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Text S1 The samples pretreatment methodology and specific conditions for
characterization.

The crystal phase of the sample was identified using an X-ray diffractometer
(XRD-7000, Shimadzu, Japan). In this case, a Cu/Ka X-ray source with a wavelength
(A) of 0.154 nm was used. The tube voltage was set at 40 kV and the tube current at
30 mA. The scanning speed was 4°/min, with a step width of 0.02°, covering a
scanning range (20) from 5° to 85°.

Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS;
SU8000, Hitachi, Japan) was employed to observe the microscopic morphology and
determine the element content of the samples. The operating conditions were as
follows: the accelerating voltage was set to 5.0 kV, the current was 5.0 pA, and the
working distance between the sample and the catalyst was 8.0 mm. Prior to sample
measurement, the catalyst was sputter-coated with ion beam deposition for 80 s.

Attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR;
Vertex 70, Bruker, Germany) was utilized to characterize the surface chemical
functional groups of the samples. The blank experiment was conducted under a
nitrogen atmosphere by adding catalyst (0.1 g) and D,O (2 mL) to centrifuge tube (5
mL), followed by sonication for 5 minutes. The solid was separated by centrifugation
and treated again with D,O (2 mL) to eliminate residual water. The sample was
immediately sealed and centrifuged, with half of the supernatant used as a control and

the other half suspended as the sample. During the interaction between the catalyst



and ozone, after removing residual water from the solid sample, Ozone (30 mg/L) was
bubbled into the centrifuge tube under initial conditions of pD 7. The sample was
immediately sealed and centrifuged. The solid concentration during this process was
100 g/L. Infrared spectra in the range of 4000-650 cm™ were obtained at room
temperature through 32 scans, with a resolution of 4 cm™!.

X-ray photoelectron spectroscopy (XPS; AXIS Ultra, Kratos Analysis Co., Ltd.)
was used to analyze the chemical bonding state and valence of the elements in the
MFB before and after reaction, where the instrument is equipped with hemispherical
electron analysis and Mg Ka (h, = 1253.6 eV) X-ray source. The C 1s peak (248.6 ¢V)
of the samples was used as the internal standard to correct the electron binding energy
(B. E.) value.

The surface oxygen species of the catalyst were analyzed using Raman
spectroscopy (inVia-reflex, Renishaw). 0.1 g catalyst powder (0.1 g) was mixed with
water (3mL) in two separate groups: one group without ozone (blank) and the other
group exposed to ozone (experimental group). Sample (0.5 mL) was extracted and
placed into reaction cell for analysis. The Raman spectrometer utilized a laser with
wavelength of 532 nm, scanning the samples from 400 cm! to 1200 cm! with

resolution of 1 cm™! and acquisition time of 30 s.



Text S2 Catalytic ozonation and decomposition experiments.

The cylindrical glass reactor used for the experiments had a diameter of 4.0 cm and
a height of 22.0 cm, resulting in an effective solution volume of 276.0 mL. To
generate ozone, an ozone generator (3S-AS, Tonglin China) was utilized, and the
ozone concentration in the gas phase was measured using an ozone analyzer (GM-
6000-OEM, Anshan Ansiros Environmental Protection Co., Ltd, Anshan, China). To
ensure a stable ozone gas concentration, the ozone generator was operated for 30 min
before the catalytic ozonation process.

Initially, an IBP solution with a concentration of 13.1 mg/L in 200 mL was added
to the reactor, followed by the introduction of a specific mass of particle catalyst.
Subsequently, ozone was continuously supplied to the reactor through a microporous
aeration plate at a flow rate of 100 mL/min. The initiation of the reaction occurred
upon the introduction of ozone.

At specified time intervals, samples were extracted from the reactor and
immediately quenched using Na,SO; (0.1 mM). These samples were then filtered
through a 0.45 um filter, which exhibited no adsorption of IBP and total organic
carbon (TOC). The concentrations of IBP and TOC were subsequently determined
separately. It is important to highlight that in this study, IBP was exclusively used as a
probe to assess the performance of the proposed catalysts. The predetermined
concentration of IBP, contributing to 9.9 mg/L TOC, was chosen to simulate the water

quality of secondary effluent in a typical pharmaceutical wastewater treatment process.



By using the secondary effluent from the pharmaceutical wastewater treatment
process as the matrix, the IBP concentration decreased to 1.0 mg/L, thus simulating
the pharmaceutical wastewater.

