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Abstract 
Bio-oil is a renewable energy source and can be used either in crude or processed 
forms. The crude bio-oil can be used in marine engines or conventional 
combustors. Using bio-oils instead of petroleum fossil fuels in marine engines 
reduces sulfur and phosphorus emissions. Bio-oils originate from animal fats, 
agricultural crops, and pyrolysis of biomasses. Used cooking oils (UCOs) and fish 
oils (FOs) are of increasing interest as economic feedstock for bio-oils or 
biodiesel production. UCOs are non-edible oil residues collected from, e.g., 
restaurants. During the cooking or frying step, the temperature of the oils can 
reach 190 °C, which causes the triglycerides in the oil to degrade thermally and 
chemically. These reactions may form free fatty acids (FFAs), glycerol, 
monoglycerides, and diglycerides. Some characteristics such as pre-existing 
organic acids, water content, and any possible sediment in the bio-oil can lead to 
corrosion of steels and copper in contact with the oil. However, the UCOs must be 
used within a relatively short period of time after their collection and processing 
to avoid, e.g., the formation of corrosive degradation components. Certain levels 
of the acid number, viscosity, density, and water content are essential for 
approving the bio-oils as fuels. However, the acid number and water do not 
directly correlate with the bio-oil properties and corrosivity. The roles of 
different bio-oil components and corrosion inhibitors on the corrosive 
properties are not thoroughly understood.  

In this work, we studied the physicochemical and thermal properties of 
locally produced UCOs and FOs to determine their applicability as alternative 
fuels for marine engines. The properties of these locally produced bio-oils were 
compared to a commercial oil. The corrosive properties were studied by 
immersing steels or copper rods at room temperature in the UCOs and FOs. Also, 
the impact of water in oils on the dissolved iron concentration was investigated. 
Oleic acid and glycerol were studied as corrosion inhibitors in UCOs. Further, 
changes in the physicochemical and thermal properties were investigated as 
functions of storage time for up to five years.  

The corrosivity of different UCO batches was addressed with three-day 
immersion tests of steel rods. Furthermore, the roles of contaminants, bio-oil 
preservatives, and corrosion inhibitors in bio-oil-induced corrosion were 
examined with oil samples containing added water, short-chain carboxylic acids, 
and ten different amino acids.  

The physicochemical and thermal properties of the bio-oils correlated with 
their contents of different fats. The acid number of all bio-oils was relatively high 
and slightly increased with their aging, likely due to the conversion of 
unsaturated fatty acids. The concentrations of phosphorus and sulfur in the bio-
oils were below the limits specified for oils in marine engines. The bio-oils 
decomposed at higher temperatures than the commercial reference oil but had 
lower heat content than the commercial oil.  
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Detailed analysis of various physicochemical properties and the fatty acid 
composition of the bio-oils suggested that the waste stream-based bio-oils are 
potential sources of carbon dioxide neutral fuels in marine engines.  

However, immersion tests with mild steel rods suggested an increased 
dissolved iron concentration in the oil at 10 days. Adding oleic acid and glycerol 
decreased the dissolved iron concentration in the oil. Water content, acid 
number, and the overall oil composition substantially affected the corrosive 
behavior of the oils. Among the tested oils, the FO and the reference commercial 
oil product showed the highest and lowest amounts of dissolved iron, 
respectively.  

The results observed in this work imply that the immersion test of a steel rod 
can be used as a reliable and cost-effective method to compare the corrosive 
properties of bio-oils as well as other biofuels.  

In general, the oils with the highest water concentrations showed the highest 
corrosion properties, although their acid numbers were not the highest. The oils 
with the highest acid numbers contained the highest concentrations of 
unsaturated free fatty acids, such as oleic acid. The unsaturated free fatty acids 
were assumed to form a protective layer on the rods, thereby preventing the 
permeation of oxygen and water to the steel surface. When a very corrosive oil 
was mixed with a less corrosive oil, the amount of dissolved iron decreased 
notably. This suggests that mixing different bio-oils decreases the corrosion of 
steel devices in contact with the oil. Among the ten studied potential corrosion 
inhibitors, the amino acids L-lycine and L-arginine showed positive effects, also 
when added at low concentrations. Short-chained carboxylic acids formic or 
propionic acid also suggested minor corrosion inhibiting effect, most likely due 
to the thin surface layer that formed on the steel. However, the simultaneous 
presence of water and carboxylic acid led to corrosion. Furthermore, neither L-
lycine nor L-arginine could provide corrosion protection in the presence of both 
water and a carboxylic acid. This suggests that UCOs containing short-chained 
carboxylic acids and water increase the corrosion of steel.  

The results of this work indicate that the bio-oils may be used as a 
sustainable, locally sourced alternative fuel as long as they do not contain 
carboxylic acids and water simultaneously. The impact of water content on the 
corrosion might be decreased with amino acid-based inhibitors in the absence of 
carboxylic acid.  
 
Keywords: bio-oil, fish oil, used cooking oil, marine engines, biofuel utilization, 
corrosion, inhibition, renewable energy sources 
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Sammanfattning 
Bioolja är en förnybar energikälla och kan användas antingen i rå eller förädlad 
form. Den råa biooljan kan användas i marina motorer eller konventionella 
brännkammare. Svavel- och fosforutsläppen minskar när biooljor används som 
bränsle i marina motorer i stället för fossila petroleumbränslen. Biooljor 
härstammar från animaliska fetter, vegetabiliskt oljeavfall och pyrolysolja från 
biomassa. Använda matoljor (UCOs) och fiskoljor (FOs) är av ökande intresse 
som ekonomisk råvara för biooljor eller vid produktion av biodiesel. De använda 
matoljorna är icke-ätbara rester från t.ex. restauranger. Under tillagnings- och 
frityrsteget kan temperaturen i oljorna stiga till 190°C, vilket gör att oljornas 
triglycerider bryts ned termiskt och kemiskt. Dessa reaktioner kan resultera i 
bildning av fria fettsyror, glycerol, monoglycerider och diglycerider. Vissa 
kemiska föreningar, såsom redan existerande organiska syror, vatten och 
eventuella sediment som finns i biooljan, kan orsaka korrosion av stål och 
koppar vid kontakt med oljan. De använda matoljorna måste dock utnyttjas inom 
en relativt kort tidsperiod efter insamling och bearbetning för att exempelvis 
undvika att korrosiva nedbrytningskomponenter bildas. Vissa nivåer av syratal, 
viskositet, densitet och vattenhalt är avgörande för att biooljorna ska accepteras 
som bränslen. Syratalet och vattenhalten korrelerar dock inte direkt med 
biooljans egenskaper och korrosivitet. Det är inte helt klarlagt vilken inverkan 
de olika biooljekomponenterna och korrosionsinhibitorerna har på de korrosiva 
egenskaperna.  

I detta arbete undersökte vi de fysikalisk-kemiska och termiska 
egenskaperna hos lokalt producerade, använda matoljor och fiskoljor för att 
utreda deras användbarhet som alternativa bränslen för marina motorer. 
Egenskaperna hos dessa lokalt producerade biooljor jämfördes med en 
kommersiell referensolja. De korrosiva egenskaperna studerades genom ett 
nedsänkningstest med en stav av stål eller en kopparstav vid rumstemperatur i 
UCOs eller FOs. Dessutom undersöktes effekten av vatten i oljorna på 
koncentrationen av löst järn. Oljesyra och glycerol studerades som 
korrosionsinhibitorer i UCOs. Vidare undersöktes förändringar i de fysikalisk-
kemiska och termiska egenskaperna som funktioner av lagringstid i upp till fem 
år. 

Korrosiviteten hos olika UCO-satser undersöktes med tre dagars 
nedsänkningstest med stavar av stål. Vidare undersöktes rollerna för 
föroreningar, konserveringsmedel för biooljor och korrosionsinhibitorer i 
biooljeinducerad korrosion med oljeprover innehållande tillsatt vatten, 
kortkedjiga karboxylsyror och tio olika aminosyror.  

De fysikalisk-kemiska och termiska egenskaperna hos biooljorna 
korrelerade med deras innehåll av olika fetter. Syratalet för alla biooljor var 
relativt högt och ökade något under biooljornas åldrande, troligtvis på grund av 
omvandlingen av omättade fettsyror. Koncentrationerna av fosfor och svavel i 
biooljorna låg under de angivna gränsvärdena för oljor i marina motorer. Jämfört 
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med den kommersiella referensoljan nedbröts biooljorna vid högre 
temperaturer men biooljornas värmeinnehåll var lägre än den kommersiella 
referensoljans.  

En detaljerad analys av olika fysikalisk-kemiska egenskaper samt 
fettsyrasammansättningen av biooljorna tyder på att avfallsbaserade biooljor 
kan användas som koldioxidneutrala bränslen i marina motorer. Emellertid 
visade det sig att nedsänkningstest med stänger av mjukt stål påvisade en högre 
halt av järn som löste sig i oljorna vid 10 dagar. Vid tillsats av oljesyra och 
glycerol sjönk halten järn som löste sig i oljan. Vattenhalten, syratalet och den 
totala oljesammansättningen påverkade väsentligt oljornas korrosiva 
egenskaper. Bland de testade oljorna visade FO och den kommersiella 
referensoljeprodukten de högsta respektive lägsta mängderna löst järn. 

Resultaten som observerats i detta arbete innebär att nedsänkningstestet 
med en stav av stål kan användas som en pålitlig och kostnadseffektiv metod för 
att jämföra de korrosiva egenskaperna hos biooljor såväl som andra biobränslen. 

I allmänhet uppvisade oljorna med de högsta vattenkoncentrationerna de 
högsta korrosionsegenskaperna, även om deras syratal inte var de högsta. 
Oljorna med de högsta syratalen innehöll de högsta koncentrationerna av 
omättade fria fettsyror, såsom oljesyra. De omättade fria fettsyrorna antogs bilda 
ett skyddande skikt på stavarna och därigenom förhindra genomträngning av 
syre och vatten till stålytan. När en mycket frätande olja blandades med en 
mindre frätande olja, minskade mängden löst järn markant. Detta tyder på att 
vid blandning av olika biooljor minskar korrosionen av stålenheter i kontakt med 
oljan. Bland de tio studerade potentiella korrosionsinhibitorerna visade 
aminosyrorna L-lycin och L-arginin positiva effekter, även när de tillsattes i låga 
koncentrationer. Kortkedjiga karboxylsyror myr- eller propionsyra påvisade en 
lägre korrosionshämmande effekt, troligen på grund av det tunna ytskiktet som 
bildades på stålet. Den samtidiga närvaron av vatten och karboxylsyra ledde 
dock till korrosion. Vidare kunde varken L-lycin eller L-arginin ge 
korrosionsskydd i närvaro av både vatten och en karboxylsyra. Detta tyder på att 
UCOs som innehåller kortkedjiga karboxylsyror och vatten ökar korrosionen av 
mjukt stål. 

Resultaten av detta arbete indikerar att biooljorna kan användas som ett 
hållbart, lokalt anskaffat alternativt bränsle så länge de inte innehåller 
karboxylsyror och vatten samtidigt. Vattenhaltens inverkan på korrosionen kan 
minskas med aminosyrabaserade inhibitorer i frånvaro av karboxylsyra. 
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1. Introduction 
Liquid biofuel is an attractive source of renewable energy, which depends on its 
similar functionality to petroleum fuel. The liquid biofuel, so-called bio-oil, has a 
similar heating value as fossil oil. In contrast, its toxicity and usually sulfur 
content are lower than petroleum fossil oil [1-3]. Bio-oils can be used either in 
crude or processed forms. The processed bio-oil is currently used as biodiesel in 
cars and airplanes [4,5], whereas the crude bio-oil can be used in either 
conventional combustors [6] or marine engines [7]. Most bio-oils originate from 
animal fats, crops, and pyrolysis of biomasses. 

Used cooking oils (UCOs) and fish oils (FOs) are of increasing interest as 
economic feedstock for bio-oils or biodiesel production [8]. However, they have 
limited oxidative stability as their source is, i.e., fresh vegetable oils [9]. 

Bio-oils fulfill the demand of the circular economy. The role of resources in 
the circular economy can be summarized in four central tenets: reduce, reuse, 
recycle and recover [10]. UCOs´ contribution to a carbon-neutral energy system 
is illustrated in Figure 1 [8].  

 
Figure 1. Schematic diagram showing the role of UCOs in enabling a carbon-neutral 
energy system. Adapted from Paper III. 

Among different animal fats, fish oil is produced in large quantity by the fish-
processing industry [11]. Fish oil is commonly used in cosmetics, 
pharmaceuticals, and human dietary complements industries [12,13]. However, 
in cases where fish oil degrades during storage and handling, the formed low-
grade fish oil can be used in marine engines [14].  

Cooking oils from vegetable resources are extracted from rapeseed, 
sunflower, soybean, palm kernel, corn, grapeseed, etc. [15-17]. Recycled 
vegetable oils or UCOs are non-edible residues from restaurants, households, 
and the food processing industry. During frying, the temperature of the oils can 
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reach as high as 190°C [18], which creates favorable conditions for several 
reactions within the oil and its surroundings. The oils’ original properties are 
significantly affected during the frying step as the triglycerides degrade 
thermally and chemically [18]. In general, three major types of reactions may 
take place during frying: oxidation, hydrolysis, and thermal degradation of 
triglycerides [19]. 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 [18,20-24]. 

The UCO usually needs a cleaning step to avoid blocking or damaging the 
engine. By removing the contaminants from UCO, the oil can be used either after 
processing for biodiesel purposes [25] or as is, depending on engine types. Using 
waste vegetable oils in automotive diesel engines reduced the soot formation 
and particulate emissions compared to petroleum-based diesel fuel [26].  

Bio-oils can be used as fuels, but there might be problems as they can cause 
corrosion of metal equipment in contact with them. The most common factors to 
be considered include organic acids (such as acetic, formic, glycolic, and fatty 
acids), water content, and any possible sediment in the bio-oil. Water 
participates in forming additional free fatty acids out of any glyceride present in 
the bio-oil. Water in oils also enhances the growth of microorganisms, resulting 
in increased corrosion and a high risk of engine malfunction [27-29]. 

Sulfur and phosphorus emissions are reduced when using bio-oils as fuels in 
marine engines. In the marine sector, sulfur-oxide (SOx) emissions from engines 
cause fine dust generations that can lead to serious health issues and problems 
such as acid rain, which harms biodiversity [30]. The EU actively promotes and 
passes legislations for a global maritime emission cut. Recently, the United 
Nations specialized agency, the IMO–International Maritime Organization, 
agreed to reduce shipping greenhouse gas emissions by ≥50% until 2050 [31]. 

According to the revised Sulfur Directive, since the beginning of 2020, the 
maximum sulfur content of marine fuels was reduced to 0.5%, i.e., down from 
the 2012 Sulfur Directive limit of 3.5% globally [30]. Bio-oils such as UCOs and 
FOs with a low sulfur content are thus excellent alternative marine fuels for 
marine diesel. The ongoing intensive research on bio-oil quality can contribute 
to the transition towards increased usage of eco-friendly fuels. 

Some companies using crude bio-oil have their specifications to measure the 
quality of the oil. These specifications include limitations on viscosity, density, 
water content, acid number, sulfur, phosphorus contents, etc. [32]. The 
specifications come from various challenges the bio-oil cause in the engines [33]. 
For example, the acid number of crude bio-oils should be below 5.0 mg 
potassium hydroxide (KOH)/g, and the water content should be less than 0.20% 
(v/v) [34]. Additionally, the sulfur and phosphorus content should be less than 
500 ppm and 100 ppm, respectively.   

The source and composition of bio-oils directly influence the quality and 
behavior of the fuel. Therefore, the physical, chemical, and thermal properties of 
locally produced fish oils and used cooking oils are studied as fuel candidates in 
marine engines. All the sources of the oils studied were classified as waste and of 
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such quality that they could not safely be used, for example, in food production. 
Thus, their utilization in marine engines instead of crude oil-based fuel offers a 
means to decrease greenhouse gas emissions.    

1.1. Purpose of the work 
This work aimed to characterize and better understand the possibilities of using 
crude bio-oils as fuels in marine engines. The focus is on UCOs and FOs from 
gutting rests of rainbow trout after extracting fish oil to products other than fuel. 
The corrosive behavior of bio-oils in contact with steel and copper rod surfaces 
was experimentally investigated. The high temperature corrosion issue has not 
been studied in this work. 

In particular, the following topics were addressed: 

1) The physical, chemical, and thermal properties of locally produced FOs 
and UCOs as fuel candidates in marine engines (Paper I). 

2) The corrosive properties of UCOs and FOs in contact with steel rods. The 
role of oleic acid and glycerol on corrosion (Paper II).  

3) The effect of storage time on the bio-oils’ physicochemical and thermal 
properties (Paper III). 

4) The corrosion of steel and copper rods exposed to the UCOs originating 
from different batches (Paper IV). 

5) The role of corrosion inhibitors (different amino acids), water, formic 
and propionic acids to steel corrosion in contact with different UCO 
batches (Papers IV and V). 
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2. Literature review 

2.1. Vegetable oils production globally 
Some oilseeds can be safely used for human consumption. There are also sources 
of oils that cannot be used for edible purposes. However, non-edible oils can be 
used to produce oleo-chemicals for multiple applications in the industry [35].   

In the 2021/2022 crop year, the vegetable oil production volume worldwide 
exceeded 200 million metric tons. Palm oil had the highest production volume 
among the major categories of vegetable oil, at 75.5 million metric tons. The 
volume of other oils (given in million metric tons) was 60.3 for soybean oil, 28.3 
for rapeseed oil, 22.1 for sunflower seed oil, 8.7 for palm kernel oil, 6.5 for peanut 
oil, 5 for cottonseed oil, 3.5 for coconut oil, and 3.3 for olive oil [36]. The 
generation of UCOs is estimated to be around 20-32% of the total vegetable oil 
consumption [37,38]. 

2.2. Non-edible vegetable oils as fuel in marine engines 
UCOs are waste streams and of great interest as renewable fuels. Thus, they 
neither compete with the food chain nor utilize farmland for their production. 
These circumstances make UCOs an attractive feedstock for future transportation 
fuels for maritime shipping, aviation, and material production [39,40]. 

Increasing interest in the circular economy and sustainable use of resources 
has made UCOs and UCO-based biodiesel attractive as renewable fuels for diesel 
engines, particularly marine engine applications [41].     

UCOs are mixtures of triglycerides, diglycerides, monoglycerides, and fatty 
acids contaminated by derivatives from the food frying process, such as free fatty 
acids (FFAs), heterocycles, Maillard reaction products, and metal traces 
originating from pads and food leaching [42-44]. UCOs are also raw materials for 
other industries, e.g., the production of bio-plasticizers, syngas, and sorbents for 
volatile organic compounds (VOCs) [45-47]. 

However, the UCOs must be used relatively quickly after their collection and 
processing to avoid, e.g., the formation of corrosive degradation components 
[48,49]. In general, the acid number, viscosity, density, and water content are 
essential criteria for approving the UCOs as fuels [50]. However, the acid number 
and water do not directly correlate with the bio-oil properties and corrosivity 
[51]. The roles of different bio-oil components and corrosion inhibitors in the 
corrosive properties are not thoroughly understood [51]. 

Biodiesel is commonly used as a blend with petroleum diesel fuel. 
Manufacturers of diesel vehicles and engines have approved the use of B5 (a 
blend containing 5% biodiesel and 95% petroleum diesel). Some approve the use 
of blends up to B20 (20% biodiesel and 80% petroleum diesel) or higher [62]. 

The Airbus A380 has in March 2022 completed in Toulouse, France, two trial 
flights powered on biofuel (which is free of both aromatics and sulfur). Airbus 
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aircraft can be powered by up to 50% biofuel, blended with traditional kerosene. 
Airbus plans to bring the world's first zero-emission aircraft to market by 2035 [63]. 

2.3. Corrosion 

2.3.1. Basics of metal corrosion 
Metal corrosion is described as an irreversible oxidation-reduction (redox) 
reaction between the metal and an oxidizing agent present in the environment 
[52,53]. When iron and steel corrode, they combine with oxygen and water to form 
hydrated iron oxides, similar in chemical composition to the original ore [54]. 

In wet corrosion, two principal oxidizing agents are encountered: 
Solvated protons and dissolved oxygen. Other oxidizing agents can also cause 

corrosion in wet environments, such as oxidizing cations (Men+), oxidizing anions 
(e.g., OCl¯), and dissolved oxidizing gases (O2, Cl2) [52]. 

While corrosion occurs in different forms, the classification is usually based 
on one of the following three factors: the corrodent nature, corrosion 
mechanism, or corroded metal appearance. 

Corrosion can be a macroscopically localized or microscopic local attack in 
which the amount of metal dissolved is minute. In a microscopic local attack, 
considerable damage can occur before the corrosion becomes visible to the 
naked eye. In contrast, macroscopic forms of corrosion affect greater areas and 
are generally observable directly or with low-power magnification devices. 
Figure 2 classifies macroscopic and microscopic forms of localized corrosion. 

 
Figure 2. Macroscopic versus microscopic forms of localized corrosion, adapted 
from [54]. 
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Corrosion can be controlled by five primary methods at room temperature: 
inhibitors, coatings, material selection, cathodic protection, and design [54]. 
Common inhibitors are chromates, silicates, and organic amines. The organic 
amines are adsorbed on anodic and cathodic sites, decreasing the corrosion 
current. Other inhibitors specifically affect either the anodic or cathodic process. 
Some inhibitors promote the formation of protective films on the metal surface 
[54]. 

When a metal is immersed in a solution, the metal can behave in one of the 
three following ways. 1) The metal is thermodynamically stable, and corrosion 
reaction does not occur. This behavior is typical for noble metals, e.g., gold, silver, 
and platinum. 2) The metal corrodes as it dissolves in the solution and forms 
soluble, nonprotective corrosion products. This so-called active corrosion is 
characterized by high weight loss. 3) Passive behavior again means that metal 
corrodes. However, an insoluble, protective corrosion-product film (passive 
film) forms on the metal surface. If the passive film is broken or dissolved, the 
metal reverts to active behavior.  

Typical metals that exhibit passivity are iron, chromium, titanium, nickel, 
aluminum, and their alloys, most notably stainless steels. 

