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Figure S1. Chemical structure of target contaminants used in this study
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Figure S2. Spectral irradiance from the solar simulator equipped with a Window-Q
optical filter.
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Table S1 HPLC method parameters for detection of target contaminants in this study

Compound Eluent composition (%) Flow rate absorption excitation emission
(mL/min) wavelength (nm)  wavelength (hm)  wavelength (nm)
ACN Water 10mM H3POg4

2,4,6-trimethylphenol 70 30 1 225 316
4-methylphenol 70 30 1 225 316
bisphenol A 50 50 1 276

17B-estradiol 70 30 1 270 310
17a-ethinylestradiol 70 30 1 270 310
amoxicillin 20 80 0.8 230

acetaminophen 40 60 1 238

N,N-dimethyl-4-cyano 50 50 1 290 488
aniline

4-cyanoaniline 30 70 1 273

4-chloroaniline 40 60 1 246 345
mefenamic acid 80 20 1 288

Trimethoprim 25 75 1 210

Atenolol 25 75 1 228 342
Metoprolol 25 75 1 228 342
Propranolol 25 75 1 228 342
Sulfadiazine 30 70 1 266

Sulfamerazine 30 70 1 266

sulfachloropyridazine 30 70 1 266

sulfamethoxazole 30 70 1 266

Sulfathiazole 30 70 1 266
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Table S2. Model parameters for the inhibitory effects of Cu on *CBBP*or SNOM*-induced oxidation of target contaminants

(a)
Photosensitizer CBBP @
Target [Cu]12 (NM) i adjusted R?® nf
compound

TMP 29.21 +4.35 0.86 +0.03 0.986 8
4-MP 44,16 +1.43 0.89 +0.01 0.999 8
BPA 88.73 £15.24 0.85 +0.04 0.983 8

E2 101.16 £10.57 0.85 +0.03 0.994 8

EE2 94,55 +13.78 0.81 +0.04 0.988 8
AMX 112.66 +21.84 0.93 +0.06 0.981 8
ACE 57.82 £7.18 0.86 +0.03 0.990 8
DMABN 150.99 +33.34 0.97 +0.09 0.971 7
ABN 61.19 +7.44 0.80 +0.02 0.990 8
MFA 10.69 £1.76 0.72 £0.01 0.990 8

TRI 93.34 +£10.18 1 0.973 8
PNL 15.01 +3.92 0.56 +0.02 0.968 8
SMX 9.38 +1.94 0.79 £0.01 0.999 8

STZ 15.15 +0.68 0.93 +0.01 0.999 8
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(b)

Photosensitizer SRNOM
Data series a(10°L [NOM]1s2 [Cu]u2 f adjusted nf
mgC1s™?) (mgC/L) (nM) R2¢

TMP+SRNOM?® 55.9 +3.6 na’ na na 0.984 5
TMP+SRNOM+Cu? na na 85.10 +=5.18 0.98 +£0.01 0.989 8
ABN+SRNOM ¢ 2.96 x=0.79 6.94 +0.64 na 0.76 £0.02 0.993 9
ABN+SRNOM+Cu ¢ na 6.94 (fixed) 26.68 +=3.50 0.70 =0.03 0.951 8
TRI+SRNOM ¢ 3.96 +£0.61 4.44 £0.52 na 0.86 £0.04 0.988 9
TRI+SRNOM+Cu ¢ na 4.44 (fixed) 80.16 =14.51 0.80 +0.03 0.990 8

2 Results of data fitting to Eq 6 in the main text. ® Results of data fitting to Eq S19 (SI-TextS6). ¢ Results of data fitting to Eq S18 (SI-TextS6).
d Results of data fitting to Eq 8 in the main text. ¢ Correlation coefficient. "Number of data points included in data fitting. 9 na.: not applicable.
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Figure S3. Photosensitized oxidation of target contaminants by CBBP in the absence
and presence of Cu(ll) under simulated sunlight irradiation. Conditions: [CBBP] =
45 M, [contaminant]=5 pM, pH =5.2
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Figure S4. Inhibition factor (IF) of Cu for the 3CBBP*-photosensitized degradation
of sorbic acid. Conditions: [CBBP] = 45 M, [sorbic acid] =5 pM, pH =5.2

Table S3. Estimated second-order rate constants for the quenching of radical
intermediates by Cu(l) (kred,cuqy) derived from laser flash photolysis experiments.