The experiment was conducted in the aforementioned reactor using a similar ozone
input procedure as described earlier. The only difference was that IBP was not added.
After achieving a stable dissolved ozone concentration in ultrapure deionized water,
the ozone generator was switched off. Samples were then collected at specific time
intervals and passed through a 0.45 pum filter. These filtered samples were used to
determine the dissolved ozone concentration using the indigo method !> 2. Firstly, the
absorbance of the ozone-free water sample was measured at 612 nm using UV-visible
spectrophotometer. The absorbance of the sample obtained after dilution was denoted
as A. Next, the absorbance of the sample containing dissolved ozone was measured.
Specifically, the sample (1.0 mL), along with the indigo disulfonate sodium solution
(1.0 mL, 0.5 g/L) and the phosphate buffer solution (5.0 mL), were added to
colorimetric tube (25 mL) and diluted with deionized water. The absorbance of the
resulting sample, which represented A;, was measured. Finally, the concentration of
dissolved ozone (Cp3) was calculated using Eq. (S1).

Cos= (AI-A()) x60 (Sl)
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Text S3 Analytical methods.

The concentration of IBP in water was measured using an HPLC (Waters-2695,
Waters Corporation, USA) system equipped with a UV detector (Waters-2998,
Waters Corporation, USA) operating at a wavelength of 612 nm. The
chromatographic separation was performed using a C18 column (Agilent Corporation,
USA). To determine the residual total organic carbon (TOC) in the solution, a TOC
analyzer employing differential subtraction was utilized. This analysis involved
maintaining an oxygen pressure of 200 Pa and an oxygen gas flow rate of 130
mL/min.

COU, Amplex red, and NBD-CIl were utilized as probe molecules to measure the
concentrations of hydroxyl radicals (*OH), hydrogen peroxide (H,0,), and superoxide
radicals (*O,") formed, respectively 3-°. The fluorescence intensity was detected by
recording the fluorescence emission spectrum using a fluorescence spectrophotometer
(F-7000, Hitachi, Japan). The corresponding detailed procedures for the above
analyses were described in Text S7 of the respective studies. Furthermore, the
concentration of dissolved metal ions was determined using an atomic absorption

spectrophotometer (AA-6880F, Shimadzu, Japan).
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Text S4 Quantitative analysis of formed ROS.

The use of coumarin (COU) as a probe was employed to measure the concentration
of hydroxyl radicals ([*OH]), which resulted in the production of fluorescent 7-
hydroxycoumarin (7-HC) through COU's selective reaction with *OH, as depicted in
Eq. (S2). Specifically, a 200 mL solution of coumarin with a concentration of 20
mg/L was introduced into the reactor. At specific intervals, samples were taken from
the reactor and treated with Na,SO; solution (10.0 mM), then filtered using a vial
through a 0.22 pum PTFE filter that did not impact the final analysis. [7-HC]
concentration was quantified using a fluorescence spectrometer (F-7000, Hitachi,
Japan) with excitation at 332 nm and detection of 7-HC's fluorescence intensity at 455

nm, with the slits set to 5.0 nm?3.

/0 HO ()\ 0

Coumarin (COU) 7-hydroxycoumarin (7-HC) (S2)

To determine the concentration of superoxide radicals ([*O,7]), a probe called 4-
chloro-7-nitrobenzofurazan (NBD-CI) was selected, which resulted in the formation
of a fluorescent product through the reaction between <O, and NBD-CIl. The
fluorescence intensity of this product was measured by recording the emission
spectrum using a fluorescence spectrometer (F-7000, Hitachi, Japan), with excitation
at 470 nm. The formation of the NBD-CI product was confirmed by reacting NBD-CI
with KO,, which served as a source of superoxide ions. The amount of superoxide ion

radicals was quantified by plotting the fluorescence at 550 nm against the
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concentration of *O,  using a fixed concentration of 20 mg/L NBD-Cl and varying
concentrations of KO,. Prior to analysis on the fluorescence spectrometer, all aqueous
samples (1 mL) were mixed with acetonitrile (2 mL). Amplex red, an effective probe
in aqueous of H,O,, selectively reacted with H,O, (Eq. (S3)) to form fluorescent
Resorufin that was able to be detected by fluorescence spectrometer (F-7000, Hitachi,
Japan). In detail, after pre-purge with ozone, IBP were then added into the solution
simultaneously to acquire the required concentrations. At certain time intervals,
samples (1 mL) were withdrawn from the reactor and immediately added into 3.0 mL
Amplex red solution (20 mg/L), reacting for 30 min and then analyzed with F-7000
Fluorescence Spectrometer at 587 nm (excited at 563 nm). Both the emission and

excitation slits were set to 5.0 nm.
OH F OH HO 0\ 0
| -CH;COOH
x 2 =
N ah N
| CH H,0, -H,0

Amplex red Resorufin (S 3 )
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Text S5 The calculation methods for energy consumption and ozone utilization

efficiency.

P*Q, [[0,],,dt

1000*¥ *log <
c, (S4)

EEC =

where, [O;];, is the gaseous Os concentration in the inlet, V' is the volume (as 0.2 L
in study). P is the energy required to generate O3 through the ozone generator, (32

kWh/kg O5); ¢ is the sampling time (min).

