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ARTICLE INFO  Nanomaterials are a new group that has quickly found a wide range of applications in 

medicine, cosmetology, the food, weapons or automotive industry. They are also used as a fuel 

additive. This paper reviews the literature and assesses the current state of knowledge regarding 

the use of nanoparticles in automotive engine fuels. The results obtained so far are presented and 

further research directions in this field are identified. 
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1. Introduction 
Road transport is the most prevalent mode of transporta-

tion. Internal combustion engines are invariably the most 

popular form of propulsion and diesel is the dominant fuel. 

This results in high environmental pollution, mainly due to 

emission of harmful substances such as carbon monoxide, 

particulate matter, unsaturated hydrocarbons and nitrogen 

oxides into the atmosphere, which contribute to the for-

mation of smog. The pollution produced poses a threat not 

only to the ecosystem, but also to human health and life. In 

order to reduce the problem resulting from the use of inter-

nal combustion engines, a number of researches are being 

conducted in a variety of areas related to efficient combus-

tion, fuel cleaning technology, catalytic technology, par-

ticulate filters, and the use of alternative fuels. Strict regula-

tions related to the limitation of pollutant emissions force 

both scientists and entrepreneurs to look for alternatives to 

fossil fuels (e.g. biodiesel, dimethyl ether, alcohols, natural 

gas, dimethyl carbonate or hydrogen [9]). In addition, addi-

tives are used to reduce harmful emissions. These include 

calcium-, phosphorus-, silicate-, alcohol-based products, 

tertiary additives like nitromethane, nitroethane, methyl 

ester, nano additives [4, 7]. These are very rapidly growing 

areas. In this article, the authors have undertaken to analyze 

and evaluate current developments in the area related to the 

use of fuel additives, limiting the review study conducted to 

nanomaterials. The aim of the paper is to present the possi-

bility of their application as fuel additives, to show poten-

tial benefits resulting from their use and to justify the ne-

cessity of conducting further research, especially in view of 

their so far marginal application in the automotive industry, 

estimated (in relation to other branches of industry) at about 

1% [13]. The authors hypothesized (research hypothesis) 

that the use of nanomaterials as fuel additives is an im-

portant element in the development of the automotive in-

dustry in line with the sustainable transport paradigm be-

cause it contributes to the reduction of harmful emissions to 

the atmosphere through chemical mechanisms and the pres-

ence of functional groups capable of improving fuel com-

bustion quality. 

2. Characteristics of nanomaterials 
Nanomaterials are a group of materials both naturally 

occurring and synthesized, of any dimension, but having 

structure at the nanoscale i.e. 1 to 100 nm [3]. Nanomateri-

als are characterized by very good mechanical, electrical, 

optical and thermal properties. Nanomaterials find wide 

applications in automotive industry, including production of 

paints, coatings, lubricants, materials for electrical and 

electronic devices, sensors, etc. They are also produced as  

a lightweight material with high strength as well as corro-

sion and heat resistance, used in structural components [1]. 

However, the authors would like to pay special attention to 

their use as a fuel additive. According to available research 

in this area, nanoparticles are effective in reducing emis-

sions and improving engine performance [17]. The use of 

additives can change parameters such as density, volatility 

or sulfur content [17]. In addition, it affects ignition time, 

ignition delay, friction, and emissions of harmful pollutants 

such as nitrogen oxides, carbon monoxide, carbon dioxide, 

unburned hydrocarbons, smoke. 

The most popular nanomaterials include cerium oxide, 

carbon nanotubes, aluminum oxide, titanium oxide, gra-

phene oxide, aluminum oxide, iron oxide, copper oxide, 

and zinc oxide. Their chemical and physical properties are 

presented later in this article. 

2.1. Physical and chemical properties of nanomaterials 

Carbon nanotubes 

Carbon nanotubes are allotropic varieties of carbon, 

long, thin, and cylindrical in shape, about 1–3 nm in diame-

ter and hundreds to thousands of nanometers in length [4, 

16]. In terms of structure, carbon nanotubes can be divided 

into: Single-Wall Carbon Nanotubes (SWCNT) and Multi-

walled Carbon Nanotubes (MWCNT). Single-wall carbon 

nanotubes consist of a single graphene sheet with a tube-

like structure, while multi-walled ones consist of multiple 

graphene sheets [2, 16]. 

Single-wall nanotubes range from 0.4 to 10 nm in diam-

eter while multi-walled ones from 10 to 100 nm [2]. Carbon 

nanotubes are characterized by their ability to form oxi-
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dized forms of CNTs by the action of acids such as nitric, 

sulfuric, or potassium manganate Oxidized carbon nano-

tubes dissolve better in water by becoming more polar [21]. 

