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A brake dynamometer has been modified to accurately study the concentration and size distribution of wear particles in different testing conditions. The test equipment was a charged low-pressure impactor ELPI+ from Dekati, Finland. 29 test conditions were defined based on speed, acceleration and initial brake temperature. Additionally, five different types of brake pads were selected for testing to provide a more comprehensive understanding of the particle size distribution characteristics of brake wear particles. The results showed that the mass of BWPs was unimodal in the range of 0.01–8.11 μm, with peak sizes at 2–5 μm or >8.11 μm, and particles of 0.5–3.0 μm accounted for an average of 49.09% of the total particulate mass, while particles with sizes of 3.0–8.11 μm accounted for an average of 49.72% of the total particulate mass. The number of particles emitted by abrasion had a bimodal distribution, with one in the nucleation mode and the other in the accumulation mode, with peak sizes of <10 nm and 1 μm, respectively; the nucleation mode particles accounted for an average of 60.11% of the total PN10, and the ultrafine particles accounted for an average of 82.15%.
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1 INTRODUCTION
Atmospheric particulate matter (PM) causes many adverse effects (Fuzzi et al., 2015) on environmental quality (Pant and Harrison, 2013; Akhbarizadeh et al., 2021; Sridharan et al., 2021) and human health (West et al., 2016; Costa et al., 2017; Shaddick et al., 2020; Ambade et al., 2021). The sources of atmospheric particulate matter are complex, including fixed combustion sources, mobile sources, industrial process sources, etc .,(Mukherjee and Agrawal, 2017). Many studies have shown that mobile sources have been the main source of particulate matter in large and medium-sized cities (Pant and Harrison, 2013; Karagulian et al., 2015; Moreno-Ríos et al., 2022). In the case of conventional fuel-fired vehicles, the contribution of particulate matter to the environment comes not only from exhaust emissions, but also partly from non-exhaust emissions, including tire wear, brake wear, road wear and resuspension, and wear of other parts (e.g., clutches). However, with the development and implementation of more stringent emission standards for motor vehicles (Denier van der Gon et al., 2013), motor vehicle exhaust emissions will show a decreasing trend, while the proportion of non-exhaust emissions will gradually increase (Timmers and Achten, 2016; Beddows and Harrison, 2021; Jiang et al., 2022; Woo et al., 2022). In the context of the “double carbon” goal, the electrification of vehicle fleets has become inevitable. The use of cleaner energy has made electric vehicles (EVs) considered as “zero-emission” vehicles (Requia et al., 2018). However, compared to traditional fuel-powered vehicles, their larger mass may cause them to emit more non-exhaust particulate matter (Beddows and Harrison, 2021). With the combination of exhaust and non-exhaust particulate matter, non-exhaust emissions have already exceeded exhaust emissions in some large and medium-sized cities (Piscitello et al., 2021), and become the main source of motor vehicle particulate matter (Amato et al., 2014; Grigoratos and Martini, 2015; Singh et al., 2020; Matthaios et al., 2022). Non-exhaust particulate matter can now account for 86% of the traffic-related particulate matter in megacities Delhi (Singh et al., 2020).
Every braking of a vehicle generates braking wear particles, brake wear particulate matter is an important component of non-exhaust particulate matter (Jeong et al., 2019; Zhang et al., 2020). Several studies conducted in urban environments have reported brake wear particles to contribute between 16% and 55% to traffic-related non-exhaust PM10 (Harrison et al., 2012; Lawrence et al., 2013), and between 11% and 21% to traffic-related PM10 (Lawrence et al., 2013; Grigoratos and Martini, 2015). The importance of brake wear particles (BWPs) lies not only in their contribution to atmospheric particulate matter, but also in its potential population health risks (Sadiktsis et al., 2012; Grigoratos and Martini, 2015). Brake wear particles (BWPs) have a high metal content (Sadiktsis et al., 2012; Avagyan et al., 2014; Hulskotte et al., 2014; Grigoratos and Martini, 2015; Fang et al., 2017), and contributes up to 55% to the oxidation potential of coarse atmospheric particulate matter in European cities (Daellenbach et al., 2020). And it is easy to understand that the high-emission areas of braking wear particles (such as traffic intersections and pedestrian crossings) highly overlap with areas of dense human activity (Thomas et al., 2024).found that over 80% of brake wear particles (BWPs) carry a high charge, which correlates with particle size. This high charge accelerates particle growth, alters transmission characteristics, and enhances particle attachment efficiency in the human lung. Exposure to motor vehicle brake wear particles (BWPs) has become a significant source of public health risk globally and is an important issue in the field of environment and health.
