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S1. Texts 47 

Text S1. The introduction of the steady-state six-compartment six-fugacity model 48 

Multimedia fugacity models have been used to address chemical pollution by 49 

providing a quantitative account of the sources, transport processes, fate and sinks of 50 

organic chemicals(Mackay, 2001). A steady-state six-compartment (gas, particle, liquid, 51 

suspended particle mater (SPMs), soil, sediments) six-fugacity model was derived 52 

using the fugacity theory (Li et al., 2021b). The six-compartment six-fugacity system 53 

was exhibited in following figure. The subscripts represent different environment 54 

matrix: gas (G), liquid (L), soil (S), sediment (Sed), particle in air (P), and particle in 55 

liquid (O). The primary equation in fugacity models is the relationship between the flux 56 

(F) and the fugacity (f): 57 

 𝐹 = 𝑓𝐷 (S1) 58 

where D is the intermedia D values defined in the fugacity theory(Mackay, 2001).  59 

 60 
The six-compartment six-fugacity system 61 

(Notes: Ei is the emission rate (mol/h) to compartment i; Fij is the flux from compartment i to 62 
compartment j (mol/h); FiR is the flux by reaction (mol/h); Particle represents particle in air; SPM 63 

represents suspended particle matter in water.) 64 
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The relationships between the above figure (focusing on the processes related to 65 

the six compartments) in Supporting Information and Fig.1 (focusing on the processes 66 

related to gas and particle phases) in the main text of the manuscript were described in 67 

detail as follows. For the gas phase, in the above figure, the flux of FGS (flux from gas 68 

to soil) includes the diffusion flux from gas to soil (FGS_diff) and the wet deposition flux 69 

from gas to soil (FGS_W). The flux of FGL (flux from gas to liquid) includes the diffusion 70 

flux from gas to soil (FGW_diff) and the wet deposition flux from gas to liquid (FGW_W). 71 

In the Fig. 1, the corresponding flux FGSW_diff is the sum of FGS_diff and FGW_diff. FGW is 72 

the sum of FGS_W and FGW_W. For the particle phase, in the above figure, the flux of FPO 73 

(flux from particle to SPMs) includes wet deposition flux from particle to SPMs (FPO_W) 74 

and dry deposition flux from particle to SPMs (FPO_D). The flux of FPS (flux from 75 

particle to soil) includes wet deposition flux from particle to soil (FPS_W) and dry 76 

deposition flux from particle to soil (FPS_D). In the Fig. 1, the corresponding flux FPD is 77 

the sum of FPO_D and FPS_D. The flux FPW is the sum of FPO_W and FPS_W. 78 

Once the relationships between the six compartments were confirmed, the function 79 

between the total input flux and the total output flux can be established for each 80 

compartment. The relationship follows the general form: 81 

 𝐸! + ∑𝐷"!𝑓" = ∑𝐷!#𝑓! + 𝐷!$𝑓! (S2) 82 

where, Ei is the emission rate (mol/h) to compartment i; Dji is the intermedia D values 83 

from compartment j to compartment i (mol/(Pa·h)); Dik is the intermedia D values from 84 

compartment i to compartment k (mol/(Pa·h)); DiR is the reaction rate D value in 85 

compartment i (mol/(Pa·h)); fi and fj are the fugacity of chemical in compartment i and 86 

compartment j (Pa).  87 
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In the present study, both the gaseous and particulate emissions were considered 88 

in the models. Therefore, the above equation for each compartment can be expressed as 89 