Most engineering alloys are passive in their applications. If the environment 
becomes more corrosive, passive metals might exhibit localized forms of 
corrosion, e.g., pitting, stress-corrosion, cracking, and crevice corrosion (Figure 
2) [54]. 
The solution’s acidity or alkalinity greatly affects its corrosivity for specific 
metals. For example, nickel is quite resistant to highly alkaline environments, but 
strongly alkaline environments corrode aluminum. 

From the corrosion perspective, the solubility of oxygen in a solution is one 
of the most significant effects. At any given temperature, the corrosion rate of 
iron increases with increasing oxygen concentration [54]. 

Corrosion reactions of iron in oxidizing acidic environment are given by the 
anode (1) and cathode (2) reactions below: 

 Fe(s)  Fe2+(aq) + 2e-    (1) 

 O2(g) + 4H+(aq) + 4e- 2H2O (l). (2) 

In iron corrosion, the ions released into the solution leave electrons at the anodic 
sites. The corrosion reaction then proceeds as quickly as these electrons are 
consumed in the cathodic reaction to reduce the dissolved oxygen. Thus, adding 
oxygen allows more electrons to be consumed, increasing the corrosion rate 
[53]. 

2.3.2. Corrosion of metals in biofuels 
Although liquid biofuels are usually considered very good replacements for fossil 
fuel oil in marine engines, their utilization might bring additional challenges [55]. 
In bio-oils, the presence of water and/or acidic groups (FFAs or short-chain 
carboxylic acids, which are used as preservatives) might cause corrosion of 
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storage tanks and fuel injectors [51]. Therefore, the marine engine designers and 
producers have proposed the acid number (AN) limitations. The acid number 
expresses the acidity of the oil. For instance, AN above 100 mg KOH/g oil is 
considered corrosive. On the other hand, AN below 5 mg KOH/g oil means that 
the oil does not increase the corrosion risk [32]. 

Also, the presence of some inorganics, especially phosphorus (P) and sulfur 
(S), could result in hot or cold corrosion in the turbocharger and combustion 
chambers, respectively [33,56]. However, the corrosion in these conditions was 
not included in this thesis. 

In utilizing UCOs, corrosivity during storage and usage are some of the 
concerns yet to be investigated for addressing materials compatibility issues 
with the UCOs. According to Fazal et al. [57], corrosion products consisting of 
metal oxides, carbonates, and hydroxides can be formed on the surface of 
metals exposed to biodiesel containing water and dissolved oxygen at room 
temperature. Figure 3 illustrates the overall phenomena at the interface of a 
metal and biodiesel as described in the literature [57]. Despite the 
compositional differences between a typical UCO and biodiesel, the same 
phenomena depicted in Figure 3 could also occur at metal/UCO interfaces 
under similar conditions. 

 
Figure 3. Schematic illustration of the phenomena at the interface of a metal (M) and 
biodiesel exposed to the atmosphere at room temperature. COO¯ represents short-
chain radicals formed when breaking down long-chain molecules. Adapted from 
Paper IV. 

The corrosiveness of biodiesel can also depend on the feedstock [58,59]. 
According to Diaz-Ballote et al. [60], the corrosiveness of biodiesel decreased 
with decreasing impurities after processing. In addition, the corrosive nature of 
biodiesel increased with the presence of free water and free fatty acids. 
Compared to conventional diesel, biodiesel is more prone to water absorption, 
which leads to an increased risk of corrosion when water condenses on the 
metallic surfaces in contact with the biodiesel. The composition of the metal in 
contact with fuel also affects the corrosiveness of the fuel [61]. 
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2.4. Corrosion inhibitors 
The corrosivity of bio-oils can be lowered with corrosion inhibitors added in 
small concentrations to alter the environment into less corrosive [64,65]. 
Alternatively, the inhibitors interact with the metal to form a protective surface 
film [65-68]. In this work, the effect of the following compounds to inhibit 
corrosion on metal surfaces were tested: the surfactant oleic acid [69], glycerol 
(which is miscible in water, and it is suggested that through microemulsions the 
water is kept away from the metal surface) [91], amines [69] as well as amino 
acids are well-known corrosion inhibitors [66]. 

2.4.1. Oleic acid and glycerol 
Surfactants forming a self-assembled monolayer might prevent corrosion by 
inhibiting the permeation of both water and oxygen to the metal surface. 
Surfactants such as oleic acid can form monolayers on the surface of metals, thus 
providing corrosion protection [69]. However, if the concentration is not high 
enough, the surfactant does not form a protective monolayer, thus allowing 
corrosion to occur [70]. 

Glycerol is miscible in water. Glycerol microemulsion forms a barrier 
between water and iron surfaces, thus reducing corrosion [55]. Besides its 
binding effect on water molecules, glycerol can form microemulsion in the 
presence of a surfactant such as oleic acid [55]. Blending glycerol into diesel or 
gasoline through microemulsification reduced problems associated with stand-
alone glycerol fuel use [71,72]. Moreover, glycerol-in-diesel emulsion reduced 
unwanted combustion emissions [71,72]. 

2.4.2. Amines and amino acids 
Corrosion inhibitors with proven effective performance include those containing 
multiple bonds, N, O, S, and P organic compounds, and some functional groups 
[68,73]. Organic compounds with -OH, -COOH, -NH2, etc., are also excellent 
corrosion inhibitors, especially in acidic solutions [73]. The environmental 
legislation on toxicity, biodegradability, and bioaccumulation gives strict 
regulations and rules for the usage and disposal of corrosion inhibitors in 
different countries [74]. 

Inhibitors ethylenediamine, tert-butylamine (TBA), and n-butylamine 
formed a stable metal oxide protective layer on cast iron and thus retarded the 
corrosion in biodiesel [75]. However, TBA is classified as an acutely toxic 
substance and should thus be replaced by environmentally friendly compounds. 

Developing green or eco-friendly inorganic and organic corrosion inhibitors 
with minimal side effects has been considered very important [66,76]. Organic 
green corrosion inhibitors include surfactants, amino acids, etc. [66]. Proteins in 
all animal and plant species are composed of twenty different amino acids [77]. 
Amino acids are biomolecules that are vital to all organisms. They form the 
building blocks of proteins and many essential substances such as 
neurotransmitters, hormones, and nucleic acids [78]. Amino acids are relatively 
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cheap, non-toxic, biodegradable, soluble in aqueous media, and produced at high 
purity [73,79]. Amino acids possess at least one carboxyl group and one amino 
group (Figure 4). They can coordinate with metals through nitrogen or oxygen 
atoms in the carboxyl group [80]. The strength of the inhibitor–metal bond is 
essential to the corrosion inhibition degree of amino acids [80]. Amino acids can 
control the corrosion of various metals such as pure iron, carbon steel, copper, 
zinc, nickel, tin, and aluminum alloys [79-82]. Furthermore, amino acids behave 
as corrosion inhibitors in acid medium, neutral medium, and de-aerated 
carbonate solution [80]. 

 
Figure 4. Amino acids and their derivatives as corrosion inhibitors for metals and 
alloys [66]. 
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3. Materials and methods 
This chapter summarizes the materials and methods parts of Papers I-V. All the 
method parameters are described in detail in the attached original papers. Paper 
I describes the chemical, physical, and thermal properties of the bio-oils. Paper 
II studies the corrosion behavior of bio-oils by immersion test of mild steel rods 
at room temperature. Paper III studies/discusses the effect of storage time on 
the physicochemical properties of FOs and UCOs. Paper IV describes changes in 
different metal rod surfaces after exposure to UCOs analyzed using a Scanning 
Electron Microscopy (SEM). Paper V explores the ability of amino acids to reduce 
mild steel corrosion in bio-oils.  

3.1. Materials 

3.1.1. Bio-oils 
The composition and properties of fish oils (FOs) and used cooking oils (UCOs) 
received from VG EcoFuel Oy (Uusikaupunki, Finland) were studied in detail. The 
company provided the following background information on the bio-oils.  

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 and reported in Paper III. 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 first fish oil sample received in 2015, and UCO1-18 
means first used cooking oil sample received in 2018. 

Fish oils 
The fish oil FO1 (Paper I) had been produced from gutting rests of rainbow trout 
after extracting fish oil to be used in other products than fuel. FO2 (Paper I) had 
been extracted from gutting rests stored for some time, and therefore they were 
naturally aged. FO2 likely contained some formic acid added as a preservative to 
retard aging. FO3 had been pressed from whole salmon fishes, including bones, 
and thus contained some phosphorus (Paper I). 

Used cooking oils 
All the UCOs were produced from vegetable sources. UCO1 (Paper I) was a waste 
cooking oil from fast food companies and had been filtered and was clear and 
transparent. UCO2 (Paper I) was waste oil from meat frying. At temperatures 
below 30°C, the oil separated into a visible white bottom phase (UCO2b) and a 
clear upper phase (UCO2u). The detailed composition of these two separated 
phases was analyzed while the physical and chemical properties of the oil were 
measured for the UCO2 mixture. UCO3 was received from a small-scale used oil 
recycling (Paper I). The UCOs studied and reported in Papers II, IV-V were 
received just before the work started. 
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Reference oils 
A commercial oil product (COref) was used as a reference (Papers I-III). 

A fresh edible vegetable oil (Keiju from Bunge Finland Oy, Raisio, Finland) 
and an organic extra virgin olive oil (Pirkka Luomu, Granada, Spain) were used 
as reference samples in Paper V.  

3.1.2. Chemicals 
The following chemicals were studied as corrosion inhibitors: tert-butylamine 
(TBA) and the following amino acids: sulfur-containing L-cysteine and L-
methionine, α-amino acid L-glutamic acid, hydroxy-containing aliphatic L-serine, 
branched aliphatic L-leucine, linear aliphatic L-glycine and L-alanine, 
heterocyclic L-tyrosine and cationic L-lycine and L-arginine (Papers IV-V). 

3.1.3. Steel and copper rods 
The following steel and copper rods were used in the immersion tests:  

• mild steel (98.64 wt% Fe, 1.00 wt% Mn, 0.21 wt% Si, 0.11 wt% C, 0.03 
wt% P, and 0.02 wt% S), i.e., an H44 all-round welding rod with a 
diameter of 1.6 mm, obtained from Linde (Solna, Sweden) (Papers II, IV-
V).  

• mild annealed steel (98.79 wt% Fe, 1.0 wt% Mn, 0.15 wt% Si, and 0.06 
wt% C) with a diameter of 1.5 mm (Paper IV).  

• copper rod (99.9 wt% Cu) with a diameter of 1.0 mm (Paper IV).  
 
Before the experiments, the rods were cut into 85-mm long pieces. The surfaces 
were first polished with grinding paper Buehler CarbiMetTM, Grit 280 [P320], 
then with Buehler-Met® II, Silicon Carbide grinding paper, Grit 360 [P600]. The 
rod ends were polished to a similar visual roughness as the rod surfaces. After 
polishing, the samples were cleaned ultrasonically using a mixture of toluene and 
2-propanol (1:1 v/v) (Papers II, IV-V). 

3.2. Experimental Methods 
All the experimental parameters are described in detail in the attached original 
papers (Papers I-V). The standard methods and instruments used to measure the 
properties of the bio-oils and commercial product are given in Appendix VII. 

3.2.1. Immersion test 
In Papers II, IV-V, the steel or copper rod immersion tests were carried out at 
room temperature to investigate the role of bio-oil-induced corrosion. The 
experiments were performed in test tubes of 15 mL, mounted on a mixer rotated 
at a constant speed of 56 rpm (Figure 5). The steel or copper rod was placed in 
7mL of the oil samples for different periods. After the immersion test, the rods 
were removed from the oils and cleaned ultrasonically using a mixture (1:1, v:v) 
of toluene and 2-propanol. Then, the oils were subjected to liquid-liquid 
extraction using 1 mL of sulfuric acid and 8 mL of deionized water in a test tube, 



12 
 

which was vigorously shaken for 1 min. After the extraction, the mixture was 
filtered using a quantitative ashless filter paper (Grade No 42, Whatman 
International Ltd, Maidstone, England), and the filtrate was analyzed 
spectrophotometrically. Each experiment contained three parallel samples. 
Further details of the experimental procedures are reported in Papers II, IV-V. 

 
Figure 5. Experimental setup of the immersion test. Adapted from Paper II. 

3.2.2. Analysis of iron dissolved in bio-oils 
The amount of iron dissolved in oils during the immersions was analyzed in the 
aqueous phase after the liquid–liquid extraction step using a spectrophotometer 
(Spectronic Genesys 2PC (Paper II) or (Perkin-Elmer Lambda 25 (Papers IV-V)). 
Prior to spectrophotometric analysis, the iron in the water solution was reduced 
to Fe2+ with ascorbic acid. The solution was then allowed to react with an excess 
of ferrozine-reagent to form a magenta-colored complex. A buffer solution 
containing sodium acetate and acetic acid was used to adjust the pH to 5. The red 
complex had a maximum absorption peak at 562 nm.  

The amount of dissolved iron in oils was also measured using inductively 
coupled plasma-optical emission spectrometry (ICP-OES, Perkin Elmer Optima 
5300 DV) and inductively coupled plasma-mass spectrometry (ICP-MS, 
PerkinElmer, ELAN 6100 DRC) (Paper II). 

3.3. Analytical methods 

3.3.1. Characterization of oils 

Water content 
The water content of the oils was determined with Karl Fischer (KF) titration 
using an automatic coulometric titrator (Metrohm 851 Titrando instrument) 
connected to an oven (860 KF Thermoprep). The KF measurements were carried 
out under a dry nitrogen gas atmosphere with a flow rate of 90 mL/min. The 
water release of the oil samples was measured at 110°C (Papers I-IV).  

Acid number 
The acid number (AN), expressing the acidity of the oil, was determined using 
the ASTM D 664 method. In short, the oil samples were dissolved in toluene, 
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propan-2-ol, and CO₂-free water (500:495:5, v/v/v) and then titrated with 0.1 M 
potassium hydroxide (KOH) in propan-2-ol (Merck, Germany) (Papers I-IV).  

Oil Composition 
Capillary gas chromatography – flame ionization detector (GC–FID) (Perkin 
Elmer Autosystem XL) was used to quantify the monoglycerides, total 
(hydrolyzed) fatty acids, free fatty acids, and volatile fatty acids in oils. Individual 
components were identified using a chromatography–mass spectrometry (GC-
MS) with an HP 6890-5973 capillary gas chromatography–mass selective 
detector (GC-MSD). Di- and triglycerides were analyzed on a wide-bore short 
column GC-FID (PerkinElmer Clarus 500)(Papers I-IV). 

The functional groups of the oil samples were analyzed with a Nicolet iS50 
Fourier transform infrared spectroscopy (FTIR) (Nicolet Instrument Corp.) 
equipped with an iS50 attenuated total reflection (ATR) accessory used together 
with OMNIC 9 software (Paper I).  

Molecular weight distribution 
The molecular weight distribution of the oil components was analyzed by high-
performance size exclusion chromatography using an evaporative light 
scattering detector (HPSEC-ELSD, Shimadzu 10A series modular HPLC, 
Shimadzu Corporation, and ELSD detector, Sedex 85 LT-ELSD, Sedere 
S.A.)(Paper I-III).  

Phosphorus and sulfur contents  
Phosphorus and sulfur in the bio-oils were measured using inductively coupled 
plasma-optical emission spectrometry (ICP-OES, Perkin Elmer Optima 5 300 
DV)(Paper I).  

Physical properties 
The density of all the samples was measured at 21°C using a pycnometer. 
Dynamic viscosity was measured with a Brookfield digital viscometer Model DV-
II at 21°C. Depending on the flowing properties of the oil, the kinematic viscosity 
was measured using either a Cannon-Fenske (reverse flow) viscometer, capillary 
511 20 or 511 13, using the ASTM D 2515 method or an Ostwald viscometer, 
capillary 509 04, using the ASTM D 445 method, in a thermostatic bath at 40 ± 
0.5°C (Papers I-IV).  

Thermal properties 
The thermal stability of the oil samples was measured using a thermogravimetric 
analyzer (TGA, TA Instruments Q 600 SDT) (Paper I). 

The higher heating values (HHV) of the oils were determined by burning the 
oil in an adiabatic oxygen-bomb calorimeter (model Parr 1341), according to 
SFS-EN 14918:2009 (Papers I, III).         

3.3.2. Surface characterization techniques 
The surface morphologies and the corrosion products were studied with a SEM 
(LEO Gemini 1530 with a Thermo Scientific Ultra Dry Silicon Drift Detector SDD, 
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Oberkochen, Baden-Württemberg, Germany) coupled to an elemental X-ray 
detector (EDS, Energy Dispersive X-Ray Spectroscopy, Thermo Scientific, 
Madison, WI, USA) (Papers II, IV-V).  

Organometallic species at the sample surfaces were identified with Fourier 
transform infrared spectroscopy (FTIR) using a Perkin-Elmer Spectrum Two™ 
spectrometer (Perkin-Elmer, Llantrisant, UK) with a spectrum area of 4000–450 
cm−1 and a resolution of 4 cm−1. The FTIR spectra were interpreted using the 
spectral analysis function (software KnowItAll Informatics System 2020, John 
Wiley Sons, Inc., NJ, USA) (Paper V). 
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4. Results and discussion 

4.1. Chemical properties of the bio-oils 
The measured physico-chemical properties of the UCOs, FOs, COref, vegetable oil 
and olive oil are shown in Table 1 and Appendix I-II. The water content of 
vegetable oil and olive oil were about 600 ppm (Paper V). The lowest water 
content, 473 ppm, was measured for the fresh fish oil sample, FO1. The water 
content of the UCOs was between 538–740 ppm, while the measured water 
content of COref was as low as 37 ppm (Paper I). The water contents of FO1/18 
and the UCOs reported in Papers II and IV-V were on a much higher level, 1400–
3750 ppm.  

The AN of the UCOs, FO1, vegetable oil and olive oil suggested low or 
negligible corrosion risk (Papers I-V). In contrast, the AN of the naturally aged 
fish oils FO2, FO3 and FO1/18 was above the limit of 15 mg KOH/g oil set by the 
engine manufacturer (Paper I-II).  

The AN of the FOs and UCOs can be related to their content of free fatty acids. 
These oils contain high ester groups (-COOR) concentrations, about 150 mg 
KOH/g oil.  

Free fatty acids 
The highest unsaturated free fatty acid concentration consisted of the oleic acids 
(C9-18:1) (Table 2 and Appendix III-IV). Table 1 shows that AN (24.9 mg KOH/g 
oil) of FO2 is above the limit to be used as fuel. The total FFA of 92.7 mg/g is also 
high. 



16 
 

Table 1. The physico-chemical properties of FOs, UCOs, COref, vegetable, and olive 
oils (Paper I-II and IV-V). The Roman numerals in brackets after each sample code 
indicates the paper numbers where the results are discussed.  

 

Sample Acid number Water content Density 21°C Kinematic viscosity 40°C Total FFA Oleic Acid
(mg KOH/g oil) (ppm) (kg/m³) (mm²/s) (mg/g) (mg/g)

FO1(I) 1.7 473 916 31.9 5.9 2.0
FO2(I) 24.9 1070 914 31.6 92.7 38.4
FO3(I) 17.1 1450 914 31.6 71.5 21.7
UCO1(I) 8.9 538 914 40.6 44.8 23.8
UCO2(I) 10.8 706 916 41.3 51.1 27.5/25
UCO3(I) 3.7 740 915 44.3 47 11
COref(I) 0.02 37 873 8.9 - -

UCO1/18(II) 6.5 1662 916 40.7 29.1 15.2
UCO2/18(II) 8.2 1449 917 40.7 43.3 23.1
UCO3/18(II) 8.1 1403 916 40.3 46.8 24.9
FO1/18(II) 24.8 2473 916 26.6 99.7 42.3

UCO1(IV,V) 6.9 1850 917 39.3 28.4 14.9
UCO2(IV,V) 6.5 1776 917 39.5 28.4 14.8
UCO3(IV,V) 6.9 2180 914 38.7 28.3 16.0
UCO4(IV,V) 7.0 2067 916 39.8 30.0 16.9
UCO5(IV,V) 8.0 2493 917 39.5 32.9 18.7
UCO6(IV,V) 6.7 3748 914 39.4 27.0 15.2
UCO7(IV,V) 6.9 3089 915 39.4 28.0 15.9
UCO8(IV,V) 8.8 2664 915 39.5 37.8 21.7
Vegetable oil(V) 0.1 604 915 35.2 0.5 0.2
Olive oil(V) 0.5 581 910 38.9 0.1 0.4
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Table 2. Free fatty acids in oil samples without hydrolysis, measured with GC (mg/g 
oil) (Paper I). 

 
Table 3 shows the content of all the fats, including triglycerides, diglycerides, and 
free fatty acids (including monoglycerides) in the fish and used cooking oils 
measured using HPSEC-ELSD (Appendix V). The highest concentration of 

  FO1 FO2 FO3 UCO1 UCO2u UCO2b UCO3 

Saturated FA (mg/g oil)        

12:0 3 3 2 3 3 2 3 

14:0 16 17 22 2 2 3 2 

15:0 1 2 2 n.d. 1 1 n.d. 

16:0 74 79 85 87 91 158 72 

17:0 1 1 1 1 1 1 1 

18:0 22 23 24 23 23 30 24 

20:0 3 3 4 6 6 6 6 

22:0 2 2 3 3 3 3 4 

Unsaturated FA (mg/g oil)        

16:1 24 27 30 2 2 2 4 

18:3(1) 7 7 8 n.d. n.d. n.d. n.d. 

18:2 152 140 114 166 176 152 182 

18:3(2) 52 47 41 50 50 44 51 

9-18:1 397 377 338 493 499 437 483 

11-18:1 28 30 30 30 29 25 30 

cis-5,8,11,14,17-21:5 17 16 29 n.d. n.d. n.d. n.d. 

cis-13-21:1 27 32 39 9 8 7 9 

5,8,11,14,17-21:5 methyl ester 31 35 40 n.d. n.d. n.d. 1 

20:5 8 7 12 n.d. n.d. n.d. n.d. 

cis-22:1 (1) 16 20 27 n.d. n.d. n.d. n.d. 

cis-22:1 (2) 3 4 5 2 1 1 2 

Sum saturated FA 121 130 143 124 129 204 112 

Sum unsaturated FA 762 744 713 752 765 669 761 

Total FA 883 874 856 876 895 873 873 

Saturated/Total FA (%) 14 15 17 14 14 23 13 

FFA/Total FA (%) 0.7 10.6 8.4 5.1 5.7 5.4 2.5 

n.d.= not detected (< 1 mg/g oil) 
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triglycerides, 98.8%, was analyzed in FO1, while FO2 contained the lowest 
concentration, 81.4%. (Paper I). 

