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ABSTRACT
The progressive reduction of sulfur in diesel fuels, the increasing incorporation of fatty acid
esters, the presence of metallic contaminants in fuels and the high temperatures of the new
injection systems of the engines in European market, are factors that lead to different degradation
mechanisms from those expected from a diesel fuel. This instability cause severe malfunctions
in engines (blockage, corrosion, deposit formation, a poor fuel injection and a non-optimal
combustion).
It has been proven presence of metals contents greater than 0.1 mg/kg in European fuels
sampled between 2004 and 2014; these contaminants act as initiators and catalysts for oxidation
reactions of fuel. The European specification for diesel fuel EN-590 allows a FAME content of
5% since 2004 and till 7% since 2009; this environmentally friendly component incorporates
olefins which are highly reactive to oxygen. Finally, the new diesel engines with fuel injection
"common rail" expose to fuels at temperatures above 100°C, favoring the dissolution of metals
and the accelerated degradation of the fuel.
We have assessed the stability of diesel under specifically developed methods for simulating
the new conditions. Several metal deactivators, in different combinations with dispersants and
antioxidants, have been used for stabilize the fuel. The most effective combination depends on
FAME content and it is also critical the presence of sulfur compounds, which are natural
antioxidants but are also insoluble promoters. A suitable dispersant is highly effective for
moderate sulfur contents (350 mg / kg); a proper metal deactivator is the most effective for low
sulfur fuels (50 mg / kg). The antioxidant is critical to obtain the same effectiveness in stabilizing
sulfur free fuel (<10 ppm) or with high content of fatty acid esters.
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INTRODUCTION
Global and local emissions related to transport concerns scientist community and policy
makers worldwide. Up to 30% of Europe's urban citizens are potentially exposed to levels of air
pollution that exceed some of the EU air quality standards set to protect human health, 40% of
NOx emissions comes from road transport al 40% of primary PM2.5 emissions come from
transport (EEA, 2013). EPA (2015) broke down the global greenhouse gas emissions by the
economic activities that lead to their production: transportation represents 27% of GHG
emissions in 2013, it involves fossil fuels burned for road, rail, air and marine transportation,
almost 90% of the world's transportation energy comes from petroleum-based fuels, largely
gasoline and diesel. Diesel fuel is particularly in the spotlight of legislators. Sulfur in diesel fuel
has been progressively reduced in Europe, at the same time that renewable fuel has been
promoted, in order to contribute to emissions reductions required in vehicles, as it has been
summarized in Figure1.

