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A B S T R A C T   

Recent studies have shown the potential of zinc oxide as an additive in diesel engines because of 
its favorable properties. Goethite, as a metal additive, exhibits good thermodynamic stability and 
acts as a catalyst carrier to reduce environmental pollution. Incorporating zinc oxide micropar
ticles and goethite nanoparticles into pure palm oil (PPaO) has great potential to improve the fuel 
properties. Therefore, in this study, the effects of adding zinc oxide microparticles and goethite 
nanoparticles into PPaO on the engine performance, spray characteristics, and smoke opacity of a 
diesel engine were investigated. A high-speed camera was used for the spray experiments. The 
results showed that the use of PPaO significantly increased the smoke opacity by ~127.89 % 
compared with diesel fuel (DF). However, the use of PPaO with zinc oxide microparticles 
(PPaOZnO) and PPaO with goethite nanoparticles (PPaOGOE) significantly reduced the smoke 
opacity. The reduction in smoke opacity was most pronounced for the PPaOGOE fuel blend, with 
a value of 60 %, relative to the smoke opacity for DF. The PPaOZnO fuel blend significantly 
increased the specific fuel consumption by 37.1 %, with an average increase of ~24.21 %, 
compared with DF at an engine load of 40 %. Moreover, the use of PPaOZnO and PPaOGOE fuel 
blends improved spray penetration 2 times compared to PPaO, although the relative viscosity and 
spray angle were similar to those for PPaO. These findings suggest that zinc oxide and goethite 
have great potential as additives for PPaO fuel, thereby enhancing the efficiency and performance 
of diesel engines.   

1. Introduction 

In recent decades, diesel engines are preferred over gasoline engines in the mass transportation, heavy machinery, and power 
generation sectors due to their superior performance and robustness [1,2]. However, diesel engines emit higher levels of nitrogen 
oxides (NOx), unburned hydrocarbons (UHCs), carbon monoxide (CO), soot, and particulate matter compared with gasoline engines, 
which necessitates efforts to reduce these emissions. One solution is to use renewable energy sources to reduce pollution and 
greenhouse gas emissions [3]. Biodiesels, derived from vegetable oils and animal fats through the transesterification process, are 
promising renewable, sustainable, biodegradable, and eco-friendly fuels, offering higher flash points, lubricity, combustion efficiency, 
cetane number, biodegradability, and nontoxicity compared with conventional fossil fuels [4]. It has been demonstrated that blending 
biodiesel with diesel fuel (DF) can reduce pollutants such as CO, carbon dioxide (CO₂), UHCs, smoke, and NOₓ [5]. 

Pure palm oil (PPaO), derived from the oil palm tree, is a popular biofuel source, replacing conventional crude oils. Its versatile 
application as a feedstock for food and cosmetics and its high productivity, accounting for ~37 % of the world’s vegetable oil con
sumption, makes it a favorable choice [6,7]. Palm oil offers the highest yield and lowest cost compared with other vegetable oils. 
Despite these advantages, the production of biodiesel from palm oil presents several challenges, primarily due to its complex pro
duction process [8]. Furthermore, the direct use of crude palm oil in diesel engines is not recommended because it causes undesirable 
effects such as higher fuel consumption, reduced engine power, and the deposition of carbon deposits in the combustion chamber [9]. 
Over the last two decades, numerous studies have evaluated the feasibility of using PPaO to fuel diesel engines. However, the high 
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viscosity of PPaO limits fuel atomization and increases fuel spray penetration, leading to lubricating oil thickening and engine deposits 
[10]. 

Considerable efforts have been made to optimize biofuel efficiency and reduce emissions, including the addition of nanoparticles 
into biodiesels, due to the ability of nanoparticles to achieve a more complete combustion [11]. In recent years, adding nanoparticle 
additives into diesel engines has gained much popularity. Sonara and Rathod [12] examined the addition of multiwalled carbon 
nanotubes (MWCNTs) as additives and analyzed the droplet combustion and ignition delay, including activation energy. The results 
showed that there was a reduction in the ignition delay and engine performance. Adding aluminum oxide (Al2O3) nanoparticles into 
DF significantly reduced NOx, CO, UHC, and smoke emissions, leading to higher brake thermal efficiency (BTE) [13]. 

