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Text S1. HPSEC conditions and operational interpretation
BDOM samples were passed through 0.22-µm membranes before injection. A 100-µL aliquot was separated on a Polysep-GFC-P3000 analytical column protected by a Polysep-GFC-P guard column. The mobile phase was methanol/ultrapure water (1:9, v/v) containing 25 mmol L-1 ammonium acetate, delivered isocratically at 1.0 mL min-1. Elution was monitored using a diode-array detector (DAD); chromatograms at 254 nm were integrated to compare the operational retention-time fractions.
Retention-time windows F1-F6 were treated as operational fractions. Apparent molecular-size assignments were restricted to the validated calibration range. Because BDOM conformation, aggregation, and non-size-exclusion interactions with the stationary phase can affect retention, later elution was not interpreted as a unique molecular-weight class.

Text S2. PPL extraction and Orbitrap HRMS processing
BDOM aliquots were acidified before solid-phase extraction with Bond Elut PPL cartridges (500 mg, 6 mL). The cartridges were conditioned with methanol and acidified ultrapure water; samples were then loaded, rinsed with acidified water, dried, and eluted with methanol. Extracts were infused at 5 µL min-1 into an Exactive Plus Orbitrap mass spectrometer operated in negative electrospray-ionization mode. The spray voltage was 3.0-4.0 kV, and spectra were acquired over m/z 90-900 at a resolving power of 140,000 at m/z 200.
Raw spectra were processed using TRFu (Fu et al., 2020). Molecular formulas containing C, H, O, N, and S were assigned using mass-error, signal-to-noise, elemental-range, isotope-pattern, and chemical-plausibility filters. Within each sample, duplicate formula assignments were consolidated before formula-presence and intensity-weighted summaries were calculated. The resulting data represent the PPL-extractable, negative-ESI-detectable fraction of BDOM and should not be interpreted as the complete dissolved molecular pool.
For an assigned formula CcHhOoNnSs, double-bond equivalents (DBE), the modified aromaticity index, and the nominal oxidation state of carbon (NOSC) were calculated as follows (Lu et al., 2024; Xu et al., 2025):
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Intensity-weighted molecular descriptors were calculated as:
	
	(4)


where Xi is the descriptor for formula i and Ii is its peak intensity. Weighted values therefore describe the detected ion signal and not an absolute concentration-weighted BDOM average.

Text S3. Chemical actinometry and absorbed-photon rate
A solution containing 10 µmol L-1 p-nitroanisole (PNA) and 10 mmol L-1 pyridine was irradiated under the same optical geometry as the BDOM experiments. Samples were collected at 30-min intervals and analyzed by HPLC. The PNA quantum yield (ΦPNA, mol Einstein-1) was calculated as a function of pyridine concentration (Laszakovits et al., 2017):
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The total photon irradiance () (Einstein cm-2 s-1) were calculated as:
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where kobs,PNA is the pseudo-first-order PNA loss constant, z = 1.33 cm is the optical path length of the irradiation tube, ελ is the PNA molar absorption coefficient, ρλ is the normalized relative photon distribution of the lamp, and Δλ = 1 nm. The spectral photon irradiance at each wavelength (, Einstein cm-2 s-1 nm-1) was then obtained by:
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The absorbed-photon rate (Ra; Einstein L-1 s-1) of each BDOM solution was calculated by integrating spectral photon absorption from 290 to 400 nm (Laszakovits et al., 2017; Tu et al., 2022):
	
	(9)


where αλ is the absorbance coefficient of the irradiated BDOM solution (cm-1).