Radical Kred,cu(l)
intermediates (10°M1s™h
DMABN™* 6.12 +0.39
TMP"(H) 6.84 +0.68
BPA"(H) 5.40 +1.05

Note: The effect of ionic strength on the rate constants for reactants involving two
charged molecules (DMABN'") was corrected employing the method reported
previously.! No ionic strength correction was made for reactions involving a neutral
molecule (TMP*n) and BPA'()).
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Figure S5. Inhibition Factor for 3CBBP*-induced oxidation of target contaminants
as a function of total Cu concentration. Conditions: CBBP = 45 M, pH = 5.2,
Curves represent nonlinear fits to Eq 6 in the main text.
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Figure S8. Inhibition Factor for induced oxidation of target contaminants by excited
triplets of SRNOM and CBBP in the presence of 500nM Cu(ll). Conditions:
SRNOM=10 mgC/L or CBBP =45 pM, pH =5.2
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Text-S1. Description of chemicals used in the study
All target organic contaminants were purchased from Sigma-Aldrich or TCI

Chemicals. Triplet sensitizer 4-carboxybenzophenone (CBBP) was obtained from
Sigma-Aldrich. Stock solutions of the above chemicals were prepared in water.
Copper(ll) sulfate pentahydrate (CuSO4HH20, >99.999%) and copper(l) chloride
(CuCl, >99.99%) were obtained from Sigma-Aldrich. Cu(ll) stock solutions (0.4
mM) were prepared weekly by dissolving an appropriate amount of copper(Il)
sulfate in a 1 mM H2SOs4 solution. Cu(l) stock solutions (1 mM) were prepared daily
according to methods described previously.? SRNOM (2R101N) was purchased from
the International Humic Substances Society (IHSS). A 250 mg/L SRNOM stock
solution was prepared by dissolving 25 mg of SRNOM in 0.1 litres of ultrapure
water (18.2 MQ-cm) and subsequently filtering through 0.45 pm cellulose acetate
filters. Eluents (acetonitrile and phosphoric acid) used for high performance liquid
chromatography (HPLC) were obtained from Fisher Scientific. All other reagents
used were of reagent grade. All glassware were soaked in 5N HNOs for at least 3

days prior to use.
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Text-S2. Detailed description of photochemical experimental setup

All irradiation experiments were conducted in a solar simulator (Q-SUN Xenon
Test Chamber, Xe-1). The solar simulator was equipped with a Window-Q optical
filter which cuts off light with wavelengths below 315 nm. The absolute irradiance
of the solar simulator over the wavelength range 290—800 nm was recorded using an
Ocean Optics USB-4000 spectrometer and is shown in Figure S2. The irradiation

intensity at 300-400 nm was determined to be 73 W/m?2.

Solutions containing a single target contaminant (5 uM), a photosensitizer
(either 45 uM CBBP or 10 mg C/L SRNOM) and varying Cu(Il) concentrations
(0—500 nM) were placed in a capped quartz vessel (inner diameter 5 cm, height 3 cm)
and the initial solution pH adjusted to pH 5.2 using 1 mM H2SO4 or NaOH (buffers
were not used in order to avoid any untoward interference). Note that Cu is mostly
present in organically complexed form in the experimental system investigated here
with the carboxylic and/or phenolic groups in SRNOM 34 and the carboxylic group
in CBBP involved in Cu binding.> The solutions were then irradiated for either 5 min
(for the CBBP system) or 180—300 min (for the SRNOM system) and 500 pL of
samples were periodically withdrawn from the reactor for target contaminant
measurement using HPLC. The variation in pH during each experiment was less than
+0.1 units. The temperature of samples during irradiation was maintained constant

at 25.0 <C using a recirculating water bath.
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Text-S3. Detailed description of time-resolved laser spectroscopy.