Table 3. Main oil component groups in fish and used cooking oils measured with 
HPSEC-ELSD, given as % of identified compounds (Paper I). 

 

 
The UCOs contained about 5% polymerized triglyceride, indicating that the 
original cooking oils had polymerized during frying. In addition, the share of 
diglycerides in the UCOs was higher than the share of diglycerides in the FOs, 
thus also suggesting that the triglycerides had partly degraded during the 
heating of oils. As explained above, UCO2 had separated into two phases at 
temperatures below 30°C (Paper I).  

The reference oil, COref, was also analyzed using GC–FID. The oil mainly 
consisted of aliphatic hydrocarbons. The dominating compounds were linear 
saturated hydrocarbons up to C30, with the largest single compounds in the 
C14–C26 range.  

The FTIR spectra in Figure 6 show the expected strong ester peak around 
1743 cm-1 (C=O stretching) for FOs and UCOs, while no ester peak was identified 
for the COref sample. Notably, FO2 and FO3 showed a distinguishable peak 
around 1712 cm-1, attributable to free fatty acids, in accordance with GC-FID 
analyses and AN determination. Peaks around 2922 cm-1 and 2853 cm-1 (C-H 
stretching) and around 1463 cm-1 (C-H bending) appeared in all oil samples, 
while peaks around 1159 cm-1 (C-O stretching) were absent in COref [84–86]. 

Free fatty acids* Diglycerides Triglycerides Polymerized triglycerides
FO1 0.7 0.3 98.8 n.d.
FO2 10.3 8.3 81.4 n.d.
FO3 7.3 3.9 88.2 0.5
UCO1 4.2 12.6 77.7 5.6
UCO2u 4.6 13.8 76.0 5.6
UCO2b** 4.4 12.8 78.2 4.6
UCO3 1.7 6.2 87.2 4.8
n.d. = not detected
*Including monoglycerides
**Precipitated phase at the bottom
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Figure 6. FTIR spectra of FO, UCO, and COref samples (Paper I). 

Phosphorus and sulfur 
Only FO3 extracted from the whole fish with bones gave a detectable peak of 
phosphorus corresponding to 28 mg/kg. FO2 and FO3 showed the highest sulfur 
concentrations, around 50 mg/kg, while the sulfur concentration was below 
20 mg/kg for the other samples. The phosphorus concentration of COref was less 
than 20 mg/kg, and the sulfur concentration was 250 mg/kg. Notably, the sulfur 
content of COref was higher than in the FOs and UCOs but below the 
recommended limit (500 mg/kg oil) [34] (Paper I). 

4.2. Physical properties 
The measured physical properties of importance for fuel applications of the bio-
oils are shown in Table 1 and Appendix I-II. The densities of all oils at 21°C were 
lower than the density of water, 998 kg/m3. The densities of FOs and UCOs were 
on the same level, 914–916 kg/m3, and somewhat higher than the density of the 
COref, 873 kg/m³. Finally, all values were clearly lower than the density of heavy 
fuel oil (940 kg/m3) [87]. 

The fuel density affects the dispersion of the fuel injected into the cylinder 
[88]. Additionally, by increasing the fuel density, more fuel is injected on a mass 
basis into the engine. It is worth noting that according to the marine diesel engine 
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manufacturer, the density of the liquid biofuel should be lower than 991 kg/m³ 
for 4-stroke engines [67]. 

The fish oils had lower kinematic viscosity at 40°C than the used cooking oils. 
The values were highest for the used cooking oils (around 40 mm2/s), followed 
by the fish oils (32 mm2/s), while the viscosity of the COref was lowest 
(9 mm²/s). The higher viscosity of the UCOs compared to the other oils was 
assumed to be due to the nature of the oil and the presence of some impurities 
like starch, polymerized triglycerides, and meat traces in UCOs (Papers I-IV).  

4.3. Thermal properties 
The thermal stability of the oils was studied with TGA. The weight change of FO1 
and UCO2 as a function of the temperature is shown in Figure 7. In addition, the 
weight change of COref is given. The TGA curves correlate with the release of the 
higher molecular weight components present (non-volatile fatty acids and 
triglycerides) in FO1 and UCO2, and the aliphatic hydrocarbons in COref.  

The initial thermal degradation of FO1 and UCO2 started around 200°C. The 
degradation of UCO2 was slightly faster than that of FO1, and above 360°C, the 
degradation of both oils was significant. Finally, the oils had degraded 
approximately at 400°C. The COref started to decompose below 200°C. Already 
at 300°C, the degradation was completed. The TGA curves suggest that no char 
formed during the decomposition reactions (Paper I). 

 
Figure 7. Thermal degradation of the oils - FO1, UCO2, and COref in a nitrogen 
atmosphere (Paper I). 
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4.4. Effect of storage 

Figure 8 shows the changes in the acid number of the oils when stored in the 
refrigerator for two or five years. For all but one UCO, the acid number increased. 
However, the acid number did not increase beyond the limiting value for marine 
engines for any of the UCOs and FO1-15 (Paper III). As already mentioned in 
chapter 4.1 the naturally aged FO1-18 was above the limit of 15 mg KOH/g oil 
set by the engine manufacturer (Paper I-II).  

 
Figure 8. The acid numbers for bio-oils in 2015, 2018, and 2020 (Paper III). 

The presence of water in bio-oil decreases the heating value. In addition, water 
in oil might induce corrosion of the equipment and containers during the storage 
and use of the oil [83]. When using bio-oils with relatively high water contents in 
marine engines, the possibility of water accumulation in tanks must be 
considered and remedied by careful dewatering.  

In general, the amount of ester groups shows the potential to provide fatty 
acid methyl esters (FAME) in the transesterification process when biodiesel is 
produced. Therefore, the fish and used cooking oils containing high 
concentrations of compounds with ester groups have good potential to be 
converted into biodiesel using a transesterification process (Paper I). The 
content of oleic acids in different cooking oils in this work varied considerably 
depending on the oil origin, thus making comparisons with different oils relevant 
only if their detailed composition is available (Papers I). For example, comparing 
the fatty acid contents in FO2 before and after storing suggest that triglycerides 
in FO2 had degraded during storing to di- and monoglycerides due to natural 
aging or acid hydrolysis (Paper I).  
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The density of the fuel affects the dispersion of the fuel injected into the 
cylinder [88]. Additionally, by increasing the fuel density, more fuel is injected 
on a mass basis to the engine. The engines are designed based on their optimum 
yields; for instance, the lower the density, the better the atomization and mixture 
formation achieved; however, the higher the density, the better penetration in 
the combustion chamber [88]. As the densities of the studied bio-oils are in 
between the values for the heavy fuel oil and the commercial reference oil, no 
engine modifications due to density values would be needed if the FOs and UCOs 
were used in marine engines. It is worth noting that according to a manufacturer 
of marine diesel engines, the density of the liquid biofuel should be lower than 
991 kg/m3 for four-stroke engines [34]. The viscosity of the engine fuel plays a 
dominant role during spraying the fuel into the chamber or mixing it with other 
fuels [89]. Additionally, high viscosity in bio-oil causes high operating 
temperature leading to fuel boiling in injection pumps. Therefore, a very high 
viscosity (> 100 mm2/s) is not desirable for bio-oils [32]. The higher viscosities 
of the bio-oils compared to COref must be compensated, for example, by changes 
in the fuel delivery system to the engine when replacing the fuel [33]. The TGA 
curves correlated with the release of the higher molecular weight components 
present (non-volatile fatty acids and triglycerides) in FO1 and UCO2 as well as 
the aliphatic hydrocarbons in COref. The TGA curves suggested that no char 
formed during the decomposition reactions (Paper I). 

4.5. Steel and copper rod surfaces exposed to bio-oils 

4.5.1. Iron dissolved in oils 
The effect of the immersion time on the concentration of iron dissolved from 
mild steel rods into the oils was studied for up to ten days. As shown in Figure 9, 
the amount of iron in UCOs increased with immersion time (Appendix VI). At ten 
days, the highest iron content was analyzed in UCO1/18 and UCO2/18. On the 
other hand, iron concentration in UCO3/18 and COref showed no significant 
change after one day of immersion. The highest dissolved iron concentration 
(170 ppm) was measured in FO1/18 at five days. However, the iron content was 
lower at higher time points. The relatively high dissolved iron concentration in 
the fish oil at all time points could be attributed to the chemical properties of the 
oil, i.e., the high water content and AN (see Table 1). Water content and acid 
number are known to increase the corrosivity of the oils (Paper II). 
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Figure 9. The effect of immersion time on the concentration of iron dissolved from 
the mild steel rods into the oils (Paper II).  

Iron concentration dissolved from the unpolished reference mild steel rod 
surfaces into UCO2 increased during the test from 58 ppm (1 d), 84 ppm (3 d), 
308 ppm (5 d) to 370 ppm (10 d) (see Figure 10 and Appendix VI). The values 
are averages of three parallel samples. For polished mild steel rod, the iron 
concentration in UCO2 first increased to 406 ppm (5 d) but then decreased to 
351 ppm at 10 days. A similar increasing trend during the five first days followed 
by a lower concentration at 10 days was measured for mild annealed polished 
steel rods in UCO2. In general, lower ion concentrations were measured for the 
mild annealed steel rods than for the polished mild steel rods. For the polished 
samples, the iron concentration increased up to five days, after which the 
concentration started slowly decreasing. The decrease suggested the formation 
of iron-containing precipitates. This was, however, not verified. Unlike the 
polished samples, iron continued dissolving from the untreated mild steel rod, 
probably because the dissolved iron concentration did not reach saturation 
during the experiment. No precipitates could be verified on the rod surfaces nor 
in oils (Paper IV). Cu ion concentration dissolved from polished copper rod into 
UCO2 was 14 ppm after 1 d but increased to 25.9 ± 0.7 ppm (3–10 d) (Paper IV). 
The copper rods withstood corrosion in UCO2 much better than the mild steel 
rods. Hu et al. [92] reported that the effects of biodiesel induced corrosion of 
copper and carbon steel, while stainless steel showed good resistance in two-
month immersion tests at 43 °C. Fazal et al. [61] found that copper was a strong 
catalyst for oxidizing palm biodiesel. 
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Figure 10. Changes in iron and copper concentrations dissolved from untreated and 
polished mild steel rods, polished mild annealed steel rods, and polished copper rods 
into UCO2 as a function of exposure time. The total error for the measured values is 
3% (Paper IV).  

The more corrosive UCO2 was mixed with the low corrosive UCO4 in ratios of 
9:1, 8:2, 7:3, and 1:1. Figure 11 shows the iron concentrations dissolved in oils 
after immersion of polished mild steel rods for 3 d. For UCO2, the average 
dissolved iron concentration was 277 ppm. As mixtures with decreasing UCO2 
content were tested, the iron concentration in the oil also decreased. Thus, the 
corrosive properties gradually decreased by adding the low corrosive UCO4 to 
the very corrosive UCO2. This suggests that the corrosive properties of UCOs 
might be decreased by mixing oils from different sources (Paper IV). However, it 
would be relevant to understand which component in the oil provides corrosion 
protection. 
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Figure 11. Iron concentration dissolved from polished mild steel rods into various 
mixtures of UCO2 and UCO4 (Paper IV).  

The effect of oleic acid and glycerol additions in UCO1/18 and UCO3/18 on the 
dissolved iron concentration from mild steel rods was measured after three days 
of immersion (Figure 12). The concentrations of oleic acid (21 mg/g oil) and 
glycerol (2.31 mg/g oil) were calculated to give 50 mg/g of free fatty acids in oils. 
In addition, the combined effect of oleic acid and glycerol (3:1 molar ratio) on the 
dissolved iron concentration in the UCOs was investigated. According to Figure 
12, oleic acid reduced the dissolved iron concentration in the UCOs by 57%. The 
acid number of the UCOs increased by almost 50% due to the oleic acid addition. 
However, much less iron was dissolved in oils. Active surface groups in oleic acid 
were assumed to have formed a protective film layer at the surface of the mild 
steel rod, thus suppressing the corrosion (Paper II). 

The addition of glycerol showed a more profound effect than oleic acid, 
resulting in a 92% and 63% reduction in dissolved iron in UCO1/18 and 
UCO3/18, respectively (Figure 12). The combined effect of oleic acid and glycerol 
resulted in iron levels similar to those obtained with glycerol only. Besides its 
binding effect on water molecules, glycerol can form microemulsion in the 
presence of a surfactant such as oleic acid [55]. Both oleic acid and glycerol 
considerably reduced the amount of iron dissolved in the oil phase. However, a 
more predominant effect was observed with glycerol than oleic acid when 
protecting the mild steel rod from corrosion (Paper II). 
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Figure 12. The effect of oleic acid and glycerol additions on the dissolved iron 
concentration in UCO1/18 and UCO3/18 after three days (Paper II).  

The effect of several potential corrosion inhibitor additions in UCO2 was tested 
using polished mild steel rods. During the three-day test 310 ppm iron dissolved 
in UCO2 without any inhibitor. Adding 0.025 wt% TBA into UCO2, decreased the 
iron concentration to 9 ppm (Paper IV and Appendix VI). Inhibitors 
ethylenediamine, TBA, or n-butylamine form a stable metal oxide protective 
layer and thus inhibit the corrosion in biodiesel [75]. It should be noted that TBA 
is classified as an acutely toxic substance, thus limiting its utilization. 

Figure 13 shows iron concentration after immersion of the mild steel rods in 
UCO2 with various amino acid concentrations. Although significant differences 
were measured between the corrosion-inhibiting effects, all amino acids 
decreased the amount of iron dissolved during the three-day immersion. These 
results are in accordance with the published results of utilizing amino acids and 
their derivatives to prevent corrosion of metals and alloys in aqueous media 
[66,81]. The best corrosion inhibition was achieved with the cationic acids L-
lycine and L-arginine. Low concentrations of these two amino acids almost 
totally inhibited the corrosion.  
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Figure 13. Iron dissolved (ppm) from the mild steel rods during 3d immersion in 
UCO2 without and with different additions of amino acids (Paper IV). 

UCO batches with more than 3000 ppm water (UCO6 and UCO7 in Table 1) 
dissolved more iron than UCO2 with 1800 ppm water. Whether L-lycine and L-
arginine were effective also in the presence of higher water content was tested 
by adding water to UCO2 and its mixtures with the two amino acids. Table 4 gives 
the water and amino acid contents in UCO2 and the measured average Fe 
concentration of three parallel samples with each UCO2 mixture. The corrosivity 
of UCO2 increased with the water content. As indicated by the small amounts of 
dissolved iron in Table 4, both L-lycine and L-arginine effectively inhibited 
corrosion by the oil with higher water contents. 

Table 4. Impact of water, L-lycine, and L-arginine content (ppm) in UCO2 on iron 
released from the mild steel rod during the three-day immersion test (Paper V).      

Chemicals in UCO2 (ppm) Dissolved Fe  
H₂O L-lycine L-arginine (ppm) 
1800   490 
5500   530 
4200 430  10 
3400  380 10 

 
The corrosion inhibiting effects of L-lycine on mild steel corrosion was also 
tested in the presence of water and a carboxylic acid (formic or propionic acid) 
in UCO6 and UCO7 (Paper V). 

After three days, the iron concentration in UCO6 without additives was 450 
ppm. However, in the presence of formic acid and added water, the iron content 
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was lower, around 230 ppm. After immersion in UCO6 containing formic acid 
and added water, the iron content was lower, around 230 ppm. Adding 300 ppm 
L-lycine to the UCO6 mixture with formic acid and water slightly decreased the 
iron content to 180 ppm. Similar trends were also seen in UCO7, i.e., the iron 
content in the oil decreased from 570 ppm (no additives) to 190 ppm (formic 
acid and water) and further to 140 ppm (formic acid, water and L-lycine). 

Immersion of mild steel for up to 10 days showed that the chemical 
properties of the bio-oil, i.e., water content and AN, increased the corrosivity 
(Paper I). Less iron dissolved from polished mild annealed steel rods than 
polished mild steel rods into UCO2. The iron concentration increased during the 
five first days but  then decreased slowly. The decrease suggested precipitation 
of iron-containing species. However, no precipitates could be verified on the rod 
surfaces or in oils (Paper IV). 

As expected, copper rods corroded much less than mild steel rods during 
immersion in UCO2 (Paper IV).  

Mixing UCO4, a low corrosive oil, with a very corrosive UCO2 oil decreased 
the corrosive properties of the mixture. Thus, blending different batches might 
minimize the corrosive properties of UCOs. It should be pointed out that whether 
a particular component in the UCO provides corrosion protection could not be 
verified in this work (Paper IV).  

In general, corrosion of the mild steel rod was suppressed by oleic acid and 
glycerol. The surface-active groups in oleic acid were assumed form a protective 
layer at the surface of mild steel rod (Paper II).  

4.5.2 Steel appearance after oil exposure 
SEM secondary electron images of the polished rods (Fig. 14b and c) showed 
steep scratches on the surfaces. After oil immersion, the surface morphologies 
had changed, thus suggesting corrosion, as also indicated by the increased iron 
concentrations in the oil (Fig. 14 d-f) (Paper IV). This agrees with the measured 
ion concentration in the oil after the exposure (Paper IV). The SEM secondary 
electron images in Figure 15 show that corrosion on the steel rod surface after 
three days of exposure to UCO2 can be seen, but when UCO4 was tested, a very 
smooth surface with low corrosion was noticed. Figure 16 shows SEM secondary 
electron images of polished mild steel rod surfaces after immersion in UCO2 with 
the different amino acids. The immersion affected the surface morphology of the 
rods for all other UCO2 additives but L-lycine and L-arginine. Thus, the images 
suggest only minor corrosion, further supported by low iron concentrations in 
UCO2, around 10 ppm Fe with L-lycine and 12 ppm Fe with L-arginine (Paper V). 
The SEM images in Figures 16 and 17 do not explain the corrosion inhibition 
mechanism induced by the amino acids. According to Rafiquee et al. [90], the 
inhibitive effect occurs when the inhibitors adsorb on the mild steel surface, 
thereby decreasing corrosion. 

The SEM images of the steel surface after immersion in UCOs with additions 
of formic acid (10,000 ppm), water (10,000 ppm), and L-lycine (300 ppm) show 
a surface layer of large (>10 µm) particles (Figure 18). The surface layer 
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structure is similar to that reported by Rafiquee et al. [90] for mild steel after 
being in contact with a 20% formic acid solution. 

SEM-EDS analysis suggested that the layer consisted mainly of carbon and 
oxygen, with some iron and manganese. The layer was removed from the rod 
surface and analyzed by FTIR. The results suggest that the layer consisted of 
formic acid and iron salt (Paper V). 

 
Figure 14. SEM images before oil exposure of (A) untreated mild steel, (B) polished 
mild steel, and (C) polished mild annealed steel. SEM images after 10 days of 
exposure to UCO2 (D) untreated mild steel, (E) polished mild steel, and (F) polished 
mild annealed steel (Paper IV). 
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Figure 15. SEM secondary electron images of polished mild steel rod surfaces after 
3 days of exposure to: (a) UCO2, (b) UCO2:UCO4 (9:1), (c) UCO2:UCO4 (8:2), and (d) 
UCO4 (Paper IV). 

 
Figure 16. SEM images of polished mild steel surface exposed to UCO2 and amino 
acid additives: (a) before exposure, (b) after exposure without any additive, (c) with 
300 ppm L-methionine, (d) 720 ppm L-glutamic acid, (e) 220 ppm L-leucine, (f) 160 
ppm L-lycine, (g) 160 ppm L-arginine. All images have the same magnification (Paper 
V). 
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Figure 17. SEM secondary electron images of mild steel rod surfaces after 
immersion in UCO2 with (a) no additives, 1800 ppm water, (b) 5500 ppm water, (c) 
L-lycine 430 ppm+ 4200 ppm water, and (d) L-arginine 380 ppm+ 3400 ppm water. 
The magnification is the same for all images (Paper V). 

 
Figure 18. SEM images of rod surfaces after immersion in oils with formic acid 
(10,000 ppm), water (10,000 ppm), and L-lycine (300 ppm): (a) UCO6, (b) UCO7, and 
(c) UCO8. The magnification is the same for all images (Paper V). 
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Figure 19. SEM image of rod surface layer after 3 days in UCO6 + formic acid, water, 
and L-lycine (Paper V). 

  



33 
 

5. Conclusions 
The properties and chemical composition of bio-oils derived from waste sources 
were explored with respect to their utilization as fuels in marine engines. The 
properties of the locally produced bio-oils were compared to commercial oil and 
typical values for heavy fuel oils. Detailed analysis of various physicochemical 
properties of the bio-oils suggested their potential as carbon dioxide neutral 
fuels in marine engines. In general, the physicochemical and thermal properties 
of the bio-oils correlated with their contents of different fats. The acid number 
was relatively high and slightly increased with the aging of the bio-oils, likely due 
to the conversion of unsaturated fatty acids. The concentrations of phosphorus 
and sulfur in the bio-oils were below the limits specified for oils in marine 
engines. The bio-oils decomposed at higher temperatures than the commercial 
reference oil. Also, the bio-oils had lower heat content than the commercial oil. 
These thermal properties might affect the utilization of the bio-oils in conditions 
where more effect is needed. 

The impact of bio-oils on steel or copper rod corrosion was studied at room 
temperature. The iron content dissolved into the oils markedly varied depending 
on the oil sample. The steel or copper rod immersion tests were reliable and cost-
effective for comparing the corrosive properties of bio-oils. Water content, acid 
number, and the overall oil composition substantially affected the corrosive 
behavior of the oils. The acid number did not have as strong a correlation as the 
water content on the corrosion. Interestingly, the oils with the highest acid 
numbers contained the highest concentrations of unsaturated free fatty acids, 
such as oleic acid. The unsaturated free fatty acids were assumed to form a 
protective layer on the rods, thereby preventing the permeation of oxygen and 
water to the metal surface. Mixing a corrosive oil with a non-corrosive oil led to 
a marked decrease in the dissolved iron concentration. Thus, mixing bio-oils 
containing high concentrations of unsaturated free fatty acids with corrosive oils 
might prevent corrosion of fuel tanks and engines. 

