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Abstract 

Emissions from aging diesel vehicles represent a major environmental and public health concern, 

particularly in view of the widespread use of biodiesel blends in existing fleets. This study investigates 

the nanoparticle emissions from an aged diesel passenger vehicle fuelled with biodiesel B7 under 

simulated driving conditions. The numbers and mass concentrations of the particles and their size 

distributions, morphology, and elemental composition are recorded at engine start-up, while driving 

at low (50 km/h) and high speeds (100 km/h), and after driving, using a chassis dynamometer and 

multiple measurement techniques. The particulate emissions are found to be dominated by ultrafine 

particles (<100 nm). The number concentrations vary between 1.35 × 10⁷ particles/cm³ during engine 

start-up and 2.60 × 10⁷ particles/cm³ during high-speed driving, with concentrations inside the 

exhaust pipe approximately 7.8 times higher than those measured outside. Morphological analysis 

reveals a transition from compact agglomerates under low-speed conditions to fractal-like, porous 

aggregates at high speed. Higher proportions of iron (Fe) and sulphur (S) are found during high-

speed driving, suggesting influences from engine wear and lubricant-related sources. The small sizes 

and high reactivity of these particles allow them to penetrate into the lungs and enter the 

bloodstream, posing respiratory and cardiovascular health risks. Characterisation based on particle 

numbers and physicochemical properties is therefore preferable to mass-based emission metrics in 

terms of capturing the health-related features of diesel exhaust. Ultrafine particle exposure should 

be prioritised in environmental and occupational health risk assessments, particularly in regions with 

a high proportion of aging diesel vehicles. 
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Introduction 

Increasing levels of air pollution, and particularly 

particulate matter, remain a significant 

environmental issue, especially in urban areas 

where traffic congestion is prevalent. One major 

contributor to air pollution is the presence of diesel 

vehicles, as these emit ultrafine particles, also 

referred to as nanoparticles, which can penetrate 

deep into the human respiratory system and cause 

long-term adverse health effects ( Sydbom et al., 

2001; Oberdörster et al., 2005). In developing 

countries such as Thailand, a substantial proportion 

of the diesel vehicles form part of aging fleets, often 

with more than 10 years of service and without 

advanced emission control technologies. These 

vehicles tend to emit significantly higher levels of 

particulate matter than newer models, making them 

an important target for emissions testing (Caliskan 

& Mori, 2017); however, data on their emissions 

remain limited, particularly under real-world 

conditions and when fuelled with biodiesel ( Tunno 

et al., 2016; Taxell & Santonen, 2017). 

Biodiesel B7 is a blended fuel consisting of 

7% fatty acid methyl esters (FAMEs) and 93% 

conventional petroleum diesel. It is widely used, 

due to its compatibility with existing diesel engines 

and fuel infrastructure (Boichenko et al., 2025). The 

adoption of B7 has been promoted as a strategy to 

reduce dependence on fossil fuels and mitigate 

environmental impacts, for example by lowering 

carbon dioxide emissions (de Oliveira et al., 2015). 

In addition, B7 provides economic benefits, 

particularly in Thailand, where the cultivation of 

palm oil supports the domestic production of 

biodiesel, thereby reducing reliance on imported 

fossil fuels in accordance with government policies 

promoting renewable energy. From a lifecycle 

perspective, the use of renewable feedstocks such as 

palm oil can reduce the overall carbon footprint at 

the fuel production and usage stages, contributing 

to a more sustainable energy system. Compared 

with conventional diesel (B0), B7 has been reported 

to yield particle number concentrations that are 

reduced by more than 10%, and to emit lower levels 

of black carbon under various engine operating 

conditions (Ajtai et al., 2024). Despite these 

advantages, however, B7 is also subject to certain 

limitations; for example, although it can reduce 

overall carbon emissions, studies have shown that it 

may lead to increased emissions of fine particles 

under specific operating conditions (Prakash et al., 

2022). Diesel exhaust nanoparticles contribute to 

ambient PM 2.5 levels, degrade air quality, 

participate in atmospheric processes, and transport 

toxic substances such as metals, with potential  

 

 
effects on environmental systems (Rönkkö et al., 

2023). Furthermore, the use of biodiesel may not 

fully eliminate other harmful pollutants, and in 

older diesel engines can result in elevated 

particulate emissions, including nanoparticles that 

pose significant health risks ( Reşitoğlu et al., 2015; 

