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Chemicals

FeSO4°*7H:0, sodium borohydride, and TBBPA (97%) were purchased from Alfa
Aesar. H2O2 and BPA (99%) were obtained from Sigma—Aldrich (MO, USA). Ethanol,
H202, sodium benzoate, 2, 2’-bipyridine (BPY), sodium ethylene diamine tetracetate
(Na2EDTA), p-hydroxybenzoic acid (p-HBA) 1,10-phenanthroline, acetonitrile, carbon
disulfide (CS:), HCIl, bromme, sodum sulfate, sodum thiosulfate, phenol were
purchased from Fisher Scientific (NJ, USA). NaxS‘9OH>O was obtained from MP
Biomedicals (CA, USA). NaOH was purchased Acros Organics (NJ, USA). Tr-BBPA,
di-BBPA, mono-BBPA were synthesized according to the method reported by Eriksson

et al.! Detailed description about the preparation is shown as below (SI).
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Preparation of nZVI and FeS

20.00g FeSO4* 7H20 was dissolved into a 30% (volume) methanol/DI water
solution to obtain a 0.07 M FeSO4°*7H:0 solution, and 5 M NaOH aqueous solution
was added dropwise to the dissolved iron solution. Subsequently, 50 mL of 0.019 M
NaBH4 was added drop-wise to the iron solution using a syringe pump while stirring.
After adding all the NaBH4 solution, the obtained solution was stirred for another one
hour. The resulting suspension was washed three times with methanol and dried under
nitrogen and stored in sealed vials in an anaerobic glove box containing high purity
N2/Hz2 (95%/5%).

The FeS nanoparticle suspension was prepared through the approach developed in
a prior work.? Briefly, a 0.043 M FeCL solution (31.7 mL) was added to 52.4 mL DI
water purged with N2 for 30 min. Subsequently, a stoichiometric amount of 0.085 M
NazS solution (15.9 mL) was added dropwise to the solution in an anaerobic glove box
containing 5% hydrogen and 95% nitrogen. Addition was done using a syringe, and the
solution was mixed through vortexing. The resultant nanoparticle suspension consisted
of 1.2 g/lL FeS. To ensure complete reaction and full growth of the nanoparticles, the

suspension was sealed and aged for 24 h before use.
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Hydrogen Evolution Assay

H: evolution of S-nZVI and nZVI was measured in DI water at pH = 6.0+£0.2 over
time. 100 mL of S-nZVI or nZVI suspensions (1.2 g/L.) were placed n 150-mL glass
vials sealed by butyl rubber, respectively. The headspace in the vial was sampled with
a gas-tight syringe (SGE Analytical Science, Australia) to determine H: by a gas
chromatograph (Shimadzu GC-14B, Japan). In order to quantify H2, the vials were
sparged with high purity N2 to remove the generated H> out from vials after each

sampling,
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The production of H,O; and *OH during oxic stage

The concentrations of H202 and *OH were recorded with the same procedures
during oxic stage. Cumulative *OH was measured by employing the transformation of
benzoate to p-hydroxybenzoic acid (p-HBA) as a probe reaction.> The concentration of
p-HBA was measured by a Shimadzu Prominence high performance liquid
chromatography (HPLC) system (Shimadzu, Japan) with the detection wavelength at
255 nm. The mobile phase was a mixture of 0.1% trifluoroacetic acid aqueous solution
and acetonitrile (65:35, v/v) at a flow rate of 1 mL min"'. A conversion factor of 5.87
was used to estimate the cumulative *OH concentrations.* H>O2 was analyzed by a
modified DPD method, and 2, 2'-bipyridine (BPY) and sodiuum ethylene diamine
tetracetate (Na2EDTA) were added to complex Fe(Il) and Fe(Ill), respectively, to
minimize their interference.®> For comparison, the production of H>O2 and *OH with

addition of 1 M ethanol under anoxic conditions were carried out.
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Preparation of tri-BBPA, di-BBPA, and mono-BBPA

