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Abstract

Currently, the high natural oil content in the regular daily diet of a significant segment of the global population has
raised deep concern for health authorities worldwide. One example can be soups, which are liquid foods that usually
contain high salt levels besides the fat released by the ingredients during the cooking process and the oil that is
directly added. This investigation focused on assessing a novel technique to regulate the oil content in soups after
being served for consumption. The research aimed to examine the potential reduction of fat in soups by using a
non-invasive capillary mechanism created by microchanneling used on the surface of a polystyrene
oleophilic/hydrophobic wall in contact with the food to enhance the migration and further sequestration of a
fraction of the freely floating oil in these meals.

Keywords: Food container; Oil-absorbing technologies; Oil reduction; Polystyrene containers; Microchannels;
Surface treatment.

Resumo

Atualmente, o alto teor de dleo natural na dieta diéria regular de um segmento significativo da populagdo global esta
causando uma grande preocupacao para as autoridades de satide, em todo o mundo. Um exemplo séo as sopas, que sdo
alimentos liquidos que costumam conter alto teor de sal, além da gordura liberada pelos ingredientes durante o cozimento
e do dleo que ¢é adicionado diretamente. Esta investigacdo se concentra na avaliacdo de uma nova técnica para regular o
teor de 6leo em sopas apds serem servidas para consumo. A pesquisa teve como objetivo examinar o potencial de reducdo
de gordura em sopas usando um mecanismo capilar ndo invasivo, criado pela microcanalizagdo da superficie de uma parede
oleofilica/hidrofébica de poliestireno em contato com o alimento, para aumentar a migragao e o posterior sequestro de uma
fracdo do éleo flutuando liviemente nessas refeicoes.

Palavras-chave: Recipiente para comida; Tecnologias de absorcdo de éleo; Reducdo de 6leo; Recipientes de
poliestireno; Microcanais; Tratamento da superficie.
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1 Introduction

Excessively fatty foods and unhealthy living habits can cause obesity and many health disorders that may
lead to chronic diseases (Subroto et al., 2021; Pan et al., 2021). The increased number of these diseases
nowadays indicates the need to decrease our daily food oil concentration.

Moreover, reducing the fat content in our everyday diet is a common concern, especially as the desired
amount of oil is difficult to control during food preparation. In addition, regulating the fat content in households
and at the industrial level presents many obstacles. At the industrial level, the issue cannot be solved just by
decreasing the amount of used fat, but also requires research from a nutritionist regarding the change of taste,
proportions of other ingredients, and final calories, which consequently leads to the other changes, such as the
product to undergo repackaging (McClements, 2015). Furthermore, the role of Lipid Droplets (LP) is
underestimated, especially after considering how they contribute to the texture, flavor profile, visual
characteristics, and mouthfeel. Therefore, keeping the food's properties is challenging while decreasing fat
content in the production stage (Bayarri et al., 2007). These measures require a certain amount of investments
and bring additional expenses, which food production companies do not meet. Additionally, due to the different
functions of fat droplets in food quality, a unique strategy to replace the fat or reduce its amount cannot be used
(McClements, 2015). Several techniques must be applied at both production and post-production stages.

The technology proposed in this investigation was based on using microchannels in the inner surface of a
polystyrene beverage container. In fact, this microchannel technology intends to reduce the time of oil
separation and eliminate the need for additional equipment. In addition, there is no need to take additional
action to remove the oil, as the oil is expected to be absorbed by the microchannels during food serving.

Hence, our research aimed to evaluate the effectiveness of a novel oil migration and sequestration technique
based on the capillary effect of radially-engineered microchannel cuttings made on the oleophilic/hydrophobic
surface of a polystyrene food container to control the amount of free buoyant oil. For this purpose, experiments
were conducted using commercial polystyrene beverage containers, organic oil, and water.

