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Abstract: Waste fish oils (FOs) and used cooking vegetable oils (UCOs) are increasingly becoming
alternative renewable fuels. However, different physicochemical aspects of these renewable fuels,
including the effect of storage, are not well-known. In this work, the effect of the storage period on
physicochemical properties of selected samples of FOs and UCOs was investigated. The bio-oils
were stored at 4 ◦C for up to five years before each experimentation. The chemical properties were
characterized using capillary gas chromatography with flame ionization detection (GC-FID) and
high-performance size exclusion chromatography including an evaporative light scattering detector
(HPSEC-ELSD). Water contents and acid numbers of the bio-oils were determined using the Karl
Fischer (KF) titration and the ASTM D 664 methods. Furthermore, the average heating values and
surface tension of the bio-oils were determined. According to the results obtained, for all bio-oil types,
the concentrations of polymerized triglycerides, diglycerides, and fatty acids and monoglycerides
had increased during the storage periods. The physical properties of the bio-oils also showed a
small variation as a function of the storage period. The overall results observed indicate that the
deterioration of the physicochemical properties of bio-oils can be controlled through storage in dark,
dry, and cold conditions.

Keywords: free fatty acid; bio-oil; fuel aging; renewable energy sources

1. Introduction

Used cooking vegetable oils (UCOs) and waste fish oils (FOs) are of increasing inter-
est as economic feedstock for bio-oils or biodiesel production. Furthermore, compared
to petroleum based oils, they are more eco-friendly [1–8]. However, they have limited
oxidative stability as their source is, i.e., fresh vegetable oils [3]. Their contribution to a
carbon-neutral energy system is illustrated in Figure 1.

Bio-oils usage in the transport sector is increasing. The usage of waste-derived oils,
not in the food production chain, offers a feasible way to increase the share of carbon-
neutral fuel alternatives. In the marine sector, sulfur-oxide (SOx) emissions from engines
cause fine dust generations that can lead to serious health issues [9]. The EU is actively
promoting and passing legislations for a global maritime emissions cut. Recently, the
United Nations specialized agency, the IMO—International Maritime Organization, agreed
to reduce shipping greenhouse gas emissions by ≥50% until 2050 [10]. According to the
revised Sulfur Directive, since the beginning of 2020, maximum sulfur content of marine
fuels is reduced to 0.5%, i.e., down from the 2012 Sulfur Directive limit 3.5%, globally [9].
Bio-oils such as UCOs and FOs with a low sulfur content are excellent alternative marine
fuels. Thus, the ongoing intensive research related to the bio-oils quality and usage can
contribute to the transition towards increasing usage of the eco-friendly fuels.

Vegetable oils, consisting of triglycerides, are used worldwide in restaurants and
households for frying food. During frying, the temperature of the oils can reach as high as
190 ◦C [11], which creates favorable conditions for several reactions to take place within
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the oil and its surroundings. The oils’ original properties are significantly affected during
the frying step as the triglycerides degrade thermally and chemically [11]. In general, three
major types of reactions may take place during frying: oxidation, hydrolysis, and thermal
degradation of triglycerides [12]. These reactions may result in the formation of free fatty
acids (FFAs), glycerol, monoglycerides, and diglycerides. An increase in saturated and
monounsaturated fatty acids can also occur [1,11,13–16].

During the frying process, the cooking oils are exposed to moisture, air, and an
elevated temperature (140 < T(◦C) < 180), which cause hydrolytic and oxidation reactions
of the oils. The hydrolytic reactions result in diglycerides, FFAs, monoglycerides, and
glycerol. The oxidation reactions, which are the main reactions in the presence of air, result
in oxidized polymers, dimers, and monomers [2,17–19].