Figure 1. European diesel quality requirements on sulphur and FAME

Directive 87/219/EEC stablished the 0.3% maximum sulphur content in diesel fuel in 1987
and encourages lower content when it is necessary or for marketing purposes. EN-590 was
defined and replaced technical national specifications in 30th September 1993 with a general
agreement for 0.2% maximum sulphur content in diesel fuel, in order to satisfy the requirements
specified for engines Euro 1. Progressive reduction of sulfur has been required for engines Euro
1/I (2000 mg/kg, 1993), Euro 2/II (500 mg/kg, 1996), Euro 3/III (350 mg/kg, 2000), Euro 4/IV
(50 mg/kg, 2004/05), Euro 5/V (10 mg/kg, 2009/08) and Euro 6/VI (2014/13), that has been
stablished by the revisions of EN-590 of 1994, 1999, 2000/2001, 2004 and 2009 and the
complementary Directives 93/12/EEC, 98/70/EC, 2003/17/EC and 2009/30/EC. Directives for
quality of carburant 2009/30/EC and are focused on monitor and reducing greenhouse gas
emissions and promoting the use of energy from renewable sources, consequently specifications
have progressively incorporated renewable components. EN-590 specification for Diesel fuel
allows a 5% v/v maximum content of FAME since July 2005 and this limit is increased to 7%
v/v since October 2009.
Vehicle and engine manufacturers publish periodically the World Wide Fuel Charter, where
there are recommendations (not mandatory) on the quality of diesels as a service to legislators,
users and producers. In 2013, Category 5 (0% v/v biodiesel, 10 mg / kg of sulfur) of diesel fuels
for very advanced requirements in emission control and fuel efficiency markets is established.
This category reflects the concerns of automotive industry about the introduction of biodiesel
into the marketplace (ACEA/Alliance/EMA/JAMA, 2013).
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The extension of FAME as component in road diesel has introduced new origins for vegetable
oil raw material and some of them have a critical behavior in stability in the long term. Agarwal
and Khurana (2013) tested the evolution of Karanja FAME stability and conclude that traditional
antioxidants such as 2,6-di-tert butyl-4-methyl phenol (BHT), 2-tert butyl-4-methoxy phenol
(BHA) or 2-tertbutyl hydroquinone (TBHQ) are not able to maintain the initial induction period
(Rancimat EN-14112). The reduction of induction period has been also observed in field studies
when B10 fuel is used in light duty vehicles (Lacey et al., 2010, Engelen et al., 2013). This loss
of activity has been solved on the final mixture of FAME and fossil diesel fuel, by adding on top
proper combinations of BHT and dispersant (Beeck et al., 2014). TBHQ has also been reported
as a proper antioxidant but its efficiency is highly dependent of proportion of polyunsaturated
esters of FAME, it is especially adequate for soybean, jatropha, palm and sunflower origin
FAME (Pullen and Saeek, 2014, Jakeria et al., 2014). Cristensen and McCormick (2014) have
proven with several types of FAME that a proper antioxidant (i.e. BHT) treatment could restore
the stability (in the long term) even when it has been lost by previous ageing. The antioxidant
efficiency of BHT has been also demonstrated by Borsato et al (2014), they calculate a kinetic
model based on the peroxide index of FAME at different temperatures with different
antioxidants. Podesta (2015) proposed the use of monophenols for FAME with iodine number
lower than 120 and the use of poliphenols for fuels with higher olefinic content; this is consistent
with the extended use of BHT for FAME stabilization, as the specification for blending with
diesel fuel (EN-14214) specify a maximum for iodine number of 120.
The hydrotreatment of middle distillates removes sulfur and nitrogen compounds which are
natural antioxidants. Sulphur effect on stability is complex. Frankenfeld et al (1983)
demonstrate that sulphur and oxygen compounds have little effect on sludge formation at
medium temperature (43ºC); nevertheless, there is a high interaction between pairs of nitrogen
and sulphur compounds. Same synergism is seen by Loeffler and Li (1985). Hydrotreatment
improves stability but below a critical concentration on sulphur, no further stabilization is
obtained, on the contrary, a faster oxidation is observed: Rawson et al (2015) compared middle
distillates desulphurized by MEROX process with other where sulphur is removed by
hydrotreatment, the first ones present oxidation induction periods clearly longer (Petroxy).
Common rail systems expose to diesel fuel at temperature well above 95ºC that is reference for
stability in quality specifications (EN-590, ASTM-D-975). Fuel is socked to return temperatures
that can reach 135ºC and this temperature could be even higher in the area of needle tip and
nozzle holes. This high temperature could affect severely on kinetics of oxidation, Pullen and
Saeed (2014) modeled that velocity of reaction is doubled for each 10ºC of temperature increase.
Thermal stability of diesel fuel at temperatures above 120ºC is critical when the most common
cetane improver, 2-ethyl hexyl nitrate, is used (Cyrus and Neva, 2000). Hoffmann et al (2015)
evaluate the effect of the temperature in a rig test for simulate a common rail system and
concluded that 280ºC (600-1800 bar) could discriminate bad and good behavior. Kim et al,
2015) tested polyisobutenyl succinimides with different polar head types successfully in Jet A1
at 200ºC. Baker and Reid (2015) evaluate internal direct injection deposits (IDID) in Peugeot
engine DW10B (Common rail, procedure CEC F-98-08), consider different contamination (Zn,
Na salts) and conclude that JFTOT test (ASTM D3281 specify 260ºC), coupled with IR
mapping, is very useful for simulate IDID.
High temperatures could enhance significantly metal releasing (Delgado and Arrabal, 2007)
and therefore the sensitivity of fuel to metal contamination play a key role in common rail
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systems. Fernandes et al (2013) reported Zn release at room temperature in galvanized probes
immersed during 13 weeks in a FAME sample. Metal content in fuels was determined by
CONCAWE (Pulles et al., 2012) in 2008. They collected data on 26 dissolved metals in
marketplace gasolines (65 samples) and diesels (110 samples) from nine European countries.
Metal concentrations in road transport fuels vary over two orders of magnitude, but normally
lower than 1 ppm and frequently in the 10-100 ppb range.
Transition metal (Cu, V, Ni, Pb, Mn, Co, Fe…), on ionic state, can act as promotors or
suppressor of hydrocarbon peroxidation (Waynick, 2000; Cochrac and Rizvic, 2003; Yaakob et
al, 2014), depending if it decomposes peroxides to radicals (low concentrations, from ppb) or if it
inhibits radicals to stable species (at high levels, 60-2000 ppm Cu). This catalyst activity is also
seen in biodiesel and his mixtures with mineral diesel fuel as demonstrated Siddhart and Sharma
(2013, 2014), they developed a model to induction period (Rancimat) of Jatropha FAME in
function of storage time, antioxidant concentration and metal content; the order for catalyst
activity in FAME and its mixtures with mineral diesel fuel was Cu > Co > Mn > Ni > Fe, metal
presence could require 10 times higher doses of antioxidant for stabilize the fuel. Yang et al
(2014) observed that presence of Cu on FAME blends with diesel fuel causes reductions on
induction period equivalent to more than one year storage at 40ºC.
Waynick (2000) reviews metal deactivator (MDA) state of art. Schiff’s bases (Imines) such as
N-salicyliden-ethylamine or N,N-disacilyliden-1,2-propanediamine (NNDPDA, Figure 2). The
need of this type of metal deactivators for fuel stabilization was identified long time ago
(Downing and Pedersen, 1939). The most common fuel metal deactivator used today is
NNDPDA. It is a tetradentate ligand that is able to chelate the metal ions, it explains it better
efficiency with copper than with cobalt or iron, which form hexadentate complexes.

Figure 2. N,N-disacilyden-1,2-propanediamine (NNDPDA)