Comparing carbon nanotubes to conventional powdered or 

granular activated carbon, they feature a large active sur-

face area to volume ratio, thus showing a higher potential to 

remove heavy metals from water, while conventional acti-

vated carbon is characterized by a smaller active surface 

area and activation energy [16]. 

 

Fig. 1. Shows a) single-wall carbon nanotubes b) multi-walled carbon 
nanotubes [24] 

Metal oxides and non-metal oxides 

Metal oxide nanoparticles include mainly TiO2, Fe3O4, 

SiO2, Al2O3. They are of interest to a wide range of re-

searchers due to their versatile properties, which include 

environmental friendliness, non-toxicity, high electrical and 

mechanical conductivity, large specific surface area, ease of 

synthesis and low manufacturing cost. They find applica-

tion mainly in sorption or composite formation. Metal oxide 

composites with porous structures are gaining popularity 

because they exhibit, due to combining different material 

properties, higher yield compared to conventional metal 

oxides [20]. 

Iron nanoxide 

Iron oxide-based nanomaterials exhibit great potential 

for eliminating pollutants due to their superparamagnetism. 

They are characterized by low production costs, are easy to 

obtain, have a large surface-to-volume ratio, and are harm-

less. Iron nanoxides find vast application in adsorption due 

to their high SSA (specific surface area) (30–100 gm
–1

) 

[22]. They feature reactive surface sites and functional 

groups, which contributes to the effective adsorption of 

contaminants. 

Iron oxide-based nanoparticles come in various forms, 

e.g.: nano ovals, nano rings, nano strips and graphene-based 

complexes for the elimination of heavy metals. In nature, 

iron oxides occur in several forms such as hematite  

(α-Fe2O3), magnetite (Fe3O4), maghemite (γ-Fe2O3), goe-

thite (α-FeOOH), lepidocrocite (γ-FeOOH), and hydrous 

ferric oxide (HFO).) However, hematite, magnetite, and 

maghemite have found the greatest use in water treatment 

because they exhibit extraordinary surface charge proper-

ties and redox activity, as well as polymorphism that in-

cludes a temperature-induced phase transition and unique 

magnetism [19]. Hematite is a relatively inexpensive adsor-

bent and is the most stable iron oxide. It is used for adsorp-

tion of organic pollutants and heavy metals [19]. Magnetite 

also has a strong affinity for ions such as Pb(II), Cu(II), 

Cd(II). Magnetite exhibits a reducing ability that contrib-

utes to adsorption. According to [19], γ-Fe2O3 reduces 

Cr(IV) to Cr(III) and causes its immobilization on the sur-

face. It is also an effective adsorbent of As(V) because it 

shows high affinity between Fe
3+

 and As
5+

 [19]. 

Iron oxides: Fe3O4 and γ-Fe2O3 are characterized by 

strong magnetic properties, which depend on the particle 

size, composition and shape – when the particle size is 15 

nm or 40 nm, they can already obtain supermagnetic prop-

erties [19], i.e. that they are attracted by a magnetic field, 

but do not retain magnetic properties after the field is re-

moved. 

Aluminum oxide 

They are characterized by low manufacturing cost, sig-

nificant toxicity, large specific surface area, large pore 

volume. The following forms can be distinguished: hexag-

onal, orthorhombic, monoclinic, tetragonal and cubic, core. 

According to [19], aluminum oxide exhibits a strong affini-

ty for adsorption of arsenic and fluorine. Mesoporous  

γ-Al2O3 show the best adsorption properties for heavy metal 

removal. 

Titanium dioxide 

Nano titanium dioxide has a dual application: adsorp-

tion and photocatalysis of organic compounds. Photocataly-

sis does not work in the case of high concentrations of 

organic pollutants due to poor light transmission. On the 

other hand, titanium dioxide-based nanomaterials show 

high adsorption capacity of heavy metal ions like lead, 

cadmium, tin, nickel and copper. According to [6], there are 

several mechanisms for adsorption of contaminants on 

titanium dioxide. The Ti(IV) ion can act as a Lewis acid 

due to the uncompensated positive charge that coordinates 

molecules with a free pair of electrons. In contrast, O2
–
 is  

a Lewis base and adsorbs acidic molecules and cations. 

Other interactions between titanium dioxide and impurities 

include hydrogen bonding and electrostatic interaction. 