The effects of adding single-walled carbon nanotubes (SWCNTs), graphite oxide (GO), and cerium oxide (CeO2) nanoparticles on 
the emission characteristics and combustion performance of diesel engines have been investigated in previous studies. The results 
revealed that nanoadditives reduced CO and UHC emissions and improved the brake specific fuel consumption (BSFC) of diesel en
gines. However, the addition of nanoadditives into biodiesel increased NOx emissions compared with that for DF [14]. Adding carbon 
nanotubes (CNTs) into commercial diesel and palm oil biodiesel decreased ignition delay, particulate matter, and NOx emissions in 
diesel engines, regardless whether the CNTs were amide-functionalized or nonfunctionalized [15]. Waste cooking oil biodiesel with 
TiO2, Al2O3, and CNT nanoadditives enhanced the physicochemical properties of the fuel, improving thermal efficiency and decreasing 
CO and UHC emissions. 

Nevertheless, the addition of nanoadditives increased NOx emissions of a diesel engine fueled with waste cooking oil biodiesel [16]. 
The use of graphene oxide and graphite oxide in waste cooking oil biodiesel enhanced the BTE, reduced the BSFC, and reduced NOx 
emissions [17]. Jatropha biodiesel added with MWCNTs, graphene nanoplatelets (GNPs), and GO showed an increase in BSFC and a 
reduction in the HC, NOx, and CO emissions [18]. 

The addition of zinc oxide (ZnO) nanoparticles into mahua biodiesel increased the BTE and decreased the BSFC, as well as reduced 
the smoke, UHC, NOx, and CO emissions [19]. In addition, the incorporation of ZnO into soybean biodiesel decreased the BSFC and 
reduced the UHC, NOx, CO, CO2, and smoke emissions, as well as improved the heat release rate (HRR), mean gas temperature (MGT), 
and BTE [20,21]. Rajak et al. [22] investigated the effect of adding ZnO nanoadditive into DF. The results showed that the addition of 
ZnO nanoadditive increased the BTE and cylinder pressure, as well as reduced the BSFC and gas emissions compared with those for DF. 
The incorporation of ZnO nanoadditive into waste plastic oil (WPO) significantly enhanced engine performance, reduced smoke, CO, 
UHC, and NOx emissions, improved the BTE by 2.47 %, and decreased the BSFC [23]. 

Goethite (FeOOH) is generally black in hand specimens or yellowish in massive examples. Goethite is a secondary mineral formed 
from the alteration of iron-rich minerals such as magnetite, siderite, pyrite, and hematite under oxidizing conditions [24]. Goethite is a 
stable iron oxide with favorable thermodynamic properties. Goethite can reduce the concentration of heavy metals in an aqueous 
solution through absorption, which is beneficial for environmental protection. In addition, goethite is used as a catalyst carrier and a 
precursor of nano zero-valent iron (NZVI) to reduce environmental pollution [25]. Kalishyn et al. [26] found that incorporating 
goethite nanoparticles as an antioxidant in gasoline fuel can significantly extend the storage period and enhance the oxidative stability 
of gasoline. 

Nevertheless, there are limited studies on the use of PPaO as the primary fuel in indirect injection (IDI) diesel engines, incorporating 
zinc oxide microparticles and goethite nanoparticles as fuel additives. Most of the existing studies are focused on incorporating 
nanoadditives into biodiesels and DF to enhance the performance of diesel engines and reduce exhaust emissions. This study addresses 
the current research gap by incorporating zinc oxide microparticles and goethite nanoparticles into PPaO, which is used as the base 
fuel. The objective is to investigate the effects of zinc oxide microparticles and goethite nanoparticles on the performance and spray 
characteristics of a diesel engine in order to gain insight into how PPaO affects the combustion process. 

Fig. 1. Schematic diagram of the experimental setup used to determine the engine performance.  
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2. Materials and methods 

2.1. Experimental setup used to determine the performance of the diesel engine 

The diesel engine was first run to attain a stable operational state and establish an optimal working temperature environment 
before carrying out experiments involving PPaO and its blends. This involved operating the engine on DF for 30 min. Subsequently, the 
base fuel (DF) was completely purged from the fuel pump, fuel tank, and fuel lines to be substituted with the test fuels. The cooling 
water and lubrication oil temperatures were measured in advance to verify that the engine had achieved the appropriate warm-up 
condition. The engine load was increased gradually from 20 % to 100 % by modulating the current supplied to the heater load in 
20 % increments. These steps were implemented, taking into account the characteristics of the diesel engine. The engine power can be 
determined based on the experimental results. The schematic diagram of the experimental setup is shown in Fig. 1. A smoke meter was 
used to measure the smoke emissions from the engine exhaust. The engine specifications are detailed in Table 1. To ensure accuracy 
and precision, all of the equipment and instruments were checked and calibrated before the experiments, and each operating condition 
was measured multiple times to minimize errors. The data were collected in triplicate after ensuring the engine had reached stable 
operation for at least 10 min. 

