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Text S1: Determination of radical concentrations and pathway contributions 
To quantify HO•, nitrobenzene (NB) was used as a selective probe. Direct UV photolysis of NB was negligible under the experimental conditions (Fig. S5); therefore, its contribution was neglected in the calculation of HO• exposure. The HO• exposure over a given reaction interval was calculated from NB degradation according to Eq. (1):
   (1)
where  and  are the NB concentrations at the beginning and end of the selected reaction interval, respectively;  is the second-order rate constant for the reaction between HO• and NB. The integral represents the HO• exposure over the selected interval.
The interval-averaged HO• concentration was then calculated as:
   (2)
The modeled HO• concentrations were averaged over the same reaction interval before comparison with the experimentally determined values.
For pollutant , the instantaneous degradation rate through reaction with a reactive species  was calculated from the modeled radical concentration and the corresponding second-order rate constant:
   (3)
where  is the second-order rate constant between reactive species  and pollutant  is the modeled concentration of the reactive species at time , and  is the modeled pollutant concentration.
For direct UV photolysis,
   (4)
where  is the pseudo-first-order rate constant for direct UV photolysis of pollutant .
The cumulative contribution of each reactive-species pathway to pollutant degradation from the beginning of irradiation to time  was calculated by integrating the corresponding pathway-specific degradation rate:
   (5)
Similarly, the cumulative contribution of direct UV photolysis was calculated as:
   (6)
In the complex-water system,  included HO•, Cl•, Cl2•−, Br•, Br2•−, and CO3•−. Therefore, the total cumulative degradation accounted for by the modeled pathways was:
   (7)
and should satisfy the pollutant mass balance:
   (8)
The rate constants used for the radical–pollutant reactions are summarized in Table S1.
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Fig. S1. Schematic of photoreactor used for the VUV/UV process. 
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Fig. S2. Effects of DO (a), pH (b), and TBA dosage (c) on H2O2 evolution during the VUV/UV process (unless otherwise specified, [TBA]0 = 1 mM, temperature = 25 ± 0.1 °C, initial DO = 8.5 ± 0.5 mg/L). 
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Fig. S3. Effects of DO (a), pH (b), and IPA dosage (c) on H2O2 evolution during the VUV/UV process (unless otherwise specified, [IPA]0 = 1 mM, temperature = 25 ± 0.1 °C, initial DO = 8.5 ± 0.5 mg/L).
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[bookmark: OLE_LINK127]Fig. S4. Degradation of freshly introduced NB (a) during different irradiation intervals (0–10, 10–20, 20–30, and 30–40 min) and the corresponding interval-averaged HO• concentration (b) during the VUV/UV process. Reaction conditions: [DOM] = 5 mg-C/L, [NB] = 0.5 µM, initial pH = 7.5 ± 0.2, temperature = 25 ± 0.1 °C, initial DO = 8.5 ± 0.5 mg/L.
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Fig. S5. Direct UV photolysis of NB and p-CBA. Reaction conditions: [probe]₀ = 0.5 μM, initial pH = 6.5 ± 0.5, and temperature = 25 ± 0.1 °C.
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Fig. S6. Experimental and modeled degradations of (a) NB, (b) p-CBA, and (c) MTZ during the VUV/UV process in complex water. Reaction conditions: [DOM] = 5 mg-C/L, [Cl−] = 2 mM, [Br−] = 10 μM, [HCO3−] = 2 mM, [probe] = 0.5 μM; initial pH = 7.5 ± 0.2, temperature = 25 ± 0.1 °C, initial DO = 8.5 ± 0.5 mg/L.

[image: ]
Fig. S7. Cumulative contributions of reactive species and direct UV photolysis to CBZ degradation during the VUV/UV process (a) without and (b) with consideration of Cl⁻ absorption at 185 nm. Reaction conditions: [CBZ] = 0.5 μM, [DOM] = 5.0 mg-C/L, [Cl−] = 2 mM, [Br−] = 10 μM, and [HCO3−] = 2 mM, initial pH = 7.5 ± 0.2, temperature = 25 ± 0.1 °C, initial DO = 8.5 ± 0.5 mg/L. 