BPA (1.0 g, 4.4 mmol) was dissolved in acetic acid (400 ml) and bromine (0.7 ml,
13 mmol) was added to the solution. The reaction mixture was stirred at room
temperature for 1.5 h. Water (200 ml) was added, the mixture was neutralized with
sodium hydrogen carbonate and then extracted with dichloromethane. The organic
phase was dried over sodium sulphate. The solvent was evaporated and the product was
purified on an open silica gel column (Merck, 0.040-0.063 mm) with dichloromethane
as the mobile phase. The product was recrystallised n hexane. The yield of tri-BBPA
was 1.03 g (2.2 mmol, 51%). HPLC and GC-MS analysis demonstrated that the final
tr-BBPA purity was >97%. Similarly, di-BBPA and mono-BBPA were prepared with
same method described above according to the different ratio of BPA/bromie. That is
say, 0.467 mL and 0.233 mL of bromine were added BPA (1.0 g, 4.4 mmol) acetic acid

solution to prepare di-BBPA and mono-BBPA, respectively.
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Extraction and characterization of HA

HA extraction involved mixing peat (air-dried and passed through a 2-mm sieve)
with 0.1 mol/L NaOH at asolid to solution ratio of 10:1 (v:iw) in a 1000-mL bottle. The
air in the bottle was replaced with N2 gas, and the mixture was shaken for 24 h at room
temperature. After being mixed, the suspension was centrifuged at 3500g for 30 min,
and the supernatant was collected for acidification (pH 1.5 with 1.0 molVL HCI) to
obtain HA. Precipitated HA i acidified supernatant was separated and collected by
centrifugation at 3500g for 30 min. After that, HA was de-ashed three times using 0.1
M HCI and 0.3 M HF mixtures at a ratio (g/mL) of 1:20, rinsed with deionized water,

freeze-dried, gently ground to pass through a 100-um sieve, and stored for subsequent

The C, H, and N contents of the HA were determined using a Perkin-Elmer 2400
CHN Elemental Analyzer (Shelton, USA). Oxygen content was calculated by the mass
difference. Ash content was measured by heating the samples at 800 °C for 4 h. A
Fourier transform infrared (FTIR) spectrometer (Varian 640-IR, Varian, USA) was used
to characterize the functional groups of HA. The results are shown in Table S1 and
Figure S1. Bands at 3360, 2925, 2855, 1655, 1545, and 1060 cm™' were assigned to the
stretchng of —OH, —CH3, —CHz, —C=0, aromatic —C=C, and —C-O groups,

respectively.
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Transformation Kkinetics of TBBPA
The rate models for quantifying transformation kinetics of TBBPA in the S-nZVI
systems were proposed, in which each step of the sequential reactions followed atypical

pseudo-first order rate as shown below (eq. (1)):

k1 k2 k3 ka
TBBPA ——>tri-BBPA —di-BBPA ™ mono-BBPA —BPA (S1)

According to the law of mass conservation and stoichiometry of the reaction, the
differential equations of the rate expressions involving the reactant, intermediates, and
final product are shown below:

d[TBBPA]

o =k[TBBPA] (S2)
d [tri-BBPA] :
———— =k/[TBBPA] -k, [tri-BBPA] (S3)
% _ k,[tri-BBPA] - k, [di-BBPA] (S4)
d [monZ;BBPA] =k, [di-BBPA] -k, [mono-BBPA] (S5)
d [IthA] =k, [mono-BBPA] (S6)
Co=[TBBPA] + [tri-BBPA] + [di-BBPA] + [mono-BBPA] + [BPA] (S7)

where k1, k2, k3 and k4 (") are the rate constants of the reaction at corresponding steps;
[TBBPA], [tri-BBPA], [di-BBPA], [mono-BBPA], and [BPA] are the concentrations of
TBBPA, tri-BBPA, di-BBPA, mono-BBPA, and BPA (uM) at time ¢. At time O, the
mitial concentrations of tri-BBPA, di-BBPA, mono-BBPA and BPA all were equal to 0,
0, 0, and 0 UM, respectively.