2.2. Experimental setup used to determine the fuel spray characteristics 

The fuel spray characteristics are of great importance to ensure proper fuel combustion and optimal diesel engine performance. In 
this study, an in-depth analysis was performed on the spray characteristics of the DF and PPaO and its blends using the experimental 
setup illustrated in Fig. 2. The specifications of the instruments are listed in Table 2. Images were captured using Phantom Miro C110 
high-speed camera with a resolution of 1280 × 720 pixels and a speed of 900 fps. The experiments were conducted by varying the 
amount of fuel used while maintaining a constant injection pressure of 50 bar to observe the spray angle. Otsu’s method was applied for 
the image analysis by binarizing the grayscale images, resulting in black pixels for the spray region. The spray angle was measured at a 
distance of 50 mm from the orifice exit. 

2.3. Test fuels 

In this study, the results for DF were compared with those for PPaO, PPaOZnO, and PPaOGOE. Preheating was conducted in the fuel 
lines at a temperature range of 60–100 ◦C to reduce the PPaO viscosity and avoid blockage along the fuel lines and injector, following 
the same procedure employed by De Almeida et al. [10]. Zinc oxide microparticles and goethite nanoparticles were used as the additive 
materials. Goethite was synthesized using the coprecipitation method, where NaHCO3 was used as the coprecipitating agent [27]. The 
PPaO, zinc oxide, and goethite were mixed thoroughly by sonication, as illustrated in Fig. 3. The formulations of the test fuels are listed 
in Table 3, whereas the properties of the test fuels are presented in Table 4. 

2.4. Fuel cost analysis 

Since the PPaO was sourced locally, the cost of the oil was around $1.00–$1.20 per 8 L. The cost of the zinc oxide microparticles was 
$3.50 per gram, and the cost of the goethite nanoparticles was $2.00 per gram. Furthermore, the current cost of DF in Indonesia was 
$0.45–$1.00. The costs of the raw materials are tabulated in Table 5. The maximum fuel cost for this study was approximately $1.38, 
whereas the minimum cost was $1.04. Based on the fuel cost analysis, it is evident that the estimated maximum and minimum fuel 
costs of the PPaO and its blends were comparable to those of DF. 

2.5. Uncertainty of the measurements 

Uncertainty analysis is crucial to verify the credibility of the experimental results. Errors and uncertainties arise from various 
factors, such as instrument selection, environmental conditions, observations, and operating conditions. The uncertainties of the in
struments employed in this study are summarized in Table 6. Uncertainty analysis is essential for investigative studies as it provides a 
detailed overview of the veracity and repeatability of the findings. The percentage experimental uncertainty was calculated using the 

Table 1 
Specifications of the diesel engine.  

Parameters Specification 

Engine model Dafeng S195 four-stroke diesel engine 
Engine type Indirect injection 
Cooling type Water cooling 
Stroke × bore dimension 115 mm × 95 mm 
Number of cylinders Single cylinder 
Compression ratio 22ː1 
Cylinder volume 0.815 L 
Generator rated power 7500 W at 1500 rpm 
Fuel capacity 5.5 L 
Injection type Mechanical pump injection 
Nozzle hole 1/pintle 
Engine maximum power rate 14 hp/2200 rpm 
Lubricating oil SAE 30-40 
Load cell type Heater load  
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following equation [23,28]: 
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In Equation (1), the variable y represents a specific parameter that is dependent on the value of xi, and Uy denotes the deviation or 
uncertainty associated with the specific parameter y. 

Fig. 2. Schematic diagram of the experimental setup used to determine the fuel spray characteristics.  

Table 2 
List of the instruments used to determine the fuel spray characteristics.  

Parameters Specification 

High-speed camera Phantom C110, 900 fps at 1280 × 1028 pixel 
Nozzle type Pintle 
Maximum pressure 600 bar 
Light source GsVitec Multiled LT 
Lens Ricoh FL-CC6Z1218A-VG 12.5–75 mm 1.8 VGA 
Data acquisition system PCC Phantom  

Fig. 3. Mixing of the PPaO with zinc oxide or goethite by sonication.  

Table 3 
Formulations of the test fuels.  