I tO[Q(03)([03 Jin =[O, Jour)Jdt = V[ O, ldissotve)

OUE = ,
[1010,[0;Judt

(S5)

where, [Os];, is the gaseous O3 concentration in the inlet and [O3],y is the gaseous
O; concentration in outlet, Qo3 is the gas flow (as 100 mL/min in study); V is the
volume (as 0.2 L in study). P is the energy required to generate O through the ozone

generator, (32 kWh/kg O5); ¢ is the sampling time (min).

Text S6 Binding energy calculation.
The model calculates the adsorption energy of molecular ozone according to Eq.
(S6), where Eii, Equface, and Eqgz refer to total energy of whole system, the pure

surface, and energy for O; molecule. The charge density is calculated using Eq. (S7).

AE,=E

total

E

surface

o (56)
Ap =P, O; /surface L, Oy P, surface (S7)

Where, possurfaces Po3> and Psurface are the charge densities of the configuration after
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Oj; is adsorbed on the surface.
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Text S7 Load optimization of CuMn,0,@WAC and CuMn,0,@CSAC.

In order to get best performance, the active component loading amount was
optimized and results were shown in Fig. S4(a)-(b). When the loading amounts of Mn
and Cu were 1.5 wt.% and 0.73 wt.%, respectively, the removal efficiency of IBP and
TOC were 98.7% and 64% in catalytic ozonation by CuMn,0,@WAC, respectively.
Increasing the loading amounts to 6.0 wt.% and 2.92 wt.%, resulted in higher removal
efficiency of IBP (99.9%) and TOC (84%). However, further increasing the loading
amounts to 12.0 wt.% of Mn and 5.84 wt.% of Cu, did not lead to significant
development on the removal efficiency of IBP and TOC. Therefore, it was determined
that the optimal loading amount was 6.0 wt.% of Mn and 2.92 wt.% of Cu by using
CuMn,04@WAC in catalytic ozonation.

When using CuMn,04@CSAC in catalytic ozonation, the best loading of active
component was optimized as 6.0 wt.% Mn and 2.92 wt.% Cu (Fig. S4(c)-(d)). When
the loading was less than this, the removal efficiency of IBP and TOC increased to
99.9% and 82%, respectively, when the loading amount increased. When the loading
increased to 12.0 wt.% Mn and 5.84 wt.% Cu, the performance did not improved well
for both the removal efficiency of IBP and TOC.

Increasing the loading amount enhances the content of active sites on the catalyst's
surface, thereby improving the catalytic ability of ozone decomposition and
accelerating this process, further increasing the production of *OH (Eqgs. (S8)-(S11)).
On the other hand, when the loading amount continues to increase, it may cause
aggregation of catalyst particles, reducing the contact area between ozone and the
active sites on the catalyst's surface, thereby inhibiting the formation of *OH and
impeding the degradation of IBP.

M-OH+0, — M-0,H +0, (S8)
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M-0,H"+0, — ‘HO,+M--0,’ (S9)
M--0, +OH +0, — M-OH+0,+0, (S10)

H*+0, —-HO, - 0,+OH (S11)

Text S8 The economic analysis of CuMn,0,@WAC and CuMn,0,@CSAC.

The economic analysis of this study considers the costs associated with preparing
CuMn,0,@WAC and CuMn,04@CSAC catalysts, including raw material expenses,
reagent costs, and electricity fees, as well as the production costs of ozone, primarily
involving industrial oxygen and electricity consumption. Furthermore, taking into
account the catalysts' reusability and estimated lifespan contributes to a more
comprehensive assessment of the economic benefits and sustainability of the entire
wastewater treatment process. These cost and benefit analyses are crucial for devising
effective wastewater treatment strategies and resource management, ensuring the
economic efficiency and environmental friendliness of the treatment process.

The cost of ozone production mainly includes the raw material cost of oxygen and
electricity consumption. Calculated at an industrial oxygen price of 1000 CNY/ton,
producing 1 ton of ozone requires 12000 CNY for the cost of oxygen. Based on the
parameters of the ozone generator using oxygen as the gas source, the electricity
consumption of the ozone generator ranges from 6 to 10 kWh/kg O;. Calculated at an
industrial electricity price of 0.5 CNY/kWh, the cost of ozone production is 5000

CNY/ton, resulting in a total unit cost of 17000 CNY/ton. The cost of preparing

17
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CuMn,0,@WAC and CuMn,O4@CSAC catalysts includes raw materials and
electricity expenses. The required materials for preparing 1 ton of CuMn,04@WAC
and CuMn,04@CSAC catalysts include WAC (6000 CNY/ton), CSAC (10000
CNY/ton), copper nitrate, manganese nitrate dihydrate, oxalic acid, etc., with
electricity costs calculated at 640 CNY/ton. The catalysts are reusable, with an
estimated lifespan of approximately 534 hours. The required catalyst dosage for
treating 1 ton of pharmaceutical wastewater is 0.42 kg/ton. The ozone required for
degrading unit COD can be found in Eq. S12. The detailed standard cost of treating 1
ton of water using a combination of ozone and catalytic oxidation processes is

presented in Table S4.

