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A B S T R A C T   

The present study focuses on the synthesis of novel catalytic nanoparticles and their effect on combustion, 
performance, and emission characteristics of a diesel engine. For this purpose, Mg cations were doped into a 
Fe3O4 lattice to form MgxFe(3-x)O4 (x = 0.25, 0.5, 0.75, and 1) using a solution combustion method. Compre-
hensive characterization studies were carried out to assess the oxygen storage capacity (OSC) and the properties 
of final powders. These synthesized samples were dispersed in a diesel-biodiesel blend fuel with a concentration 
of 90 ppm. Assessment of the structure of the samples proved the formation of MgFe2O4 structures, suggesting 
that Mg cations were embedded into the Fe3O4 and formed appropriate structures. The OSC was reduced from 
8661 μmol/g (Mg0⋅25Fe2⋅75O4) to 7069 μmol/g (MgFe2O4) by introducing additional Mg cations. When run on a 
six-cylinder diesel engine, the fuel mixed from the synthesized samples did not significantly influence the 
indicated power (IP), brake specific fuel consumption (BSFC) or the brake thermal efficiency (BTE). In addition 
to the obtained result for the OSC of the sample, which declined by increasing the Mg concentration in the Fe3O4 
lattice, using the sample with the highest concentration of Mg cations, a considerable reduction was detected in 
the major exhaust emissions such as HC (56.5%), PM1 (35%), and PN (37%) and a slight decrease occurred in CO 
(7%) compared to the engine fueled by pure fuel. Based on the experimental engine results, the MgFe2O4 sample 
can be considered as a useful nanocatalyst for mixing in the fuels for emissions reduction.   

1. Introduction 

With continuous growth in the human population and energy re-
quirements, the availability and efficient conversion of energy have 
been critical global issues [1]. Generally, the fuel combustion process 
plays an essential role in the energy conversion of diesel engines. 
Although these engines are considered as an effective propulsive power 
source in transportation, industry, and agriculture, exhaust emissions 
from diesel engines such as nitrogen oxides (NOx), carbon monoxide 
(CO), unburnt total hydrocarbon (UTHC), particle mass (PM), volatile 
organic compounds (VOCs), and soot are toxic gaseous pollutants that 

cause serious health hazards and environmental degradation [2,3]. 
Nowadays, the total conversion of engine-out emissions into CO2, N2, 

and H2O using effective technologies is one of the main challenges in the 
engine research field [4]. The properties and chemical structure of fuel 
are significant factors in the formation of diesel engine pollutants [5–7]. 
In this regard, pre-combustion techniques using different fuel additives 
have received attention for enhancing combustion efficiency and 
improving fuel quality and emission characteristics [8]. Changes to fuels 
typically do not require physical changes to engines, fuel injection or 
exhaust systems and therefore make an attractive means for decreasing 
emissions [9,10]. 

Most studies on pre-combustion techniques have focused on metal- 
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based elements such as Fe [11], Ce [12], Pt [13], Pt–Ce [14], Mg [15] 
and Mn–Ni [16]. Some necessary functions of metal materials as com-
bustion catalysts or additives are to improve combustion behavior, 
decrease the oxidation temperature, and increase particle burn-out [17, 
18]. 

Currently, a nano-sized combustion catalyst is one of the preferred 
combustion catalysts. A high ratio of surface area to volume is a sig-
nificant factor in differentiating nano-scale particles from other particles 
[19]. Therefore, with ever-advancing nanoscience and our ability to 
produce nano-scale particles improving, it can be considered as a po-
tential method to reduce harmful emissions [20]. The catalytic activity 
of the nanosized catalysts is closely related to their particle size [21]. 
Furthermore, the OSC of metal oxides is a significant factor when using a 
catalytic agent for mixing with fuel. In this regard, the releasing lattice 
oxygen of catalytic nanoparticles’ structure, mainly due to their OSC, 
plays an important role in boosting the emission reduction, so that 
insufficient oxygen is the main cause of emission formation (e.g. PM, HC 
and CO). In addition, transformation of intermediate oxides into the 
primary structure via oxygen storing provides a greater reduction in NOx 
emissions [22]. 

Although the dispersion of catalytic nanoparticles in fuels can 
improve combustion behavior and reduce emissions, concerns about 
emissions of nanoparticles are significantly rising [23]. In order to 
minimize the adverse impacts of nanoparticles on human health, it is 
essential to introduce catalytic nanoparticles with the least negative 
effects. Iron oxide nanoparticles are recognized as suitable candidates to 
lower environmental concerns of metal and metal oxide nanoparticles 
because of their low toxicity, availability, low cost, and ease of separa-
tion using external magnetite [24,25]. Additionally, the use of Fe3O4 
facilitates oxidation reactions due to its great OSC (switching between 
Fe+3 and Fe+2 leads to a higher OSC) [25,26]. Therefore, using Fe3O4 
nanoparticles as a combustion catalyst can mitigate safety concerns 
[22]. Several experimental works have been conducted on the effects of 
Fe3O4 nanoparticles in diesel [27,28]. These studies have reported that 
adding Fe3O4 nanoparticles to fuel improves combustion efficiency, 
decreases NOx emissions, and increases CO emissions. In another study, 
Muthusamy et al. [29] observed improved performance characteristics 
and a reduction of harmful emissions from compression ignition engines 
using Fe3O4 nanoparticles in a biodiesel-diesel blend (20–80 vol/vol 
(B20)) fuel. 

To create suitable conditions for the combustion and emissions 
profile of an engine fueled by a fuel containing metal components, Fe3O4 
requires modification to improve its OSC. It has been reported that the 
use of impurities in metal oxide lattices could play an important role in 
enhancing the OSC and catalytic activity [22,30]. Fe3O4 magnetic 

particles in nano scale can be doped by diverse metal cations to enhance 
combustion processes. In order to introduce new iron-based nano-
catalysts, the application of magnesium can be interesting for doping the 
Fe3O4 lattice owing to its low price with natural abundance. Further-
more, the effect of the addition of magnesium oxide (MgO) nano-
particles to fuel blends on performance and emissions of a CI engine has 
been investigated; the results show progress in combustion and emis-
sions [31–33]. 