In most cases, tocopherols, dimers of fatty acids, or sterols formed by peroxidation are
bridged by oxygen. The oxidation and polymerization reactions that increase the viscosity
of UCOs depend on the duration of frying [11,20]. In addition, many toxic substances are
formed in the vegetable oils during frying. For this reason, in 2002, the European Commis-
sion has forbidden the addition of used cooking oils in animal feed [1]. The concentration
of UCOs is increasing worldwide because of a surge in edible oil consumption [1]. UCOs
are much cheaper than fresh vegetable oils. They can be directly used as marine engine
fuel, for example, or by using a transesterification reaction, in biodiesel production [18] as
depicted in Figure 1.
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Figure 1. Schematic diagram showing the role of used cooking vegetable oils (UCOs) enabling a
carbon neutral energy system.

The storage conditions of bio-oils contribute to the change in quality over time. Re-
search on this topic is relatively fresh; the majority of the previous publications by different
authors regarding the effect of storage on bio-oils quality have taken place between the
years 2007 and 2019.

Various chemical reactions can occur during the storage of bio-oils and biodiesels
constituting FFAs and water [1,21,22]. For UCOs, the FFA value, water content, viscosity,
and density are variables that increase compared to fresh vegetable oil [1,23]. Light, heat,
and dissolved metal ions are conducive to vegetable oils oxidation and increased acidity.
Oxidation begins at the carbon double bond and the reaction mechanism is described as a
chain reaction of free radicals [24,25].

Over an extended period, inappropriate storage conditions cause oxidation of oils,
which lead to higher viscosity and necessity for filtration prior to use in an engine [26].
When storing bio-oils, the following conditions should be met: impurities removed, cool
and constant temperature conditions, and protected from exposure to light (including
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sunlight) [26]. To determine the oxidation rate of bio-oils at elevated temperatures, some
researchers [3,24,27] conducted experiments in an oven ranging from 80 to 110 ◦C.

Ushakov et al. [28] demonstrated that crude fish-oils show a higher acidity and vis-
cosity, as well as lower lubricity than conventional diesel fuels. The fish-oils’ poor fuel
properties could be due to impurities like FFAs (a primary oxidation product), pigments,
minerals, moisture, and phospholipids in unrefined fish-oil [29]. Higher FFA and phospho-
lipid levels reduce the fuel quality of fish-oils, requiring additional refining processes, such
as degumming and neutralization. Phospholipids in fish-oils polymerize due to heat and
build up deposits on the combustion chamber walls and the surfaces of cylinders in engines.
The deposits can also clog injectors and valves [26,30]. The hydrolysis of triglycerides
in the presence of water may lead to high FFA due to bad feedstock storage conditions.
The high FFA cause low stability of oil during storage and corrosion during usage [30,31].
Generally, the water content of bio-oil hinders ignition, decelerates flame propagation, and
decreases the heating value [30,32].

Surface tension profoundly influences the product quality of fuels, detergents, inkjet
products, lubricants, and pharmaceuticals. In addition, in wetting, penetration, foaming
and formation of droplets, surface tension of a liquid have a determinant role [33,34],
thus governing a liquid’s physicochemical behavior. Surface tension varies with pressure,
temperature, and for mixtures, also on the mixture composition. If the fuel is used in
internal engines, the injection system’s droplet formation and the atomization properties
related to the ignition quality are greatly influenced by surface tension [35,36]. Increasing
surface tension results in increased spray atomization, which suggests a better mixing
of fuel with air [37]. Recently, Morón-Villarreyes et al. [35] measured the surface tension
of biodiesels, taking water as a reference liquid utilizing the drop weight technique by
applying Tate’s Law. Tyowua et al. [38] measured vegetable oils’ surface tension by the
du Noüy tensiometer method at room temperature. It is a well-known fact that the
fuel atomization process that affects the combustion process depend on surface tension.
However, there are only limited number of published information regarding the surface
tension of UCOs and FOs to be used as unmodified fuels in diesel engines.