tx 0y, ><|:O3]in x107
V=€, C, x10°

Ozone consumption (kg/kg COD)=
(S12)

Where t represents the reaction time, which is 90 minutes in this study; Qq; stands

for the flow rate of gaseous ozone, which is 0.1 L/min in this study; [O;];, indicates

the concentration of gaseous ozone at the inlet, which is 5 mg/L in this study; V

represents the volume of the reaction solution, which is 0.2 L in this study; C, denotes

the initial COD (mg/L), and C; represents the COD at time t (mg/L).
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Text S9 Calculation of ozone mass transfer parameters.
There is a Eq. S13 according to the mass balance of dissolved ozone within the

reactor.

d[o, ]
dt

=KLa([O3T '[03 ls )-K, [03] (S13)

Where k;, is the overall volume mass transfer coefficient (min'!), k4 is rate constant
(min!) of the O; decomposition, [O;]* is the concentration (mg/L) of saturated
dissolved ozone, [Os]; is the concentration of steady-state ozone (mg/L), and [O;] is
the actual concentration of dissolved ozone in the liquid phase (mg/L) over a defined

time.

d[0s]

When the concentration of solute reaches a stable state, cumulative term  dt is

tends to Eq. (S13) is transformed into Eq. (S14).
K,C.=K, ([0, -[0,]) (S14)
Since the reaction liquid film is controlled, the interfacial concentration [03] g
equal to [O3]*, [Os]* is the concentration (mg/L) of saturated dissolved ozone in

water under certain conditions. Eq. (S13) and Eq. (S14) are respectively converted to

Eq. (S15) and Eq. (S16), respectively.

d%LKLa([OJ-[Oz])-Kd [0.] (815)
K.C.=K, ([0,]-[0,]) (S16)

And then, Eq. (S17) is obtained by deforming from Eq. (S16).

(S17)

Combinating the Eq. (S16) and Eq. (S17) to obtained Eq. (S18) and Eq. (S19).
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dEd(i3]:KLa([O3 ] K., +K,) [0, )-X, [0,] (S18)
B) o, 10,9k, + 5 19

Integrating both sides of the equation, and when the initial condition is [O3]=0

mg/L, Eq. (S20) and Eq. (21) are obtained.

| m [0,]= [(K,, +K,)dt (S20)
o1 .
In O.1.0] (K, +K)t (S21)

kr.+kq can be used as a slope for linear regression fitting, subtracting the value of
the k4 to give kz,. When the conveying of Oj; is stopped, Eq. (S15) transformed to Eq.
(S22).

d[o.]

dt = d[OB] (522)

Integrating Eq. (S22), with the initial condition [O5]=0 mg/L, Egs. (S23) and (S24)

were gotten.

1
L _4[0,1= [k, dt (S23)
o]
.1
Tl Sy (S24)
o]
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Text S10 The XRD patterns of CuMn,0,@WAC and CuMn,0,@CSAC.

Two distinct diffraction peaks appeared at 23.7° and 43.7° on the surfaces of WAC
and CSAC, respectively, indicating that both ACs have amorphous carbon structures ©.
The characteristic peaks of CuMn,0,4 (JCPDS 42-1169) were observed at 28.9°, 37.4°,
and 56.8° on the surfaces of both WAC and CSAC, indicating successful loading of

CuMn, 0, onto the activated carbons.

Text S11 The N, adsorption-desorption isotherms.

The N, adsorption-desorption isotherms of the four ACs showed type I isotherms,
indicating that they were microporous materials. The adsorption capacity of the four
ACs decreased in the order of CBAC > WAC > CSAC > FSAC. The ranking of ACs
adsorption capacity was generally consistent with its adsorption characteristics for
IBP, as well as its catalytic properties in the decomposition of IBP, the relationship

between AC adsorption and catalysis can be seen in Fig. S10(a).

Text S12 The SEM images.

The SEM images in Fig. S11(a) showed that surface of WAC had a large number of
pores, which was beneficial for the loading of metal oxides. After being loaded with
CuMn,0y (as shown in Fig. S11(b)), the surface and pores of the WAC were blocked
by nanoscale particles, resulting in the appearance of agglomerated particles on its
surface. Before being loaded (as shown in Fig. S11(c)), CSAC had fewer pores. After
being loaded with CuMn,O, (as shown in Fig. S11(d)), the surface of the CSAC
became rough and uneven, with increased surface pores and the appearance of

numerous irregular agglomerated particles.
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Text S13 The EDS results.