Notwithstanding the great number of studies on different metal ox-
ides as fuel-borne catalysts in internal combustion engines, there are few 
attempts in the design of novel combustion catalytic nanoparticles. This 
paper has the novelty of doping of various concentrations of Mg into the 
structure of a Fe3O4 lattice and its effect on reducibility (OSC), along 
with an investigation of the potential effects of novel nanoparticles in a 
diesel engine operating on B20 biofuel. A study such as this has not been 
investigated in the literature. This study helps us to understand the 
doping effects of Fe3O4 catalyst for treatment of diesel engine emissions. 
Therefore, in this study, different concentrations of Mg cations were 
doped in a Fe3O4 lattice to form MgxFe(3-x)O4 (x = 0.25, 0.5, 0.75, and 1) 
nanoparticles. The samples were precisely characterized to obtain their 
structure, morphology, and textural and OSC properties. The main 
objective of this study is to determine the influence of Mg cations doped 
in Fe3O4 lattices on the performance, combustion characteristics and 
exhaust emissions of a six-cylinder diesel engine. For this purpose, 
nanoparticles with different Mg/Fe molar ratios were mixed with B20 
fuel to investigate the impact of the concentration of Mg cations. Ulti-
mately, this study presents a novel nanocatalyst based on ferrite oxides 
to improve combustion efficiency and decrease emissions. 

2. Experimental set-up 

2.1. Synthesis of catalytic nanoparticles 

Some nanosized MgxFe3-xO4 (x = 0.25, 0.5, 0.75, and 1) as com-
bustion catalysts were synthesized using a solution combustion method 
[34,35]. The amount of dopant was controlled and added in accordance 
with the value of x, keeping the ratio of trivalent and divalent metal 
cations at 2:1. The desirable amounts of Fe(NO3)3⋅9H2O and Mg 
(NO3)2⋅6H2O were dissolved in 70 mL distilled water and urea (CO 
(NH2)2). Next, the fuel was added in 2.5 times the stoichiometric ratio 
calculated according to propellant chemistry. The solution was contin-
uously stirring at 80 ◦C on a hotplate to obtain a viscous gel, and was 
then transferred to a furnace operating at 350 ◦C to combust. After 
releasing the gaseous byproducts of the reaction and forming a flame, 
which spreads all through the gel, a foamy product was obtained. At the 

Nomenclature 

ANOVA Analysis of variance 
ASTM American Society for Testing and Materials 
B20 80 wt% diesel+20 wt% biodiesel 
BP Brake power 
BSFC Brake specific fuel consumption 
BTE Brake thermal efficiency 
CO Carbon monoxide 
CO2 Carbon dioxide 
HC Unburned Hydrocarbons 
HRR Heat release rate 
ICP Inductively coupled plasma 
IP Indicated power 
MgxFe(3-x)O4 Magnesium-ferric oxide 
NOx Nitrogen oxide 
OSC Oxygen storage capacity 

PM Particulate matter 
PN Particle number 
TPR Temperature-programmed reduction 
XRD X-ray diffraction 

List of units 
◦C Celsius 
g/kWh gram per kilowatt hour 
J/kg joule per kilogram 
kW kilowatt 
kPa kilopascal 
μm micrometer 
nm nanometer 
ppm parts per million 
rev/min revolutions per minute 
wt.% weight percent  
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end, the product was ground in a mortar. 

2.2. Catalytic nanoparticles characterization 

For quantitative and qualitative analyses, the synthesized samples 
were characterized by means of several laboratory facilities. These 
include inductively coupled plasma optical emission spectrometry (ICP- 
OES: Model 76,004,555, Spectro Acros, Germany), X-ray diffraction 
(XRD) analysis (Explorer, GNR, Italy), Raman spectrometer (Teksan, 
Takram P50C0R10, with a laser wavelength of 532 nm), Field-emission 
scanning electron microscopy (FESEM; TESCAN, Czech Republic), BET 
surface area method (BELSORP MINI II apparatus; BEL, Japan) and 
temperature-programmed reduction (TPR) (NanoSORD-NS91 appa-
ratus; Sensiran Co., Iran). 

2.3. Engine experiments 

The experiments were conducted on a six-cylinder, turbocharged 
Cummins diesel engine with a common rail injection system. The engine 
load was regulated by an electronically controlled water brake dyna-
mometer coupled to the engine. The fuel flow rate in liters per minute 
(LPM) and the intake air flow rate in kg/s were sampled at 1 Hz from a 
CANbus (using a standard SAE J1939 protocol). The exhaust gas flow 
rate was calculated based on the intake airflow and fuel flow rates. An 
in-cylinder pressure transducer (Piezoelectric Transducer, Kistler 
6053CC60, with − 20 pC/bar manufacturer stated sensitivity), crank 
angle sensor (Kistler type 2614, manufacturer stated resolution of 0.5 for 
crank angle degrees), and fuel injection signal were synchronously ac-
quired by an analog-to-digital converter (National Instrument data 
translation NI9223) connected to a computer. The detailed specifica-
tions of the engine are listed in Table 1. 

Exhaust emissions were sampled after exiting the engine turbo-
charger. A Testo 350 XL IR analyzer and a CAI 600 series analyzer were 
used to sample the exhaust gas to analyze NOx, CO, CO2, and HC 
emissions. In addition, PN and particle size distributions in the size 
range of 5 nm to 1 μm were measured at a sampling frequency of 1 Hz 
using a DMS 500 Fast Particle Spectrometer (CAMBUSTION, Cambridge 
UK). PM1 was calculated from this data using the reinversion utility in 
the DMS Series Data Presentation Utilities (Version 7.42) [36]. The 
schematic layout of the experimental set-up is presented in Fig. 1. 

The engine was warmed up for 15 min before the start of each test. 
All experiments were performed at 25%, 50%, and 75% of full load 
(based on torque) at a constant speed of 1500 rpm under steady-state 
conditions. All blends with catalytic nanoparticles were continuously 
stirred to maintain a stable suspension throughout the engine feeding. At 
each load, the engine was stabilized for 5 min before recording the pa-
rameters. For each fuel, the test was repeated four times for 25% and 
75% engine load and two times for 50% engine load, 50% engine load is 
the optimum load and the engine is more stable than for other loads, 
under steady-state conditions. The average value of the measured 
exhaust emissions and engine performance parameters was calculated to 

decrease the uncertainty of the measured parameters. The standard 
deviation was calculated to quantify the repeatability of the results. The 
uncerta inty analysis was performed using the square root (Table S1) 
which is known as the Kline & McClintock method [37,38], and the 
overall uncertainty of the experiments was 3.78%. 

