Photodegradation of tetrabromobisphenol S (TBBPS) in regional surface water: impacting by dissolved organic matter (DOM) and chloride
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Text 1S Chemicals and regents
TBBPS standard (purity>96.0%, HPLC grade),   sulfadiazine (SAs), 2,4,6-trimethylphenol (TMP, 99%) and HA (≥90%, molecular weight 2000-4000, extracted from lignite) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. FA (≥85%, molecular weight 308.24, extracted from plant and straw fermentation broth) was purchased from Shanghai Maclean's Biochemical Technology Co., Ltd. Furfuryl Alcohol (FFA) standard was obtained from Dr. Ehrenstofer, Germany. Acetophenone (AP) was purchased from o2si, USA. Methanol (>99.9%, HPLC grade) and acetonitrile (>99.9%, HPLC grade) were from Thermo Fisher Scientific Ltd. Isopropanol (IPA), sodium azide, sorbic acid (SA), hydrogen peroxide, benzoic acid (BA), sodium hypochlorite, sodium perchlorate and tert-butyl alcohol (TB) were purchased from Tianjin Xinbote Chemical Co. Ltd. 4-benzoylbenzoic acid (CBBP, 98%) was from CNW Technologies GmbH, Germany. Unless otherwise specified, the above agents referred to the analytically pure.
Text 2S Photodegradation rates and half-lives

The photodegradation rate and half-life can be calculated according to the first-order kinetic equation (1-2).
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In the above equation, C0 and Ct are the concentrations of the reactant at time 0 and t, respectively. k is the photodegradation rate constant and t1/2 is the half-life (Chen et al., 2016).
Text 3S Secondary reaction rates of TBBPS with reactive intermediate species (RIs)

I The secondary reaction rate kTBBPS,·OH

The secondary reaction rate kTBBPS,·OH of TBBPS with ·OH was calculated using 0.05 mmol·L-1 hydrogen peroxide as the photosensitizer and 5 µmol·L-1 AP as the reference compound for ·OH.
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Where, [AP]t and [AP]0 are the concentrations of AP at t and 0 min, respectively. kAP,·OH (5.9×109 M-1·s-1) is the secondary reaction rate of AP and ·OH (Yang et al., 2023). 

II The secondary reaction rate kTBBPS, Cl· and kTBBPS, Cl2·-
With 1 mg·L-1 NaClO (as available chlorine) and BA (10 mg·L-1) used as photosensitizer and reference compound for Cl·and Cl2·-, respectively, the secondary reaction rate of TBBPS with Cl· and Cl2·- are calculated as follows.
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Where, [·OH]1 is the concentration of ·OH in the solution containing 5 mg·L-1 available chlorine. [·OH]2 is the concentration of ·OH in the solution containing 5 mg·L-1 available chlorine and 0.2 mol·L-1 Cl-. kAP1, kTBBPS1 and kBA1 represent the primary photodegradation rate constants of AP, TBBPS and BA in solution containing 5 mg·L-1 available chlorine. kAP2、kTBBPS2、kBA2 are the primary photodegradation rate constants of AP, TBBPS and BA in solution containing 5 mg·L-1 available chlorine and 0.2 mol·L-1 Cl-. kBA,·OH ( 5.9×109 M-1·s-1)，kBA,Cl· (1.8×1010 M-1·s-1) and kBA, Cl2·- (2×106 M-1·s-1) are the secondary reaction rates of BA with·OH, Cl· and Cl2·-, respectively (Nikravesh et al., 2020; Zhang et al., 2022). 

Text 4S Natural water samples 

The natural water samples collected from the Peacock River (1#, 41044’39’’ N, 8607’22’’ E, Korla City), Bainiao Lake (2#, 43049’4.97’’ N, 87026’17.06’’ E, Urumqi City) and 500 Reservoir (3#, 44012’19.02’’ N, 87049’15.80’’ E, Fukang City). All the above sampling points are located in Xinjiang Uygur Autonomous Region, China.