1.1 Background of the study

Within the limited examples of oil sequestration techniques for soups used in the food industry, one of the
most common techniques used is the oil filter based on oil buoyancy on water (Amazon, 2019). Other
methods are based on manual or automated oil collection from the soup surface (Food and Agriculture
Organization, 1992). Furthermore, the technique used in households consists of moving the oily liquid stock
from one container to another and waiting for the liquid to settle (Cook’s Illustrated, 2019).

The existing methods of controlling the fat content in the served food are still far from being widely spread
among the population, perhaps due to the devices' intrusive character, the extra effort needed, and the time
required to operate them. In addition, the fraction of the oil captured by devices currently in the market is
hardly considered to be controlled or predicted with precision.

Soups are one of the most widely spread dishes among different cultures (Ma, 2015). Although the soup
preparation methods vary significantly, it is commonly accepted that the dish may contain more liquid than
solid food to be classified as a soup (Goltz, 2008). According to the World Health Organization (WHO), the
butter and meat-fatty saturated oils added to soups may cause harmful effects on human beings' health. Excess
of fat in the usual diet might lead to obesity, diabetes, heart disease, strokes, and increased cholesterol level,
which in turn typically leads to blockage of blood vessels and a high risk of heart attack (World Health
Organization, 2019; Arthur et al., 2021).

Additionally, according to a 2017 report made by the Global Burden of Diseases, Injuries, and Risk Factors
Study (GBD), 15 risks related to a high-fat diet greatly impacted mortality because of diabetes, cancer, or
cardiovascular diseases. This risk evaluation examines and includes 84 risks linked with metabolism,
environment, location, and other factors over 195 countries (GBD Risk Factor Collaborators, 2018).

Braz. J. Food Technol., Campinas, v. 24, €2020244, 2021 | https://doi.org/10.1590/1981-6723.24420

2/9



Enhanced migration and sequestration of food oily additives into polystyrene oleophilic-hydrophobic-walled containers
Zhekenov, T. et al.

Hence, developing new methods for controlling the fat content in regular foods such as soups depending
on each person's needs is of great importance. Moreover, an added benefit from controlling the fat level in
the served food might be the satisfaction of each individual's food habits.

An overview of existing oil-absorbing technologies in the petroleum industry, which do not require
extensive treatment efforts rather than contact, might assist in finding the possibilities for creating similar
techniques to be implemented during food consumption. The examples of oil collecting and sequestrating
techniques are in extended use. They include the dispersion of oil with additives, bioremediation of oil, and
sponge-like materials, among others (Korhonen et al., 2011). Even though using these technologies in the
petroleum industry is a growing trend, their use in the food industry is still questionable, as there is a lack of
evidence about their effects on human health, which has not been demonstrated. Nevertheless, it is essential
to remark that optimism exists around the future of silica aerogels, which is the standard type of aerogel used
in the food industry (U.S. Food and Drug Administration, 2019).

While the aerogel oil-absorbing technique uses a porous media in which the oil droplets are being
mechanically pulled in, it is noted that the oil filters are mainly based on the differences in liquid density
(Zheng et al., 2014). One of the significant drawbacks of the aerogel technology in organic oil migration
from food might be the time of absorption and the implementation, which may lead to dissatisfaction of users
(Zheng et al., 2014). The oil filters do not require much time to operate. However, it is undesirable to apply
any additional device since it surely would change every day diner habits and limit its use.

On the other hand, polystyrene fiber is well known for being oleophilic and hydrophobic, and it is widely
used in oily water treatment (Doan et al., 2019). Furthermore, sustainability reasons are forcing brands in
packaging to use expanded polystyrene. The attractiveness of polystyrene to the market is associated with its
ease of recycling and environmental friendliness. It is predicted that the global polystyrene market for packaging
will increase at a Compound Annual Growth Rate (CAGR) of 6% until 2023, reaching USD 1.57 billion (British
Plastics Federation, 2012). Moreover, one of the main segments is food and beverage packaging. Previous
studies could show that using hydrophobic-oleophilic fibers with an increased surface area may result in
excellent oil sorption performance (Korhonen etal., 2011; Lee et al., 2013). However, increasing the oil-
absorption properties of polystyrene requires complex electrospinning and centrifugal spinning processes of
porous fibers (Doan et al., 2019; Wu et al., 2012; Lin et al., 2012; Lee et al., 2013).