Furthermore, the EDS results (Fig. S12(a)) indicated that the surface of WAC had
an even distribution of oxygen (19.73%) and carbon (80.27%) elements. After loading
with CuMn,0O,4, Mn and Cu elements appeared on the surface of WAC (Fig. S12(b)).
The contents of Mn and Cu on the surface of CuMn,O4@WAC was 4.57% and 2.11%,
respectively (Table S9). As shown in Table S9, the surface of CSAC also exhibited an
even distribution of O (19.73%) and C (80.27%) elements, respectively. After loading
with CuMn,Qy,, the contents of Mn and Cu on the surface of CuMn,04@CSAC were
4.17% and 2.15%, respectively. Additionally, the atomic ratios of Mn/Cu on
CuMn,04@WAC and CuMn,04@CSAC were 2.1 and 1.9, respectively. which was

closed to the theoretical value of CuMn,04@WAC and CuMn,O4@CSAC.

Text S14 The XPS full survey spectrum of ACs.

Fig. S13(a) presented the XPS full survey spectrum of the four types of AC. The
main elements detected in all AC samples were C and O. However, after loading with
CuMn, 0y, characteristic peaks attributed to Mn and Cu elements also appeared on the
surface of both WAC and CSAC, alongside C and O elements. Table S10 provided
the compositions of WAC, CSAC, CuMn,O4@WAC, and CuMn,O4@CSAC. The
content of Mn and Cu elements on CuMn,O4@WAC was 0.42% and 0.19%,
respectively, with a Mn (at.%):Cu (at.%) ratio of 2.2 (theoretical value = 2). Similarly,
on CuMn,O4@CSAC, the content of Mn and Cu elements was 0.62% and 0.32%,
respectively, and the Mn (at.%):Cu (at.%) ratio was 1.9 (theoretical value = 2) (Table

S10).
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Table S1 Reaction rate constant of ozone molecule and hydroxyl radical with

IBP, AMX, CIP, CBZ.

Molecular ~ Ozone molecule Hydroxyl radical
Compound Ref. Ref.
formula k (L/ (mol-s)) k (L/ (mol-s))
IBP CisH 130, 7.2 7 9.6x10° 8
AMX Ci6H19N3O5S 7x10° 9 2.02x10° 2
CIP C,7H;gO 2x10° 10 6.2x10° 1
CBZ C15H15N20 3x10° 12 2.1x10° 13
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Table S2 Removal efficiency of typical refractory organics by catalytic ozonation reported by literature.

kobs, normalize

EEO ki
Compounds Catalyst Operating conditions kops (min')  (per mg/L pollutant Ref.
(kWh/m3)  (min")
concentration)
V=2L
O; gas flow = 1.0 L/min
[O3]in = 10 mg/L
Humic Acid Fe/Zeolite 0.16 0.0053 320 - 14
HA =30 mg/L
catalyst dosage = 0.75 g/L

t=30 min

V=25L
Humic Acid Fe/MgO 0.15 0.003 2 R— 15

O; gas flow = 2.35 L/min

24



Coal
gasification

wastewater

Sulfanilamide

Fe-Mn@

Lava rocks

CeO,@Si0,

[O3]in=17.8 mg/L
HA =50 mg/L
catalyst dosage = 10 g/L
t=60 min
V=2000 L
O3 gas flow = 3.0 L/min
[Os3]in = 88.5 mg/L
COD = 3200 mg/L
catalyst dosage = 40 g/L
t=120 min
V=1L

O3 gas flow = 1.0 L/min

0.01 0.000003

0.17 0.017

25

11.0

0.451

17



Cu—MnOy/ v -
Nitrobenzene
Al,O4
MnxCul-
Pyridine

XOY/ Y -A1203

[O3]in =0.8 mg/L
sulfanilamide = 10 mg/L
catalyst dosage = 0.2 g/L

t=120 min
O; gas flow = 1 L/min
QL =1L/min

[03]in =75 mg/L

0.19 0.0015
Nitrobenzene =125 mg/L
catalyst dosage = 15 g/L
t=40 min
O; gas flow = 1.0 L/min,
0.03 0.00011

V=IL

26

9.0

33.6



NO adding
target organic

probe

Ciprofloxacin

Fe - Mn -

Cu/y -A1203

CeOX@ Y -

ALO;

[O3]in = 35 mg/L
pyridine = 270 mg/L
catalyst dosage = 340 g/L
t=60 min
O; gas flow = 1.0 L/min,
V=2 L
[03]n=60mg/L - e
catalyst dosage = 340 g/L
t=10 min
0O; gas flow =0.02 L/min
V=0.6 L 0.57 0.0114

