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Introduction
Assessment of the quality of engine fuels at each distribution and 

storage stage is vital for an appropriate use of transport means and 
environmental protection. As a result of various factors, stored fuel 
undergoes degradation process, which results in deterioration of its 
quality. Plenty of different theories describe the mechanism of oxidation 
of petroleum products. One of them was formulated by Backstrom [1]. 
It assumes that the fuel autoxidation process occurs as a result of lots of 
radical chain reactions which can be divided into three steps: initiation, 
propagation and termination. Any initiation reaction begins with an 
assault of an air-derived oxygen on the hydrocarbon’s C-H bond. As 
a result of such a reaction free radicals are created, which react further 
with molecular oxygen generating a peroxyl radical. The peroxyl radical 
adds hydrogen by detaching it from another hydrocarbon’s molecule. 
That is when a hydrogen peroxide and hydrocarbon radical are created 
which can react with the next oxygen molecule. The bifurcation of the 
reaction chain accelerates the creation of free radicals in the following 
manner: out of each free radical, three new ones are created, which 
can participate in the propagation process. The last stage of hydrogen 
autoxidation is the termination process, also referred to as reaction 
termination phase. As a result of recombination, free hydrogen radicals 
and peroxyl radicals are de-activated (Tab.1).

Products of the aforementioned reactions include aldehydes, 
ketones, acids or alcohols which negatively affect the functional 
properties of fuel oil and can undergo further transformations into 
multiparticulate substances in the form of resins and sediments [2, 3].

Table 1
Oxidation of petroleum products

Radical chain reactions

Initiation R−H + Initiator (e.g. light, temperature, catalyst) → R•+(H•)

Propagation R• +O2 → R−O−O•

R−O−O• + R−H → R•+ R−O−O−H

Chain  
branching

R−O−O−H→ RO• + •OH

RH + RO• → R• + ROH

RH + •OH → R• +H2O

Termination R• + R• → R-R

RO2• + RO2• → ROOR + O2, inactive products (alcohols, ketones) 

R• + R−O−O• → ROOR 

RO• (or RO•
2) + ROOH → various products 

ROOH → non-radical products

where: R−H – hydrocarbon, R• - hydrocarbon radical, 

          R−O−O• - peroxyl radical, R−O−O−H – hydrogen peroxide.

Oxidation of fatty acid methyl esters (FAME) occurs in a similar 
way [4, 5]. Biodiesel stability depends on the composition of its native 
oil’s fatty acids. Unsaturated and polyunsaturted fatty acids are much 
more reactive than saturated compounds, as there are some places 
in their chains which are particularly sensitive to radicals. The first 
product of oxidation of double bonds are allyl hydrogen peroxides 
(R2C=C(R)-O-O-H). Hydrogen peroxides are unstable and easily 
create a range of secondary oxidation products. Reactions in which 
hydrogen peroxides participate include rearrangement to products 
with similar molecular mass, chain break as a result of which shorter 
forms are created (aldehydes and acids) and dimerization resulting in 
creation of molecules with high molecular mass. Olefin acids react with 
molecules of oxygen which occurs in two forms (triplet and singlet 
which is more reactive). That is why two oxidation mechanisms are 
likely: autoxidation and photooxidation.

The complexity of the formation process of hydrogen peroxides 
and of their activity is reflected in a range of various degradation 
products which can be classified as monomeric (e.g. ketone 
compounds, epoxide compounds, di- and trihydric compounds, 
dihydrogen peroxides) or oligomeric. Oligomeric substances are 
usually derived from linoleates and linolenates and create dimers 
bound through oxygenic or etheric groups and C-C bonds; conjugated 
dienes-trienes, dihydrogen peroxides. During degradation process 
the following reactions can occur: dehydratation, cyclization, 
rearrangement, radical substitution, chain break, dimerization etc. 
In many cases those reactions combine, which results in creation of 
a final oxidation product.

To ensure an appropriate quality of fuel, it is necessary to add anti-
oxidation substances [6, 7]. Such additives are slower to react with 
free radicals, which results in stable compounds preventing oxidation 
reactions from occurring.

Each group of hydrocarbons out of which a fuel is composed 
demonstrates a different susceptibility to oxidation cause its structure 
is different. A particularly strong reactivity is demonstrated by fatty 
acide methyl esters which are normally added to fuel oils. The speed 
of oxidation process also depends on factors which have nothing in 
common with the chemical structure of fuel molecules. Apart from 
atmospheric oxygen, the basic external stimuli include temperature, 
pressure and humidity.