Aljaafari et al., 2022). Nanoparticles are mainly 

formed from incomplete combustion in diesel 

engines, which causes the formation of soot 

precursors and ultrafine particles (Lapuerta et al., 

2008). The oxygen content of the FAMEs in B7 

alters the combustion and the formation of soot, and 

under certain conditions may enhance nucleation 

and increase the formation of ultrafine particles, 

especially in aged engines (Chien et al., 2009). 

The nanoparticles emitted from aged diesel 

vehicles operating on biodiesel B7 are of particular 

concern due to their extremely small size (less than 

100 nm) and high surface reactivity. These particles 

can bypass the body’s natural respiratory defence 

mechanisms and penetrate deeply into the lungs, 

where they may enter the bloodstream. Exposure to 

such particles has been associated with systemic 

inflammation, oxidative stress, and cellular 

damage, all of which increase the risk of respiratory 

disease, including chronic obstructive pulmonary 

disease, asthma, and lung cancer (Kumar et al., 

2013; Portugal et al., 2024). Exposure to ultrafine 

particles has also been linked to cardiovascular 

disease, as these particles can influence blood 

pressure, increase arterial stiffness, and promote 

atherosclerosis (Rabe et al., 2007). Consequently, 

emissions of fine and ultrafine particles from older 

diesel engines fuelled with B7 give rise to both 

public health risks and environmental pollution, 

underscoring the need for comprehensive studies in 

order to fully understand their impacts (Mehus  

et al., 2015). 

Despite growing global concern over the 

environmental and health impacts of diesel 

emissions, and especially nanoparticle emissions, 

data on particulate emissions from aged diesel 

vehicles operating on biodiesel B7 remain limited. 

This knowledge gap highlights the need for further 

research into the characteristics of nanoparticle 

emissions from these vehicles. Relatively few 

authors have conducted simultaneous examinations 

of the number and mass concentrations of particles, 

their size distributions and morphology, and the 

elemental composition of emissions from aged 

diesel engines fuelled with biodiesel B7 under 

simulated driving conditions. The aim of this study 

is therefore to investigate the nanoparticle 

emissions from aged diesel engines fuelled with 
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biodiesel B7 under various simulated driving 

conditions in a controlled environmental setting. 

Through careful characterisation of the elemental 

composition, size distribution, and morphology of 

the particles, this research provides valuable 

insights into the potential health risks associated 

with long-term exposure, particularly with respect 

to respiratory and cardiovascular outcomes. The 

findings are expected to support improved public 

health monitoring, inform regulatory development, 

and contribute to mitigation strategies for diesel-

related emissions under simulated driving 

conditions. 

Materials and Methods 

The focus of this study is on the number size 

distribution, number concentration, mass 

distribution and morphology of the particles and 

their elemental composition under simulated 

driving conditions at different vehicle speeds. The 

findings are expected to provide experimental 

evidence that can support environmental and 

occupational exposure assessments and contribute 

to informed evaluations of biodiesel fuel use in 

existing diesel vehicle fleets. A four-stroke diesel 

passenger vehicle with a service life exceeding  

10 years, equipped with a 2,500 cc engine and  

a maximum torque of 329 Nm at 1,800 rpm, and 

fuelled with biodiesel B7, was tested using a chassis 

dynamometer (FPS 2700). The test vehicle had an 

accumulated mileage of approximately 156,290 km. 

The vehicle was manufactured under the Euro  

3 emissions standard, which did not require the 

installation of advanced particulate emission 

control technologies. Hence, the exhaust system of 

the tested diesel vehicle was not equipped with  

a diesel particulate filter or an exhaust gas 

recirculation system. 

