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Cyclic voltammetry: 

Platinum electrode, silver chloride electrode, and glassy carbon electrode were used as counter, 

reference, and working electrodes, respectively. The electrolyte used in this study was 0.1 M 

NaCl. Scan rate was 1.2 V/s. The buffer solutions used in this part of the research were Tris 

buffer at pH 7 (a mixture of 0.1 M Tris solution and 0.1 M HCl), and borate buffers at pHs 8 and 

9 (a mixture of 0.05 M sodium tetraborate solution and 0.1 M HCl). 

Nitrilotriacetic acid (NTA) measurement:  

NTA in the form of Fe-NTA was measured using a HPLC-UV instrument (Agilent Technologies, 

1260 Infinity) at 254 nm with a C18 column of 5 µm, 250 mm × 4.6 mm, from Phenomenex. The 

mobile phase consisted of 0.03 M sodium acetate/0.002 M tetrabutylammonium bromide/5% 

methanol. The pH of the solution was adjusted to 2.78 using acetic acid. Flow rate was 0.8 

mL/min. 

Ethylenediamine-N,N’-disuccinic acid (EDDS) measurement:  

The analyses were performed with a mobile phase of a 10/90% mixture of methanol and formate 

buffer (2 mM tetrabutylammonium hydrogen sulfate and 15 mM sodium formate) at a flow rate 

of 0.8 mL/min. The pH of the sodium formate solution was adjusted to 4 using formic acid. The 

detection of EDDS in the form of Fe-EDDS was performed by UV absorbance at a wavelength 

of 240 nm.  

Metal ion measurement:  

The metal ion measurements were conducted using an ICP-MS instrument (Perkin Elmer’s Elan 

6000). The instrument conditions were set at: ICP RF power of 1300 W; dual detector mode; 

subtract blank after internal standard correction; measurement units in cps (counts per second); 

auto lens on; and Bi, Sc and In used as internal standards. The running conditions were: flow rate 
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of 1 mL/min; and 35 sweeps/reading, 1 reading/replicate and 3 replicates, dwell times were 10 

ms for Na, Al, K, Cu, Zn and Sr, and the others were 20 ms except Se (150 ms). The integration 

time were dwell time times number sweeps (35 in this case), i.e. 350 ms for Al, K, Cu, Zn and Sr, 

5250 ms for Se, and 700 ms for the others. The final results were the average of 3 replicates. The 

instrument conditions were: 4 points calibration curves (0, 0.25, 0.50, 1.00 ppm for Na, Ca, Mg, 

Fe, K and P; and 0, 0.005. 0.010, 0.020 ppm for rest elements); typical count rates for 10 ppb Pb 

were 150000 cps to 200000 cps. 

Fourier transform infrared (FT-IR) analysis: 

The 25 mL samples for FT-IR analysis were filtered with 0.45 µm nylon membrane filters. The 

pH of the samples was adjusted to 2.2. Then, the samples were extracted twice with 25 mL 

HPLC grade methylene chloride (DCM) and the extract was transferred to 50-mL glass tubes and 

evaporated to dryness. The residual in the tubes was reconstituted in 7 mL Optima grade DCM 

and injected into a KBr cell for analysis. 

1H nuclear magnetic resonance (NMR) analysis: 

The organic matters in the samples were extracted by HPLC grade DCM and the extract was 

evaporated with dry air overnight to dryness. The extract was reconstituted in 1 mL deuterated 

DMSO and transferred into NMR tubes with 5 mm outside diameter for analysis. Parameters for 

the analysis were: 
1
H resonance frequency: 399.950 MHz; pw30 (i.e., 30 degree pulse): 3.3 ms; 

acquisition time: 5s; spectral width: 10000Hz or 25 ppm; transmitter offset: 989.9; relaxation 

delay: 0.1 s. Data analysis was done using VNMRJ 4.2A software
1
. 

Naphthenic acids (NAs) quantification in UPLC TOF-MS:  

The column used for the chromatographic separation was a Waters UPLC Phenyl BEH column 

(1.7 µm, 150 mm × 1 mm). Mobile phases were 10 mM ammonium acetate in water (A) and 10 



S4 

 

mM ammonium acetate in 50/50 methanol/acetonitrile (B). Typically, the raw OSPW was 

injected and analyzed for quality control. The injection solution (1 mL) contained 0.5 mL sample, 

0.1 mL of 4.0 mg/L internal standard (myristic acid-1-
13

C) in methanol and 0.4 mL methanol. A 

high-resolution time-of-flight mass spectrometer (Synapt G2, Waters, Miford, MA, USA) was 

used to analyze samples with the electrospray ionization (ESI) working at negative ion mode and 

