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ABSTRACT:	Lubrication	of	an	internal	combustion	engine	is	
critical	 for	unwanted	energy	and	material	 losses.	Zinc	dial-
kyldithiophosphate	 (ZDDP)	 is	 a	 commonly	 used	 anti-wear	
additive	that	forms	by	in	situ	decomposition	a	protecting	in-
terface	between	sliding	surfaces.	The	interface	consists	of	the	
tribofilm	on	both	surfaces	and	oil	in	the	contact.	Soot	parti-
cles	from	a	petrol	engine	and	gas	engine	were	analyzed	using	
X-ray	 photoelectron	 spectroscopy	 (XPS)	 and	 transmission	
electron	microscopy	(TEM)	techniques:	electron	energy	loss	
spectroscopy	(EELS)	and	energy	dispersive	X-ray	spectros-
copy	(EDS).	These	techniques	revealed	that	the	end-products	
in	soot	contain	3-5	nm	ZnO-based	particles	with	additions	of	phosphorus	and	sulfur,	originating	from	the	ZDDP	anti-wear	
additive.	Our	results	unravel	the	tribofilm	decomposition	under	real	field	conditions	and	hint	toward	potentially	unidentified	
hazards	with	respect	to	ZDDP-containing	lubricants.		

INTRODUCTION	
It	is	well	established	that	the	lubrication	of	an	internal	com-
bustion	engine	is	crucial	for	reducing	unwanted	energy	and	
material	 losses	 and	 thus	 expanding	 its	 fuel	 efficiency	and	
life-time.	 In	 order	 to	 achieve	 this,	 two	 types	 of	 additives,	
that	are	mixed	 into	 the	 lubricating	engine	oil,	 are	critical:	
friction	modifiers	and	anti-wear	additives.1–4	The	use	of	the	
former	type	of	additives	have	the	aim	of	reducing	the	fric-
tion	coefficient	between	the	moving	components	of	an	en-
gine,	thus	reducing	the	unwanted	energy	losses.5	Examples	
of	such	friction	modifiers	are	functionalized	polymers,	sol-
uble	organo-molybdenum	additives	or	dispersed	nanopar-
ticles.6	The	latter	type	of	additives	make	sure	that	there	is	
minimal	wear	inside	the	engine,	so	it	can	function	in	ideal	
conditions	for	an	extended	period	of	time,	thus	to	increase	
its	life-time.4	Smaller	energy	loss	(i.e.	better	efficiency)	and	
longer	life-time	of	engines	are	clearly	beneficial.	These	lead	
to	better	fuel	economy	and,	at	the	same	time,	less	CO2	emis-
sions	during	 running.7	 According	 to	 a	 study	published	by		
Holmberg	 and	Erdemir8,	 the	 implementation	 of	 advanced	
tribological	technologies	could	reduce	CO2	emissions	glob-
ally	as	much	as	1	460	Mt	CO2.	Besides	the	beneficial	effects	
of	 friction	and	wear	reduction,	 it	 is	very	 important	 to	ad-
dress	the	end-products	of	these	lubricants	that	can	be	found	
in	the	drained	engine	oils	or	in	the	exhaust	system.		

Zinc	dialkyldithiophosphate	(ZDDP),	as	illustrated	
in	Figure	1a,	has	been	commonly	used	as	an	anti-wear	addi-
tive	since	the	middle	of	the	20th	century.3,9,10	The	working	
mechanism	of	ZDDP	can	be	described	as	the	following:	this	
additive	can	form	a	50-150	nm	thick	tribofilm	at	relatively	
low	 temperatures	 (50°C)11	on	 the	wear	 tracks	of	 surfaces	
sliding	 against	 each	 other.12	 Initially	 they	 form	 separate	
patches,	which	then	will	evolve	into	a	semi-continuous	film,	
but	keeping	the	pallet-like	structure	(see	Figure	1b).	Below	
the	pallets,	a	sulfur-rich	 layer	 is	present	 in	 form	of	Zn/Fe	
sulfide.13	The	most	widely	accepted	anti-wear	action	of	the	

