
Introduction

The increasing number of vehicles in the world 
and the environmental pollution caused by road 
transport have an undoubted impact on the increasing 
requirements for controlling emissions of harmful 
exhaust components. Road transport is often considered 
to be the main contributor to atmospheric emissions, 

which pose a threat to both the environment and 
humans [1]. It should be stressed that combustion 
in a compression ignition (CI) engine is a complex 
physicochemical process, heterogeneous in the time 
and space domains. Diesel engine exhaust is a mixture 
of several hundred chemical compounds, formed as a 
result of incomplete combustion of diesel and engine oil, 
as well as the modifiers and impurities they contained 
[2]. Emissions and exhaust gas composition from diesel 
engines depend not only on the type, operating point 
and technical condition of the engine, but also on the 
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composition and properties of the fuel and the exhaust 
after-treatment technology. A common phenomenon is 
the formation of photochemical smog over cities as a 
result of chemical reactions under the influence of solar 
radiation. Hydrocarbons make an essential contribution 
to the formation of ground-level ozone [2]. Black 
carbon particles, the major constituent of soot, are an 
undesirable by-product of combustion of diesel fuel, in 
particular from diesel engines driving heavy equipment, 
passenger cars, trucks, buses, railway locomotives 
and sea-going ships. Black carbon absorbs solar 
radiation and can thus heat the atmosphere, becoming 
a key contributor to global warming. The contribution 
of diesel-derived particulate emissions to climate 
change cannot be considered to be negligible [3-5]. 
Simultaneously, human exposure to diesel exhaust can 
cause eye, nose and throat irritation, but also acute and 
chronic changes in the respiratory and cardiovascular 
systems [6-8]. Moreover, diesel engine exhaust is 
considered by the International Agency for Research on 
Cancer (IARC) as mutagenic and carcinogenic (IARC 
cat. 1A). Efforts to reduce such pollution include the 
establishment of emission limit values for new vehicles 
sold in the European Union (EU). The EU standards 
comprise limit values for emissions of particulate, 
nitrogen oxides, carbon monoxide and hydrocarbons. 
At the same time, the emission limit values for these 
compounds are becoming increasingly stringent. 
Nowadays, the engines of new Diesel vehicles sold in 
the EU must emit 96% less nitrogen oxides than they 
were allowed to in 1990. Therefore, efforts to find 
compliance with these requirements remain ongoing, 
especially as they relate to older cars still present on the 
road. 

Fuel modifications can assist in increasing 
engine efficiency and reducing emissions of harmful 
substances. According to Bafghi et al. [9], additives are 
an important part of the fuels currently in use. In the 
majority of research and experimental works conducted 
so far, it has been found that metal particles, both on a 
micro and nano-scale, when added to standard Diesel 
fuel and biodiesel, improve the ignition and combustion 
process [10, 11]. Nano-additives (mainly metal oxides) 
increase the surface area-to-volume ratio, providing 
a larger contact surface area for rapid oxidation and 
more complete combustion, due to reduced ignition 
delays. Together with a carefully formulated base fuel 
composition, they can contribute to the efficiency and 
longevity of an engine [12]. 

This paper presents research on the influence 
of two different fuel modifiers, containing cerium 
dioxide and ferrocene nanoparticles, on the emission of 
particulate matter and hazardous chemical compounds 
from compression ignition engines. The use of these 
additives was briefly described in another paper by  
the authors [13], where the studies have been extended 
to emission of diesel oil mixture with addition  
of both nanomodifiers and hydrotreated vegetable oil 
(HVO). 

Cerium dioxide (CeO2) nanoparticles are mainly 
used as a fuel-borne catalyst in Diesel engines for 
the decomposition of unburnt hydrocarbons and 
carbonaceous particulate [14]. According to the 
literature, the presence of cerium can reduce the ignition 
temperature, thus facilitating the burning of carbon 
from the fuel within the engine cylinders, which further 
increases fuel efficiency and thus reduces particulate 
emissions [15]. These findings were confirmed by 
others, e.g. by Feroskhan et al. [16]. Nanoparticles 
of CeO2 exhibit high catalytic activity [17, 18]. Their 
presence in diesel fuel may lead to simultaneous 
reductions in nitrogen dioxide and hydrocarbon 
emissions [18]. Particulate matter measurements from 
current technology diesel vehicles exhibit a high (>80%) 
elemental carbon fraction [19]. 