Graphene oxide 

The oxidized form of graphene is graphene oxide (GO), 

which is formed by oxidation and exfoliation. Graphene 

oxide contains an oxygen-containing group. It can be a: 

phenolic, carboxyl, hydroxyl or epoxy group.  

 

Fig. 2. Structure and adsorption site of graphene sheets [2] 

 

Consequently, the surface has a negative charge and 

positive ions can be attracted by electrostatic interaction. 

The adsorption efficiency can be improved by introducing 

additional oxygen-containing groups from polymer parti-

cles, metal oxides or hydroxides. These can include 

caboxymethyl cellulose, ethylenediaminetetraacetic acid 
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(EDTA), ZnO, acetylacetone and TiO2. The reaction occur-

ring between ions and groups depends on the pH value. As 

pH increases, the oxygen-containing groups are deprotonat-

ed and as a consequence the adsorbent surface is more 

negatively charged – the attraction of positively charged 

cations increases. However, with a decrease in pH, protona-

tion and the reverse phenomenon occurs [22]. In addition, 

pH also affects the very form of heavy metal cations that 

can hydrolyze to hydroperoxides. At high pH, precipitation 

of cations may occur or negatively charged hydroxides will 

form, which will electrostatically repel from the adsorbent. 

3. Nanoparticles as fuel additives 

3.1. Cerium oxide 

According to [11], cerium oxide has the ability to cata-

lyze combustion reactions by passing oxygen ions from its 

lattice structure. The addition of cerium oxide to the fuel 

aids in the breakdown of unburned hydrocarbons and their 

residues, thereby reducing toxic vapor emissions while 

consuming less fuel. The addition of cerium oxide helps to 

reduce the weight of the fuel in the combustion chamber, 

which limits the formation of nitrogen oxides and makes 

ignition reactions more efficient. In [23], tests consisting in 

adding cerium nanoxide at 100 mg/l to diesel fuel and 

checking its effect on the performance of a four-stroke 

diesel engine were carried out. The nanopowders were 25 

nm (Ce25) and 50 nm (Ce50) in size. The parameters of nano 

additives used in the study are summarized in Table 1. 

 
Table 1. Physical characteristics of the materials used [23] 

Type 
Bulk density 

[g/cm3] 

Specific surface 

area [m2/g] 
Size [mm] 

Ce25 0.53 30–50 Max 25 

Ce50 0.53 30–50 Max 50 

 

Ce25, Ce50 were mixed with standard diesel at 40 ppm 

and then ultrasonically vibrated for two hours to obtain  

a homogeneous blend. After 24 hours, the mixtures were 

pumped into a fuel tank at the test stand. Diesel fuel pro-

duced by Coryton Advanced Fuels was used as a reference.  

 

 

Fig. 3. Measuring station [23] 

 

The study was conducted using a Cummins ISBN four-

stroke diesel engine. Fuel was compressed through a com-

mon rail and injected through four injector ports. Flow rate 

was measured with a Coriolis flowmeter, while pressure 

was controlled in the third cylinder using an AVL QC34C 

pressure transducer. The gas analyzer detected carbon 

monoxide, nitrogen oxides, and unburned hydrocarbons. 

Fuel was pumped into the fuel tank. The engine was run 

for 20 min at 1,600 rpm and 25% load to consume all the 

fuel in the system and warm up the engine. After the exper-

iment was completed with the test fuel, it was drained and 

the lubricating oil was renewed. The next day, all steps 

were repeated using a new batch of test fuel. The experi-

mental conditions lasted for two minutes. Pressure, flow 

rate, and gaseous emissions were recorded. Based on the 

research conducted, the following conclusions were made 

in each area [23]. 

Fuel consumption 

The additives used have no significant effect on the die-

sel engine's fuel consumption. The cerium nanoxide alters 

only the physicochemical properties resulting from the 

atomization and reaction rates of the composition and fuel 

products. 

CO emissions 

CO emissions are dependent on engine speeds. Emis-

sions increase with increasing engine load because the air-

fuel ratio decreases at high load, causing incomplete com-

bustion when oxygen is in short supply.  

At certain threshold values, emissions fall and then rise 

sharply. This is because at high speeds the combustion time 

is shorter causing more incomplete combustion which ac-

celerates CO production. At high loads, CO emissions are 

reduced compared to regular diesel. 