The experiments were performed using a LKS80 laser flash photolysis system
(Applied Photophysics Ltd., the United Kingdom). The fourth harmonic mode of the
Nd:YAG laser (266 nm, laser beam cross section of 0.5 cm?, pulse duration of 46 ns)
was used. A 150 W xenon lamp was used as the detecting light source. To minimize
the oxidation of Cu(l) by oxygen, all samples were continuously sparged with
nitrogen and contained 0.6 M NaCl since the presence of CI inhibits Cu(l)
oxygenation.? The radical intermediates (P* (or P"¢H))) were produced by direct
photoexcitation of target contaminants at 266 nm according to the methods described
previously in order to prevent the formation of halogen radicals..> ® The observed
first-order decay rate constants of P (or P'¢H)) were determined by tracking the
decay traces at their maximum absorption peak (centered at 380 nm for TMP, 400
nm for BPA and 500 nm for DMABN).” 8 Each sample was irradiated only once to

minimize any potential effects of products.
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Text-S4. Measurement of steady-state concentrations of Cu(l)

The steady-state Cu(l) concentration formed upon irradiation of solutions
containing SRNOM and Cu(ll) was measured using a modified bathocuproine
method.® For Cu(l) measurement, 5 mL of solution was irradiated in a 5 mL gas-tight
Pyrex syringe (Hamilton, model 1005) in the solar simulator. Due to the low yield of
Cu(l), an initial Cu(ll) concentration of 400 nM was used to generate sufficient Cu(l)
for measurement. Samples were irradiated for 15 min with this duration long enough
for Cu(l) to reach a steady-state concentration.’® After irradiation, the sample was
kept exposed to light and then injected into an amber bottle containing 5 mL of
deaerated solution containing 0.05 mM bathocuproinedisulfonic acid disodium salt
hydrate (BC) and 0.25 mM ethylenediaminetetraacetic acid (EDTA). The resultant
solution containing the Cu(I)-BC complex was finally injected into a 1 m pathlength
liquid waveguide capillary cell (LWCC 4100, World Precision Instruments) and the
absorbance at 484 nm measured using an Ocean Optics spectrophotometry system
equipped with a USB-4000 spectrometer and halogen lamp. The baseline drift was
corrected by subtracting the absorbance at 690 nm. Calibration was performed prior
to experiments by standard addition of Cu(l) to the experimental matrix. The
detection limit of the method is ~0.6 nM Cu(l). The interference of the targer
contanminants and NOM addition should be neglected since they have little
absorbance over 400 nm. 12 Values for the parameter p (Eq 7 in the main text) are

calculated to be 0.12 and 0.10 for CBBP and SRNOM systems, respectively.
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Text S5. Details of the kinetic model applied in CBBP systems

kl ,red,Cu(I)[Cu(I)] ss

P

1,0x

°
P2 S P2,0x

Scheme S1. Major reaction pathways of target contaminant P phototransformation in
CBBP solutions containing Cu. Triplet sensitizers (3Sen*) can oxidize target

contaminant P to give (1) intermediates P"1 (with yield f ) undergoing inhibition by
Cu, or (2) intermediates P*2 (with yield 1-f) which are not affected by Cu. The

intermediate P*1 will then either get oxidized irreversibly (first-order rate constant

kiox) to give an oxidation product P1,0x, or be reduced back by Cu(l) to the parent
compounds P (second-order rate constant ki red,cu(n).