There are a number of difficulties associated with the study of brake wear emissions, with perhaps the greatest limitation being the lack of standardized sampling procedures and measurement techniques. Current methods for conducting brake wear particulate emission tests include the pin-on-disc tribometer tests (Verma et al., 2016; Wahlström et al., 2017; Lyu et al., 2020), brake dynamometers (Hagino et al., 2016; Kim et al., 2021), chassis dynamometers (Mathissen et al., 2019; Beji et al., 2020) and on-road methods (Zum Hagen et al., 2019; Oroumiyeh and Zhu, 2021). And different researchers have used different dimensions to quantify brake wear particulate mass emissions, including mg/stop brake, mg/km brake and number particles/cm3 (Nosko and Olofsson, 2017; Hesse et al., 2021), which often leads to non-comparable results and conclusions in different experimental methods (Fussell et al., 2022). A number of researchers have also conducted studies on the size distribution of brake wear particulate matter based on the above methods, and most of the studies have found that the mass of brake wear emission PM10 has a single-peak distribution, with peak concentrations occurring between 1.0 and 6.0 μm (Sanders et al., 2003; Iijima et al., 2008; Harrison et al., 2012). Most studies examined BWPs found at least one number of peak particle sizes in the ultrafine particulate fraction (Garg et al., 2000; Wahlstrom et al., 2010). Several studies have shown that the characterization of brake wear emissions of particulate matter is related to the raw material of the brake pad friction linings (Österle et al., 2001; Kukutschova et al., 2011). In addition, the chemical composition and emission rate of brake wear particulate matter are highly dependent on driving behavior (Kwak et al., 2013; Wei et al., 2022). In summary, prior research have tended to examine particle size distribution within a limited scope of brake materials or specific braking conditions. However, considering the intricate mechanisms underlying brake wear particle generation, such approaches may not fully reveal the complete patterns. A study investigating the particle size distribution of brake wear particles across various types of brake pads and braking conditions is essential for subsequent research on their chemical and health impacts. This study delves into the emissions of five different brake pads under 29 distinct braking conditions. A braking wear particle testing system was designed based on a braking dynamometer, and the collection of braking wear particles were completed under the 29 braking events. The particle size distribution of the particles under different braking events was also analyzed.
2 MATERIALS AND METHODS
2.1 Test system
Figure 1 illustrates a schematic of the brake wear particulate matter test setup. The brake pad wear test is conducted using the TS102B Brake Inertia Test Stand to simulate multiple braking modes of a vehicle. The Brake Bench can accurately control the brake speed and torque, and accurately monitor the brake disk temperature so that each test condition can be accurately controlled. In order to reduce the influence of particles in the ambient air on the experiment, a sealed Plexiglas chamber (500 mm × 600 mm × 1,000 mm, W × D × H) was added to the brake (including pads, discs, and calipers) with a high-efficiency particulate air (HEPA) filter at the air inlet, following the method of Iijima et al. (2008). The pump (with constant flow controller) is connected to the sealed chamber, and the air flow is filtered by HEPA into the sealed chamber, and the particles emitted from brake wear (Filtered air with dust) are carried into the pipeline (Tunnel), and at the same time, the monitoring and sampling instruments connected to the pipeline are used to test and collect the particles in the air flow. The monitoring instrument uses the Electrical low-pressure impactor (ELPI+) manufactured by Dekati, Finland, which is based on the principle of inertial impact separation and real-time measurement of airborne particulate matter particle size spectral distribution and mass concentration. The ELPI + impinger classifies 6 nm–10 μm particles into 14 stages, the first 13 stages measure 17 nm–10 μm particles, and the last stage is a filtering section to collect 6 nm–17 nm particles. According to the study of Hagino et al. (2015), when the air flow rate of sampling tunnel is between 0.5 and 5 m3/min, the flow rate does not have a significant effect on the emission rate of particulate matter emitted from brake wear, so in this study, the air flow rate of the sampling tunnel is set to 2.8 m3/min.