In our previous works, the chemical, physical, and thermal properties and corrosivity
of fresh UCOs and FOs were analyzed [27,39]. In this work, the storage time effect on
the bio-oils’ physicochemical and thermal properties was investigated. Samples of the
bio-oils were placed in a refrigerator at 4 ◦C for up to five years before each measurement.
In general, the results obtained contribute to the understanding of the impact of storage
time on the quality of bio-oils.

2. Materials and Methods
2.1. Materials

The properties and composition of two waste fish oils (FO1-15 and FO1-18) and six
used cooking oils (UCO1-15, UCO2-15, UCO3-15, UCO1-18, UCO2-18, and UCO3-18) were
measured. The samples were kindly provided by VG EcoFuel Oy (Uusikaupunki, Finland).
The numbers after each sample name FO and UCO refer to the batch and the year of
delivery, i.e., for example FO1-15 means 1st fish oil sample received in 2015 and UCO1-18
means 1st used cooking oil sample received in 2018. The FOs were produced from the
gutting remains of rainbow trout after extracting the edible oil, while the filtered UCOs
originated from frying vegetable oils used in restaurants. As a reference for all bio-oils,
a commercial product (COref) was used. The composition of COref is mostly aliphatic
hydrocarbons, in which the dominant compounds are linear saturated hydrocarbons with
composition up to C30, the largest single compounds being in the range C14–C26. The
bio-oils were stored over the whole time (from 2 to 5 years) in a refrigerator in white opaque
plastic bottles with screw plastic lids at 4 ◦C before the analyses.
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2.2. Methods
2.2.1. Chemical Properties

• Water content and acid number

KF (Karl Fischer) titration with an automatic coulometric titrator (Metrohm 851
Titrando instrument) connected to the oven (860 KF Thermoprep) at 110 ◦C was used
to measure the oils’ water content. The bio-oil’s acid number (AN) was measured by the
ASTM D 664 method using the Solvotrode glass electrode in a Metrohm 888 Titrando. More
details of the experimental procedure and equipment used for the water content and AN
measurements are given in [39].

• Oil composition

Capillary gas chromatography with flame ionization detection (GC–FID) (Perkin
Elmer Autosystem XL) was used to quantify the amount of FFAs and monoglycerides in
silylated oil samples. The experimental error for this method is estimated to be ±5%. An
Agilent J&W HP-1, 25 m (L) × 0.200 mm (ID) column with film thickness 1.1 × 10−7 m was
used. As a carrier hydrogen gas was used with a flow rate of 0.8 mL/min. Details on the
oven temperatures and gas flow rates can be found in [39]. By GC-MS analysis with an
HP 6890-5973 GC-MSD instrument, the individual components were identified, using as
carrier helium gas.

By applying a wide-bore short column GC-FID (PerkinElmer Clarus 500) di- and
triglycerides were analyzed. Parameters of the column (Agilent HP-1/SIMDIST) were
0.15 µm (film thickness) and ~6 m (L) × 0.530 mm (ID). Hydrogen was the carrier gas with
a flow rate of 7 mL/min. Details of the temperatures in a wide-bore GC-oven and gas flow
rates can be found in [39].

• Elemental analyses

High-performance size-exclusion chromatography connected to an evaporative light
scattering detector (HPSEC-ELSD, Shimadzu Corporation, Kyoto, Japan, Shimadzu 10A
series modular HPLC; and SEDERE SA, ELSD detector, Sedex 85 LT-ELSD), using tetrahy-
drofuran as eluent, was used to detect polymerized triglycerides, triglycerides, diglycerides,
and fatty acids and monoglyceride.