Equation 6 (main paper) can be derived from the kinetic model represented in
Scheme S1, similar to the one developed by Canonica and co-workers who studied
the role of NOM as a inhibitor.'" ¥ According to the Scheme S1, the Kinetic

equations for P and P"1 can be written as follows.

a[P] _

dt B _k3Sen* [3sen*][P] + kred,Cu(I)[P.l] [Cu(l)]ss (Sl)
d[(::l] = Koy, [°SeN"TIP] = Ky e o [P [CU(DL, — Ky o [P"2] (S2)

where kssen* Was the second-order rate constant between excited triplets and target
compound P.
In the model developed here, we assume that Cu(l) quickly reaches a

steady-state concentration during irradiation as a result of the balance that is
S22



established between the forward formation rate of Cu(l) (via ligand-to-metal charge
transfer (LMCT) and superoxide-mediated reduction pathways) and the back
oxidation rate of Cu(l) (via reaction with oxygen, superoxide, hydrogen peroxide and
radical intermediates). As such, a factor B was introduced to simply express the
proportionality between the steady-state concentration of the light-generated Cu(l)
([Cu(D)]ss) and the total Cu concentration ([Cu]wt) (Eg. S3).

[Cu(DLs = B[Culy (S3)
Also the steady-state concentration of P’1 was assumed in this model (d[P1]/dt=0)
and, one obtained Eq. S4 from Eq. S2.
[Pl (Kyox + Kyreq.cupBlCUlix) = TKsg, - [*Sen”][P] (S4)

After rearrangement of Eq. S4 and substitution into Eq. S1 one obtained

. k C
m — _kQSen* [3Sen ][P](l —f l,red,Cu(I)B[ u]tot )
dt I(l,ox + kl,red,Cu(l)B[Cu]tm
fik (S5)
1,0x + (1 _ f ))

= —k., - [*Sen”][P](
* kl,ox + kl,red,Cu(I)B[Cu]tot

Thus, Eq. S6 expressed the pseudo-first-order rate constant for photooxidation of

target compound P (K sen, cu).

fk 1,0x
K son cu =k 3,,.[ *Sen*] : +(1- S6
Sen € 5 (k 1,0x+ k I,red,Cu(I)B[Cu]tot ( f) ) ( )
Since k Sen =k Sen, Cu([cu]tot:()) =k 3Sen*[ 3sen*] (87)

Then the “Inhibition Factor (IF)” was defined as dividing Eq. S6 by Eqg. S7 as

follows.

k k
IF = Sen, Cu _ f 1,0x + (1 _f)
k Sen k 1,ox+ k I,red,Cu(I)B[Cu]tot
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f
S TH B +(1=/) (S8)
1+—’;§1’,;” [Cu],,,

As in main paper, we introduce the concept of [Cu]uz (=kw.ox / BK1red.cum) (EQ. S9),
which was the concentration of total Cu needed to halve the production of P1,0x from

P*1. Substituting Eqg. S9 in Eqg. S8 and making a further rearrangement one obtained
Eq S10, which corresponded to Eq. 6 in the main paper.

k

L _[C " S9
Bkl,red,Cu(l) [ U] ( )
IF = / +(1—=1) (S10)
1 +[Cu], /[Cu],,
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Text S6. Details of the kinetic model applied in SRNOM systems without Cu

Ky rea NoM[NOM]

------
- .o

.

°
Py —— P,

Scheme S2. Major photooxidation pathways of target contaminant P in only NOM
solutions. Triplet NOM ((NOM*) can oxidize target contaminant P to give (1)

intermediates P°1 (with yield f ) undergoing inhibition by NOM, or (2) intermediates

P*2 (with yield 1-f) which are not affected by Cu. The intermediate P'1 will then

either get oxidized irreversibly (first-order rate constant kiox) to give an oxidation
product P1.0x, or be reduced back by NOM to the parent compounds P (second-order
rate constant kirednom). Dashed line indicates reaction pathways that may be
operative, depending on the specific contaminants (eg., amines).

Scheme S2 was previously proposed by Canonica and co-workers.! For the

target contaminants exhibited an important inhibitory effect of NOM, the kinetic

equations for P and P"1 can be written as follows.

k sl PIEK syoual "NOMFI[P] = k 1 ol P1]INOM] (S11)
d[g’t'l] = Koy [PNOMIPT = Ky g wou [PL]INOM] = K, o [P"1] (512)

The steady-state concentration of P°1 was assumed in this model (d[P1]/dt=0) and,
one obtains Eg. S13 from Eq. S12.