Table S1. Reactions and rate constants used in the kinetic model for the VUV/UV process.
	No.
	Reaction
	Rate constant
	Unit
	Reference

	1
	H2O2 + hv→ 2HO•
	2.02E−04
	s-1
	This studya

	2
	eaq− + eaq− → H₂ + 2OH−
	5.50E+09
	M-1 s-1
	[1]

	3
	eaq− + H⁺ → H•
	2.30E+10
	M-1 s-1
	[1]

	4
	eaq⁻ + H• → H₂ + OH⁻
	2.50E+10
	M-1 s-1
	[1]

	5
	eaq− + HO• → OH⁻
	3.00E+10
	M-1 s-1
	[1]

	6
	eaq− + H₂O₂ → HO• + OH−
	1.10E+10
	M-1 s-1
	[1]

	7
	eaq− + O₂ → O₂•−
	1.90E+10
	M-1 s-1
	[1]

	8
	eaq− + HO₂• → HO₂−
	2.00E+10
	M-1 s-1
	[1]

	9
	eaq− + HO₂− → HO• + 2OH−
	3.50E+09
	M-1 s-1
	[1]

	10
	eaq− → H• + OH−
	8.30E+02
	s-1
	[1]

	11
	H• + OH− → eaq−
	2.00E+07
	M-1 s-1
	[1]

	12
	H• + H• → H₂
	7.80E+09
	M-1 s-1
	[1]

	13
	H• + HO• → products
	2.00E+10
	M-1 s-1
	[1]

	14
	H• + O₂ → HO₂•
	2.10E+10
	M-1 s-1
	[1]

	15
	H• + O₂•− → HO₂−
	2.00E+10
	M-1 s-1
	[1]

	16
	H• + HO₂• → H₂O₂
	1.00E+10
	M-1 s-1
	[1]

	17
	H• + H₂O₂ → HO•
	9.00E+07
	M-1 s-1
	[1]

	18
	H₂O₂ → H+ + HO₂−
	1.26E−01
	s-1
	[2]

	19
	H+ + HO₂− → H₂O₂
	5.00E+10
	M-1 s-1
	[2]

	20
	HO• + H₂O₂ → HO₂•
	2.70E+07
	M-1 s-1
	[2]

	21
	HO• + HO• → H₂O₂
	5.50E+09
	M-1 s-1
	[2]

	22
	HO₂• + H₂O₂ → O₂ + HO•
	3.00E+00
	M-1 s-1
	[2]

	23
	O₂•⁻ + H₂O₂ → O₂ + HO• + OH−
	1.30E−01
	M-1 s-1
	[2]

	24
	HO₂• + HO₂• → O₂ + H₂O₂
	8.30E+05
	M-1 s-1
	[2]

	25
	HO₂• + O₂•− → O₂ + HO₂−
	9.70E+07
	M-1 s-1
	[2]

	26
	HO• + HO₂• → O₂
	6.60E+09
	M-1 s-1
	[2]

	27
	HO• + O₂•− → O₂ + OH⁻
	7.00E+09
	M-1 s-1
	[2]

	28
	HO• + HO₂− → HO₂• + OH−
	7.50E+09
	M-1 s-1
	[2]

	29
	HO• + OH⁻ → O•⁻
	1.20E+10
	M-1 s-1
	[2]

	30
	HO₂• → H⁺ + O₂•⁻
	1.00E+06
	s-1
	[1]

	31
	H⁺ + O₂•⁻ → HO₂•
	3.80E+10
	M-1 s-1
	[1]

	32
	O•⁻ → HO• + OH⁻
	1.80E+06
	s-1
	[3]

	33
	HO• + Cl⁻ → ClOH•⁻
	4.30E+09
	M-1 s-1
	[2]

	34
	ClOH•⁻ → Cl⁻ + HO•
	6.10E+09
	s-1
	[2]

	35
	ClOH•⁻ + H⁺ → Cl•
	2.10E+10
	M-1 s-1
	[2]

	36
	Cl• → ClOH•⁻ + H⁺
	2.50E+05
	s-1
	[2]

	37
	Cl• + OH⁻ → ClOH•⁻
	1.80E+10
	M-1 s-1
	[2]

	38
	Cl• + Cl⁻ → Cl₂•⁻
	8.50E+09
	M-1 s-1
	[2]

	39
	Cl₂•⁻ → Cl• + Cl⁻
	6.00E+04
	s-1
	[2]

	40
	Cl₂•⁻ + OH⁻ → ClOH•⁻ + Cl⁻
	4.50E+07
	M-1 s-1
	[2]

	41
	Cl• + H₂O₂ → HO₂• + Cl⁻ + H⁺