follows in detail: 90 

Air: Gas phase: 91 

 𝐸% + 𝐷&%𝑓& + 𝐷'%𝑓' + 𝐷(%𝑓( = (𝐷%& + 𝐷%' + 𝐷%( + 𝐷%))𝑓% (S3) 92 

Air: Particle phase: 93 

 𝐸( + 𝐷%(𝑓% = (𝐷(% + 𝐷(' + 𝐷(* + 𝐷())𝑓( (S4) 94 

Water: Dissolved phase: 95 

 𝐷%&𝑓% + 𝐷'&𝑓' + 𝐷'+,&𝑓'+, + 𝐷*&𝑓* = (𝐷&% + 𝐷&'+, + 𝐷&* + 𝐷&))𝑓& (S5) 96 

Water: Solid phase: 97 

 𝐷&*𝑓& + 𝐷'*𝑓' + 𝐷'+,*𝑓'+, + 𝐷(*𝑓( = (𝐷*& + 𝐷*'+, + 𝐷*))𝑓* (S6) 98 

Soil phase: 99 

 𝐷%'𝑓% + 𝐷('𝑓( = (𝐷'% + 𝐷'& + 𝐷'* + 𝐷'))𝑓' (S7) 100 

Sediment phase: 101 

 𝐷&'+,𝑓' + 𝐷*'+,𝑓* = (𝐷'+,& + 𝐷'+,* + 𝐷'+,))𝑓'+, (S8) 102 

where D values for each intermedia process were given in Table S1.  103 

The fugacity capacity Z values of each compartment used for calculation of the D 104 

values can be obtained by the equations in Table S2. The parameters for PAHs and 105 

environment were given in Tables S3, S4 S5 and S6. In the present study, the unit of 106 

the system was assumed as a cuboid with the air surface area (AA) of 1 m2, water surface 107 

area (AW) of 0.7 m2, and soil surface area (AS) of 0.3 m2. The height and/or depth of air, 108 

water and soil are 1000, 10 and 0.15 m, respectively. 109 

The fugacity for each compartment can be obtained by analyzing the above 110 

equations. Then the parameters of each compartment and the parameters between 111 
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different compartments can be calculated, such as fluxes, concentrations, mass fractions, 112 

and partitioning behavior (Qin et al., 2021; Li et al., 2021b; Li et al., 2021a).  113 

  114 
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Text S2. The calculation method of the output and input fluxes for the particle 115 

phase and the gas phase compartments 116 

The 11 output and input fluxes for the particle phase and the gas phase can be 117 

calculated by the following equations: 118 

 (1 − 𝜙-)𝐸 = 𝐸% (S9) 119 

 𝜙-𝐸 = 𝐸( (S10) 120 

 𝐹./ = 𝐷./𝑓.  (S11) 121 

 𝐹(% = 𝐷%(𝑓( (S12) 122 

 𝐹%,!00 = (𝐷%1& + 𝐷%1')𝑓% (S13) 123 

 𝐹%2 = (𝐷%2& + 𝐷%2')𝑓% (S14) 124 

 𝐹,!00% = 𝐷&%𝑓& + 𝐷'%𝑓' (S15) 125 

 𝐹(1 = (𝐷(1* + 𝐷(1')𝑓( = 𝐷(1𝑓( (S16) 126 

 𝐹(2 = (𝐷(2* + 𝐷(2')𝑓( = 𝐷(2𝑓( (S17) 127 

 𝐹%$ = 𝐷%$𝑓% (S18) 128 

 𝐹($ = 𝐷($𝑓( (S19) 129 

where the D values can be found in Table S1. 130 
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Text S3. The expression of the log KP using fugacity method 131 

The G/P partitioning coefficient (KP) can be calculated as follows: 132 

 𝐾( = (𝐶( 𝐶%⁄ ) 𝑇𝑆𝑃⁄  (S20) 133 

where CP (ng/m3 air) and CG (ng/m3) are the PAHs concentrations in particle phase and 134 

gas phase, respectively, and TSP is the concentrations of total suspended particles 135 