[P.l] (kl,ox + kl,red,NOM [NOM]) = fk [3NOM*][P] (813)

SNOM”™
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After rearrangement of Eq. S13 and substitution into Eg. S11 one obtains

k 1 red,NOM[NOM]
k s [P1=k 3y [ SNOM*][P](1 — :
5 [ ] o [ ][ ]( f k ],ax+ k I,red,NOM[NOM]
=k syouml "NOM*][P]( S b +(1-5)) (S14)
k I,ox+ k I,red,NOM[NOM]
Then,
k son = k 3g,,.[ "NOM*][P( K 1o +(1-1)) (S15)
k ],ox+ k I,red,NOM[NOM]

As in previous studies,* the concept of [NOM]u2 (=K1,0x / K,red.nom) Was introduced,
which was the concentration of NOM needed to halve the production of P1ox from

P1. Additionally, a factor a to express the proportionality between Kanom<3NOM*

and [NOM] was introduced as Eq. S17.

[NOM], , = — o (S16)
k1,red,NOM
Keyo- ENOM'] = a[NOM] (S17)
Thus,
k ., = a[NOM]( SR on +(1-=1))
e K 1ot K 1 reanonNOM]
B f
= o[NOMI( 1+[NOMJ/[NOM], , +1=5) (518)

According to Eq. S18, for the target compound P (eg., TMP) exhibited the absence

of inhibitory effect of NOM ([NOM]/[NOM]12=0), Eq. S19 was obtained.

ks, = o[NOM] (519)
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Text S7. Details of the kinetic model in SRNOM solutions containing Cu

i k 1,red, NOM [NOM]E +k1 ,red,Cu(I)[Cu(I)] Ss

°
Py —— P,

Scheme S3. Major photooxidation pathways of target contaminant P in NOM
solutions containing Cu. Triplet NOM (3NOM™*) can oxidize target contaminant P to
give (1) intermediates P*1 (with yield f ) undergoing inhibition by NOM and Cu, or
(2) intermediates P2 (with yield 1-f) which are not affected by NOM and Cu. The
intermediate P'1 will then either get oxidized irreversibly (first-order rate constant
k1,0x) to give an oxidation product P1,0x, or be reduced back by NOM and/or Cu to the
parent compounds P (second-order rate constant ki red,nom and ki cuqy). Dashed square
indicates reaction pathways that may be operative, depending on the specific
contaminants (eg., amines).

Scheme S3 was modified from Scheme S2 to take into account inhibition by Cu
and NOM together. Similarly, for the target contaminants exhibited an important
inhibitory effect of NOM, the kinetic equations for P and P°1can be written as
follows.
 5en,calP1 =K syopsal NOMFIIPT =k 1o voug [PIIINOM] = & iy [P1][Cu (D]

(S20)

d[P1] fi

- nowr [’NOM1[P] — Ky regnom [P1]INOM] = Ky o5 ¢, [P"1] [CU(D)], — Ky [P"1]
(S21)

The steady-state concentration of P°1 was assumed in this model (d[P1]/dt=0) and,

one obtained Eg. S22 from Eq. S21.
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[P.l] (kl,ox + kl,red,NOM [NOM] + kl,red,Cu [Cu(l)]ss) = fk3NOM* [3NOM*][P] (522)

After rearrangement of Eq. S22 and substitution into Eg. S20 one obtained

f

ke
1+ Il,cred,NOM [NOM] + I,;{Laqu(l)B [Cu]

1,0x ,0x

K Sen, cu =k 3on ] "NOM*]( +(1-1))

tot

(S23)

. k k
Since [NOM],,, = —& =% — = [Culy,

k1,red,NOM Bkl,red,Cu(l)

/

1_
1+[N0Nﬂ/[NOhﬂUf%Khmm/[CuLQ_+( )

k Sen, Cu :k 3N0M*[ 3NOl\/I*](

(S24)

Since

k Sen :k Sen, Cu([cu]tot:()) = k 3N0M*[ 3NOM*]( 1+ [NOM]f/ [NOM] + (1 _f) )
1/2

(S25)

_ f+(1 —=f) (1+ [NOM] /[NOM]1/2+ [Cu]tot/[Cu]m) y 1+ [NOM] /[NOM]I/2
f+(1 —=1) (1+ [NOM] /[NOM]l/z) 1+ [NOM] /[NOM]1/2+ [Cu]mt/[Cu]l/2
(S26)

According to Eq. S26, for the target compound P (eg., TMP) exhibited the absence
of inhibitory effect of NOM ([NOM]/[NOM]12=0), Eg. S10 was obtained.