Ferrocene is an organometallic chemical compound 
Fe(C5H5)2, an aromatic sandwich complex belonging to 
the metallocene group, in which the iron atom is located 
between two flat, parallel cyclopentadienyl rings [20]. 
Its stability at high temperatures and positive impact 
on fuel combustion efficiency have been described [20-
22], and thus also the impact on particulate emissions, 
namely a reduction thereof [23, 24]. Ferrocene reduces 
the concentration of carbonaceous matter formed during 
combustion by more efficient burnout, rather than by 
inhibition of initial soot formation [21]. Its use in Diesel 
fuels may reduce Diesel particulate matter (DPM), 
but simultaneously change its physical and chemical 
properties, which may lead to changes in their toxicity 
[15]. A set of chemical reactions to predict engine 
behavior and combustion process that can aid efforts 
to reduce harmful combustion products was described 
by Sarath Chandra [22]. Zhang and Balasubramanian 
[15] made attempts to estimate the emission of particles 
after the addition of both nanoparticles of cerium 
dioxide and ferrocene to diesel. In their study, however, 
the nanoparticles’ influence on harmful gaseous exhaust 
emissions was not investigated.

In light of the above, it was deemed of interest to 
obtain quantitative data on the impact of both nano-
additives on the emission of gaseous diesel exhaust 
components and particles. The search for solutions to 
reduce such emissions into the atmosphere is still an 
important issue taking into account concerns over oil 
resources and prices, climate change and traffic-related 
health effects. Due to the high share of passenger 
cars more than 10 years old on the roads [13], which 
has become a source of harmful exhaust emissions, 
it seems appropriate to seek solutions achieved via 
fuel modifications, since the cost and complexity of 
replacement (scrappage) and upgrading (emissions 
retrofitting) schemes are very high. 

Materials and Methods

A commercial B7 fuel, i.e. Diesel oil with 7 
percent admixture of bio-components Fatty Acid 
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Methyl Esters (FAME), from Circle K, Poland and 
two commercially available nano-additives: EnviroxTM, 
a Diesel nanocatalyst (from Energenics Europe Ltd.) 
containing 2% cerium dioxide, with an average 
particle size <8 nanometers based on light distillates 
treated with hydrogen (crude oil), and ARCHOIL 
AR6900-D MAX Advanced Fuel Synthesis PD & 
CR DIESEL, containing 5% ferrocene (Fe(C5H5)2) 
nanoparticles were used in the study. Based on the 
information from the safety datasheet, the AR6900-D 
MAX product is a mixture of 2-ethylhexyl nitrate 
(concentration: 25-50%), naphtha solvent (petroleum), 
heavy aromatic hydrocarbons (10-20%), C10-C13 
hydrocarbons (n-Alkanes, isoalkanes, annular, aromatic 
<2%) (concentration: 4-8%), 2-ethylhexan-1-ol (<5%), 
1,2,4-trimethylbenzene (<5%), ferrocene (<5%) and 
xylene (<5%). Fuel blends of 20 liters each, based on B7 
Diesel with and without nanomodifiers for fueling the 
compression-ignition engine, were prepared for testing 
on a chassis dynamometer and also analysed in terms 
of their physicochemical parameters. Market Diesel fuel 
containing 7% of bio-components, i.e. B7, was tested as 
a base fuel. Next, the fuel was mixed with the addition 
of nanomodifiers, i.e. cerium nanodioxide at a ratio of 
1:4000 and, analogically, ferrocene at 1:1000, based on 
the manufacturers’ suggestions. 

Individual parameters of physicochemical fuel 
properties have been determined in accordance with 
the guidelines of the applicable ISO standards [25-33], 
which are presented in Table 1.