ZDDP	tribofilm	is	that	it	forms	a	protective	barrier	between	
the	sliding	surfaces,	thus	preventing	a	metal-metal	contact	
and	consequently	wear	of	the	moving	components.	After	the	
ZDDP	 tribofilm	 is	 formed,	 the	 presumed	 wear	 originates	
from	the	protective	film	itself.	If	this	mechanism	is	assumed,	
the	 wear	 debris	 that	 is	 produced	 has	 the	 same	 chemical	
composition	 as	 the	 pallet-like	 tribofilm,	 i.e.	 Zn	 polyphos-
phate,	glassy	Fe/Zn	phosphate	and	Fe/Zn	sulfide	and	sulfate.	
It	should	be	noted	that	recent	reports	suggest	that	the	for-
mation	of	 the	 tribofilm	depends	on	 the	 interface	between	
the	 ZDDP	 and	 substrate.	 For	 instance,	 ZDDP	 decomposes	
into	 binary	 ZnO	nanoparticles	 if	 the	 substrate	 is	 changed	
from	 steel	 to	 hydrogenated	 tungsten	 carbide/amorphous	
carbon.14		

A	 fraction	of	 the	worn	ZDDP-containing	tribofilm	
fragments	 (particles)	 and	mechanical	wear	 integrate	 in	 a	
complex	matrix	of	decomposition	products	as	a	part	of	used	
lubricating	oils,	 and	 can	 get	 into	 the	 exhaust	 system.	The	
phosphate	and	sulfate	components	can	poison	the	catalytic	
converters	 of	 the	 vehicles,	 reducing	 the	 conversion	 effi-
ciency.15	Due	to	regulations	to	reduce	pollutant	content	of	
the	exhaust,	new	methods	were	developed,	e.g.	exhaust	gas	
recirculation	 in	 case	 of	 diesel	 engines.	 One	 side	 effect	 of	
these	methods	is	that	they	promote	the	generation	of	soot	
nanoparticles	(SNPs).	These	can	get	into	the	engine	oil	and	
can	alter	its	lubricating	properties.16,17	Additionally,	several	
studies18–20	showed	that	engine	oil	additives,	such	as	ZDDP,	
or	their	by-products	can	be	adsorbed	by	these	soot	nano-
particles,	which	can	also	have	an	effect	on	the	tribological	
properties	of	the	engine	oil.	The	hardness	of	these	SNPs	are	
in	 the	 same	 order	 of	 magnitude	 as	 the	 engine	 compo-
nents,21–23	which	means	that	an	increase	of	SNPs	concentra-
tion	in	the	engine	oil	promotes	abrasive	wear.	If	not	handled	
with	care,	the	end-products	resulting	from	the	use	of	ZDDP	
(parts	of	 the	tribofilm	and	thermal	degradation	products)	
might	 pollute	 the	 soil	 and	 underground	 water	 supplies	



through	their	P	and	S	content.24		Although	zinc-containing	
degradation	 products	 are	 characterized	 by	 relatively	 low	
potential	 toxicity	 to	 the	human	health	 in	small	quantities,	
higher	doses	can	cause	severe	intoxication.	
	
	

Figure	 1.	 (a)	 Schematic	 representation	 of	 the	 zinc	
dialkylthiophosphate	 (ZDDP)	 molecule.	 (b)	 Schematic	
representation	of	the	protectice	tribofilm	formation	from	ZDDP	
additive	 in	 a	 lubrication	 oil	 during	 a	 ball-on-disk	 tribotest.	
Scheme	inspired	from	Spikes3	et	al.	

	
	
A	study	published	by	Plum	et	al.25	reviews	the	effects	of	Zn	
exposure	 to	 humans:	 inhaling	 zinc-containing	 fumes	with	
particle	size	<	1	µm	can	cause	metal	fume	fever	(MFF).	Der-
mal	contact	can	cause	irritations.	In	rare	cases,	oral	intake	
of	high	Zn	dose	can	even	lead	to	death.	Long	term	exposure	
to	high	doses	of	supplemental	zinc	 interferes	with	copper	
uptake	of	the	human	body.	Due	to	the	increased	restrictions	
on	pollutant	elements,26	such	as	sulfur	and	phosphorus,	the	
replacement	 of	 ZDDP	 (which	 contains	 considerable	
amounts	of	sulfur	and	phosphorus	in	form	of	organic	mole-
cules)	as	an	anti-wear	additive	with	other	compounds27	be-
comes	an	issue	of	high	importance.28–31	Any	newly	proposed	
compound	should	be	able	to	prevent	the	production	of	pol-
lutant	end-products,	should	preserve	or	improve	the	anti-
wear	properties	while	reducing	the	toxicity	and	should	pro-
duce	end-products	that	do	not	pose	an	environmental	haz-
ard,	following	the	principles	of	green	chemistry.32	Previous	
high-resolution	transmission	electron	microscopy	(HRTEM)	
and	scanning	electron	microscopy	 (SEM)	studies	on	SNPs	
have	confirmed	the	overall	presence	of	the	elements	origi-
nating	from	ZDDP	 	based	on	SEM	energy	dispersive	X-ray	
spectroscopy	(EDS).33	However,	 the	spatial	distribution	of	
the	ZDDP	degradation	products	within	the	“bulk”	SNPs	has	
remained	elusive.		

