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Text S1. Electron Paramagnetic Resonance Measurements (EPR) for
Identifying Active Species. For EPR measurements, 1 mL of the sample after 1
minute of electrolysis was immediately mixed with 10 uL DMPO. Then, the EPR
spectra were obtained on a Bruker EMX A300-10/12 (Germany) within 5 min. The
measurements were conducted using a radiation of 9.85 GHz (X band) with a center
field of 3510 G, a modulation frequency of 100 kHz, a sweep width of 100 G, a sweep
time of 40.01 s, a time constant of 0.01 ms, and a microwave power of 20.00 mW at

room temperature.
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Text S2. Determination of the Steady-State Concentrations of HO, CI', Cl>",
and ClO’ by Probe Experiments. The steady-state concentrations of HO®, CI°, Clb"™,
and CIO" in different wastewater systems were measured using nitrobenzene (NB),
benzoic acid (BA), 1,4-dimethoxybenzene (DMOB), and carbamazepine (CBZ) (each
with an initial concentration of 50 uM) as the probe compounds. They were carefully
selected based on the facts that NB can only react with HO" (kno-,xs = 3.9 x 10° M!
s 1);! BA can be oxidized by both HO" (kno.,a = 5.9 x 10° M ! s7") and CI" (kci.,pa =
1.8 x 10" M! s71);23 DMOB reacts with HO", CI',and CIO" at appreciably high rates
(ko pmoB = 7.0 x 10° M™' s7%, kci., pmos = 1.8 x 10" M ™! 7!, and kcio-, pmos = 2.1 %
10° M ! s71);*5 and CBZ can be degraded by all the radicals (kno-., cz = 8.8 x 10° M !
s, ket cez =3.3 x 10" M s7!, kcio..cBz = 1.97 x 108 M 57!, and kcp-—, cpz = 4.3 x
107 M1 s71).98 It should be noted that four probes, including NB, BA, DMOB, and
CBZ were simultaneously added to the coupled electrochemical system that was fed
with the real wastewater. The degradation kinetics of NB, BA, DMOB, and CBZ in
the electrochemical system can be expressed as eqs S1—S4. Through integration, the
relationships between the apparent rate constants and the steady-state concentrations
of radicals (“steady state” is abbreviated as “ss”) were established (eqs S5—S8). Then,

the concentrations of HO", CI", Clx™, and CIO" could be quantified by iteration (eqs

S9-S12).
d[NB] )
dt = — kng, HO® [HO™][NB] (S1)
d[BA] . .
dt = _(kBA, HO® [HO ]ss + kBA, cr [Cl ]ss)[BA] (Sz)
d[DMOB] . .
T = _(kDMOB, HO® [HO ]ss + kDMOB, cr [Cl ]ss
+kpmos. cior [C10°])[DMOB] (S3)
d[CBZ] . . .
dt = _(kCBZ, HO® [HO ]ss + kCBZ, cr [Cl ]ss + kCBZ, clo’ [CIO ]ss
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+hkepz, ci-[Cly 1)[CBZ] (54)
Integrating eqs S1—S4 can yield:

[NB] .
In INB] = —knp, no' [HO It = —knpt (S5)
0
[BA] . .
In [BA]. —(kga yor [HO Iss + kpa, crr[Cl I )t = —kpat (S6)
0
[DMOB] . . .
"DMOB], ~(kppom, ot [HO Iss + kpmos, cr* [C1 ]ss + Apmos, cio* [C1O7]5)z
= —kpmon! (S7)
[CBZ] . . .
. [CBZ], —(kcpz, not [HO Nss + kepz, o [Cl']ss + kepz, cio° [Cl07]s

+ kepz, ot [CL 1)t
= —kcpzt (S8)
Therefore, [HO]ss, [Cl']ss, [C1O7]ss and [Cla™ ]ss can be quantified as follows:

kNB

[HO'],, = 2 ($9)
NB, HO

kga — K -[HO®

[CI']., = BA II:A, HO.[ Iss (S10)
BA, Cl
k —k -[HO"] — & -[cr

[CIO.]SS — DMOB DMOB,H]? [ ]ss. DMOB, Cl1 [ ]ss (Sll)