Emissions of harmful exhaust gas components were 
tested on a chassis dynamometer (AVL Zoellner, 48” 
2WD type) working within the measurement range 

of 0 – 200 km/h (±0.05 % accuracy) in a laboratory 
professionally equipped to perform this type of test 
(Fig. 1). Exhaust emissions (both gaseous emissions and 
particulate) were measured using the New European 
Driving Cycle procedure specified in the European 
Directive 98/69/EC. This driving cycle represents 
driving in an urban area (UDC), followed by the Extra 
Urban Driving Cycle (EUDC). The UDC commences 
with a cold engine start, followed by 10 seconds of 
idling and then driving at speeds up to 50 km/h; for 
some 29% of the duration of the UDC the vehicle 
is at standstill (idling). Thus, the NEDC procedure 
captures the emissions associated with engine start-
up, idling and normal driving at a range of speeds 
up to 120 km/h. Measurements of regulated exhaust 
emissions i.e. carbon monoxide and carbon dioxide, 
nitrogen oxides and hydrocarbons (HC), as well as 
particle mass (PM) and particle number (PN) were 
carried out on a passenger vehicle. The test car (Fiat 
Panda, category M1) was equipped with a compression-
ignition engine meeting the Euro 3 emissions standard 
(without selective catalytic reduction (SCR) or a Diesel 
particulate filter (DPF)). The vehicle specifications were 
as follows: engine swept volume of 1248 cm3, maximum 
engine power of 51 kW @ 4000 rpm. The mileage at 
the start of testing was 121 796 km. The vehicle was 
fueled with Diesel fuel with or without a nanomodifier, 
the latter to provide a control. 

In accordance with the NEDC procedure, the total 
sampling time was equal to the duration of the driving 
cycle, i.e. 1200 seconds. This sampling period is 
divided into two phases, the first of which (UDC) lasts 
780 seconds and the second of which (EUDC) lasts  

Table 1. Determined values of selected physicochemical properties of Diesel oil (B7) and its mixtures with nano-additives.

Fuel parameter Test method Criteria
Results for fuel blends

B7 B7 + nanoparticles 
of cerium dioxide 

B7 + nanoparticles 
of ferrocene 

Fractional 
composition 

[% (v/v)]

up to 250ºC distils

PN-EN ISO 3405:2012 [25]

<65 35.2 36.4 36.6 

up to 350ºC distils min. 85 93.1 92.9 93.5 

95% (v/v) distils at a 
temperature of [ºC] max. 360 359.6 359.4 357.2 

Density at 15ºC [kg/m3] PN-EN ISO 12185:2002 [26] 820-845 833.6 833.3 833.6 

Kinematic viscosity at 40ºC [mm2/s] PN-EN ISO 3104:2004 [27] 2-4.5 2.651 2.72 2.709 

Cetane index PN-EN ISO 4264:2010/
AMD 1 2013 [28] min. 46 53.9 53.7 53.5 

Cetane number PN-EN ISO 5165:2003 [29] min. 51 55.4 51.5 55 

Flash point [ºC] PN-EN ISO 2719:2016 [30] >55 60 59 59 

Absolute atmospheric pressure during 
measurement [kPa] 

Laboratory internal 
procedures   97.9 97.9 97.9 

Water content [mg/kg] PN-EN ISO 12937:2005 [31] max. 200 70 80 70 

Contents of impurities [mg/kg] PN-EN 12662:2014 [32] max. 24 <12.0 <12.0 <12.0 

Sulphur content [mg/kg] PN-EN ISO 20846:2012 [33] max. 10.0 9.8 8.2 9.2 
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400 seconds. The sampling location was from the 
dilution tunnel of the exhaust emissions measurement 
system, in line with the NEDC procedure and standard 
practice in the automotive industry. 