3. Results and discussion 

3.1. Characterization of catalytic nanoparticles 

3.1.1. ICP analysis 
The ICP analysis was performed on the synthesized samples. The 

weights of the elements are illustrated in Table 2. The chemical formulas 
were obtained based on the proportions of the precursors used for the 
synthesis, and the actual chemical composition determined by ICP 
showed that the Fe/Mg weight ratio of all synthesized samples is 
consistent with the calculated Fe/Mg weight ratio of the precursor. The 
results confirm that the catalytic nanoparticles can form through a 
combustion synthesis method, with a composition close to the goal of 
the procedure. This can be referred to as a high temperature during the 
combustion reaction, which leads to the decomposition of precursors 
[39]. The obtained chemical formula of Mg0⋅25Fe2⋅75O4 implies the 
formation of iron vacancies as represented by the □ symbol. 

3.1.2. XRD analysis 
The XRD patterns and physico-chemical properties of the synthesized 

samples are shown in Fig. 2 and Table 3. As can be seen from the XRD 
patterns, all samples show the spinel structure of MgFe2O4 (JCPDS No. 
001–1120). In addition, the hematite phases can be detected in the 
samples with a low amount of Mg ions. The peaks at 2θ = 24.2, 33.2, 
35.6, 40.8, 49.5, 54.1, 62.4, and 64◦ are attributed to the α-Fe2O3 phase 
(JCPDS No. 01-080-2377). 

By increasing the concentration of Mg cations, the crystalline phase 
of α-Fe2O3 disappears. The crystallite size of all synthesized MgxFe3-xO4 
nanoparticles were calculated by the Scherer equation and they were 
found to be nearly the same for all samples (Table 3). 

The Rietveld method was performed on the XRD pattern of the 
samples to assess their crystalline structure (Table 3). It can be seen that 
the lattice parameter increased from 8.346 Å to 8.90 Å with increasing 
Mg content. The larger ionic radius of Mg+2 (0.72 Å) compared to Fe+3 

(0.65 Å) could be a reason for the increase in the lattice parameter with 
the substitution of iron with magnesium in the cubic ferrite crystal 
structure [40]. Moreover, different concentrations of Mg cations have 
different impacts on the percentages of formed phases. For example, a 
considerable reduction was observed in the percentages of the hematite 
phase (Fe2O3) from 29.6% at x = 0.25 to 0% at x = 1. On the other hand, 
a low amount of spinel phases is found for the sample with x = 1 that can 
be referred to as the lower enthalpy of formation of magnesium nitrate 
compared to ferric nitrate. 

3.1.3. Raman analysis 
The Raman spectra of the synthesized samples are illustrated in 

Fig. 3. An intense peak around 690 cm− 1 and two small peaks around 
470 cm− 1 and 300 cm− 1 can be related to the spinel structure [41]. The 
cation distribution of the synthesized samples is listed in Table 4 [41]. A 
reduction at the inversion parameter of the synthesized samples by 
increasing the Mg loading collaborates the establishment of a fairly in-
verse spinel structure with the diffusion of Mg into the Fe3O4 lattice 
(Fe3O4 presents an inversion parameter of 1). This result is in line with 
some studies indicating a partially inverse spinel structure for an 
MgFe2O4 catalyst [42,43]. 

3.1.4. Catalytic activity 
The catalytic activity of nanoparticles, as a function of oxygen stor-

age capacity (OSC), is a key parameter in the catalytic engine combus-
tion process. The CO and HC emissions might oxidate more easily by 

Table 1 
Test engine specifications.  

Item Specification 

Model Cummins ISBe220 31 
Cylinders 6 in-line 
Capacity (L) 5.9 
Bore x Stroke (mm x mm) 102 × 120 
Maximum Torque 820 Nm @ 1500 rpm 
Maximum Power 162 kW @ 2500 rpm 
Compression Ratio 17.3:1 
Aspiration Turbocharged & after cooled 
Injection Type High pressure common rail 
Dynamometer Type Electronically controlled 
Emission Standard Euro III  
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releasing oxygen in catalytic nanoparticles and the NOx emissions may 
also be restrained due to storing oxygen [22]. To investigate the cata-
lytic activity of the MgxFe3-xO4, the OSC of the synthesized catalytic 
nanoparticles were measured by TPR analysis, as presented in Fig. 4. The 
result shows different TPR profiles by loading various amounts of Mg 
into Fe3O4 lattices, which can correspond to the different crystalline 
structures of the samples. It was reported that these peaks are related to 
the reduction of MgFe2O4 to Fe3O4, Fe3O4 to FeO, and FeO to Fe [42]. 

The consumption of H2, which is a measure of the OSC of the 
nanocatalysts, is presented in Table 3. Mg content is observed to have a 
significant effect on the OSC of nanocatalysts, with a lower content of 
Mg cations being favorable for the enhancement of OSC. It has been 
reported that the doping of metal cations into metal oxide lattices, 
depending on the electronic structure of the dopants, can affect the 
length of the metal-oxygen bonds and great reducibility of the doped 
metal oxide increases the oxygen released [30,44]. The concentration of 
Fe2O3 and iron vacancies in the structure of Mg0⋅25Fe2⋅75O4 crystal could 
increase OSC. These factors act as a lattice defect and thus affect the OSC 
[30,45]. Moreover, the OSC reduction with an increase in Mg content 
into the Fe3O4 lattice may be attributed to the increase in the lattice 
parameter, which decreases oxygen release (Table 3). In terms of 
emission reduction, the presence of oxygen was confirmed to be a major 
factor compared to the other physico-chemical properties [46]. There-
fore, the application of Mg–Fe mixed metal oxide nanocatalysts with 
different OSCs in combustion processes can be an interesting area of 
research. The reducible nature of MgO to Mg at higher temperatures 
(above 1000 ◦C) may help more oxygen to release during the combus-
tion process [42]. 

3.1.5. BET-BJH analysis 
The surface area of the synthesized samples (Table 3) is reduced from 

23 to 19 m2/g by raising the concentration of Mg cations. The 
enhancement of flame temperature, along with an increase of Mg cation 
concentration, simplifies the growth of crystals, which results in lower 
pore volume and less surface area. (The thermodynamic analysis is 
presented in Table S2 and more details can be found in Ref. [35]). More 
diffusion of Mg cations into Fe3O4 lattice to form a single spinel structure 
may be another reason [47]. The catalyst with the highest surface area 
has the highest amount of fuel on its surface [48]. In other words, a 
comparatively low amount of a catalyst with a higher surface area is 
required for bonding with a specific volume of fuel. 

According to Table 3, mean pore size was slightly increased from 
16.1 nm to 16.8 nm by raising the concentration of Mg cations. It is 
worth mentioning that pores with larger diameters facilitate the diffu-
sion of fuel molecules inside the porosity in the catalytic type reactions 
and easier access to the internal surface area of the porosities [47,49]. 