DMOB, CIO
[CL ] = kcsz — kepz, mo [HO' |5 _kaBZ, Cl.'_[Cl.]ss - kCBZ, clo® [CIO"]s (S12)

CBZ, CIz
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Text S3. Calculation of Specific Energy Consumption (SEC). The SEC was
calculated as the amount of electric energy needed to remove a certain weight of COD,
according to the following equation (eq S13):

SEC =

U xIxtx107

S13
Vx(Cy—C)x107° G

where U represents the average voltage measured during the electrolysis (V), I refers
to the applied current (A), ¢ is the electrolytic time (h), V' is the volume of the
experimental solution (0.3 L), and Cpand C; are the concentrations (mg L) of COD

at time 0 and time t, respectively.
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Text S4. Calculation of Faradaic Efficiency (FE). The FE of anodic oxidation or
cathodic reduction was defined as the ratio of the coulombs calculated from the
measured amount of a substance removed (according to Faraday’s law) to the
coulombs actually applied to the electrode (eq S14).

FE (%)

ny x F % (Cy —=C) x V
X
IEY

100 (S14)

where n; represents the number of electrons required to oxidize or reduce substance 7,
F is the Faraday constant (96485.3 C mol!); Cy and C; are the concentrations (mol
L!) of the substance i at the reaction times of 0 and t (s), respectively; V is the
volume of the reactor (0.3 L); and /7 is the current (A). It should be noted that n equals
4 for COD oxidation expressed per mol of oxygen, 3 for ammonia oxidation to
nitrogen gas, and 8 for nitrate reduction to ammonia. Ammonia is originated from
nitrate reduction at the cathode, and its initial concentration is estimated based on the
detected concentration in the electrochemical cell without the involvement of Cl™
(Figure S3c). This is because the presence of Cl™ in the solution does not alter the
essential nature of nitrate reduction and the appropriate level of CI™ has negligible

impact on the ability of Cu/Zn cathode to reduce nitrate.”!°
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Text S5. Toxicology Analysis. For enrichment, 5.0 mL of M9 medium, 10.25 mL
of deionized water, 0.25 mL of mineral solution (see its composition in Table S2), 1
mL of glucose (20 g L™!), 0.5 mL of Escherichia coli bacterial fluid, and 4 mL of
sample wastewater were added into a 50 mL triangle bottle, which was orbitally
shaken at 150 rpm (37 °C). After 24 h of culturing, the samples were collected and
taken for immediate reactive oxygen species (ROS) and apoptosis analyses.

1) Analysis of intracellular ROS

The levels of ROS in cells were detected using 2,7-dichlorofluorescin diacetate
(DCFH-DA) as an indicator. When DCFH-DA is absorbed by cells, the esterase in the
cells results in its hydrolyzation into DCFH, and DCFH can be further oxidized by
ROS to form fluorescent DCF. Then, the extent of ROS is characterized by measuring
the fluorescence intensity. The microorganisms cultured for 24 h were collected and
suspended in 10 uM DCFH-DA water solution to adjust the cell concentration of
10%-10” mL™", followed by incubation in a cell incubator in the dark at 37 °C for 20
min. Subsequently, a flow cytometer was applied to measure the intensity of ROS.

11) Analysis of apoptosis

Annexin V-Pl is a widely used method for apoptosis analyses owing to its ability to
distinguish cells in different apoptotic stages. Annexin V is one of the most effective
indicators for detecting early cell apoptosis, and it has a good affinity with
phosphatidylserine (PS). PS is only distributed inside the lipid bilayer of the cell
membrane in normal cells in which Annexin V is not able to bind to PS. However,
when the cells are in the early apoptosis stage, PS in the cell membrane turns from the
inside to the outside. Then, fluorescently labeled Annexin V and PS are taken together,
and we can distinguish normal cells from early apoptotic cells by detecting AV

fluorescent signals. Propidium iodide (PI) is a nucleic acid dye that is not capable of
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penetrating the intact cell membrane but can stain the nucleus of advanced and dead
cells. We used Annexin V and PI together to differentiate cells at different stages of
apoptosis. The Annexin V reagent and the PI dye solution were added to 1 mL of the
cell suspension with a cell concentration of 10°-10” mL™! and incubated in the dark at
room temperature for 5 min. Subsequently, we analyzed the apoptotic stages using a

flow cytometer.