For the measurements of individual components of 
exhaust gases the following equipment, specified in 
the previous work of the authors [13], was used: for 
CO, CO2 – non-diffuse absorption of infrared radiation 
(NDIR – non-dispersive infrared); HC – heated flame 
ionization detector (HFID) and NOx – chemiluminescent 
detector (CLD - chemiluminescent detector) with  
NO2/NO converter. In addition, for CI engines a heated 
gas path (with heated filters and pump) is required for 
emission measurement of THC – heated FID – heated 
flame ionisation analyser (HFID) at 190ºC and for  
NOx – 110ºC – heated CLD – heated chemiluminescent 
detector (HCLD). Particulate matter was quantified in 
terms of mass (gravimetric measurement performed 
by drawing a known volume of diluted exhaust gas 
through TX40 filters) and in terms of number (via a 
condensation particle counter measuring solid particles 
of diameter >23 nm). The measurements were carried 
out in full accordance with applicable legislation for the 
test vehicle type [34]. An exception to this point is that 
when the test vehicle was produced, the legislative test 
method did not include measurement of particle number 
– the measurement performed in this study is based 
on more recent legislative requirements applicable to 
newer vehicles. A detailed methodology of emission 
testing of harmful exhaust gas compounds on a chassis 
dynamometer, although commonly used for emissions 
testing in the automotive industry, has been previously 
described by Bielaczyc et al. [35].

Results and Discussion

Determination of Physicochemical Parameters 
of Tested Fuels

The physicochemical parameters of the fuels used in 
the presented study have been tested, covering cetane 
number and cetane index, fractional composition, 
sulphur, water and impurity content, as well as its 
viscosity and density, in accordance with the applicable 
ISO standards [25-33] (Table 1). The observed changes 
in the physicochemical properties of the resulting fuel 
mixtures did not affect the base fuel to such an extent 
that any modification of the engine was necessary. 
At the same time, the composition of the fuel and its 
physico-chemical properties, apart from the type of 
the engine and its technical condition, may affect the 
qualitative and quantitative nature of the exhaust 
emissions.

In the presented study the addition of nanoparticles 
of both ferrocene and cerium dioxide had little effect 
on the fractional composition of the mixtures. The 
presented results show that after the addition of 
nanomodifiers, the auto-ignition capability of the fuel 
decreased (taking into account both cetane number 
and cetane index). At the doses used in this study, 
cetane number decreased as much as 3.9 units with 
the addition of cerium nanodioxide, and by 0.4 units 
with the ferrocene nanoparticles added to the B7 fuel  
(Table 1). The studies of Chen [36] has shown that the 
impact of changes in cetane number in the range of 
50-64 on emissions of NOx and particulates can be 
negligible. On the other hand, Balawender et al. [37] 

Fig. 1.  Laboratory diagram with chassis dynamometer, exhaust gas collection and dilution system, exhaust gas analysers and particle 
number counter. 
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presented studies where a decrease  of  the  derived  
cetane  number  resulted  in  reduction  of  hydrocarbons  
content  in  exhaust gases. Nano-additives had a small 
effect on the change in cetane index compared to 
base fuel B7 (differences of 0.2-0.4 units have been 
calculated). Viscosity and the combustion quality – 
increased with the addition of nanomodifiers. 

Exhaust Emissions 

Exhaust emissions testing on a chassis dynamometer 
is one of the most important and complex tests to 
which combustion engine vehicles are subjected. The 
emissions were measured in the standard New European 
Driving Cycle (NEDC) test, separately in both the 
Urban Area (UDC) and the Extra Urban Driving Cycle 
(EUDC) phases. These tests were performed to enable 
analysis of the impact of fuel additives on the emissions 
of individual pollutants under different operating 
conditions. The obtained results (presented in Fig. 2) 
confirmed the effect of the nanomodifiers addition 
to Diesel fuel on the emission of exhaust components 
harmful to humans and the environment. 

Emissions of CO and HC

Exhaust emissions of CO and HC result from 
incomplete combustion and unburnt fuel [2]. A 
significant decrease in CO and HC emissions was 
observed in the NEDC tests with nanomodifier present 
in the fuel. Total hydrocarbons emissions decreased 
by 12.2 mg/km when nanoparticles of ferrocene were 
added to B7 fuel and by 2.5 mg/km with cerium dioxide 
nanoparticles. The reduction in HC when nanoparticles 
of cerium dioxide were present in the fuel was due 
to the conversion of CeO2 (+4) valance state to CeO3, 