The	 constant	 improvement	 of	 high	 performance	
analytical	techniques	such	as	(scanning)	transmission	elec-
tron	 microscopy	 (STEM)	 combined	 with	 electron	 energy	
loss	spectroscopy	(EELS)	and	EDS	as	well	as	innovative	ap-
proach	 for	 data	 processing	 methods	 described	 in	 our	

previous	work34	permitted	us	in	the	present	work	the	de-
tection	 and	 characterization	of	 the	 end-products	of	 ZDDP	
obtained	from	engine	oils.	The	decomposition	of	ZDDP	with	
respect	to	tribofilm	formation,	i.e.	interface	between	sliding	
surfaces,	 has	 been	 recently	 elucidated	 by	means	 of	 TEM-
EDS	studies.35	However,	an	understanding	of	the	decompo-
sition	process	for	this	formed	ZDDP-derived	interface	and	
formation	of	soot	particles	itself	is	a	matter	of	debate.		

Herein,	 we	 present	 an	 alternative	 analytical	 ap-
proach	to	determine	the	elemental	composition	of	particles	
found	 in	 a	 drained	 engine	 oil	 originating	 from	 a	 petrol-
fueled	passenger	car,	driven	under	 real-life	 conditions,	 as	
well	as	from	a	stationary	gas	engine.	The	comparative	anal-
ysis	 was	 made	 using	 X-ray	 photoelectron	 spectroscopy	
(XPS),	EDS	and	EELS.	The	latter	two	techniques	were	used	
in	a	TEM	in	scanning	mode.	While	the	EDS	technique	pro-
vides	 information	about	 the	elemental	composition	of	 the	
sample,	 EELS,	 through	 the	 Energy-Loss	 Near-Edge	 Struc-
ture	(ELNES)	can	provide	 information	about	 the	chemical	
state	of	the	elements.36	
	
	
EXPERIMENTAL	
Passenger	car	(petrol	engine).	The	sample	was	selected	
from	a	passenger	car	that	was	part	of	a	field	test.	The	exper-
imental	part	and	the	findings	with	focus	on	ZDDP	degrada-
tion	are	described	in	details.5	Briefly,	the	engine	was	thor-
oughly	 rinsed	 with	 fresh	 engine	 oil	 to	 ensure	 negligible	
amounts	of	previously	used	oil.	The	field	test	represented	
real-life	operating	conditions	in	terms	of	daily	commuting,	
involving	a	total	distance	of	approximately	110	km	per	day,	
composed	 of	 ≈20%	 city,	 ≈70%	 freeway,	 and	 ≈10%	 thor-
oughfare,	respectively.	The	sampling	of	the	engine	oil	was	
performed	 in	 predefined	 intervals	 so	 that	 the	 entire	 field	
test	was	performed	without	the	need	of	oil	refill.	The	sample	
was	gained	after	a	 total	mileage	of	19,800	km.	Properties	
and	characteristics	of	the	passenger	car	and	the	engine	oil	
can	be	found	in	Table	1.	The	sample	in	this	work	was	gained	
from	 the	 final	 used	 oil	 via	 centrifugation	 and	 filtration.5	
Therefore,	the	oil	was	diluted	with	n-heptane	in	a	mass	ratio	
of	approximately	1:4	and	centrifuged	at	40	°C,	12,000	rpm	
for	 60	min.	 After	 removal	 of	 the	 supernatant	 solvent,	 the	
process	was	repeated	with	fresh	solvent,	in	total	four	times.	
Finally,	the	solid	residue	was	dried	in	an	oven.	
	