S10



Text S6. Kinetic Modeling for Predicting Radical Concentrations. To predict the
concentrations of radicals (i.e., HO’, CI', CL™, and ClO") available in the
electrochemical system when the electrolyte contains ClI- and HCO3", kinetic
modeling was performed using Kintecus 6.80 software!! (with a Bader-Deuflhard
integrator) based on the 48 equations illustrated in Table S3. These include
electrochemical reactions of HO® and active chlorine (and its radical) generation,
transformation reactions of reactive oxygen species, transformation reactions of
chlorine radicals (CI, Cl,™, and ClO"), reactions of HCOs; /COs>-mediated CI1O"
generation, and quenching reactions of radicals by carbamazepine (CBZ). The radical
concentrations were modeled and plotted against time (duration of 60 min).

As presented in Figure S5a, the predicted concentration of ClO" as a consequence of
a series of transformation reactions in the electrochemical system with C1I” and HCO3~
was 1.22 x 10712 M, which was around one to three orders of magnitude higher than
those of Cl,™™ (5.41 x 107 M), CI' (5.02 x 107'® M), and HO" (1.85 x 10715 M).
Taking into account the concentrations of these free radicals and their reaction rate
constants with CBZ, the relative contributions of different free radicals to CBZ
degradation were calculated from the model (Figure S5b). It is apparent that Cl1O"is
the main contributor to the disappearance of CBZ. We further ran the Kkinetic
modeling by individually considering the contribution of eqs R37-R44 to CIO’
formation and ignoring the contribution of eqs R29—R32. In this case (Figure S6), the
simulated concentration of C10" with 10 mM HCOs™ was 2.25 x 1013 M, whereas no
CIO" was derived without HCO3 (1x107°° M is the minimum value of the simulation).
This remarkable difference verifies that HCO3™ plays a predominant role in mediating

the production of CIO".
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Text S7. Generation of Active Chlorine and Chlorate during Wastewater
Electrolysis. The concentrations of active chlorine and chlorate during wastewater
electrolysis under varying current densities were measured. Note that active chlorine
is a collective term for the sum of free chlorines included Clz, HCIO, and CIO™, which
was determined by the N,N-diethyl-p-phenylenediamine (DPD) method as previously
described.>'? It is evident in Figure S2 that the increasing current density yielded
increases in both active chlorine and chlorate concentrations. Close observation
reveals that the yield rates of active chlorine and chlorate during the first 3 h of
operation were much smaller than in the last 3 h of operation. The lower yields were
closely linked to the rapid removal of COD and TN (Figure 1) observed in the first 3
h of operation. This result is reasonable because, in the first period, most of the active
chlorine is engaged in the generation of chlorine radicals that account for COD and
ammonia oxidation, and, in the second period, the shortage of COD and ammonia
causes the accumulation of active chlorine and chlorate, in accordance with the
finding previously reported.'*!* In addition, higher current densities such as 50 mA
cm? led to an enhanced rate of chlorate formation, which resulted from the
overoxidation of active chlorine. This explains the slow rise in the reaction rate of

COD removal from 37.5 mA cm 2to 50 mA ¢cm 2.
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Text S8. Procedures for Changing Concentrations of HCO3~ and CI™ in
Wastewater. Since carbonic acid is a weak acid, it can escape from the solution in the
form of CO; under conditions of pH < 4. To remove HCO3™ (initial concentration of
10 mM) from the raw wastewater, the wastewater sample was heated to 35 °C at 300
rpm, followed by pH adjustment by adding 1 M H»SO4. After 30 min of stirring, the
pH value was readjusted to the original value. Through this process, HCO; -free
wastewater was obtained. An appropriate amount of NaHCO3 powder was added to
the raw wastewater to obtain one wastewater sample containing 20 mM HCO;™ and
another wastewater sample containing 40 mM HCOs3".