 

Experimental Procedure 

The experimental procedure was adapted from 

the approach reported by (Chaiyakham et al., 2024), 

and consisted of five sequential steps. In Step 1, 

background particle concentrations were measured 

over 8 min under baseline conditions. In Step 2, the 

engine was started and allowed to operate at idle for 

8 min. In Step 3, the vehicle was driven at a constant 

speed of 50 km/h for 12 min, and Step 4, the vehicle 

speed was increased to 100 km/h and maintained for 

12 min. Upon completion of the driving phases, the 

engine was switched off, during which post-driving 

particle concentrations were monitored in Step 5 for 

16 min. All experiments were performed in 

triplicate, as illustrated in Figure 1. 

 

Measurements of the Number and Mass 

Distributions and Concentrations  

Internal Exhaust Measurements 

To enable measurements within the pipe, the 

particle measurement head of an Engine Exhaust 

Particle Sizer (EEPS™ ) spectrometer (TSI Model 

3090, TSI Inc., Minnesota, USA) was installed 

directly inside the exhaust pipe. This instrument 

was used to measure the number and mass 

concentrations of the particles as a function of their 

size. Particle size distributions were recorded over 

the range 5.6-560 nm, with data collected at 1 s 

intervals. Measurements were conducted 

continuously based on Steps 1 to 4 of the 

experimental procedure, as illustrated in Figure 2. 

 

External Exhaust Measurements 

For the out-of-pipe measurements, a portable 

aerosol spectrometer (Dust Decoder 11-D, DURAG 

Group, Muldestausee, Germany) covering a particle 

size range of 250-35,000 nm was used together with 

a scanning mobility particle sizer coupled with  

a condensation particle counter (SMPS+C) (Model 

5416, DURAG Group, Muldestausee, Germany), 

which measured particles in the range 10-1,090 nm. 

These two instruments were operated 

simultaneously and the results were integrated 

using Wide Range software to generate a combined 

particle size distribution spanning 10-35,000 nm. 

This integrated measurement system was used to 

determine both the number concentration and mass 

concentration of the particles measured outside the 

exhaust pipe. The sampling inlets were positioned 

at a height of 150 cm above the ground, 

corresponding to the approximate breathing zone of 

a standing adult, and at a horizontal distance of  

100 cm from the exhaust outlet. This configuration 

was selected to give a realistic representation of  

the potential for inhalation exposure to vehicle  

 

 
 

Figure 1. Schematic overview of the experimental 

sequence for particle emission 

measurements during the combustion of 

biodiesel B7 
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exhaust particles and to provide measurements  

that are directly relevant to environmental and 

occupational exposure assessments. Measurements 

were made continuously based on Steps 1 to 4 of the 

experimental procedure, as illustrated in Figure 2. 

 

Elemental and Morphology Measurements 

Elemental and morphological analyses were 

performed on particle samples collected outside the 

exhaust pipe under both low-speed and high-speed 

driving conditions. Nanoparticle sampling was 

conducted using a nanoparticle sampler that was 

equipped with 25 mm polycarbonate filter 

membranes with a pore size of 0.8 µm and 

connected to a calibrated air sampling pump 

(Universal PCXR8 Pump, KC Inc., Pittsburgh, 

USA). The sampling flow rate was maintained at 

0.3 L min⁻¹. Samples were collected in Step 3 of the 

experimental procedure, corresponding to the first 

driving condition, with a sampling duration limited 

to 1 min to prevent filter overloading and excessive 

particle deposition. During sampling, the ambient 

relative humidity was maintained within the range 

40-70% to minimise the influence of moisture on 

particle collection and analysis. 

After sampling, the filter membranes were 

coated with gold to enhance their electrical 

conductivity prior to analysis. The samples were 

then analysed using field emission scanning 

electron microscopy combined with energy 

dispersive X-ray spectroscopy to characterise the 

particle morphology and determine the elemental 

composition. The experimental setup is illustrated 

in Figure 2. 

 

Measured Fuel Properties of B7 Diesel 

The properties of the fuel were found to be 

consistent with those of the B7 diesel fuel 

commonly used in Thailand. Following the 

notification issued by the Department of Energy 

Business on the specification and quality of diesel 

fuel, ASTM standard methods were used for 

analysis of the fuel properties, including ASTM 

D1298 for specific gravity, ASTM D613 for cetane 

number, ASTM D445 for kinematic viscosity, and 

ASTM D93 for flash point. 