NOx emissions 

The addition of CeO2 nanopowders contributes to the 

reduction of NOx. The cerium oxide assumes the function 

of a catalyst that promotes oxidation of unburned fuel com-

positions. Ce2O3 contributes to the deoxidation of oxidation 

products. NOx oxides are reduced using the equation [23]: 

Ce2O3 + 2NO 
 

→  2 CeO2 +
1

2
 N2 

Ce25 is characterized by higher specific NOx emission 

than Ce50, which is a consequence of the different sizes of 

CeO2 nanopowders. As [23] studies have shown, fuels with 

nano additives produce lower emissions compared to regu-

lar diesel.  

Emissions of unburned hydrocarbons  

Emissions of unburned fuel compositions is favored by 

incomplete combustion, atomization, as well as high tem-

perature and presence of oxidants. As [23] studies have 

shown, emissions decrease with increasing load at all 

speeds. Unburned fuels easily oxidize and form soot – so-

called particulates – due to carbonization and dehydrogena-

tion.  

The nano additive reduces unburned hydrocarbon emis-

sions, but only at certain speeds in the 1,490–1,855 rpm 

range. Hydrocarbon emissions decrease at 2,200 rpm as 

they then spend less time in the combustion chamber where 

the reaction is limited. 
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PM emissions 

The addition of nano-oxide contributes to lower emis-

sions than for pure diesel, regardless of changing load and 

speed. This is because cerium oxide oxidizes particulate 

matter and simultaneously consumes unburned components 

(particles, elements) of fuels before they can be converted 

to particulate matter by carbonization and dehydrogenation 

reactions. However, Ce25 particles are characterized by 

lower specific emissions than Ce50 because the small size 

particles can more easily aggregate unburned fuel particles. 

 

Fig. 4. CO emission from the tested fuels at engine speeds of 1490 rpm (a), 

1855 (b), and 2200 rpm (c) [24] 

3.2 Carbon nanotubes 

A group of particular importance are carbon nanotubes 

(CNTs), which due to their high magnetic, electrical, opti-

cal and thermal conductivity exhibit a significant potential 

for use as fuel additives to improve performance and reduce 

emissions of harmful substances. The research conducted in 

[14] focused on studying the effect of adding multi-walled 

carbon nanotubes (MWCNTs-COOH) to biodiesel as an 

admixture to standard diesel fuel. The test was conducted in 

one cylinder of the engine. 

 

Fig. 5. Engine and dynamometer [14] 

 

As reported by [14] MWCNTs-COOH have amide 

groups that are able to react with many reagents. Multi-

walled carbon nanotubes (MWCNTs-COOH) were mixed 

at 30, 60, 90 ppm with a solution containing 95% diesel 

fuel and 5% biodiesel (B5). The fuel was mixed for 30 min 

in an ultrasonic device to obtain a homogeneous blend.  

As reported in [14], a DICOM 50.115/5 model diesel 

engine was used. An eddy current test bed with remote 

control (MPA-40 model) was used to measure torque, while 

an emission tester was used to measure exhaust gas. Physi-

ochemical parameters like dynamic and kinematic viscosity 

and flash point were determined after blend (fuel) prepara-

tion. The tests were conducted for three speeds of 1,800, 

2,100 and 2,400 rpm at full engine load. In addition, power, 

torque, temperature, pressure, and ambient humidity were 

recorded during each test. The running time of the engine 

was 10 min. The following results were obtained [14]. 

Technical performance of the engine 

Adding multi-walled carbon nanotubes to the die-

sel/biodiesel mixture increases torque and braking power, 

which is defined as the rate of work done by the engine. 

The fuel mixture of B5 and MWCNTs-COOH at 1,800, 

2,100 and 2,400 rpm results in 20.58%, 20% and 7.59% 

increase in power, respectively. The increase in power and 

torque is explained by improved combustion quality inside 

the cylinder (combustion is complete). The functionalized 

nanotubes have sufficient oxygen amount which contributes 

to complete combustion. Another reason for the increase in 

power and torque is the catalytic activity of the nanoparti-

cles, which results in a reduction in ignition delay and fuel 

combustion time. In addition, MWCNTs-COOHs enhance 

heat transfer as a result of increase in the surface-to-volume 

ratio. Moreover, the addition of nanotubes reduces the vis-

cosity of the fuel, resulting in increased power. The specific 

fuel consumption increases due to the addition of 

MWCNTs-COOH which is explained by faster combustion, 

higher heat release and lower combustion delay. 

Environmental parameters 

Carbon monoxide (CO) 

Carbon monoxide is produced by semi-combustion, i.e. 

with a limited amount of oxygen. Carbon monoxide for-

mation in the combustion process can also be caused by 

low flame temperatures. Oxygen groups, present in multi-

walled carbon nanotubes, help increase the oxygen present 

in combustion, resulting in improved combustion and lower 
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emissions of environmentally harmful carbon monoxide. 