2 Materials and methods

The experiments were designed to evaluate the potential enhancement in oil sequestration obtained by
introducing a varying number of equally-spaced single-depth radial microchannels along the inner wall of a
standard polystyrene bowl containing a typical soup. Therefore, one dependent variable and one independent
variable were considered in the analysis, and the other parameters were kept constant.

Hence, during the experimental procedure, a pre-heated mixture of 3.6 mL of sunflower oil and 314 mL of
water simulated the soup meal in a 460 mL-capacity commercial bowl of polystyrene (Modi, 2019). The mixture
temperature was set to 70 °C for all the experiments, as this is one of the most popular serving temperatures for
soups (Kim et al., 2015). During all the experiments, the air relative humidity was measured with a home-made
alcohol hygrometer and maintained between 65% to -78%. Water was boiled using a kettle, and a graduated
(100 = 1 mL) cylinder was used to measure the desired volume. Water was poured into the soup container when
the temperature cooled down to the desired value (£ 1 °C), and it was measured with a mercury thermometer.
The oil amount was measured using a METTLER TOLEDO (USA) XP6U Automated-S Ultra-microbalance
electronic balance. The mass of the mixture itself was measured using an A&D Weighing (Japan) HR202i
balance with a maximum uncertainty of +1 mg to obtain the correct ratio of water and oil.

Furthermore, an empty bowl was weighted several times to determine the error and range of reading variation
from the electronic balance. The time for settling up the stable reading was measured by taking intermediate readings
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every 30 s up to 15 min for each trial. Thus, the time for stabilizing the electronic balance reading was 5 min, after
each time, with a confidence interval of 95%. Hence, the total weight per sample resulted in 4383.858 + 0.780 mg,
the deviation of which was adequate. Figure 1 presents the schematic overview of the experimental procedure,
including the hydrophobic and oleophilic baselines for the original polystyrene bowl (i.e., without microchannels).

Heat to 100°C Conduct volume, Wait until temperature Pour the hot water
300 mL water tem:i::::ﬁand i3 0% *| into bowl without
measurements e
Wait 5
minutes
Weigh empty -
bowl after IWe;gh L Pour the water out
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Figure 1. Scheme of the experimental procedure to measure absorption by the wall of the bowl of (a) water
(hydrophobic baseline); (b) oil (oleophilic baseline and oil from the mixture).

The 460 mL-capacity beverage bowl has a bottom diameter of 11.4 cm and a top open circular edge
diameter of 20 cm. On the beverage bowl's inner surface, tiny radial channels were opened using a small
surgical scalpel, as shown in Figure 2.

Figure 2. Radial cutting guiding lines.
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The microchannels were made using a 360 pm-width scalpel with an approximate incision covering about half
of the wall's thickness. With the help of two circular protractors placed at the bottom and the top edge of the
beverage bowl and a ruler to connect both sides, the cuttings were made at significantly precise angle intervals of
90, 45, 22.5, and 11.25 degrees 1 degree (Figure 2), which resulted in a total of 4, 8, 16, and 32 microchannels,
respectively. The channels extend from the periphery of the bottom circle to the very top edge of the bowl.

The scalpel width and the maximum number of microchannels were selected to guarantee significant
capillary absorption of the bowl wall without compromising the Mechanical Integrity (MI) of this container.
For instance, the bowl shape suffered significant deformation when filled with the hot liquid beyond
32 microchannels, jeopardizing our safety during hand manipulation.

The microchannels were done with a scalpel by hand, keeping the same pressure on each cut, minimizing
the level of uncertainty of the microchannel's depth. The same person executed all the superficial cuts in all
cases, letting the scalpel advance just pressed by the hand's weight.