The natural water samples were filtered through a 0.45 μm glass filter and stored in brown polyethylene bottles, and transported back to the laboratory as soon as possible to store at -20°C. Dissolved oxygen (DO) was determined by a dissolved oxygen analyzer (Thunder Magnetic JPB-607A). pH was measured by pH meter (Mettler Toledo, Switzerland, FE20). Total organic carbon (TOC) was measured by TOC-LCPH total organic carbon analyzer. Concentrations of Cl-, Br-, NO2- and NO3- were measured by Thermo Fisher ICS-600 ion chromatography. Concentrations of HCO3-/CO32- were titrated. Chemical oxygen demand (COD) was measured by ET99731 COD-TOC analyzer. Biochemical oxygen demand (BOD5) and total nitrogen were determined by national standard method. 
Text 5S Detection conditions of UPLC-MS 

Firstly, the solid-phase extraction cartridge was activated with methanol and pure water. Then, the reaction solution was poured into HLB solid-phase extraction cartridges (CNW Technologies GmbH, Germany) for enrichment. The effluent was collected and eluted twice with 5 mL of methanol. Finally, the collected liquid was mixed, concentrated to 1 mL in a rotary evaporator, passed through a 0.22 μm filter and then tested.

The test conditions were as follows. Chromatographic parameters: The separation column was Eclipse Plus C18 (100 mm × 4.6 mm, 3.5 μm). The column temperature was 30 °C. The injection volume was 20 μL and the flow rate was 0.5 mL·min-1. The mobile phase included: A: 5 mmol·L-1 ammonium formate+0.1% formic acid; B: acetonitrile. The gradient elution conditions started with 20% pure acetonitrile, increased linearly to 80% pure acetonitrile after 8 min, and decreased linearly to 20% pure acetonitrile after 8 min. Mass spectrometry data was monitored in negative ion mode with the following parameters. The thermal spray ion source voltage (HESI) was 3.20 kV. The capillary temperature was 320 °C and the auxiliary gas temperature was 300 °C. The S-lens RF voltage was 50 V and the sheath rate was 40 arb. The auxiliary gas rate was 40 arb. The collision voltages were 20 V, 40 V, and 60 V, respectively. The scanning mode adopted full scan and the m/z scanning range is 60-900. The gas in the collision cell was 99.99% high-purity N2.

Text 6S Photoshielding factor S
The optical shielding factor of DOM to TBBPS photodegradation ∑Sλ was calculated by Equations (12-13) (Chen et al., 2016). The ultraviolet spectrophotometer was used to scan the absorption of solution containing TBBPS and DOM in the range of 230-400 nm. 
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Where, Sλ represents the photoshielding factor of DOM to TBBPS photodegradation at wavelength λ. αλ indicates the absorbance at the wavelength λ. ελ represents the molar absorbance coefficient of TBBPS at wavelength λ, L·mol-1·cm-1, l represents optical pathlength, cm, Lλ denotes the intensity of light at wavelength λ, mW·m2. Tλ represents the transmittance of the reaction tube at wavelength λ. Non-DOM represents experiments without DOM.
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Fig.1S The emission spectrum of simulated light resource and natural sunlight
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Fig.2S UV absorption spectra of HA, FA and TBBPS
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Fig.3S FT-IR spectra of HA and FA
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Fig.4S Fluorescence spectra of HA(Left) and FA(Right)
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Fig.5S Effect of initial concentrations on TBBPS photodegradation
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Fig.6S Effect of different pHs on TBBPS photodegradation 
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Fig.7S Ultraviolet absorption(left) and fluorescence (right) spectra of three natural water samples
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Fig.8S Effect of initial concentration levels of HA(left) and FA(right) on TBBPS photodegradation
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Fig.9S Geometry structure of FA
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Fig.10S Effect of chloride ion at different concentration levels on TBBPS photodegradation
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Fig.11S Effect of ion strength on TBBPS photodegradation
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Fig.12S Mass spectra of photodegradation products of TBBPS
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Fig.13S Role of RIs reactions and direct photolysis in TBBPS photodegradation at different DOC concentrations (deep water 10 cm). d.p.—direct photodegradation. Other water conditions as for Fig.3. 