[03]in: 14 mg/L
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6.4

0.696

0.626

20
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Fe-Co@foam
Acid Red B
block
CuMn,O4@
Ibuprofen
WAC

CIP=50 mg/L
catalyst dosage = 80 g/L
t=100 min
O; gas flow =3 L/min
V=3 L

[03]in:20 mg/L

0.158
ARB=600 mg/L
catalyst dosage = 80 g/L
t=12 min
O; gas flow =0.1 L/min
V=0.2 L 0.113

[03]in:5 mg/L
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0.00026

0.0086

0.80

0.400

0.381
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IBP=13.1 mg/L
catalyst dosage = 125 g/L
t=60 min

O; gas flow =0.1 L/min

V=0.2 L
CuMn,O4@ [O3]in=14 mg/L
Ibuprofen 0.093 0.0071
CSAC IBP=13.1 mg/L

catalyst dosage = 125 g/L

t=60 min

1.11

0.362

This work
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Table S3 The water quality parameters of the secondary effluent of

pharmaceutical wastewater.

COD NH;-N
SS (mg/L) TN (mg/L)
(mg/L) (mg/L)

pH TDS (mg/L)

100.00 67.00 36.85 13.35

8.23 4233.00

30



Table S4 Catalyst cost and operating expenses.

Ozone Ozone Cost Catalyst Catalyst Cost  Ozone Cost ~ Catalyst Cost Total Cost
Process Type Consumption (CNY/kg Dosage (kg/ton ~ (CNY/ton) (CNY/ton (CNY/ton (CNY/ton
(kg/kg COD) COD) ) water) water) water)
Ozonation 12.50 212.5 0 0 21.25 0 21.25
Ozonation by
CuMn,0,@WAC 5.63 95.7 0.42 10886 9.57 4.30 13.87
Ozonation by
6.82 115.9 0.42 14886 11.59 5.98 17.57

CuMn,04@CSAC
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Table S5 Metal ions leaching in catalytic ozonation and the effect of the

operation time on this.

Times of CuMn,0,@WAC CuMn,0,@CSAC
Time
catalyst T[Cu] T[Mn] T[Cu]
(min)  T[Mn] (mg/L)
uses (mg/L) (mg/L) (mg/L)
5 0.19 0.72 0.49 0.67
30 0.17 0.71 0.45 0.63
1 60 0.14 0.64 0.39 0.63
90 0.16 0.62 0.41 0.64
120 0.17 0.80 0.35 0.63
5 0.14 0.71 0.35 0.66
30 0.15 0.68 0.30 0.65
2 60 0.20 0.64 0.45 0.64
90 0.19 0.63 0.42 0.63
120 0.27 0.63 0.36 0.66
5 0.47 0.98 0.35 0.65
30 0.39 0.62 0.44 0.64
3 60 0.25 0.63 0.50 0.72
90 0.20 0.61 0.47 0.66
120 0.41 0.65 0.58 0.72

4 5 0.20 0.62 0.58 0.81
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Times of CuMn,04,@WAC CuMn,04@CSAC

Time
catalyst T[Cu] T[Mn] T[Cu]
(min)  T[Mn] (mg/L)
uses (mg/L) (mg/L) (mg/L)
30 0.22 0.61 0.53 0.80
60 0.27 0.61 0.55 0.74
90 0.24 0.61 0.47 0.66
120 0.57 0.66 0.58 0.66
5 0.20 0.71 0.47 0.72
30 0.22 0.68 0.49 0.66
5 60 0.27 0.64 0.55 0.64
90 0.24 0.63 0.56 0.72
120 0.57 0.63 0.58 0.66

Experiment condition: ozone dosage=5 mg/L, gas flow rate =100 mL/min, volume=200 mL,

catalyst particles packed rate =10%.
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Table S6 Metal ions leaching in catalytic ozonation in the presence of solid
catalsyt reported in the published literature.
Operating Loading Leaching  Solubility
Catalyst Ref.
conditions (g/kg) (mg/L) ratio (%)
V=IL
Mn- pH=6.3