	

	
	

	

	
	

	



Table	1.	Characteristics	of	the	passenger	car	and	properties	
of	the	engine	oil	used	for	the	field	test.	
Parameter	 Description/value	
Passenger	car	 	
Engine	type	 Petrol,	4	cylinders,	turbo-

charged	
Displacement	volume	(L)	 1.4	
Fuel	type	 Gasoline	RON	95	see	EN	

22837	
Power	at	4200	min-1	(kW)	 88	
Compression	ratio	(-)	 9.5:1	
Fuel	system	 Seq.	multi-port	fuel	injec-

tors	
Year	of	manufacture	 2013	
Engine	mileage	at	start	of	
field	test	(km)	

63	391	

Main	operating	mode	 Freeway	
Engine	oil	 	
Engine	oil	type	 SAE	5W-30	
Kinem.	viscosity	at	40°C	
(mm2/s)	

65.8	

Kinem.	viscosity	at	100°C	
(mm2/s)	

11.4	

Viscosity	index	(-)	 169	
Density	at	15°C	(g/cm2)	 0.85	
Total	base	number		
(mg	KOH/g)	

6.5	

Neutralization	number		
(mg	KOH/g)	

1.6	

Ca	content	(mg/kg)	 1910	
P	content	(mg/kg)	 720	
S	content	(mg/kg)	 2350	
Zn	content	(mg/kg)	 880	
	
Gas	engine.	The	sample	from	the	stationary	gas	engine	was	
obtained	by	separation	of	the	solids	from	oily	filter	deposits	
(gas	engine	continuously	operated	with	SAE	40	oil)	accord-
ing	to	the	following	cleaning	procedure:	16.5	g	of	oily	soot	
was	mechanically	ground	and	afterwards	washed	with	20	
mL	toluene.	The	soot	was	dispersed	with	Vortex	as	well	as	
immersing	 in	 an	 ultrasonic	 bath	 for	 30	 s	 and	 afterwards	
separated	by	centrifugation	(3500	rpm,	8	min,	25°C).	After	
decantation	 of	 the	 solvent,	 the	 same	 procedure	 was	 re-
peated	two	times	with	toluene,	and	three	times	with	isopro-
panol	 and	 petroleum	 ether.	 The	 obtained	 particles	 were	
dried	over	night	at	55°C	and	yielded	an	amount	of	11	g	oil-
free	soot.	

	
Engine	oils.	The	main	components	of	an	engine	oil	additive	
package	comprise	ZDDP	anti-wear	additive,	detergents,	dis-
persants	and	antioxidants.	As	shown	in	Table	1,	phosphorus,	
sulfur	and	zinc	can	be	attributed	to	ZDDP.	Calcium	and	pos-
sibly	 the	remaining	sulfur	are	 incorporated	 in	detergents.	
Calcium	occurs	as	calcium	carbonate	that	provides	the	base	
reserve	given	as	total	base	reserve	(TBN).	The	elements	that	
constitute	dispersants	and	antioxidants	are	typically	not	de-
tectable	by	common	elemental	analytical	methods	such	as	
optical	emission	spectroscopy.	
	
	

Figure	2.	Survey	XP	spectra	of	particles	originating	from	(a)	
petrol	engine	oil	and	(b)	gas	engine	oil	filter.	

	

X-ray	photoelectron	spectroscopy	(XPS).	XPS	measure-
ments	were	performed	on	a	Theta	Probe™	(Thermo	Fisher	
Scientific).	The	X-ray	 source	was	 a	monochromated	Al	Kα	
source	 at	 1386.6	eV.	 The	 spectrometer	 is	 calibrated	 to	
368.21	eV	binding	energy	(BE)	of	the	Ag	3d5/2	line	for	me-
tallic	silver	and	the	linearity	is	corrected	to	BE	of	metallic	
932.62	eV	for	the	Cu	2p3/2	 line	and	83.96	eV	and	Au	4f7/2.	
Charge	compensation	was	done	using	a	flood	gun	for	low-
energy	electrons	and	argon	ions	at	1	eV.	The	binding	energy	
of	the	corrected	spectra	are	corrected	to	the	main	hydrocar-
bon	peak	of	C	1s	at	284.6	eV	BE.	Sputter	cleaning	and	depth	
profiling	was	performed	by	sequentially	sputtering	with	Ar+	
ions	at	3	kV,	1	µA,	2x2	mm2.	The	resolution	of	the	X-ray	spot	
was	set	to	400	µm	for	all	measurements.	The	survey	spectra	
were	recorded	with	a	pass	energy	of	200	eV	BE,	the	detail	
spectra	with	a	pass	energy	of	50	eV,	respectively.	The	sam-
ples	were	evacuated	in	the	fast	entry	lock	for	several	days	
to	 maintain	 the	 vacuum	 performance	 in	 the	 analytical	
chamber.	The	base	pressure	in	the	analytical	chamber	was	
<	 5∙10–8	 Pa.	 Avantage	 v5.9917	 (Thermo	 Fisher	 Scientific)	
was	used	to	evaluate	the	XPS	spectra.	Peaks	were	fitted	us-
ing	convolution	of	Lorentzian	and	Gaussian	peak	shapes.	
	