[image: Figure 1]FIGURE 1 | Brake wear test equipment.
2.2 Test brake pad information
Since different brands of automobiles are equipped with different types of brake pads, and different brake pads contain large differences in the components, and different types of brake pads yield slightly different particle size distribution characteristics, this study selected five small buses (including domestic brands and imported brands) with a large domestic ownership in the middle and low price range, and purchased five sets of original matching right front brake assemblies for testing and sampling. The brand affiliation, brake pad type, brake pad appearance and brake pad area of each sample are shown in Table 1.
TABLE 1 | Brake pad sample summary.
[image: Table 1]2.3 Test cycle
Brake wear test conditions are determined by combining the initial braking speed (V, km/h), deceleration speed (D, m/s2), and the initial braking temperature (T, °C) (the temperature of the brake disc at the beginning of braking). The common speed limits are 40 km/h and 60 km/h for urban roads, 80 km/h for expressways, and 120 km/h for highways. In order to have a comprehensive understanding of the particulate emissions from braking under various working conditions, five initial braking speeds (V = 40, 60, 80, 100, and 120 km/h), five deceleration speeds (D = 1, 2, 3, 5 and 7 m/s2), and five initial braking temperatures (T = 100, 150, 200, 250°C and 300°C) were selected for experiments. Each experiment involves starting from a certain speed and decelerating to zero, resulting in a total of 29 working conditions, and the test was repeated four times for each working condition. Detailed information of the 29 conditions is shown in Table 2. For each new braking system or set of brake pads, at least 200 braking break-in tests need to be conducted before performing the braking wear particulate emission testing experiment. This is to remove the relatively rough surface friction material and reduce its impact on the experimental results. The experimental conditions are set as follows: initial braking temperature of 25°C, initial speed of 40 km/h, final speed of 0, and deceleration of 1 m/s2. And the test conditions were only started when the brake disk temperature had risen to the target temperature. This means that the speed is adjusted to 40 km/h, braking is started (the brake fluid applies pressure to the piston and presses the brake pads against the brake disk, generating a friction torque) until the speed is reduced to 0, and the second test is carried out when the temperature of the brake disk again reaches 100°C. In order to reduce experimental errors, each condition was repeated four times, and the whole simulation test process was controlled by computer.
TABLE 2 | Experimental conditions of brake wear.
[image: Table 2]3 RESULTS AND DISCUSSION
Figure 2 shows an example of the variation of particulate matter mass concentration and number concentration in the sealed compartment with operating conditions during brake wear. It can be seen in the figure that there are two sharp peaks of particulate matter mass concentration and quantity concentration in the sealed compartment at the end of each working condition, i.e., there are two brake wear particulate matter emission processes in the whole process. The first of these peaks is due to the collision and friction between the brake disc and the brake pad, and the second peak is due to the separation of the wear particles from the surface of the brake pad. This phenomenon is identical to the findings of previous studies (Iijima et al., 2007; Iijima et al., 2008; Hagino et al., 2015; Hagino et al., 2016). The particulate matter concentration in the sealed compartment returned to the background concentration within a certain period of time after the end of a braking process, which indicates that the extractor fan can remove most of the particulate matter in the compartment to keep the air in the sealed compartment clean. The large differences in peak concentrations and peak retention times of PM2.5, PM2.5-10, PN2.5 (Number of particles with a diameter less than 2.5 μm), and PN2.5-10 produced by each wear condition indicate that there are differences in the amount of particulate matter emitted in each condition.
[image: Figure 2]FIGURE 2 | Example of the variation of particulate matter concentration in the sealed compartment with operating conditions during brake wear.