(μg/m3).  136 

CP can be transferred to C'P (ng/m3 particle) based the following equation: 137 

 𝐶( =𝐶′( × 𝑇𝑆𝑃 103𝜌(⁄  (S21) 138 

where C'P (ng/m3 particle) is the PAHs concentrations in particle phase with different 139 

units, and ρP is the density of particles (kg/m3).  140 

Then, the Eq. (S20) can be expressed in different form: 141 

 𝐾( = (𝐶′( 𝐶%⁄ ) 103𝜌/⁄  (S22) 142 

The ratio of C'P to CG can be calculated using the method from the multimedia 143 

fugacity model: 144 

 𝐶′( 𝐶%⁄ = 𝑓(𝑍( 𝑓%𝑍%⁄  (S23) 145 

where ZP/ZG equal to KPG at equilibrium state, which can be calculated by the following 146 

equation (Li et al., 2015): 147 

 𝐾(% = 𝑍(/𝑍% = 103𝜌/𝐾(456 (S24) 148 

where KP-HB is the G/P partitioning coefficient calculated from the H-B model (the 149 

equilibrium-state model) (Harner and Bidleman, 1998b). 150 

Summarizing the equations above, log KP can be expressed as following equation: 151 

 log𝐾( = log𝐾(456 + log(𝑓( 𝑓%⁄ ) (S25) 152 

  153 
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Text S4. The introduction of the prediction models 154 

The H-B model 155 

Under assumptions that the dominate G/P distribution process was absorption and 156 

the system was in equilibrium-state, an equation (named as the H-B model in the present 157 

study) used to predict the value of KP for SVOCs was derived in an early study (Harner 158 

and Bidleman 1998b) 159 

 log𝐾(456 = log𝐾*7 + log 𝑓*8 − 11.91 (S26) 160 

The L-M-Y model 161 

Li et al. established a steady-state model (named as the L-M-Y model in the present 162 

study) for the investigation of the G/P partitioning behavior of PBDEs (Li et al. 2015). 163 

The influences of dry and wet depositions of particles on the G/P partitioning were 164 

considered in the L-M-Y model. A non-equilibrium parameter caused by dry and wet 165 

depositions of particles, log 𝛼 was introduced into the L-M-Y model: 166 

 log𝐾(4&89 = log𝐾(456 + log 𝛼 (S27) 167 

 log 𝛼 = − log(1 + 4.18 × 104::𝑓*8𝐾*7) (S28) 168 

Therefore, the H-B model is a special case of the L-M-Y model when the non-169 

equilibrium term (log 𝛼) equal zero. 170 

 171 

  172 
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Text S5. The calculation method of the root mean square error 173 

To evaluate the performance of the new steady-state model, the root mean square 174 

error (RMSE) was calculated based on the following equation: 175 

 𝑅𝑀𝑆𝐸 = C:
;
∑(log𝐾(4( − log𝐾()< (S29) 176 

where log KP-P is the prediction data from the new steady-state model, and log KP is the 177 

monitored data.  178 

The smaller of the RMSE value indicated the better matching degree between the 179 

predicted data and the monitored data. 180 

 181 
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S2. Tables 182 

Table S1 The transport parameter D (mol/(Pa·h)) for the multimedia fugacity 183 

model 184 

Compartments Symbol D values Process 

Gas-Liquid 

DGDL 
1/[1/(kVGA12ZG)+1/(kVW

A12ZW)] 
Diffusion 

DGWL A12URZW Rain dissolution 

DGL DGDL+DGWL Gas → Liquid 

DLG DGDL Liquid → Gas 

Gas-Soil 

DGDS 
1/[1/(kEGA13ZG)+Y3/[A13

(BMGZG+BMWZW)]] 
Diffusion 

DGWS A13URZW Rain dissolution 

DGS DGDS+DGWS Gas → Soil 

DSG DGDS Soil → Gas 

Particles-SPMs 

DPWO A12URQυPZP Wet deposition 

DPDO A12UDυPZP Dry deposition 

DPO DPWO+DPDO Particle → SPMs 

Particles-Soil 

DPWS A13URQυPZP Wet deposition 

DPDS A13UDυPZP Dry deposition 

DPS DPWS+DPDS Particle → Soil 

Gas-Particles 

DPG APkPGZG Sorption and desorption 

DGP DPG Gas → Particle 

DPG DPG Particle→Gas 

Soil-Liquid 
DSL A13UWWZW Water runoff 

DSL DSL Soil → Liquid 

Soil-SPMs 
DSO A13UEWZS Soil runoff 

DSO DSO Soil → SPM 

Liquid-SPMs DLO AOkWOZW Sorption and desorption 
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Compartments Symbol D values Process 

