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Text S1. Steady-state Concentrations of Different Reactive Species

Os. Ozone concentration was determined by the indigo method as described in pre-
vious studies [1,2].

HO°. Nitrobenzene (NB) as the HO® probe compound was selected for determining
the steady-state concentration of HO® ([HO®]ss). NB reacts selectively with HO® (kng, o-=
3.9 % 10° M s1), much higher than those of Os (kng, 0,=9 x 102 M s71)[3] and 'O2 (kNB’ 10,

5x10° M s7) [4]. NB (5.0 uM) was added to the Os—catalyst system and the concentration
of NB was determined at specified time intervals. [HO]ss was then estimated based on
Equations S1-52:

-In [NB], =k J[HO®].. x t
[NB], NB, HO s (S1)

k'ng = kNB, HO°X [HOO]SS (82)

where [NB] is the concentration of NB, kyp, po- is the second—order rate constant between
HO° and NB, and k'ns represents the observed first—order rate constant of NB in the
Os—catalyst process. NB was determined by using a UPLC system with a PDA detector at
a wavelength of 265 nm.

102. Furfuryl alcohol (FFA) was selected as the probe of singlet oxygen ('O2) to esti-

mate its steady—state concentration ([!Oz]). Both 'Oz (kg 1,5 = 1.3 x 108 M? s7)[5,6] and
4 2

HO? (kgpa, po-=1.5 x 101 M1 s71) [7] can react with FFA with a high rate constant, but FFA
resists with Os [3,5]. Thus, [1O2]ss was estimated based on Equations 53-54 with the afore-
mentioned [HO®]ss:

[FFA],
-n <[FFA]0

) = (kFFA, HO°[HOO]SS+kFFA, 102[ 102]55) <t (83)

k'era = kgpa, noox [HO Jss + kppy 15 % ['O2]ss (S4)
O,

where [FFA] is the concentration of FFA, kgps yoeis the second-order rate constant be-
tween 'Oz and NB, and k'rra represents the observed first-order rate constant of FFA in
the Os—catalyst process. FFA was determined by using a UPLC system with a PDA detec-
tor at a wavelength of 214 nm.

Text S2. Determination of the Rate Constant of DMP with HO®

The second-order rate constants for the reaction of DMP with HO® was determined
by using 266 nm laser flash photolysis. The spectra of DMP aqueous solutions were ex-
amined after filtration and no significant signal was observed. Different concentrations of
DMP were added into 100 mM H20: served as HO® precursor (Equation S5).
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H202 + hv — 2HO® (5)

HO°-adducts were generated from HO® addition to the aromatic ring of DMP (Equa-
tion 56) [8], and the maximum absorption of was observed at 320 nm.

DMP + HO® — DMP-OH (6)

Thus, the second-order rate constants were determined by monitoring the build—up
traces of HO*—adducts at 320 nm (Figure S10). The first-order build-up rate constants
against DMP concentrations (0.05-0.3 mM) are linear and the slope is the value of the
second-order rate constant (i.e., 3.7 £ 0.3 x 10° M s1). This is consistent with the rate
constant reported previously [8,9].

Text S3. Factors Influencing Catalytic Performance
Experimental Procedure

The catalyst optimization and the effects of the water matrix on the pollutant removal
were investigated. The experiment procedure was conducted as described in Section 2.3.
The molar ratio of Fe/Mn on the catalyst and the catalyst dosage were selected to optimize
the catalytic activity. Specifically, the molar ratios of Fe/Mn with catalyst dosage of 200
mg L1 were set at 0.3, 0.6, 1, 1.5, and 3. The catalyst dosages with molar ratios of 1.5 were
set at 50, 100, 150, 200, 300, respectively. The anions including sulfate, chloride, carbonate,
and nitrate with 2 mM, pH value (5-9), and real water samples including printing and
dyeing industrial park secondary effluent (PDIP) effluent, wastewater treatment plant
(WWTP) effluent, and river water (RW) were selected to evaluate the effect of the water
matrix on the performance of the Fe/Mn@y—Al:Os/Os system. The molar ratios of Fe/Mn
and catalyst dosage were set at 1.5 and 200 mg L.

Effect of the Molar Ratio of Fe/Mn

As seen in Figures S5B and S5D, catalysts with various Fe/Mn ratios exhibited differ-
ent catalytic activities. The removal of 1-NP and DMP from the surface of the catalyst was
not affected by the ratio of Fe/Mn and was less than 10%. It showed that Fe/Mn@y-AlOs
with the ratio of Fe to Mn at 3:2 displayed the best catalytic activity. The leaching concen-
trations of Fe, Mn, and Al ions in the system after reaction were determined by ICP-OES.
The leaching concentrations of Fe Mn, and Al ions in the solution were very low, even
below the detection limit (0.1 mg L) in the Fe/Mn@y-Al0Os catalytic ozonation system.
The lower dissolution of the metal components also reflected the structural stability of the
catalyst. The reuse test of the catalyst also indicated the stability and durability of this
catalyst (Figure S7).

Effect of Catalyst Dosage

The presence of the Fe/Mn@y-AlO; catalyst significantly promoted the degradation
of 1-NP and DMP during ozonation. The effect of the Fe/Mn@y-Al:Os dose on the cata-
lytic system was examined in the range of 50 mg/L to 300 mg/L. As seen in Figures S5A
and S5C, it was obvious that increasing the dose of Fe/Mn@y-AlOs can positively pro-
mote the removal of 1-NP and DMP. When the dose of Fe/Mn@)-Al:O:s increased to 300
mg/L, the degradation efficiency of model pollutants showed a trend of inhibition. The
catalytic stability of Fe/Mn@y-Al:Os was also evaluated by batch cycle experiments. Alto-
gether, the results indicated that Fe/Mn@y—-AlL:Os has excellent stability and reusability.

