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S1. Information about the recruited HDDVs 27 

Two in-use heavy-duty diesel vehicles (HDDVs) were recruited for chassis dynamometer testing and 28 

modeled in the year of 2020 (vehicles D1 and D2). Both vehicles, equipped with selective catalytic reduction 29 

(SCR) systems, meet the China V emission standard and have a gross vehicle weight of 25 tons. Vehicle 30 

models, weights, and after-treatment technologies are summarized in Table S1. 31 

S2. Dynamic sampling of field blanks and the quality control/quality assurance 32 

Field blanks of background dilution air were collected in parallel with sample collection to account for 33 

background contamination. Filtered ambient air was drawn into the constant volume sampler (CVS, MEXA-34 

7200DTR) and deposited on quartz filter over a 30-min period. These blanks were included in all analyses 35 

to ensure data integrity and correct for any potential background contamination. 36 

S3. Calculation of the double bond equivalent (DBE), oxidation state of carbon atoms 1, the aromaticity 37 

index (AI), the modified AImod, and Kendrick Mass Defect (KMD) based on CH2 38 

We used FT-ICR MS to derive these molecular metrics. For a molecular formula CcHhOoNnSs, its DBE, 39 

OSc,2 AI, AImod
3 , Xc

4, and KMD values based on CH2 are calculated as follows: 40 
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These metrics provide crucial insights into the degree of unsaturation, aromaticity, and oxidation state, to 48 

understand the reactivity and environmental implications of BrC. 49 

S4. Calibration of FT-ICR MS 50 

FT-ICR MS was calibrated externally using a homologous series of N1 and O2 compounds, e.g., C16H21O2, 51 

C17H33O2, C18H35O2, to ensure the mass accuracy of the measurement results. It was recalibrated internally 52 

with typical class species peaks using quadratic calibration in DataAnalysis 5.0 (Bruker Daltonics GmbH & 53 

Co. KG, Bremen, Germany). The high mass accuracy achieved in FT-ICR MS facilitated precise molecular 54 

formula assignments, enabling robust structural elucidation of BrC components. 55 

S5. Measurement of light absorption and the mass absorption efficiency (MAE) 56 

A precise portion of the filter was cut and extracted in 50/70 mL methanol (Chromatographic grade) under 57 

sonication for 1 h. The extracts were subsequently filtered through a PTFE membrane (0.45 μm, Pall 58 

Corporation, NY) to remove any insoluble substances. Light absorption spectra, ranging over 200-800 nm, 59 

were measured using a 2.5 m long-path liquid waveguide capillary cell (LWCC-3250, World Precision 60 
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Instruments, USA) coupled with a UV-Visible spectrophotometer (Ocean Optics). Light absorption of pure 61 

methanol was treated as the baseline absorption. LWCC was washed thoroughly with methanol after each 62 

sample analysis to prevent carry-over effects. 63 

The light absorption coefficient (babs, Mm-1) is described by the following equation:5 64 

babs = (𝐴𝜆 − 𝐴700) ×
𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑉𝑎𝑖𝑟 ×𝐿
 ×  ln 10 × 106 ⑴ 65 

where 𝐴𝜆 is the absorbance at a given wavelength; 𝐴700 is the absorbance at 700 nm to account for any 66 

baseline drift; 𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (L)  is the volume of the solution in which the filter was extracted; 𝑉𝑎𝑖𝑟  (L) is 67 

the air volume sampled through the filter. The absorbing path length 𝐿 is 2.5 m. 68 

The absorption Ångström exponent (AAE) is a measure of the absorption wavelength dependence and was 69 

determined by constructing a linear regression fit to the logarithms of babs, λ and wavelength. The wavelength 70 

range of 300-450 nm was used for the linear regression fit. The babs, 365 nm, AAE (300−450 nm), and the 71 

regression coefficient (R2) for the selected samples are shown in Table S3. The AAE values range from 5.97 72 

to 6.97, aligning with previously reported AAE for vehicle emissions.6, 7 The mass absorption efficiency 73 