which supplies enough oxygen for complete combustion 
of hydrocarbons and the conversion of cerium oxide to 
cerous oxide, as previously described by Saxena et al. 
[38]. Much higher emissions during the urban driving 
cycle than the EUDC were noticed for CO and total 
hydrocarbons. Carbon monoxide is produced in the 
process of combustion with insufficient oxygen. High 
CO emission in the UDC phase results from a worsened 
combustion process in the cold engine, as well as from 
the fact that the after-treatment system (in this case, 
a Diesel oxidation catalyst) is inactive, not having yet 
warmed up. Thus, in the UDC phase the production 
of CO in the engine is elevated and the ability of the 
after-treatment system to deal with those emissions 
is compromised. In the EUDC phase, the engine 
and its after-treatment has already reached thermal 
stabilization, which significantly reduces the formation 
of CO in the combustion process and greatly increases 
the ability of the after-treatment to eliminate emissions, 
and so the CO emissions reach a relatively constant, 
low level.

Emissions of NOx

Emissions of NOx increased, both after adding 
nanoparticles of cerium dioxide (increase by 10.9 mg/
km) and ferrocene (by 6.2 mg/km) to B7 fuel. Such an 
increase in NOx emission can be probably explained 
by the catalytic effect of metallic additives on the 
combustion process. The NOx emission results for all 
tested fuel blends are in the range of 280-295 mg/km 
(in the UDC phase even at a level of 409 mg/km), 
thus complying with the Euro 3 NOx emission limit 
(500 mg/km). However, in relation to the current Euro 
6 standard, which limits NOx emissions from vehicles 
with Diesel engines to a level of only 80 mg/km, 

Fig. 2. Differences in gaseous and particulate emissions with the addition of nanomodifiers to B7 fuel.
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these values are very high. In the extra-urban EUDC 
phase, both ferrocene and cerium dioxide nanoparticles 
present in B7 fuel contributed to an increase in NOx 
concentrations in the exhaust gas. The analysis of 
physicochemical parameters of individual fuels may 
lead to the conclusion that the lowest NOx emission 
values should be expected for the mixture with the 
highest cetane number. With an increase in cetane 
number, the amount of fuel burned in the kinetic phase 
decreases, while the amount burned in the diffusion 
phase increases. The formation of NOx is determined by 
the amount of fuel burned in the kinetic phase. 

Particulate Emissions 

Measurements of the mass of particulate matter 
emitted on a dynamometer are carried out using a 
gravimetric method using a CVS and dilution tunnel. 
As determined by exhaust emissions measurements in 
the NEDC test, the addition of nanomodifiers caused a 
reduction of PM mass emissions [mg/km] (Fig 3). Lower 
values of PM emissions were recorded after the use of 
B7 fuel doped with CeO2 nanoparticles (5% emission 
reduction) than ferrocene nanoparticles. Much higher 
emissions were observed for PM during the EUDC 
than the UDC. It should be emphasized that compared 
to Euro 3 requirements (Commission Regulation (EU) 
98/69/EC), PM emissions did not exceed the applicable 
limit of 50 mg/km. However, these results significantly 
exceeded the Euro 5 and Euro 6 standards (Commission 
Regulation (EU) 459/2012) in force today, where the 
limit value is over ten times lower (4.5 mg/km). What is 
more, current EU regulations limit particulate emissions 
by both mass and number. The Euro 5+ standard 
introduced a new requirement: a particle number (PN) 
limit which can be emitted per km for all passenger 
cars and vans with CI engines, which is 6×1011 [#/km]. 
This PN limit is much more demanding compared to the 
mass (PM) limit, making PN measurements the main 
focus of automotive particulate testing today. Particle 
number limits complement the mass limits, involving 
the use of other measurement methods. For legislative 
purposes, PN measurement is carried out from the 
diluted exhaust gas, with the sample obtained from the 
aforementioned dilution tunnel. Solid particles between 
23 nm and 2.5 µm are measured. The introduction of 
a PN limit was dictated by the results of toxicological 
studies indicating that the negative impact on human 
health is relatively more determined by the number 
and size (and thus surface area) of the emitted particles 
than by their mass. The finest particles may have a 
small share in the total mass of particles, but they can 
penetrate further into the lungs and are much more 
likely to get into the bloodstream.