Adding oleic acid and glycerol to used cooking oils decreased the iron 
dissolution. Glycerol showed a more profound effect than oleic acid, resulting in 
up to a 92% reduction in the amount of dissolved iron in used cooking oils. Amino 
acids L-lycine and L-arginine showed noticeable corrosion inhibition effects, 
even at low concentrations in used cooking oil. More importantly, corrosion 
inhibition was maintained even after adding water to the oil. Short-chained 
carboxylic acids formic and propionic acid slightly decreased the corrosivity of 
the oils. The improved corrosion resistance was assumed to be due to a thin 
carboxylic acid layer formed on the steel surface. However, the simultaneous 
presence of water and carboxylic acids led to corrosion of the steel rods. 
Furthermore, neither L-lycine nor L-arginine provided any notable/special 
corrosion protection in the presence of both water and carboxylic acid. This 
suggests that used cooking oils contaminated with water and containing short-
chained carboxylic acids increase the corrosion of mild steel. This should be 
considered when selecting the materials for oil storage vessels. 
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The information gained in this study not only helps the bio-oil producers to 
refine their oil to meet engine requirements but also aids the engine designers in 
adjusting the engines for future renewable fuels. Overall results indicate that the 
bio-oils may be a sustainable, locally sourced alternative fuel. 
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Appendix I 
Physicochemical properties of the bio-oils, commercial product, and heavy fuel oil 
(HFO). Limit values for marine engines: liquid biofuel (LB) and vegetable oil (VO). 

Sample Density 
21 ᵒC 

Kinematic 
viscosity 40 ᵒC 

Water 
content 

Measured Acid 
number  

(kg/m³) (mm²/s) (ppm) (mg KOH/g oil) 
FO1(I) 916 31.9 473 1.7 
FO2(I) 914 31.6 1070 24.9 
FO3(I)  914 31.6 1450 17.1 
UCO1(I) 914 40.6 538 8.9 
UCO2(I) 916 41.3 706 10.8 
UCO3(I) 915 44.3 740 3.7 
COref(I) 873 8.9 37 0.02 
COref**(I) 879 9.1 <100 <0.10 
HFO(I) 940 50**** n.a. 

 

LB(I) <991***** min 1.8-2.8        
max 100 

2000 <5.0 

VO(I) 920-
960***** 

30-40 <500 <4*** 

FO1/18/0d(II) 916 26.6 2473 24.8 
UCO1/18/0d(II) 916 40.7 1662 6.5 
UCO2/18/0d(II) 917 40.7 1449 8.2 
UCO3/18/0d(II) 916 40.3 1403 8.1 
COref(II) 873 8.9 37 0.02 
COref**(II) 879 9.1 <100 <0.10 

n.a. = not available 
* Precipitated phase at the bottom. 
** From manufacturer’s specifications. 
*** Total acid number (TAN) 
**** Measured at 50 °C. 
***** Measured at 15 °C. 
 
After each sample name the numbers in brackets, i.e., FO1(I) indicates that more 
information about the measurements is available in Paper I and similarly 
UCO1(IV,V) means that in Papers IV and V more  information is available. 
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Appendix II  
Physicochemical properties of the bio-oils and vegetable oil and virgin olive oil. 

Sample Density 
21 ᵒC 

Kinematic 
viscosity 
40 ᵒC 

Water 
content 

Measured 
Acid 
number  

(kg/m³) (mm²/s) (ppm) (mg KOH/g 
oil) 

FO1-15 (2015)(III) 916 31.9 473 1.7 
FO1-15 (2020)(III) 917 36.4 900 2.5 
UCO1-15 (2015)(III) 914 40.6 538 8.9 
UCO1-15 (2020)(III) 915 43.6 1094 11.1 
UCO2-15 (2015)(III) 916 41.3 706 10.8 
UCO2-15 (2020)(III) 916 43.6 1015 10.7 
FO1-18 (2020)(III) 919 35.7 2720 27.3 
UCO1-18 (2018)(III) 916 40.7 1662 6.5 
UCO1-18 (2020)(III) 916 41.0 1773 7.6 
UCO2-18 
(2018)(III) 
UCO2-18 
(2020)(III) 
UCO3-18 (2018)(III) 
UCO3-18 
(2018)(III) 

917 
 
914 
 
916 
 
918 

40.7 
 
40.0 
 
40.3 
 
41.7 

1449 
 
1734 
 
1403 
 
1686                       

8.2 
 
8.7 
 
8.1 
 
9.4 

UCO1(IV,V) 917 39.3 1850 6.9 
UCO2(IV,V) 917 39.5 1776 6.5 
UCO3(IV,V) 914 38.7 2180 6.9 
UCO4(IV,V) 916 39.8 2067 7.0 
UCO5(IV,V) 917 39.5 2493 8.0 
UCO6(IV,V) 914 39.4 3748 6.7 
UCO7(IV,V) 915 39.4 3089 6.9 
UCO8(IV,V) 915 39.5 2664 8.8 
mean value  
UCO1-UCO8(IV,V) 

 
916±1.3 

 
39.4±0.3 

 
2483.0±672 

 
7.2±0.8 

Vegetable oil(V) 915 35.2 604 0.1 
Virgin Olive oil(V) 910 38.9 581 0.5 
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Appendix III 
Chemical properties of bio-oils and liquid biofuel (LB). 

Sample Ester group Unsaturated 
fatty acids 

Total FFA Oleic acid 
 

(mg KOH/ 
g oil) 

(g jodine/ 
100g oil) 

(mg/g oil) (mg/g oil) 

FO1(I) 156 131 5.9 2.03 
FO2(I) 156 129 92.7 38.4 
FO3(I)  154 133 71.5 21.7 
UCO1(I) 150 103 44.8 23.8 
UCO2(I) 149 102 

  

UCO2u(I)   51.1 27.5 
UCO2b(I)   47 25 
UCO3(I) 157 104 21.7 11 
LB(I) n.a. <120 n.a. n.a. 

n.a.= not available. 
LB = liquid biofuel. 
UCO2u = UCO2 upper phase 
UCO2b = UCO2 bottom phase 
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Appendix IV 
Chemical properties of the bio-oils, vegetable oil and virgin olive oil. 

Sample Total FFA Oleic acid  
(mg/g oil) (mg/g oil) 

FO1/18/0d(II) 99.7 42.3 
FO1/18/10d(II) 93.9 41.0 
UCO1/18/0d(II) 29.1 15.2 
UCO1/18/10d(II) 33.7 18.0 
UCO2/18/0d(II) 43.3 23.1 
UCO2/18/10d(II) 45.2 24.0 
UCO3/18/0d(II) 46.8 24.9 
UCO3/18/10d(II) 47.0 25.1 
UCO1-15 (2015)(III) 44.8 23.8 
UCO1-15 (2020)(III) 41.7 23.1 
UCO2-15 (2015)(III) 51.1 27.5 
UCO2-15 (2020)(III) 45.1 25.1 
UCO3-15 (2015)(III) 21.7 11.0 
UCO3-15 (2020)(III) 17.8 9.8 
UCO1-18 (2018)(III) 29.1 15.2 
UCO1-18 (2020)(III) 30.8 16.6 
UCO2-18 (2018)(III) 43.3 23.1 
UCO2-18 (2020)(III) 43.4 19.8 
UCO3-18 (2018)(III) 46.8 24.9 
UCO3-18 (2020)(III) 39.6 20.6 
UCO1(IV,V) 28.4 14.9 
UCO2(IV,V) 28.4 14.8 
UCO3(IV,V) 28.3 16.0 
UCO4(IV,V) 30.0 16.9 
UCO5(IV,V) 32.9 18.7 
UCO6(IV,V) 27.0 15.2 
UCO7(IV,V) 28.0 15.9 
UCO8(IV,V) 37.8 21.7 
mean value  
UCO1-UCO8(IV,V) 

 
30.1±3.6 

 
16.8±2.4 

Vegetable oil(V) 0.5 0.2 
Virgin Olive oil(V) 1.0 0.4 
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Appendix V 
Main component groups of fish and used cooking oils measured by high-
performance size exclusion chromatography using an evaporative light scattering 
detector (% of identified compounds). 

Sample Free fatty 
acids 

incl.monogly
cerides 

Diglycerides Triglycerides Polymerized 
triglycerides 

FO1(I) 0.7 0.3 98.8 n.d. 
FO2(I) 10.3 8.3 81.4 n.d. 
FO3(I)  7.3 3.9 88.2 0.5 
UCO1(I) 4.2 12.6 77.7 5.6 
UCO2u(I) 4.6 13.8 76.0 5.6 
UCO2b*(I) 4.4 12.8 78.2 4.6 
UCO3(I) 1.7 6.2 87.2 4.8 
FO1/18/0d(II) 

 
9.7 

 
n.d. 

FO1/18/10d(II) 
 

10.3 
 

n.d. 
UCO1/18/0d(II) 

 
7.1 

 
1.2 

UCO1/18/10d(II) 
 

7.6 
 

1.5 
UCO2/18/0d(II) 

 
7.7 

 
1.3 

UCO2/18/10d(II) 
 

7.8 
 

1.4 
UCO3/18/0d(II) 

 
7.7 

 
1.3 

UCO3/18/10d(II) 
 

7.8 
 

1.3 
n.d. = not detected. 
* Precipitated phase at the bottom. 
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Appendix VI 
The effect of immersion time on the amount of iron or copper dissolved in the bio- 
oil, vegetable and virgin olive oil samples. Iron concentration was measured 
spectrophotometrically. Copper dissolved in the bio-oil was measured using ICP-
OES.   

Sample Immersion 
Test (3d) 

Immersion 
Test (10d) 

Immersion 
Test (3d) 

Immersion 
Test (3d)    

TBA 0.025 
wt% added 

 

 
Fe (ppm) Fe (ppm) Fe (ppm) Cu (ppm) 

FO1/18(II) 129±31 
   

FO1/18(II) 
 

97±15 
  

UCO1/18(II) 128±30 
   

UCO1/18(II) 
 

178±30 
  

UCO2/18(II) 38±17 
   

UCO2/18(II) 
 

62±3 
  

UCO3/18(II) 22±6 
   

UCO3/18(II) 
 

22±2 
  

COref(II) 14±3 
   

COref(II) 
 

10±1 
  

UCO1(IV,V) 12 
   

UCO2(IV,V) 390 
 

9 25.3±0.3 
UCO3(IV,V) 102 

   

UCO4(IV,V) 14 
   

UCO5(IV,V) 74 
   

UCO6(IV,V) 449 
   

UCO7(IV,V) 571 
   

UCO8(IV,V) 59 
   

mean value  
UCO1-
UCO8(IV,V) 

 
209±223 

   

Vegetable 
oil(V) 

8 
   

Virgin Olive 
oil(V) 

8 
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Appendix VII 
Standard methods and instruments used to measure properties of the bio-oils and 
commercial product.  

Compound Method Instrument Paper 
Acid number ASTM D 664 Metrohm 888 Titrando titrator and a 

Solvotrode glass electrode 
I-IV 

Theoretical Acid 
number 

 
GC-FID III, IV 

Ester groups ASTM D 5558 
 

I 
Unsaturated fatty 
acids 

ISO 3961 
 

I 

Monoglycerides 
 

GC-FID I-IV 
Total fatty acids 

 
GC-FID I-IV 

Free fatty acids 
 

GC-FID I-IV 
Volatile fatty 
acids 

 
GC-FID I 

Di- and 
triglycerides 

 
GC-FID I-IV 

Polymerized 
triglycerides 

 
GC-FID I-IV 

Molecular weight 
 

HPSEC-ELSD I 
Functional 
groups 

 
FTIR I 

Ageing test 
 

Metrohm 888 Titrando titrator and a 
Solvotrode glass electrode 

I 

Phosphorus and 
Sulfur 

 
ICP-OES I 

Density 
 

Pycnometer I-IV 
Kinematic 
viscosity 

ASTM D 
2515, 
ASTM D 445 

Viscometer: Cannon-Fenske 511 20 or 
511 13 or Ostwald 509 04  

I-IV 

Water content 
 

Karl Fischer coulometric titrator 
(Metrohm 851 Titrando) 

I-IV 

Surface Tension 
 

du Noüy KSV Sigma 70 tensiometer III 
Volatility of oils 

 
Thermogravimetric analyzer I 

Higher Heating 
value 

SFS-EN 
14918:2009 

Adiabatic oxygen-bomb calorimeter I, III 

Immersion test 
 

Metal rod dissolved in oil (1d, 3d, 5d, 
10d) 

II, IV, 
V 

Iron dissolved in 
oil 

 
Spectrophotometer, ICP-OES, ICP-MS II, IV, 

V 
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Abstract: The corrosion behavior of three used cooking oils and one non-edible fish oil was
experimentally investigated by the immersion test of iron rods at room temperature. The corrosivity
of the tested oils was indirectly determined from the amount of the dissolved iron in the tested oils
after the immersion test. Different factors that affect the corrosive behavior of the tested oils were
assessed. Among the tested oils, the fish oil showed the highest amount of dissolved iron owing to its
chemical properties such as high water content and acid number. In general, water content and acid
number have direct effects on the amount of dissolved iron. The addition of oleic acid to the used
cooking oil resulted in a 60% less amount of dissolved iron. It was suggested that the addition of oleic
acid prompted the formation of a monolayer, which inhibited the permeation of oxygen and water to
the surface of the iron rod. Moreover, the addition of glycerol gave the lowest amount of dissolved
iron in the oil sample owing to its ability to bind water molecules and form microemulsions in the
presence of a surfactant (for example, oleic acid).

Keywords: corrosion; used cooking oil; fish oil; bio-oil; renewable energy

1. Introduction

The need for an alternative fuel source is becoming increasingly apparent mainly due to
environmental concerns and depletion of fossil fuel reserves. In this context, liquid biofuel, such
as bio-oil, has become more attractive as an alternative fuel owing to its environmental benefits as
CO2 neutral fuel and the fact that it is obtained from renewable sources [1]. Bio-oils can be used in
either processed form, as in car and airplane engines [2,3], or in their crude form for conventional
combustors [4] and marine engines [5].

Despite several advantages of bio-oils, their corrosiveness during storage and use are two of the
concerns related to compatibility issues, thus limiting the potential of direct substitution of bio-oils for
petroleum fuels. Several characteristics of bio-oils can cause corrosion of metals, but the most common
ones include pre-existing organic acids (such as acetic, formic, glycolic, and fatty acids), water content,
and any possible sediment present in the bio-oil. Besides its ability to produce additional free fatty
acids out of any glyceride present in the bio-oil, water enhances the growth of microorganisms, which
in turn results in increased corrosion and a high risk of engine malfunction [6–8].

Oxidation of biodiesel is also an important factor that needs to be taken into consideration as it
reconverts esters into different mono-carboxylic acids such as formic acid, acetic acid, propionic acid,
and caproic acid, which increase corrosion of metals [9]. According to Barabás and Todorut [10], the
composition of a bio-oil or biodiesel determines how well it can withstand oxidation, polyunsaturated
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fatty acids being more susceptible to oxidation in the presence of a suitable catalyst [10]. Therefore,
the rate at which any degradation (aging or oxidation) occurs must be kept to a minimum since
the degradation affects the quality of bio-oil or biodiesel while prompting corrosion as a result of
introduced peroxides and fatty acids [11]. In addition to oxidation, hydrolytic degradation can take
place when the bio-oil/biodiesel reacts with water [10].

It has also been reported that the corrosiveness of biodiesel depends on its feedstock [12,13].
According to Diaz-Ballote et al. [14], the corrosiveness of biodiesel was found to decrease when
decreasing the impurities remaining after processing. In addition, the corrosive nature of biodiesel was
increased by the presence of free water and free fatty acids. Compared to conventional diesel, biodiesel
is more prone to water absorption, which in turn leads to an increased risk of corrosion when water is
condensed on the metallic surfaces that are in contact with the biodiesel. The composition of the metal
in contact with fuel has also its own characteristics that would affect the corrosiveness of the fuel [15].

In general, biodiesels tend to show a much higher affinity for corrosion than the conventional
petroleum-based fuels, predominantly because of their much higher tendency to absorb water [11].
Despite the corrosive behavior of bio-oils and the mechanisms for the observed corrosion that might
be very complex to understand, the corrosion itself can be measured using different techniques. In our
previous work [16], the physicochemical, as well as thermal properties of fish oils and used cooking oils,
were investigated to determine their applicability as alternative fuels for marine engines. The objective
of this work, which is a continuation from our previous publication [16], was to experimentally examine
the corrosive properties of crude bio-oils (used cooking oils and non-edible fish oil) that are in contact
with ferrous metals.

2. Materials and Methods

2.1. Materials

The composition and properties of fish oil (FO1/18), which was obtained from gutting remains of
rainbow trout after edible oil was extracted, and three used cooking oils (UCO1/18, UCO2/18, and
UCO3/18) delivered by VG EcoFuel Oy in Finland were studied in detail. In the abbreviations of the
oils, numbers are given to identify different types of oils, and the number 18 indicates the year 2018 (in
which the oils were prepared).

All the used cooking oils (filtered) had vegetable sources and they were obtained from fast food
companies. The used cooking oils (UCO), as well as the fish oil, were stored in a refrigerator before
experimental use. For both oils, a commercially available product (COref) was used as a reference.

The iron rod used in the immersion tests was an H44 all-round welding rod with a diameter
1.6 mm obtained from AGA (Finland). It was manufactured according to SFS 2369 G-132, and is
composed of (in wt.%) 98.64 Fe, 1.00 Mn, 0.21 Si, 0.11 C, 0.03 P, and 0.02 S. It is a brightly drawn
welding wire intended for unalloyed construction steel and some pressure vessel steel with the highest
minimum breaking strength of 430 N/mm2. The rods were cut in 85 mm long pieces, and the ends of
the iron rod were polished to a similar roughness (visually) as the surfaces of the rod. The rods were
cleaned ultrasonically for 2 min using a mixture of toluene and 2-propanol (1:1 v/v), and cleaned for
1 min with acetone ultrasonically. The rods were dried with compressed air before each immersion test.

All chemicals and solvents used in the experiments were of analytical reagent grade. Ferrozine
iron reagent (>95%) and monosodium monohydrate (95%) were purchased from Hach Lange GmbH,
D‚usseldorf, Germany. L-Ascorbic acid (99%) was obtained from Sigma-Aldrich, Saint Louis, MO,
USA. Acetic acid (98%) was supplied by Merck, Darmstadt, Germany. Sodium acetate (99%), sulfuric
acid (95%), potassium hydrogen phthalate (>99.5%), and glycerol (99.5%) were purchased from VWR
International, Helsinki, Finland. Toluene (HPLC grade) was obtained from Fisher Scientific, Kandel,
Germany. Hydranal Coulomat for Karl Fischer titration was supplied by Fluka, Bucharest, Romania.
Oleic acid (97%) was purchased from Acros Scientific, Geel, Belgium.
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2.2. Methods

2.2.1. Experimental Setup and Procedure

A room temperature immersion test was applied to investigate the corrosion behavior of used
cooking oils and non-edible fish oil on an iron rod (length 85 mm and diameter 1.6 mm). The experiments
were conducted in test tubes (15 mL) mounted on a rotary mixer, rotating at a constant speed of 56 rpm.
The iron rod was placed in a 7 mL oil sample and the test was conducted over a period of 1, 3, 5,
and 10 days. During the experiments, the samples were wrapped around with duct tape in order to
avoid exposure to light. After the immersion test, the iron rod was separated from the oil and cleaned
ultrasonically using a mixture of toluene and 2-propanol (1:1 v/v). The oils from each experiment were
subjected to liquid–liquid extraction using 1 mL of sulfuric acid (95%) and 8 mL of deionized water
in a test tube, which was then vigorously shaken for 1 min. After the extraction, the mixture was
filtered using WhatmanTM quantitative filter paper grade No 42 (ashless, Whatman International Ltd,
Maidstone, England) and the aqueous solution was taken for subsequent spectrophotometric analysis.
Each experiment was repeated in triplicates. The experimental setup developed in this work for the
immersion test is shown in Figure 1.

Figure 1. Experimental setup of the immersion test.

2.2.2. Analytical Methods

� Iron Content Measurement

The amount of iron dissolved in the oils during the experiment was determined using a
spectrophotometer (Spectronic Genesys 2PC) by analyzing the amount of total dissolved iron in
the aqueous phase after the liquid–liquid extraction step. Prior to spectrophotometric analysis, the iron
in the water solution was reduced to Fe2+ with the aid of ascorbic acid. The solution was then
allowed to react with an excess of ferrozine-reagent to form a magenta-colored complex. A buffer
solution containing sodium acetate and acetic acid was used to adjust the pH to 5. The red complex
had a maximum absorption peak at 562 nm. The molar absorptivity used for the analysis was

27, 900
(

mol
l

)−1
cm−1, which was selected according to the report by Stookey [17]. It is known that the

red complex follows the Beer–Lambert law [18] up to the absorbance value 1. The final solutions were
made to achieve an absorbance value between 0.5 and 1.

In addition to the spectrophotometric analysis, the amount of the dissolved iron in the oil was
measured using inductively coupled plasma-optical emission spectrometry (ICP-OES, Perkin Elmer
Optima 5300 DV) and inductively coupled plasma-mass spectrometry (ICP-MS, PerkinElmer, ELAN
6100 DRC). Prior to the analysis, 65% HNO3 and 30% H2O2 were added to the samples and digested in
a microwave oven (Anton Paar, Multiwave 3000). In the ICP-MS analysis, a commercial multi-element
standard was used for the calibration and ammonia was used as a reaction gas. A minimum of five
replications per each sample were performed in each case.
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� Acid Number Measurement

The acid number (AN) of the crude bio-oil was measured by the ASTM D 664 method using
Metrohm 888 Titrando titrator with the Solvotrode glass electrode. Samples of the crude bio-oils were
dissolved in 125 mL solution of toluene, propan-2-ol, and deionized water (500:495:5 v/v/v), and then
titrated with 0.1 M KOH in propan-2-ol. The amount of KOH in propan-2-ol was determined by
titration of potassium hydrogen phthalate. The blank test was done three times.