(MAE, m2/gC) of BrC, which represents the absorption capacity, is calculated as follows: 74 

𝑀𝐴𝐸 =
𝑏𝑎𝑏𝑠

𝐶𝑜𝑛𝑐.  𝑜𝑓 𝑂𝐶
 ⑵ 75 

The concentration of methanol-extracted OA was derived from the organic carbon (OC) concentration 76 

measured by the carbon analyzer, with a conversion factor of 0.85 applied.8 77 

S6. Measurement of OC, elemental carbon (EC), and total carbon (TC) 78 

A filter of 0.552 cm2 was precisely cut, placed in the sample oven, and analyzed by a thermal-optical analysis 79 

(TOA) method using a carbon analyzer (Model 2001, Desert Research Institute, USA) following the 80 

IMPROVE-A protocol. The laser source was a Helium-Neon laser at 633 nm, and the carbon detector was 81 

the flame ionization detector (FID). The working principle of the analyzer is based on the preferential 82 

oxidation of OC and EC at different temperatures. The filter was initially heated in an inert atmosphere (100% 83 

He) where the OC constituents were vaporized at 140 °C (OC1), 280 °C (OC2), 480 °C (OC3), and 580 °C 84 

(OC4), respectively. The vaporized carbon constituents were converted to CH4 and detected by the FID. The 85 

corrected concentration of OC is computed using the following equation: 86 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑂𝐶 = 𝑂𝐶1 + 𝑂𝐶2 + 𝑂𝐶3 + 𝑂𝐶4 + 𝑂𝐶𝑝𝑦𝑟𝑜 ⑶ 87 

where 𝑂𝐶𝑝𝑦𝑟𝑜  refers to the pyrolyzed OC formed from charring.9 The oven was then switched to an 88 

oxidizing atmosphere (He with 10% O2) where EC fractions were oxidized at 580 °C (EC1), 740 °C (EC2), 89 

and 840 °C (EC3). TC and EC are determined by the following equations: 90 

𝑇𝐶 = 𝑂𝐶1 + 𝑂𝐶2 + 𝑂𝐶3 + 𝑂𝐶4 + 𝐸𝐶1 +  𝐸𝐶2 +  𝐸𝐶3 ⑷ 91 

𝐸𝐶 = 𝑇𝐶 − 𝑂𝐶 ⑸ 92 

S7. Mass concentrations of OC and EC emitted by HDDVs under different driving conditions 93 

The emissions of OC and EC from the tested HDDVs under different driving conditions are shown in Figure 94 

S2. The average OC concentrations during the cold-start and hot-start driving conditions at room temperature 95 

(approximately 25 °C) were 27.4 ± 10.0 µg/m3 and 23.9 ± 5.7 µg/m3 for D1, and 35.6 ± 0.3 µg/m3 and 19.8 96 

± 1.0 µg/m3 for D2, respectively. OC emissions decreased by 12% and 44% under hot-start driving conditions 97 
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compared to cold-start conditions for D1 and D2. The average OC concentrations at 0 °C were 25.6 µg/m3 98 

and 20.4 µg/m3 under cold-start and hot-start driving conditions, indicating an emission reduction of 28% 99 

under cold-start driving and an increase of 3% under hot-start driving compared to tests conducted at 25 °C. 100 

Similar trends were observed for EC emissions, with reductions of 16% and 73% under hot-start conditions 101 

compared to cold-start conditions for D1 and D2. Consistent with OC, EC emissions at low temperatures 102 

showed a 38% reduction, whereas a substantial increase of 101% in EC emissions at 0 °C was observed 103 

during the hot-start phase. Song et al. (2023) reported the enhanced emissions of both OC and EC for HDDVs 104 

when ambient temperatures dropped to -20 °C.10 The discrepancy could be attributed to the extremely low 105 

temperature in the referenced work, the small sample sizes, and the differences in emission standards. China 106 