Tests conducted in [14] showed that there was a reduction 

in CO emissions at all speeds. 

 

Fig. 6. Effect of the additive on CO emission [14] 

 

Compared to conventional diesel, the blend of B5 fuel 

and carbon nanotube additive resulted in reductions of 

11.45%, 10.05% and 15.34% at 1,800, 2,100 and 2,400 

rpm, respectively.  

Carbon dioxide (CO2) 

Providing additional oxygen from MWCNTs-COOH 

additives and converting semi-combustion to complete 

combustion produces more carbon dioxide on combustion. 

In a study published by [14], the increase in emissions 

produced by carbon nanotube fuel blend at 1,800 and 2,100 

rpm amounted to 14.28% and 26.92%, respectively.  

Unburned hydrocarbons UHC 

Unburned hydrocarbons are produced by low temperature 

combustion and dilution of the fuel mixture. Using carbon 

nanotubes, the reduction in UHC formation at 1,800 and 

2,100 rpm for diesel amounted to 18.91%, 20.58%, and 

13.04% and 15.55%, respectively, compared to B5 fuel [14].  

 

Fig. 7. Effect of the additive on UHC emission [14] 

 

The decrease in emissions is explained similarly to CO 

and CO2 by an improvement in combustion quality due to 

the supply of oxygen. In addition, the use of carbon nano-

tubes improved atomization and fuel distribution in the 

chamber by oxidizing hydrocarbons and carbon monoxide. 

Nitrogen oxide NO 

Combustion temperature is responsible for nitrogen ox-

ide emissions. The higher the temperature, the higher the 

nitrogen oxide emissions. The combustion temperature 

depends on the cetane number and the quality of the fuel. 

According to [14], the addition of carbon nanotubes to fuel 

increases NO emissions by 0.74% and 0.24% on average 

compared to diesel and diesel/biodiesel blend.  

Aluminum oxide 

Aluminum nanoxide has a larger surface area compared 

to the bulk. Nano Al2O3 has a small size so it can be mixed 

in biodiesels and used in compression ignition engines NO 

emission problems and performance degradation can be 

reduced by using some nano additives. A fuel blend of 80% 

diesel and 20% biodiesel, 100 mg/ml alumina nanoparticles 

and isopropanol – as a surfactant – which prevented phase 

separation were used in a study conducted in [12]. The 

blend was ultrasonically treated to reduce particle agglome-

ration. 

Thermal efficiency of braking:  

The addition of aluminum nanoxide to diesel fuel in-

creased the viscosity, which contributed to a decrease in 

fuel atomization and combustion rate. 

 

Fig. 8. Effect of the additive on thermal efficiency of braking [12] 

 

There are slight differences in thermal efficiency be-

tween the pure diesel tested and the diesel with nano addi-

tive. However, the addition of aluminum oxide causes  

a slight decrease in thermal braking efficiency. 

Exhaust temperature 

At low engine loads, the exhausts temperatures of both 

fuels were similar. In contrast, the temperature of both 

exhausts increases at higher loads. This is explained by the 

fact that complete combustion occurs at low load. As the 

viscosity of the fluid increases, the load increases, resulting 

in a higher exhaust temperature.  

According to the relation presented in [12], the addition 

of aluminum oxide slightly contributes to the increase in 

exhaust temperature. 

Carbon monoxide emissions 

As reported by [12, 15] as the workload of the diesel 

engine increases, CO emissions increase, but the addition of 

aluminum oxide causes the increase in emissions to be less. 

Carbon dioxide emissions 

The use of biodiesel as a diesel additive increases CO2 

emissions. In tests conducted in [12], it was shown that the use 

of aluminum oxide nano-additive in combination with bio-
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diesel reduces carbon dioxide emissions, which is, however, 

still higher than in the case of pure diesel at all engine loads.  

Hydrocarbon emissions 

Studies in [12, 15] have shown that at all engine loads, 

nano-oxide results in lower hydrocarbon emissions (similar 

to carbon dioxide emissions) but hydrocarbon emissions are 

the lowest in the case of pure diesel.  

NOx emissions 

The results obtained in [12] show that at engine loads of 

0%, 25% and 100%, the highest emissions are recorded for 

pure diesel compared to high performance fuel and high 

performance fuel with 50 and 100 ppm aluminum oxide 

additives. A mixture with a concentration of 100 ppm oxide 

gave the lowest toxic NOx emissions. 