Electron	microscopy.	TEM	investigations	were	carried	out	
using	a	probe	and	image	Cs	corrected	Themis	Z	operating	at	
300	kV	 accelerating	 voltage.	 The	 instrument	 is	 equipped	
with	SuperX	EDS	detector	and	Gatan	Quantum	965	ER	dual-
EELS	system.	EDS	and	EELS	spectra	were	acquired	simulta-
neously	in	STEM	mode.	The	acquired	EELS	dataset	was	pro-
cessed	in	the	following	way:	first,	strong	X-ray	spikes	on	the	
CCD	camera	were	removed	by	identifying	outliers	that	de-
viated	from	the	median-subtracted	data	cube	by	more	than	



6	sigma.	The	core-loss	EELS	data	cube	was	subsequently	un-
folded	along	the	spatial	dimensions	and	decomposed	using	
weighted	 principal	 component	 analysis	 (PCA)	 to	 identify	
the	orthogonal	basis	best	describing	the	variance	of	the	raw	
data	in	a	least-squares	sense.38,39	The	rank	of	the	signal	sub-
space	was	estimated	by	inspection	of	the	scree	plot,	and	this	
low-rank	 approximation	 was	 used	 to	 generate	 a	 spectral	
model	 that	 largely	 separates	 the	 data	 variance	 from	 its	
noise	 response.	 The	 model	 was	 subsequently	 projected	
onto	 the	 raw	data	using	weighted	 least	 squares	 and	 then	
scaled	back	to	the	original	noise	space	for	chemical	analysis.	
The	EELS	maps	were	extracted	by	employing	standard	ion-
ization	edge	extraction	routines40	on	the	low-rank	PCA	ap-
proximation	of	the	original	data.	

	
	

	

Figure	3.	 Dark	 field	 STEM	micrographs	 of	 representative	
particles	collected	from	the	petrol	engine	oil.		
	

Figure	4.	Sum	ED	spectrum	of	the	particle	collected	from	pet-
rol	engine	oil	(Figure	3a).		

	

Figure	5.	STEM	EELS	map	of	the	particle	collected	from	the	
petrol	engine	oil	(Figure	3b).			

	
	
RESULTS	AND	DISCUSSION	
 	XPS	analysis.	A	low	energy-resolution	survey	spectrum	of	
petrol	engine	sample	revealed	the	presence	of	the	following	
elements:	carbon,	fluorine,	oxygen,	nitrogen,	calcium,	phos-
phorus,	sulfur	and	zinc	(Figure	2a).	The	carbon	and	partially	
the	 oxygen	 can	 be	 explained	 by	 the	 assumption	 (later	
proven	 by	 TEM)	 that	 the	 sample	 contains	 soot	 particles.	
Fluorinated	additives	provide	low	friction	and	wear	in	the	
engine;41	 thus,	 the	 presence	 of	 fluorine	 can	 be	 also	 ex-
plained	 by	 the	 elution	 or	wear	 originating	 from	 fluorine-
containing	polymer	seals	usually	applied	at	elevated	 tem-
peratures.	Nitrogen	 is	known	as	component	of	 commonly	
used	aminic	corrosion	inhibitors	and	dispersants	in	engine	
oils	preventing	sludge	formation.	Calcium	is	part	of	deter-
gents	used	 in	 engine	oil.	The	 zinc,	 sulfur	 and	phosphorus	
content	can	be	linked	to	ZDDP	anti-wear	additive.	
	



A	depth	profile	has	been	made	on	the	sample	and	the	quan-
titative	distribution	of	 the	above-mentioned	elements	 are	
shown	in	Table	2.	Keeping	in	mind	the	correspondence	be-
tween	the	etching	time	and	the	quantity,	and	thus	the	thick-
ness	of	 the	 removed	material,	 it	 can	be	 assumed	 that	 the	
sample,	mostly	composed	of	soot	particles,	is	covered	by	an	
oxygen	containing	layer,	i.e.	the	significant	decrease	of	oxy-
gen	content	and	increase	of	carbon	content	observed	with	
increasing	of	etching	time.	Zn,	S	and	P	are	homogeneously	
distributed	 in	 the	 volume	 of	 particles	 as	 no	 significant	
changes	observed	with	respect	to	the	etching	time.	
	