Figure S1 presents the N2 adsorption-desorption isotherms and pore 
size distribution of the samples with the lowest and highest concentra-
tion of Mg. The adsorption-desorption isotherms of both samples 
showed type IV isotherms related to a mesoporous structure [50]. The 
BJH pore size distribution of the samples proves that the mesoporous 
structure of Mg0⋅25Fe2⋅75O4 has broader pore sizes. 

3.1.6. FESEM analysis 
The surface morphology of Mg0⋅25Fe2⋅75O4 and MgFe2O4 nano-

catalysts are shown in Fig. 5. The FESEM images show a porous structure 
for both samples that consists of spherical-like uniformly shaped parti-
cles. The particle size of both samples is in the range of 20–40 nm. 
However, the agglomeration of particles to form large clusters is visible 
in the MgFe2O4 sample. Although the agglomeration is a negative factor, 
it can increase the size of external pores, leading to the accelerated 
diffusion of large molecules of fuel to internal pores. Based on the sur-
face particle size distribution analysis (see Figure S2 which was deter-
mined from the FESEM images), the particles’ size distribution ranged 
from 6 to 42 nm. The average particle size of Mg0⋅25Fe2⋅75O4 and 
MgFe2O4 are 25.7 nm and 22.8 nm, respectively. It is also seen that the 
particles of MgFe2O4 are smaller than those of Mg0⋅25Fe2⋅75O4 (40.3% of 
particles is in the range of 15–25 nm for MgFe2O4, compared to 26.3% 
for Mg0⋅25Fe2⋅75O4). The generation of small particles in the MgFe2O4 
sample could be due to flame temperature enhancement (Table S2). The 

Fig. 1. Schematic diagram of the experiment setup.  

Table 2 
Chemical analysis of the synthesized MgxFe3-xO4 nanoparticles.  

Nanocatalysts Fe/Mg weight ratio in 
parent solution (mole 
ratio) 

Fe/Mg weight 
ratio (mole 
ratio) 

Obtained chemical 
formulas 

Mg0⋅25Fe 
2.75O4 

25.28 (11) 21.85 (9.81) Mg0⋅27Fe2.6 □ 
0.07O4 

Mg0⋅5Fe2⋅5O4 11.50 (5) 11.35 (5.0) Mg0⋅54Fe2⋅66O4 

Mg0⋅75Fe2⋅25O4 6.89 (3) 6.37 (2.77) Mg0⋅87Fe2⋅41O4 

MgFe2O4 4.60 (2) 3.65 (2.14) Mg0⋅99Fe2⋅12O4  
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Fig. 2. XRD patterns of the synthesized MgxFe3-xO4 nanoparticles (x = 0.25, 0.5, 0.75, 1).  

Table 3 
Physico-chemical properties of the synthesized MgxFe3-xO4 nanoparticles.  

Nanocatalysts CSa (nm) a (Å) Percentages of phases Pv
b (cm3/g) PD

c (nm) Sa
d (m2/g) H2 consumption (μmol/g) 

MgFe2O4 Fe2O3 Fe3O4 

Mg0⋅25Fe 2.75O4 19 8.346 68 29.6 2.4 0.095 16.1 23.6 8661 
Mg0⋅5Fe2⋅5O4 20 8.374 81.4 6.5 12.1 – – – 7379 
Mg0⋅75Fe2⋅25O4 19 8.382 94.1 2.7 3.2 – – – 7269 
MgFe2O4 21 8.390 73.7 0 26.3 0.079 16.6 19.0 7069  

a Crystallite Size (CS): estimated by Scherer equation at 2θ = 35.8◦ for MgFe2O4. 
b Pore volume (Pv). 
c Pore diameter (PD). 
d Surface area (Sa). 
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increase of combustion temperature can improve diffusion of Mg cations 
into the Fe3O4 lattice, resulting in a less amorphous structure, conse-
quently reducing the particles’ size. The surface particle size is an 
important factor for uniform dispersion of nanoparticles in the fuel. 
Therefore, due to a high percentage of small particles in the MgFe2O4 
sample, particles are uniformly dispersed in the fuel, and consequently 
provide a proper catalytic activity for complete combustion of fuel in the 
combustion chamber. 

3.2. Engine characterization 

After evaluating the samples via different analyses, their activity was 

assessed in a compression ignition engine to investigate the effects of 
fuel enhanced with magnesium-doped iron oxide nanoparticles. Bio-
diesel made from coconut oil was used to prepare biodiesel-diesel blends 
of 20% coconut oil methyl ester (B20). A B20 blend of biodiesel is 
frequently suggested by others as a promising fuel for CI engines which 
gives benefits including cost, cold-weather start-up, environmental 
benefits, material compatibility, and temperature stability compared to 
other blends [51]. Some relevant properties of the biodiesel used are 
shown in Table S3. 

The prepared catalytic nanoparticles at a concentration of 90 ppm 
were mixed in the B20 blends as single additives and were continuously 
stirred to maintain stable suspension throughout the engine experiments 
by a mixing pump. The experimental team investigated the effect of two 
independent parameters, namely the concentration of Mg cations in the 
Fe3O4 lattice and engine load (25%, 50%, and 75% of full load). The 
dependent parameters were engine performance (indicated power (IP), 
brake power (BP), brake specific fuel consumption (BSFC), and brake 
thermal efficiency (BTE)) and engine combustion emissions (free oxygen 
(O2), carbon monoxide (CO), nitrogen oxides (NOX), carbon dioxide 
(CO2), unburned hydrocarbons (HC), particle mass (PM1), and particle 
number (PN)). A completely randomized factorial design was used with 
two factors (Mg concentration and engine load) along with the two-way 
ANOVA to interpret the significance of the effects of the aforementioned 
factors and their interactions (Mg concentration × engine load) by their 
probability value (F-value). Post Hoc Tests (Duncan’s test) were used to 
examine whether the measured parameters for different Mg concentra-
tions and engine load were significantly different. 

Based on the ANOVA analysis (considering F-values in Table S4), no 
significant difference was observed between the performance 

Fig. 3. Room-temperature Raman spectra of synthesized MgxFe(3-x)O4 
nanoparticles. 

Table 4 
Cation distribution of synthesized MgxFe3-xO4 nanocatalysts as obtained by 
Raman spectroscopy.  

Nanocatalysts Cations’ distribution 

Mg0⋅25Fe 2.75O4 [Mg+2
0.09Fe+3

0.9]A [Mg+2
0.18 Fe+3

1.03 Fe+2
0.72]BO4 

Mg0⋅5Fe2⋅5O4 [Mg+2
0.1Fe+3

0.9]A [Mg+2
0.44 Fe+3

1.3 Fe+2
0.46]BO4 

Mg0⋅75Fe2⋅25O4 [Mg+2
0.1Fe+3

0.9]A [Mg+2
0.77 Fe+3

1.38 Fe+2
0.13]BO4 

MgFe2O4 [Mg+2
0.1Fe+3

0.9]A [Mg+2
0.89 Fe+3

1.21]BO4  

Fig. 4. TPR patterns of the synthesized MgxFe(3-x)O4 nanoparticles.  