The C and H contents of the FOs, UCOs, and COref were analyzed using a FLASH
2000 organic elemental analyzer from Thermo Scientific (Cambridge, UK). The elemen-
tal analysis was performed in the year 2020 for all the oil samples collected during
the years 2015 and 2018. Elemental analysis with the organic elemental analyzer was
carried out as follows: First, the analyzer was calibrated with organic analytical stan-
dards, i.e., methionine, cysteine, sulfanilamide, and BBOT (2,5-Bis(5-tert-butyl-2-benzo-
oxazol-2-yl) thiophene), all from Thermo Scientific (Cambridge, UK). Then, about 2 mg
samples of the oils were weighed into tin capsules, which were partly filled with an
adsorbent—Chromosorb W/AW from ThermoQuest Italia S.p.A. (Milan, Italy). The ad-
sorbent was used to minimize the loss of volatile organic compounds from the oils during
analysis with the analyzer. Next, the tin capsules with the oil samples contained in them
were combusted in the combustion chamber of the analyzer. The CO2 and H2O gas mixture
from the combustion chamber was then separated in the chromatographic column of the
analyzer, and the gases were detected by the thermal conductivity detector (TCD) of the
analyzer. Finally, the electrical signals from the TCD were processed using Eager Xperience
software, version 1.2. For each oil, the experiments were repeated three times, and the
average values on a wt% oil basis were reported. Further details of the experimental
procedures for the elemental analysis with the organic elemental analyzer are available
in [40].

2.2.2. Density, Kinematic Viscosity, and Surface Tension Measurements

By applying a pycnometer, the density of all samples was measured at 21 ◦C. A
Cannon Fenske (reverse flow) viscometer, capillary 511 20, using the ASTM D 2515 method,
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in a thermostatic bath at 40 ± 0.5 ◦C, were applied to measure kinematic viscosity. Each
sample was measured in three replications.

The surface tension of the bio-oils was measured using the du Noüy KSV Sigma 70
tensiometer. The electrobalance and the moving mechanism were collected on a PC. For
reproducibility checks, the measurements of each sample were conducted three times.
Before the measurements, the platinum du Noüy ring was heated to glowing in a blue
Bunsen flame and between each measurement purified with ethanol and acetone and dried
in contamination-free air. The sample container was purified with ethanol and acetone and
dried. The container was filled with 40 mL of bio-oil sample before each surface tension
measurement. The temperature during the measurements was 24 ◦C.

2.2.3. Thermal Properties

The higher heating values (HVs) of the bio-oils were determined by burning them in
an adiabatic oxygen bomb calorimeter (model Parr 1341), according to SFS-EN 14918:2009.
Bio-oil samples weighing between 400 and 800 mg were put in the bomb calorimeter and
charged with oxygen at a pressure of ~30 atm. The experiments were run twice for each
sample.

3. Results and Discussion
3.1. Oil Composition
3.1.1. Polymerized Triglycerides, Diglycerides, and Fatty Acids and Monoglycerides

During the two and five years of storage, the polymerized triglycerides, diglycerides,
and fatty acids and monoglycerides of all FOs and UCOs had increased (Table 1). Apparent
differences were measured for the polymerized triglycerides in FO compared to those in
UCOs during the five-year storage period.

Table 1. Summary of the contents of polymerized triglycerides, diglycerides, and fatty acids and monoglycerides in the
bio-oils after different storage times using high-performance size exclusion chromatography (HPSEC). n.d. stands for not
detected (detection limit < 0.3%).

Sample Polymerized Triglycerides (%) Diglycerides (%) Fatty Acids and Monoglycerides (%)

Year of Analysis Year of Analysis Year of Analysis

2015 2020 2015 2020 2015 2020
FO1-15 n.d. 4.3 0.3 1.7 0.7 n.d.

UCO1-15 5.6 6 12.6 14.6 4.2 6.1
UCO2-15 5.6 6 13.8 15.3 4.6 6.6
UCO3-15 4.8 6.6 6.2 8.2 1.7 3.1

2018 2020 2018 2020 2018 2020

FO1-18 n.d. 1.7 7.6 11.8 10.8 14.0
UCO1-18 1.2 5.7 4.5 10.1 1.1 4.7
UCO2-18 1.3 5.1 5.10 10.3 1.6 4.9
UCO3-18 1.3 6 5.2 10.8 1.6 5.8

No marked differences in the patterns of changes in the polymerized triglycerides
or fatty acids and monoglycerides of the UCOs were analyzed after the storage periods
(Table 1). In contrast, the changes in the contents of polymerized triglycerides or fatty acids
and monoglycerides were not consistent. When comparing the two series, the original
batch’s oil component share is likely to vary depending on the batch preparation day, thus
most likely depending on the raw material variations for the oil.