� Water Content Analysis

Karl Fischer (KF) titration with an automatic coulometric titrator (Metrohm 851 Titrando
instrument) was used to measure the water content of the samples. The KF titrator was connected to
an oven (860 KF Thermoprep), which was adjusted to 110 ◦C. About 0.1 g of the sample sealed in a
glass bottle was placed in the sample holder. In the KF measurements, a dry N2 (gas) with a flow rate
of 90 mL/min was used. During the measurement of the water content of the reference commercial
product, about 0.5 g of the sample was injected into the reactor, since the flashpoint of the sample is
relatively low (about 60 ◦C). Three runs were performed for each sample and no dry N2 (gas) was used.

� SEM-EDS Analysis

The surface of the iron rod was analyzed with a scanning electron microscopy (SEM) LEO Gemini
1530 with a Thermo Scientific UltraDry Silicon Drift Detector (SDD) coupled to an elemental X-ray
detector (EDS, Energy Dispersive X-Ray Spectroscopy, Thermo Scientific, Madison, WI, USA).

� Oil Composition Measurements

A capillary gas chromatography–flame ionization detector (GC-FID) (Perkin Elmer Autosystem
XL) was used to quantify the number of monoglycerides and free fatty acids in the oil samples.
All samples were silylated before the GC analysis. The column used was an Agilent J&W HP-1, 25 m
(L) × 0.200 mm (ID) with film thickness 0.11 µm. Hydrogen was used as a carrier gas with a flow rate
of 0.8 mL/min. The temperature of the oven was increased at a rate of 6 ◦C/min from 120 ◦C (1 min
hold) to 320 ◦C (15 min hold), and with an injector program at a rate of 8 ◦C/min from 160 ◦C to 260 ◦C
(10 min hold). The detector temperature was 320 ◦C. The identification of individual components was
performed by GC-MS analysis with an HP 6890-5973 GC-MSD instrument, using a similar GC column,
but using helium as the carrier gas.

A wide-bore short column GC-FID (PerkinElmer Clarus 500, Shelton, CT, USA) was used to
analyze the diglycerides. The column parameters were: Agilent HP-1/SIMDIST, ~6 m (length) ×
0.530 mm (inner diameter), film thickness 0.15 µm. The hydrogen carrier gas was fed at 7 mL/min.
The wide-bore GC-oven temperature program was increased from 100 ◦C (after a 0.5 min hold) at a
rate of 12 ◦C/min to 340 ◦C (5 min hold), and with an injector program from 80 ◦C (0.1 min hold) at a
rate of 50 ◦C/min to 110 ◦C, and at a rate of 15 ◦C/min to 330 ◦C (7 min hold), while the temperature of
the detector was maintained at 340 ◦C.

A high-performance size exclusion chromatography with an evaporative light scattering detector
(HPSEC-ELSD, Shimadzu 10A series modular HPLC, Shimadzu Corporation (Shimadzu, Japan), and
ELSD detector, Sedex 85 LT-ELSD, S.E.D.E.R.E. S.A.) was used to detect polymerized triglycerides.

3. Results and Discussion

3.1. Physicochemical Properties

The physical and chemical properties of the bio-oils were experimentally studied to evaluate the
suitability of the oils for fuel applications.

It is well known that the density of fuel affects the dispersion of the fuel injected into the cylinder,
whereas the viscosity of the fuel plays a significant role when the fuel is sprayed into the chamber or
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while mixing it with other fuels [19,20]. High water content and acidity in bio-oils can substantially
increase the risk of corrosion during the storage and the use of the oils [21–23]. Moreover, the presence
of water in a bio-oil decreases the heating value of the oil [16]. The measured physicochemical
properties of the bio-oils are summarized in Table 1.

Table 1. Physicochemical properties of the bio-oils and a commercially available product.

Sample Density 21 ◦C
(kg/m3)

Kinematic Viscosity
40 ◦C (mm2/s)

Water Content
(ppm)

Acid Number
(mg KOH/g Oil)

UCO1/18 916 40.7 1662 6.5
UCO2/18 917 40.7 1449 8.2
UCO3/18 916 40.3 1403 8.1
FO1/18 916 26.6 2473 24.8
COref 873 8.9 37 0.02

COref * 879 9.1 <100 <0.10

* From manufacturer’s specification.

According to the results in Table 1, the density of the fish oil and used cooking oils were on the
same level, but slightly denser than the commercial product used as a reference. All the values were
apparently lower than the density of water or the density of heavy fuel oil, 940 kg/m3 [24]. The fuel
density affects the design of an engine since the higher the density, the better the penetration is in the
combustion chamber. A lower density facilitates mixture formation and atomization to be attained [19].
It has been reported that the density of the liquid biofuel for the marine engine should be lower than
991 kg/m3 [25]. Our results indicate that the densities of the studied oils are lower than 991 kg/m3 and
are between the values for the heavy fuel oil and the reference commercial product, thus avoiding the
need for engine modification due to density values.

On the other hand, the used cooking oils showed the highest kinematic viscosity (40.7 mm2/s)
compared to the fish oil (26.6 mm2/s) or reference product (9 mm2/s). The high kinematic viscosity of
the used cooking oils can be attributed to the presence of some impurities like starch, polymerized
triglycerides, and meat traces in the used cooking oils. In general, a very high viscosity (>100 mm2/s)
is not desirable as it causes high operating temperature and the fuel in the injection pumps starts to
boil [20]. However, the higher viscosity of the used cooking oils relative to conventional fuels can be
lowered by changing the temperature of the oil.

Among the tested oils, FO1/18 had the highest water content (2473 ppm) while the water content
of UCO1/18, UCO2/18, and UCO3/18 was between 1403 and 1662 ppm. The commercial product has
the lowest water content (37 ppm) among the tested oils. It is important to consider the possibility of
water accumulation in tanks when using the bio-oils with relatively high water content. Consequently,
careful dewatering operation might be needed to alleviate such problems.

With regard to the acidity of the bio-oils, FO1/18 had the highest acid number (24.8 mg KOH/g oil)
while UCO1/18, UCO2/18, and UCO3/18 had an acid number (AN) between 6.5 and 8.2 mg KOH/g
oil. The reference product had the lowest AN (0.02 mg KOH/g oil) compared to the rest of the oils.
The acid number of a bio-oil is an important property that directly affects the expected lifetime of
engine components by increasing the risk of corrosion. For example, according to marine engine
designers and producers, an acid number above 100 mg KOH/g oil is regarded as highly corrosive [23].
According to the oil delivered to these laboratory tests, UCO1/18, UCO2/18, and UCO3/18 have
been successfully tested for marine engines without the requirement for any modification of engine
components. In contrast, the AN of the fish oil (FO1/18) was above the limit of 15 mg KOH/g oil set by
the engine manufacturer, hence testing was not permitted [16]. The content of free fatty acids in the
tested oils can have a profound effect on increasing the acid number of the oils.
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3.2. Oil Composition

The amount of total free fatty acids and diglycerides in the oil samples were analyzed using gas
chromatography (GC). High-performance size exclusion chromatography with an evaporative light
scattering detector (HPSEC-ELSD) was used to measure the amount of polymerized triglycerides in the
oil samples. In addition, the changes in the composition of the oil samples after 10 days of immersion
test were investigated. The results are summarized in Table 2.

Table 2. Comparison of changes in the composition of the original used cooking oils and fish oil
samples after 10 days of contact with an iron rod. n.d. is not detected. FFA is free fatty acid.

Sample Total FFA (mg/g Oil) Diglycerides (mg/g Oil) Polymerized Triglycerides (%)

UCO1/18/0 d 29.1 7.08 1.17
UCO1/18/10 d 33.7 7.55 1.50
UCO2/18/0 d 43.3 7.65 1.28
UCO2/18/10 d 45.2 7.83 1.40
UCO3/18/0 d 46.8 7.65 1.34
UCO3/18/10 d 47.0 7.75 1.34

FO1/18/0 d 99.7 9.70 n.d.
FO1/18/10 d 93.9 10.30 n.d.

The GC results, presented in Table 2, indicate that during the 10 days of immersion test, the
amount of total free fatty acids and diglycerides for the UCO1/18 sample increased approximately
by 16% and 7%, respectively. In addition, the HPSEC-ELSD results showed that the amount of
polymerized triglycerides in the UCO1/18 sample significantly increased (28%) during the 10-day test
period. For the UCO2/18 sample, the total FFA increase was as low as 4%, for the diglycerides 2.3% and
for the polymerized triglycerides 9.4%. For UCO3/18, the amounts of diglycerides and polymerized
triglycerides did not markedly change at all during the 10-day test period, whereas the change in the
amount of total FFA was insignificant (<1%). Analysis with GC showed that fish oil has the highest
total free fatty acid content compared to the used cooking (vegetable) oils. However, unlike UCO1/18,
UCO2/18, and UCO3/18, the total amount of FFA in FO1/18 decreased as much as 6% during the
10-day period. This could be explained by the fact that the FFA in the fish oil had quickly undergone
autoxidation with an iron rod catalyzing the reaction. On the other hand, the amount of diglyceride in
the fish oil increased by almost 6% during the test period of 10 days. Compositional analysis of the
COref was also performed using GC-FID and GC-MS. The result indicated that the sample mainly
composed of aliphatic hydrocarbons predominantly composed of linear saturated hydrocarbons up to
C30 with the largest compounds in the C14 to the C26 range [16]. Detailed oil composition results can
be found in Tables S1 and S2.

3.3. Effect of Immersion Time

The effect of the immersion time on the total amount of dissolved iron was tested over a period
of 0–10 days. As shown in Figure 2, the amount of iron in the cooking oils seems to increase with
increasing immersion time. Among the cooking oils, the maximum effect was exhibited by UCO1/18
and UCO2/18, with the highest content of dissolved iron analyzed at 10 days. On the other hand, for
UCO3/18 and COref, the amount of dissolved iron did not show any significant change over the course
of 1–10 days. The fish oil sample had the highest amount of dissolved iron (170 ppm, 5 days) compared
to all the tested oils; however, the iron content started to decrease when increasing the reaction period
beyond five days. The relatively high amounts of dissolved iron the fish oil at all time points could be
attributed to the chemical properties of the oil; i.e., the high water content and AN (see Table 1). Water
content and acid number typically affect the corrosive behavior of oils.

A comparison of iron concentrations in the oil samples after 10 days of immersion was made
using spectrophotometry, inductively coupled plasma-optical emission spectrometry (ICP-OES), and



Energies 2019, 12, 4812 7 of 12

inductively coupled plasma-mass spectrometry (ICP-MS). As shown in Figure 3, the iron concentrations
measured with the spectrophotometric method corresponded well with those measured with ICP-OES
and ICP-MS. Since the results for one and the same oil using the three methods were of the same level,
the spectrophotometric method was selected for the subsequent experiments as it is a relatively cheap
method and, according to the two other methods, provided reliable results.

Figure 2. The effect of immersion time on the amount of iron dissolved in the oil samples. Iron
concentration was measured spectrophotometrically.

Figure 3. Comparison of dissolved iron from the rods in the experimental and reference oils after
10 days of immersion using different analysis methods.

3.4. Effect of Water Content

The effect of water content of the bio-oils on the concentration of dissolved iron was investigated
using the UCO3/18 sample. An amount of 240–5130 ppm water was added to an oil sample of 50 g
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and the concentration of dissolved iron was measured spectrophotometrically after three days of
immersion. Water content measurements were conducted using the Karl Fischer (KF) titration method.
The concentration of iron as a function of the water content in the oil is shown in Figure 4. Iron in
the oil increased with the water content up to around 2600 ppm, after which the iron concentration
was constant, thus indicating saturation as shown in Figure 4. In general, the water content of the
bio-oils has shown to have a direct effect on the amount of iron dissolved, thus enhancing the corrosive
property of the bio-oils.

Figure 4. The amount of dissolved iron versus different water contents of used cooking oils (UCO)
3/18 sample after three days of immersion test. The initial water content of the UCO3/18 sample was
1400 ppm.

3.5. Effect of Oleic Acid and Glycerol

The effect of oleic acid and glycerol on the amount of dissolved iron after three days of immersion
of iron was investigated using the UCO1/18 and UCO3/18 oils (see Figure 5). For this study, oleic acid
(21 mg/g oil) and glycerol (2.31 mg/g oil) were added to give the total units 50 mg/g oil of free fatty
acids for UCO1/18 and 68 mg/g oil for UCO3/18. In addition, the combined effect of oleic acid and
glycerol (3:1 molar ratio) on the amount of dissolved iron in the UCOs was investigated. According
to Figure 5, the addition of oleic acid resulted in a 57% reduction of dissolved iron in both UCOs.
Despite a significant reduction in the concentration of iron, the acid number of the used cooking oils
was found to increase by almost 50% due to the addition of oleic acid. In contrast to the trends seen
for the acid number and water content of the original oils (Table 1), an increase in the acid number
did not enhance the dissolution of iron in the oils with added oleic acid. It was assumed that the
active surface group in oleic acid had formed a protective film layer at the surface of the iron rod
(see Figure 6). The self-assembled monolayer might furthermore prevent corrosion by inhibiting the
permeation of both water and oxygen, thus protecting the metal surface from the exposure to the
corrosive environment. This is also in agreement with results from the literature according to which
surfactants such as oleic acid can be used for protection against corrosion, owing to their ability to form
monolayers on the surface of metals [26]. However, it is worth noting that at very low concentrations of
oleic acid/surfactants, adsorption of the corrosion inhibitor might be insufficient to form a monolayer,
thus allowing corrosion to occur.

The addition of glycerol showed a more profound effect than oleic acid, resulting in 92% and
63% reduction in the amount of dissolved iron in UCO1/18 and UCO3/18, respectively, as shown in
Figure 5. This can be due to the fact that glycerol is miscible in water and through microemulsions
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keeping the water away from the iron rod [27]. The combined effect of oleic acid and glycerol resulted
in comparable values of dissolved iron to those obtained when glycerol was used without oleic acid.
Besides its binding effect toward water molecules, glycerol can form microemulsion in the presence of
a surfactant such as oleic acid [27]. The formation of a microemulsion produces a thermodynamically
stable dispersion system that might have less risk of phase separation in the long term use of bio-oils.
It has also been reported that blending glycerol into diesel or gasoline through microemulsification
reduced problems associated with stand-alone glycerol fuel use [28,29]. Moreover, glycerol-in-diesel
emulsion performed well without fail while showing positive effects on the reduction of unwanted
combustion emissions [28,29]. In general, both oleic acid and glycerol considerably reduced the amount
of iron dissolved in the oil phase; however, a more predominant effect was observed with glycerol than
with oleic acid when protecting the iron rod from corrosion.

Figure 5. The effect of addition of oleic acid and glycerol on the amount of dissolved iron in the
UCO1/18 and UCO3/18 oils during three days of immersion test.

Figure 6. Formation of a monolayer on a ferrous surface. Adapted from [26].
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3.6. SEM-EDS Analysis

The SEM images in Figure 7 shows the surface morphology of the original rod and the corroded
iron rod after 10 days of exposure to UCO1/18. Figure 7b does not show any large pits and thus
suggests a rather uniform corrosion of the rod surface. The iron rod used is a common low carbon
steel with a composition of 98.64 wt.% Fe. Future experimental investigations may reveal the effects of
different compositions of the test rod on the corrosivity of the bio-oils.

Figure 7. SEM images of (a) original surface and (b) corroded surface of the iron rod after 10 days of
exposure to UCO1/18.

4. Conclusions

The corrosion behavior of used vegetable cooking oils and a non-edible fish oil was investigated
by an immersion test with an iron rod at room temperature. A prolonged immersion time, in general,
resulted in an increased amount of dissolved iron. The effect of increased water content of the bio-oils
on the concentration of dissolved iron was investigated using one of the bio-oils with added water
between 240 and 5130 ppm. The results from three days of immersion testing indicated that the amount
of dissolved iron in the oil increased with the water content up to 2600 ppm, after which more iron did
not dissolve further.

The addition of oleic acid and glycerol had a clear effect in preventing the iron dissolving into the
oil. However, the addition of glycerol showed a more profound effect than oleic acid, resulting in up to
a 92% reduction in the amount of dissolved iron in the different samples of the used cooking oils. This
can be attributed to the characteristics of glycerol to bind water molecules and keep them away from
the iron rod surface, thus preventing corrosion. The results also suggest that the blending of glycerol
through microemulsification could be a promising approach for reducing problems associated with
the corrosive properties of the crude bio-oils.

Water content, acid number, and the overall oil composition were observed to have substantially
affected the corrosive behavior of the oils. Among the tested oils, the fish oil and the reference
commercial product showed the highest and lowest amounts of dissolved iron, respectively. In general,
the dissolved iron concentrations measured spectrophotometrically were in good agreement with
those measured by the ICP-OES and ICP-MS techniques. The results observed in this work imply
that the immersion test of a low carbon iron rod can be used as a reliable and cost-effective method to
compare the corrosive properties of crude bio-oils as well as other biofuels.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/24/4812/s1:
Table S1: Composition of used cooking oil samples (0 d and 10 d samples) measured with gas chromatography
(mg/g oil). n.d. is not detected (<0.02 mg/g oil); Table S2: Composition of fish oil samples (FO1/18/0 d, FO1/18/10 d),
measured with gas chromatography (mg/g oil). n.d. is not detected (<0.02 mg/g oil).

http://www.mdpi.com/1996-1073/12/24/4812/s1
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Table  S1.  Composition  of  used  cooking  oil  samples  (0d  and  10d  samples) measured with  gas 

chromatography (mg/g oil). n.d. is not detected (<0.02 mg/g oil). 

  UCO1/18/0 d  U UCO1/18/10 d  UCO2/18/0 d  UCO2/18/10 d  UCO3/18/0 d  UCO3/18/10 d 

Saturated FFA             

C12:0  n.d.  0.04  n.d.  0.02  n.d.  0.07 

C14:0  0.04  0.08  0.07  0.09  0.11  0.08 

C16:0  2.18  2.42  3.01  3.19  3.41  3.59 

C17:0  0.06  0.04  0.10  0.16  0.14  0.06 

C18:0  1.04  1.11  1.48  1.53  1.57  1.59 

C20:0  0.25  0.32  0.41  0.38  0.32  0.41 

C22:0  0.25  0.26  0.28  0.24  0.28  0.27 

Unsaturated FFA             

C16:1  0.08  0.15  0.15  0.12  0.12  0.21 

C18:2  6.63  7.30  9.65  9.74  10.18  10.24 

C18:3  1.77  1.93  2.60  2.56  2.70  2.55 

9‐18:1  15.15  18.03  23.05  24.02  24.88  25.05 

11‐18:1  1.13  1.44  1.82  2.23  2.18  2.02 

cis‐13‐21:1  0.33  0.37  0.45  0.59  0.53  0.48 

C22:1   0.18  0.21  0.27  0.28  0.38  0.36 

Monoglycerids             

MG (1)  0.18  0.09  0.18  0.20  0.23  0.19 

MG (2)  0.48  0.50  0.69  0.67  0.95  0.93 

MG (3)  1.11  1.14  1.59  1.58  2.18  2.15 

Sterols             

cholesterol  0.12  0.12  0.10  0.10  0.09  0.10 

campesterol  0.33  0.36  0.28  0.28  0.29  0.28 

sitosterol  0.63  0.62  0.57  0.55  0.54  0.57 

sitostanol  0.07  0.14  0.11  0.07   n.d.   0.09 

Sum saturated FFA  3.8  4.3  5.4  5.6  5.8  6.1 

Saturated FFA/Sum 

FFA 
13.1%  12.7%  12.4%  12.5%  12.5%  12.9% 

Sum unsaturated 

FFA 
25.3  29.4  38.0  39.5  41.0  40.9 

Sum 

monoglycerides 
1.8  1.7  2.5  2.5  3.4  3.3 

Sum FFA  29.1  33.7  43.3  45.2  46.8  47.0 

   



 
 

2 
 

Table  S2.  Composition  of  fish  oil  samples  (FO1/18/0d,  FO1/18/10d),  measured  with  gas 

chromatography (mg/g oil). n.d.is not detected (<0.02 mg/g oil). 

  FO1/18/0 d  FO1/18/10 d 

Saturated FFA     

C12:0  n.d.  0.11 

C14:0  2.76  2.59 

C15:0  0.25  0.29 

C16:0  6.42  6.19 

C17:0  0.12  0.12 

C18:0  1.86  1.88 

C20:0  0.25  0.19 

C22:0  0.25  0.20 

Unsaturated FFA     

C16:1  4.01  3.84 

C18:3 (1)  0.96  0.80 

C18:2  18.5  17.1 

C18:3 (2)  5.75  5.10 

9‐18:1  42.3  41.0 

11‐18:1  3.53  3.52 

cis‐5,8,11,14,17‐21:5  3.17  2.65 

cis‐13‐21:1  2.93  2.53 

5,8,11,14,17‐21:5 methyl ester  4.43  3.41 

cis‐22:1 (1)  1.54  1.52 

cis‐22:1 (2)  0.69  0.75 

Monoglycerids     

MG (1)  0.30  0.35 

MG (2)  0.61  0.52 

MG (3)  1.74  1.62 

Sterols     

Cholesterol  1.58  1.49 

Sum saturated FFA  11.9  11.6 

Saturated FFA/Sum FFA  11.9%  12.3% 

Sum unsaturated FFA  87.8  82.3 

Sum monoglycerides   2.6  2.5 

Sum FFA  99.7  93.9 
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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.