DLO DLO Liquid → SPMs 

DOL DLO SPMs → Liquid 

Sediment-Liquid 

DSedL 
1/[1/(kSWA24ZW)+Y4/(BM

WA24ZW)] 
diffusion 

DSedL DSedL Liquid → Sediment 

DLSed DSedL Sediment → Liquid 

Sediment-SPMs 

DOSed UDOA24ZO Deposition 

DSedO URSA24ZSed Resuspension 

DOSed DOSed SPMs → Sediment 

DSedO DSedO Sediment → SPMs 

Degradation DiR kdegiViZi Degradation in compartment i 

Notes: The gaseous degradation rate of PAHs can be calculated using the half-lives of PAHs: kdegi 185 
= ln(2)/t1/2 (The half-lives of the 15 PAHs can be found in Table S5). 186 

continued Table S1 
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Table S2. The fugacity capacity Z values and the partition parameter K values for 187 

the multimedia fugacity model 188 

Z Equation Unit 

ZG 1/RT mol/(m3·Pa) 

ZW 1/H or ZG/KAW mol/(m3·Pa) 

ZS KSGZG mol/(m3·Pa) 

Zsed KSedWZW mol/(m3·Pa) 

ZP KPGZG mol/(m3·Pa) 

ZO KPWZW mol/(m3·Pa) 

189 
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Table S3. The partition parameter K values for the multimedia fugacity model 190 

K Process K Equation Unit 

Soil-Gas KSG fOM(S)KOA dimensionless 

Sediment-Liquid KSedW fOC(Sed)KOCρSed/1000 dimensionless 

Gas-Particle KPG 10-2.91ρPfOMKOA dimensionless 

SPMs-Liquid KPW fOC(O)ρOKOC/1000 dimensionless 

Organic carbon-Water KOC 0.41(L/kg)KOW L/kg 

Air-Water KAW log KAW = AAW + BAW / TW dimensionless 

Octanol-Water KOW log KOW = AOW + BOW / TW dimensionless 

Octanol-Air KOA log KOA = AOA + BOA / T dimensionless 

Note: T and TW are the temperature in atmosphere and in water, respectively, K; The values of T 191 
equal to TW when the temperature in air higher than 0℃, and the value of TW equal to the constant 192 
value when the temperature in air lower than 0℃.; The values of A and B for the calculation of KAW, 193 
KOW, KOA can be calculated (See details in Table S4). 194 
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Table S4. The values of A and B for the PAHs 195 