Text S4. Probe-based determination of PPRIs
Photochemically produced reactive intermediates (PPRIs) were quantified using 2,4,6-trimethylphenol (TMP), furfuryl alcohol (FFA), and terephthalic acid (TPA). The working solutions contained 100 µmol L-1 TMP, 100 µmol L-1 FFA, or 500 µmol L-1 TPA. Irradiated probe blanks contained the corresponding probe without BDOM; dark controls contained both BDOM and probe but were not irradiated.
TMP was used to obtain a probe-specific, reactivity-weighted descriptor of triplet BDOM (3BDOM*). The steady-state concentration () and apparent quantum yield coefficient (fTMP) of 3DOM* can be calculated by the following (Liu et al., 2024; Zhang et al., 2022b):
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where  represents the second-order reaction rate constant of TMP and 3DOM* (3 × 109 M-1s-1),  is the pseudo-first-order degradation rate constant of TMP. The coefficient fTMP (M-1) was interpreted as a TMP-reactivity-weighted apparent triplet descriptor, not as the absolute quantum yield of all BDOM triplet states.
FFA was employed as a selective chemical probe to quantify the steady-state concentration of 1O2 ([1O2]ss) and its formation rate (), which were calculated by following equations (Cai et al., 2024; Liu et al., 2022):
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where  denotes pseudo-first-order degradation rate constant of FFA,  is the second-order rate constant between 1O2 and FFA (1.2 × 108 M-1s-1), [FFA] is the initial concentration of FFA (20 μM),  is the rate constant corresponding to the physical quenching of 1O2 by water (2.5 × 105 s-1) (Liu et al., 2022; Zhang et al., 2022a).
The apparent quantum yield of 1O2 () could be calculate as (Cai et al., 2024):
	
	(14)


•OH production was quantified using TPA, which forms 2-hydroxyterephthalic acid (hTPA) with an assumed product yield of 0.35:
TPA+•OH→2-hTPA
The formation rate of hTPA is related to •OH production as (Liu et al., 2024; Liu et al., 2022):
	
	(15)


where  is the second-order constant between ∙OH and TPA (3.3 × 109 M-1s-1), [TPA] denotes the initial concentration of TPA (500 μM).  and  are the steady-state concentration and apparent quantum yield of •OH, which were then calculated by the follows (Liu et al., 2022):
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[bookmark: _GoBack]Text S5. FTIR spectroscopy
Freeze-dried BDOM residues were mixed with spectroscopic-grade KBr and analyzed using a Nicolet iS10 Fourier-transform infrared spectrometer (Thermo Fisher Scientific, USA). Spectra were collected over the range of 4000–400 cm-1 at a spectral resolution of 4 cm-1, with 32 scans accumulated for each sample.

Table S1. Operational regions used for fluorescence regional integration. The labels denote fluorescence domains and do not establish unique molecular structures or sources.
	Region
	Operational EEM boundary
	Conventional fluorescence assignment

	I
	Ex < 250 nm; Em < 330 nm
	Tyrosine-/protein-like

	II
	Ex < 250 nm; 330 ≤ Em < 380 nm
	Tryptophan-/protein-like

	III
	Ex < 250 nm; Em ≥ 380 nm
	Fulvic-like

	IV
	Ex ≥ 250 nm; Em < 380 nm
	Soluble microbial-byproduct-like

	V
	Ex ≥ 250 nm; Em ≥ 380 nm
	Humic-like



Table S2. Mutually exclusive operational Van Krevelen domains used for formula-space summaries. 
	Operational class
	H/C range
	O/C range

	Condensed-aromatic 
	0.20 ≤ H/C < 0.67
	0 ≤ O/C < 0.67

	Highly oxygenated 
	0.60 ≤ H/C < 1.50
	0.67 ≤ O/C ≤ 1.20

	Unsaturated-hydrocarbon-like
	0.67 ≤ H/C < 1.50
	0 ≤ O/C < 0.10

	CRAM-/lignin-like 
	0.67 ≤ H/C < 1.50
	0.10 ≤ O/C < 0.67

	Lipid-like
	1.50 ≤ H/C ≤ 2.00
	0 ≤ O/C < 0.30

	Aliphatic-/protein-like
	1.50 ≤ H/C ≤ 2.20
	0.30 ≤ O/C < 0.67

	Carbohydrate-like
	1.50 ≤ H/C ≤ 2.40
	0.67 ≤ O/C ≤ 1.20

	Other
	Outside the above domains
	Outside the above domains




Table S3. HPLC conditions for actinometer, probe, and product analyses.
	Probes
	Mobile phases
(v/v)
	Flow rate
(mL/min)
	Injection volume
(μL)
	Detection mode
	Retention time
(min)