Results and Discussion 

The physicochemical properties of the biodiesel B7 

fuel used in this study were evaluated in accordance 

with the ASTM standards described above. The 

results confirmed that all of the measured 

parameters met the fuel quality requirements, 

indicating that the B7 fuel was suitable for diesel 

combustion in terms of ignition performance, fuel 

stability, and handling safety. The fuel had a flash 

point of 80°C, a cetane number of 58.37,  

a kinematic viscosity of 3.5 cSt, and a specific 

gravity of 0.845. These results are illustrated in 

Figure 3. 

 

Particle Number Concentration and Size 

Distribution 

Internal Exhaust Measurements 

The particle number concentration measured 

inside the exhaust pipe was high under all engine 

operating conditions. As the engine was started,  

the concentration was 1.35 × 10⁷ particles/cm³, and 

increased slightly to 1.47 × 10⁷ particles/cm³ under 

low-speed driving conditions (50 km/h). The 

highest concentration was observed at high speed 

(100 km/h), with a value of 2.60 × 10⁷ particles/cm³. 

After the driving phase, the concentration decreased 

to 1.84 × 10⁶ particles/cm³. These results are 

illustrated in Figure 4(a). 

 
 

Figure 2. Schematic illustration of the experimental 

setup 

 
 

Figure 3. Physicochemical properties of the biodiesel B7 fuel evaluated based on ASTM standards 
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External Exhaust Measurements 

The particle number concentration measured 

outside the exhaust pipe was consistently lower than 

inside the exhaust pipe under all conditions. As the 

engine was started, the concentration was 3.47 × 10⁵ 

particles/cm³, and this increased to 1.24 × 10⁶ 

particles/cm³ under low-speed driving conditions 

(50 km/h). The highest concentration was observed 

at high speed (100 km/h), with a value of 3.33 × 10⁶ 

particles/cm³, followed by a decrease to 4.50 × 10⁵ 

particles/cm³ after driving. The results are 

illustrated in Figure 4(b). 

A comparison between these internal and 

external measurements shows that the particle 

number concentrations inside the exhaust pipe were 

significantly higher under all operating conditions. 

The ratios were approximately 38.9 times higher 

during starting of the engine, 11.9 times higher 

under low-speed conditions (50 km/h), 7.8 times 

higher under high-speed conditions (100 km/h), and 

4.1 times higher after driving. These results reflect 

the effects of dilution and particle transformation 

processes following emission from the exhaust 

source. 

The differences observed between the particle 

number size distributions measured inside and 

outside the exhaust pipe may be attributed to several 

transformation processes that occur after the 

exhaust plume is released into the surrounding air. 

Immediately after emission, exhaust particles 

rapidly mix with the ambient air, leading to strong 

dilution of the exhaust plume and a substantial 

reduction in the particle number concentration 

(Harrison et al., 2021). Aerosol dynamic processes 

such as particle coagulation and condensation of 

semi-volatile compounds during exhaust cooling 

can also significantly modify both the particle size 

distribution and particle number concentration. 

These processes promote the amalgamation of 

smaller particles into larger aggregates, resulting in 

a shift in the particle size distribution toward larger 

diameters and a decrease in particle number 

concentration. Furthermore, interactions with 

ambient particles and changes in temperature and 

humidity conditions may influence the particle 

transformation dynamics in the near-field 

environment. Similar transformation processes 

have also been reported in studies of the dynamics 

of diesel exhaust nanoparticles and plume evolution 

under atmospheric conditions (Louis et al., 2017). 

Of these processes, dilution is likely to be the 

dominant factor under the present experimental 

conditions, due to the immediate mixing of exhaust 

emissions with surrounding air at the sampling 

location (D. Li et al., 2024).  