Titanium oxide 

Titanium oxide nanoparticles have found application 

primarily as a biodiesel additive. They are able to improve 

engine performance and reduce harmful emissions. The 

tests conducted in [8] used a Kirloskar TV1 four-stroke, 

single-cylinder, vertical, water-cooled engine. The test fuels 

were fed to the engine under varying load conditions con-

trolled by a dynamometer. Fuel consumption was recorded 

every 10 seconds. Smoke, hydrocarbon emissions, NOx, 

CO, CO2 were characterized. Brake thermal efficiency, 

volumetric efficiency, exhaust temperature and specific fuel 

consumption were also tested. 

Specific fuel consumption 

Defined as the total amount of fuel burned by an engine 

per unit of mechanical work or energy, decreases with en-

gine load [8]. The addition of titanium nanoxide results in 

reduced fuel consumption compared to biodiesel. Both in 

[8] and [18] studies, fuel consumption decreased with the 

increase in TiO2 concentration. However, a nano-additive 

concentration above 250 ppm is not recommended as the 

engine will not run satisfactorily. 

Thermal efficiency of the brake 

It is the ratio between the braking (output) power and 

the output heat. In other words, the ability to convert an 

input such as heat into mechanical energy. The addition of 

titanium oxide at engine efficiencies above > 60% results in 

better efficiency than for regular biodiesel [8]. 

Carbon monoxide emissions 

The addition of TiO2 nanoparticles reduces emissions 

compared to diesel [18]. This can be explained by the high-

er activation energy of titanium dioxide, which, by acting as 

an antioxidant, causes complete combustion.  

Carbon dioxide emissions 

In [8] tests, carbon dioxide emissions for pure biodiesel 

were the lowest. However, the higher the concentration of 

titanium oxide in the blend, the lower the emission. At 200 

ppm, emissions were already at levels comparable to pure 

biodiesel. 

Unburned hydrocarbons 

Unburned hydrocarbons show the extent to which the 

fuel has not been burned properly. These compounds are 

the major smog contributors in large cities. In both [8, 18] 

tests, hydrocarbon emissions were lower in case of titanium 

oxide fuels. However, tests in [18] have additionally shown 

that a blend with biodiesel alone produces lower emissions 

than pure diesel. TiO2 nanoparticles contribute to complete 

combustion resulting in lower emissions of environmentally 

troublesome hydrocarbons. According to [18], as TiO2 

concentration increases, hydrocarbon and carbon monoxide 

emissions increase. This is explained by increased viscosi-

ty, lower heating value and flash point.  

Nitrogen oxides (NOx) 

Observing the results obtained in [8, 18] one can see an 

increase in nitrogen oxide emissions in case of both pure 

and blended with titanium oxide biodiesel, compared to 

diesel. The increase in NOx emissions may be a conse-

quence of increased combustion rates, resulting in higher 

temperatures and oxygen availability for oxidation. Howev-

er, tests [8] showed that at a concentration of 200 ppm 

TiO2, NOx emissions are lower compared to biodiesel. 

Graphene oxide 

Recently, monolayer graphene has gained great popular-

ity. It is non-toxic, features a high surface-to-volume ratio, 

thermal dissociation and chemical volume. 

Graphene has atoms in sp
2
 hybridization state and has 

two-dimensional flat sheets of carbon atoms. Graphene 

oxide is graphene with oxygen functional groups in its 

structure. These groups may include: hydroxyl (-OH), 

epoxy (-C-O-C), carbonyl (C=O) and carboxyl (COOH) 

groups [5]. 

 

Fig. 9. Chemical structure of graphene and graphene oxide [5] 

 

In the test conducted in [5], a blend of diesel fuel and 

graphene oxide with different concentrations, i.e: 20, 40, 60 

ppm, was used to check the effect of GO additive. The fuel 

blend was prepared in two stages. First, 1 liter of fuel was 

mixed with nano additives using a magnetic stirrer at 900 

rpm for 20 min. In the second step, the blend was placed in 

an ultrasonic probe to improve stability. A two-cylinder, 

four-stroke turbocharged diesel engine was used for the 

test. The engine was controlled by an electronic control 

module. The study was conducted with a triple injection 

sequence. Analytical results obtained 

Friction characteristics 

According to [5], fuel composition and the presence of 

additives affect friction – mainly sliding friction – in the fuel 

injector. The presence of graphene oxide results in reduced 

friction in all three fuels tested. GO nanoparticles are highly 

permeable, and when mixed with fuel, they reduce sliding 

friction between fuel particles and the injector surface. 
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Ignition delay 

The ignition delay is strongly dependent on the cetane 

number. The presence of GO nanoparticle affected the 

ignition delay. The greatest reduction was observed at a 

concentration of 40 ppm. Graphene oxide has functional 

groups that are able to carry oxygen and facilitate fuel 

combustion.  