Integration of eq. (2) to eq. (7) step by step yielded:
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[TBBPA]=[TBBPA] e ™ (S8)

TBBPA
[tri-BBPA] = u(ekﬂ —e™) &)
kz - k1
e’klt eszt e—kat
di-BBPA] = kk, [TBBPA + -
[ ] 1 z[ ]o|:(k2_kl)(k3_kl) (kl_kz)(ks_kz) (kl—k3)(k2—k3):|
(S10)
o o ket
[mono-BBPA] =k k,k, [TBBPA]{ +

(ks —k) (K — k) (k) (K~ ) (K Ky (ko K,

ekt

(kl_ks)(kz _ks)(k4 _ks) " (kl_k4)(k2 _k4)(k3 _k4):|

(S11)
kik, K, Kt kik,Ks Kt
[BPA]:[TBBPAL{l‘(kf—m)o%—k»<n-—m)e (o k) ) k)
kK kg ekt _ kK K, akit
(kl_ks)(kz_ks)(k4_ke) (kl_k4)(k2_k4)(k3_k4)
(S12)

The values ofrate constants (k1,k2,k3,ks)can be determined experimentally by plotting

[TBBPA], [tri-BBPA], [di-BBPA] and [mono-BBPA] versus ¢.
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Chemical analysis

The concentrations of TBBPA and its transformation products (ie., tri-BBPA , di-
BBPA , mono-BBPA and BPA) were determined by Shimadzu Prominence HPLC
system (Shimadzu, Kyoto, Japan) with a reverse-phase C18 column (ZORBAX Eclipse
Plus, 4.6 x 150 mm, 5.0 um, Agient, USA). The mobile phase was a mixture of
methanol/water (v/v, 8/2)and the flow rate was 1.0 mL min!. The linear standard curves
of TBBPA and its transformation products were obtained with the range from 0.9 to 2.2
uM, and the linear regression analysis of standard curves of TBBPA and its products
showed good linearity (R? > 0.998). Identification of the transformation products of
TBBPA were performed on an Agilent 1200 liquid chromatography coupled to an
Agilent 6410 electrospray triple quadrupole mass spectrometer (LC-MS). The LC-MS
analytical procedures including column, mobile phases, flow rates were identical to
those of HPLC analysis described above.

The intermediate products of BPA degradation were determined using an Agilent
7890B gas chromatography-mass spectrometer (GC-MS) (Agient, USA) equipped
with an Agilent 5977B single quadrupole mass spectrometric detector. Mass spectra
were acquired in electron ionization mode using a DB-5 fused-silica capillary column
(30 m x 320 pm id % 0.25 mm fim thickness). Prior to GC-MS analysis, the samples
were extracted with dichloromethane for three times. The extracted solution was
dehydrated using anhydrous sodiuum sulfate. The initial temperature of the column oven
was 60 °C and following 5 min hold at this temperature, and then increased up to 300
°C with a heating rate of 10 °C min'!. Helum gas was used as the carrier gas ata flow
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rate of 1 mL min’!.

Fe(0) content was determined from the H2 content after acidification by 1M HCI.
Fe(0) was dissolved to Fe(Il) and total Fe (II) was detected by spectrophotometry using
1,10-phenanthroline and the method was described in detail in our previous study,® thus
the Fe(Il) n S-nZVI was calculated by deducting the F(0) from total Fe(Il). Total ron
was measured using an inductively coupled plasma mass spectrometry (ICP-MS)
(Agilent 7500ce, USA), thus ferric ions (Fe(Ill)) was calculated by deducting total Fe(II)
from total ron. The dissolved bromide ion, sulfate, thiosulfate were determined using
ion chromatography (DIONEX ICS-1100, USA) equipped with an AS19 column and
an electrical conductivity detector.

Elemental sulfur (Sg) was measured by a HPLC method that was developed in a
prior study.” Briefly, at the specified intervals, 1 mL aliquots of slurries (mixtures of
solution and solid) were also withdrawn from the reaction batches to quantify the
production of Sg. Two milliliters of carbon disulfide (CS2) were added to the slurries
and shaken for 5 min inside the anaerobic chamber. Due to its high hydrophobicity,
elemental sulfur was partitioned into the non-aqueous CS: phase. An aliquot of the

organic phase was carefully taken and analyzed for elemental sulfur by a HPLC.
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Characterization methods