Energies 2021, 14, 101 4 of 14

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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Abstract: Used cooking oils (UCOs) have a high potential as renewable fuels for the maritime ship‐

ping industry. However, their corrosiveness during storage and usage are some of the concerns yet 

to be investigated for addressing compatibility issues. Thus, the corrosion of steels and copper ex‐

posed  to  the UCOs was studied  through  the  immersion of metal  rods  for different periods. The 

changes on the rod surfaces were analyzed with a scanning electron microscope (SEM). After the 

immersion, the copper concentration dissolved in the bio‐oils was measured using inductively cou‐

pled plasma‐optical emission spectrometry (ICP‐OES). The free fatty acids and glycerides were an‐

alyzed using gas chromatography with flame ionization detection (GC‐FID). The acid number (AN), 

water concentration, as well as density and kinematic viscosity of the bio‐oils were determined with 

standard methods. The UCOs with  the highest water content were corrosive, while  the oils with 

lower water concentrations but higher ANs  induced  lower corrosion. After mixing  two different 

UCOs, the metal corrosion decreased with an increasing concentration of the oil with lower corro‐

sive properties. The lower corrosion properties were most likely due to the monounsaturated fatty 

acids, e.g., oleic acid in oils. These acids formed a barrier layer on the rod surfaces, thereby inhibiting 

the permeation of oxygen and water to the surface. Even adding 0.025 wt% of tert‐butylamine de‐

creased the corrosivity of UCO against polished steel rod. The results suggested that mixing several 

oil batches and adding a suitable inhibitor reduces the potential corrosive properties of UCOs. 

Keywords: corrosion; inhibitor; used cooking oil; renewable energy sources 

 

1. Introduction 

Used cooking vegetable oils  (UCOs) are waste streams and of great  interest as re‐

newable fuels. Thus, they neither compete with the food chain nor utilize farmland for 

their  production.  These  circumstances make UCOs  an  attractive  feedstock  for  future 

transportation fuels for maritime shipping, aviation, and material production [1,2]. The 

current demand of EU and UK for UCOs and UCO‐based biodiesel (UCOBD) is 2.8 Mt/y. 

The maximum worldwide UCO and UCOBD production is predicted to be between 3.1 

and 3.3 Mt/y by 2030 [2]. On a global scale, the need for UCOs and UCOBDs is 27–37 Mt/y 

in 2030 if the projected EU share of UCOBDs in renewable transport fuels is achieved [2]. 

UCOs are mixtures of  triglycerides, diglycerides, monoglycerides, and  fatty acids 

contaminated by derivatives from the food frying process, such as free fatty acids (FFAs), 

heterocycles, Maillard reaction products, and metal traces originating from pads and food 

leaching [3–5]. UCOs are also raw materials for other industries, e.g., production of bio‐

plasticizers, syngas, and sorbents for volatile organic compounds (VOCs) [6–8]. 

In the utilization of UCOs, corrosivity during storage and usage are some of the con‐

cerns yet to be investigated for addressing materials compatibility issues with the UCOs. 

According to the experimental  investigation of Fazal et al. [9], on the surface of metals 

exposed to biodiesel as well as water and oxygen at room temperature and for different 

periods, corrosion products consisting of metal‐oxides, ‐carbonates, and ‐hydroxides can 
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be formed. Figure 1 illustrates the overall phenomena at the interface of a metal and bio‐

diesel as described in literature [9]. Despite the compositional differences between UCO 

and biodiesel, the same phenomena depicted in Figure 1 could occur also at metal/UCO 

interfaces under similar conditions. 

 

Figure 1. Schematic illustration of the phenomena at the interface of a metal (M) and biodiesel ex‐

posed to the atmosphere at room temperature and different periods. COO‐ represents short‐chain 

radicals formed by breaking down of long‐chain molecules. 

Corrosion in fuel tanks, fuel injection systems, and deterioration of the hot parts in 

the exhaust gas stream originates partly from fuel properties [10]. In petroleum produc‐

tion, oxidation leading to corrosion is controlled by antioxidants, while corrosion inhibi‐

tors hinder oxidation through adsorption on reactive sites of potentially catalytic metal 

surfaces forming a monomolecular layer of the functional group that prevents metal con‐

tacting directly with  the  fuel  [11]. For example, an eco‐friendly  formulation of Opuntia 

dillenii seed oil was reported  to act as a corrosion  inhibitor  to protect  iron  in an acidic 

environment, such as acid rain [12]. This oil is a significant source of fatty acids, sterols, 

and vitamin E, which forms a barrier layer on the iron surface and minimize the contact 

between the metal surface and the corrosive solution [12]. 

According  to Bruun et al.  [13], oleic acid or oleic acid and glycerol additions pre‐

vented corrosion of steel rods exposed  to UCOs. Fazal et al.  [14] reported a significant 

increase in corrosion rate upon immersion of metals in fossil and biodiesel samples at 27 

°C, 50 °C, and 80 °C for 50 days. They concluded that the oxidation instability of the oil 

contributed to the corrosion mechanism. Immersion tests of metal coupons in various die‐

sel‐biodiesel mixtures at 43 °C for two months were carried out by Hu et al. [15]. Their 

results showed that diesel containing biodiesel components led to a tenfold higher corro‐

sion rate than plain fossil diesel. Copper and carbon steel were the most susceptible to 

corrosion, while stainless steel showed good resistance [15]. Copper has been found to act 

as a strong catalyst for oxidizing palm biodiesel [16]. Alves et al. [17] reported that small 

metal ions released during a stainless steel surface corrosion promoted biodiesel oxida‐

tion. Accordingly, the fuel quality and its oxidative stability changed. 

Natural additives, such as rosmarinic acid, curcumin, and gingerol, have been found 

to increase the oxidative stability of soybean biodiesel and the corrosion resistance of car‐

bon steel in the oil [18]. Curcumin was found the best additive concerning oxidative sta‐

bility, while rosmarinic acid showed better performance as a corrosion inhibitor. The ef‐

fects were  related  to  the presence of phenolic  compounds or oxygen  in  the molecular 

structures of these compounds [18]. 

Polar amine groups in amine‐based inhibitors have been reported to be capable of 

ionizing at  interfaces and adsorbing heterocyclic moiety via nitrogen atoms, which en‐

hanced corrosion  inhibiting properties of metal surfaces  [19,20]. Well‐known corrosion 

inhibitors include organic compounds that contain nitrogen, oxygen, or sulfur atoms, het‐

erocyclic compounds, and pi electrons [21]. The polar functional groups present in inhib‐

itors are considered the center of reaction for adsorption [22]. Water content, temperature, 

microbial growth, and raw material used for biodiesel production influence the corrosion 

rate. The amount of unsaturated free fatty acid in the raw material for biodiesel produc‐

tion has a high impact on the oxidation rate. The metals commonly used in compression 
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ignition engines, such as copper and copper alloys, steel, and aluminum, are prone to cor‐

rosion  [23,24].  Inhibitors  ethylenediamine,  tert‐butylamine  (TBA),  and  n‐butylamine 

formed a stable metal oxide protective layer and thus retarded the corrosion in biodiesel 

[23,25]. 

In our previous works, the chemical, physical, and thermal properties and the effect 

of storage time on the corrosivity of bio‐oils were investigated [13,26,27]. The corrosive‐

ness of different bio‐oils during storage and usage are some of the concerns yet to be in‐

vestigated for addressing compatibility issues. Thus, the corrosion of steels and copper 

exposed to the UCOs was studied through the immersion of metal rods for different peri‐

ods. This work aimed to find out whether different UCO batches have variations in their 

corrosive properties. Additionally, preliminary studies of the corrosivity of oil mixtures 

and adding a corrosion inhibitor to the most corrosive batch were carried out. 

2. Materials and Methods 

Eight freshly processed cooking oils (UCO1–UCO8) collected from fast food compa‐

nies were received from VG EcoFuel Oy (Uusikaupunki, Finland) and studied in detail. 

In the abbreviations of the oils, numbers presented different oil batches. All used cooking 

oils are vegetable‐based and filtered. Prior to the experiments, the oils were stored in a 

refrigerator. 

TBA (98%), used as a corrosion inhibitor, was purchased from Sigma‐Aldrich (Saint 

Louis, MO,  USA).  The  other  chemicals  used  for  chemical  analyses  are  described  in 

[13,26,27]. All chemicals and solvents used in the experiment were of analytical reagent 

grade. 

Capillary  gas  chromatography with  flame  ionization  detection  (GC‐FID)  (Perkin 

Elmer Autosystem XL (Waltham, MA, USA)) 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 (Santa Clara, CA, USA), 25 m (L) × 0.200 mm 

(ID) column with film thickness 0.11 μm was used. Hydrogen was used as a carrier gas 

with a flow rate of 0.8 mL/min. Details on the oven temperatures and gas flow rates can 

be found in [13]. The individual components were identified by capillary gas chromatog‐

raphy‐mass spectrometry (GC‐MS) analysis with a Hewlett‐Packard (HP) 6890‐5973 GC‐

quadrupole‐MSD instrument (Palo Alto, CA, USA), using helium as carrier gas. 

By applying a wide‐bore short column GC‐FID (PerkinElmer Clarus 500 (Waltham, 

MA, USA)), di‐ and triglycerides were analyzed. Dimensions of the column (Agilent HP‐

1/SIMDIST (Santa Clara, CA, USA)) 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 tempera‐

tures in a wide‐bore GC oven and gas flow rates can be found in our previous study [13]. 

Karl Fischer (KF) titration with an automatic coulometric titrator (Metrohm 851 Ti‐

trando  instrument  (Herisau, Appenzell Ausserrhoden,  Switzerland))  connected  to  an 

oven (860 KF Thermoprep (Herisau, Appenzell Ausserrhoden, Switzerland)) was used to 

determine the water content of the oils. In the measurements, 100 mg of the sample sealed 

in a glass tube was studied. The KF measurements were performed under a dry N2 gas 

atmosphere flowing with a rate of 90 mL/min. The water release of the UCOs was meas‐

ured at 110 °C three times for each sample. 

ASTM D  664 method  using Metrohm  888  Titrando  (Herisau, Appenzell Ausser‐

rhoden, Switzerland) titrator with the Solvotrode glass electrode (Affoltern, Zürich, Swit‐

zerland) was applied to measure the acid number (AN) of the UCOs. Samples of the bio‐

oils were dissolved in 125 mL of a solution of toluene, propan‐2‐ol, and deionized water 

(500:495:5 v/v/v) and then titrated with 0.1 M KOH in propan‐2‐ol. The amount of KOH in 

propan‐2‐ol was determined by titration of potassium hydrogen phthalate. The blank test 

was carried out three times. The theoretical AN was calculated according to a previous 

study, where the GC analysis results of the total FFA concentrations were converted to 

theoretical ANs, mg KOH/g oil [27]. 
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The density of all the samples was measured at 21 °C using a 100 mL pycnometer 

(Wertheim, Baden‐Württemberg, Germany). The kinematic viscosity was measured using 

a Cannon–Fenske (reverse flow) viscometer (Hofheim am Taunus, Hesse, Germany), ca‐

pillary 51120, using the ASTM D 2515 method in a thermostatic bath at 40 ± 0.5 °C. Three 

analyses for each sample were performed. 

2.1. Experimental Setup and Procedure 

2.1.1. Immersion Test 

An immersion test was applied at room temperature to investigate the corrosive be‐

havior of UCOs in contact with steels and copper rods. The experiments were performed 

in test tubes of 15 mL mounted on a rotary mixer rotated at a constant speed of 56 rpm. 

The rod was placed in a 7‐mL oil sample, and the test was conducted over a period of 1, 

3, 5, and 10 days  (1 d, 3 d, 5 d, and 10 d). During  the experiments,  the samples were 

wrapped with duct tape to avoid exposure to light. After the immersion test, the rod was 

removed from the oil and cleaned ultrasonically using a mixture of toluene and 2‐propa‐

nol (1:1 v/v). The oils from each experiment were subjected to liquid‐liquid extraction us‐

ing 1 mL of sulfuric acid (95%) and 8 mL of deionized water in a test tube, then vigorously 

shaken for 1 min. After the extraction, the mixture was filtered using WhatmanTM quan‐

titative filter paper grade No 42 (ashless, Whatman International Ltd., Maidstone, UK), 

and the aqueous solution was taken for subsequent spectrophotometric analysis. Each ex‐

periment was repeated in triplicates. 

The polished  rods were used  to maximize  the  interaction between  the oil and  the 

surface, thus giving us a good starting point to study corrosion. Unpolished samples were 

used to mimic real‐life situation. Mild‐annealed steel was used to study the effect of alloy‐

ing on corrosion resistance. 

The capability of the corrosion inhibitor TBA to suppress the corrosivity of bio‐oils 

was investigated using a polished steel rod exposed to three different concentrations of 

TBA in UCO2 for three days. 

Copper was chosen for the immersion test, as it is used in internal combustion engine 

systems, and gaskets utilize copper‐based alloys and copper, respectively [24]. According 

to [28], copper may oxidize biodiesel and generate sediments. 

2.1.2. Metal Rods 

The steel rod (98.64 wt% Fe, 1.00 wt% Mn, 0.21 wt% Si, 0.11 wt% C, 0.03 wt% P, and 

0.02 wt% S) used in the immersion tests was a H44 all‐round welding rod with a diameter 

of 1.6 mm, obtained from AGA (Finland). The mild annealed steel rod (98.79 wt% Fe, 1.0 

wt% Mn, 0.15 wt% Si, and 0.06 wt% C) and the copper rod (99.9 wt% Cu) had 1.5 and 1.0 

mm diameters, respectively. All rods were cut in 85‐mm long pieces, and the ends were 

polished to a similar roughness (visually) as the surfaces of the rod. 

Surface polishing of the steel rod was carried out to standardize the starting point for 

the experiments. The surface was polished first with grinding paper Buehler CarbiMetTM, 

Grit 280 [P320], and then with Buehler‐Met® II, Silicon Carbide grinding paper, Grit 360 

[P600]. 

2.1.3. Dissolved Metal Ions in Oils 

The amount of iron dissolved in oils during the experiment was determined using a 

spectrophotometer  (Perkin‐Elmer Lambda  25  (Waltham, MA, USA)) by  analyzing  the 

amount of total dissolved iron in the aqueous phase after the liquid‐liquid extraction step. 

The spectra were measured between 400 and 600 nm with a scan rate of 480 nm∙min−1 

using a quartz cuvette with a one cm path length. 

After  the  immersion  tests with  copper  rods, dissolved  copper  in  the bio‐oils was 

measured  using  inductively  coupled  plasma‐optical  emission  spectrometry  (ICP‐OES, 

Perkin Elmer Optima 5300 DV (Waltham, MA, USA)). HNO3 (65%) and H2O2 were added 
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to digest  the sample  in a microwave oven  (Anton Paar, Multiwave 3000  (Graz, Styria, 

Austria)). Three analyses were performed of each immersion solution. 

2.1.4. Metal Surface Morphology after Oil Exposure 

The corrosion on the surfaces of the steel, mild annealed steel, and copper rods was 

analyzed with a scanning electron microscopy (SEM) LEO Gemini 1530 (Oberkochen, Ba‐

den‐Württemberg, Germany) with a Thermo Scientific Ultra Dry Silicon Drift Detector—

SDD (Madison, WI, USA). 

3. Results and Discussion 

3.1. Physicochemical Properties 

3.1.1. Diglycerides, Free Fatty Acids, and Monoglycerides 

First, the differences in the contents of diglycerides, FFAs, and monoglycerides of the 

eight UCOs were analyzed. There were no big differences in the amounts of diglycerides 

(mean value 6.9%), FFAs (mean value 3.3%), and monoglycerides (mean value 0.3%). The 

rest of the analyzed compounds were triglycerides. The mean value and variations of the 

saturated and unsaturated free fatty acids and monoglycerides are given in Table 1. De‐

tailed composition of the total FFAs of the UCOs can be found in Table 2. The total FFA 

values were significantly elevated, especially for UCO8 and UCO5 and probably also for 

UCO4 (assuming the normal FFA level between 27–28.4 mg/g (Table 2)) since the differ‐

ences were bigger than 5%. The total FFA values and  the AN values  (Table 3) indicate 

similar trends consistently. The unsaturated fatty acid, oleic acid (9‐18:1), was 21.7 mg/g 

in UCO8 and 18.7 mg/g in UCO5. In UCO4, oleic acid was analyzed to be 16.9 mg/g. 

Table 1. Total FFA, total saturated FFA, total unsaturated FFA, and total monoglycerides in UCO1‐

UCO8 samples with capillary column GC‐FID. 

GC Analysis  Mean Value (mg/g) 

Total saturated FFA  3.5 ± 0.7 

Total unsaturated FFA  26.6 ± 3.6 

Total monoglycerides  1.6 ± 0.6 

Total FFA  30.1 ± 3.6 

Table 2. Composition of used cooking oil samples UCO1–UCO8 measured with gas chromatog‐

raphy (mg/g oil). n.d. is not detected. 

Analyzed 

Compositions 
UCO1  UCO2  UCO3  UCO4  UCO5  UCO6  UCO7  UCO8 

Saturated FFA                 

C14:0  0.06  0.06  0.04  0.04  0.05  0.05  0.04  0.06 

C16:0  1.88  1.82  1.71  1.79  1.80  1.73  1.65  2.14 

C17:0  0.07  0.04  0.06  0.07  0.05  0.04  0.07  0.04 

C18:0  2.10  2.21  0.72  0.77  0.82  0.72  0.72  0.92 

C20:0  0.24  0.25  0.22  0.24  0.26  0.20  0.23  0.28 

C22:0  0.19  0.19  0.15  0.16  0.20  0.16  0.15  0.18 

Unsaturated FFA                 

C16:1  0.07  0.09  0.09  0.08  0.09  0.08  0.08  0.09 

C18:3  1.34  1.27  1.57  1.66  1.81  1.48  1.50  2.06 

C18:2  5.33  5.41  6.09  6.48  7.20  5.91  6.24  8.36 

9‐18:1  14.9  14.8  16.0  16.9  18.7  15.24  15.93  21.71 

11‐18:1  1.84  1.82  1.10  1.20  1.24  0.94  0.97  1.32 

cis‐13‐21:1  0.22  0.24  0.29  0.31  0.35  0.29  0.27  0.40 

C20:5  n.d.  n.d.  0.10  0.08  0.10  0.02  0.04  0.03 
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cis‐22:1  0.20  0.22  0.17  0.19  0.18  0.10  0.14  0.20 

Monoglycerids                 

MG(1)  0.10  0.11  0.11  0.17  0.16  0.08  0.17  0.27 

MG(2)  0.29  0.28  0.36  0.41  0.54  0.19  0.40  0.65 

MG(3)  0.89  0.88  1.02  1.11  1.49  0.50  1.11  1.67 

Sterols                 

cholesterol  0.13  0.10  0.20  0.10  0.11  0.15  0.08  0.11 

farnesol  0.18  0.20  0.19  0.19  0.17  n.d.  n.d.  n.d. 

campesterol  0.41  0.42  0.44  0.42  0.41  0.43  0.41  0.38 

sitosterol  0.70  0.72  0.71  0.64  0.66  0.71  0.72  0.67 

sitostanol  0.06  0.06  0.06  0.03  0.05  0.05  0.05  0.06 

Total saturated FFA  4.55  4.58  2.90  3.07  3.18  2.91  2.85  3.61 

Saturated FFA/Total 

FFA 
16.0%  16.1%  10.3%  10.2%  9.7%  10.8%  10.2%  9.6% 

Total unsaturated 

FFA 
23.9  23.8  25.4  26.9  29.7  24.0  25.2  34.2 

Total monoglycerides  1.28  1.28  1.49  1.69  2.19  0.77  1.68  2.58 

Total FFA  28.4  28.4  28.3  30.0  32.9  27.0  28.0  37.8 

Table 3. Water content, theoretical and measured acid numbers, and concentration of Fe in oils after 

immersing polished  iron rods  for  three days. The values are averages of  three parallel measure‐

ments. 

Sample 
Water Content  Theoretical AN  Measured AN 

Immersion Test (3 

d) 

(ppm)  (mg KOH/g Oil)  (mg KOH/g Oil)  Fe (ppm) 

UCO1  1850  5.7  6.9  12 

UCO2  1776  5.7  6.5  389 

UCO3  2180  5.6  6.9  102 

UCO4  2067  6.0  7.0  14 

UCO5  2493  6.5  8.0  74 

UCO6  3748  5.4  6.7  449 

UCO7  3089  5.6  6.9  571 

UCO8  2664  7.5  8.8  59 

Mean value 

UCO1–UCO8  2483  6  7.2  209 

3.1.2. Water Content 

The water content of the oils is given in Table 3. In general, the water content of only 

two oils was less than the specification limit, 0.2% v/v [10] for marine engines. FFAs attract 

water molecules because of their hygroscopic properties. Additionally, mono‐ and di‐gly‐

cerides also bind water into vegetable oil fuels [29,30]. Thus, corrosion of the equipment 

and tanks during the storage can occur if using such oils [26,31]. Therefore, high water 

content should be taken  into account, and strategies for dewatering in tanks should be 

planned. It was noticed that the visual appearance of the bio‐oils (UCO3‐UCO8) with a 

water content >2000 ppm was turbid, while the oils with water content below 2000 ppm 

looked clear. 

3.1.3. Theoretical Acid Number 

The theoretical ANs (mg KOH/g oil) were calculated according to Equation (1), and 

the values are shown in Table 3. When analyzing the total FFA concentrations, no volatile 
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fatty acids, like formic or propionic acids, were detected. These compounds are sometimes 

added as preservatives to bio‐oils [27]. 

AN
mg KOH

g
oil Total FFA

mmol
g

∙ 56.1 mg KOH/mmol  (1) 

3.1.4. Measured Acid Number 

The average measured ANs are shown in Table 3. For all oils, the measured values 

were higher than the calculated theoretical values. The difference can partly depend on 

volatile fatty acids not seen in the FFA measurement. 

Although UCO8 showed high AN values and relatively high water content, the con‐

centration of dissolved iron was low. Considering that AN value <5 mg KOH/g oil implies 

a minimal corrosion risk, all  the oils should have  induced some corrosion  [10]. On  the 

other hand, the AN values were well below the 15 mg KOH/g oil, a limit set by the engine 

manufacturers. Notably, the highest concentrations of iron in oils (UCO6 and UCO7) cor‐

relate with water contents. In contrast, UCO2 had a low water content and intermediate 

acid number but showed a relatively high concentration of iron after the immersion test. 

This implies that the corrosive properties cannot directly be correlated with the water con‐

tent and acid number. 

