation process and benefit
the application of low-cost laser backscattering technology. For producers who make
unrefined sesame oil, confirming the diluted sedimentation stage can help them control
the time when the customer will see the sedimentation. The laser’s power was 1 mW in
the continuous LBI measurement. Further research could use a higher-power laser source
to enhance both the scattering on the oil surface and the Tyndall effects inside the oil.
Additionally, experiments with more plant oil varieties could be conducted to extend the
applicability of the LBI technology. It is worth noting that the sedimentation tank design
method was greatly improved in the field of wastewater treatment. People interested in
plant oil sedimentation may benefit from the similarity between these two processes.
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