TOF analyzer at high-resolution mode. Masslynx (Waters) and Targetlynx (Waters, Milford, MA, 

USA) were used to process data acquisition and data extraction from spectra, respectively. The 

quantification of each NA species was based on its empirical formula CnH2n+zOx (x=2, 3, 4) and 

was done by comparing its peak area with that of the internal standard. The chromatographic 

conditions were: 0-2 min, 1% B; 2-3 min, B increased from 1% to 60%; 3-7 min, B increased to 

70%; 7-13 min, 95% B; 13-14 min, B decreased to 1% and was maintained at 1% to 20 min to 

equilibrate the column with a flow rate of 100 µL/min. The temperature of the column was set at 

50 ºC and the sample was kept at 10 ºC.  

Toxicity towards Vibrio fischeri: 

The toxicity (% inhibition effect) of the samples was calculated based on the change of the 

luminescence intensity. Reagent without inhibitors was used as a negative control to acquire the 

correction factor. 
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Table S1. Characterization of Oil Sands Process-Affected Water (OSPW).
7-12

  

Parameter Range 

pH 8.3-8.7 

Turbidity (NTU) 71.6-213.3 

Conductivity (µS/cm) 3459-4500 

Total suspended solids (TSS)  (mg/L) 97-221 

Total dissolved solids (TDS)  (mg/L) 2477-2859 

Zeta potential (mV) (-40.0)-(-41.3) 

Alkalinity (mg/L as CaCO3) 609.3-776.9 

Chloride (mg/L) 641.0-715.7 

Sulfate (mg/L) 274.7-602.6 

Sodium (mg/L) 840.6-846.7 

Potassium (mg/L) 14.7-17.0 

Magnesium (mg/L) 8.6-15.1 

Calcium (mg/L)  10.1-25.3 

Organic Parameters 

Chemical oxygen demand (COD) (mg/L) 204-302 

Total organic carbon (TOC)  (mg/L) 48.3-75.0 

Biochemical oxygen demand (BOD5) 

(mg/L) 
2.7-3.30 

UV254 (cm
−1

) 0.476±0.512 

Naphthenic acids (NAs) (mg/L) 8.92-39.2 

Acid extractable fraction (AEF) (mg/L) 48.5-64.2 

BTEX (benzene, toluene, ethyl benzene, and 

xylenes) (mg/L) 
<0.01 

PAHs (polyaromatic hydrocarbons) (mg/L) 0.01 

Phenols (mg/L) 0.008-1.8 
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Table S1 (concluded). 

                         Trace Metals                                              Range 

Silicon (mg/L) 6.95±0.13 

Aluminum (µg/L) 7.66±0.24 

Vanadium (µg/L) 8.84±0.62 

Chromium (µg/L) 19.29±0.31 

Manganese (µg/L) 2.74±1.02 

Cobalt (µg/L) 2.13±0.05 

Nickel (µg/L) 7.40±0.48 

Copper (µg/L) 30.12±4.51 

Zinc (µg/L) 1.34±0.15 

Arsenic (µg/L) 6.05±0.19 

Selenium (µg/L) 11.69±0.35 

Strontium (mg/L) 0.67±0.01 

Molybdenum (mg/L) 0.19±0.01 

Cadmium (µg/L) 0.31±0.02 

Antimony (µg/L) 2.76±0.09 

Barium (µg/L) 63.67±1.02 

Lead (µg/L) 0.10±0.01 

Uranium (µg/L) 6.99±0.14 

Titanium (mg/L) 0.09±0.03 

Gallium (mg/L) 0.001±0.000 

Iron (mg/L) 1.0±0.0 
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Table S2. Metal ions in the OSPW used in this study and the stability constants (log K) of metal-NTA/EDDS. 

Metal ion Conc. (mg/L) log K for metal-EDDS log K for metal-NTA 

Li 0.18 - 2.50*
2
 

B 1.78 - - 

Na 600 - 1.20*
2
 

Mg 25.10 6.09
3-5

 5.24 
6
, 5.41

7
 

Al 0.0076 16.27 for Al(III)
8
 13.70* for Al(III)

9
 

Si 3.38 - - 

K 29.00 - - 

Ca 41.4 4.72
3-5

 6.40*
2, 7

 

Ti 0.010 - - 

V 0.0089 - - 

Cr 0.014 - 7.10*
2
 

Fe < Detection limit 20.60 for Fe(III)
10

 15.90* for Fe(III),
11-13

 8.80* for Fe(II)
2
 

Mn 0.0015 8.95
3-5

 7.40*
2
 

Co 0.0017 14.02
3, 4, 14

 11.70*,
9
 10.30*

2
 

Ni 0.0089 18.02
3, 4, 14

 12.80*,
9
 11.50*

2
 

Cu 0.0098 18.45
3, 4, 15

 14.20*,
9
 13.10*

2
 

As 0.0038 - - 

Rb 0.036 - 0.10*
2
 

Sr 1.09 3.37
3-5

 6.16*
16

 