3.1.5. Density and Kinematic Viscosities of the Bio‐Oils 

The densities of the UCO1–UCO8 samples analyzed at 21 °C varied only slightly with 

the average value of 916 ± 1.3 kg/m3, which is lower than the density of water, 998 kg/m3. 

According to the marine diesel engines manufacturer, the density of the liquid biofuel for 

four‐stroke engines should be lower than 991 kg/m3 [10]. 

The kinematic viscosities of UCO1‐UCO8 analyzed at 40 ± 0.5 °C showed only slight 

variations with an average value of 39.4 ± 0.3 mm2/s. The higher kinematic viscosity values 

of the UCOs compared to a refined commercial product (9.1 mm2/s) could be due to im‐

purities like starch, polymerized triglycerides, and meat traces [26]. 

3.2. Corrosion of the Metal Surfaces 

3.2.1. Iron‐Based Rods 

Iron concentration dissolved  from the unpolished reference steel rod surfaces  into 

UCO2 increased during the test from 58 ppm (1 d), 84 ppm (3 d), 308 ppm (5 d) to 370 

ppm (10 d) (see Figure 2). The values are averages of three parallel samples. For polished 

steel rod, the iron concentration dissolved into UCO2 first increased up to 5 d (406 ppm) 

but then decreased to 351 ppm at 10 days. A similar increasing trend during the five first 

days followed by a lower concentration at 10 days was measured for mild annealed pol‐

ished steel rods in UCO2. In general, lower ion concentrations were measured for the mild 

annealed steel rods than for the polished steel rods. 
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Figure 2. Changes in iron and copper concentrations dissolved from untreated and polished steel 

rods, polished mild annealed steel rods, and polished copper rods into UCO2 as a function of expo‐

sure time. The cumulative error for the measured values is 3%. 

For the polished samples, the dissolved iron concentration increased up to five days, 

after which  the amount of dissolved  iron started slowly decreasing. The decrease sug‐

gested formation of iron‐containing precipitates. This was, however, not verified. Unlike 

the polished samples,  iron continued dissolving from the untreated steel rod, probably 

because the dissolved iron concentration did not reach saturation during the experiment. 

No precipitates could be verified on the rod surfaces nor in oils. 

The SEM secondary electron images in Figure 3 show the surface morphology of an 

untreated steel rod, a polished steel rod, and a polished annealed steel rod. The unpol‐

ished steel, polished steel, and polished mild anneal steel rod surfaces are shown in Figure 

3A–C. The surface morphology of the steel rods is rather even before corrosion. However, 

polishing gives steep scratches on the surfaces. After immersion for 10 days, the surface 

morphologies are smoother (Figure 3D–F). As seen in the SEM images, the oil exposure 

clearly  affected  the  surface morphology  of  rods,  thus  suggesting  corrosion. This  is  in 

agreement with the measured ion concentration in the oil after the exposure. 

 

Figure 3. SEM images before oil exposure of (A) untreated steel, (B) polished steel, and (C) polished 

mild annealed steel. SEM images after 10 days of exposure to UCO2 (D) untreated steel, (E) polished 

steel, and (F) polished mild annealed steel. 
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 Iron Concentrations Dissolved from the Rods 

Table 4 shows the relative concentrations of iron dissolved from polished steel rods 

into the different oil batches at different time points. If the measured concentration was 

less than 50 ppm, the dissolution was considered low (L). Again, concentrations higher 

than 200 ppm indicated high dissolution (H), while the concentration in between was con‐

sidered as medium dissolution (M). The average iron concentration in the oils before the 

exposures was around 8 ppm. UCO1 and UCO4 dissolved a very low iron concentration 

(8–14 ppm); the reason for this could be that their water concentration is the lowest, and 

FFAs concentration is among the highest. UCO3, UCO5, and UCO8 dissolved a medium 

iron concentration (50–199 ppm). The water concentrations were between 2200–2700 ppm, 

and the ANs were highest compared to the other oils. 

Table 4. Relative iron dissolution from polished steel rods into different UCO batches. L, low (8–49 

ppm); M, medium (50–199 ppm); H, high (200–600 ppm); n.a., not analyzed. 

No. of 

Days 
UCO1  UCO2  UCO3  UCO4  UCO5  UCO6  UCO7  UCO8 

1d  L  H  M  n.a.  M  n.a.  n.a.  n.a. 

3d  L  H  M  L  M  H  H  M 

5d  L  H  L  n.a.  M  n.a.  n.a.  n.a. 

10d  L  H  L  n.a.  M  n.a.  n.a.  n.a. 

UCO2, UCO6, and UCO7 dissolved a high  iron concentration  (200–600 ppm). For 

UCO6 and UCO7, the water content was the highest, between 3100–3750 ppm, and for 

UCO2, the water content was 1800 ppm, which was also close to the maximum approved 

level of 2000 ppm of water in oil [10]. The ANs were 6.5–6.9 mg KOH/g oil, which was 

lower compared to UCO5 and UCO8 samples’ ANs (8–8.8 mg KOH/g oil). 

The immersion test for three days with a polished steel rod showed higher corrosivity 

of UCO2, UCO6, and UCO7 (200–600 ppm) but the medium level of corrosivity (50–199 

ppm) with UCO3, UCO5, and UCO8 (see Figure 4). In contrast, UCO1 and UCO4 showed 

the lowest corrosivity (8–49 ppm). 

 

Figure 4. Iron concentration in UCO6, UCO7, and UCO8 after three days in contact with polished 

steel rods. 

Results of the immersion test for all UCO samples for the three days are presented in 

Table 3 together with the corresponding values for AN and water contents. As the immer‐

sion  test  results presented  in Table  3  show  that  the  corrosion properties  of  these  oils 
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(UCO8, UCO5, and UCO4) were lowest compared to the other oils, it could be possible 

that unsaturated FFAs, e.g., oleic acid, acts as a surfactant on  the steel surface and de‐

creases the corrosive properties of UCO oils, as was noticed in a previous study [13]. Fatty 

acids, such as oleic acid, linoleic acid, and linolenic acid derivatives, are environmentally‐

friendly corrosion inhibitors protecting mild steel, etc. [32]. Oleic acid was used as a sur‐

factant and bonded covalently to the surfaces of magnetite nanoparticles [33]. A seed oil, 

Opuntia dillenii, which consists of fatty acids, was shown to form a barrier  layer on the 

surface of iron by preventing contact of the metal surface and the corrosive solution [12]. 

 Exposure to Different UCO Mixtures 

The more corrosive UCO2 was mixed with the low corrosive UCO4 in fractions of 

9:1, 8:2, 7:3, and 1:1. The immersion test during 3 d with a polished steel rod was imple‐

mented. Three replications for each sample were performed. Figure 5 shows the iron con‐

centrations dissolved in the oils. When UCO2 was used in the immersion test, an average 

iron concentration of 277 ppm was dissolved. As the fractions with decreasing concentra‐

tion of UCO2 were tested, the concentration of dissolved iron in oil also decreased. The 

results show that by adding the low corrosive UCO4 oil to a very corrosive UCO2 oil, the 

harmful corrosive properties of the bio‐oil mixture decreased. For utilization of different 

UCO batches,  it would be very  important  to know the quality of each batch. The most 

corrosive batches should be blended with the less corrosive batches in a certain proportion 

such that the influence of the more corrosive oils is minimized. 

 

Figure 5. Iron concentration dissolved from polished steel rods into various mixtures of UCO2 and 

UCO4. 

The SEM secondary electron images in Figure 6 show the surface morphology of the 

polished steel rods after three days of exposure to the following oil samples: (a) UCO2, (b) 

UCO2:UCO4 (9:1), (c) UCO2:UCO4 (8:2), and (d) UCO4. Figure 6a shows corrosion on the 

steel surface, 6b shows corrosion, and Figure 6c shows corrosion on the steel surface. Fig‐

ure 6d shows a very smooth surface with very low corrosion. 
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Figure 6. SEM secondary electron images of polished steel rod surfaces after 3 days of exposure to: 

(a) UCO2, (b) UCO2:UCO4 (9:1), (c) UCO2:UCO4 (8:2), and (d) UCO4. 

As seen in the SEM images, the oil exposure clearly affected the surface morphology 

of  rods,  thus suggesting corrosion. The measured  ion concentration  in  the oil after  the 

exposure also supports this finding. 

3.2.2. Copper Rod Corrosion 

A polished copper rod was used in the immersion test. The concentration of copper 

in UCO2 was analyzed with ICP‐OES. UCO2 dissolved copper during 1 d only 14 ppm, 

and during 3 d, 5 d, and 10 d, the level of dissolved copper was 25.9 ± 0.7 ppm (Table 5). 

The copper rods withstood corrosion much better than the steel rods when UCO2 was 

used. Figure 7A,B shows the minor change on the surfaces of the copper rod before and 

after expose  to UCO2. For up  to  three days, copper kept dissolving, but after  that,  the 

copper content remained constant. 

Table 5. Measured copper concentration (ppm) after exposure to UCO2 for different times. 

No. of Days    0  1  3  5  10 

Cu (ppm)  <6  14.4 ± 0.4  25.3 ± 0.3  26.7 ± 0.5  25.8 ± 0.5 

 

Figure 7. SEM secondary electron images of polished copper rod surfaces: (A) not exposed to the 

bio‐oil and (B) exposed to UCO2 for 5 days. 
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The same batch of UCO2 was used in this copper test as in the test where UCO2 and 

UCO4 were mixed. A polished steel rod was used with UCO2 in the immersion test (3 d), 

and it was noticed that 277 ppm iron was dissolved into the oil (Figure 5). 

When comparing the two rods in contact with the oil during the immersion test, the 

area 268.48 mm2 of the polished copper rod was smaller compared to the polished steel 

rod’s area of 431.57 mm2. The concentration of copper dissolved from the rod was 0.09 

ppm/mm2, and  the  iron dissolved  from  the  rod was 0.64 ppm/mm2, which means  that 

there was about 6.8 times higher concentration of iron compared to copper dissolved in 

UCO2 oil. These results indicate that the corrosive compounds in UCO2 caused more cor‐

rosion in contact with the polished steel rod surface compared to the copper rod surface. 

Immersion tests with copper in UCOs could not be found in the open literature. Thus, 

we consider the corrosive properties of biodiesels for comparison. Biodiesel is chemically 

modified from UCOs and animal fats (that contain triglycerides and impurities like water, 

FFAs, etc.). During the chemical modification, including, e.g., transesterification, the pro‐

duction of biodiesel occurs, which is a mono‐alkyl ester‐based oxygenated fuel [34]. 

Immersion tests of copper, mild carbon steel, and stainless steel in biodiesel at 43 °C 

for two months were performed by Hu et al. [15]. According to their results, copper and 

mild carbon steel were observed to be more susceptible to corrosion than stainless steel. 

They also reported that chemical reactions controlled the corrosion mechanism of the met‐

als [15]. Dissolved copper and iron were also found to act as strong catalysts to oxidize 

biodiesel [16]. Fazal et al. [9] also studied corrosion of copper in biodiesel and found out 

that after a  certain  immersion period  (600–1200 h),  the  formation of oxygenated  com‐

pounds on the surface of copper exposed to biodiesel reduced corrosion rate. 

The immersion tests with biodiesel discussed above were done at elevated tempera‐

tures and for a longer immersion period [9,15,16,23,28]. During the biodiesel immersion 

tests, copper was most vulnerable to corrosion; however, in our shorter period of immer‐

sion testing at room temperature with UCO2, polished copper was observed  to be  less 

corroded compared to the polished steel rod. The reason could be that the concentration 

of dissolved copper at room temperature reached a saturation level during the three‐day 

immersion test, or there could be chemical reactions that control the corrosion of the cop‐

per surface exposed to the UCO2. 

3.2.3. Corrosion Inhibitor 

The immersion tests were made for three days with a polished steel rod and the bio‐

oil UCO2. During the test, there was 310 ppm iron dissolved in UCO2. Table 6 shows that 

when 0.025 wt% or 0.25 wt% tert‐butylamine (TBA) was added to UCO2, the concentra‐

tion of dissolved iron decreased to 9 ppm in both samples. When 2.42 wt% TBA was added 

to UCO2, the iron dissolved from the polished steel rod was 14 ppm. To prevent corrosion 

of a polished steel rod, 0.025 wt% TBA was enough to add to UCO2. The low iron concen‐

tration (9 ppm) measured in the bio‐oil was on the same level as when no steel rod had 

been in contact with oil. 

Table 6. The immersion test (3 d) with a polished steel rod and UCO2. TBA was added to the oil in 

different concentrations. 

TBA (wt%)  0  0.025  0.25  2.42 

Fe (ppm)  310  9  9  14 

Deyab et al. [21] reported that corrosion inhibitors contain organic compounds with 

nitrogen, oxygen, or sulfur atoms, heterocyclic compounds, and pi electrons. The polar 

functional groups present in inhibitors are considered to be the center of reaction for ad‐

sorption [22]. Inhibitors ethylenediamine, tert‐butylamine (TBA), or n‐butylamine form a 

stable metal oxide protective layer and thus inhibit the corrosion in biodiesel [23]. Physical 
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adsorption of amine‐based inhibitors could have created a stable protective layer over the 

steel surface and thus prevented corrosion in our bio‐oils [23,25]. 

As can be seen  in Figure 8A,B,  the  steel  rod surface after  three‐day  immersion  in 

UCO2 and TBA (0.025 wt%) is smoother than the immersion in UCO2 alone. The smoother 

surface observed when TBA was added originated from the smaller amounts of dissolved 

iron or less corrosion of the surface. 

 

Figure 8. SEM secondary electron images of polished steel rod surfaces: (A) after exposure to UCO2 

for 3 days and (B) after exposure to UCO2 and TBA (0.025 wt%). 

Despite the promising results of TBA, notably inhibiting corrosion, it should be men‐

tioned from the chemical safety point of view that it is classified as an acutely toxic sub‐

stance. Therefore, more  environmentally  friendly  chemicals  as  a  replacement  for TBA 

should be one of the focuses of future research in this area. 

4. Conclusions 

To  study bio‐oil‐induced  corrosion, unpolished  and polished  steel  rods, polished 

mild annealed steel rods, and polished copper rods were  immersed  in vegetable‐based 

used cooking oils at room temperature for up to 10 days. The iron content in the oils varied 

markedly depending on the oil sample. In general, the oils with the highest water concen‐

trations  (3100–3800 ppm)  showed  the highest  corrosion properties although  their acid 

number (AN) values of 6.7–6.9 mg KOH/g oil were not the highest. In contrast, the bio‐

oils with a lower level of water (2100–2700 ppm) but higher ANs (7–8.8 mg KOH/g oil) 

showed  low corrosion properties. The oils with  the highest ANs contained  the highest 

concentrations of unsaturated free fatty acids, such as oleic acid. The unsaturated free fatty 

acids were assumed to have formed a protective layer on the rods, thereby preventing the 

permeation of oxygen and water to the metal surface. The copper rods withstood corro‐

sion much better than the steel rods when UCO2 was used. For up to three days, copper 

kept dissolving, but after that, the copper content remained constant 25.9 ± 0.7 ppm. When 

a very corrosive oil was mixed with a non‐corrosive oil, the amount of dissolved iron de‐

creased  notably. This  suggests  that mixing different  bio‐oils  could  be used  as  an  ad‐

vantage in corrosion prevention of fuel tanks and engines. 

In the preliminary tests on the effect of corrosion inhibitors, it has been observed that 

adding even a very low concentration, 0.025 wt%, of TBA to the most corrosive used cook‐

ing oil clearly decreased the iron dissolution into the oil. Although more research needs 

to be carried out, the inhibiting effect could originate from the formation of a protective 

layer on the steel surface. However, due to the toxicity of TBA, more ecological alterna‐

tives should be studied. 
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Abstract: In this study, we tested several amino acids as eco-friendly inhibitors against corrosion of
mild steel by used cooking oils (UCOs). The corrosion inhibition was studied by immersing mild
steel rods in the UCOs and reference fresh rapeseed and olive oils mixed with amino acids. The
immersion tests were conducted at room temperature for three days. The roles of water and bio-oil
preservatives (formic and propionic acids) in the corrosion were explored. The mild steel surface
morphology changes after exposure to the oils were analyzed with a scanning electron microscope
coupled with an energy dispersive spectroscope (SEM-EDS). The concentration of iron dissolved in
the oils was determined with a spectrophotometer. A thick layer was analyzed on the surfaces of
the mild steel rods immersed in the oils containing formic or propionic acid and water. This layer
provided a minor barrier against corrosion. According to the Fourier transform infrared spectrometer
(FTIR) analytical results, the layer consisted of an acid and iron salt mixture. All the tested amino
acids decreased the concentration of dissolved iron in the UCOs; particularly, cationic amino acids,
L-lycine and L-arginine showed adequate corrosion inhibition properties at low concentrations.

Keywords: biofuel utilization; corrosion inhibition; amino acids; mild steel; renewable energy sources

1. Introduction

Used cooking oils (UCOs) are non-edible residues from restaurants, households, and
the food processing industry. The global vegetable oil utilization leading to the generation
of UCOs has significantly increased in recent decades due to the global population growth,
the change in food habits, and the rise in the utilization of lipids [1]. The generation of
UCOs is estimated to be around 20–32% of the total vegetable oil consumption [2,3].

Increasing interest in the circular economy and sustainable use of resources has made
UCOs and UCO-based biodiesel attractive as renewable fuels for diesel engines, particularly
for marine engine applications [4]. However, the UCOs must be used within a relatively
short period of time after their collection and processing to avoid, e.g., the formation of
corrosive degradation components [5,6]. In general, the acid number, viscosity, density, and
water content are essential criteria for approving the UCOs as fuels [7]. However, the acid
number and water do not directly correlate with the bio-oil properties and corrosivity [8].
The roles of different bio-oil components and corrosion inhibitors in the corrosive properties
are not thoroughly understood.

The corrosivity of bio-oils can be lowered with corrosion inhibitors, which are added
in small concentrations to alter the environment into a less corrosive one by interacting
with the corrosive species [9,10]. Alternatively, the inhibitors interact with the metal to form
a protective surface film [10–13]. Corrosion inhibitors with proven effective performance
include those containing multiple bonds, N, O, S, and P organic compounds, in addition to
some functional groups [13,14]. Organic compounds with -OH, -COOH, -NH2, etc., are also
excellent corrosion inhibitors, especially in acidic solutions [14]. The environmental legisla-
tion on toxicity, biodegradability, and bioaccumulation gives strict regulations and rules for
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the usage and disposal of corrosion inhibitors in different countries [15]. Developing green
or eco-friendly corrosion inhibitors with minimal side effects has been considered very
important [16,17]. These inhibitors are generally categorized as inorganic or organic [17].
Organic green corrosion inhibitors include surfactants, amino acids, etc. [11]. Proteins in
all animal and plant species are composed of twenty different amino acids [18]. Amino
acids are biomolecules that have vital significance to all organisms. They form the building
blocks of proteins and many essential substances such as neurotransmitters, hormones,
and nucleic acids [19]. Amino acids are relatively cheap, non-toxic, biodegradable, soluble
in aqueous media, and produced at high purity [14,20]. Amino acids possess at least one
carboxyl group and one amino group. They can coordinate with metals through nitrogen
or oxygen atoms in the carboxyl group [21]. The strength of the inhibitor-metal bond is
an essential part of the corrosion inhibition degree of amino acids [21]. Amino acids can
control corrosion of various metals such as pure iron, carbon steel, copper, zinc, nickel, tin,
and aluminum alloys [20–22]. Furthermore, amino acids behave as corrosion inhibitors in
acid medium, neutral medium, and de-aerated carbonate solution [21].

Short-chain carboxylic acids, including formic, acetic, propionic, and butyric acids,
have been used as food preservatives for a long time [23,24]. Organic acids are com-
monly used as preservatives for animal feed (such as chicken, pig, and cattle) and human
consumption [23,24]. The reactive carboxyl group present in organic acids makes them
essential building blocks for many compounds such as drugs, pharmaceuticals, plastics,
and fibers [25]. Rust and oxidation scales formed on the steel substrates can be removed by
different inorganic or organic acids such as phosphoric, hydrochloric, sulfuric, formic, or
acetic acid. The choice of the acid depends on the oxide scale’s solubility in the solution
and the content of various components in the steel. Acid solutions, e.g., hydrochloric and
sulfuric acids, are used for pickling, de-scaling, cleaning, oil well cleaning, and pipeline
cleaning [26]. The corrosion inhibitors added to these acid solutions must be stable and
effective in the hot concentrated acid even in severe environments [27]. Rafiquee et al. [25]
have studied the corrosion of mild steel in the presence and absence of inhibitors in 20%
formic and 20% acetic acid solutions at 30 ◦C for 24 h. The polished mild steel exposed
to the 20% formic acid solution without corrosion inhibitors showed abrasion and corro-
sion. In contrast, the metal surface exposed to the 20% formic acid solution containing
100 ppm of the inhibitor 2-amino-5-propyl-1,3,4-thiadiazoles (APT) was smoother, and
the inhibitor had adsorbed on the surface [25]. Zhu et al. [28] have examined the effects
of temperature and acetic acid concentration on the corrosion behavior of N80 carbon
steel. An increased temperature was observed to enhance the dissolution of steel substrate
and promote the main corrosion product FeCO3 precipitation. The increased acetic acid
enhanced the localized corrosion attack on N80 carbon steel [28].

Carbon steel coupons exposed to biodiesel and different antioxidants (e.g., tert-butylhy
droquinone, propyl gallate, and curcumin) for 90 days were examined by Serqueira et al. [29].
After the exposure, the surfaces were analyzed with the SEM-EDX technique. The results
indicated that antioxidants had adhered to the metallic surface, forming a protective film
that may provide corrosion protection [29].

Qiang et al. [30,31] have studied the inhibition effect of 5-(Benzylthio)-1H-tetrazole
(BTTA) and 5-Benzyl-1H-tetrazole (BTA) for Q235 steel (Fe 99.7 wt %) in 0.5 M sulfuric
acid and copper in 0.5 M H2SO4 by applying weight loss measurement, electrochemical
techniques, scanning electron microscopy (SEM), atomic force microscopy (AFM), etc. Their
results suggested that corrosion of the metal surfaces could be significantly better inhibited
when 2 mM BTTA was added to the acid solution, compared to 2 mM BTA.