Formulation Additive Dosage Label 

Diesel Fuel – DF 
Pure Palm Oil – PPaO 
PPaO + ZnO 50 ppm PPaOZnO 
PPaO + Goethite 20 ppm PPaOGOE  
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Based on the uncertainties of the instruments, the percentage uncertainties of power, torque, thermal efficiency, SFC, and other 
parameters were determined. The uncertainties for SFC, power, torque, thermal efficiency, and smoke were ±1, ±0.2, ±0.2, ±0,2, and 

±1, respectively. The total uncertainty was calculated using equation (2). The error propagation technique used in this study was 
referenced from previous studies [29,30]. 

Total uncertainty=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(uncertainty of SFC)2
+ (uncertainty of power)2

+

(uncertainty of torque)2
+ (uncertainty of Thermal Efficeincy)2

+ (uncertainty of Smoke Opacity)2

√

(2)  

Total uncertainty=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1)2
+ (0.2)2

+ (0.2)2
+ (0.2)2

+ (1)2
√

= ±1.46% 

The total uncertainty was less than 5 %, indicating that the measured values were statistically reliable. 

2.6. Characterization of the materials 

The particle size distributions of the zinc oxide microparticles and goethite nanoparticles were measured using a particle size 
analyzer based on dynamic light scattering (Horiba Scientific SZ-100). The functional groups of the materials were characterized using 
a Fourier transform infrared (FTIR) spectrometer (Shimadzu IR Prestige-21). The FTIR spectrometer was operated using the KBr pellet 
procedure within a wavenumber range of 400 cm− 1 and 4000 cm− 1. The surface morphologies of the zinc oxide microparticles and 
goethite nanoparticles were characterized using a scanning electron microscope (HITACHI SU3500). The samples for scanning electron 
microscopy (SEM) were deposited on carbon tape and then coated with gold (Au) by ion sputtering (MC1000) for 5 min. The elemental 
compositions of the zinc oxide microparticles and goethite nanoparticles were characterized by energy dispersive X-ray spectrometer 
(ZAF Smart Quant). The crystallinity of the zinc oxide microparticles and goethite nanoparticles was analyzed using an X-ray 
diffractometer (Bruker D8 Advance) with Cu Kα radiation (λ = 1.54060 Å). 

3. Results and discussion 

3.1. Zinc oxide microparticles and goethite nanoparticles 

Particle size analysis (PSA) is crucial to understand the physical properties of materials. The particle size distribution is important to 
understand the material behavior. PSA provides the particle size distribution and is used to analyze numerous materials, including 
suspensions, powders, aerosols, and emulsions. Sedimentation, light propagation, and microscopy-based methods are among the PSA 
techniques available, each with its own advantages and disadvantages. The selection of a PSA technique is dependent on the properties 
of the material to be analyzed. One of these techniques is particle size analysis using light propagation, which involves analyzing the 
scattering of light by particles in suspension when illuminated by a laser to calculate the velocity of Brownian motion. Using the 

Table 4 
Properties of the test fuels.  

Test Fuel Lower Heating Value (kcal/kg) Density at 25 ◦C (kg/m3) Viscosity at 25 ◦C (cP) Flash Point (◦C) 

DF 10,536 844.4 2.852 28 
PPaO 9451 893.5 55.083 62 
PPaOZnO 9463 889.6 52.879 49 
PPaOGOE 9446 891.0 54.609 55  

Table 5 
Estimation of the minimum and maximum fuel costs for different test fuels.  

Test Fuel Minimum Fuel Cost ($) Maximum Fuel Cost ($) 

DF 0.45 1 
PPaO 1 1.2 
PPaOZnO 1.175 1.375 
PPaOGOE 1.04 1.24  

Table 6 
Uncertainties of the instruments employed in this study.  

Parameter Accuracy Percentage Uncertainty Measurement Technique 

Volume of test fuel ±0.1 cc ±1 % Burette 
Engine speed ±10 rpm ±0.1 % Tachometer 
Engine load ±5 W ±0.2 % Heater load 
Time ±0.1 s ±0.2 % Stopwatch 
Smoke meter ±1 ±1 % Opacity meter  
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Stokes–Einstein equation, the velocity is used to determine the particle’s hydrodynamics [31]. In this study, PSA was conducted using 
dynamic light scattering (DLS), with a dynamic range spanning from 0.3 nm to 8 μm. The lower limit is contingent upon several factors, 
including the concentration of the sample, the strength of its light-scattering properties, and the presence of undesirable large particles. 
The density of the sample influences the upper limit since DLS is based on the principles of Brownian motion, which is in opposition to 
the effects of gravitational settling. 