Other compounds with ability to sequestrate (bulk reaction) metals ions are ethylen diamine
tetracetic acid derivatives (EDTA), citric acid, lecithin or gluconic acid.
Metal passivators protect by metal surface adsorption and they are commonly used in lubricant
industry. They are heterocyclic materials with at least one benzene rig: 2-mercapto-1,3benzothiazole, 1,2,3-benzotriazole, 2-mercaptobenzimidazole or 1,2,3-thiadiazole.
Metal
passivators have been used successfully in multifunctional packages for fuels (Pipenger, 1997;
Kitchen and Furlong, 2001). They have been extensively used in lubricants.
Other MDA are oxamides, oxalo-hydrazides, and hydrazides that were developed to provide
metal deactivation on the polypropylene insulation used in electrical (copper) wiring, with a
concentration about 0.5% (100 times higher than range used for fuels). Finally, Mannich bases
have been also referred as dispersants with metal deactivation effect over a wider range of metals
than imines.
The NNDPDA has been extensively used in aviation fuels, even it has been questioned at
temperatures below 250ºC with kerosene and JFTOT (Morris et Turner, 1990). Heneghan et al
(1995) demonstrated his efficiency with jet fuel in Phoenix rig both at high temperatures (300ºC)
and low ones (167ºC). Chusuei et al (1999) demonstrate the decomposition of NNDPDA at
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temperatures above 177ºC in stainless steel surface (304SS), in compounds with high capacity to
bound the surface than molecular NNDPDA. Loss of MDA during handling is a matter of
concern. Hills and Van der Zijden (1964) refers the ability of alkali contaminations in refineries
to deactivate the MDA when it is added at the refinery. Cyrus (1997) demonstrates that there is
no practical retention of MDA performance during storage, by storing (43ºC, 13 weeks) kerosene
with 2 mg/L of NNDPDA and 80 ppb Cu (naphtenate) and testing the performance on JFTOT.
The use of this product have been patented for use in high sulfur fuels, combined with a
detergent salt, especially for heating fuels and some diesel fuels, such as off road and tractor ones
(Wallace, 1992). NNDPDA has also show high efficiency combined with a PIBSI dispersant in
heating fuel (Delgado and Arrabal, 2005a). A proper combination is able to stabilize this fuel in
the severe handling conditions of Spanish market, where the fuel could be exposed to high
surface to volume contact with copper and significant incidence of sun light during handling.
Traditional antioxidants (aminic or phenolic) or light stabilizers (bezonphenone, benzotriazol)
are not so effective.
NNDPDA is also effective for improving low sulphur fuels stability. The performance of a
diesel fuel that incorporates a multifunctional package with MDA (Schiff’s base) for improving
stability has been detailed by Delgado et al. (2005b). Stability of diesel fuel in presence of metal
contamination is clearly enhanced with the use of a combination of dispersant and a metal
deactivator (Delgado and Arrabal, 2006 and 2007).
The extension of common rail systems, the total removal of sulfur from diesel formulation and
the increasing use of FAME forced to improve the former stabilizing package since 2007. The
experimental work carried out for solving the new problem and the field performance follow up,
are developed in this paper. Because of the activity of metal contamination on stability, an
extensive analysis has been carried out on fuel samples from European market. MDA
alternatives to NNDPDA have been evaluated for stabilizing diesel fuel contaminated with
metal. The contribution of antioxidant to the efficient combination of dispersant and MDA has
been considered, in order to compensate the increase of FAME content in diesel fuel pool and
the loss of natural antioxidants on diesel fossil fuel.
MATERIALS AND METHODS
Diesel fuel samples referred in this work satisfy the European specification EN-590.
Considering the evolution of sulphur content, different hydrotreatment severities have been
evaluated, and they will be properly indicated. Samples from refineries with different process
schemes have been used (conversion based on FCC or Hydrocraker). Finally, synthetic diesel
fuel produced from syngas through Fischer Tropsch reaction has also been tested.
Blends with 5% to 10% FAME have been evaluated. The FAME used satisfies EN-14214 (a
phenolic antioxidant has been used when it has been necessary in order to satisfy the induction
period requirement). The origins of FAME tested have been Soybean, Sunflower and Rapeseed
one, as they could affect significantly on stability.
Different additives have been tested. Commercial PIBSI have been used as dispersant.
Several metal deactivators have been used: N,N’-disacilyden-1,2-propanediamine, EDTA, citric
acid, gluconic acid, pyrazole, imidazole, benzotriazole, alkyl and dialkyl thiadazole, and
tolytriazole derivatives. Aminic based compounds and two hindered phenols (one of them BHT)
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have been evaluated as antioxidant components. Two different lubricity additives (acid and ester
type) have been tested in the section of metal dissolution. These additives have been used in
combination with other classical components for a multifunctional diesel package (antifoam,
corrosion inhibitor, dehazer, etc.) or used at refinery production (i.e. MDFI).
Deposit tendency has been evaluated for different fuels, using an Alcor HLPS device (Hot
Liquid Process Simulator). In HLPS, a 250 ml sample is oxidized at 280ºC and 38 bar. The
equipment is similar to the one used for the JFTOT test (ASTM D-3241), but with the difference
that the sample comes back to the reservoir during the test (4 hours maximum). The oxidation is
measured as the tendency to form deposits (TFD) calculated from the pressure drop at the end of
the test and the time elapsed until this pressure drop is reached.
The oxidation stability test ISO-12205 (ASTM D-2274) has also been used to carry out the
tests, this is the method stated in the European specification for diesel EN-590. The influence of
copper has been evaluated. Copper contamination has been added to samples before doing the
test, as copper acetate (Cu(CH3COO)2), in order to obtain 1 mg/kg of Cu2+.
The thermal stability has been evaluated based on the test ASTM D-6468. This test involves
maintaining a 50 ml fuel sample at 150 ºC during 90 minutes. After that, the sample is filtered
and the of measurement of the light reflectance of the filter pads is complemented by the
evaluation of the change in the sample colour, as absorbance.
ASTM D4625 (42 days) and and in house UV stability test (40ºC, 48 h, insoluble formation
and absorbance increase control) have been used successfully to assess stability and they have
been used for testing FAME effect. Test method Rancimat EN 15751, have been used to control
the baseline stability of FAME samples and its blends with diesel fuel.
The content of metals (Cu and Zn) of 110 diesels collected at different service stations in
Europe as well as 13 diesels from tanks of vehicles was measured using the ASTM D7111-15
“Standard Test Method for Determination of trace Elements in Middle Distillate Fuels by
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)”.
Other standard methods have been used for characterization of the additives and fuel samples
and have been referred when it has been appropriated along the text. Engine testing has been
referenced in the section of efficiency of findings but the detailed results are out of the scope of
this work.

RESULTS
The effect of desulphurization, FAME incorporation and metal contamination on stability and
deposit formation are evaluated. Last sections are dedicated to the research of solutions.
Desulphurization effect
Stability performance of diesel fuel with different sulfur contents has been discussed before
(Delgado, 2007), where diesel fuel has been formulated with components produced at different
hydrotreatment levels. There have been four levels of sulfur content that have satisfied different
EN-590 specifications for maximum sulfur: 1994 (0.2%); 1999 (350 ppm); 2004 (50 ppm) and
2009 (10 ppm). Several stability tests have been carried out and detailed on mentioned work.
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Here, only insoluble residues after oxidation at 95ºC (ISO-12205) and deposits formation
tendency at 280ºC (HLPS) are highlighted as they represent the challenge in stability to be faced
in ULSD, see Figures 3 and 4.