Fig. 5. FESEM images of (a) Mg0⋅25Fe2⋅75O4 and (b) MgFe2O4 nanoparticles.  
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parameters due to the effect of the fuel, while the differences in CO, HC, 
PM1, and PN were statistically significant. However, only the interaction 
terms of HC and CO were significant. Therefore, it is concluded that this 
interaction significantly influences variations of HC and CO, and they 
should be considered together. Accordingly, it is proved that these cat-
alytic nanoparticles are suitable to modify compression ignition engine 
emissions of CO, HC, PM1, and PN. 

3.2.1. Combustion characteristics 
In-cylinder pressure provides useful information about combustion. 

It is well documented that fuel properties, engine design, and air-fuel 
ratio (AFR) are important factors that affect combustion and, hence, 
in-cylinder pressure [52]. The focus of the present study is on the effect 
of the fuel type on combustion and in-cylinder pressure. In this study, 
the injection timing and pressure of MgxFe(3-x)O4 nanoparticles-mixed 

Fig. 6. Variation of in–cylinder pressure at 1500 rpm and (a) 25%, (b) 50% and (c) 75% engine load for B20 and synthesized MgxFe(3-x)O4 nanoparticles-mixed B20.  
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B20 are approximately similar to the neat B20. Injection timings take 
place at about 361.11, 362.18 and 364.31◦ of crank angle at 25%, 50% 
and 75% engine loads, respectively. Injection pressure at 1500 rpm 
speed for the three load conditions of 25%, 50%, and 75% are 45.9 MPa, 
62.7 MPa, and 74.93 MPa, respectively. Fig. 6(a–c) shows the changes in 

the in-cylinder pressure of the tested fuels with varying crank angle 
position at an engine speed of 1500 rpm and three levels of engine load. 
From Fig. 6(a–c), in-cylinder pressure trace (the first and second peak 
are motoring and combustion, respectively) is clearly observed. It can 
also be observed that combustion peak pressure increased with engine 

Fig. 7. Variation of heat release rate for B20 and synthesized MgxFe (3-x)O4 nanoparticles-mixed B20 at 1500 rpm and (a) 25% (b) 50% and (c) 75% engine load.  
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load for all tested fuels due to the larger amount of injected fuel, as 
shown in Table S5. (The AFR decreased with engine load, and the AFR of 
B20+MgxFe(3-x)O4 was comparable to that of B20 at all engine loads.) 

According to Fig. 6, adding the synthesized nanoparticles to the B20 
in general has no adverse effect on the intensity of the combustion peak 
pressure (the second peak) at different load conditions. (The effect of 
adding nanoparticles on the combustion peak pressure is comparable to 
that of B20 at all engine loads.) 

The heat release rate is a key parameter describing the net energy 
released as heat during combustion. The heat release rate for the test 
fuels at different loads is compared in Fig. 7(a–c). As can be noticed, the 
heat release rates (HRR) for the nanoparticle-mixed B20 were compa-
rable to the neat B20 at different loads. 

Table 5 summarizes the maximum in-cylinder pressures (Pmax) and 
corresponding crank angle (CApmax) and maximum heat release rate 
(HRRmax) at which this pressure was reached. It is also observed that the 
CApmax of all nanoparticle-mixed B20 is close to CApmax of neat B20, 
indicating that the ignition delay of nanoparticle-mixed B20 blends is 
comparable to the neat B20. 

The indicated mean effective pressure (IMEP), the coefficient of 
variation of IMEP (CoV of IMEP), the rate of pressure rise and boost 
pressure with engine load were also investigated for a profound un-
derstanding of the effect of nanocatalysts on combustion behavior. 

Figure S3(a) and (b), show the IMEP and CoV of IMEP for the tested 
fuels under various loads at constant engine speed of 1500 rpm. The 
results suggest that the IMEP of nanoparticle-mixed B20 blends are 
comparable to the neat B20. The CoV of IMEP is less than 1.0%, and this 
implies that nanoparticles do not cause the combustion instability of the 
engine [53]. 

The pressure rise rate is known as a parameter of the start of ignition. 
A longer ignition delay delivers more fuel before ignition, which can 
lead to a higher mass of fuel, which ignites in a shorter time and 
consequently augments the pressure rise rate [54]. Compared to the neat 
B20, nanoparticle-mixed B20 blends do not affect the rate of pressure 
rise (the pressure rise rate difference was considered nonsignificant) 
(Figure S3 (c)). This is in good agreement with the results shown in 
Table 5. 

Boost pressures is a theoretical parameter quantifying the flow rate 
of combustion products through the exhaust. It can be seen from 
Figure S3 (d) that there was slight variation in the boost pressure for the 
neat B20 and nanoparticle-mixed B20 blends. 

Overall, it can be concluded that the MgxFe(3-x)O4 nanoparticles at 
90 ppm concentration have no significant influence on the physico- 
chemical properties of the B20. Given that the physico-chemical prop-
erties of fuel are important parameters affecting combustion [38], the 
addition of nanoparticles to the fuel will not adversely affect 
combustion. 

3.2.2. Analysis of engine performance characteristics 
The effect of mixing the synthesized catalytic nanoparticles in B20 

fuel on IP, BP, BSFC, and BTE of the diesel engine was evaluated. The 
results are illustrated in Fig. 8. IP is used to investigate the effect of 
catalytic nanoparticles on engine power characteristics. As can be seen 
from Fig. 8 (a), IP values of neat B20 and nanoparticles-mixed B20 are 
almost the same. Then, it can be inferred that the synthesized catalytic 

nanoparticles did not have a negative effect on the engine IP. Generally, 
this experiment shows that the addition of the catalytic nanoparticles to 
the B20 at 90 ppm concentration leads to the same behavior in produced 
IP. Regarding the effect of concentration of nanoparticles on perfor-
mance parameters, Ettefaghi et al. [23] studied adding carbon quantum 
dot nanoparticles with concentrations of 20, 60, and 100 ppm into 
diesel-biodiesel-water blends. They also demonstrated that nanoparticle 
concentration could significantly affect engine performance. 