First, experiments were executed to demonstrate the hydrophobic-oleophilic nature of the walls of
polystyrene bowl without microchannel, acting as a baseline case. The hydrophobic tests were run using boiled
water alone. In contrast, the oleophilic baseline and further oil sequestration tests with microchannels were run
using a mix of hot water-sunflower oil, mimicking the typical characteristics of a regular soup. Thus, a hot
water-sunflower oil mix at 70 °C was prepared by combining 3.57 mL of sunflower oil (3.17 g at 70 °C,
according to properties determined in Esteban et al., 2012) and 314 mL of water (307 g at 70 °C). The
temperature was controlled with a mercury thermometer along the experimental process.

The hydrophobicity baseline experiment was repeated 11 times, while each experiment with the water-
sunflower oil mix was repeated five times for statistical validity of the results.

In all cases, the measurements were made after the hot water or water-oil mix remained for 5 min in the
bowl. Then, the liquid was poured out, and the container was placed on a scale to determine any weight gain.
The weight readings were done after wiping the bowl with dry absorbent paper tissue (commercial high-
absorbency single-layer paper towels, made of 100% cellulose). Furthermore, three consecutive dry-wiping
steps using the same absorbent paper tissue were done. One last wiping step was done with an ethanol-
saturated absorbent paper tissue to wipe off any remaining oil on the surface of the walls. Significant effort
was made to controlling potential sources of error in the measurements, and special attention was devoted to
the presentation of uncertainties in the discussion of results.

3 Results and discussion

First tests were conducted on several samples of the beverage container without microchannels as a
benchmark to determine the baseline case of the naturally expected hydrophobic-oleophilic action of the
original, untreated bowl wall. Secondly, tests were performed to determine the oil absorption under
handmade microchannels.

3.1 Baseline: hydrophobic and oleophilic properties of the bowl

The capacity of the polystyrene bowl to absorb water was assessed by pouring 300.0 + 0.1 mL of hot water at
70 °C (293.3 g) into the original bowl with an initial (dry) mass given by mpowi. After 5 min, the water was drained
from the bowl, and the residual water mass left after emptying and dry-wiping the bowl was determined by
weighing the bowl again (mpowinew) Using the electronic balance. The droplets left at the surface were carefully
removed by soft wiping the wall using the absorbent paper tissue. Table 1 presents the results confirming the
hydrophobic nature of the polystyrene bowl, as an average of 0.022% of water absorption was registered, which
was within the error of the electronic balance. Minor errors and uncertainties did not significantly affect the results,
as these were consistent throughout the 11 repetitions of the experiment. Nevertheless, the authors recognize that
using a 100 mL + 0.1 mL container to add 300 mL of water to the bowl may have added a small error in the total
measured volume (it is recommended to use a larger container of water for future replications).
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Table 1. Measurements of hydrophilic properties of polystyrene cups: water absorption capacity.

Trial Humidity % Mpowl (M) Mbowl, new (M) Am (mg)
1 78 4344+ 1 4426 + 1 82+2

2 78 4083+ 1 4265+ 1 182+2

3 78 4518+ 1 4641 £ 1 123+2
4 61 4253 +1 4320+ 1 66 +2
5 61 4197 +1 4213+ 1 15+£2
6 61 4389+ 1 4416 + 1 27+2
7 72 4384+ 1 4454 £ 1 70+2
8 72 4460 + 1 4482 £ 1 22+£2
9 72 4247+ 1 42751 2842
10 72 4475+ 1 4537+ 1 62+2
11 72 4280+ 1 4293 £ 1 13+2
Average: 71 4330+ 1 4393 + 1 63£2

Mpoyw: Original bowl with an initial (dry) mass; mpowinew: residual water mass left after emptying and dry-wiping the bowl