The particle size distributions of the zinc oxide microparticles and goethite nanoparticles are shown in Fig. 4. The average diameter 
of the zinc oxide microparticles was 154.8 nm, with a standard deviation of 46.8 nm. The average diameter of the goethite nano
particles was 99.6 nm, with a standard deviation of 24.9 nm. Both types of materials exhibited a relatively narrow size distribution, 
which is a critical factor for their effective implementation. 

FTIR spectroscopy is a characterization technique used to analyze chemical compounds by generating an infrared absorption 
spectrum. FTIR spectroscopy is used to analyze the shape of molecules and their properties. In this study, zinc oxide microparticles and 
goethite nanoparticles were analyzed using FTIR spectroscopy to identify the functional groups present in the materials, and the FTIR 
spectra are shown in Fig. 5. Based on the FTIR spectrum for zinc oxide microparticles, there were two prominent peaks within a 
wavenumber range of 4000 cm− 1 to 500 cm− 1. These peaks represent the functional groups of zinc oxide. In addition, absorption peaks 
were observed at 3568, 2367, and 541 cm− 1. The broad peak at 3568 cm− 1 was attributed to the stretching vibrations of the O–H bonds 
or hydroxyl compounds. A sharp peak at 541 cm− 1 was ascribed to stretching vibrations of the Zn–O bonds, indicating the octahedral 
and tetrahedral structures of the zinc oxide microparticles. The peaks of Zn–O stretching vibrations were similar to those found by 
Soudagar et al. [19]. In addition, an absorption peak appeared at 2367 cm− 1, which can be attributed to the vibrations of CO₂ orig
inating from the surrounding air, as shown in Table 7. 

Furthermore, the FTIR spectrum of the goethite nanoparticles exhibited absorption peaks at 3138, 1600–1300, 887, 794, and 638 
cm− 1. The broad IR band at 3138 cm− 1 was assigned to the stretching vibrations of the H2O compound or OH bonds. The intense band 
observed at 1600–1300 cm− 1 was characteristic of NO, originating from the NO₂ precursors. This observation can be attributed to 
unreacted iron (II) salts, indicating that the synthesized goethite was of low purity [32]. Typical sharp bands at 887 and 794 cm− 1 were 
ascribed to Fe–O–OH bending vibrations in α-FeOOH. The bands at 638 cm− 1 were attributed to Fe–O stretching vibrations of the 
goethite lattice. These bands were characteristic of the goethite form [33,34]. 

Energy-dispersive X-ray spectroscopy (EDS) is a qualitative method used to identify the elemental compositions of the materials 
imaged using SEM. In this study, EDS was conducted to determine the elemental compositions of the zinc oxide microparticles and 
goethite nanoparticles, as shown in Fig. 6. Fig. 6(b) shows that the zinc oxide microparticles were composed of 59.1 % Zn and 40.9 % O 
(atomic percentage) and 85.52 % Zn and 14.48 % O (weight percentage). The EDS spectrum of goethite revealed that the yellowish- 
brown particles contained Fe, O, C, Na, and Mn, as presented in Fig. 6(a). The yellowish-brown nanoparticles were prepared by 
chemical precipitation in a rotated packed bed. The EDS spectrum revealed that the goethite nanoparticles were composed of 26.63 % 
Fe and 54.5 % O (atomic percentage). Other elements present in the goethite nanoparticles were C, Na, and Mn, with an atomic 
percentage of 16.04, 2.61, and 0.22 % respectively, which were close to the theoretical composition of goethite [35,36]. In terms of 
weight percentage, the yellowish-brown goethite nanoparticles were composed of 7.34 % C, 33.23 % O, 2.28 % Na, 0.45 % Mn, and 
56.59 % Fe. 

SEM creates images by detecting reflected or emitted electrons. SEM can be used to reveal the spatial orientations and small particle 
sizes of zinc oxide and goethite [37]. In this study, SEM was carried out to determine the surface morphology of the zinc oxide mi
croparticles on a scale of 1 μm, as shown in Fig. 7(a). It can be seen that the zinc oxide microparticles were within a range of 80–200 
nm, with an average particle size of 134.96 nm and standard deviation of 28.54 nm. The SEM image revealed that the zinc oxide 
microparticles were nearly cubical or spherical [38]. In contrast, the SEM image for the goethite nanoparticles revealed needle-like 
particles with a lath-like crystal habit, as shown in Fig. 7(b). The SEM image confirmed that the goethite nanoparticles had the 
shape of nanorods. The goethite nanoparticles had a particle size within a range of 60–120 nm, with an average particle size of 96.56 

Fig. 4. Particle size distributions of the zinc oxide and goethite.  
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nm and standard deviation of 13.72 nm. The particle size distribution of the synthesized goethite was consistent with those of other 
studies [19,39,40]. 