	
	
	
Table	2.	Elemental	composition	of	particles	collected	from	
the	petrol	engine	oil	based	on	XPS	analysis.	Relative	atomic	
concentration	(at%).	
Etch	
time	
(s)	

Petrol	engine	
C	1s	 Ca	2p	 F	1s	 N1s	 O	1s	 P	2p	 S	2p	 Zn	2p	

0	 60.5	 1.0	 24.5	 1.4	 11.2	 0.7	 0.5	 0.3	
15	 69.0	 1.4	 18.7	 1.0	 8.7	 0.5	 0.4	 0.3	
30	 71.2	 1.5	 17.1	 0.9	 8.1	 0.6	 0.4	 0.3	
45	 72.2	 1.5	 16.1	 1.1	 7.7	 0.6	 0.4	 0.3	
60	 72.6	 1.5	 15.9	 1.2	 7.6	 0.6	 0.4	 0.3	

	
	
A	similar	low	energy-resolution	survey	spectrum	was	also	
collected	on	 the	sample	extracted	 from	the	gas	engine	oil	
(Figure	2b).	There	are	fewer	elements	detected	on	this	sam-
ple:	 C,	 O,	 S,	 Si	 and	 Ca.	 The	 abundance	 of	 carbon	 is	 over-
whelming,	compared	to	the	sample	from	the	petrol	engine.	
Considering	 the	 elemental	 composition	 as	 a	 function	 of	
depth	within	the	sample	(seen	in	Table	3),	an	oxide	layer	is	
at	the	top	of	the	sample.	After	10	s	of	etching	time	the	car-
bon	 elemental	 concentration	 reaches	 ≈	99	 at%,	 while	 al-
most	all	other	elemental	concentrations	decrease	to	≈	0	at%.	
This	is	an	indication	that	the	soot	originating	from	the	gas	
engine	is	much	cleaner	than	the	one	from	the	petrol	engine	
due	to	lower	content	of	additives	and	much	cleaner	opera-
tion	condition	with	gas	as	fuel.	While	XPS	is	an	invaluable	
tool	 for	 surface	 characterization,	 it	 needs	 to	 be	 comple-
mented	 with	 other	 techniques	 to	 get	 spatial	 information	
about	the	distribution	of	the	detected	elements.	
	
Table	3.	 Elemental	 composition	of	 the	particles	 collected	
from	the	gas	engine	oil	filter	based	on	XPS	analysis.	Relative	
atomic	concentration	(at%).	
Etch	
time	
(s)	

Gas	engine	
C	1s	 O	1s	 S	2p	 Si	2p	 Ca	2p	

0	 95.0	 2.5	 0.5	 1.5	 0.5	
10	 98.6	 0.8	 0.2	 0.3	 0.0	
30	 99.2	 0.5	 0.2	 0.0	 0.0	
50	 99.7	 0.0	 0.3	 0.0	 0.0	
80	 99.7	 0.0	 0.3	 0.0	 0.0	
110	 99.5	 0.0	 0.5	 0.0	 0.0	
140	 99.5	 0.3	 0.2	 0.0	 0.0	

	
	

STEM	 EELS	 and	 EDS	 analysis.	 The	 particles	 originating	
from	the	petrol	engine	and	observed	with	TEM	did	not	have	
a	specific	shape	and	their	size	(diameter)	were	in	the	range	
of	a	few	hundred	nanometers.	STEM	micrographs	of	repre-
sentative	particles	can	be	seen	in	Figure	3.	The	contrast	in	
the	 image	 indicates	 that	 the	 particle	 contains	 small	 frag-
ments	composed	of	relatively	high	atomic	number	elements.	
The	size	of	these	fragments	are	in	the	range	of	5-10	nm.	EDS	
and	EELS	spectrum	images	were	collected	simultaneously.	
The	sum	ED	spectrum	of	a	particle	collected	from	the	petrol	
engine	(Figure	3a)	can	be	seen	in	Figure	4.	It	confirms	the	
presence	of	the	following	elements:	C,	O,	Si,	P,	S,	Ca,	Fe,	F	and	
Zn,	and	the	corresponding	quantitative	analysis	of	the	over-
all	spectrum	is	presented	in	Table	4.	The	most	abundant	el-
ement	is	carbon,	which	is	consistent	with	the	soot	nature	of	
the	particle,	as	well	as	with	the	XPS	results.	Besides	oxygen,	
the	other	elements	can	be	found	in	relatively	small	concen-
trations.	