II and China IV HDDVs were deployed in their tests and the emission enhancement at -20 °C was 107 

significantly reduced from China II to China IV vehicles. It is worth noting that the effects of ambient 108 

temperature on vehicle emissions are complex and it is hasty to quantify them using chassis dynamometers 109 

or portable emission measurements systems, as these approaches rely on testing a relatively small number 110 

of vehicles. 111 
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Table S1. Synopsis information of the tested vehicles. 112 

Vehicle 

ID 
Vehicle type 

Emission 

standard 
Aftertreatment 

devices 
Model 

year 

Curb 

weight (t) 

Gross vehicle 

weight (t) 

D1 
Semi-trailer 

tractor 
China Ⅴ SCR* 2021.05 8.8 25 

D2 
Semi-trailer 

tractor 
China Ⅴ SCR 2021.04 8.8 25 

*SCR: Selective catalytic reduction 113 

 114 

Table S2. List of experiments for each vehicle and driving condition. 115  
Vehicle Test environment Start FT-ICR  OC/EC  Light absorption spectra 

20211222-1 D1 25 °C Cold POS + NEG Y Y 

20211222-2 D1 25 °C Hot POS + NEG Y Y 

20211223-1 D1 25 °C Cold POS + NEG Y Y 

20211223-2 D1 25 °C Hot POS + NEG Y Y 

20211224-1 D1 25 °C Cold POS + NEG Y Y 

20211224-2 D1 25 °C Hot POS + NEG Y Y 

20211227-1 D2 25 °C Cold POS + NEG Y Y 

20211227-2 D2 25 °C Hot POS + NEG Y Y 

20211228-1 D2 25 °C Cold POS + NEG Y Y 

20211228-2 D2 25 °C Hot POS + NEG Y Y 

20211228-3^ D2 25 °C Hot POS + NEG Y Y 

20211229-1 D2 25 °C Cold POS + NEG Y Y 

20211229-2 D2 25 °C Hot POS + NEG Y Y 

20211229-3 D2 0 °C Cold POS + NEG Y Y 

20211229-4 D2 0 °C Hot POS + NEG Y Y 

20211229-5 D2 0 °C Hot POS + NEG Y Y 

Blk1# 
 

25 °C 
 

POS + NEG Y Y 

Blk2 
 

25 °C 
 

POS + NEG Y Y 

Blk3 
 

25 °C 
 

No* Y Y 
*No result due to technical issue 116 
#Field blank sample 117 
^10-min sample 118 

 119 

Table S3. The babs, 365 nm, absorption Ångström exponent (AAE, 300-450 nm) and the regression coefficient 120 

(R2) of the selected samples. 121 

Sample ID 20211222-1 20211228-1 

Driving condition P1 P2 P3 Full Full 

babs, 365 nm (Mm-1) 5.13 4.08 4.12 3.18 1.81 

AAE (300-450 nm) 6.01 6.56 5.97 6.97 6.65 

R2 0.99 0.98 0.98 0.99 0.97 

122 
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 123 

Figure S1. Speed trace for CHTC-HT cycle. The whole duration is 1800 s and divided into three phases: 124 

low-speed (P1), middle-speed (P2), and high-speed (P3). The time intervals are 342 s, 988 s, and 470 s, 125 

respectively. 126 

 127 

Figure S2. Emissions factors of OC and EC from the tested HDDVs under different driving conditions. 128 

 129 

Figure S3. Representative chemical structures with conjugated oxygenated groups when discussing the 130 

optical properties of BrC. 131 
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 132 

Figure S4. The number of formulas detected in (a) negative mode, (b) both modes, and (c) positive mode in 133 

individual samples. 134 

 135 

Figure S5. The fraction of formulas detected in negative mode, both modes, and positive mode in individual 136 

samples and the respective fraction of N-containing species. 137 

 138 

Figure S6. The number of CHON formulas identified in the representative sample of 20211211-1, divided 139 

into subgroups of different O/N ratio. 140 
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 141 

Figure S7. Example chemical structures with C=N and C-N functional groups as the bonding structures of 142 

BrC.  143 
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