	TMP
	A:C = 50:50
	1.0
	30
	UV: 220
	5.90

	FFA
	A:C = 30:70
	0.6
	30
	UV: 220
	3.81

	2-hTPA
	A:D = 20:80
	1.0
	30
	Fluorescence:
Ex/Em = 315/425
	4.08

	PNA
	B:C = 75:25
	1.0
	30
	UV: 220
	6.18


Note: Mobile phases: A, acetonitrile; B, methanol; C, water; D, 0.1% trifluoroacetic acid in water. Separation were performed on an Eclipse XDB-C18 column (4.6 × 150 mm, 5 μm).


Table S4. Intensity-weighted molecular parameters of BDOM formulas identified by Orbitrap HRMS.
	Sample
	MWw
	DBEw
	DBE-Ow
	DBE/Cw
	DBE/Hw
	AImod,w
	NOSCw
	H/Cw
	O/Cw
	N/Cw
	S/Cw
	Cw
	Hw
	Ow
	Nw
	Sw

	BDOM200
	284
	4.78
	-0.87
	0.39
	0.35
	0.19
	-0.26
	1.45
	0.47
	0.06
	0.04
	12.67
	18.46
	5.65
	0.69
	0.41

	BDOM300
	275
	5.96
	1.69
	0.45
	0.36
	0.23
	-0.33
	1.39
	0.32
	0.14
	0.01
	13.34
	18.54
	4.27
	1.76
	0.09

	BDOM400
	253
	7.12
	3.17
	0.57
	0.57
	0.41
	-0.16
	1.13
	0.32
	0.10
	0.01
	12.67
	14.42
	3.95
	1.32
	0.14

	BDOM500
	252
	2.79
	-1.48
	0.23
	0.18
	0.10
	-0.74
	1.77
	0.41
	0.03
	0.07
	11.54
	19.79
	4.27
	0.29
	0.66

	BDOM600
	288
	3.70
	-0.74
	0.26
	0.20
	0.11
	-0.72
	1.71
	0.36
	0.05
	0.05
	14.12
	23.52
	4.44
	0.67
	0.45

	BDOM700
	333
	5.27
	0.68
	0.31
	0.34
	0.21
	-0.76
	1.57
	0.28
	0.06
	0.03
	17.51
	27.29
	4.59
	0.82
	0.32


Note: The subscript w denotes peak-intensity weighting.







Fig. S1. DOC-normalized UV-Vis absorption spectra of BDOM200-BDOM700. The BDOM fractions were water-extracted from sludge-derived biochars produced at the corresponding pyrolysis temperatures.

[image: ]
Fig. S2. Wavelength-resolved HPSEC–DAD absorbance maps of BDOM200–BDOM700 as functions of retention time and detection wavelength.


Fig. S3. Orbitrap HRMS spectra of BDOM200-BDOM700.





Fig. S4. Van Krevelen diagrams of assigned molecular formulas in BDOM200-BDOM700. Dashed regions indicate operational formula-space domains based on H/C and O/C ratios.



Fig. S5. FTIR spectra of freeze-dried BDOM200-BDOM700.

[image: Fig_HRMS_directional_formula_replacement_400_500_01(1)]
Fig. S6. Detection-based molecular-formula turnover and intensity-weighted compositional shifts of BDOM across the 400-500 oC pyrolysis transition.


Fig. S7. Kinetic plots for (a) TMP loss, (b) FFA loss, and (c) hTPA formation from TPA during irradiation of BDOM200-BDOM700. CK, irradiated probe blanks without BDOM; Dark, nonirradiated probe controls.
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