/

IF =
1 +[Cu], /[Cu]

+(1 =) (S10)

12
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Text S8. Derivation of Equation 9 in the main text.

Using the model developed here, the contribution of Cu(l) to the overall intermediate

P*1 reduction rate (®cuq)) in irradiated SRNOM solutions can be calculated as shown

in Eq. S27.

[Cu(l)]ss K1 red,cu

Oy (%) =
Cu(l) ( 0) [Cu(l)]ss k],red,Cu(I) + [NOM]k],red,NOM

%100 %

Since [Cu(l)]ss=B[Cu]tot,

BICul, , k1 red,cum

D) (%) = x100 %
e BICul,, k1 red,cumy T+ INOMIk} 100 norm ’
Bk ,red,Cu
[Culyy — 7
— ox 1 0
[Cu] By red.cum +INOM] k[,red,NOMX 00 %
tot kl,ox k[,ox
and [NOM]us2 =Ka,0x / K1,redNom, [Cu]uz =K1,0x / BK1,red,cu(r)
B red,cum
D) (%) = o Tk %100 %
@7 Bk} reac k
,red, Cu(l) 1,red NOM
[Cu] ot —kl,ox +[NOM] —kl,ox
C C
[Cu],, /[Culi2 <100 %

" [Cul,, /[Culi2+[NOM]/[NOM]12

Rearranging, we get:

Dy (%) = [NOM], , [Cu]

= fot x100 %
[NOM], , [Cu] °

+[Cu], ,[NOM]

tot
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Text S9. Rationale for pseudo-first-order kinetics for radical intermediates in laser

photolysis tests

In general, there are three main sinks for radical intermediates. Taking

DMABN™ as an example, the decay of DMABN™ may occur via the following

reactions:
DMABN™ — products ki
DMABN™ + eay — DMABN k2

DMABN™ + Oz — DMABN + Oz ks

where ki represents the first-order self-decay rate constant of DMABN"" (including
e.g. H-atom shift, deprotonation and hydrolysis) and k2 and ks are the second-order
rate constants for the reaction of DMABN®" with hydrated electrons (eaq’) and O2",
respectively. The concentration of eaq” is quantified by monitoring its maximum
absorption band at 600-700 nm. Based on the eaq” molar absorption coefficient
(e715=19700 M cm™)!* and the measured absorbance (Figure S10), a maximum
concentration of ~10® M is calculated for eag. Even if ko is a diffusion-limit rate
constant (~10'° Ms1), the rate of decay of DMABN"" via reaction with eaq” (k2[€aq])
is only about 10* st As for the reaction between DMABN™ and O:", the
concentration of Oz should be less than the maximum concentration of eaq” since
O2" is derived from the reaction between eaq” and residual oxygen. Even if k3 is a
diffusion-limit rate constant, the rate of decay of DMABN"" via reaction with O2"
(ka[027]) is <10* 5. However, the observed pseudo-first-order decay rate constant of
DMABN™" (kobs) in the absence and presence of Cu(l) ranged from

2.5010°-7.85x10° s, which is two orders of magnitude higher than that of kz[eaq]
$30



and ks[O2"] (<10* s1). As such, the reaction with both eaq” and O2" played minor role
in the decay of DMABN™". The decay traces of radical intermediates fitted well with
the first-order decay function (R?>0.95; Figure 2 in the main text). Thus, both the
calculation data and experimental data support the hypothesis of pseudo-first-order

decay kinetics of radical intermediates.
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Figure S10. Transient absorption spectra obtained on 266 nm laser flash photolysis

of 137 uM DMABN, 367 uM TMP and 438 uM BPA in degassed conditions
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