Nanoparticles are of particular concern for 

human health, because their extremely small size 

allows them to penetrate deeply into the alveolar 

region of the lungs and may enable translocation 

into the bloodstream (Raftis & Miller, 2019), 

affecting other organs. In addition, the particle 

number concentration is an important indicator for 

evaluating exposure to ultrafine particles, as 

nanoparticles occur in very large numbers (CCAC, 

2016). Since they contribute only a small fraction of 

the particulate mass, the particle number 

concentration is considered to be a more appropriate 

metric for assessing nanoparticle exposure and 

potential health effects (Pope & Dockery, 2006). 

 

Particle Mass Concentrations and Size 

Distributions 

Internal Exhaust Measurements 

The particle size distributions measured inside 

the exhaust pipe under all operating conditions 

(engine start, driving at 50 km/h, driving at  
100 km/h, and after driving) were predominantly 

within the size range 25-200 nm. The particle mass 

concentrations were consistently high across all 

conditions, with values of 1.35 × 10³ µg/m³ during 

engine start, 3.92 × 10³ µg/m³ at 50 km/h and  
4.15 × 10³ µg/m³ (the highest value) at 100 km/h. 

After the driving phase, the concentration decreased 

to 2.74 × 10² µg/m³. These results are illustrated in 

Figure 5(a). 

 

 
 

Figure 4. Particle size distributions and concentrations: (A) inside exhaust pipe; (B) outside exhaust pipe 
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External Exhaust Measurements 

The particle size distribution measured outside 

the exhaust pipe exhibited a broader range, 

extending approximately from 10 to 300 nm. The 

corresponding particle mass concentrations were 

substantially lower than those measured inside the 

exhaust pipe, with values of 4.78 × 10¹ µg/m³ during 

starting of the engine, 1.08 × 10² µg/m³ at 50 km/h, 

and 1.85 × 10² µg/m³ at 100 km/h. After driving, the 

concentration decreased to 9.31 × 10¹ µg/m³. These 

results are illustrated in Figure 5(b). 

A comparison between the internal and 

external measurements shows that particle mass 

concentrations inside the exhaust pipe were 

consistently higher under all operating conditions. 

The differences were most pronounced during low-

speed driving (36.3 times higher), followed by 

engine start (28.2 times higher) and high-speed 

driving (22.4 times higher), while a smaller 

difference was observed after driving (2.9 times 

higher). The broader particle size distribution 

observed outside the exhaust pipe suggests the 

influence of dilution and particle transformation 

processes following emission. 

The observed differences in particle mass 

distribution between measurements conducted 

inside and outside the exhaust pipe can be attributed 

to processes that preferentially affect particle mass 

rather than particle number. After emission, larger 

particles contribute more significantly to the mass 

concentration and are more prone to gravitational 

settling and surface deposition, leading to  

a reduction in the measured mass at external 

sampling locations. In addition, dilution reduces the 

overall particle mass concentration, while particle 

transformation processes may alter the particle sizes 

through restructuring and growth. Taken together, 

these mechanisms result in a broader, shifted mass 

size distribution outside the exhaust pipe. Similar 

behaviour has been reported in studies of diesel 

exhaust particle dynamics and atmospheric 

transformation processes (Kittelson et al., 2022; 

Zhang et al., 2025a). 

The observed differences in particle mass 

concentration across different vehicle speeds can be 

attributed to variations in the engine operating 

conditions, and particularly the engine load and 

combustion characteristics. At higher vehicle 

speeds (100 km/h), the engine operates under 

increased load and fuel consumption, which can 

lead to higher combustion temperatures and 

enhanced soot formation, resulting in elevated 

particle mass concentrations. In contrast, lower 

vehicle speeds (50 km/h) are generally associated 

with reduced engine load and more stable 

combustion conditions, leading to lower particulate 

mass emissions. The increased exhaust flow rates at 

higher speeds may also contribute to the transport 

and emission of particulate matter. Similar trends 

have been reported in studies of diesel engine 

emissions under varying operating conditions 

(Kittelson et al., 2022). 
 

Environmental and Occupational Exposure 

Parameters 

Environmental Parameters 

The mass concentrations classified by 

environmental parameters (TSP, PM10, PM2.5, and 

PM1) varied across the experimental conditions. 