3.1 Mass particle size distribution
In order to prevent the resuspension of particles remaining on the brake discs and pads during each braking process from interfering with the ELPI + test data, we defined the amount of particulate matter emitted during the entire braking process, i.e., the amount of particulate matter emitted from a single braking (PE, mg/braking/wheel). The PE is the cumulative amount of the entire emission process, i.e., the cumulative amount during the time period between the beginning of the rise of the particle concentration in the compartment (t0) and the return of particle concentration to the background concentration level (t1), which was calculated by the following formula:
[image: image]
V' is the duct wind speed (6 m/s), S is the cross-sectional area of the duct (0.01131 m2), and Ct is the corresponding concentration at each moment (μg/m3).
To improve the visualization effect, we performed a meticulous cluster analysis on the evolving patterns of particulate matter across 14 distinct particle size categories, utilizing component linkage and cosine similarity metrics. And we used a dendrogram (Figure 3) to show the clustering process, which was completed by IBM SPSS Statistics. The horizontal axis of the dendrogram represents the relative distance between clusters, while the vertical axis represents distinct test conditions. Notably, test conditions within the same cluster exhibit similar patterns in particulate matter mass size distribution trends. The 25 working conditions of Pad.1 were divided into three categories, namely,: ➀15–25-2-6-1–20–13–14-7-8–24–23-4–5; ➁9–10-3; ➂ 16–21-11–17-12–18-22–19.25 working conditions of Pad.2 were divided into two categories: ➀1 15–17-18–19-11–14-12–13-2-1–16–20–22–23–24-3-4-5–21; ➁6-7-9–10–8.29 working conditions in Pad.3 were divided into two categories: ➀12-3–26-7-8-6-4–27-5-9–10–12–14–15–11–13; ➁28–29-21–23-16–20-25–17-24–22-19–18. The 29 working conditions of Pad.4 are divided into three categories: ➀1-2-3-4-7–26-8-5–28–29-6–27–13–14–12; ➁9–10-11; ➂24–25-23–21-22–20-16–17-18–19-15.29 working conditions of Pad.5 are divided into three categories: ➀1-3-2-4-5-6-9–10-7-8–26–13–14–12–15–11; ➁16–17-18–19-20–24-25–21-22–23; ➂28–29-27.
[image: Figure 3]FIGURE 3 | Cluster analysis results of particle size distribution of brake wear emissions.
The particle size distribution of each sample mass is shown in Figure 4. From the figure, it can be seen that although the systematic clustering classifies the particle size distribution of abraded particles into two to three categories, when the particle size is less than 0.50 μm, the distribution trend is very similar among the samples, and all of them are remain basically unchanged with the increase of the particle size. When the particle size is larger than 0.50 μm, there are some differences in the emission trends. For all samples and conditions, the emissions start to increase significantly at a particle size of about 0.75 μm. In the range of 0.01–8.11 μm, for Pad.1, there were two peaks in the distribution of category ➀ and ➁, which occurred between 2 and 3 μm and >8.11 μm, respectively, while there was only one peak in the distribution of category ➂, which occurred between 2 and 3 μm. Sample Pad.2 has a peak emission value in the particle size distribution of category ➀ at around 5 μm, and the peak concentration of category ➁ is at >8.11 μm. Sample Pad.3 has a peak emission value in the particle size distribution of categories ➀ and ➁ at around 3 μm, but the emission of category ➁ does not decrease significantly at particle sizes of 3–8.11 μm and maintains a high level of emission. Pad.4 samples have only one peak particle size for all conditions, but the peak size fluctuates, the peak size is around 5 μm in the distribution of category ➀ and ➁, and between three and 5 μm in the distribution of category ➂. in the distribution of particle size in category ➀, ➁, and ➂of sample Pad.5, there is only one peak particle size for all conditions, and the peak size is around 5 μm in the distribution of categories ➀ and ➁, and the peak size is > 8.11 μm in the distribution of category ➂. From the above analysis, it can be seen that the mass of particles emitted from all five samples is dominated by particles with larger particle sizes (Figure 5). Particles with particle size less than 0.5 μm accounted for 0.1%–0.7% of