Experimental part

Research concept and methods
The purpose of the performed tests was to determine the 

stability of diesel oil available on the market during its storage. Two 
different batches of such oil were stored, either of which contained 
6.8…7.2% (V/V) of fatty acid methyl esters. The first one, identified 
with ONH-1 symbol, was kept in a small standard overground vessel 
with a capacity of 0.2m3, whereas the second one, identified as 
ONH-2, was stored in a subterranean tank with a capacity of about 
4m3. The subterranean tank was located at the depth of 3 m and 



sc
ie

nc
e 

• 
te

ch
ni

qu
e

nr 11/2015 • tom 69 • 775

ensured a stable fuel temperature throughout 24h. As the smaller 
vessel was placed under a storage shelter, it was exposed to variable 
weather conditions.

The diesel oils were tested in pre-defined time intervals, to the 
extent required in accordance with EN 590 [8] standard (number 1 end 
2). In addition, extra tests were performed to check their resistance 
to oxidation (number 3 end 4). The description of the adopted 
accelerated oxidation methods and testing conditions can be found 
below:

Oxidation stability acc. to EN ISO 12205[9].1. 
A sample of a pre-filtered fuel undergoes oxygen-assisted degrada-
tion process throughout 16 hours under the temperature of 95°C. 
Then, the sample is cooled and screened through filters with a pore 
diameter of 0.8µm to enable mesurement of the total insoluble 
sediments generated during fuel oxidation.
Oxidation stability acc. to EN 15751 [10].2. 
The test involves letting an air stream through a fuel sample kept 
at 110°C. Gaseous carboxylic acids released during fuel oxidation 
penetrate, along with the air, to a vessel with demineralized wa-
ter. Water conductivity is measured in a continuous way with an 
electrode. The result of the test is an induction time calculated 
according to the conductivity vs. time chart.
Small scale oxidation stability acc. to EN 16091[11].3. 
A fuel sample of 5–10 ml is exposed to 140°C and oxygen pres-
sure of 700kPa. The result of the test is an induction time defined 
as the duration of the test calculated from the moment at which 
the testing chamber is filled with oxygen to the moment at which 
oxygen pressure drops by 10%. Pressure decrease is calculated in 
relation to the highest recorded pressure.
Long-term stability acc. to ASTM D4625 [12].4. 
Pre-filtered fuel is poured into vented glass bottles. The bottles are 
located in a thermal chamber and stored there for 4, 8, 12, 16, 20 
and 24 weeks. The test is performed under a regular pressure in 
air atmosphere at 43°C. Once the degradation time has lapsed, the 
samples are taken out one by one from the chamber and the total 
quantity of dissoluble sediments is determined.
ONH-1 underwent accelerated degradation tests as described in 

item 1 and 4, which measured the quantity of insoluble sediments, 
whereas ONH-2 – tests described in items 1, 2 and 3, where, apart 
from the quantity of sediments, the induction time was measured.

Results of the tests
Throughout one year of storage of ONH-1 in the overground 

vessel a decrease in fuel resistance to oxidation was observed (Fig. 1). 
The total quantity of insoluble sediments exceeded acceptable norms 
defined in EN 590 standard – 25 g/m3 – as early as after one month of 
storage. In the fresh product, 10 g of sediments/m3 were identified, 
while after one month of storage, that quantity increased to 34 g/m3. 
After two months it reached its maximum value – 85 g/m3.

Fig. 1. Total quantity of insoluble sediments measured acc. to EN ISO 
12205 in ONH-1 diesel oil stored in the small overground vessel

Long-term stability test results turned out to be different. 
During the ASTM D4652 test, ONH-1 oil did not oxidate so fast as 
during the oxidation test acc. to EN ISO 12205. No regular increase 
in the quantity of sediments over time was revealed. Throughout 
the whole testing cycle, the quantity of sediments in the thermal 
chamber was nearly the same as at the beginning and specific to the 
fresh oil. Only as late as in the 20th storage week the quantity 
exceeded official requirements. The comparison of the quantity 
of sediments generated during accelerated degradation of ONH-1 
diesel oil can be found in Table 2.