	
Table	4.	Elemental	composition	of	the	particle	collected	from	
the	petrol	engine	oil	(Figure	3a).	Relative	atomic	composition	
(%).	
C	 N	 O	 F	 Si	 P	 S	 Ca	 Zn	
84.5	 0.0	 11.0	 1.2	 2.4	 0.2	 0.3	 0.2	 0.1	
	
	
Figure	5	shows	the	elemental	EELS	maps	of	zinc,	phospho-
rus,	sulfur	and	silicon	of	the	particle	seen	in	Figure	3a.	The	
EELS	 spectra	 were	 collected	 in	 the	 800-2800	 eV	 range,	
which	included	the	following	elements:	silicon,	phosphorus,	
sulfur	and	zinc.	These	elemental	maps	have	a	better	signal-
to-noise	ratio	compared	to	 the	EDS	maps;	 thus,	 they	bear	
more	spatial	information.	
The	silicon	map	indicates	that	the	particle	is	covered	with	a	
silicon-based	compound,	that	can	originate	from	an	engine	
oil	additive.42	The	zinc,	phosphorus	and	sulfur	content	can	
be	associated	with	ZDDP	as	anti-wear	additive.	The	pres-
ence	of	iron	(detected	in	small	amounts,	as	can	be	seen	Fig-
ure	4)	can	be	explained	by	 the	 following	hypothesis:	 iron	
can	originate	from	the	obtained	surface	tribofilm	as	a	reac-
tion	product	of	the	steel	surface	with	active	components	of	
the	lubricating	oil	and/or	their	degradation	products.	The	
analyzed	fragments	of	the	tribofilm	contain	a	complex	com-
position	 of	 iron/zinc	 phosphate	 glasses.43	 The	 zinc	 and	
phosphorus	elemental	maps	shown	in	Figure	5	suggest	the	
validity	of	the	latter	hypothesis.	Figure	6	shows	the	oxygen	
K	edge	extracted	from	a	zinc-rich	and	from	a	zinc-free	re-
gion.	Qualitatively,	the	fine	structure	of	the	edge	indicates	



the	 presence	 of	 zinc	 and	 oxygen.	 Similar	 investigation	 of	
soot	particles	obtained	by	modelling	the	operation	of	diesel	
engine	(Patel	et	al18)	showed		presence	of	zinc	sulfate	and	
phosphate	in	substructure	of	obtained	soot	particles.	

	

Figure	 6.	 (a)	 Dark	 field	 STEM	micrograph	 of	 the	 particle	
from	Figure	3a,	(b)	Zn	elemental	map	and	(c)	oxygen	K	edge	
extracted	from	different	regions	of	the	particle:	S1	from	the	
zinc-free	region	and	S2	from	the	zinc-rich	region.			

Figure	 7.	 Dark	 field	 STEM	 micrographs	 of	 particles	 col-
lected	from	the	gas	engine	oil	filter.		

	
	
Figure	7	shows	particles	 found	 in	 the	soot	collected	 from	
the	gas	engine	oil	 filter.	Morphology	of	 the	particles	were	
found	to	be	similar	to	particles	obtained	from	the	petrol	en-
gine	oil.	The	high	intensity	of	the	top	of	the	particle	(Figure	
7a)	indicates	a	presence	relatively	high	atomic	number	ele-
ment.	The	EELS	elemental	maps	(Figure	9)	shows	that	this	
fragment	is	rich	in	Zn	and	that	its	size	is	in	the	range	of	few	
tens	of	nanometers.	The	elemental	composition	calculated	
based	on	the	EDS	sum	spectrum	of	the	particle	(see	Figure	
8	 and	Error!	Reference	 source	not	 found.)	 are	 in	 good	
agreement	with	 the	 results	of	XPS	analysis.	Carbon	 is	 the	
most	abundant	element	in	the	particle,	it	is	distributed	ho-
mogeneously.	 The	 phosphorus,	 sulfur	 and	 zinc	 elemental	
maps	correlate	well	with	each	other	(compare	with	Figure	
5),	which	is	a	further	indication	of	the	presence	of	zinc	sul-
fate/phosphate.		
	