Figure 3. Sulfur effect on stability ISO-12205

Figure 4. Sulfur effect on deposit tendency

The level of metal contamination needed for causing the instability of a fuel has been
discussed extensively in bibliography, but the level of contaminants necessary for worsening the
stability could vary significantly, from ppb to several ppm. Delgado and Arrabal (2007) showed
the results with a diesel fuel without additives, where contaminations of dissolved copper higher
than 0.1 ppm could change significantly the stability.
It has been evaluated the effect of two stabilizing packages: one based only in a dispersant and
other where dispersant has been combined with a metal deactivator. Oxidation stability (ASTM
D2274) and deposits formation tendency (HLPS) have been tested. Diesel fuel used for testing is
a high sulphur formulation (EN-590:1993), with 890 mg/kg S, in order to assure the presence of
natural antioxidants (ASTM-D-2274 standard without copper result in 1 g/m3 of total insoluble
residues). Dispersant component is based on PIBSI added to a dosage typical of diesel market (<
60 mg/kg). Metal deactivator additive is NNDPDA at a dosage of 5 mg/kg. Copper addition was
made as copper acetate solution (pre-dilution of 50-500 mg copper acetate dissolved in 25 g of
acetic acid and toluene), at different rates equivalent to 0.2 to 1.0 mg/kg Cu. Figure 5 shows the
results of oxidation stability. Tendency of formation of deposits (TFD) is not represented but
could be summarized as follow: it is very high on base fuel (with or without Cu), TFD>8, and
standard dosage of PIBSI is able to avoid deposits even with highest copper contamination
(TFD=0.03 @ 1 ppm Cu). The incorporation of MDA does not improve this result (TFD=0.05).

Figure 5. Cu effect on stability (high S)

Figure 6. Additive and Cu effect (medium/low S)
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The effect of different stabilizing blends on oxidation stability and deposits formation
tendency has been also evaluated in fuels with medium and low sulphur levels. Two diesel fuels
with different levels of hydrotreatment (50 ppm S and 350 ppm S) fabricated in a refinery with
Isomax process have been evaluated, with and without metal contamination (1 ppm Cu). ASTM
D2274 and HLPS have been tested. It has been measured the effect of standard dosage of PIBSI
dispersant and 5 ppm of MDA (NNDPDA), separately as well as their combination. Figure 6
shows the deposits formation tendency obtained. Total insoluble residues are not represented and
could be summarized as follow: it is below 5 g/m3 in base fuels but when 1 ppm of Cu is
dissolved on them, these values rise to 120 and 237 g/m3 (350 ppm and 50 ppm S respectively).
When dispersant and MDA are added separately, they do not improve the results. However, their
combination is able to stabilize both diesel fuels (0.6 and 0.9 g/m3 of total insoluble residues).
Deposits formation tendency (HLPS, 1 ppm Cu contamination) has been also evaluated in a
ultralow sulphur diesel fuel (< 10 ppm S). The efficiency of the dispersant (PIBSI) and metal
deactivator (NNDPDA, 5 ppm) has been tested. Figure 7 shows the results.

Figure 7. Dispersant and MDA efficiency on ULSD (< 10 ppm S) with 1 ppm Cu

FAME effect
The effect of FAME in diesel fuel stability has been evaluated at different temperatures (from
40ºC to 150ºC), with and without oxygen, with and without free radicals promoters (copper, UV
light): ASTM D2274 with/without Cu, ASTM D4625 and UV stability (in house method, 40ºC,
48 h). The deposit formation tendency has been evaluated by the in HLPS at 280ºC and 38 bar.
Two different fuels have been used: a low sulphur fuel with a moderate hydrotreatment process
(Isomax based, 29 ppm sulphur and 18 ppm nitrogen in final blend) and a synthetic sulphur free
fuel (Fischer Tropsch diesel range fuel, free of sulphur and nitrogen). FAME’s produced from
rapeseed, soybean and sunflower have been considered most critical for evaluation, as they have
high polyunsaturated fatty acid content (> 60%). BHT additive has been added on FAME’s at
dosage between 150 and 700 ppm, guaranteeing more than 20 hours of induction period in diesel
blends (Rancimat EN 15751) which is the minimum that EN-590 specifies for B2-B7. All B5
mixtures using FAME’s of different origins have been tested in fuel with S<50 ppm and the
tendency has been validated with Fischer Tropsch fuel (S<10 ppm) and sunflower FAME
(Figures 8 and 9).
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Figure 8. FAME effect on 50 ppm S fuel

Figure 9. FAME effect on 10 ppm S fuel

FAME effect on the efficiency of a combination of dispersant (PIBSI, commercial dosage) and
metal deactivator (5 ppm NNDPDA) have been evaluated respecting the most severe oxidation
test, ASTM D2274 with 1 ppm Cu and the deposit tendency test (HLPS). Results are
summarized in Figures 10 and 11.