Furthermore, the oleophilic tests on the original polystyrene bowl were carried out by pouring a hot mix
(at 70 °C) of 3.6 mL = 0.1 mL (3.2 g at 70 °C) sunflower oil and 314.0 mL £+ 0.1 mL (307 g at 70 °C) water.
This mix of hot oil and water was used for the rest of the experiments. This is typically the proportion for
chicken noodle soup, which is considered one of the most widespread soups in the world (United States
Department of Agriculture, 2019a, 2019b). After 5 minutes, the water-oil mix was drained, and the bowl's
inner surface was wiped several times to completely clean the surface and quantify the oil trapped in the
pores of the uncut bowls. Figure 3 shows the oleophilic test results in each of the 5 trials after the subsequent
wiping steps compared to the original amount of sunflower oil in the mix. The x-axis represents the number
of experimental trials. The y-axis represents the oil mass in the original mix and the remaining amount on
the bowl surface after pouring out the mix and passing through several wiping stages. Three sequential dry
wiping sessions followed by one ethanol-wet wiping session were conducted and depicted in trendlines with
their markers in Figure 3. The bowl walls were wiped from bottom to top and in a clockwise direction. The
bowl surface's oleophilic behavior was evident, as there was substantial oil retention even after the first dry
wiping step. Moreover, it could be observed that an average amount of 511 mg of sunflower oil was
systematically absorbed by the bowl walls after the final wiping stage with an ethanol-wet tissue,
corresponding to 1.6% of the total amount of sunflower oil present in the original mixture. The amount of oil
sequestrated by the container walls in the baseline test was considered the reference value to determine the
enhanced amount of oil absorbed through the microchannels on the walls.
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Figure 3. Mass of oil absorbed by the bowl surface without microchannels after pouring out the mixture for each of the trials.
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3.2 Microchannel oil capturing

Figure 4 shows the results for the experimental runs with different configurations of the microchannels.
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Figure 4. Average mass of oil sequestrated versus the number of microchannels in the bowl.

Our study found that the number of microchannels (four, eight, 16, and 32 microchannels made in the
bowl's inner surface) directly impacts the amount of oil sequestrated from the oil-liquid mixture. Hereafter,
the amount of oil sequestrated is considered using the base case as a reference to assess the migration. For
four (4) microchannels (90 degrees of separation), the amount of oil absorbed was between 1.6% and 2.9%
of the initial oil present in the mixture. The most significant increase of oil absorption happened when the
number of microchannels was doubled from four to eight (90 to 45 degrees of separation, respectively), which
led to almost double the amount of absorption. Any further increase in the number of microchannels led to a
moderate rise in absorbed oil, reaching up to 8% of the initial oil mass at 32 microchannels, as shown in
Figure 4. Moreover, the bowl's mechanical integrity was compromised when the number of microchannels
in the bowl was increased beyond 32. The oil migration increased by 43.1%, 46.2%, and 16.2% when the
number of microchannels increased from 0 to four, from four to eight, and from eight to 16, respectively.

Although the microchannels were done manually, special care was placed to minimize human errors and guarantee
uniformity, as much as possible, regarding the depth of each channel. Results were consistent in all experiments, with
no outliers, proving the effectiveness of our approach. Nevertheless, future work is recommended to introduce
feasible and affordable techniques to guarantee precise control of the microchannels' incision depth.

4 Conclusions

Oleophilic-hydrophobic polystyrene food containers' enhanced oil migration and sequestration capacity
were assessed by producing microchannels on the inner surface in contact with hot water-oil soup-like
mixtures. The analysis of the experiments led to the following concluding remarks:

1. Radially-practiced 360 pum-width microchannels along the inner surface of the soup container proved to
be an effective way to pull in a significant amount of buoyant oil in proportion to the number of channels
in contact with the mixture. Nevertheless, future work could address the potential effects of thinner and
thicker microchannels and their practical limits;

2. The most significant increase in the volume of oil sequestrated occurs within the first eight microchannels
added. Nevertheless, when the number of microchannels was increased up to 32, the total amount of oil
absorbed by the wall surface reached 8% of oil in the initial mixture;

3. The tests were limited to a maximum of 32 microchannels to guarantee the mechanical integrity of the
bowl wall.
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