[Mn]=35.1 [Mn]=0.39 Mn=0.014
CeOx@ catalyst dosage =

[Ce]=53.4 [Ce]=0.16  Ce=0.037
v-Al,05 80 g/L

t=120 min

23

V=0.2L

pH=3

CuO/SiO,  catalyst dosage = [Cu]=30 [Cu]=0.30 Mn=0.20

5¢g/lL

t=30 min

24

V=0.2 L
pH=3
Ag,0O/810,  catalyst dosage = [Ag]=36 [Ag]=7.0 Ag=3.8
5¢/L

t=30 min

24

Cu@hydrot V=0.4L
[Cul]=81 [Cul]=50 Cu=6.17
alcite pH=3

25
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catalyst dosage =
10 g/L

t=30 min

Fe-

Ni/MAC

catalyst dosage =
10 g/L

t=90 min

[Fe]=82  [Fe]=2.30

[Ni]=67  [Ni]=3.50

Fe=0.023

Ni=0.050

26

Ce-Ti-

Zr@SA

V=0.5L
pH=3
catalyst dosage =
5¢g/L

t=120 min

[Ce]=121  [Ce]=0.04

Ce=0.007

27

Pt/Al,0O4

V=0.5L
pH=3
catalyst dosage =
10 g/L

t=120 min

[Pt]=10 [Pt]=10

Al1=0.050

28

Fe/ A1203

V=0.5L
catalyst dosage =

1 g/L

[Fe]=87  [Fe]=0.05

[Fe]=0.05

29
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t=120 min

V=0.5L
catalyst dosage =
Ni/AlLLO;
1 g/L

t=120 min

[Ni]=128

[Ni]=2.00

[Ni]=1.0

30

V=0.5L
catalyst dosage =
Cu/ A1203
1 g/L

=120 min

[Cu]=35

[Cu]=5.2

[Cul=14.85

30

V=02L

pH=6.3
CuMn,0y4
catalyst dosage =
@WAC
125 g/l

t=120 min

[Mn]=10.8

[Cu]=5.3

[Mn]=0.44

[Cu]=0.18

Mn=0.03

Cu=0.027

This work

V=0.2L

pH=6.3
CuMn,0y4
catalyst dosage =
@CSAC
125 g/L

t=120 min

[Mn]=4.5

[Cul=12.3

[Mn]=0.24

[Cu]=0.63

Mn=0.042

Cu=0.041

This work
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Table S7 Related parameters in Mass transfer of ozone in the sole ozonation or

catalytic ozonation.

Ozone
Reaction Support or (Kqt+K1a) Ky Ky,
dosage
type Supporting Catalyst ~ (min!) (min-") (min-!)
(mg/L)
Sole
S — 0.272 0.091 0.181
ozonation
Catalytic 5 WAC 0.886 0.532 0.354
ozonation
Catalytic 5 CSAC 0.807 0.491 0.316
ozonation
Catalytic 5 CuMn,04,@WAC 0919 0.538 0.381
ozonation
Catalytic 5 CuMn,04@CSAC 0.920 0.558 0.362
ozonation
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Table S8 Specific surface area and pore size of studied activated carbon and its

supported catalyst.

Specific Total pore ~ Micropore
Average pore size
Sample name surface area  volume volume
(nm)
(m*/g) (cm’/g) (cm?/g)
CBAC 995.811 0.498 0.353 3.823
WAC 872.652 0.367 0.328 3.810
CSAC 718.662 0.305 0.263 3.821
FSAC 245.202 0.126 0.080 3.410
CuMn,04@WAC 793.617 0.332 0.293 3.801
CuMn,04@CSAC 717.601 0.303 0.261 3.189

Table S9 Analysis of elemental content of activated carbon and its supported

catalyst.
WAC CSAC CuMn,0,@WAC CuMn,0,@CSAC
Element
(wt.%) (wt.%) (wt.%) (wt.%)
0O 19.73 21.73 17.21 18.45
C 80.27 78.28 76.11 75.25
Mn e 4.57 4.17

Cu e 2.11 2.15
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Table S10 Elemental composition of activated carbon and supported catalyst.

Catalyst C (at. %) O (at. %) Mn (at. %) Cu (at. %)
CBAC 92.31 7.69 - -
WAC 90.26 9.74 --- -
CSAC 92.49 7.51 --- -
FSAC 84.82 15.18 - -
CuMn,04@WAC 87.80 11.77 0.42 0.19
CuMn,04@CSAC 92.02 7.21 0.62 0.32

Table S11 Relative amount of Cu/Mn of activated carbon supported catalyst

obtained from XPS energy spectrum.

Sample name Mn3*/Mn* Cu'/Cu?* Mn/Cu

CuMn,04@WAC 2.12 0.87 2.2 (theory 2)

CuMn,04@CSAC 1.77 0.27 1.9 (theory 2)
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Table S12 Relative amount of potenial active components in activated carbon

and its supported catalyst obtained from XPS energy spectrum.

-C=0
C=C/C-C -C-0O-C- 0O-C=0
Sample name content (%
content (%) content (%) content (%)
)
CBAC 63.35 15.70 10.77 10.18
WAC 63.78 12.78 11.74 8.70
CSAC 64.90 13.02 13.09 8.99
FSAC 62.80 24.02 10.69 2.49
CuMn,04,@WAC 61.34 21.37 11.07 6.22
CuMn,0,4@CSAC 62.12 22.37 10.39 5.12

Table S13 The related content of MeO-D hydrogen bond observed by ATR-FITR

of the catalyst surface w/o the molecule ozone.