Combustion time 

The use of the nano additive reduced the combustion 

time. This is explained by the fact that GO has catalytic 

activity, where a large surface area increases the rate of 

combustion. According to [5] the most effective concentra-

tion is 40 ppm (not 60 ppm). The GO concentration in the 

fuel must not be too high because agglomeration of indi-

vidual particles can occur due to Van der Waals forces. 

Particle agglomeration can reduce the total surface area, 

resulting in a weakened performance of the nano additive.  

Mass fraction burn 

As [5] test results show, the presence of GO contributes 

to faster fuel burn. The faster combustion rate is explained 

by the fact that the instantaneous fuel-air reaction zone is 

charged by the presence of oxygen in the functional groups. 

Temperature in cylinder 

For pure diesel, a temperature decrease of 31°C was ob-

served at a concentration of 40 ppm GO, while a tempera-

ture increase of more than 20°C was observed for the die-

sel/biodiesel blend, obtaining divergent results. The reduc-

tion in temperature is a consequence of the reduction in 

ignition. Another reason may be the ability of nanoparticles 

to adsorb heat. 

Specific fuel consumption 

Biodiesel blends showed higher fuel consumption than 

base diesel due to the limited heating value. The addition of 

GO nano additive showed a positive effect on fuel con-

sumption. The reduction in combustion time and ignition 

delay, as well as the presence of GO (which facilitated 

carbon oxidation), led to effective fuel combustion. 

Thermal efficiency of braking 

As the study showed, the presence of GO had little ef-

fect on brake heat. Typical GO concentrations for improved 

engine performance showed a 1.4% increase in efficiency 

for diesel fuel. For biodiesel, there was also an improve-

ment in performance for the indicated GO concentration. 

Smoke emissions 

In [5] tests, GO there was a 22.33% reduction in smoke 

emissions at an optimum concentration of 40 ppm. Other 

concentrations had less effect on smoke. For biodiesel, 

adding GO had the same effect. The 40 ppm concentration 

gave the greatest smoke reduction compared to the 20 and 

60 ppm concentrations.  

The deterioration of emission reduction for higher con-

centration is explained by particle agglomeration and reduc-

tion of GO surface area. 

Emissions of nitrogen oxides 

Higher reductions in nitrogen oxide emissions were ob-

tained for graphene nanoparticle than for graphene oxide 

alone. At a concentration of 40 ppm GO, a reduction of 

8.5% was achieved for diesel fuel, while for biodiesel 

blends it amounted to 10.5% and 8.8%, respectively.  

 

Fig. 10. Variation of smoke emission depending on the concentration GO [5] 

 

Fig. 11. Variation of NOx emission depending on the concentration GO [5] 

 

On the other hand, graphene nanoparticle obtained bet-

ter reduction for diesel, i.e. 26.4%, while for biodiesel 

blends – 26.3% and 23.1%. 

Hydrocarbon emissions 

The addition of GO to the fuel contributed to hydrocar-

bon reduction for all fuels tested (pure diesel and biodiesel 

blends).  

 

Fig. 12. Variation of HC emission depending on the concentration GO [5] 
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This phenomenon is explained by the reduced ignition 

time, which prevents excessive mixing of the fuel and thus 

results in less unburned hydrocarbons.  

Carbon monoxide (CO) 

The results of [5] tests showed a reduction in CO emis-

sions under the influence of GO additives in all fuels. The 

presence of oxygen groups in GO contributes to the oxida-

tion of CO to CO2.  

 

Fig. 13. Variation of CO emission depending on the concentration GO [5] 

 

The maximum reduction reported for 40 ppm GO in the 

case of diesel is 21.9% while for biodiesel blends it is 27% 

and 22.7%. Increase in the GO concentration did not cause 

increase in the reduction, which is explained as in previous 

results by its ability to agglomerate particles. 