The eco-friendly substance Losartan potassium (LP) for corrosion inhibition of mild
steel in HCl medium was recently studied by applying the gravimetric, electrochemical,
and scanning vibrating electrode techniques [32]. For 5 mM LP, the authors reported the
inhibition performance to increase from about 89% at room temperature to 92% at 318 K.

Our previous works [8,33–35] discussed the chemical, physical, and thermal properties
and the effect of storage time on the quality and corrosion properties of UCOs and fish oils.
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In addition, the corrosion of different metal rods in oils was tested [8]. The immersion tests
of the UCOs showed variations in corrosion properties depending on the oil batch [8,33].
An oleic acid layer on the steel rod after the immersion in one UCO batch was supposed
to provide partial corrosion protection [8]. Thus, it was assumed that suitable additives
in UCOs could form a protective layer or provide corrosion inhibition through some
other mechanism.

This work studied the role of ten different amino acids, water, and formic and propionic
acids in different UCO batches in the corrosion of mild steel rods. Fresh edible oils were
used as references. The results provide a novel understanding of the efficiency of different
amino acids in the corrosion resistance of mild steel rods in contact with oils.

2. Materials and Methods
2.1. Materials

The physicochemical properties of the studied bio-oils have been reported earlier in
detail [8]. All the UCO samples were provided by VG EcoFuel Oy (Uusikaupunki, Finland).
When naming the oil samples, numbers were used to note different oil batches. All the
used cooking oils (filtered) were vegetable-based and obtained from fast food companies.
In this work, oil samples from different batches were studied in immersion tests. A fresh
edible vegetable oil (Keiju from Bunge Finland Oy, Raisio, Finland) and an organic extra
virgin olive oil (Pirkka Luomu, from Granada, Spain) were used as reference samples. The
UCOs and vegetable oil were stored in a refrigerator, whereas the olive oil was stored at
room temperature.

The mild steel rods (98.64 wt % Fe, 1.00 wt % Mn, 0.21 wt % Si, 0.11 wt % C, 0.03 wt %
P, and 0.02 wt % S) used in the immersion tests were cut from an H44 all-round welding
rod with a diameter of 1.6 mm, obtained from Linde (Solna, Sweden). All chemicals and
solvents used for the analyses were of analytical reagent grade. Formic acid (98–100%)
was purchased from Riedel-de Haën (Seelze, Germany), and propionic acid (99.5%) and
L-Methionine (98%) were acquired from Fluka AG, Sigma-Aldrich Chemie GmbH (Buchs,
Switzerland). L-Alanine (99%) was provided by Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). L-Arginine (>98%), L-Cysteine (>98%), and L-Serine (>99%) were provided by
Sigma Ultra, Sigma Chemical Co. (St. Louis, MO, USA). Glycine (>99.7%), L-Glutamic acid
(>99%), L-Leucine (>99%), and L-Tyrosine (>99%) were provided by Merck (Darmstadt,
Germany). L-Lysine (>97%) was acquired from SAFC (St. Louis, MO, USA). The concentra-
tions of amino acids in the oil samples slightly varied due to difficulties in weighing the
tiny amounts of powder or liquid needed for a particular concentration. Finally, formic and
propionic acids and water were added to the oils to better understand the roles of various
components in oil in mild steel corrosion.

2.2. Corrosion Test and Analyses

Corrosion tests were carried out at room temperature to investigate the inhibitive role
of amino acids in UCO-induced corrosion of mild steel. The experiments were performed
in test tubes of 15 mL, mounted on a rotary mixer rotated at a constant speed of 56 rpm. The
steel sample was placed in a 7 mL oil sample for three days. After the immersion test, the
sample was removed from the oil and cleaned ultrasonically using a mixture (1:1 v/v) of
toluene (≥99.9%, Honeywell, Riedel-de-Haën, Seelze, Germany) and 2-propanol (≥99.8%,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Then, the oils were subjected to
liquid–liquid extraction using 1 mL of sulfuric acid (95–97%, Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) and 8 mL of deionized water in a test tube, which was vigorously
shaken for 1 min. After the extraction, the mixture was filtered using a quantitative ashless
filter paper (Grade No. 42, Whatman International Ltd., Maidstone, England), and the
filtrate was analyzed spectrophotometrically. Each experiment contained three parallel
samples. More details on the experimental procedures were reported in [8,33].

The amount of iron dissolved in oils was determined from the filtrate after a liquid–
liquid extraction step using a spectrophotometer (Perkin-Elmer Lambda 25, Waltham, MA,
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USA). The spectra were measured between 400 and 600 nm with a scan rate of 480 nm
min−1 using a quartz cuvette with a 1 cm path length.

The surface morphologies and the corrosion products were studied with a scanning
electron microscope (SEM, LEO Gemini 1530 with a Thermo Scientific Ultra Dry Silicon
Drift Detector (SDD), Oberkochen, Baden-Württemberg, Germany) coupled to an elemental
X-ray detector (EDS, Energy Dispersive X-ray Spectroscopy, Thermo Scientific, Madison,
WI, USA). Cross-sectional samples for SEM imaging were prepared by broad ion beam
milling (BIB) (Ilion + Advantage Precision, Model 693, Gatan Inc., Pleasanton, CA, USA).

Organometallic species at the sample surfaces were identified with Fourier transform
infrared spectroscopy (FTIR) using a Perkin-Elmer Spectrum Two™ spectrometer (Perkin-
Elmer, Llantrisant, UK) with a spectrum area of 4000–450 cm−1 and a resolution of 4 cm−1.
The FTIR spectra were interpreted using the spectral analysis function (software KnowItAll
Informatics System 2020, John Wiley Sons, Inc., Hoboken, NJ, USA).

2.3. Properties of UCO Batches without Additives

The chemical and physical properties (chemical composition, acid number, water
content, density, viscosity, and kinematic measurements) of the UCOs have been reported
in [8]. In short, no significant differences between the properties of the UCO batches were
found. The mean value for total free fatty acids (FFAs) was about 30.1 ± 3.6 mg/g and
the measured acid number (AN) was 7.2 ± 0.8 mg KOH/g oil (Table 1). The mean water
content was 2483 ± 672 ppm [8].

Table 1. The physicochemical properties and immersion test results of UCOs [8] and the reference
vegetable and olive oils. The UCO batches marked with bold were used for the corrosion tests in
this work.

Sample
Measured AN Water Content Total FFA Oleic Acid Immersion Test (3 d)

(mg KOH/g Oil) (ppm) (mg/g) mg/g Fe (ppm)

UCO1 6.9 1850 28.4 14.9 12
UCO2 6.5 1776 28.4 14.8 390
UCO3 6.9 2180 28.3 16.0 102
UCO4 7.0 2067 30.0 16.9 14
UCO5 8.0 2493 32.9 18.7 74
UCO6 6.7 3748 27.0 15.2 449
UCO7 6.9 3089 28.0 15.9 571
UCO8 8.8 2664 37.8 21.7 59

Mean Value

UCO1-UCO8 7.2 ± 0.8 2483.0 ± 672 30.1 ± 3.6 16.8 ± 2.4 209 ± 223
Vegetable oil 0.1 604 0.5 0.2 8

Virgin Olive oil 0.5 581 1.0 0.4 8

The immersion tests showed the highest iron concentrations, >390 ppm, after three
days in UCO2, UCO6, and UCO7 [8]. After three days, the dissolved iron concentration in
UCO8 was 60 ppm, much lower than in UCO6 (450 ppm) and UCO7 (570 ppm). Although
UCO8 had a lower water content (2660 ppm) than the two other oils (3750 and 3090 ppm for
UCO6 and UCO7, respectively), the differences in the dissolved iron cannot be explained
by the water concentrations. UCO8 had the highest total FFAs, 37.8 mg/g oil, and AN
(8.8 mg KOH/g oil) (Table 1). Furthermore, the unsaturated free fatty acid oleic acid
content was 21.7 mg/g in UCO8, higher than in UCO6 (15.2 mg/g) and UCO7 (15.9 mg/g).
According to our previous study [33], a layer formed of oleic acid on the mild steel rod
surface. This layer might provide some corrosion protection and thus partly explain the
differences in the observed iron contents.

Table 1 also shows the physicochemical properties and the immersion test results of
the reference samples, fresh edible vegetable oil and virgin olive oil. The water contents of
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these oils were about 600 ppm, and the measured ANs were 0.1 and 0.5 mg KOH/g oil for
the vegetable and olive oil, respectively. After the immersion tests, these fresh oils showed
low iron content, 8 ppm, the same level as before.

3. Results and Discussion
3.1. Corrosion Inhibition
3.1.1. UCO2 with Amino Acids

Figure 1 shows the dissolved iron concentration after immersion of the mild steel rods
in UCO2 with various concentrations of the amino acids tested as corrosion inhibitors. Al-
though significant differences were measured between the different amino acids’ corrosion-
inhibiting effects, all amino acids decreased the amount of iron dissolved to UCO2 during
the three-day immersion. These results are in accordance with the published results of
utilizing amino acids and their derivatives to prevent corrosion of metals and alloys in
aqueous media [11,21]. Interestingly, a particular amino acid concentration did not have a
marked impact on the iron concentration analyzed in the oil. The best corrosion inhibition
was achieved with the cationic acids L-lycine and L-arginine. Low concentrations of these
two amino acids almost totally inhibited the corrosion.

Figure 1. Iron dissolved (ppm) from the mild steel rods during 3 d immersion in UCO2 without and
with different additions of amino acids.

Figure 2 shows SEM secondary electron images of polished steel rod surfaces after
immersion in UCO2 and the different amino acids. Figure 2a shows the polishing scratches
on the rod surface before the exposure. After the immersions, the surface morphologies
were smoother (Figure 2b–e). The immersion affected the surface morphology of the rods
for all other UCO2 additives but L-lycine (Figure 2f) and L-arginine (Figure 2g). Thus,
the images suggest only minor corrosion, further supported by low iron concentrations in
UCO2, around 10 ppm Fe with L-lycine and 12 ppm Fe with L-arginine.
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Figure 2. SEM images of polished mild steel surface exposed to UCO2 and amino acid addi-
tives: (a) before exposure, (b) after exposure without any additive, (c) with 300 ppm L-methionine,
(d) 720 ppm L-glutamic acid, (e) 220 ppm L-leucine, (f) 160 ppm L-lycine, and (g) 160 ppm L-arginine.
All images have the same magnification.

3.1.2. Impact of Water in UCO2 on Corrosion Inhibition with L-Lycine and L-Arginine

UCO batches with more than 3000 ppm water (UCO6 and UCO7 in Table 1) dissolved
more iron than UCO2 with 1800 ppm water. Whether L-lycine and L-arginine were effective
also in the presence of higher water content was tested by adding water to UCO2 and
UCO2 mixtures with the two amino acids. Table 2 gives the water and amino acid contents
in UCO2 and the measured average Fe concentration of three parallel samples with each
UCO2 composition. The iron concentration difference in UCO2 shown in Tables 1 and 2
was assumed to depend on the difference in the experimental time points. The oil in
Table 1 was fresh but, most likely, had aged during the five months of storage before the
experiments shown in Table 2 were carried out. Nevertheless, the corrosivity of UCO2
increased with the water content. As indicated by the small amounts of dissolved iron in
Table 2, both L-lycine and L-arginine effectively inhibited corrosion for the mixtures with
higher water contents.

Table 2. Impact of water, L-lycine, and L-arginine content (ppm) in UCO2 on iron released from the
mild steel rod during the three-day immersion test.

Chemicals in UCO2 (ppm)
Dissolved Fe (ppm)

H2O L-Lycine L-Arginine

1800 - - 490
5500 - - 530
4200 430 - 10
3400 - 380 10

The surface morphologies in Figure 3 verify the negligible iron dissolution into UCO2
with higher water contents in the presence of the amino acids. However, the SEM images
in Figures 2 and 3 do not explain the corrosion inhibition mechanism induced by the amino
acids. According to Rafiquee et al. [25], the inhibitive effect occurs when the inhibitors
adsorb on the mild steel surface, thereby decreasing corrosion.
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Figure 3. SEM secondary electron images of mild steel rod surfaces after immersion in UCO2 with
(a) no additives, 1800 ppm water, (b) 5500 ppm water, (c) L-lycine 430 ppm + 4200 ppm water, and
(d) L-arginine 380 ppm + 3400 ppm water. The scale is the same for all images.

3.1.3. Amino Acids, L-Lycine and L-Arginine in Different UCO Batches

The corrosion-inhibiting effects of L-lycine and L-arginine were also tested with
UCO6 and UCO7, which had shown significant corrosion of the mild steel rods in earlier
experiments (Table 1) [8]. In addition, the batch UCO8 showing less intense corrosion was
included in the experiment series.

Adding 300 ppm L-lycine to UCO6, UCO7, and UCO8 decreased the iron dissolution
to 15–20 ppm. Similarly, 300 ppm L-arginine in UCO6, UCO7, and UCO8 decreased the
dissolved iron concentration to 22–44 ppm.

Figure 4 shows SEM images of the mild steel rod surfaces after immersion in UCO6,
UCO7, and UCO8 without and with 300 ppm L-lycine. The rods immersed in oil batches
containing L-lycine had similar surface morphology as before the exposure, suggesting
that the amino acid effectively suppressed the corrosion.

Figure 4. SEM secondary electron images of mild steel rod surfaces: (a) before exposure and after
three days in (b) UCO6, (c) UCO7, (d) UCO8, (e) UCO6+ L-lycine 300 ppm, (f) UCO7+ L-lycine
300 ppm, and (g) UCO8+ L-lycine 300 ppm. The magnification is the same for all images.
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3.1.4. Formic and Propionic Acids in UCOs with Amino Acid Inhibitors

The three-day immersion test was used to measure the impact of two carboxylic acids,
formic and propionic acids, on the corrosive properties of used cooking oils with and
without amino acids.

The iron concentration in UCO6 without any additives was 450 ppm. After immersion
in UCO6 containing formic acid and added water, the iron content was lower, around
230 ppm. Adding 300 ppm L-lycine to the UCO6 mixture with formic acid and water
slightly decreased the iron content to 180 ppm (Figure 5). Similar trends were also seen in
UCO7, i.e., the iron content in the oil decreased from 570 to 190 and further to 140 ppm
upon adding formic acid and water, followed by L-lycine addition (Figure 5).

Figure 5. Mean iron concentrations in UCO6 and UCO7 with different additives after three days of
immersion. All values are the means of three parallel experiments.

The SEM images of the steel surface after immersion in UCO6, UCO7, and UCO8 with
additions of formic acid (10,000 ppm), water (10,000 ppm), and L-lycine (300 ppm) show a
surface layer of large (>10 µm) particles (Figure 6). The surface layer structure is similar to
that reported by Rafiquee et al. [25] for mild steel after being in contact with a 20% formic
acid solution.

Figure 6. SEM images of rod surfaces after immersion in oils with formic acid (10,000 ppm), water
(10,000 ppm), and L-lycine (300 ppm): (a) UCO6, (b) UCO7, and (c) UCO8. The magnification is the
same for all images.

SEM-EDS analysis suggested that the layer consisted mainly of carbon and oxygen,
with some iron and manganese. The rod cross-section was revealed by BIB cutting for



Sustainability 2022, 14, 3858 9 of 14

the SEM analysis. According to the image analysis, the layer mean thickness was 46 µm
(Figure 7).

Figure 7. SEM image of rod surface layer after 3 days in UCO6 + formic acid, water, and L-lycine.

The layer was removed from the rod surface and then analyzed using FTIR. The
spectrum in Figure 8 and the absorption bands and their interpretations in Table 3 suggest
that the layer consisted of formic acid and iron salt.

Figure 8. FTIR spectrum of the removed scale from mild steel surface after immersion in UCO6 with
formic acid, water, and L-lycine.

Table 3. Peaks in the FTIR spectrum (Figure 8) and their interpretation.

Peak (cm−1) Strength Structure Interpretation

3259 Weak -OH (hydroxyl) Iron oxide or water
2877 Weak -CH stretching Organic compound

1564 Strong Asymmetric C=O stretching
of carboxylic acid salt

Iron and carboxylic acid salt,
formic acid

1330 Weak Symmetric C=O stretching
of carboxylic acid salt

Iron and carboxylic acid salt,
formic acid

755 Weak Rocking of primary amine salt
667 Weak Unknown



Sustainability 2022, 14, 3858 10 of 14

3.2. Corrosion in Fresh Edible Oils

The impact of formic and propionic acid on corrosion was studied by immersing the
mild steel rods in fresh olive and vegetable (rapeseed) oils with acid and water additions.

3.2.1. Olive Oil with Formic Acid, Propionic Acid, and Water

The iron content in fresh olive oil and vegetable oil was 7 ppm. After immersing
mild steel rods in oils, the iron level was still on the same level (8 ppm). Adding (1) water
(10,000 ppm), (2) formic acid (10,000 ppm), or (3) propionic acid (10,000 ppm) gave only a
negligible increase in the iron content (8–11 ppm) (Table 4). However, adding 10,000 ppm
formic acid and water resulted in 200 ppm iron in olive oil. Similarly, 10,000 ppm propionic
acid and 10,000 ppm water increased the iron content in olive oil to 1200 ppm (Table 4).

Table 4. Iron content in olive and rapeseed oils after immersing mild steel rods in oils with different
concentrations of formic acid, propionic acid, and water.

Additive (ppm) Iron Content (ppm)

Formic Acid Propionic Acid Water Olive Oil Rapeseed Oil

- - - 8 8
- - 10,000 10 9

10,000 - - 11 11
10,000 - 10,000 200 170

- 10,000 - 8 9
- 10,000 10,000 1200 1550

After the immersion, SEM images of the rod surface morphologies were in line with
the dissolved iron concentrations in oil mixtures. Adding only water, formic acid, or
propionic acid in olive or rapeseed oils did not induce corrosion noticeably. However,
marked corrosion occurred as soon as both an acid and water were present simultaneously.
The corrosion was observed with increased concentrations of iron in the oils (Table 4) and
changed morphologies of the steel surfaces (Figure 9).

Figure 9. SEM images of steel surfaces: (a) before immersion, and after three days in (b) rapeseed oil,
(c) rapeseed oil + 10,000 ppm water, (d) rapeseed oil + 10,000 propionic acid, and (e) rapeseed oil +
10,000 propionic acid + 10,000 ppm water. The magnification is the same in all images.

The observed corrosion by an acid–water mixture originates from the dissociation
of acid in aqueous solutions. According to Kahyarian et al. [36], acetic acid, often used
as a model for short-chain carboxylic acids, does not directly participate in the corrosion
reaction. Instead, after acetic acid has dissociated in water, the hydrogen ions participate in
the cathode reaction and thus induce steel corrosion; in contrast, undissociated acid does
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not possess similar corrosivity. Similar behavior has been reported for formic acid, which
is readily dissociated in aqueous solutions, increasing the conductivity and the corrosion
rate of the solution [37–39]. Furthermore, acid concentration, solution temperature, and pH
affect the corrosion rate [38–40]. Since formic acid is a relatively strong acid, any bio-oil
containing formic acid can be considered corrosive towards steels with a Cr concentration
below 11 wt % [41]. The steel studied contained no Cr, thus explaining the high measured
amount of dissolved iron. It should be mentioned that the possible phase separation of oil
and acid–water was not examined. Therefore, it cannot be said with certainty whether only
one phase or two separate phases existed in the oil mixture.

3.2.2. L-Lycine and L-Arginine in Rapeseed Oils Containing Carboxylic Acids and Water

L-lycine and L-arginine were tested as corrosion inhibitors in fresh oil mixtures con-
taining carboxylic acid and water.

The immersion tests in rapeseed oil with propionic acid–water additions led to heavy
corrosion of iron (Figure 10), and 300 ppm L-lycine or L-arginine in the oil mixture slightly
decreased the corrosion. At the higher addition (3000 ppm), the amino acids did not
decrease the corrosion to an acceptable level.

Figure 10. The concentration of iron dissolved from the mild steel immersed in rapeseed oil containing
10,000 ppm propionic acid and water with different amounts of either L-lycine or L-arginine.

After immersion of a polished mild steel rod (3 d) in rapeseed oil containing 10,000 ppm
formic acid and water, 210 ppm iron was analyzed in the oil. When L-lycine 300 ppm was
added to the oil mixture, the iron content was 180 ppm.

An increase in the L-lycine concentration to 3000 ppm in rapeseed oil containing
10,000 ppm formic acid and water somewhat decreased the corrosion. However, the iron
concentration, 100 ppm, was still high. Similar results, i.e., a decrease in the concentration
of metal ion, were measured in the oil–water–formic acid mixture with 300 ppm L-arginine
(Figure 11).

Although amino acids decrease corrosion, the concentration needed for corrosion
inhibition is likely high. The aging of bio-oils might lead to increased water content and the
formation of carboxylic acids, which could induce significant corrosion. However, amino
acids L-lycine and L-arginine effectively suppress room temperature corrosion if the oil
does not simultaneously include water and carboxylic acid.
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Figure 11. The concentration of iron dissolved from the mild steel in rapeseed oil containing formic
acid and water with either L-lycine or L-arginine.

4. Conclusions

The corrosivity of used cooking oils was addressed in this study with three-day
immersion tests of polished mild steel rods. Furthermore, the roles of contaminants, bio-oil
preservatives, and corrosion inhibitors in bio-oil-induced corrosion were examined with oil
samples containing added water, short-chain carboxylic acids, and amino acids. Among the
ten studied amino acids, L-lycine and L-arginine showed noticeable corrosion inhibition
effects, even when low concentration were added to an used cooking oil. More importantly,
the level of corrosion inhibition was maintained even after the addition of water to the oil.

A minor increase in corrosion resistance was observed when a short-chained carboxylic
acid (formic or propionic acid) was added to the oil. The improved corrosion resistance
could have originated from a thin layer, which was formed on the surface of the sample.
However, the simultaneous presence of water and one of the carboxylic acids led to
corrosion of the sample rods. Furthermore, neither L-lycine nor L-arginine could provide
notable corrosion protection when both water and a carboxylic acid were present in the oil.
This suggests that used cooking oils contaminated with water and containing short-chained
carboxylic acids increase the corrosion of mild steels. This should be taken into account
when selecting the materials for oil storage vessels.
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