The number of particles measured in diesel exhaust 
reached several tens of trillions per km and differed 
from each other for the two fuel blends. The presence 
of cerium dioxide reduced the number of particles in 
diesel exhaust (to 6.77×1013 /km), while ferrocene caused 

smaller changes (up to 7.132×1013 /km) compared to B7 
fuel. The results obtained revealed opposing trends to 
those reported by Zhang et al [15]. That study found 
that diesel fuel admixtures with CeO2 and Fe(C5H5)2 
nanoparticles as fuel catalysts, although effective 
in reducing PM mass emissions, led to a significant 
increase in particulate matter. During the EUDC phase, 
when the engine is fully warmed up, a much stronger 
correlation between PM and PN values can be observed. 
The influence of physicochemical parameters on PM 
emission in the exhaust gases is visible in the second 
part of the test - the EUDC phase. It is connected, among 
others, with higher engine load in this phase of the test.

CO2 emissions 

One of the most important challenges for our 
civilization is the fight against global warming by 
reducing anthropogenic greenhouse gas emissions into 
the atmosphere. Targets are to reduce CO2 emissions 
by 20% by 2020 and 50% by 2050. Road transport is 
currently one of the largest sources of CO2 emissions in 
the European Union. CO2 emissions can be regarded as 
being proportional to the fuel consumed in the operation 
of the vehicle [34]. Directive 93/116/EC and Regulation 
101 [39], among others provide for the measurement of 
carbon dioxide emissions and fuel consumption based 
on CO, CO2 and HC emissions in the NEDC laboratory 
test. The result of the measurement is presented as 
the total CO2 emissions (for both parts of the test), 
expressed in g/km and fuel consumption expressed in 
dm3/100 km. The value of fuel consumption (FC) can 
be determined separately for both parts of the test and 
jointly for the entire test, based on the formula [39]: 

FC = 0.1155 /ρF x (0.886 x [HC] + 0.429 x [CO]
+ 0.273 x [CO2])                       (1)

...where ρF is the density of the fuel. 
Lower fuel consumption leads to lower CO2 

emissions. Table 2 presents the results of CO2 emissions 
measurements, fuel consumption and vehicle mileage 
in the NEDC test and separately in both its EDC and 
EUDC phases. The results showed that the differences 
in CO2 emissions in the NEDC test using individual 
B7 blends with or without a nanomodifier as a fuel are 
within the limits of 1-3 %, as is the fuel consumption. 
Higher values of emissions [g/km] were observed in the 
urban phase of UDC, which, similarly to CO emissions, 
is due to deteriorated combustion process caused by the 
lack of thermal stabilization of the engine. It can also be 
caused by moving the vehicle at suboptimal speeds in 
low gears and frequent stops and idling. 

Directions for Further Research, 
Practice and Policy

Increasingly stringent regulations (exhaust emissions 
standards) for pollutant emissions require extensive 
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research, design, approval, and thus also control and 
diagnosis work in the field of exhaust gas emissions and 
their mitigation. One way to improve combustion of fuel 
in a diesel engine without changing its base specification 
is to introduce a chemical additive. Fuel modifications 
play an important role in increasing engine performance 
and reducing emissions of substances that pose a risk 
to human health. Efforts made to reduce emissions by 
introducing new emissions standards (i.e. limit values 
for several chemical compounds and particles in the 
exhaust) may not fully solve the problem, as they 
only concern newly manufactured vehicles. Crucially, 
newer standards do not apply to vehicles already on the 
road – and therefore do not fully address the problem 
of diesel exhaust pollution. This study is a good step 
towards the application of fuel modifications and 
finding their potential for reducing emissions from 
passenger cars on the EU’s roads. Nevertheless, further 
research in this direction is required. Comparative 
studies of CeO2 nanoparticles with other nanoparticles 
should be conducted, in order to have a comprehensive 
evaluation and approach [17]. Future research should 
also further investigate the effects of cerium dioxide 
and ferrocene nanoparticles on exhaust emissions, 
human health and the environment. The main challenge 
for the future will therefore be to fully assess the 
potential harmful effects on the environment and 
health associated with the release of nanoadditives 
and nanoadditive-derived compounds, while exploring 
the extent to which these nanoadditives can improve 
current GHG emission factors. As presented by Biglari 
et al. [40], decreasing emissions from fuel combustion, 
creating green space, planning and cooperation of all 
responsible organizations can be effective in decreasing  
the effect of such pollutants on air quality and human 
health. 