Transmission electron microscopy (TEM) and elemental mapping analysis were
conducted on a JEOL-2010 JSM microscope at an acceleration voltage of 200 kV. High
resolution TEM (HRTEM) analysis was carried out with a JEOL JEM-ARF200F.
Powder X-ray diffraction (XRD) patterns were recorded at a scanning rate of 0.02°/s in
the 26 range of 10°-60° on a Philips X’Pert ProSuper X-ray diffractometer using
graphite-monochromatized Cu Ka radiation (A = 1.54178 A). MDI Jade 6.0 software
was used to identify the mineral phases. X-ray photoelectron spectroscopy (XPS) was
performed with a Thermo Escalab 250 (Thermo VG Scientific, West Sussex, UK) using
a monochromatic Al Ko source (1486.6 e¢V). The mtensity of each XPS peak was
recorded in counts per second. XPS PEAK v4.0 was used to analyze and fit algorithm
with a Gaussian—Lorentzian sum function. Nitrogen gas sorption data were gathered
from a Micromeritics Tristar Il 3020M (Micromeritics Instrument Co., Norcross, GA,
USA) automated gas adsorption analyzer, to calculate the Barrett—-Emmett-Teller (BET)
surface area. All S-nZVI samples were powdered, vacuum freeze-dried, and then stored

in an anaerobic glove box before characterization.
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Characterization of S-nZVI

Fresh nZVI particles with particle size of ~30 nm show chain like aggregates
(Figure S2a). After sulfidation, the S-nZVI displayed a slightly different morphology,
having smaller particles (~20 nm) with more aggregated clusters (Figure S2b). This was
consistent with a previous report using the same synthesis method.® The XRD pattern
of the as-prepared S-nZVI showed intense peaks at 20 = 17.6°, 30.1°, 39.0°, 50.3°, and
53.0°, which respectively corresponded to the (001), (101), (111), (112), and (201)
planes of mackinawite (FeS) (JCPDS no. 89-2738), while the peak of Fe(0) at 20 =
44.9 ° was also observed (Figure S3), suggesting the highly ordered crystallinity of S-
nZVI. However, previous studies showed poorly ordered crystallinity of S-nZVI,?> 10
which may be ascribed to the lower S/Fe molar ratio (0.14) and less aging time (15 min)
than that n our study. The 2p3/2 XPS spectra of Fe and S in S-nZVI were fitted (Figure
S4, Table S2). Fe was mainly i the form of Fe(I[)-S species (73.3%; signals centered
at 707.3), and little of it was in the form of Fe(I)-O and Fe(Ill)-S species before
reaction (Figure S4a, Table S2). Fe(0) was not observed in XPS spectra, indicating that
aqueous sulfide (as S?”or HS") is a corrosive chemical and its attacking on iron resulted
in deposition of a layer of FeS on the surface of nZVI.2 XPS results for the S species
suggest that S(—II), S2(-11), and S,(—1II) comprised approximately 91.9% ofthe S (Figure
S4b, Table S2). The rest trace of S species was Sg, which may be formed by the

oxidation of oxygen during the test.!!
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Effect of HA

Degradation of both TBBPA and BPA was slightly inhibited by HA (Figures S12c-
S12d), which was in agreement with the calculated rate constants of TBBPA and BPA,
respectively (Table S6). For TBBPA, competitive adsorption of HA with TBBPA
decreased the degradation of TBBPA by S-nZVI. For BPA, on the one hand, the
formation of soluble Fe-humate complexes appeared to result in less Fe(Il) being
available for *OH production, because HA is known as a metal-complexing agent.!?
The total amount of dissolved Fe(Il) steadily increased to 1.8 mM in the presence of
HA (Figure S13). On the other hand, organic acids, such as HA could scavenge °*OH,
thus screening the oxidation of BPA caused by *OH.!3 It should be noted that the
inhibition by HA was lower than that observed in previous studies,!® !> suggesting that
this dynamic two-step anoxic/oxic process could potentially be applied n wastewater

treatments.
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Figure S1. FTIR spectrum of HA.
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Figure S2. TEM images of (a) nZVI (b) pristine S-nZVI (c) S-nZVI after anoxic

treatment and (d) S-nZVI after oxic treatment. S/Fe mole ratio = 0.3.
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Figure S3. XRD patterns of the as-synthesized S-nZVI.
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Figure S5. Characterization of the as-prepared FeS. (a) TEM image; (b) XRD pattern.
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Figure S7. LC chromatogram for the TBBPA degradation and its transformation

products in the S-nZVI system after anoxic treatment.
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Table S1. The elemental compositions of HA.