Table S1. Dissolution of metal ions in Fe/Mn@y—ALO:s catalytic ozonation.

2nd 4th 6th gth 10th
Fe(mg L) 0.233 0.328 0.365 0.399 0.413
Mn(mg L) 0.193 0.203 0.212 0.253 0.264

Al(ug L) 7.45 7.98 9.12 10.16 12.64
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Table S2. The steady-state concentrations of different reactive species.

Steady-state concentrations (M)

Compound Treatment

[Os] [HO°] [1O2]
DMP Os 2.4 x10% 2.1x101 1.7 x 10710
Os + Fe/Mn@AL:0Os 2.3 x10% 8.1x101 1.8 %10
1-NP Os 2.4 x10% 1.1 x10713 2.3 x10-10
Os + Fe/Mn@A12:03 2.5x10°5 1.2 x 1012 2.0 x 10

Table S3. The reactivity of different probes/quenchers with reactive species.

The second-order rate constant (M1 s1)

Compound 0 HO® 10, 0:-
FFA NA 15x100[7] 1.3 x 105[5,6] N.A

p-BQ 25x105[10] 1.2 x 10°[11] NLA¢ 9.0 x 105[12]
NB 9x102[3]  3.9x10°[13] 5 x 10°[4] N.A¢

*N.A.: not available.

Table S4. XPS parameters of high—resolution Mn 2p3/2, Fe 2p3/2, and O 1s regions.

Mn 2ps2 Fe 2ps» O1ls
Mn(III) Mn(IV) Fe(II) Fe(III) Owmo Ouat Oads
B.E. Ratio* B.E. Ratio* B.E. Ratio* B.E. Ratio* B.E. Ratio* B.E. Ratio* B.E. Ratio?
V) (%) (V) (%) (V) (%) (V) () (V) () (V) (%) (V) (%)

rzzif:if)en 642.2 6130 6438 3870 711.7 3733 7129 6267 5312 5136 5324 2766 5303 20.99
re:zf:c'ecl;n 642.0 50.81 6434 49.19 7114 5654 7139 4346 5314 463 5325 3331 5308 20.34
i

*The ratios of Mn(IIl) or Mn(IV) are calculated by Mn(III/IV)/(Mn(Ill) + Mn(IV)), Fe(Il) or Fe(Ill) are calculated by
Fe(II/IIT)/(Fe(II) + Fe(III)), Omo, Otat or Oads are calculated by (Omo/Otat/Oads)/(Omo+ Olat + Oads).

Table S5. Parameters of different real water samples.

TN TP
a _ -1 — L h
Sample pH COD (mgL™) (mg L) NH;-N (mg L) NOs-N (mg L) (mg L) Chroma
RW 8-9 150-250 10-20 5-15 0.5-2 3-5 50-200
WWIP 6-9 1-20 3-6 0.5-1 3-6 0.5-1 10-50
effluent

PDIP effluent 7-9 50-100 4-7 0.5-2 2-6 0.5-2 150-250
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Figure S1. TEM images of Fe/Mn@y—-AI203 (A) and a partial enlargement (B).
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Figure S2. FT-IR spectra of y—Al:0s, Fe@y-Al:O3, Mn@y-Al20s, and Fe/Mn@y-Al0:s.



Water 2022, 14, 19

5 of 9

AP c o Mn* _ Fe®
AlLO, -
¥ S _]L‘
Fe@ALO,
2 J\/
= A 2
: Y P
) Mn@Al,O,
=
¥ Satet ot i a
Fe/Mn@Al,O,
LA A
150 300 600 750
B.E. (eV)
Figure S3. The survey spectrum of XPS spectra of NiC0204 before catalytic ozonation.
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Figure S4. The corresponding pore size distribution in nitrogen adsorption and desorption isotherms.
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Figure S5. Influence of (A), (C) Fe/Mn@y-Al20s dose and (B), (D) the ratio of iron to manganese in the catalyst on DMP and 1-NP
decomposition. Conditions: [Os] = 0.04 mM, [catalyst] = 50-300 mg L, the molar ratio of Fe/Mn = 0.3-1.5, [DMP]/[1-NP] = 50 uM, 2

mM phosphate buffer.
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Figure S6. The degradation of 1-NP under ozonation in presence of FFA. Conditions: [O3] = 0.02

mM, [FFA] =100 mM, [1-NP] =50 uM, pH = 7.0 + 0.1 with 2 mM phosphate buffer.
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Figure S7. DMP and 1-NP removal rate constants during the reuse of Fe/Mn@)—Al2Os in catalytic
ozonation system.
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Figure S8. LC-MS total ion chromatograms for DMP degradation products.
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Figure S9. LC-MS total ion chromatograms for 1-NP degradation products.
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Figure S10. Growth kinetics of DMP-OH adducts at 320 nm with different concentrations of DMP
(0.02-0.3 mM) determined by using a laser flash photolysis system. The inset is the plot of the
first-order formation rate constants of DMP-OH adducts vs. DMP concentrations.
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Figure S11. The removal of UV2s: and DOC during the catalytic ozonation in the real water samples. Conditions: [Os] =
0.02 mM, [catalyst] = 200 mg L, the molar ratio of Fe/Mn = 1.5.
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