Conclusions

The addition of cerium nanodioxide to B7 fuel 
resulted in a reduction of carbon monoxide emissions 
(by 5%), hydrocarbons (by 8%), as well as the mass and 
number of particles (by 5%). At the same time, however, 
an increase in the emission of nitrogen oxides (4%) and 
carbon dioxide (1%) was observed. It confirmed that 
particles and nitrogen oxides (NOx) were generated 
antagonistically. Thus smaller amount of particles 
were produced at the expense of larger amount of NOx 
formation. This is a manifestation of the well-known 
PM-NOx tradeoff effect.

The addition of ferrocene nanoparticles to B7 base 
fuel showed a 20% reduction in carbon monoxide and 
even by 40% in hydrocarbons. Lower differences were 
observed in the case of particles emissions. The authors 
observed an increase in mass of particles by 0.68 mg/km 
and decrease in their number PN <1%. Simultaneously, 
an increase in nitrogen oxides emission by 7.94 mg/km 
was noted. Moreover, unlike the addition of cerium 
nanodioxide, ferrocene nanoparticles caused a decrease 
in carbon dioxide emissions (by 1.5 g/km) and fuel 
consumption. Both nanomodifiers had a similar effect 
on fuel consumption. 

The obtained results allow us to conclude that the 
application of nano-additives to B7 diesel oil, such as 
ferrocene or cerium dioxide, will reduce the emission 
of carbon monoxide, hydrocarbons and particles in the 
air. From the point of view of environmental pollution 
and its impact on human health, these results are 
promising, but require further work in this direction. 
The average passenger car in Poland is over a dozen 
years old and thus it meets the requirements of the 
Euro 3-Euro 4 standard on average. Since there is no 
accurate information on deregistered or unused cars,  

 Fuel mixture  Measurement (vehicle mileage 
[km])

Emission of CO2 [g/km] Fuel consumption [l/100 km] 

NEDC UDC EUDC NEDC UDC EUDC

B7

1 (122006) 124.6 148.9 110.4 4.73 5.69 4.18

2 (122017) 124.2 148.1 110.3 4.72 5.65 4.17

mean 124.4 148.5 110.4 4.72 5.67 4.18

Standard deviation A 0.2 0.5 0.1 0.01 0.03 0.01

B7 + nanoparticles 
of cerium dioxide

1 (122054) 125.7 150.3 111.4 4.77 5.73 4.22

2 (122065) 125.6 150.1 111.3 4.77 5.73 4.21

mean 125.6 150.2 111.4 4.77 5.73 4.21

Standard deviation A 0.1 0.2 0.1 0.01 0.01 0.01

B7 + nanoparticles 
of ferrocene

1 (122127) 123.1 147.2 109.1 4.67 5.60 4.13

2 (122175) 122.8 147.4 108.6 4.66 5.61 4.11

mean 122.9 147.3 108.8 4.66 5.61 4.12

Standard deviation A 0.2 0.2 0.4 0.01 0.01 0.01

Table 2. Fuel consumption and CO2 emission results in the NEDC test.
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it can be expected that poor air quality will continue to 
be a problem and vehicular pollution will have a harmful 
impact on human health. Hence, the use of diesel 
nanomodifiers seems to be a good solution, especially 
for older in-use cars not subject to the most recent 
emissions standards (Euro 6). So far, the reduction of 
particles emissions from the transport sector could be 
achieved via the use of diesel particulate filters for on-
road and off-road vehicles, as well as by eliminating 
high-emitting diesel vehicles from circulation. This 
study has shown that the addition of nanoparticles of 
cerium dioxide can reduce particulate matter emissions 
by up to 7%. 
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