The results in Fig. 8 (b) show a modest impact on BP from 
nanoparticle-mixed B20. The average BP of B20+MgxFe3-xO4 (x = 0.25, 
0.5, 0.75, and 1) has a 1.17%, 1.91%, 1.11%, and 1.65% reduction 
compared to the B20 blend, respectively. This could be related to friction 
or heat losses as a result of the agglomeration of nanoparticles, or 
changes in the cylinder wall lubrication region induced by nanoparticles 
[55]. These measured differences are however close to the limits of the 
uncertainty of the dynamometer. Table S6 presents a comparison of the 
mean main parameters (Mg concentrations and engine loads) on the 
power parameters using Duncan’s test. Mg concentrations in Fe3O4 
lattice had no statistically significant influence on BP. 

The values of BSFC for all fuel samples are presented in Fig. 8 (c). 
BSFC of B20 increased slightly at 25% and 50% load by mixing with 
nanoparticles. It has been reported that BSFC can be influenced by the 
physical properties of fuel to control the combustion quality [55,56]. 
Seesy et al. [56] found that adding Al2O3 nanoparticles at increasing 
dosing levels (10, 20, 30, 40, and 50 ppm) to Jojoba methyl ester-diesel 
fuel blend caused increased BSFC. However, the ANOVA analysis of the 
presented results (Table S4) indicated that the impact of fuel type (a 
different mixture of B20 and catalytic nanoparticles) was not significant 
at 95% confidence on the BSFC. From the analysis of BSFC, it could be 
concluded that the difference in the physical properties of all samples is 
negligible. 

The values of BTE for all fuel samples are presented in Fig. 8 (d). 
Based on the obtained results, the BTE is directly related to the results of 
BSFC and the impact of fuel type was not significant at 95% confidence 
on BTE (Table S4). 

3.2.3. Emission characteristics 
Fig. 9 (a) compares the free oxygen (O2) in the exhaust emissions for 

the tested fuels at different loads. As can be noticed, with an increase in 
the applied load, the free oxygen percentage decreases for all of the fuel 
samples. The results indicated that the impact of fuel type was not sig-
nificant at 95% confidence on the free oxygen. 

The HC emissions are one of the significant products of incomplete 
combustion in diesel engines [46,57]. Fig. 9 (b) represents the variation 
of HC emissions based on load and fuel type; i.e., B20 with and without 
nanoparticles. The results of the comparison of treatments on HC 
emissions are presented in Table S7. As can be seen, fuel type has a 
significant impact on HC combustion emission, i.e., a considerable 
reduction in HC emission is observed for the fuels with different con-
centrations of Mg cation compared to the reference fuel (B20). Although 
the amount of inserted Mg cations into a Fe3O4 lattice with 25%–50% 
Mg concentration presented a significant reduction in HC, this reduction 
in the remaining Mg containing fuels was not statistically significant 
(Table S7). The impact of Mg concentration on the reduction of HC 
emission was not significant at 75% of the engine load. Since HC 

Table 5 
Pmax, ◦CApmax, and HRRmax for the test fuels in various engine loads.  

Fuels 25% Engine load 50% Engine load 75% Engine load 

Pmax (kPa) CApmax HRRmax (J/deg) Pmax (kPa) CApmax HRRmax (J/deg) Pmax (kPa) CApmax HRRmax (J/deg) 

B20 5270 374 82.82 6580 378 106.85 7630 379 124.40 
B20 +Mg0⋅25Fe2⋅75O4 5275 374 82.75 6567 378 106.41 7637 379 124.50 
B20 + Mg0⋅5Fe2⋅5O4 5223 374 82.00 6531 378 105.61 7629 379 124.43 
B20 +Mg0⋅75Fe2⋅25O4 5243 374 82.00 6556 378 106.00 7613 379 124.39 
B20 +MgFe2O4 5312 374 84.90 6612 378 107.76 7646 379 125.50  
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emissions are mainly formed through an insufficient amount of oxygen, 
the reduction of HC might be attributed to the oxygen-donating char-
acteristic of MgxFe(3-x)O4 nanoparticles during the combustion process. 

Although a lower content of Mg is favorable for the synthesis of 
nanocatalysts with higher OSC (B20 + Mg0⋅25Fe2⋅75O4), the lowest 
reduction (34%–42%) in HC emissions was observed for this sample. It 
can be concluded that the characteristics of other catalytic nanoparticles 
have more influence compared with the oxygen donating characteristic 
on HC formation. The reduction of HC emissions could be the result of 
proper flame propagation in the combustion chamber due to the pres-
ence of ferrite catalytic nanoparticles in the fuel, leading to a reduction 
in unburned fuel [58,59]. It has been reported that flame propagation is 
influenced by thermal conductivity of the working fluid [60,61]. 
MgxFe(3-x)O4 nanoparticles move randomly within the B20 and hence 
facilitate the heat transfer as Brownian diffusion [62]. Therefore, the 
uniform dispersion of small-sized MgFe2O4 nanoparticles (as mentioned 
in FESEM analysis) can improve the thermal conductivity of the mixed 
MgFe2O4 nanoparticles and B20, and could be the reason for further 
reduction of HC. 

The effect of ferrite catalytic nanoparticles on HC emissions could 
also be attributed to the catalytic behavior of nanoparticles during the 
combustion process, resulting in a lower oxidation temperature and a 
higher rate of particle burn-out [58]. 

The test results of the NOx emissions are shown in Fig. 9 (c) and 
Table S8. Generally, it is seen that the variations of NOx by B20 with and 
without catalytic nanoparticles are not remarkable. Moreover, the trend 
of variation of NOx as a function of the concentration of Mg in the ferric 

oxide lattice was not ascending. However, the Mg0⋅75F2⋅25O4 and 
MgFe2O4 samples show a slight increase of NOx - about 2.4% and 1.81% 
in comparison with the B20, respectively (Table S8). The temperature of 
combustion and oxygen content are two important factors affecting the 
development of NOx emissions [59,63,64]. It was reported that a cata-
lyst with more OSC can provide a greater reduction in NOx emissions by 
reducing nitrogen oxide [65]. However, in the present study, the OSC 
characteristic of the synthesized nanocatalyst had no positive influence 
on NOx emissions. It seems transformation of intermediate oxides into 
MgFe2O4 is very difficult under combustion condition (adsorbing oxy-
gen by intermediate oxides which breaks NOx into simple N2). A detailed 
analysis could possibly provide the main reason for the obtained results. 

