
INTRODUCTION
The use of deposit control additives (DCA) to prevent buildup of 
deposits in fuel injection systems and thus ensure optimum 
engine operation has a history spanning over three decades. In 
the 1980s deposits on the injector pintle were noted [1], enabling 
the technology of fuel additives to reduce diesel injector fouling 
[2]. Increased emissions from the plugging of spray holes was 
found in 1991[3], and increased emissions legislation forced 
changes in fuel and engine design [3, 4]. Recent changes in fuel 
properties such as solubilsing ability [5] caused for example by 
the introduction of ULSD and the introduction of more stringent 
emission regulations along with the increased tolerances, 
temperatures and pressures in modern diesel injector systems 
has seen the formation of internal injector deposits (IDID). Thus, 
more than ever there is a need for high quality, effective DCAs. 
The most effective and preferred DCA over this period is 
polyisobutylenesuccinimide (PIBSI). The design and 
manufacture of such PIBSIs being critical to their performance 
as a deposit remover and their no harm status.

The nature of IDIDs has been broadly categorised by the 
industry as:

•	 Metal carboxylates: carboxylic acid salts of metals such as 
sodium or calcium. 

•	 Carbonaceous: carbon based deposits from fuel stressing 
and subsequent degradation. 

•	 Amide based polymeric amide 
•	 Lacquer: films, polymeric. 
•	 “Sticky” deposits: from aged fuels

A number of recent publications have inculcated a low 
molecular weight PIBSI as a source of IDIDs, associated with 
injector sticking. [6,7,8,9]. It should be noted that low molecular 
weight PIBSI would not be regarded as a commercial DCA and 
certainly not associated with a high quality DCA, and that the 
term PIBSI can cover a number of chemical structures. The 
effect of low molecular weight PIBSI has been investigated in 
bench tests, as well as modified and industry standard engine 
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tests. Recently the Coordinating European Council (CEC) has 
proposed a new Direct Injection (DI) engine test using the 
Peugeot DW10C engine. This test adulterates the test fuel with 
low molecular weight PIBSI to yield injector sticking and 
although this is not an industry standard it is under serious 
investigation to become so in the future. These laboratory and 
engine tests have also shown that commercial PIBSIs 
specifically designed and manufactured to function as a diesel 
deposit control additive do not cause internal diesel injector 
deposits, and act effectively in the prevention of the formation 
of such deposits. [6, 7, 8, 9].

Field sourced IDID injector deposits have been found to 
comprise of layers and several different species namely, 
carbonaceous decomposition products, organic amide 
lacquers, and metal ion contaminants [11,12,13,14].The 
composition of these mixtures being determined by the drive 
history of the vehicle. Further, since low molecular weight 
PIBSI is not a commercial DCA, it was decided to follow up on 
a recent publication on low molecular weight PIBSIs [8] to 
investigate the characteristics of IDIDs resulting from low 
molecular weight PIBSIs.

METHODOLOGY
In the previous publication [8], a non-commercial low molecular 
weight PIBSI was synthesised, and used in a DW10B engine 
test in comparison to a commercial DCA. The low molecular 
weight PIBSI test resulted in injector needle sticking and the 
analysis of the IDID that caused the sticking is the subject of this 
paper. The commercial PIBSI did not cause injector sticking.

Fuels
The base fuel used for all testing was reference fuel RF-06-03. 
The certificate of analysis for this fuel is given in Appendix 1.

PIBSI Additives
A low molecular weight PIBSI was synthesised in the 
laboratory according to scheme 1.

The PIBSI was characterised by Gel Permeation 
Chromatography (GPC) which showed its molecular weight 
distribution to be bimodal and therefore two distinct number 

average molecular weights Mn were found. Mn = 596 and 
1195.The Chromatogram is shown in figure 2, where a 
commercial monomodal DCA is also shown for comparison. In 
previous work, this commercial DCA was shown not to cause 
injector sticking and indeed, it prevented injector sticking in the 
presence of low molecular weight PIBSI.

The low-molecular weight PIBSI was also characterised by 
infra-red spectroscopy (IR), because it has been suggested 
that significant amide presence in low molecular weight PIBSIs 
was a contributory factor to their formation of IDIDs. The 
spectrum figure 3 shows a dominance of imide and the low 
molecular weight PIBSI was engine tested in this form.