Because of the much lower ks, of AgCl (1.8 x 1071%) compared with Ag>SO4 (1.4
x 107°), Ag>SO4 was added to the wastewater to remove CI~ (initial concentration of
40 mM) from the wastewater by precipitation. AgoSO4 powder in a molar ratio of Cl™:
Ag" = 1: 1 was slowly injected into the HCO3 -free wastewater, which was stirred for
30 min at 300 rpm. After 30 min, the wastewater was centrifuged for 5 min at 8000
rpm, and the precipitates were removed from the solution. In this way, the Cl -free
wastewater sample was obtained. An appropriate amount of NaCl powder was
amended to the Cl -free wastewater to obtain a wastewater sample containing 20 mM
CI” and to the raw wastewater to obtain a wastewater sample containing 60 mM CI".
The Cl -free samples not containing HCO3~ were replenished with NaHCO3 powder
to assure that the HCO3™ concentration was identical to that (10 mM) in the raw

wastewater.
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Text S9. Evidence of Insignificant Role of Direct Anodic Oxidation. To discern
the contribution of direct anodic oxidation to the removal of COD, linear sweep
voltammetry (LSV) tests were conducted in the real wastewater versus synthetic
wastewater. (The conductivity was controlled at the same value for both cases by
adding Na»SOj4 solution.) Figure S10 illustrates that slightly higher anodic currents
were generated from the real wastewater, indicating that a small portion of organics
available in secondary coking wastewater effluent can be directly oxidized at the
anode. Nevertheless, whether they can be completely mineralized remains unknown.
Further control experiments were performed by adding excessive HCOz™ (500 mM) to
the electrochemical system, which is thought to quench all the radicals and reactive
chlorine.® Figure S11 clearly illustrates that the concentration of COD did not drop

after 6 h of operation, suggesting the insignificant role of direct anodic oxidation.
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Text S10. Comparison of Substrate-Specific Oxidizing Capacity between
Chlorine Radicals (i.e., ClO°, CI2*", and CI') and HO". To support the conclusion
that chlorine radicals (i.e., C10°, Clx™, and CI’) are more selective oxidants and exhibit
superior substrate-specific oxidizing capacity than HO", two series of electrochemical
oxidation experiments were performed and compared in electrolytes of Na,SO4 and
NaCl. For the experimental conditions we adopted, it was considered that the HO®
electrogenerated from the discharge of water is the main oxidative species for
pollutant degradation in the case of Na;SO4 and that the chlorine radicals resulting
from CI™ oxidation are the main contributors to the oxidation of pollutants in the case
of NaCl, as demonstrated in the previous reports.>!> Phenolic compounds differing in
their substituents were selected as the target contaminants to study the
structure-specific activity because they are frequently detected compounds in coking
wastewater'® and their oxidation proceeds via similar reaction pathways.'’*® The
Hammett constants that quantitatively represent the electron-donating ability of the
substituent®® were used as the descriptors and are listed in Table S4.

Figure S12 depicts and compares the variations in the percentages of pollutant
removal as a function of electrolysis time in the presence of Na2SO4 and NaCl. To
rule out the possible contribution of HO®, NB was added to quench it in the electrolyte
of NaCl. It was clear that the presence of NaCl significantly promoted the degradation
of phenols. The apparent first-order rate constants were calculated and plotted against
the Hammett constants (Figure S13). The HO -mediated oxidation of phenols was not
relevant to the Hammett constants. Conversely, the phenol degradation mediated by
chlorine radicals was highly sensitive to the Hammett constants. A linear correlation
between the rate constant and the Hammett constant is exhibited, with the

electron-rich compounds delivering high reaction kinetics. These results verify that
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chlorine radicals are more selective oxidants than HO® and preferentially react with

electron-rich compounds.
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Table S1. Main water quality parameters of secondary coking wastewater effluent.

Constituent Value
pH 7.9+0.2
COD (mg L) 228.1 +8.6
TOC (mg L) 622422
Conductivity (mS cm™) 125+0.3
Cl (mg L) 1422.1 +12.6
SO42 (mgL!) 2333.9+ 18.4
HCO; (mg L") 619.4+8.5
NO;-N (mg L) 762423
TN (mg L) 79.8 +3.1
Hydrophilic composition 72.23%
Hydrophobic composition 26.48%
UVass(cm™) 2.34
SUVAs4(Lmg ' m™) 3.78
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Table S2. Components of mineral solution used for microbial culture.