C (%)*° H (%) N (%) O (%)° Ash (%)

424+£5.6 49+1.2 3.1+£0.7 50.8+6.9 0.4+ 0.06

2 Mass-based percentages. PErrors given based on triplicate tests. “Calculated by

mass balance.
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Table S2. XPS results based on curve fitting for Fe 2p32 and S 2p3.2 peaks before and

after the reaction shown in Figure S4.

Elements B.E. Species Relative References
(eV)? fraction (%)
Fresh S-nZVI 7073 Fe(l)-S 73.3 16,17
709.0  Fe(l)}-O 10.4 18,19
7093  Fe(Il)-S 10.7 20
Fe (2 710.6 Fe3O4 5.6 21
¢ (2p32) After anoxic 7073 Fe(I)-S 54.5 16,17
treatment 709.0  Fe(Il)-O 22.8 18,19
7093  Fe(Il)-S 15.4 20
710.6 Fe3O4 7.3 21
After oxic 710.6 Fe;04 4.6 21
treatment 711.5 a- 82.7 22
FeOOH/
Fe(IIl)-O 23
713.0  Fe(Il)-O 12.7 18
Fresh S-nZVI 161.3 S(-10) 46.6 20
1622 Sa(-II) 14.5 24
1634 Sa(-ID) 30.8 18
164.0 Ss 8.1 E
After anoxic 161.3 S(-1I) 44.1 20
5 (2ps2) treatment 1622 Syl 158 24
163.4 Sa(-11) 29.8 18
164.0 Ss 10.3 18
After oxic 164.0 Sg 100 18
treatment

2B.E.=Binding Energy.
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Table S3. Physical properties and surface area-normalized removal rates of S-nZVI as

a function of different S/Fe molar ratio.

S/Fe molar  Fe(0) content S content Sper (M2/g)°  ksax 104 (L R?

ratios (Wt %)? (wt %)° m2 hlyd
0.1 84.6 3.9 23.5 6.6310.25  0.992
0.2 83.5 6.0 27.5 27.8+1.06  0.996
0.3 83.1 7.9 33.6 30.5%£0.97  0.997
0.5 83.0 9.0 324 9.524+0.40  0.993

aFe(0) content was determined based on the H production. PS content was quantified
with carbon-sulfur analyzer. “The surface area was determined by N2 adsorption using

the Brunauer-Emmett-Teller (BET) method. 4Szr7-normalized rate constant.
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Table S4. Pseudo-first-order reaction rate model used for simulating TBBPA
degradation kinetic data with different S-nZVI dosages during anoxic stage and the

resulting fitting parameters (errors given as standard deviation).

S-nZVI dosage (g/L) kx 102 (hh) R?
0.3 2.06 = 0.06 0.995
0.6 330 £ 0.14 0.992
0.9 6.15 £ 0.33 0.991
1.2 123 + 0.39 0.997
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Table SS5. The pseudo-first-order rates of TBBPA, tri-BBPA, di-BBPA, and mono-
BBPA by S-nZVI during anoxic stage and the resulting fitting parameters (errors given

as standard deviation).

TBBPA transformation products k> 102 (hh) R?
TBBPA 12.3 = 0.39 0.997
Tri- BBPA 9.57 = 0.65 0.961
Di-BBPA 549 = 0.37 0.940
Mono-BBPA 5.15 £ 0.16 0.980
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Table S6. The effects of HA and pH on pseudo-first-order model fitted TBBPA and

BPA degradation kinetics and the resulting fitting parameters (errors given as standard

deviation).
Matters HA? pH Conditions k> 102 (h!) R?
Y 6 6.03+0.45 0.981
TBBPA Anoxic 12.3+0.39 0.997
N 5 17.0 £ 0.51 0.998
8 547+0.13 0.995
Y 6 30.8+1.36 0.988
BPA Oxic 47.1+£4.72 0.958
N 5 59.2+2.29 0.991
8 33.2+0.80 0.994

2Y and N midate with and without HA addition, respectively.
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