These are widely used as indicators for air quality 

assessment (WHO, 2021). The highest mass 

concentration was observed for TSP under the  

100 km/h driving condition, with a value of  

32.73 µg/m³, representing an increase of 

approximately 1.93 times compared with 

background levels. Smaller particle fractions 

showed similar increasing trends, with maximum 

concentrations of 30.71 µg/m³ for PM10,  

27.51 µg/m³ for PM4, 25.40 µg/m³ for PM2.5, and 

22.88 µg/m³ for PM1.  

As illustrated in Figure 6(A), higher mass 

concentrations were found for the engine starting  

 

 
 

Figure 5. Particle mass size distribution and concentration: (A) inside the exhaust pipe; (B) outside the exhaust 

pipe 
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phase than for the 50 km/h driving condition. This  

can be attributed to the more incomplete 

combustion processes during engine start-up, 

whereas combustion becomes more efficient during 

steady state driving, resulting in lower particulate 

emissions. However, it should be noted that the 

driving tests were conducted under constant speed 

conditions, meaning that variations in engine speed 

and load were limited. This experimental constraint 

may have reduced the sensitivity of the 

measurements in terms of capturing differences in 

emissions associated with dynamic driving 

conditions (Zhang et al., 2025b) 

The observed distribution pattern for the 

particle mass concentration (TSP > PM10> PM4 > 

PM2.5 > PM1) arises from the hierarchical nature 

of size-segregated particulate matter, in which 

larger size fractions include the mass contributions 

of smaller particles (Damiati et al., 2025). TSP 

represents the total range of airborne particles, 

while smaller fractions correspond to progressively 

lower aerodynamic cut-offs, resulting in lower mass 

concentrations (Suchánková et al., 2024). Coarse 

particles also contribute more to the total mass due 

to their larger size, whereas fine and ultrafine 

particles contribute less despite their high number 

concentrations (Ćirović et al., 2026). 

 

Occupational Parameters 

The mass concentrations classified by 

occupational parameter (inhalable, thoracic, and 

respirable dust) also showed variations across 

driving conditions. These were defined based on 

established airborne exposure conventions (ISO, 

1995; Patel & Aggarwal, 2022). The highest mass 

concentration was observed for inhalable dust under 

the 100 km/h driving condition, corresponding to an 

increase of approximately 3.5 times relative to 

background levels. Similar increasing patterns were 

seen for all occupationally relevant particle size 

fractions, with maximum concentrations of  

59.79 µg/m³ for inhalable dust, 51.03 µg/m³ for 

thoracic dust, and 46.18 µg/m³ for respirable dust. 

As shown in Figure 6(B), inhalable dust 

consists of particles that are capable of entering the 

upper respiratory tract, whereas thoracic dust can 

penetrate into the lower airways, and respirable dust 

can reach the alveolar region and potentially enter 

the bloodstream, thereby posing greater health risks 

(Moazami et al., 2023). These size-selective 

occupational exposures have been strongly 

associated with adverse respiratory outcomes and 

impaired pulmonary function in occupational 

settings (Vinnikov et al., 2023). Moreover, 

evidence increasingly suggests that long-term 

exposure to occupational dust contributes to 

multisystem health effects, with both respiratory 

and cardiovascular impacts (M. Li et al., 2025). 

The hierarchy of occupational dust fractions 

(inhalable > thoracic > respirable) is governed by 

size-selective sampling and particle aerodynamic 

behaviour. Inhalable particles enter the respiratory 

system, whereas only the smaller fractions penetrate 

into the lower airways and alveolar region (Brown 

et al., 2013; Wippich et al., 2020). As the particle 

size decreases, the fraction of particles capable of 

deep lung deposition is reduced, resulting in 

progressively lower mass concentrations, as 

observed in occupational exposure measurements 

(Mastrantonio et al., 2021). 

An association between environmental and 

occupational mass concentrations arises from 

overlapping ranges of particle sizes. Fine particles 

(PM2.5 and PM1) are the respirable and thoracic 

fractions capable of penetrating the lower 

respiratory tract (Moazami et al., 2023), while 

coarse particles (TSP and PM10) represent 

inhalable fractions that are deposited in the upper 

airways (Patel & Aggarwal, 2022), indicating that 

particle size governs both the environmental 

distribution and health-relevant deposition. 