PAHs Abbreviations AAW BAW AOW BOW AOA BOA 

acenaphthylene Acy 5.46 −2272 1.67 593 −1.97 2476 

acenaphthene Ace 5.66 −2251 1.43 774 −2.20 2597 

fluorene Flu 5.97 −2483 1.56 816 −2.61 2833 

phenanthrene Phe 6.06 −2607 1.49 944 −3.37 3293 

anthracene Ant 6.14 −2620 1.73 867 −3.41 3316 

fluoranthene Fluo 6.44 −2850 0.83 1295 −4.34 3904 

pyrene Pyr 6.29 −2780 1.09 1182 −4.56 3985 

benzo[a]anthracene BaA 7.10 −3222 0.99 1453 −5.64 4746 

chrysene Chr 7.01 −3205 0.91 1499 −5.65 4754 

benzo[b]fluoranthene BbF 7.39 −3438 −0.33 1847 −6.40 5285 

benzo[k]fluoranthene BkF 7.47 −3458 0.10 1870 −6.42 5301 

benzo[a]pyrene BaP 7.25 −3374 0.32 1709 −6.50 5382 

indeo[1,2,3-cd]pyrene IcdP 7.63 −3614 −0.73 2177 −7.00 5791 

dibenzo[a,h]anthracene DahA 7.97 −3805 0.52 1986 −7.17 5887 

benzo[g.h,j]perylene BghiP 7.41 −3526 −0.67 2245 −7.03 5834 

Note: The values of AOA and BOA were cited from references (Odabasi et al., 2006; Harner and 196 
Bidleman, 1998a), except the values for Nap were calculated by the equations: BX = 197 
UX/(ln(10)*8.314), AX = log KX(25℃) −BX/298.15 (X represent AW, OW, and OA). AOW and BOW 198 
were also calculated using the above equations. The values in the equations (log KX, UX) were 199 
calculated using the UFZ - LSER Database 200 
(https://www.ufz.de/index.php?en=31698&contentonly=1&m=0&lserd_data[mvc]=Public/start). 201 
AAW and BAW were calculated by the equations: AAW = AH − 3.351, BAW = BH (AH and BH were 202 
parameters used for the calculation of the Henry's Law constants (Parnis et al., 2016), log KAW = 203 
log H – log (R*T), log (R*T) ≈ 3.351 when temperature ranged from 223 K to 323 K).  log 204 

KOW(25℃) for BbF and IcdP were cited from the reference (Ma et al., 2010). UOW for BbF and IcdP 205 
were calculated from UOW = UOA + UAW.206 
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Table S5. The half-lives of 15 PAHs in different phases (h−1) 207 

PAHs tA tW tS tSed tP tO 

Acy 1.70 360 7.20×102 3.24×103 7.20×102 3.24×103 

Ace 1.92 900 1.80×103 8.10×103 1.80×103 8.10×103 

Flu 14.5 360 7.20×102 3.24×103 7.20×102 3.24×103 

Phe 9.87 1440 2.88×103 1.30×104 2.88×103 1.30×104 

Ant 3.21 1440 2.88×103 1.30×104 2.88×103 1.30×104 

Fluo 4.39 1440 2.88×103 1.30×104 2.88×103 1.30×104 

Pyr 2.57 1440 2.88×103 1.30×104 2.88×103 1.30×104 

BaA 2.57 1440 2.88×103 1.30×104 2.88×103 1.30×104 

Chr 2.57 1440 2.88×103 1.30×104 2.88×103 1.30×104 

BbF 6.92 1440 2.88×103 1.30×104 2.88×103 1.30×104 

BkF 2.39 1440 2.88×103 1.30×104 2.88×103 1.30×104 

BaP 2.57 1440 2.88×103 1.30×104 2.88×103 1.30×104 

IcdP 1.99 1440 2.88×103 1.30×104 2.88×103 1.30×104 

DahA 2.57 1440 2.88×103 1.30×104 2.88×103 1.30×104 

BghiP 1.48 1440 2.88×103 1.30×104 2.88×103 1.30×104 

Note: The data were cited from the Estimation Programs Interface (EPI) Suite TM (the US 208 
Environmental Protection Agency's Office of Pollution Prevention and Toxics and Syracuse 209 
Research Corporation (SRC)). 210 

 211 
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Table S6. The environmental parameters for the multimedia fugacity model 212 

