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Text S1 Analytical method of COD.
(1) Masking agent

Taking 10.0 g of analytically pure mercury sulfate dissolved in 100 mL of 10% sulfuric acid
and then mixed evenly.
(2) Digestion solution

Taking 2.45 g of potassium dichromate, 50.0 g of potassium aluminum sulfate and 10.0 g of
ammonium molybdate dissolved in 500 mL deionized water, and then add 200mL concentrated
sulfuric acid, after cooling, constant volume in 1000mL volumetric flask, and mixed enenly.
(3) Catalyst liquid

Taking 8.8g of analytically pure silver sulfate dissolved in 1000mL of concentrated sulfuric
acid and then mixed evenly.
(4) Detection of COD in secondary effluent from IPWWTPs

2.5 mL of water sample was taken into the digestion tube, and 0.5 mL of masking agent, | mL
of digestive solution and 3. 5 mL of catalytic solution were added in turn. The digestion was carried
out at 165 °C for 15 min in the digestion instrument, and the solution was taken out and reduced to
room temperature. Then placed in a centrifuge tube, centrifuged at 8000 r/min for 15 min ; the
absorbance A was measured at 446 nm by spectrophotometer. And then the corrected absorbance
Aabs (Aabs = A — Ao) was obtained, and the concentration of COD in the water sample to be

measured was obtained from the standard curve.
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Text S2 The detailed calculating course and key parameter definition of FRI method.

Fluorescence regional integration (FRI) method was used to quantify the organic pollutant in
fluorescence regions of 3D-EEM spectroscopy. The fluorescence regions was divide into five parts,
including aromatic protein I in region 1(R1), aromatic protein II in region 2 (R2), fulvic acid in
region 3 (R3), soluble microbial products in region 4 (R4) and humic acids in region 5 (R5), the
detailed result was shown in Table S2. Firstly, the integral volume (®;) of specific fluorescence
region was calculated by integral method; secondly, the integration standard volume (®i,) of
specific fluorescence regions was obtained by the standardization of ®;, which could characterize
the relative content of specific structure organic matter in the specific fluorescence region. The

relevant formulas were shown in Egs. (1)-(3) (Chen et al., 2003):

q)i,n = ME‘(DI‘,n =MF, I _[ I (/IE/'E”, )dEXdEm (1
E E,

5
O D )

i=1

(O}
P, =—"-x100% (3)
, q)T,n

Where, ®,, is the integral standard volume of fluorescence region i, AU-nm? @, is the integral
volume of fluorescence region i, AU-nm?; iEX is the excitation wavelength, nm; ﬂEm is the
emission wavelength, nm; [ (/1Ex/1Em) is the Fluorescence intensity corresponding to
excitation-emission wavelength, AU; @, is the total integral standard volume of fluorescence
region, AU-nm?, P, is the proportion of integral standard volume of fluorescence region i to total
integral standard volume, %; MF, is the multiplication factor, which is the reciprocal of the

integral area of the fluorescent region i to the total area of the fluorescent region.
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Text S3 The definition of some indicators.
The ozone utilization efficiency (OUE), expressed as the COD removal per unit of ozone

dosage of ozone per minute, calculated in this work as follows Egs. (4):

COD in _ COD out ( 4)
(Ozone dosage) -t

OUE =

Where COD;, and COD,. represent the COD concentration in the influent and effluent, respectively;
t represents the sampling time.
The pseudo-first-order kinetic model was applied to calculate the initial reaction rate for

catalytic ozonation of COD, and expressed by following Eq. (5) (Peng et al., 2022):

ln(%) = —k-t (5)

0

Where C; is the concentration of COD at instant ¢, Cy is the initial COD concentration, k represents

the kinetic rate constant, and ¢ is the reaction time.
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Text S4. Contributions of ROS and O3 oxidation in the Mn-based catalyst/Os system.
Based on the k value of COD removal in ozonation alone system (0.0064 min™") and catalytic
ozonation over Mn-based catalyst system (0.0731 min'), the relative contributions of ROS and O3

to COD removal in the Mn-based catalyst/O3 system were determined as follows (Yao et al., 2021):

Kogonati 0.0064 min "'
Mo, = —Czomtionslone 10094 = 2202 M g90f g g (6)
Pk Catalytic ozonation 0.0731 min
Nros =100%— o, =100% —8.76% = 91.2% o

Where 70, stands for the contribution of direct oxidation; #ros stands for the contribution of ROS

oxidation; kozonation alone Stands for the k value of COD removal in ozonation alone system; kcatalytic

ozonation Stands for the & value of COD removal in catalytic ozonation over Mn-based catalyst system.