The test results of the CO emission are shown in Fig. 9 (d) and 
Table S9. CO emission concentrations decreased modestly by adding 
catalytic nanoparticles in B20 compared to B20 without catalytic 
nanoparticles. The reductions of 5.3% and 6.2% can be seen under 25% 
engine load related to Mg0⋅5Fe2⋅5O4 and MgFe2O4 samples, respectively. 
The CO emission reduction with the Mg0⋅75Fe2⋅25O4 sample is 11% and 
the MgFe2O4 sample is 7% under 75% engine load. However, the effect 
of the catalytic nanoparticles was not significant for the reduction of CO 
emissions under 50% load. It should be noted that CO formation is 
related to insufficient availability of oxygen in combustion. Therefore, 
the OSC of the catalytic nanoparticle aids the combustion process as it 
can provide oxygen within the combustion chamber, which prevents 
higher CO formation [22,30]. In line with this study, some available 
investigation proved that iron oxide nanoparticles, due to their 
discharge of iron and oxygen atoms into the reaction zone, will promote 

Fig. 8. a) IP (b) BP (C) BSFC (d) BTE curves of B20 and synthesized MgxFe(3-x)O4 nanoparticles-mixed B20 with respect to engine load.  
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Fig. 9. a) O2, b) HC, C) NOx, d) CO, e) CO2, f) PM1, g) PN curves of B20 and synthesized MgxFe(3-x)O4 nanoparticles-mixed B20 with respect to engine load.  
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CO oxidization [66,67]. 
Although catalytic nanoparticles-mixed B20 under the 25% and 75% 

applied loads exhibited the effect of decreased CO, the reduction of CO 
emissions did not follow a general trend with increasing Mg concen-
tration in the ferric oxide lattice. It is worth noting that the effect of the 
catalytic nanoparticles on HC reduction is greater than that on CO 
reduction. This observation can be related to stronger interactions be-
tween the catalyst surface and HC emission, compared to CO (the 
competition for adsorbing on the active sites of the catalyst between HC 
and CO is important) [68]. Moreover, the nanoparticles are likely pro-
vided more oxygen in the center of the diffusion flame where the oxygen 
is insufficient. Therefore, unburned HC react with oxygen to form CO. 
Consequently, a reduction in the HC was detected while a 
non-significant change in CO was observed. 

Fig. 9 (e) shows the engine emissions of CO2 for the tested fuels at 
varying loads and a constant engine speed of 1500 rpm. The experi-
mental results indicated that the fuels with a high Mg content had no 
significant impact on CO2 emissions compared with the B20 blend. 
However, the CO2 emission increased when the Mg content in Fe3O4 
reduced to 25% and 50%. The CO2 emission from catalytic 
nanoparticles-mixed B20 is 1.65%–2.34% higher than that of the B20 
blend (Table S10). The obtained results are consistent with results of CO 
emissions (small reduction in CO along with small enhancement in CO2). 

Particle mass (PM1) and particle number (PN) were used as measures 
of particulate emissions. Many factors such as fuel type, engine load, 
engine speed, after-treatment devices, dilution level, tailpipe condition, 
and engine maintenance contribute to the formation of particulate 
emissions [46]. Fig. 9 (f) and (g) illustrate the variation of particle mass 
(PM1) and particle number (PN) emissions for different fuels tested at 
25%, 50%, and 75% engine load. It can be seen that at 50% engine load, 
PM1 and PN emissions showed the highest reduction compared to 25% 
and 75% engine load for all tested fuels. According to Chu Van et al. [69] 
at a 50% engine load, complete combustion is normally achieved owing 
to the optimum fuel-air mixture achieved in the combustion chamber, 
which leads to a reduction in PM1 and PN emissions. It was also reported 
that at the same speed and higher load, the reduction in AFR is one of the 
main reasons contributing to the increase in PM [36,57,70]. In this re-
gard, soot is the principal component of PM emission. Also, fuel-borne 
oxygen, in turn, leads to soot reduction [71]. Therefore, it is expected 
that the oxygen donation of the catalytic nanoparticles plays a key role 
in PM1 reduction. 

As shown in Fig. 9 (f), the synthesized catalytic nanoparticles have a 
considerable effect on the reduction of PM1 formation. Compared to 
B20, the reduction in PM1 emission by increasing the Mg content of the 
catalytic nanoparticles was 12.5%, 17.3%, 25%, and 35%. As can be 
seen, compared to B20, there is an average reduction in PM1 emissions 
with 25%–100% Mg concentration. This could be due to improved 
oxidation of soot using catalytic nanoparticles. It is interesting to note 
that the trend of PM1 emission reduction does not follow the trend of 
OSC variation of catalytic nanoparticles; a higher OSC does not lead to 
more PM1 reduction. Based on the experimental results, it can be 
implied that Mg content and the reducible nature of MgO at higher 
temperatures lead to a greater reduction in PM1 emission. 

As previously mentioned, Rietveld analysis shows that the 
Mg0⋅25Fe2⋅75O4 nanocatalyst can be attributed to MgFe2O4 and Fe2O3 
and no sizable amount of Fe3O4. The Fe2O3 phase tends to deactivate at 
high temperatures during the redox process, even though a high level of 
ferric iron exists in this phase [72]. The deactivation of the Fe2O3 phase 
may cause a reduction in the Mg0⋅25Fe2⋅75O4 nanocatalyst OSC, since a 
diesel engine’s combustion process runs at high temperatures [55]. This 
result can reinforce the effect of the Fe2O3 phase as a factor on the high 
OSC for Mg0⋅25Fe2⋅75O4 nanocatalyst, based on TPR analysis. On the 
other hand, the greater reduction of PM1 formation for the fuel with 
100% Mg concentration may be attributed to the effect of the high 
combustion temperature on the structure of Mg–Fe mixed metal oxide 
nanocatalysts; however, this requires further investigation. 

Regarding PN emission formation, Fig. 9 (g) shows that the PN for 
catalytic nanoparticles-mixed B20 is significantly lower when compared 
to that of the reference fuel (B20), in which this reduction is most 
noticeable for the fuel with 100% Mg concentration. The amount of Mg 
cations inserted into the Fe3O4 lattice with 100% Mg concentration 
presented a 37% reduction in PN. According to Table S11, the impact of 
fuel enhanced with 25% Mg concentration and the reduction of PN 
emission was not statistically significant. 