Constituent Concentration (g L")
N(CH>COOH); 15
H3;BO; 0.01
NaCl 1.0
CaCl, 1.0
MnSO4-H,O 0.5
NaxMoO4:2H,0 0.01
CuSO4-5H,0 0.01
CoCly-6H,0 0.1
MgSO4-7H,0 3.0
FeSO4-7H,0 0.1
ZnS04-7TH,0 0.1
AIK(SO4)2 12H;0 0.01
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Table S3. Key reactions involved in the generation of radicals in the electrochemical system in the

presence of CI"and HCO;™.

No. Reaction Rate constant Reference

Electrochemical reactions

R1 H,O - HO + H" + e~ 7.92x 107 s7!
R2 Clr->Cl'+e” 1.49 x 1079s7!
R3 2CI"—Cl; 1.45x1072s7!
pH-dependent equilibrium reactions
R4 H"+OH™ — H0 1 x 101t M 1! A
RS HO0 — H"+ OH™ 1x1073 ¢! 21
R6 OCI” + H"— HOCI 5x101°0M st A
R7 HOC1 — OCI” + H* 1.6 x 103 s7! 2
R8 Cl; + H,O — CL,OH™ + H* 1.5x 10t Mgt 2
R9 CI" + HOCI — CI,OH™ 1.5x10*M 1 s7! 2
R10 CLOH — CI" + HOCl 55x107 ¢! 2
R11 HCO;™ — H" + COs*~ 5.61 x 10%s™! 8
R12 H"+ COs?>” — HCOs3~ 5x101°M st 8
Reactive oxygen species transformation reactions
R13 HO’+ HO® — H,0: 55x10°M st 3
R14 HO"— O~ +H* 1.26 x 1012 s7! 3
R15 O + H,O — HO"+ OH™ 1.8 x 106 M1 s7! 3
R16 HO*+OH — O™ + H,0 1.3x1010M!1s7! 3
Reactive chlorine species transformation reactions
R17 CI'+ HO' — CIOH™ 43x10°M g7 3
R18 CIOH~— CI" + HO* 6.1 x 107 s™! 3
R19 ClI'+ OH™ — CIOH™ 1.8 x 1010 M 157! 2
R20 CIOH™+ H*— CI' + H,O 2.1 %100 M s =
R21 CIOH"+ClI"— Cly + OH~ 1 x105M 1! 25
R22 Cly"+ OH — CIOH™ + CI” 45x 10" M ¢! =
R23 ClI'+ ClI' - Cly™ 6.5x10°M 1! 2
R24 Cly™— CI'+ CI 1.1 x10°s™! 2
R25 ClI'+ ClI'— Cl, 1 x108M 1! 15
R26 Cl'+Cl~—> Cl+CI” 1.4x10° M1 ¢! 26
R27 Cly™+ Cly'™ — Cla + 2CI7 83 x108M1s! 2
R28 Cl;+ HO'— HOCI1 + CI” 1 x10°M 1! 2
R29 HO'+ HOCI — CIO™+ H,0 2x10°Mtg! 21

S19



R30
R31
R32
R33
R34
R35
R36

R37
R38
R39
R40
R41
R42
R43
R44

R45
R46
R47
R48

HO'+ OCI" — CIO"+ OH™ 8.8 x10°M 15!