The increased concentrations of polymerized triglycerides, diglycerides, and fatty
acids and monoglycerides could be due to the effect of the storage period on hydrolysis
and oxidation reactions in the bio-oils [1,11,13,16,22].
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3.1.2. Total Free Fatty Acid

Total FFAs of the bio-oils were analyzed by the GC method with an estimated accuracy
of ± 5%. For FO1-15, the change in total FFA between those measured in 2015 and 2020 are
insignificant. For the used cooking vegetable oil samples, the overall change in the total
FFAs were noticeably outside the experimental error margins and are presented in Figure 2.
As can be seen in Figure 2, the total FFAs of the UCOs had decreased in the batches stored
for a five-year period. However, the trends after two years for the batches from 2018 did
not show consistent results.Energies 2020, 13, x  7 of 14 
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According to Santos et al. [11], the oxidation and polymerization reactions within the
UCOs also depend on the duration of frying prior to the recovery of the UCOs. Differences
in the total FFAs for different bio-oil samples before and after the storage were assumed to
depend partly on variations in the frying periods. A summary of the total FFAs together
with the saturated, unsaturated and monoglycerides obtained by the GC analyses are
provided in Table S1.

3.1.3. Acid Number

The ANs for the FOs and UCOs are presented in Figure 3. The AN of the bio-oils was
analyzed with the ASTM D 664 method. The highest increase in AN was observed during
a two-year storage period for FO1-18, i.e., 2.5 mg KOH/g. The waste fish oil already had a
high level of AN (about 25 mg KOH/g oil) when delivered. It did not meet the requirements
for the bio-fuels for marine engine applications, with the maximum limit of 15 mg KOH/g
oil. AN for the higher quality FO1-15, with the low initial value (1.7 mg KOH/g oil),
increased only by 0.8 mg KOH/g oil during the five-year storage period.

For the used cooking vegetable oil UCO1-15, the acid number increased from
8.9 mg KOH/g oil to 11.1 mg KOH/g oil during the five-year storage. For UCO1-18,
UCO2-18, and UCO3-18, the AN has increased between 0.5 and 1.3 mg KOH/g oil in
two years.

The AN of all bio-oils increased consistently during the two and five year periods
of storage. The assumption is, that the increase in acidity depends on the hydrolysis and
oxidation reactions [24,41].
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The theoretical acid numbers (mg KOH/g oil) were calculated according to Equation (1)
using the GC analysis determined total FFAs of the samples. The measured and calculated
acid number values as functions of the total measured FFA content are shown in Figure 4.
The differences between the measured and calculated values are assumed to depend partly
on volatile fatty acids, such as formic acid, acetic acids, or some inorganic acids that are
not detected in the GC analysis. Some oil samples, for example, FO1-18 may also include a
preservative (formic acid) added against ageing [27]. The total FFA concentrations analyzed
using GC (given in Table S1) were converted to theoretical ANs, mg KOH/g oil. All the
GC analyses of the oil samples received in 2015 and 2018 were made in 2020.

AN
(

mg KOH
g

oil
)
= [Total FFA]

(
mmol

g

)
·56.1 mg KOH/mmol (1)

3.1.4. Water Content

The water content for the bio-oil samples was measured with the KF titration method.
Generally, the water content of all bio-oils had increased during the storage (Table 2), as
also reported by Meng et al. [42]. As shown in Table 2, the water content of FO1-15 had
increased by 430 ppm after five years of storage time. The water content in the five-year old
UCO samples, UCO1-15, UCO2-15, and UCO3-15, had increased by about 240–560 ppm.
The increase in water content of UCO1-18, 111 ppm in two years, was in line with the
five-year samples. According to specifications for marine engines, the water content of
biofuels must be below 0.2% v/v [43]. Thus, all the samples except for FO1-18 had a water
content below this limit, both before and after the storage.