Table 1S Specific water quality parameters of the natural water samples 

	Parameters
	1#
	2#
	3#

	pH
	8.12
	8.21
	8.42

	Cl- (mg·L-1)
	129.20
	2410.20
	31.80

	Br- (mg·L-1)
	< 0.01
	2.83
	< 0.01

	DO (mg·L-1)
	5.88
	8.61
	9.38

	TOC (mg C·L-1)
	12.48
	22.08
	6.92

	BOD5 (mg·L-1)
	3.91
	0.91
	1.08

	CODCr
	19.14
	137.81
	13.40

	Total nitrogen
	0.31
	1.19
	0.85



	NO2- (mg·L-1)
	0.027
	0.033
	0.013

	NO3- (mg·L-1)
	1.33
	9.06
	1.32

	HCO3-/CO32- (mmol·L-1)
	3.04
	6.50
	1.74

	Conductivity (ms·cm-1)
	1.123
	1.547
	0.790


Table 2S HPLC analysis conditions
	Targets
	Mobile phase (V/V)
	Retention 
time

(min)
	Flow rate

(mL·min-1)
	Injection 
volume

(μL)
	Detection 
wavelength

(nm)

	AP
	methanol/water = 70/30
	6.62
	0.8
	20
	243

	FFA
	methanol/water = 60/40
	5.06
	0.8
	20
	216

	BA
	methanol/water = 60/40
	6.80
	0.7
	20
	225

	TBBPS
	Acetonitrile/water (1%formic acid) =70/30
	6.50
	0.8
	20
	271


Table 3S Kinetic equation of photodegradation of TBBPS in natural water samples
	Sample
	Quencher
	Kinetic equations
	R2
	Contribution R(%)

	Pure water
	-
	ln(Ct/C0) = -0.01272t-0.00298
	0.9990
	-

	
	IPA
	ln(Ct/C0) = -0.01039t+0.00808
	0.9982
	18.3

	
	NaN3
	ln(Ct/C0) = -0.00859t+0.01296
	0.9964
	14.2

	
	SA
	ln(Ct/C0) = -0.00621t+0.00538
	0.9894
	37.7

	
	TB
	ln(Ct/C0) = -0.00929t+0.02953
	0.9969
	27.0

	1#
	-
	ln(Ct/C0) = -0.02139t-0.00138
	0.9995
	-

	
	IPA
	ln(Ct/C0) = -0.01592t-0.09905
	0.9808
	25.6

	
	NaN3
	ln(Ct/C0) = -0.01321t-0.03692
	0.9770
	12.7

	
	SA
	ln(Ct/C0) = -0.00902t+0.02529
	0.9692
	45.2

	
	TB
	ln(Ct/C0) = -0.00831t-0.00632
	0.9555
	35.6

	2#
	-
	ln(Ct/C0) = -0.01577t+0.02240
	0.9934
	-

	
	IPA
	ln(Ct/C0) = -0.01343t-0.15748
	0.9587
	14.8

	
	NaN3
	ln(Ct/C0) = -0.01244t-0.03613
	0.9658
	6.3

	
	SA
	ln(Ct/C0) = -0.01012t+0.05978
	0.9762
	28.3

	
	TB
	ln(Ct/C0) = -0.00664t-0.01236
	0.9790
	43.1

	3#
	-
	ln(Ct/C0) = -0.02632t+0.04791
	0.9913
	-

	
	IPA
	ln(Ct/C0) = -0.01692t-0.10459
	0.9749
	35.7

	
	NaN3
	ln(Ct/C0) = -0.01425t-0.00124
	0.9808
	10.1

	
	SA
	ln(Ct/C0) = -0.01290t-0.01804
	0.9524
	40.8

	
	
TB
	ln(Ct/C0) = -0.01207t-0.00158
	0.9866
	18.4


Table 4S Vertical excitation energies of the lowest triplet-excited energy (ET1), vertical electron affinities (VEA) and vertical ionization energies (VIE) of TBBPS and FA (kcal∙mol-1)
	
	ET1
	VEAS0a
	VEAT1
	VIES0b
	VIET1


	FA
	61.25
	-65.35
	-126.60
	156.21
	94.97

	TBBPS
	76.42
	-50.86
	-127.28
	158.38
	81.96


Note：a. VEA (vertical electron affinities) is the energy required to remove an electron from a molecule to evaluate the electron accepting ability (EAA); a low VEA value implies a strong EAA.

b. VIE (vertical ionization energy) is the energy required for a molecule to accept an electron to evaluate the electron donating ability (EDA); a low VIE value implies a strong EDA.