	2.00E+09
	M-1 s-1
	[2]

	42
	Cl₂•⁻ + H₂O₂ → HO₂• + 2Cl⁻ + H⁺
	1.40E+05
	M-1 s-1
	[2]

	43
	HO• + Br⁻ → BrOH•⁻
	1.10E+10
	M-1 s-1
	[2]

	44
	BrOH•⁻ → HO• + Br⁻
	3.30E+07
	s-1
	[2]

	45
	BrOH•⁻ → Br• + OH⁻
	4.20E+06
	s-1
	[2]

	46
	BrOH•⁻ + H⁺ → Br•
	4.40E+10
	M-1 s-1
	[2]

	47
	Br• + OH⁻ → BrOH•⁻
	1.06E+10
	M-1 s-1
	[2]

	48
	Br• + Br⁻ → Br₂•⁻
	1.20E+10
	M-1 s-1
	[2]

	49
	Br₂•⁻ → Br• + Br⁻
	1.90E+04
	s-1
	[2]

	50
	BrOH•⁻ + Br⁻ → Br₂•⁻ + OH⁻
	1.90E+08
	M-1 s-1
	[2]

	51
	Br₂•⁻ + OH⁻ → BrOH•⁻ + Br⁻
	2.70E+06
	M-1 s-1
	[2]

	52
	Br• + H₂O₂ → HO₂• + Br⁻
	4.00E+09
	M-1 s-1
	[2]

	53
	Br₂•⁻ + H₂O₂ → HO₂• + 2Br⁻ + H⁺
	5.00E+02
	M-1 s-1
	[2]

	54
	Cl₂•⁻ + Br⁻ → ClBr•⁻ + Cl⁻
	4.00E+09
	M-1 s-1
	[2]

	55
	Cl• + Br⁻ → ClBr•⁻
	1.20E+10
	M-1 s-1
	[2]

	56
	Br• + Cl⁻ → ClBr•⁻
	1.00E+08
	M-1 s-1
	[2]

	57
	ClOH•⁻ + Br⁻ → ClBr•⁻ + OH⁻
	1.00E+09
	M-1 s-1
	[2]

	58
	BrOH•⁻ + Cl⁻ → ClBr•⁻ + OH⁻
	1.90E+08
	M-1 s-1
	[2]

	59
	ClBr•⁻ + Br⁻ → Br₂•⁻ + Cl⁻
	8.00E+09
	M-1 s-1
	[2]

	60
	Br₂•⁻ + Cl⁻ → ClBr•⁻ + Br⁻
	4.30E+06
	M-1 s-1
	[2]

	61
	ClBr•⁻ + Cl⁻ → Cl₂•⁻ + Br⁻
	1.10E+02
	M-1 s-1
	[2]

	62
	ClBr•⁻ → Br• + Cl⁻
	6.10E+04
	s-1
	[2]

	63
	ClBr•⁻ → Cl• + Br⁻
	1.98E+03
	s-1
	[2]

	64
	ClBr•⁻ + HO• → ClBr + OH⁻
	1.00E+09
	M-1 s-1
	[2]

	65
	Cl• + CO₃²⁻ → Cl⁻ + CO₃•⁻
	5.00E+08
	M-1 s-1
	[4]

	66
	Cl• + HCO₃⁻ → Cl⁻ + CO₃•⁻ + H⁺
	2.20E+08
	M-1 s-1
	[4]

	67
	Cl₂•⁻ + CO₃²⁻ → 2Cl⁻ + CO₃•⁻
	1.60E+08
	M-1 s-1
	[5]

	68
	Cl₂•⁻ + HCO₃⁻ → 2Cl⁻ + CO₃•⁻ + H⁺
	8.00E+07
	M-1 s-1
	[5]

	69
	BrO⁻ + CO₃•⁻ → CO₃²⁻ + BrO•
	4.30E+07
	M-1 s-1
	[6]

	70
	CO₃•⁻ + CO₃•⁻ → products
	3.00E+07
	M-1 s-1
	[3]

	71
	HO• + CO₃•⁻ → products
	3.00E+09
	M-1 s-1
	[3]

	72
	HO• + DOM → products
	9.14E+08
	L mol-C-1 s-1
	This study

	73
	HO• + CO₃²⁻ → CO₃•⁻ + OH⁻
	3.90E+08
	M-1 s-1
	[3]

	74
	HO• + HCO₃⁻ → CO₃•⁻
	8.60E+06
	M-1 s-1
	[3]

	75
	HO• + H₂CO₃ → CO₃•⁻ + H⁺
	1.00E+06
	M-1 s-1
	[3]

	76
	Br• + HCO₃⁻ → Br⁻ + CO₃•⁻ + H⁺
	1.00E+06
	M-1 s-1
	[2]

	77
	Br₂•⁻ + HCO₃⁻ → 2Br⁻ + CO₃•⁻ + H⁺
	8.00E+04
	M-1 s-1
	[2]

	78
	Cl• + DOM → products
	8.00E+08
	L mol-C-1 s-1
	[7]

	79
	Br• + DOM → products
	2.10E+08