Table 2. Water content of bio-oils measured in the years 2015, 2018, and 2020.

Water Content (ppm)

Year Year

Sample 2015 2020 Sample 2018 2020

FO1-15 473 900 FO1-18 2473 2720
UCO1-15 538 1094 UCO1-18 1662 1773
UCO2-15 706 1015 UCO2-18 1449 1734
UCO3-15 740 977 UCO3-18 1403 1686
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According to Karmakar et al. [44], water molecules are attracted to free fatty acids
because of their hygroscopic properties. Mono- and diglycerides also effectively bind water
into vegetable oil fuels [45]. This increase of water content with aging could be higher if
stored at room temperature and in a relatively open system of storage.

3.1.5. Elemental Composition: H and C Contents of the Oils

Table 3 lists the carbon and hydrogen contents and their ratio on a wt% for the FOs,
UCOs, and COref measured with the CHNS-O (carbon, hydrogen, nitrogen, sulfur, and
oxygen) elemental analyzer. The C/H-ratio of most oils was in the range of 6.4 to 6.6,
independently of the storage time.

The C/H-ratios are typical for triglycerides, such as triolein, trilinolein, tripalmitolein,
and tristearin, found in waste fish oils [46,47] and used cooking oils [48].

For COref, consisting of hydrocarbons [27], the carbon and hydrogen concentrations
were higher than those in the bio-oils. Our bio-oil studies show that over a maximum of
five years there was not much oxidation in our samples, because all the measured H and C
contents were on the same level for the bio-oils.

In this work, the values were roughly the same before and after the storage, thus
verifying that the amount of volatile species due to oxidation reactions was small in cold
storage conditions.
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Table 3. H and C contents and mass ratios of the bio-oils and a commercial product analyzed with
CHNS-O elemental analyzer. The overall average standard deviation is 0.4.

Sample C (wt%) H (wt%) C to H Ratio (Mass Basis)

FO1-15 79.1 12.1 6.5
FO1-18 76.6 11.8 6.5

UCO1-15 76.8 12.0 6.4
UCO2-15 76.2 11.9 6.4
UCO3-15 76.3 11.9 6.4
UCO1-18 76.4 11.9 6.4
UCO2-18 76.8 11.0 7.0
UCO3-18 76.7 12.0 6.4

COref 86.2 13.1 6.6

3.2. Thermal Properties
HV of the Bio-Oils

All the measured HVs of the oils before and after storage are collected to Table 4. The
average heating value of the bio-oils was 39.8 ± 0.3 MJ/kg oil, comparable to the typical
value ~40 MJ/kg [49] for heavy fuel oils and biodiesel prepared from waste cooking oils
39.4 MJ/kg [50]. The heating value for the reference oil (COref) is significantly higher,
45.7 MJ/kg oil. According to Capuano et al. [2], used cooking vegetable oils have mean
heating values in the range 32.2–41.8 MJ/kg and the average value determined for the
bio-oils in this work falls in this range. The HVs of vegetable oils are lower than those
of diesel due to high oxygen content [51]. According to Jiménez Espadafor et al. [52]
and Hoekman et al. [50], the oxygen atoms in the triglyceride molecules, about 11%, are
responsible for a 4% decrease in the heating value. The oxygen atoms in the fatty acids
in the bio-oils could explain the circa 12% difference in the HVs compared to aliphatic
hydrocarbons COref [27].

The chemical and physical changes during the storage time (maximum five years) had
not significantly affected the heating values of the original bio-oils. The studies of Wahyudi
et al. [51] on vegetable oils suggest that the oxidation reaction has a noticeable impact on
the HVs of the oils. CHNS-O elemental analyses (Table 3) of the bio-oils in this work show
that the composition of the bio-oils was not affected over the five years of storage. This is
consistent with the negligible changes in the HVs measured after the long storage times.