Moreover, nanoparticles and particles smaller than 

PM1 can translocate from the alveolar region into 

the bloodstream to reach secondary organs, giving 

rise to systemic health risks (Qi et al., 2023) 

 
 

Figure 6. Particle mass concentrations classified by: (A) environmental parameters; (B) occupational parameters 
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Particle Morphology 

Under low-speed driving conditions  

(50 km/h), particles predominantly formed large 

agglomerates with irregular shapes and rough 

surfaces. These agglomerates were compact and 

densely packed, consisting of multiple primary 

particles that coalesced under relatively mild 

combustion conditions and lower exhaust gas 

velocities. At lower engine loads, the combustion 

temperature and turbulence intensity are generally 

reduced, thus limiting soot nucleation while 

promoting the condensation of semi-volatile 

organic compounds on existing particle surfaces. 

These processes enhance the restructuring and 

compaction of particles, resulting in denser soot 

agglomerates with lower internal porosity (Li  

et al., 2021; Wang et al., 2024). This morphology 

also suggests longer particle residence times within 

the exhaust system, favouring particle–particle 

collisions and structural consolidation. 

Representative particle morphologies observed 

under low-speed driving conditions are shown in 

Figure 7(a) ( Neer & Koylu, 2006; Liu et al., 2021). 

In contrast, particles generated under high-

speed driving conditions (100 km/h) formed more 

open, complex and fractal-like aggregate structures 

composed of smaller primary particles. These 

aggregates appeared highly porous and less 

compact compared with those formed under low-

speed conditions. High-speed driving typically 

involves higher engine loads and elevated 

combustion temperatures, which enhance the 

formation of soot precursors, particle nucleation, 

and surface growth. The increase in the velocity and 

turbulence intensity of the exhaust gas can 

significantly increase the particle-particle collision 

frequency within the exhaust flow (Arora et al., 

2023). Under such conditions, soot particles tend to 

aggregate via diffusion-limited aggregation 

processes, forming open chain-like or fractal 

structures composed of numerous primary 

nanoparticles (Guarieiro et al., 2017; Baldelli et al., 

2020). The intensified flow dynamics and reduced 

residence time inhibit the formation of compact 

agglomerates, resulting in loosely bound particles 

with higher specific surface area. Typical examples 

of particle structures observed under high-speed 

driving conditions are shown in Figure 7(b). (China 

et al., 2014). 

From a toxicological perspective, fractal and 

highly porous particles have a larger effective 

surface area and higher chemical reactivity than 

compact agglomerates, which enhances their ability 

to induce oxidative stress and inflammatory 

responses following inhalation. The predominance 

of fractal-like structures under high-speed driving 

conditions therefore indicates a higher toxicological 

burden arising from particles emitted from aged 

diesel engines fuelled with biodiesel B7, even when 

the overall particle mass concentration is not 

significantly elevated (Du et al., 2022). 

 

Elemental Composition Analysis 

The elemental composition of particulate 

matter emitted due to biodiesel B7 combustion in an 

aged diesel engine was analysed under low-speed 

(50 km/h) and high-speed (100 km/h) driving 

conditions. At the lower speed, higher relative 

abundances of carbon (C) and oxygen (O) were 

observed, suggesting incomplete combustion and 

enhanced condensation of organic compounds. The 

presence of silicon (Si) and chlorine (Cl) may also 

be associated with resuspended road dust, lubricant 

additives, or fuel impurities (China et al., 2014). 

Compared with high-speed driving, the relative 

abundances of C, O, Si, and Cl under low-speed 

conditions were increased by factors of 

approximately 1.33, 1.33, 1.02, and 1.29, 

respectively. 

In contrast, the particles emitted under high-

speed driving conditions contained higher 

concentrations of magnesium (Mg), sulphur (S), 

and iron (Fe), indicating increased contributions 

from lubricant-derived components, fuel sulphur 

 
 

Figure 7. Photographs showing the morphology of exhaust particles at 10,000× magnification: (A) particles 

emitted at 50 km/h; (B) particles emitted at 100 km/h 
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content, and engine wear processes (Du et al., 

2022). The elevated Fe content suggests mechanical 

abrasion of the engine components, while the 

increased sulphur may promote the formation of 

sulphate particles during exhaust cooling. The 

relative abundances of Mg, S, and Fe at 100 km/h 

were approximately 2.71, 1.34, and 2.18 times 

higher, respectively, compared with those measured 

at 50 km/h. 