ClI'+ HOCl — CIO*+ CI" + H* 3x10°M st
ClI'+ OCl" — ClO*+ CI” 82x10° Mgt
ClO"+ CIO* — CI0, 2.5x10° Mgt

2CIO + H,0 — HOCl + H* + CIO2~ 25x10°M st
2CIO"+ OH™ — OCI" + H*+ CIO2~ 25x100M st

ClO*+ HO"— H*+ CIO;~ 1 x10°M 1!
HCO;/CO;3?-mediated ClO* generation reactions
HO'+ HCO3™ — CO3™ + H20 8.5x 108 Mgt
HO"+ COs?>” — COs" + OH™ 3.9x 108 M1 s7!
ClI'+ HCO3;  — CO3"+ CI'+ H* 22x108M g7t
Cl'+ CO3* —» COs"+ ClI” 5x108M st
Cly"+ HCO3 — CO3;"+ 2ClI'+ H* 8x 10" Mgl
Cly ™+ COs?>” — COs"+ 2CI” 1.6 x 108 M1 s7!
CO;3+ OCI" — CIO" + CO3*~ 57x100M st
CIO"+ CO3* — COs"+ OCI 6x102M st
Radicals quenched by carbamazepine (CBZ)
HO*+ CBZ — product 1 8.8x10°M1s!
CIl'+ CBZ — product 2 3.3x101°M gt
Cly” + CBZ — product 3 43x107M gt
ClO"+ CBZ — product 4 1.97 x 108 M1 s7!

27

23

25

25

25

25

25

25

25

25
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Table S4. Hammett constants (o) of different p-substituents, including p-aminophenol (p-NH>),

p-cresol (p-CHs), phenol (p-H), 4-chlorophenol (p-ClI), and p-nitrophenol (p-NO>).

Substituent c
p-NH2 -0.66
p-CHs -0.17

p-H 0
p-Cl 0.23
p-NO2 0.78
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Figure SS5. (a) Predicted concentrations of HO®, CI°, Cl,"", and ClO" in the electrochemical system
containing CI- and HCOs™. (b) Fraction of carbamazepine (CBZ) removal contributed by HO", CI',
Cl,", and ClO’. Experiment conditions: [CBZ] = 5 mM, [CI"] = 40 mM, [HCO;] = 10 mM,

reaction time = 60 min, and pH = 9.4.
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Figure S6. Predicted concentration of CIO® in the presence and absence of HCO;™ if the
contribution of egs. R29-R32 to CIO* generation is ignored. Experiment conditions: [CBZ] = 5

mM, [CI"] =40 mM, [HCO3] = 10 mM, reaction time = 60 min, and pH = 9.4.
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Figure S7. Variations in pH as a function of reaction time during wastewater electrolysis.
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Figure S8. Theoretical fractions of carbonate species with respect to different pH levels at 25 °C.
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Figure S9. First-order decay of NB, BA, CBZ, and DMOB in the electrochemical system fed with
real wastewater under different conditions. In (a-d), the concentration of ClI” was kept at 40 mM
and the concentration of HCO3™ was varied at (a) 0, (b) 10 mM, (c) 20 mM, and (d) 40 mM. In
(e-g), the concentration of HCO3~ was kept at 10 mM, and the concentration of C1~ was varied at

(e) 0, (f) 20 mM, and (g) 60 mM.
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Figure S10. LSV curves of the PbO, anode recorded in secondary coking wastewater effluent and
background electrolyte containing 40 mM C1". Both solutions had the same conductivity, which
was controlled by the addition of NaySO4. Other experimental conditions: scan rate = 10 mV s™!
and initial pH = 7.9.
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Figure S11. Time courses of COD concentrations in secondary coking wastewater eftfluent treated
via the coupled electrochemical system. Experimental conditions: [HCO3™] = 500 mM, current

density = 37.5 mA cm 2, and initial pH = 7.9.
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Figure S12. Anodic oxidation of p-substituted phenols in the electrochemical system with
electrolytes of (a) Na;SOs and (b) NaCl. Experiment conditions: [initial phenols] = 0.25 mM,
reaction time = 60 min, current density = 37.5 mA cm?, and initial pH = 3.0. In (a), the
concentration of Na;SO4 was 100 mM; in (b), the concentration of NaCl was 40 mM and the

concentration of Na;SO4 (supporting electrolyte) was 80 mM.
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Figure S13. Correlations between the first-order reaction constant (k) of five p-substituted phenols

obtained in Na;SO4 and NaCl solution and the Hammett constants () of their p-substituents.
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Figure S14. Calculated values of (a, b) SEC, (c, d) FE of anodic oxidation, and (e, f) FE of
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