According to Liu et al. [53], the HV of biodiesel produced from Jatropha curcas
showed a marked decrease in an accelerated oxidation test upon the oil-blend oxidation.
The atmosphere in our storage conditions was likely to prevent oxidation, thus explaining
the almost insignificant changes in the HV over different storage periods.

Table 4. The heating value of the fish oils (FOs) and UCOs samples determined before and after
storage periods of two and five years.

Sample
Heating Value (MJ/kg Oil)

Sample
Heating Value (MJ/kg Oil)

2015 2020 2018 2020

FO1-15 39.8 40.1 FO1-18 40.3 39.7
UCO1-15 40 39.5 UCO1-18 39.6 40.0
UCO2-15 40 39.6 UCO2-18 39.7 40.0
UCO3-15 39.9 39.8 UCO3-18 39.7 39.7

3.3. Physical Properties

Goodrum and Eitcman [37] indicated that dynamic viscosity, density, surface tension,
vapor pressure, and specific heat are the most relevant physical properties of oils.
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3.3.1. Density of the Bio-Oils

During the storage periods of the bio-oils, density increased or remained at the same
level (Table 5). A relatively small increase was measured for the fish oil FO1-18, which is an
increase of 3 kg/m3 in two years. The only exception was UCO2-18, for which the density
decreased slightly from 917 kg/m3 to 914 kg/m3 in five years. The water content for the
same soil increased by 285 ppm (from 1449 ppm to 1734 ppm, Table 2), which probably can
also have affected the density change.

Table 5. Physical properties of bio-oils before and after two and five years of storage.

Sample Kinematic Viscosity (mm2/s) 40 ◦C
Year of Analysis

Density (kg/m3) 21 ◦C
Year of Analysis

Surface Tension (mN/m)
Year of Analysis

2015 2020 2015 2020 2020

FO1-15 31.9 36.4 916 917 - 33.25
UCO1-15 40.6 43.6 914 915 - 32.91
UCO2-15 41.3 43.6 916 916 - 32.99
UCO3-15 44.3 44.1 915 916 - 33.03

2018 2020 2018 2020 2020
FO1-18 26.6 35.7 916 919 - 32.97

UCO1-18 40.7 41.0 916 916 - 33.01
UCO2-18 40.7 40.0 917 914 - 33.14
UCO3-18 40.3 41.7 916 918 - 33.12

3.3.2. Kinematic Viscosity of the Oils

Kinematic viscosities measured for each bio-oil sample at 40 ◦C showed a tendency of
increasing with the storage time (Table 5). The only exceptions are the kinematic viscosities
of UCO3-15, UCO1-18, and UCO2-18, which remain within the experimental error range of
±0.7 mm2/s. For FO1-18, the increase in kinematic viscosities was the highest, 9.1 mm2/s
in two years. The kinematic viscosities of FO1-15, UCO1-15, UCO2-15, and UCO3-18
increased by an average of 2.8 mm2/s during the storage periods. For the UCO samples,
the concentration of polymerized triglycerides had increased during the storage periods
(Table 1), thus contributing to the observed viscosity increases.

After examining several different vegetable oils, Sahasrabudhe et al. [54] concluded
that the viscosity and density varied depending on the oil type. In contrast, the variations
in the types of the oils did not affect the bio-oils’ surface tension. The temperature (between
22 and 200 ◦C) had a significant effect on all three physical properties. At the saturation
level, the number of carbon atoms [55] and the configuration of the double bond (cis or
trans) [53,56] affect the kinematic viscosity.