The presence of metal-containing particles, 

particularly iron, is of concern due to their ability to 

catalyse redox reactions and enhance the reactivity 

of the particles, contributing to adverse biological 

effects following inhalation (Lelieveld et al., 2020). 

Overall, these results demonstrate that driving 

conditions strongly influence the elemental 

composition of diesel exhaust particles, and that 

toxicological effects may increase at high speeds 

due to the elevated content of metal and sulphur. 

The results for the elemental composition are 

presented in Figure 8. 

The source pathway receptor framework 

suggests that for effective mitigation of 

nanoparticle emissions, control at the source should 

be prioritised, followed by pathway interruption and 

receptor protection. Source control can be achieved 

by improving engine conditions, minimising engine 

wear, adopting advanced emission control 

technologies such as diesel particulate filters, and 

promoting cleaner fuels (Johnson, 2009). Pathway 

control involves reducing particle dispersion and 

exposure in the surrounding environment through 

improved ventilation, local exhaust systems, and 

maintaining adequate distance from emission 

sources (Morawska et al., 2020), whereas receptor 

protection focuses on minimising human exposure, 

particularly in high-risk environments, through the 

use of high-efficiency respiratory protective 

equipment (e.g., P100 or FFP3 respirators) and 

implementing appropriate occupational safety 

measures (Cherrie et al., 2018). 

Limitations 

This study has several limitations that should 

be acknowledged. The experiments were conducted 

using a single diesel vehicle, which may limit the 

generalisability of the results to other vehicle types 

or engine conditions. In addition, the experiments 

were conducted under simulated driving conditions 

in a controlled environment, which enabled precise 

control of vehicle speed and operating conditions 

and allowed for consistent and reproducible 

emission measurements. 

Conclusions 

In this study, particulate emissions from an aged 

diesel vehicle operating on biodiesel B7 were 

evaluated, with a focus on the particle number  

and mass concentrations, size distributions, 

morphology, and elemental composition under 

different driving conditions. Although the fuel 

complied with ASTM quality standards, substantial 

emissions of ultrafine and nanoparticle sized 

particles were observed, particularly during active 

driving and at higher vehicle speeds. 

At the higher speed (100 km/h), the particle 

number concentrations were significantly higher 

than at the lower speed and the background 

conditions, both inside and outside the exhaust pipe. 

Emissions were dominated by nanoparticles, 

highlighting the limitations of mass-based metrics 

for assessing the health relevance of diesel exhaust. 

Particle mass concentrations were also influenced 

by driving conditions, with higher levels of the 

respirable and thoracic size fractions observed 

during high-speed operation. Morphological and 

elemental analyses indicated a shift toward fractal-

like, porous aggregates and increased numbers of 

metal - and sulphur - containing particles at higher 

speeds, suggesting enhanced toxicological 

relevance. 

 
 

Figure 8. Elemental composition of particles emitted from an engine running on biodiesel B7 under low-speed 

(50 km/h) and high-speed (100 km/h) driving conditions 
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From the perspective of environmental and 

occupational health, these findings raise concerns 

due to the increased potential of ultrafine and metal-

containing particles to induce oxidative stress and 

inflammatory responses following inhalation. Since 

the characteristics of the particles vary strongly with 

the driving conditions, risk reduction should follow 

an approach based on a hierarchy of controls. 

Engineering and administrative controls should be 

prioritised, and personal protective equipment may 

be required where higher-level controls are 

insufficient. In exposure scenarios dominated by 

nanoparticles, respiratory protection exceeding N95 

or FFP2 standards (or equivalent certified devices) 

is recommended. The integration of these measures 

with monitoring based on particle numbers 

represents an approach that prioritises health when 

managing the risks associated with emissions from 

aging diesel vehicle fleets. 
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