Zr 0.0019 - - 

Nb 0.00038 - - 

Mo 0.088 - - 

Ru 0.00006 - - 

Cd 0.00014 10.80
3-5

 9.83
7
 

Sn 0.00085 - - 

Sb 0.0032 - - 

Cs 0.00022 - - 

Ba 0.14 3.10
3-5

 4.80*
2
 

Hf 0.0011 - - 

Ta 0.00058 - - 

W 0.0070 - - 

Pb 0.0001 12.70*
3-5

 12.10
17

 

Th 0.0024 - 16.90* for Th(IV)
2
 

U 0.010 - - 

 

Note: values refer to 20 ºC except values marked*, which are at 25 ºC. Values without valence notification are for 

divalent metal ions. 
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Table S3. NA distributions in the OSPW. 

-z c-NAs (%) Carbon number c-NAs (%) 

0 2.7 9 0.04 

2 2.4 10 0.5 

4 25.9 11 1.5 

6 21.9 12 5.1 

8 5.8 13 12.8 

10 7.1 14 17.1 

12 14.1 15 14.7 

14 8.8 16 14.2 

16 7.6 17 11.6 

18 3.7 18 10.6 

  19 6.3 

  20 3.6 

  21 1.4 

  22 0.5 

Note: c-NAs: classical NAs. 
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Figure S1. Medium-pressure UV lamp apparatus. 
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Figure S2. Absolute spectrum irradiance of the MP lamp. 
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Figure S3. Cyclic voltammograms of Fe(III/II)NTA and Fe(III/II)EDDS at pHs 8 and 9 ([Fe]0 = 1 mM and [NTA]0 

= [EDDS]0 = 2 mM). 
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Figure S4. H2O2 decomposition in the treatment of OSPW by a) UV-NTA-Fenton process and b) UV-EDDS-Fenton 

process ([Fe]0 = 0.089 mM, [NTA]0 = [EDDS]0 = 0.72 mM, and 30 min UV irradiation). 
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Figure S5. FT-IR spectra of the raw OSPW and OSPW treated by UV-NTA/EDDS-Fenton processes ([H2O2]0 = 

5.88 mM and 4.4 mM for UV-NTA-Fenton and UV-EDDS-Fenton, respectively. [Fe]0 = 0.089 mM, [NTA]0 = 

[EDDS]0 = 0.72 mM, and 30 min UV irradiation). 
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Figure S6. 
1
H NMR spectra for a) raw OSPW, b) OSPW treated with the UV-EDDS-Fenton process, and c) OSPW 

treated with the UV-NTA-Fenton process ([H2O2]0 = 5.88 mM and 4.41 mM for the UV-NTA-Fenton and UV-

EDDS-Fenton processes, respectively. [Fe]0 = 0.089 mM and [NTA]0 = [EDDS]0 = 0.72 mM, and 30 min UV 

irradiation) (the values above the peaks are the relative peak area with the peak of the internal standard DMSO set as 

100). 
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Figure S7. SFS of UV irradiated Fe(III)NTA/EDDS in MilliQ water ([Fe]0 = 0.089 mM, [NTA]0 = [EDDS]0 = 0.72 

mM, and 30 min UV irradiation). 
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Figure S8. NAs+O distribution in a) the raw OSPW, b) OSPW treated by UV-NTA-Fenton ([H2O2]0 = 5.88 mM, 

[Fe]0 = 0.089 mM, [NTA]0 = 0.72 mM, and 30 min UV irradiation), c) OSPW treated by UV-H2O2 ([H2O2]0 = 5.88 

mM), and d) OSPW treated by NTA-Fenton ([H2O2]0 = 5.88 mM, [Fe]0 = 0.089 mM, [NTA]0 = 0.72 mM, and 30 

min UV irradiation). 
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Figure S9. NAs+2O distribution in a) the raw OSPW, b) OSPW treated by UV-NTA-Fenton ([H2O2]0 = 5.88 mM, 

[Fe]0 = 0.089 mM, [NTA]0 = 0.72 mM, and 30 min UV irradiation), c) OSPW treated by UV-H2O2 ([H2O2]0 = 5.88 

mM), and d) OSPW treated by NTA-Fenton ([H2O2]0 = 5.88 mM, [Fe]0 = 0.089 mM, [NTA]0 = 0.72 mM, and 30 

min UV irradiation). 
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