Figure 10. FAME and additive efficiency for
reducing insolubles in ASTM D2274 with Cu

Figure 11. FAME and additive efficiency for
minimizing deposit tendency at high temperature

Results of B5 diesel using soybean FAME reinforced with a full stability package were
unexpected, so new samples were tested in order to assure the results. Four new diesel fuel were
selected, a 23-1 fractional design of experiments is considered, with the following variables: two
refineries, one based on a Isomax scheme (Refinery 1) and other based on a FCC scheme
(Refinery 2); two different sulfur contents, 10 ppm and 50 ppm; two levels of previous storage of
fuel, fresh and one year old. A new FAME derived from soybean oil has been used for testing, it
has been added at 5% and 10% v/v in each diesel fuel. In order to assure standard oxidation
stability in B5 and B10 blend, BHT additive has been added to soybean FAME (best results for
soybean FAME in Borsato et al., 2014): Rancimat period of induction of blends ranges from 23
to 60 hours. ASTM D2274 with 1 ppm Cu test was selected for analyzing the oxidation
sensitivity to FAME, as this test shows the most different and consistent results when FAME is
incorporated. All samples incorporate a combination of standard dosage of PIBSI dispersant and
5 ppm of NNDPDA as MDA. Results are shown in Figure 12.
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Figure 12. Effect of Soybean FAME on stabilizer
package efficiency

Figure 13. Metal content in samples of diesel fuel
collected in service station

Metal content in real conditions at the marketplace
Zinc is the metal contamination found at highest concentration in European fuels (Pulles et al.,
2012). Copper has shown the highest catalyst activity in FAME blends (Siddhart and Sharma,
2013). Therefore, this work has been focused on Cu and Zn contamination. Indeed, it has been
discussed previously that a copper contamination higher than 0.2 mg/kg in diesel fuel could have
a significant effect on oxidation stability. In 2004, the average copper and zinc contents of diesel
fuels collected in service station were below that value (Figure 13). In 2014, average metal
content in service station have increased, above 0.15 mg/kg in the case of Zn.
A detailed analysis of data in 2014 has been made (Figure 14). The zinc content of the 20% of
collected European diesel fuels exceeds the value of 0.2 mg/kg, being a 65% Premium diesel
fuels. The content of copper is lower than the content of zinc and only 6% of the collected
European diesel fuels exceed the value of 0.2 mg/kg, corresponding to a 100% the Premium
diesel fuels. The samples evaluated have not exceeded in any case the maximum required in
World Wide Fuel Charter, for class 5 (ACEA, Alliance/EMA/JAMA), which is 1 mg/kg.
It has been observed that the copper and the zinc contents of several diesel fuels used in two
different vehicles increase respect to the metal content of the same diesel fuels before making
diesel refueling. In the vehicle engine, high temperatures produced by the new injection systems
and high pressures can dissolve metals that are present at these systems (Figure 15). Also,
differences in metal dissolution between the diesel fuels used in vehicles have been observed;
diesel fuels 8, 9, 10, 11 collected from vehicles present very high values of metal contents
comparing with the rest of diesel fuels.
Figure 16 shows metal content of both diesel fuel with additives and white line diesel collected
from a vehicle tanks. As it has been observed before, in all cases, the metals content of diesel
fuels from vehicle tanks is higher than the same diesel fuels before making diesel refueling. On
the other hand, metals content obtained from diesel fuel with additives is higher than the
corresponding to white line diesel.
Delgado and Arrabal (2006, 2007) demonstrate metals dissolution in fuel at high temperature
by developing a 90 minutes test in which a middle distillate was in contact with metallic parts. It
was shown that metal content could levels of 1 ppm at temperatures of 100-150ºC (Figure 17).
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Figure 14. Zn and Cu content on diesel fuel samples from European Service Stations

Figure 15. Cu and Zn content increase in diesel fuel on vehicle tanks

Figure 16. Cu and Zn content in presence when classical premium additives are used

Additives that react with metallic surfaces could also increase metal dissolution when uses at
excessive dosage: Previous work demonstrate the effect of an aggressive dispersant additive
(Delgado and Arrabal, 2005a). The effect of different lubricity improvers have been evaluated in
present work (Figure 18), at different concentrations (0, 250 and 500 mg/kg). The addition of an
acid lubricity improver at elevated dosage in diesel fuels leads to significant increase of the
cooper content dissolved. Nevertheless, ester lubricity improver doesn’t practically cause effect
to dissolution of metals even at the highest dose.
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Figure 17. Cu dissolved at high temperature

Figure 18. Effect of additives on Cu dissolution (150ºC)

Research on solutions
It has been demonstrated that the combination of a standard dosage of dispersant and MDA (5
ppm) is not efficient to stabilize ULSD in presence of FAME and copper contamination.
Therefore, three sets of experiments have been designed in order to improve the stabilization
capability: a) a set oriented to find a better combination of dispersant and metal deactivator; b) a
second test where different metal inhibitors are tested; c) a third set where the use of an
antioxidant as a third component of the stabilizing package is evaluated.
The first set of experiments evaluates different combinations of dispersant and metal
deactivator that were proved successfully in diesel fuels without FAME and not severely
hydrotreated (Figures 19 to 20). The oxidation stability ASTM D2274 with Cu test and the
deposits formation tendency of HLPS of B10 samples have been considered. In order to find a
proper solution, diesel fuel samples of 10 ppm S and 50 ppm S have been tested, both come from
a refinery with FCC scheme. Soybean FAME has been selected because it has been found to be
the most critical. Rancimat period of induction of samples without dispersant or MDA have
been assured above 20 h. Dispersant content of PIBSI has been studied using different
percentages of commercial dosage (between 5% and 200% of standard dosage, 0.05xDISP2xDISP). NNDPDA have been used as MDA, with a concentration between 0 and 10 ppm.