Figure 2. GPC chromatogram for Commercial PIBSI DCA and the Low 
molecular weight PIBSI used in this test.

Figure 3. Pre-engine test IR spectrum of Low molecular weight PIBSI.

Figure 1. The Synthesis of PIBSI
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Engine Test
Tests were conducted using the CEC F-98-08 DW10B engine 
test [15] to assess the injector sticking tendency of fuel dosed 
with the low molecular weight PIBSI. A synopsis of the 
procedure is given here. The test used the 1997cm3, 4-cylinder, 
turbo-charged, engine of the DI type with a high pressure 
common rail fuel system and μ-sac, six-hole injectors. The 
engine was operated on the engine test bench according to a 
test cycle consisting of 12 steady state conditions to give a 
total cycle time of 3600 seconds.

On starting the engine the exhaust gas temperatures for each 
cylinder were recorded. The engine then completed 8 test 
cycles followed by a 4 hour soak period after which the engine 
was re-started and the exhaust gas temperatures recorded. 
This is referred to as 8 hour data. The engine then ran for a 
further 8 hours of test cycles followed by a 4 hour soak period 
before being re-started and the exhaust temperatures recorded 
to give 16 hour data and so on until 32 hours of test cycles had 
been completed or until the engine failed to start which 
signified serious injector sticking.

To assess injector sticking using the CEC F-98-08 DW10B 
engine test the fuel was not adulterated with zinc 
neodecanoate.

Analysis
The needle from the engine test using low molecular weight 
PIBSI was subject to a number of analytical techniques in this 
work. The techniques of Scanning Electron Microscopy (SEM), 
Energy Dispersive Analytical X-ray Spectroscopy (EDAX) and 
Fourier Transform Infra-red Spectroscopy (FTIR) are well 
known in this area of study. The use of Hydropyrolysis (HyPy), 
and Time of flight Secondary Ion Mass spectrometry (Tof - 
SIMS) is however relatively new [9,10,11,16], hence a 
description of these techniques is given.

Hydropyrolysis
The hydropyrolysis technique is described in [16], but salient 
points are described here for convenience. Hydropyrolysis 
refers to pyrolysis taking place under an atmosphere of high 
hydrogen pressures; hydrogen pressures of greater than 10 M 
Pa are typically used. The technique has been developed for 
its unique ability to release high yields of bound biomarkers 
from for example coal, whilst minimising the structural 
rearrangement of those deposits. In relation to deposits formed 
in diesel engines hydropyrolysis has the capability to identify 
particular chemistries from the hydrocarbons released.

Tof-SIMS
The technique has been described in detail in an earlier paper 
by the authors [10]. Briefly, it involves using a primary ion beam 
to produce a secondary cloud of ions from a target surface. 

These ions are then extracted into a time of flight mass 
spectrometer and analysed. The surface can be gradually 
eroded away by a separate sputter ion beam. A plot of the 
intensity of a given mass signal as a function of time is a 
reflection of the variation of its abundance and concentration 
with depth below the surface. The technique has several 
advantages including the parallel detection of different 
chemical species, their mapping over the surface analysed; all 
of which can be simultaneously performed whilst eroding the 
surface with a ‘sputter’ ion beam.

EXPERIMENTAL

Engine Test
The low molecular weight PIBSI sample was tested using the 
CEC F-98-08 DW10B engine. The exhaust gas temperatures 
for each cylinder were recorded at the start of the test (SOT) 
and following each four hour soak period. The treat rate was 
500mg/kg to provide IDID in sufficient quantities to assist the 
analysis.

Figure 4 shows the exhaust gas temperatures for the test. This 
level of low molecular weight PIBSI was found to cause severe 
injector sticking after the first eight hours (8 cycles) plus 4 hour 
soak period.

This is the same as found previously for a 200mg/kg treat rate. 
The commercial PIBSI under the same test regime showed no 
injector sticking.

Figure 4. DW10 B, exhaust gas temperatures after 8 cycles plus 4 hour 
soak with 500mg kg low molecular PIBSI.

The stuck injector needle from the low molecular weight PIBSI 
test was removed with difficulty and the needle subject to 
analysis.

SEM/EDAX
The SEM micrograph figures 5 and 6 show the layer of light 
brown lacquer deposit around the needle tip. Analysis by EDAX 
showed only metals associated with the injector.
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