Table 5S Secondary reaction rate kTBBPS,·OH, kTBBPS,Cl· and kTBBPS, Cl2·- 
in the presence of Cl- 
	kTBBPS,·OH  (M-1·s-1)
	kTBBPS,Cl· (M-1·s-1)
	kTBBPS, Cleq \o(\s\up 5(·-),\s\do 2(2)) (M-1·s-1)

	1.99×1010
	4.53×1010
	7.10×106


Table 6S FED values and Fukui functions of the excited triplet state of TBBPS2-
	Atom
	FED2HOMO+FED2LUMO
	f+
	f-
	f0

	1(C)
	0.0965
	0.0201
	0.0523
	0.0362

	2(C)
	0.0742
	0.0286
	0.0443
	0.0364

	3(C)
	0.1653
	0.0203
	0.0689
	0.0446

	4(C)
	0.0742
	0.0286
	0.0443
	0.0364

	5(C)
	0.0965
	0.0201
	0.0523
	0.0362

	6(C)
	0.0974
	0.0334
	0.0605
	0.0469

	7(H)
	0.0101
	0.0191
	0.0333
	0.0262

	8(H)
	0.0101
	0.0191
	0.0333
	0.0262

	9(C)
	0.1653
	0.0203
	0.0689
	0.0446

	10(C)
	0.0742
	0.0286
	0.0443
	0.0364

	11(C)
	0.0742
	0.0286
	0.0443
	0.0364

	12(C)
	0.0965
	0.0201
	0.0523
	0.0362

	13(H)
	0.0101
	0.0191
	0.0333
	0.0262

	14(C)
	0.0965
	0.0201
	0.0523
	0.0362

	15(H)
	0.0101
	0.0191
	0.0333
	0.0262

	16(C)
	0.0974
	0.0334
	0.0605
	0.0469

	17(O)
	0.1794
	0.0570
	0.1545
	0.1057

	18(O)
	0.1794
	0.0570
	0.1545
	0.1057

	19(Br)
	0.0615
	0.1004
	0.1822
	0.1413

	20(Br)
	0.0615
	0.1004
	0.1822
	0.1413

	21(Br)
	0.0615
	0.1004
	0.1822
	0.1413

	22(Br)
	0.0615
	0.1004
	0.1822
	0.1413

	23(S)
	0.1095
	0.0423
	0.0553
	0.0488

	24(O)
	0.0186
	0.0318
	0.0644
	0.0481

	25(O)
	0.0186
	0.0318
	0.0644
	0.0481


Table 7S Bond lengths of the excited triplet state of TBBPS2- at the DFT/B3LYP/6-31+G(d,p) level
	Chemical Bond
	Bond Length(Å)
	Chemical Bond
	Bond Length(Å)

	C1-Br20
	1.92887
	C9-C11
	1.43350

	C1-C2
	1.37035
	C9-C10
	1.43350

	C1-C6
	1.45557
	C10-C12
	1.37035

	C2-C3
	1.43350
	C11-C14
	1.37035

	C3-S23
	1.76669
	C12-Br21
	1.92887

	C3-C4
	1.43350
	C12-C16
	1.45557

	C4-C5
	1.37035
	C14-C16
	1.45557

	C5-C6
	1.45557
	C14-Br22
	1.92887

	C5-Br19
	1.92887
	C16-O18
	1.26733

	C6-O17
	1.26733
	S23-O24
	1.48866

	C9-S23
	1.76669
	S23-O25
	1.48866
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