X-ray diffraction (XRD) analysis is an indispensable characterization technique for obtaining intricate information on the chemical 
composition, crystallographic structure, and physical characteristics of materials. In this study, XRD analysis was performed on the 
zinc oxide microparticles and goethite nanoparticles to examine their crystal morphology and characteristic peaks. The zinc oxide and 
goethite additives were prepared in powder form and analyzed using an X-ray diffractometer (Bruker D8 Advance) with Cu Kα ra
diation. The X-ray diffractometer released radiation with λ of 1.54060 Å over a 2θ range of 10–90◦, with a step size of 0.02◦ and a 
scanning rate of 0.5◦/min. As shown in Fig. 8, the X-ray diffractogram of the goethite nanoparticles exhibited discernible diffraction 
peaks at 2θ of 21.14, 33.31, 36.6, and 53.19◦, corresponding to the (110), (130), (111), and (221) crystallographic planes within the 
orthorhombic crystal lattice of goethite, respectively. Furthermore, the X-ray diffractogram of the zinc oxide microparticles showed 
distinctive diffraction peaks at 2θ of 31.74, 34.14, 36.27, 37.54, 56.57, 62.82, 66.35, 67.90, 69.08, and 76.94◦, corresponding to the 
(100), (002), (101), (102), (110), (103), (200), (112), (201), and (202) planes of the hexagonal crystal structure of zinc oxide, 
respectively. The peaks observed in this study aligned with those previously reported for hexagonal zinc oxide with a wurtzite structure 
[41]. The X-ray diffractograms were comparable to those of previous studies [42,43]. According to the International Centre for 
Diffraction Data (ICDD), the results showed that the zinc oxide matched the ICDD 00-036-145 powder diffraction file, while the 

Fig. 5. FTIR spectra of the zinc oxide and goethite.  

Table 7 
Functional groups present in the zinc oxide and goethite identified from the FTIR spectra.  

Material Wavenumber (cm− 1) Functional Group 

Zinc oxide 3568 OH 
2367 O=C=O 
541 Zn–O 

Goethite 3138 OH 
1300–1600 NO2 

887 and 794 Fe–O–H 
638 Fe–O  

Fig. 6. Elemental compositions of (a) goethite and (b) zinc oxide obtained from EDS.  
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goethite matched the ICDD 01-081-0462 powder diffraction file. 

3.2. Effects of zinc oxide and goethite additives on the engine performance 

Engine power and torque are critical parameters that define the performance of a diesel engine. Engine power denotes the work rate 
executed, whereas torque represents the twisting force generated. In this study, the engine power and torque were determined based 
on the experimental results, as shown in Fig. 9. The results showed that the use of PPaOZnO and PPaOGOE slightly decreased the 
engine power and torque. The engine power decreased by an average of 4.7 and 4.9 % for PPaOZnO and PPaOGOE, respectively, 
relative to the engine power for DF. The engine power decreased by a maximum of 10.1 and 15.5 % for PPaOZnO and PPaOGOE, 
respectively, relative to engine power for DF at an engine load of 30 %. The reduced engine power and torque associated with 
PPaOZnO and PPaOGOE can be attributed to their lower heating values. 

Fig. 7. SEM images and particle size distributions of the (a) zinc oxide and (b) goethite.  

Fig. 8. X-ray diffractograms of the zinc oxide and goethite.  
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On the other hand, the engine power and torque increased when PPaO and PPaOGOE were used as fuels. The PPaO resulted in a 
maximum increase in engine power and torque of 1.3 % at an engine load of 70 %, whereas the PPaOGOE exhibited a maximum 
increase in engine power and torque of 1.6 % at an engine load of 20 %, compared with DF. The enhancement in engine power and 
torque resulting from the PPaO and PPaOGOE fuels may be attributed to the oxygen content of the fuel and the surface-to-volume ratio 
of the fuel additive [44]. Overall, the use of PPaOZnO and PPaOGOE slightly reduced the engine power and torque of the diesel engine 
compared with DF. However, it is worth noting that these fuels still yield comparable performance to DF despite the slight reduction in 
the engine power and torque [45]. 