	
Figure	8.	Sum	EDS	of	the	particle	shown	in	Figure	7a.		
	
	
Table	5.	Elemental	composition	at.%	of	the	particle	seen	in	Fig-
ure	7a	based	on	the	EDS	sum	spectra.		
C	 O	 Si	 P	 S	 Ca	 Fe	 Zn	
91.0	 7.6	 0.1	 0.2	 0.5	 0.5	 0.0	 0.1	

	
	
Figure	9.	STEM	EELS	map	of	the	particle	shown	in	Figure	7a.			

	
	
Figure	10	shows	the	scheme	of	a	proposed	decomposition	
pathway	starting	from	the	tribofilm	formed	from	ZDDP	on	
the	surface	of	the	sliding	components	of	the	internal	com-
bustion	engine.	 Ideally,	 the	tribofilms	on	both	sliding	sur-
faces	 form	a	barrier	between	 the	sliding	surfaces	and	 the	
only	wear	will	occur	from	the	tribofilm.3	Small	fragments	of	
the	tribofilm	(few	nm	in	diameter)	thus	can	enter	the	com-
bustion	chamber	and	can	be	incorporated	into	soot	nano-
particles.	 Agglomerated	 soot	 particles,	 in	 turn,	 can	 be	 re-
moved	 from	 the	 system	by	 the	 oil	 filter	 system.	 Particles	
smaller	than	a	critical	size	particles	can	be	dispersed	in	the	
engine	oil	by	interaction	with	stabilizing	additives.			

The	above	presented	analysis	shows	the	presence	
of	zinc	in	the	drained	engine	oil	in	form	of	oxide	or	mixed	
phosphate/sulfate	glass.	While	there	are	methods	proposed	
and	developed	for	removing	hazardous	elements	from	used	



engine	oils,44	the	removal	of	sulfur,	phosphorus	and	(heavy)	
metals	pose	challenges.	Zinc-containing	nanoparticles	hav-
ing	diameters	in	the	range	of	tens	of	nanometers,	pose	an	
increased	 hazard	 if	 released	 into	 the	 environment.	 From	
this	 point	 of	 view,	 it	would	be	of	 a	 benefit	 to	 replace	 the	
ZDDP	additive	with	a	"green"	lubricant	that	could	provide	
similar	 tribological	 performance	 to	 the	 engine,	 while	 it	
would	 not	 produce	 polluting	 compounds	 to	 the	 environ-
ment.		
	

Figure	 10.	 Schematic	 representation	 of	 the	 suggested	
metal-ZDDP	interface,	 i.e.	 tribofilm	decomposition	mecha-
nism.			

	
	
CONCLUSION	
The	soot	composition	in	real	operation	conditions	of	a	pet-
rol	engine	and	a	gas	engine	was	investigated	by	the	collec-
tion	of	soot	from	oil	and	filter	during	the	overall	life	cycle	of	
motor	lubricating	oil.	The	study	covered	a	total	mileage	of	
19,800	km	within	8	months.	The	degradation	of	forming	tri-
bofilm	sheds	light	on	the	chemical	nature	of	additive	pack-
age	 composition,	 interaction	 of	 base	 oil	with	 residuals	 of	
fuel	forming		soot	particles.	The	end-products	found	in	the	
drained	lubricating	oil	from	a	petrol	engine	were	analyzed	
using	XPS,	STEM	EDS	and	STEM	EELS.	The	obtained	solid	
product	was	compared		with	the	soot	originating	from	a	gas	
turbine	engine	to	evaluate	the	effect	of	additives	onto	chem-
ical	composition	and	morphology.	The	critical	advancement	
of	this	work	is	the	discovery	of	3-5	nm	ZnO	nanoparticles	
that	 contain	heterogeneously	distributed	phosphorus	and	
sulfur	within	 their	 structure.	These	ZnO:P,S	nanoparticles	
contain	 phosphorus	 and	 sulfur	 which	 originate	 from	 the	
ZDDP	anti-wear	additive.	In	case	of	the	petrol	engine,	ele-
ments	originating	from	the	oil	additives	have	additional	im-
purities,	because	Ca,	F	or	N	could	be	detected.	Our	results	
unravel	the	interface	decomposition	under	real	field	condi-
tions	and	hint	toward	potentially	unidentified	hazards	with	
respect	 to	 life-cycle	assessment	of	ZDDP-containing	 lubri-
cants.		
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