The reducibility of the MgxFe(3-x)O4 nanoparticles is likely the pri-
mary factor influencing the particulate emissions reduction. During the 
combustion process, oxygen from the catalytic nanoparticle structure 
released to the combustion zone as MgxFe(3-x)O4 nanoparticles is 
reducible (the reduction of MgxFe(3-x)O4 to Fe3O4, Fe3O4 to FeO, FeO to 
Fe, and MgO to Mg); this availability of excess oxygen increases the 
oxidation of soot using catalytic nanoparticles. Moreover, the MgxFe(3- 

x)O4 nanoparticles containing iron ions significantly affect the soot 
oxidation process [73,74]. It is another contributor to the reduction in 
particulate emissions. Also, it was confirmed that HC emissions via 
dehydrogenation and carbonization at high temperature and low oxygen 
conditions can form particulate matter (soot) [75]. As mentioned pre-
viously, the presence of MgxFe(3-x)O4 nanoparticles enhances the 
reduction of HC emissions. Therefore, consuming some hydrocarbons 
before they convert to particulate matter could be another reason for the 
decrease in particulate matter emission with the addition of the 
MgxFe(3-x)O4 nanoparticles. 

Fig. 10(a–c) shows particle number and mass size distributions 
measured by the DMS500 for the tested fuels under 25%, 50%, and 75% 
load at an engine constant speed of 1500 rpm. Regarding the effect of 
ferrite catalytic nanoparticles, it was observed that the fuels enhanced 
with magnesium-doped iron oxide nanoparticles yielded a lower particle 
number and mass emissions compared to the B20. It was reported that 
iron catalysts have a significant influence on promoting soot oxidation 
and suppression [74,76]. Hence, this suggests that ferrite catalytic 
nanoparticles are effective in reducing soot emissions as the main sub-
stance of the PM components. It also was found that the Mg content had 
a significant impact on the number of particles and particle mass. In this 
study, a considerable reduction in the particle number (PN) and the 
mass concentration of the particles (PM) was observed by increasing the 
concentration of Mg in the ferric oxide lattice. 

4. Conclusion 

Nanocatalysts are mostly used to modify fuel as their unique oxygen 
donation/absorption properties can improve the characteristics of diesel 
engine emissions. The doping of metal cations into the structure of metal 
oxide lattices can strongly affect the OSC of the mixed metal oxide. In 
this experimental study, using a modern six-cylinder turbocharged 
common-rail diesel engine, the effects of doping different concentrations 
of magnesium were investigated in a ferric oxide lattice as novel cata-
lytic nanoparticles on engine combustion, performance, and exhaust 
emissions. 

The magnesium-doped iron oxide nanoparticles were prepared by 
the solution combustion method, and the magnesium concentration as a 
dopant was varied in the range of 25%–100%. The characterizations of 
synthesized samples were done using ICP, XRD, Raman, BET-BJH, and 
FESEM analyses. The amount of oxygen stored in the catalytic nano-
particles was also estimated by means of the TPR technique. 

It was found that although all the samples presented high crystal-
linity, which ensures the formation of doped-metal oxides nanocatalysts 
by utilizing the solution combustion method, the pure spinel-type crystal 
lattice was formed from high levels of Mg concentration in the ferric 
oxide lattice. The second phase of α-Fe2O3 can be detectable for the 
sample with low amounts of Mg cations. Based on the results of TPR 
analysis, a different amount of OSC was detected in the synthesized 
samples that confirm the significant effect of Mg concentration on the 
oxygen storage capacity of doped Fe3O4. The structural changes 
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probably affect the oxygen capacity of the samples. Among the studied 
samples, the Mg0.25 Fe2⋅75O4 showed better performance in terms of 
OSC, whereas low diameters of its pore size may have an adverse effect 
on its activity compared to those fabricated with a high content of Mg 
cations in the catalytic combustion process. It can influence the diffusion 
of fuel molecules into all porosities and availability to the internal sur-
face area. 

In terms of the engine performance parameters, all different mixtures 
of B20 and catalytic nanoparticles exhibited similar IP, BSFC, and BTE, 
and slightly lower BP compared to the reference fuel (B20). Compared to 
B20, the range of decrease in the BP was 1.11% (B20 + Mg0⋅75Fe2⋅25O4) 
to 1.91% (B20 + Mg0⋅5Fe2⋅5O4). Moreover, nanoparticles had no 
remarkable effect on combustion characteristics. Given that the physico- 
chemical properties of fuel is an important parameter affecting com-
bustion, it can be concluded that adding 90 ppm of the synthesized 
nanoparticles to the B20 does not affect the physico-chemical properties 
of the B20. 

The investigation on the exhaust emissions demonstrated that the 
use of catalytic nanoparticles was much more effective for the reduction 

of the main emissions in comparison with B20. As mentioned, some 
oxygen is released from the synthesized nanoparticles, mainly due to 
high OSC, which plays an important role in boosting the emission 
reduction. 

Regarding the BET surface of nanoparticles, as one of the main fac-
tors in catalytic combustion process in CI engines, the experimental 
results obtained indicate that the catalytic activity of the MgxFe(3-x)O4 
nanoparticles is not significantly correlated with the BET surface area. 
Though the BET surface of Mg0⋅25Fe 2.75O4 (23.6 m2 g− 1) is larger than 
that of MgFe2O4 (19 m2 g− 1), the lowest reduction in emissions was 
observed for the Mg0⋅25Fe2⋅75O4 sample. 

Regarding the amount of Mg cations inserted into the Fe3O4 lattice, 
although a lower content of Mg is favorable for increasing the OSC, it 
cannot cause the highest reduction in the emissions of the diesel engine. 
In this regard, the high level of Mg concentrations in the ferric oxide 
lattice presented a considerable reduction in the major combustion 
emission components including HC, PM1, and PN with a modest 
reduction of CO. However, they have no remarkable effect on NOx 
emissions. Therefore, it could be deduced that large pores with a size of 
about 16.8 nm, along with small particle sizes, and the high presence of 
Mg active sites in the MgFe2O4 spinel structure are very effective for its 
catalysis performance in combustion. Finally, the MgFe2O4 nano-
catalysts prepared using the solution combustion method can be 
considered as promising nanocatalysts for fuel modification when the 
reduction of HC, PM1, and PN is of concern. 

5. Future research 

Regarding the presence of catalytic nanoparticles in the combustion 
chamber, there is a critical need for investigation of the surface of pis-
tons, cylinder heads and valves to justify the presence of catalytic 
nanoparticles in the combustion chamber. Also, MgxFe(3-x)O4 is one of 
the spinel ferrites that show magnetic behavior, and thus can be 
collected at the engine exhaust using a magnetic bar. Based on the 
purpose of adding nanoparticles and the obtained results of this study, 
the nanoparticles act as an oxygen buffer (providing oxygen to reduce 
unburnt emissions). Therefore, it is expected that the deposition of 
nanoparticles could likely be found on engine components or as nano-
particles exhausted from the engine. Dismantling engine components 
after load tests or using a magnetic bar could possibly lead to justifica-
tion for the mentioned points, which could be considered for further 
research. 
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