3.3. Effects of zinc oxide and goethite additives on the fuel economy 

The thermal efficiency and SFC are important parameters that determine engine performance due to their profound effect on the 
engine operation. Thermal efficiency is calculated as the ratio of the useful work output to the heat input. SFC indicates the fuel 
consumption per unit of power output. 

As shown in Fig. 10(a), it can be seen that PPaOZnO resulted in the highest enhancement in SFC, with a maximum increase of 37.1 
% and an average increase of ~24.21 % when operated at an engine load of 40 %, compared with DF. This is due to the fact that DF has 
a lower density and a higher calorific value. Therefore, PPaOZnO consumes a greater quantity of fuel in order to generate engine power 
that is comparable to DF [46]. Conversely, DF exhibited the lowest SFC, indicating that the diesel engine requires less fuel to produce 
the same power as other test fuels. 

As shown in Fig. 10(b), the thermal efficiency of PPaO was comparable to that of DF. However, the PPaO increased the thermal 
efficiency by 10.7 % at an engine load of 10 %, whereas PPaOGOE increased the thermal efficiency by 1.23 % at an engine load of 50 %. 
This may be attributed to the fact that the PPaO and PPaoOGOE have a lower calorific value than DF, resulting in a reduction in the 
energy input to the system, while the engine power remained comparable to that of DF. These results were consistent with those of a 
Syarif et al. [9], who reported an increase in thermal efficiency. Overall, the use of PPaOZnO decreased the thermal efficiency, with an 
average decrease of 14.8 % and a maximum decrease of 22.98 % at an engine load of 40 %. The use of PPaOGOE resulted in an average 
decrease in thermal efficiency of 4.14 % and a maximum decrease of 11.03 % at an engine load of 30 %. A contributing factor to the 
observed reduction in thermal efficiency is the engine power compensation of PPaOZnO and PPaOGOE, which was slightly less than 
that of DF. Moreover, the lower heating value and higher density of these fuels compared with DF may also be responsible for the 
decrease in thermal efficiency. The results of this study were similar to those of Abed et al. [47]. 

In terms of the cost per kilowatt-hour (kWh), DF stood out as the most economically advantageous option across all heater load 
scenarios. This can be attributed to the lower SFC of DF, and therefore lower costs. However, when DF was compared with PPaO, there 
was a noticeable change. At engine loads above 40 %, the PPaOGOE fuel blend appeared to be a competitive substitute. This finding 
emphasizes the ability of the PPaOGOE to achieve an efficient balance between performance and cost-effectiveness under certain 
operational circumstances. This cost-effectiveness resulting from the reduced SFC of the PPaOGOE fuel blend compared with that of 
PPaO is shown in Fig. 11. 

The interaction between the engine load and cost-effectiveness highlights a key element of engine dynamics. Because of their lower 
SFC, DF and PPaO are more efficient at lower loads, reducing the cost per kWh. However, when the load increases, the benefits of the 
PPaOGOE fuel blend become more apparent and outweigh the cost difference. This change in economic viability positions the 
PPaOGOE fuel blend as an economically sensible option, even if it is more expensive than PPaO and DF. 

3.4. Smoke emissions 

Diesel engines are known for emitting substantial volumes of particulate matter, which adversely affect human health and the 
environment. The opacity of exhaust smoke is a critical metric for assessing the magnitude of particulate matter emitted from diesel 
engines. Various factors, including extended oxidation times, insufficient oxygen levels, and elevated cylinder temperatures, jointly 
affect the production of exhaust emissions, with deleterious consequences on both human well-being and ecological equilibrium [48]. 
In this study, the use of PPaO in the IDI diesel engine significantly increased the smoke opacity by 128 %, exceeding that of DF by a 
significant margin, as shown in Fig. 12. This increase occurs due to the significantly higher viscosity of PPaO, which exceeds that of DF 
by a factor of 10, leading to the formation of larger droplets that hinder complete combustion when the fuel enters the combustion 
chamber. However, the introduction of PPaOZnO and PPaOGOE significantly reduced the smoke opacity, where the most pronounced 
reduction was observed for the PPaOGOE fuel blend, with a value of 60 %, relative to the smoke opacity for DF. 

Previous investigations have demonstrated that the introduction of nanoparticle and microparticle additives into DF and biodiesels 
can successfully mitigate smoke opacity and CO emissions [49–51]. The incorporation of zinc oxide and goethite as additives can serve 
as efficacious fuel catalysts, facilitating smoother fuel droplet flow and leading to microexplosions, which result in heightened 
flammability and improved combustion activity. Interestingly, the use of PPaOZnO and PPaOGOE has demonstrated considerable 
efficacy in reducing smoke opacity and enhancing combustion efficiency of IDI diesel engines. Furthermore, the utilization of alter
native energy sources infused with nanomaterials has the potential to significantly aid in the long-term mitigation of urban pollution 
and the depletion of conventional fuel resources. 