Parameters Description Value Unit Function 

kVG Gas side MTC over water 3 m/h  

kVW Liquid side MTC 0.03 m/h  

UR Rainfall rate 9.70×10−5 m/h  

Q Scavenging ratio 2×105 －  

vP Volume fraction of aerosol particle 6.67×10−11 － 10-9TSP/ρP 

UD Dry deposition velocity 10.8 m/h  

kEG Gas side MTC over soil 1 m/h  

Y3 Diffusion path length in soil 0.05 m  

BMG Molecular diffusivity in gas 0.04 m2/h  

BMW Molecular diffusivity in liquid 4.00×10−6 m2/h  

UWW Liquid runoff rate from soil 3.90×10−5 m/h  

UEW Solids runoff rate from soil 2.30×10−8 m/h  

kSW Liquid side MTC over sediment 0.01 m/h  

Y4 Diffusion path length in sediment 0.005 m  

UDO SPMs deposition rate 4.60×10−8 m/h  

URS Sediment resuspension rate 1.10×10−8 m/h  

kPG Gas-Particle Partitioning MTC 1.89×101 m/h C BPG/lPG 

BPG Molecular diffusivity in air 1.80×10−2 m2/h  

lPG Air boundary layer thickness 4.75×10−3 m  

C Accommodation coefficient 5 －  

kWO Solid-Dissolved Partitioning MTC 4.21×10−3 m/h C' BWO/lWO 

BWO Molecular diffusivity in water 4.00×10−6 m2/h  

lWO Water boundary layer thickness 4.75×10−3 m  

C' Accommodation coefficient 5 －  

ρP/ρO/ρSed 
Density of particles in air and water 

and sediment 
1.50×103 kg/m3  

dP/dO 
Diameter of particles in air and 

water 
1.00×10−7 m  

TSP Concentration of particles in air 1.00×102 ug/m3  

SPM Concentration of particles in water 10 g/m3  
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Parameters Description Value Unit Function 

fOC(O) Fraction of organic carbon in SPMs 0.04 －  

fOM(S) Fraction of organic materials in soil 0.04 －  

fOC(Sed) 
Fraction of organic carbon in 

sediment 
0.1 －  

AP Total area of particles in air 4 m2 6×10−9TSP×VG/(ρPdP) 

AO Total area of particles in Water 2800 m2 6×10−3SPM×VW/(ρOdO) 

Note: The values of the parameters were cited from Mackay (2001) (Mackay, 2001). 213 

continued Table S6 
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S3. Figures 214 

 215 
Fig. S1. Comparison of the fluxes for the input and output fluxes of the gas phase 216 

and particle phase 217 

Note: FGR: degradation flux of gas phase PAHs; FPR: degradation flux of particle phase PAHs; FGP: 218 

migration flux from gas phase to particle phase; FPG: migration flux from particle phase to gas phase; 219 

FGWS_diff: diffusion fluxes from gas phase to water and soil phases; FGW: wet deposition flux of gas 220 

phase PAHs; FWSG_diff: diffusion fluxes from soil and water phases to gas phase; FPD: dry deposition 221 

flux of particle phase PAHs; FPW: wet deposition flux of particle phase PAHs; (1−ϕ0)E: emission 222 

flux of gas phase PAHs; ϕ0E: emission flux of particle phase PAHs. 223 

 224 
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 225 
Fig. S2. The difference between the new steady-state model with the H-B model 226 

and the L-M-Y model 227 

Note: δ1 and δ2 were calculated based on the value of kdeg = 0.27 h−1, δ1 is the difference between 228 

the new steady-state model with the H-B model and the L-M-Y model when log KOA < log KOA1, 229 

and δ2 is the difference between the new steady-state model with the L-M-Y model when log KOA > 230 

log KOA2. 231 
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 232 
Fig. S3. The comparison between the monitored data of log KP of PAHs from 11 233 

cities in China and the prediction lines of the new steady-state model with different 234 

values of ϕ0. 235 

Note: the kdeg of 0.27 h−1 and fOM of 0.21 were used in the new steady-state model. 236 
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 237 

Fig. S4. The values of RMSE for the new steady-state model based on the 238 

monitored data from 11 cities in China 239 
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 240 
Fig. S5. The comparison between the monitored data of log KP of PAHs from a 241 

coking plant and the prediction lines of the new steady-state model with different 242 

values of ϕ0 (left panel) and the related values of RMSE of the new steady-state 243 

model (right panel) 244 

Note: The kdeg of 0.27 h−1 and fOM of 0.21 were used in the new steady-state model; and the 245 

monitored data were cited from a coking plant(Liu et al., 2019). 246 
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 247 
Fig. S6. The comparison between the monitored data of log KP of PBDEs from E-248 

waste sites and the prediction lines of the new steady-state model with different 249 

values of ϕ0 250 

Note: The kdeg of 0.27 h−1 and fOM of 0.21 were used in the new steady-state model; and the 251 

monitored data were cited from the following references: Taizhou, China(Han et al., 252 

2009); Shantou, China(Chen et al., 2011); and Southern China(Tian et al., 2011). 253 
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 254 
Fig. S7. The values of the RMSE of the new steady-state model based on the 255 

monitored data of PBDEs from e-waste sites 256 
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