Figure 19. NNDPDA effect on soybean B10 (50 ppm S diesel fuel): with different dispersant dosage (left) and
with different diesel sample at the same standard additivation (right)
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Figure 20. NNDPDA on 10 ppm S diesel fuel

Table 1. Metal deactivator additives evaluated

The second set of experiments includes the research of alternatives to metal deactivator used
initially, NNDPDA. It has been carried out a screening of principal metal deactivators described
in literature (Wyanick et al, 2000, Cochrac and Rizvic, 2003) or commercially used for
hydrocarbons. The list of components evaluated is detailed in Table1. The most extended MDA
is the Schiff's based one that have been used previously and will be our reference: N,N’disaliciliden-1,2-diaminopropano. Several chelation agents have been used: EDTA, citric acid,
gluconic acid. Metal passivators based on heterocyclic components, with or without benzene
ring, have been used successfully for inhibit metal catalyst activity and will be tested here:
pyrazole, imidazole, benzotriazole, alkyl and dialkyl thiadazole, tolytriazole derivatives.
The test selected for screening is a modification of ASTM D6468 with 1 ppm Cu (150ºC, 90
minutes, Abs. @ 425 nm) because it is very sensible to oxidation at high temperature as well as
the effect of MDA (Delgado and Arrabal, 2007). Also, it could avoid other phenomena
(dispersant capacity, solubility of oxidation products, etc.). Molar stoichiometric 1:1 reaction
between MDA and cooper suggests a theoretical dosage between 1 and 5 ppm, the last one has
been considered adequate for screening. Different types of diesel fuels from a refinery with a
Isomax scheme have been tested, considering different hydrotreating severity (10, 50 and 350
ppm sulfur). Metal deactivators with best behavior have been compared at very high dosage (100
ppm) in order to find the best result or any secondary effect. Results are shown in Figure 21.

Figure 21. Efficiency of different MDA for stabilizing diesel fuel at high temperature in presence of Cu
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The third set of experiments evaluates the incorporation of antioxidant additives as third
component of the stability package. ASTM D 2274 and HLPS tests are used to analyze oxidation
stability and deposit formation tendency, respectively , always including on top contamination of
1 ppm of dissolved copper (Figure 22 and 23). These tests have been very useful for optimizing
the combination of the previous stability package. ULSD diesel fuels (10 ppm S and 50 ppm S)
have been tested. Fuels of 10 ppm S comes from a refinery with Isomax, at two levels of
hydrotreatment (see table 2 in next page). The fuel sample of 50 ppm S comes from a refinery
with FCC scheme. B0 and soybean B10 fuels have been tested, the FAME blended is soybean
origin because its criticity (nevertheless, BHT has been added to FAME in order to assure
Rancimat period of induction of B10 base fuels above 20 h). Dispersant dosages of PIBSI have
ranged between the commercial dosage and double dosage. NNDPDA have been used as MDA,
with a concentration of 4-5 mg/kg, near above the theoretical dosage necessary to molecular
chelation of 1 ppm of dissolved Cu. Different antioxidants have been tested, two aminic
compounds and two hindered phenols (one of them BHT).

Figure 22. Efficiency of antioxidant combined with MDA and dispersant in B10 blends of soybean FAME and
50 ppm S diesel fuel

Figure 23. Efficiency of BHT combined with MDA and dispersant in B10 blends of 10 ppm S diesel fuel (right
side at two levels of hydrotreatment: 12.5 ppm S and 5.8 ppm S, see table 2)
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10 ppm S diesel fuel samples
GO12.5S
Density g/mL
0,8206
ASTM D4052
Sulfur, mg/kg
12,5
ASTM D5453
Nitrogen, mg/kg
1,2
ASTM D4629
Bromine number, g/100g ASTM D1159
0,83
Diaromatics, % p/p
2,31
EN‐12916
Triaromatics, % p/p
0,26
EN‐12916

GO5.8S
0,8238
5,8
1,4
0,55
1,6
0,22

Table 2. Characteristics of ULSD fuels used for tests of figure 23 (right side)

Efficiency of solution in engines and real market
The use of a commercial dosage of dispersant (without metal deactivator) has been tested (40
hours test) in on a diesel engine, common rail solenoid injectors. The available procedure CECF-035 has been used. The package reduce the power loss observed with a reference fuel
RF93795/4 with 1 ppm Zn, but it is not sufficient for reduce the power loss of a Spanish fuel of
350 ppm S, contaminated with 3 ppm Cu.
The package of dispersant (PIBSI, commercial dosage) and metal deactivator (NNDPDA, 5
ppm), in a ULSD fuel (10 ppm S) without FAME has been tested (56 hours test) on a Mercedes
Benz OM646 DE 22LA diesel engine, Bosch Common Rail 2 injection at 1600 bar, the fuel is
contaminated with 0.5 ppm of Zn. Power loss is significantly reduced by the use of the
developed package.
The combination of dispersant and MDA at 7 mg/kg stabilize 10 ppm S diesel fuel in most
cases of the real market as has been demonstrated by testing samples from different service
stations (Figure 24). Nevertheless, there are samples where it is necessary a reinforced stability
package for assuring the stability of ULSD when FAME is incorporated. These findings support
the results at laboratory scale with critical samples of diesel fuel, where the combination of
dispersant and metal deactivator needs the support of a proper dosage of antioxidant for
stabilizing ULSD.