Table 2
Comparison of the quantity of insoluble sediments generated as a re-

sult of accelerated degradation of ONH-1 in two different tests

Test duration

Total quantity of insoluble sediments 
expressed in g/m3

EN ISO 12205 ASTM D4652

Initial stage 10 9

4 weeks (~1 month) 34 10

8 weeks (~2 months) 85 9

12 weeks (~3 months) 56 9

16 weeks (~4 months) 48 7

20 weeks (~5 months) 32 38

24 weeks (~6 months) 49 10

The differences of the quantity of generated sediments most likely 
result from different testing conditions, as the long-term test was 
performed under milder conditions than the oxidation resistance test. 
50% lower temperature and restricted contact of fuel with oxygen 
slow down the oxidation process.

In case of ONH-2, the results of the experiment revealed a relation 
between the length of the induction period and the storage time. The 
longer the fuel storage time, the shorter the induction period. The 
induction period of a fresh ONH-2 sample measured according to EN 
15751 took 1260 minutes, while the induction period measured with 
a small scale method – 61 min. After one year of storage, that parameter 
amounted to 366 minutes and 20 minutes respectively, which made 
ONH-2 oxidation resistance decrease about three times (Tab. 3).

Table 3
Comparison of the induction period test results performed 

for ONH-2 fuel oil

Storage time [weeks]
Induction period (minutes) 

EN 15751 EN 16091

Initial stage 1260 61

3 1200 59

8 1134 42

12 1032 28

19 1014 51

24 504 33

29 426 28

33 330 25

37 360 26

41 318 25

45 366 20

49 366 20
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Sedimentation process accelerated in case of ONH-2 diesel oil 
stored in the subterranean tank after about 5 months. In the 19th 

week, the total quantity of sediments amounted to 18 g/m3, while 
in the 29th week- it exceeded 25g of sediments/m3 as much as twice 
(Fig. 2). The following storage weeks brought a further increase in 
the quantity of sediments.

Fig. 2. Total quantity of insoluble sediments measured according 
to EN ISO 12205 in diesel oil stored in the subterranean tank

The increase in the quantity of sediments and shorter induction 
period prove that ONH-2 diesel oil degradation process was advancing 
as the storage time went by.

It should be mentioned that within one year of storage of both fuel 
oils, tests were also performed for other physico-chemical properties 
such as viscosity, density, distillation etc. No major changes were 
identified, however, for those properties over time.

Conclusions
Within 12 months of storage, ONH-1 and ONH-2 diesel oils 

underwent degradation which resulted in a deterioration of their 
quality. A symptom of the aforementioned process was a huge 
quantity of insoluble sediments and shorter induction period. The 
quantity of sediments generated during storage of those oils varied 
by periodically increasing or decreasing. It is assumed that it is a result 
of radical chain reactions described in the introduction, which involve 
alternating oxidation propagation and termination stages. A faster 
increase in the quantity of sediments was detectable for ONH-1 
diesel oil, stored in the small overground vessel. ONH-2 oil stored 
in the subterranean tank degraded more slowly, cause it was less 
exposed to weather conditions.

The results of the long-term stability test performed according 
to ASTM D4652, used for forecasting the stability of fuels stored in actual 
conditions, did not reveal any correlation with the results of the EN ISO 
12205-based test obtained for ONH-1 samples periodically taken from 
the small overground vessel. It is assumed that such a phenomenon 
can be caused by fatty acid methyl esters which can be found in fuel oil 

(ASTM D4652 method is used for forecasting the stability of petroleum 
fuels) or by the storage manner adopted for fuel oil, which was kept in 
a small subterranean vessel instead of a traditional storage tank.
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IChP na Taipei International Invention Show’2015
W dniach 1–3 października 2015 r. w Taipei (Tajwan) odbyła się 

Międzynarodowa Wystawa Wynalazków – INST 2015 Taipei Inter-
national Invention Show&Technomart, organizowana przez Taiwan 
External Trade Development Council (TAITRA). Instytut Chemii Prze-
mysłowej zaprezentował trzy wynalazki: „Odżywczy biocyd pocho-
dzenia naturalnego”, który nagrodzono złotym medalem; „Inteligentne 

opakowanie biobójcze dla żywności” nagrodzone srebrnym medalem 
oraz Nagrodą Specjalną od Chinese Innovation&Invention Society (Ta-
iwan); „Kosmetyki myjąco-pielęgnacyjne dla skóry wrażliwej” nagro-
dzone Honorowym Wyróżnieniem Wystawy INST 2015 oraz Tajlandz-
ką Nagrodą dla Najlepszego Międzynarodowego Wynalazku – złoty 
medal przyznany przez The National Research Council of Thailand 
(NRCT). (kk)

(http://www.ichp.pl/, 5.10.2015) 
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