the total particulate mass, with an average of 0.38%; particles with particle size between 0.5 and 3.0 μm accounted for 33.11%–60.1% of the total particulate mass, with an average of 49.1%; particles with particle size 3.0–8.11 μm accounted for 39.5%–66.8% of the total particulate mass, with an average of 49.7%; particles with particle size 0.5–8.11 μm accumulated more than 99% of the total particles. This particle size distribution characteristic allows brake wear particles to persist in the atmosphere for longer periods of time and exacerbate their health risks. This is consistent with previous research conclusions, such as Sanders et al. (2003)tested the PM10 emissions of brake pad wear under typical urban driving conditions for low-metal, semi-metal, and NAO brake pads and found that the mass-weighted average diameter was 5–6 μm; Iijima et al. (2008) tested the mass-weighted average diameter of NAO brake pads to be 3–6 μm. Kukutschova et al. (2011)tested low-metallic brake pads and found that the mass exhibited a unimodal distribution with a peak concentration appearing at 2–4 μm; von Uexküll et al. (2005) tested the front and rear brake pads of trucks and found that the peak concentration appeared at 2–3 μm. Harrison et al. (2012) collected air particles of different sizes and used the particle size distribution of specific marker elements to estimate the contribution of brake wear to particle mass. They found that the PM10 mass of brake wear exhibited a unimodal distribution with a peak located at 2–3 μm.
[image: Figure 4]FIGURE 4 | Mass distribution of particulate matter emitted by brake wear.
[image: Figure 5]FIGURE 5 | Mass share of particulate matter in each size band.
Garg et al. (2000) found that PM2.5 accounted for 63% and PM10 86% of total particulate matter emitted by wear by testing different brake pads, and 33% of the particulate matter had a particle size of less than 0.1 μm; Sanders et al. (2003) had similar results, with PM10 accounting for 63%–85% of the total particulate matter; Iijima et al. (2008) found 56%–70% PM2.5 and 95%–98% PM10. EMEP/CORINAIR emission inventory guidelines state that brake wear 39% PM2.5 and 98% PM10 (Thorpe and Harrison, 2008), which is more similar to the results of this study. On the other hand, brake wear was also found to be a higher percentage of PM10 than PM2.5 in the source resolution of particulate matter performed by receptor modeling (Abu-Allaban et al., 2003).
3.2 Number particle size distribution
The number size distribution of brake wear emission particles is also very important because a large portion of the particulate matter produced by brake wear is distributed in the smaller size range. Figure 6 shows the number size distribution of brake wear particles for some conditions, and the number size distribution trends are similar. Within the measurement range of the ELPI+, it can be seen from Figure 6 that for each sample and condition, the maximum number of particles was found at a particle size of 0.01 μm, the number of particles showed a decreasing trend in the range of 0.01–0.2 μm, and the number of particles showed an increasing trend in the range of 0.2–1.0 μm, with another peak at about 1 μm. In this study, the number of brake wear particles was bimodally distributed, one in the nucleation mode (Dp < 10 nm) and the other in the accumulation mode (1 μm).
[image: Figure 6]FIGURE 6 | Distribution of the amount of particulate matter emitted by brake wear.
From the above analysis, it can be seen that the number of brake wear particles is mainly dominated by ultrafine particles (Dp < 0.1 μm) (Figure 7). Among them, the amount of nucleated modal particles (Dp < 0.05 μm) accounted for 46.52%–73.50% of the total number of PM10, accounting for 60.11% on average; the amount of particles with a particle size of 10 nm–0.1 μm accounted for 12.21%–39.79%, averaging 22.04%; the amount of particles with a particle size of 0.1–1.0 μm accounted for 1.23%–29.58%, averaging 14.04%; and the amount of particles with a particle size of 1.0–8.11 μm accounted for 14.04%, averaging 14.04%. The number of particles with particle size of 1.0–8.11 μm accounted for 0.45%–9.27% and 3.81% on average. The number of ultrafine particles (Dp < 0.1 μm) accounted for 61.1%–98.3% of the total PN10(Number of particles with a diameter less than 10 μm), and the average accounted for 82.15%.