Iron oxide and zinc oxide 

Adding iron or zinc oxide nanoparticles to the fuel re-

duces the cohesive forces between the fuel molecules, lead-

ing to breakup into smaller droplets. This results in an in-

crease in the momentum of the fuel jet and an increase in 

fuel penetration into the cylinder. Zinc oxide is non-

corrosive, has antioxidant ability, high wear resistance and 

is inexpensive. In tests conducted by [10], 75% diesel and 

25% biodiesel were mixed to form a D75NB25 blend. Iron-

zinc nanoxide at 200 ppm was added to the mixture, mixed 

thoroughly using a magnetic stirrer to form a homogeneous 

mixture and ultrasonicated. The test was conducted on  

a two-cylinder diesel engine. A digital contact tachometer 

was used to measure the engine speed. The test was per-

formed at a constant speed of 1,500 rpm with a variable 

brake test stand load. Physical properties like density, vis-

cosity and calorific value were tested according to ASTM 

and IS standard methods. The following results were ob-

tained [10]. 

Specific fuel consumption during braking 

Comparing the results, iron oxide had the greatest effect 

on fuel consumption. However, the addition of zinc oxide 

also made a positive contribution to fuel consumption com-

pared to conventional diesel. The reduction in specific fuel 

consumption is explained by the improved combustion rate 

and shorter ignition delay time. The addition of nanoparti-

cles contributes to uniform heat distribution during heating, 

which improves the combustion reaction.  

Thermal efficiency of brakes  

As reported in [10], the thermal efficiency of brakes in-

creases with increasing load for all fuel samples due to the 

increase in temperature during combustion. Adding zinc 

oxide and iron oxide increases the thermal efficiency, 

which amounts to 35.1% and 34.6% compared to pure 

diesel where it amounts to 30.12% and 34.23%. 

NOx emissions 

Nitrogen oxide emissions were higher for the iron ox-

ide-zinc blends at higher load, while emissions for the bio-

diesel-diesel blend and pure diesel were lower at higher 

load compared to the nano additive blends. The higher 

emission value is a consequence of higher density and 

higher oxidation capacity.  

Emissions of unburned hydrocarbons  

The results showed that the unburned hydrocarbon con-

tent increases with load. The mixture containing iron-zinc 

nanoxide had lower emissions than diesel. This phenome-

non is explained by a more efficient oxidation reaction. 

Comparing the two nano additives, iron oxide caused lower 

emission. 

Carbon monoxide emissions 

Carbon monoxide emission observations made in [10] 

are variable over the engine operating load range. Carbon 

monoxide emissions decrease in the initial range of opera-

tion to moderate load. After the moderate value is exceed-

ed, emissions increase. The reduction in CO is due to the 

poor area of the flame zone and the increase in CO is due to 

the reduced amount of oxygen available for combustion. 

Nanoparticles have the ability to catalyze combustion reac-

tions and thus contribute to the reduction of CO emissions. 

Smoke emissions 

Observations show that iron oxide and zinc oxide nano-

particles contribute to lower smoke emissions compared to 

diesel. However, iron oxide particles cause the least emis-

sions. 

4. Conclusions 
Obviously, the analysis presented by the authors does 

not exhaust the problem, however, the review of literature 

points to an interesting direction of further research on the 

possibilities of using nanomaterials as fuel additives. In 

addition, some discrepancies have been noted regarding the 

effect of nano-additives, for example, on the reduction of 

emissions of harmful gases selected pollutants. Selected 

groups favor this reduction and others do not, or even cause 

an increase in emissions, such as the use of carbon nano-

tubes contributes to an increase in emissions of environ-

mentally harmful nitrogen oxides, while the presence of 

graphene oxide causes their reduction. It is also an interest-

ing observation that groups like titanium oxide and gra-

phene reduce emissions of harmful carbon monoxide by 

improving fuel combustion from semi-combustion to com-

plete combustion, but in doing so cause an increase in CO2 

emissions, which is in turn a greenhouse gas. The literature 

analysis also shows that all nanomaterials have a positive 

effect on the reduction of hydrocarbon emissions, which 

clearly indicates an improvement in combustion quality and 

improvement in technical parameters such as specific fuel 
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consumption, cylinder temperature, exhaust temperature, 

ignition delay. From the review presented, it can also be 

seen that most of the studies were conducted on the blends 

of diesel and biodiesel with the nano additive, and only  

a few studies show the effect of adding the nanomaterial to 

pure diesel. Moreover, the literature is dominated by studies 

on the effects of nanomaterials for diesel fuels, which cre-

ates a research gap in the area of gasoline engines and sets  

a potential direction for further research. 

 

Nomenclature 

MWCNTs-COOH multi-walled carbon nanotubes 

CNT carbon nanotubes 

UHC unburned hydrocarbons 

PM particulate matter 

CO carbon monoxide 

CO2 carbon dioxide 

NOx nitrogen oxides 

TiO2 titanium dioxide 

Ce2O3 cerium oxide 

Al2O3 aluminum oxide 
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