	L mol-C-1 s-1
	[7]

	80
	Br₂•⁻ + DOM → products
	6.20E+05
	L mol-C-1 s-1
	[7]

	81
	CO₃•⁻ + DOM → products
	2.50E+06
	L mol-C-1 s-1
	[7]

	82
	CBZ + HO• → products
	4.04E+09
	M-1 s-1
	This study

	83
	CBZ + Cl• → products
	3.30E+10
	M-1 s-1
	[9]

	84
	CBZ + Cl₂•⁻ → products
	4.30E+07
	M-1 s-1
	[9]

	85
	CBZ + Br• → products
	1E+08
	M-1 s-1
	This study

	86
	CBZ + Br₂•⁻ → products
	9.70E+07
	M-1 s-1
	[11]

	87
	CBZ + CO₃•⁻ → products
	1E+05
	M-1 s-1
	This study

	88
	CBZ → products
	2.45E−03
	s-1
	This study

	89
	DMOB + HO• → products
	5.19E+09
	M-1 s-1
	This study

	90
	DMOB + Cl• → products
	1.80E+10
	M-1 s-1
	[15]

	91
	DMOB + Cl₂•⁻ → products
	7.30E+08
	M-1 s-1
	[16]

	92
	DMOB + Br• → products
	1.00E+8
	M-1 s-1
	This study

	93
	DMOB + Br₂•⁻ → products
	6.40E+07
	M-1 s-1
	This study

	94
	DMOB + CO₃•⁻ → products
	1.00E+06
	M-1 s-1
	[16]

	95
	DMOB → products
	2.40E−03
	s-1
	This study

	96
	NB + HO• → products
	3.90E+09
	M-1 s-1
	[3]

	97
	MTZ + HO• → products
	3.50E+09
	M-1 s-1
	[2]

	98
	MTZ + Cl• → products
	2.60E+09
	M-1 s-1
	[2]

	99
	MTZ + Cl₂•⁻ → products
	1.20E+08
	M-1 s-1
	[2]

	100
	MTZ + Br• → products
	1.40E+08
	M-1 s-1
	[2]

	101
	MTZ + Br₂•⁻ → products
	3.60E+06
	M-1 s-1
	[2]

	102
	MTZ + CO₃•⁻ → products
	3.40E+07
	M-1 s-1
	[2]

	103
	MTZ → products
	1.06E−04
	s-1
	[2]

	104
	p-CBA + HO• → products
	5.00E+09
	M-1 s-1
	[15]


Additional calibrated DOM parameters used in the model were a DOM aging rate constant of 1.99492 × 10-3 s-1 and a persistent DOM capacity fraction of 0.07386; both parameters were calibrated in this study.
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Table S2. Molar absorption coefficients at 254 nm and second-order rate constants for the reactions of selected alcohols with HO•. 
	
	methanol
	ethanol
	n-propanol
	n-butanol
	iso-propanol
	iso-butanol
	tert-butanol

	ԑ254 (M−1cm−1) a
	0.0005
	0.0010
	0.0014
	0.0028
	0.0015
	0.0037
	0.0185

	kHO• (M−1s−1) a
	9.7×108
	1.9×109
	2.8×109
	4.2×109
	1.9×109
	3.3×109
	6.0×108


a: Data were taken from Ref. [17].
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