3.3.3. Surface Tension

Unlike the density and kinematic viscosity, the surface tension of the bio-oils was
measured only in 2020 (Table 5), i.e., bio-oils received in 2015 were measured in 2020,
and those received in 2018 were also measured in 2020. The values varied between 32.9
and 33.3 mN/m at 24 ◦C, with each measurement accuracies of ±0.03 mN/m. The older
bio-oils’ surface tension values (received in 2015) were consistently lower than those of
the more recent bio-oils (received in 2018). Even if the differences between each measured
value were not significant (~0.5%), they imply that the storage period has had a minor
effect on the bio-oils’ overall surface tension.

The narrow range of the surface tension values obtained for the bio-oil samples
is consistent with the results observed by Goodrum at al. [37]. They reported that four
different triglyceride samples had very close surface tension values. Sahasrabudhe et al. [54]
reported similar surface tension values for different samples of vegetable oils. Surface
tensions determined by Tyowua et al. [38], using the du Noüy tensiometer method at
25 ◦C, for sunflower, olive, and rapeseed oils were 32.2, 33.1, and 33.8 mN/m, respectively.
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Given that there was a 1 ◦C temperature difference, the surface tension values reported by
Tyowua et al. [38] agree with the FOs and UCOs surface tensions determined in our work.

The surface tension of COref was 30.6 ± 0.007 mN/m at 24 ◦C, which is out of the
bio-oils range. As described in the Materials section, the composition of COref is mostly
aliphatic hydrocarbons, including the largest single compounds in the range C14–C26.
According to the data available in [57], the surface tension of hexacosane (C26H54) was
reported to be 28.6 mN/m at 51.8 ◦C. Considering the general trend of decrease in surface
tension with increasing temperature, the measured surface tension of COref is comparable
to that of hexacosane (C26H54).

3.4. Observations

The physicochemical properties of the bio-oils stored for two and five years showed
slow decreasing or increasing trend. Several studies [21,23,45,58,59] suggested that ex-
posure of bio-oils to air, light, traces of metal, elevated temperatures, and moisture can
accelerate the deterioration of the properties of bio-oils and/or biodiesels. The observed
slow aging of the bio-oils in this work was assumed to depend on the storage conditions:
closed plastic bottles, and cold and dark environment. Furthermore, the small physico-
chemical property changes observed in the cold storage conditions can be considered as an
indication of larger changes at elevated temperatures.

4. Conclusions

The effect of a prolonged storage time on the physical, chemical, and thermal proper-
ties of fish-oils (FOs) and used cooking oils (UCOs) was investigated. Different analytical
techniques were applied to examine the effect of storage on their fuel qualities. Based on
the results obtained from the different techniques, the following conclusions were drawn.

After five years storage period, greater changes about 4.3% were measured in the
composition of the polymerized triglycerides in FOs than in UCOs. The changes in fatty
acids and monoglycerides were smaller in FOs than in UCOs. In general, the total FFAs
of the UCOs slightly decreased by ~7.7% during storage. The decrease in the total FFAs
for the UCOs was related to the increased concentration of polymerized triglycerides.
The acid number and water content of the bio-oils increased slightly during storage. The
acid numbers of the bio-oils were well below the fuel quality limit set, e.g., for fuels in
marine engines.

The density of the bio-oil samples did not show any marked changes after the storage
periods. The kinematic viscosity increased slightly ~7.9% with the storage time. The
increases in the polymerized triglycerides during storage may have contributed to the
viscosity increase. The surface tension values of the bio-oils implied a minor decreasing
trend ~0.5% with prolonged storage time. The average heating value did not significantly
change with the storage time. This observation was supported by the unchanged ratio
between C and H in oils.

The results confirm that storing bio-oils in dark, cold, and air tight plastic containers
can retain their fuel quality specifications through a slowed aging process. However,
commercial bio-oils with acceptable fuel qualities for usage are usually stored in tanks
where the temperature is not as low as in our experiments; in such cases, the aging process
may proceed faster.

Supplementary Materials: The following is available online at https://www.mdpi.com/1996-1073/
14/1/101/s1: Table S1. Composition of bio-oils measured with a gas chromatography (mg/g oil).
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