S6



63 Table S1 The characteristics of secondary effluent from IPWWTPs.

Parameters Value (mean =+ s.d.)
COD (mg/L) 78.3+2.1
TOC (mg/L) 27.0+£1.2

TN (mg/L) 112+32
UVass (cm™) 0.725 +0.032
NOs3 (mg/L) 253+0.5

Cl" (mg/L) 1600.0 = 15.0
SO4* (mg/L) 4297+ 5.4

Initial pH 40+0.1

64
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Table S2 Five fluorescence integral regions.

EEM region Organic pollutant type Ex/nm Em/nm
R1 aromatic protein [ 200-250 280-330
R2 aromatic protein II 200-250 330-380
R3 fulvic acid 200-250 380-550
R4 soluble microbial products 250-280 280-380
R5 humic acids 250-400 380-550
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67  Table S3 FRI parameters for operationally defined 3D-EEM regions and volumetric (®) and removal rate for 3D-EEM analysis of water samples

68  collected in ozonation alone process and the catalytic ozonation process.

EEM FRI parameters ®in (107 AU-nm?) Removal rate (%)

region PA?(nm?) FPA®(nm?) MF; Raw 0-20 0-40 0O-60 CO-20 CO-40 CO-60 0-20 0-40 0-60 CO-20 CO-40 CO-60

R1 2500 0.060 16.7 94 3.8 2.5 2.3 0.2 1.8 0.8 59.6 734 755 97.9 80.9 91.5

R2 2500 0.060 16.7 8.9 3.7 2.8 2.7 1.8 2.2 1.3 584 685 69.7 79.8 75.3 85.4

R3 8500 0.202 50 49 1.8 1.4 1.2 0.7 0.5 0.5 633 714 755 85.7 89.8 89.8

R4 3000 0.071 141 120 4.2 3.0 2.7 1.6 1.6 1.1 650 750 775 86.7 86.7 90.8

R5 25500 0.607 1.6 44 1.4 1.0 0.9 0.4 0.3 0.2 682 773 795 90.9 93.2 95.5

D1 395 149 10.6 9.8 4.7 6.3 4.0 624 73.0 753 88.1 84.1 90.0
69 a Projected Ex-Em area; ° Fractional projected area per region.

70
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Table S4 Elemental composition of the Mn-based catalyst.

Element Content proportion (wt.%)

Al 61.0
0 36.0
Mn 2.0
Ce 1.0
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Fig. S1 Simplified diagram of the catalytic ozonation device.
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Fig. S2 Influence of ozone dosage on the TOC removal in secondary effluent from IPWWTPs in the

ozonation alone process (pH = 4.0, ¢ =25 °C).
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Fig. S3 Influence of ozone dosage on the initial reaction rate (k) for COD removal in secondary

effluent from IPWWTPs in the ozonation alone process (pH = 4.0, ¢t =25 °C).
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Fig. S4 Influence of ozone dosage on TN removal in secondary effluent from IPWWTPs in the
ozonation process (a). (pH = 4.0, ¢t = 25 °C). Influence of different catalyst on TN removal in
secondary effluent from IPWWTPs in the catalytic ozonation process (b). ([O3;] = 0.84 g/h,

[Catalyst] = 100 g/L, pH =4.0, t = 25 °C).
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Fig. S5 Impacts of ozone dosage on the COD removal (a) and ozone utilization efficiency (b) in the

Mn-based catalytic ozonation process. ([Catalyst] = 100 g/L, pH = 4.0, ¢ =25 °C).
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Fig. S6 Impacts of operating conditions on the TOC removal in secondary effluent from IPWWTPs
in the Mn-based catalytic ozonation process. Ozone dosage (a). ([Catalyst] = 100 g/L, pH =4.0, ¢t =
25 °C). Catalyst dosage (b). (O3] = 0.84 g/h, pH = 4.0, t = 25 °C). pH value (c). ([O3] = 0.84 g/h,
[Catalyst] = 100 g/L, t = 25 °C). Catalyst cycle times (d). (O3] = 0.84 g/h, [Catalyst] = 100 g/L, pH

=4.0,¢=25°C).
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Fig. S7 FOMs removal speed during the ozonation reaction. Ozonation alone process. ([O3] = 0.84
g/h, pH = 4.0, t = 25 °C). Catalytic ozonation process. (O3] = 0.84 g/h, [Catalyst] = 100 g/L, pH =

4.0, t =25 °C).
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Fig. S8 N> adsorption-desorption isotherms (a) and pore distribution (b) of Mn-based catalyst.
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Fig. S9 XRD patterns of Mn-based catalyst.
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Fig. S10 FTIR spectra of the fresh and used Mn-based catalysts.
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