[image: Figure 7]FIGURE 7 | Quantity share of particulate matter in each size band.
Most of the studies found that BWPs have at least one peak size in the ultrafine fraction, and tests conducted by Garg et al. (2000) found that the largest number of brake wear particles was less than 30 nm. A road simulation study conducted by Mathissen et al. (2011) found that the number of brake wear particles produced by a vehicle decelerating from 100 km/h to 0 was bimodally distributed with peaks at 10 nm and 30–50 nm, respectively, and when decelerating from 30 km/h to 0, the number was unimodally distributed with peaks at 70–90 nm, compared to 100 km/h. Kukutschova et al. (2011) found that although <500 nm particles were negligible at low disk temperatures, as the disk temperature increased (up to 340°C), particles smaller than 100 nm were generated. They suggested that submicron particles may be produced by evaporation and condensation of initially produced nanoparticles rather than abrasive wear. Wahlstrom et al. (2010)also pointed out that there is a peak in the particle number distribution at approximately 100 nm, and they found that when testing the front brakes (compared to the rear brakes), the PN peak particle size distribution shifted towards smaller particle sizes. Riediker et al. (2004) tested six different passenger car brake lining materials under controlled environmental conditions and found concentration peaks at 80 nm (depending on the vehicle and braking behavior) and 200–400 nm. Compared to normal deceleration, braking from initial speed to a complete stop resulted in the generation of more nanoparticles. However, in some studies, the number of BWPs peaked at larger particle sizes. Wahlstrom et al. (2010) tested the brake emission processes of low-metal and non-asbestos organic linings and found a bimodal distribution with peaks of about 280–350 nm, which may be caused by the limitation of the instrumental measurement particle size range (>0.30 μm). Mosleh et al. (2004) tested a semi-metallic brake lining for commercial trucks and found a bimodal number concentration distribution with one peak at about 350 nm and another larger peak at about 2.0 μm. Sanders et al. (2003) conducted wear tests on three different types of brake lining materials using both a wear test bench and actual road tests, and found that the peak particle size was approximately 1.0 μm. Iijima et al. (2007) used an APS spectrometer (measuring particles >0.5 μm) to study the number concentration distribution of wear particles from non-asbestos organic brake linings and found a peak at 1.0 μm. They also observed that as the temperature increased, the peak distribution gradually shifted towards larger particle sizes. Overall, the number of particulate matter for brake wear fine particle modes into a bimodal distribution.
4 CONCLUSION
Overall, we obtained 29 different braking operating conditions based on speed, acceleration and braking initial temperature. In addition, we modified the brake dynamometer to generate and collect brake wear particulate matter (BWPs), and tested the particle size distribution of BWPs using the ELPI. The mass of BWPs had a single-peak distribution in the range of 0.01–8.11 μm, with peak sizes at 2–5 μm or >8.11 μm; particles of 0.5–3.0 μm accounted for an average of 49.09% of the total particulate mass; and those with sizes of 3.0–8.11 μm accounted for an average of 49.72% of the total particulate mass. The number of particles emitted by abrasion had a bimodal distribution, with one in the nucleation mode and the other in the accumulation mode, with peak sizes of <10 nm and 1 μm, respectively; the nucleation mode particles accounted for an average of 60.11% of the total PN10, and the ultrafine particles accounted for an average of 82.15% of the total PN10.
The emissions of particulate matter under various braking conditions were carefully monitored, aiding in the comprehensive characterization of brake wear particulate matter emissions. The thorough characterization of these emissions is pivotal in quantifying their potential health impacts in future studies. The meticulous monitoring of particulate matter emissions across diverse braking scenarios has yielded valuable insights into the emission characteristics of brake wear particulate matter. These data are pivotal in understanding the patterns and influencing factors of particulate emissions, providing a foundation for subsequent investigations into their potential health impacts. Building upon this foundation, investigating the distribution of brake wear particulate matter under standard operating conditions compared to real-world driving conditions is highly anticipated. Additionally, further research on the secondary transformation and health effects of brake wear particulate matter within these particle size ranges is urgently needed.
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