Figure 24. Stability (1 ppm Cu on top) of samples from Service Stations

Finally, the improvement of a critical B10 blend, formulated with a ULSD fuel (10 mg/kg S)
and soybean FAME (10% v/v), has been tested in a Peugeot engine DW10, following CEC TD
G-F-098 procedure (56 hours test). The fuel tested has been contaminated with 3 ppm of Zn, in
order to obtain a measurable loss of power with base fuel. The fuel has been stabilized with a
dispersant (PIBSI) at double dosage used commercially, 10 ppm of metal deactivator
(NNDPDA) and 20 ppm of antioxidant (BHT). Power loss of stabilized fuel is clearly improved
by the developed combination of components with a power loss well below the value required by
the World Wide Fuel Charter.
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DISCUSSION
Hydrotreatment has a complex effect on stability and deposit formation
The hydrotreatment effect on stability is complex because the dual function of sulphur
compounds: they are deposits precursors, especially in combination with nitrogen basic
compounds (Loeffler, 1985 found a high sinergism between dimethylpirrole and thiophenol) and,
at the same time, they are hydroperoxide decomposers (Cochrac and Rizvic, 2003). Martin et al.
(1990) already indicated the stability could be worse after hydrotreatment. In this work has been
demonstrated that special care should be taken with ULSD produced by hydrotreatment process
that could remove natural antioxidants, making less stable fuels, contrary to expectations.
Dispersant compound are efficient on high sulfur fuels with low metal contamination
Contaminations of copper higher than 0,1 ppm make diesel fuel does not satisfy the classical
requirements for oxidation stability (ASTM D2274). Figure 5 demonstrates the effect of different
stabilizing packages in high sulphur diesel fuels (>800 mg/kg S) when copper contamination is
present. The use of PIBSI dispersant at standard commercial dosage is enough for stabilize the
diesel when contamination does not rise of 0.2 ppm. This is the reason of the classical robust
efficiency of this of additives when market has less severe requirements (high sulfur, moderate
temperature performance) as could be represented by Category I of World Wide Fuel Charter.
High metal contamination on diesel fuels could cause enough level of insoluble residues that
cannot be stabilized by the dispersant. As it is expected, 5 mg/kg of NNDPDA is enough to
stabilize high sulfur diesel fuel (both in ASTM D2274 or HLPS) even at Cu contamination of 1
mg/kg: the chelation reaction is mol to mol, so given a molecular weight of 258 for NNDPDA
and 63 for Cu, the theoretical ratio needed for metal inhibition is 4:1 (weight basis).
A combination of dispersant and 5 ppm of metal deactivator improves stability of
hydrotreated fuels
In the case of medium sulfur contents (50-350 ppm S), dispersant efficiency is not enough to
stabilize the diesel fuel at standard dosage when copper contamination is present. Figure 6
represents the effect of different stabilizing packages. A combination of dispersant with MDA is
needed to obtain acceptable results.
Severe desulphurization of diesel fuel removes all natural antioxidants and the efficiency of
the combination of dispersant and MDA is significantly lowered (Figure 7) because their limited
capability to inhibit the oxidation precursors, free radicals or hydroperoxides. There is no
contribution of sulfur species to reduce the hydroperoxides concentration and the deposits
formation tendency of the fuel is not always solved completely with a combination of dispersant
and MDA at the dosage used for samples with higher sulphur content.
FAME blends are specially sensible to metal contamination
FAME blends with ULSD fuels show higher insoluble content after stability tests respecting
B0 samples (Figures 8 and 9). The stability when a radical promoter is present experiments the
greatest change (when 1 ppm of Cu2+ is used), as the total insoluble after oxidation increase in
one order of magnitude when FAME is incorporated. Synthetic diesel fuel and its B5 blends are
more stable (free of N and S) but the significant quantity of insolubles of B5 in presence of
copper highlights the gum formation route from olefinic compounds. The FAME contribution of
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olefinic species to B5 are the responsible for this high sensitivity to radical promoters as the
olefinic nature of fossil diesel severely hydrotreated. This olefinic effect has also reported in
heating fuels without FAME but with high sulfur specification (above 1000 ppm), where some
olefinic streams as non hydrotreated FCC naptha could be formulated, and the effect on copper
sensitivity could also be significant (Delgado et al, 2005).
The stability combination of
dispersant and DMA at 5 ppm improves in all the samples (Figure 10), considering the most
severe oxidation test (D2274 with copper). Respecting HLPS results, FAME effect is not
consistent. FAME has two effects on deposits: it is a deposit promotor because its worse
stability but its higher solvent deposit capability could be enough to hide this tendency in the
filtration test. It could explain the deposit tendency when soybean FAME is used, with
unexpected high deposits results in HLPS, even in presence of a stability combination of
commercial dispersant and 5 ppm of DMA (Figure 11).
The lack of efficiency of stability package when Soybean FAME is present has been
demonstrated without doubts with a representative population of samples (Figure 12). While
stability package is efficient in all diesel fuels without FAME, it does not work when Soybean
FAME is incorporated. This lack of efficiency is magnified when the concentration of FAME
increases. Differences respecting between colza FAME are based on the polyunsaturated fatty
acid composition. The linoleic fatty acid content is lower than 25% in colza derived fuel and
higher than 50% in sunflower and soybean origin (linolenic fatty acid content is lower than 12%
in all samples). Linoleic reactivity is demonstrated by Yang et al (2014) when compared canola
and soybean FAME: the CG-MS of samples corroborated the comsumption of linoleic esthers
during storage. The most sensitivity of soybean FAME respecting sunflower could be based on
the different production standards and the extended logistics of Soybean FAME. Machado et al
(2013) evaluate pure FAME from sunflower and soybean in Brazil and obtain longer period of
times with the later one, may be because in this case the extended logistics is associated to the
sunflower FAME.
Metal contamination of diesel fuels increase in vehicles
Since 2004, there has been an increase of the metal content (Cu, Zn) of diesel fuels collected
from service station, especially in classical Premium products (Figures 13-14). On the other
hand, there is a clear metal dissolution of diesel fuels in vehicles, especially when they are
additized with multifunctional package has been observed (Figures 15-16). Dissolution is
enhanced by the high temperature exposure of fuel in common rail systems and by some
components like dispersants (Delgado and Arrabal, 2005a) or lubricity improvers (figure 18).
Metal deactivator is critical for stabilize ULSD
Incremental dosage of dispersant does not resolve the oxidation stability of the B10 tested