Peak area
Sample name
Before reaction After reaction
WAC 29.77 35.26
CSAC 30.09 38.18
CuMn,0,@WAC 44.74 73.99

CuMn,04@CSAC 46.27 75.84
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Table S14 Relative amount of the surface chemical functional group of activated

carbon supported catalyst.

Carboxyl group Lactone group Phenolic hydroxyl
Sample name
(mmol/g) (mmol/g) group (mmol/g)

CBAC 1.5633 0.07125 0.075

WAC 1.175 0.15 0.2

CSAC 1.425 0.05 0.225

FSAC 0.7 0.1 0.175
CuMn,04@WAC 0.8 0.01 0.0375
CuMn,04,@CSAC 0.725 0.025 0.075
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30 mmol Mn(NQ3), 4H,0 67.5 mmol citric acid

/

‘?';2 1023 K
|5 -

-

400 r/min ’

5 mol/LL NaOH

15 mmol Cu(NOj), CuMn,0,@AC

45 mmol Co(NO3), 6H,0

\A o 2 o TBK &
+ ey — — —,
$hod- - 5
- —— CEmemea

400 r/min ’ 400 r/min

15 mmol KMn,0, MnO,-Co,0, 30g AC MnO,-Co;0,@AC

Fig. S1. Synthesis schematic of CuMn,04 and MnO,-Co30, supported catalysts

i ke I CuMn:04/AC
Os off-gas Y
Secondary effluent : : ’ g Vo
of pharmaceutical | : #
wastewater : : /7 :
| | |
| 02 | |
| = 83| Catalyst :
| | ¥
u_ .l | | |
Influent Pump Ozone generator Reactor Effluent

Fig. S2 Schematic diagram of the catalytic ozonation experiments installation.
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Fig. S3 IBP removal efficiency (a), mineralization (b), obtained ks value (min!) (c)

and TOC removal efficiency (d) by catalytic ozonation. Experimental conditions:

[IBP]=13.1 mg/L, ozone dosage =5 mg/L, gas flow rate =100 mL/min, volume=200

mL, catalyst particles packed rate =10%.
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Fig. S4 Removal efficiency of IBP (a), AMX (b), CIP (c), CBZ (d) by supported

catalysts, performance (e) and cost analysis (f) in catalytic ozonation. Experimental

conditions: [IBP]=[AMX]=[CIP]=[CBZ]=0.065 mol/L, ozone dosage =5 mg/L, gas

flow rate =100 mL/min, volume=200 mL, catalyst particles packed rate =10%.
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Fig. S5 Removal efficiency and mineralization of IBP by catalytic ozonation of WAC
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Fig. S6 Evolution of ozone utilization efficiency (a) and energy consumption (EEC)
(b) in IBP degradation by catalytic ozonation. Experimental conditions: [IBP]=13.1
mg/L, ozone dosage =5 mg/L, gas flow rate =100 mL/min, reaction volume=200 mL,

catalyst particles packed rate =10%.
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Fig. S7 Removal efficiency of IBP (a), AMX (b), CIP (c), CBZ (d) by catalytic
ozonation by supported catalysts in the secondary effluent of pharmaceutical
wastewater. Experimental conditions: [IBP]=[AMX]=[CIP]=[CBZ]=0.0065 mol/L,
ozone dosage =5 mg/L, gas flow rate =100 mL/min, volume=200 mL, catalyst

particles packed rate =10%.
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Fig. S8 The reusability evaluation of CuMn,04,@WAC (a, b) and CuMn,04,@CSAC
(c, d). Experimental conditions: [IBP]=13.1 mg/L, [AMX]=26.6 mg/L, ozone dosage

=5 mg/L, gas flow rate =100 mL/min, volume =200 mL, catalyst particles packed rate

=10%.
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Fig. S9 The effect of ozone concentration on ozone dissolution (a) and ozone
dissolution dynamics (b); effect of ozone concentration on the ozone decomposition

in deionized water (c¢) and ozone decomposition kinetics (d).
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Fig. S12 SEM images of WAC (a) CuMn,O,@WAC (b) CSAC (c) and

CuMn,04@CSAC (d).
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Fig. S13 EDS spectrum of WAC (a) CuMn,0,@WAC (b) CSAC (c) and

CuMn,0,@CSAC (d).
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Fig. S14 XPS full spectrum of activated carbon and activated carbon supported

CuMn,04 (a) and XPS spectra of activated carbon-supported CuMn,QOy: (b) C 1s, (c)
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Fig. S15 The geometry structure of (a) pristine crystal plane (311), Mn-Oy plane (b)

and Cu- Oy plane (c). Red: oxygen atom; Blue: copper atom, Purple: manganese atom
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Fig. S16 Reaction mechanism of activated carbon supported CuMn,O, catalytic

ozonation of refractory organics in wastewater.
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