3.5. Fuel spray characteristics 

Fig. 13(a) shows that the spray characteristics of PPaO deviated from those of DF when PPaO was combined with additives due to 
the increase in viscosity and decrease in density. The higher viscosity of the fuel presents a challenge to fuel atomization, and the 
combustion process contributes to the formation of pollutants. In addition, high-viscosity fuel significantly reduces turbulence in
tensity, which affects the spray angle [52]. Specifically, at a pressure of 50 bar and T = 2 and 4 ms, the spray angle and penetration of 
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Fig. 9. (a) Engine power and (b) torque of the diesel engine fueled by different test fuels.  

Fig. 10. (a) Specific fuel consumption and (b) thermal efficiency of the diesel engine fueled by different test fuels.  

Fig. 11. Cost per kilowatt-hour of different test fuels.  
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the PPaO spray were inferior to those of DF, suggesting deficiencies in PPaO fuel atomization. However, by incorporating additives the 
quality of the spray penetration was increased 2 times compared to PPaO, as evidenced from the results of the PPaOZnO and PPaOGOE 
fuel blends is shown in Fig. 13(a). Moreover, ss shown in Fig. 13(b), even with the addition of PPaOZnO or PPaOGOE, the spray angle 
characteristics were similar to those of PPaO due to their similar viscosities. The presence of additives in PPaO facilitates fuel at
omization, which conforms well with the findings of Sa et al. [53], where the addition of MWCNTs into DF can increase turbulence at 
the nozzle outlet and decrease the spray cone angle. 

4. Conclusion 

The incorporation of zinc oxide and goethite as additives into PPaO fuel has the potential to enhance the fuel characteristics, 
specifically the lower heating value, flash point, and viscosity. The SEM images revealed a uniform distribution of zinc oxide mi
croparticles and goethite nanoparticles within the fuel matrix, which in turn, facilitates the transfer of heat and promotes the 
development of a stable flame front. The results also showed a reduction in the viscosity for PPaO, PPaOZnO and PPaOGOE fuels, 
achieved through the application of heat prior to utilization. The introduction of PPaOZnO and PPaOGOE significantly reduced the 
smoke opacity, where the most pronounced reduction was achieved for the PPaOGOE fuel blend, with a value of 60 %, relative to the 
smoke opacity for DF. At an engine load of 10 %, the PPaO exhibited the most significant enhancement in thermal efficiency compared 
with DF, with a notable increase of 10.7 %. The use of PPaOGOE increased the thermal efficiency by 1.23 % at an engine load of 50 %, 
compared with DF. However, the use of PPaOZnO decreased the thermal efficiency, with an average decrease of 14.8 % and a 
maximum decrease of 22.98 % at an engine load of 40 %, compared with DF. Furthermore, the PPaOZnO fuel increased the SFC with an 
average increase of 24.21 % and a maximum increase of 37.1 % at an engine load of 40 %. The increase in SFC is induced by the 
auxiliary energy required to disintegrate the larger droplet particles in the PPaOZnO fuel blend, which reduces the overall energy 
efficiency of the fuel. 

The quality of the fuel spray at the nozzle has a significant impact on the combustion characteristics. Therefore, it is crucial to 
understand the fuel spray characteristics at the nozzle in order to achieve optimal and complete combustion in diesel engines. The 

Fig. 12. Smoke opacity of different test fuels.  

Fig. 13. (a) Fuel spray characteristics and (b) spray angle of different test fuels.  
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experimental results revealed that the use of PPaO reduced the spray angle and penetration compared with DF. However, the addition 
of zinc oxide microparticles or goethite nanoparticles into PPaO enhanced spray penetration, even though the spray angle remained 
unchanged, thereby facilitating fuel atomization. This highlights the potential of adding zinc oxide microparticles and goethite 
nanoparticles into PPaO, which enhances the combustion efficiency and performance of diesel engines. 

A comprehensive understanding of the fuel spray characteristics at the nozzle is necessary to develop more efficient and envi
ronmentally friendly alternative fuels. Further studies are required to assess the advantages and constraints of this fuel strategy and to 
determine the optimal additive concentration that will enhance engine performance and reduce exhaust emissions for a wide variety of 
diesel engines, particularly in Indonesia. 
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