(Soybean FAME and 50 ppm S diesel fuel, ASTM D2274 with 1 ppm Cu) as can be seen in
Figure 19. The formation of insoluble residues is clearly improved when MDA amount is
increased: dosages of 7 mg/kg and above are enough to stabilize totally the B10 blends with 50
ppm S diesel fuel. Therefore, MDA has an effect for metal chelation but also as oxidation
precursor’s inhibitor (chelation requires theoretically only 4 mg/kg). Significance of MDA on
deposits formation tendency is similar when 10 ppm S is used in B10 (Figure 20), even there is
high results variability. A dosage of 7 ppm of MDA is enough to guarantee very low tendency to
form deposits in 50 ppm S but this excellence required higher dosage in 10 ppm S samples.
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NNDPDA is the most efficient of MDA studied
Since 1956 when N,N'-disalicylidene-1,2-propanediamine was patented as MDA (Barlett,
1956), several attempts to find a better solution has been done for improving temperature
stability (Chusuei et al., 1999), efficiency after storage (Cyrus, 1997), reactivity with alkaline
solution (Hiell and Vand der Zijden (1964), efficiency with different metals with different
chelation structures (Waynick, 2000), low temperature solubility, etc. This work has been
focused on testing metal inhibition at high temperature. The best results have been obtained with
NNDPDA (Figure 21), followed by gluconic acid, benzotriazole and imidazole. The rest of metal
inhibitors present worse results, especially with the 350 ppm S fuel, in which stability indicates
some type of thermal degradation promotion of non hydrotreated species (nitrogen or sulfur).
The use of antioxidants contribute to assure stability in critical samples
The antioxidant component contribution seems to be logical when unsaturated components are
incorporated (olefinic nature of some methyl esters of FAME) and the natural antioxidants of
diesel fuel are removed by deep hydrotreatment (figures 22 and 23). Standard dosage of
dispersant with limited dosage of MDA is not enough to stabilize a critical sample of B10 (50
ppm S and soybean FAME, 1 ppm Cu contamination) even if 20 mg/kg of BHT is added, it is
also necessary to duplicate the dosage of dispersant. The rest of antioxidants tested show lower
capability to stop the oxidation of the B10 sample. It is clear that the antioxidant incorporated on
FAME to obtain a proper Rancimat induction period (does not consider metal contamination) is
not enough to stabilize the final B10 blend in presence of copper. Lohmann et al (2000) also
found phenolic antioxidants more appropriated to middle distillates, they found that aminic
antioxidants could even produce worse results because could promote free radicals instead of
inhibit them. Podesta (2015) concludes that monophenols are more adequate than biphenols to
FAME with iodine number lower than 120. As soybean FAME used present an iodine number of
119, it could explain the better results of BHT towards the phenolic mixture found in this work.
The mechanisms of deposits formation of ULSD (< 50 ppm S) are not simple. Hydrotreatment
reduces the olefin content in fuels and removes nitrogen compounds. Therefore it reduces the
reactants of the main reactions to form deposits: gum formation, condensation reaction and basic
nitrogen reaction with oxidation products like acids. Nevertheless, Takatsuka (1997) explains
that hydrogenation could lead to production of free radicals in polyaromatics compounds, when
the severity of hydrotreatment is enough to these reactions but the conditions of reaction are not
able to saturate these compounds. In order to understand this phenomenon, two ULSD fuels (see
Table 2) have been tested, both of them have been additivated with a commercial dosage of
dispersant (PIBSI) and 5 mg/kg of MDA (NNDPDA). Both fuels have been severely
hydrotreated but the sample with higher sulphur and diaromatic content need 10-25 mg/kg
additional quantity of antioxidant for obtaining similar results. These results corroborate the
findings of Takatsuka. From a practical point of view, in order to assure the low deposit
tendency of a ULSD fuel (standard dosage of dispersant and 5 mg/kg NNDDAP) it is necessary
30-60 mg/kg of antioxidant, depending on the hydrotreatment.
Engine and field results corroborate laboratory findings
The positive effect of the combination of a dispersant and metal deactivator has been validated
by field and engine results. Anyway, the low sulfur content, the high FAME content and
dissolution of metals in diesels make difficult to maintain the diesel stability even incorporating
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7 ppm of metal deactivator. Incorporation an appropriated dosage of antioxidant could assure
the stability of the most critical diesel fuels.
CONCLUSIONS
1) The hydrotreatment effect on stability is complex because the dual function of sulphur
compounds: as deposits precursors and as hydroperoxide decomposers. This should be
taken into consideration in order to assure the stability of ULSD fuels.
2) Dispersant compounds are efficient on high sulfur fuels (>800 mg/kg) with low metal
contamination but it is convenient to consider the use of a metal deactivator if higher
contamination is expected.
3) In the case of medium sulfur contents (50-350 ppm S), dispersant efficiency at standard
dosage is not enough to stabilize the diesel fuel in presence of metal contamination. A
combination of dispersant and 5 ppm of metal deactivator improves stability and the
deposit tendency of hydrotreated fuels, even efficiency is limited in some ULSD samples.
4) Oxidation stability of FAME blends are specially sensible to metal contamination because
the contribution of olefinic species. Nevertheless, some samples could show inconsistent
results because olefinic esters have two effects on deposits: they could promote high
molecular gums but they are excellent solvents for them. Soybean FAME has been found
a critical component for stability and deposit tendency.
5) Metal contamination in European diesel fuels is generally below 0.2 mg/kg but could be
near 1 mg/kg Cu in some classical Premium samples and the concentration increase
significantly (even one other of magnitude) after recirculation on vehicles.
6) Metal deactivator is critical for stabilize nowadays ULSD and its contribution is more
important that the presence of dispersant component. Efficiency improves with dosage
above the theoretical one expected for metal chelation and this high dosage is particularly
useful for severely hydrotreated fuels without natural antioxidants; therefore, additional
oxidation inhibition capacity is suggested.
7) N,N-disacilyliden-1,2-propanediamine is the most efficient of all MDA evaluated for
stabilizing diesel fuel blended with FAME, in presence of metal contamination. It is
followed in efficiency by gluconic acid, benzotriazole and imidazole.
8) The use of antioxidants is very efficient to assure stability when FAME is incorporated and
BHT show the best results with the critical samples tested. Low deposit tendency of a EN590:2009 fuel could be assured by a combination of dispersant component, metal
deactivator and BHT.
9) Engine and field results corroborate the efficiency of the different combinations of
dispersant, metal deactivator and antioxidant evaluated at laboratory scale.
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