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1. Experimental
1.1 Materials

The MCE substrate membrane (pore size = 0.2 µm) was purchased from Tianjin JINTENG Technology 
Co., Ltd. Potassium peroxymonosulfate (PMS, KHSO5) was purchased from Titan Scientific, China. 
Cobalt nitrate hexahydrate (Co(NO3)2.6H2O), 2-methylimidazole (2-MI), sulfuric acid (H2SO4, AR), 
sodium hydroxide (NaOH), sodium chloride (NaCl), sodium nitrate (NaNO3), sodium sulfate (Na2SO4), 
sodium bicarbonate (NaHCO3), tert-butyl alcohol (TBA), p-benzoquinone (p-BQ), 5,5-Dimethyl-
pyrroline-N-oxide (DMPO), and 2,2,6,6-tetramethyl-4-piperidinol (TEMP) were obtained from Macklin, 
China. Tetracycline (TC), oxytetracycline (OTT), sulfamethoxazole (SMZ) and carbamazepine (CBZ) 
were supplied by Shanghai Yuanye Bio-Technology Co., Ltd. Methylene blue (MB, AR), rhodamine B 
(RhB, IND), bisphenol A (BPA), methanol (MeOH, ≥99.5%) and dimethyl sulfoxide (DMSO) were 
purchased from Aladdin Industrial Corporation. Ranitidine (RNTD) was received from Tokyo Chemical 
Industry Co. Ltd. Single layer graphene oxides (GO) aqueous dispersion was supplied by Hangzhou Gaoxi 
Technology Co. Ltd. Ultrapure water was obtained from a Milli-Q device and used to prepare solutions.

1.2 Catalyst synthesis and membrane fabrication
The Co(OH)2 hexagonal nanosheets were fabricated via a green and facile method as  depicted in Fig. 

1(a). 145.5 mg Co(NO3)2•6H2O and 275 mg 2-MI were respectively dissolved in 30 mL pure water and 
quickly mixed together. The solution was kept under constant stirring for 24 hours, after which the solids 
were collected and washed via centrifugation (7500 rpm for 10 min) for 3 times. Then the products were 
dried in a vacuum oven at 60℃ for hours. Composite catalysts (Co(OH)2/rGO) were prepared with the 
similar protocol, during which the cobalt salt was dissolved in 20 mL water and 10 mL of GO solution (1 
mg/g) was added at the same time. Pristine ZIF-67 was obtained through quickly mixing the precursor 
solution and keeping the mixture in undisturbed settlement for 1 hour.

To fabricate catalytic membrane, 6.3 mg prepared catalysts were thoroughly dispersed in 200 mL water 
via bath-sonication. Then the dispersion solution was rapidly filtered through a mixed cellulose ester 
(MCE) substrate (diameter = 5 cm, pore size = 0.22 μm) with assistance of a vacuum pump, and the 
catalysts could then be loaded on the membrane surface with an effective area of 12.56 cm2. All the 
prepared membranes were dried at 60℃ before use.

1.3 Characterization
Scanning electron microscopy (SEM) images were obtained from QUANTA 200 equipped with an 

energy dispersive spectroscopy (EDS). X-ray diffractions (XRD) of both catalyst powders and catalytic 
membranes were measured and recorded on Japan Ultima VI with Cu-Kα radiation. The scanning rate was 
5°/min and the scanning range was 5~90°. Brunauer-Emmett-Teller (BET) equation and the nitrogen 
adsorption technique (ASAP 2460) were adopted to acquire the specific surface area and pore size 
information of catalysts. The surface element chemical states of catalysts were characterized by X-ray 
photoelectron spectroscopy (XPS) on US Thermo Scientific K-Alpha. Raman analysis (WiTech alpha 
300R) was used to obtain structure information of the composite materials. The detection of active species 
generated in the catalysis processes was performed on an electron paramagnetic resonance (EPR) 
spectroscopy (Bruker MS-5000). The RNTD degradation products were analyzed by liquid 
chromatography tandem mass spectrometry (LC-MS) on US Thermo Scientific Ultimate 3000 UHPLC-Q 
Exactive (Table S1). Inductively coupled plasma tandem mass spectrometry (ICP-MS) analysis was 
performed on Agilent 7700 to acquire the concentration of leached cobalt ions in membrane filtrates. 

1.4 Techniques and methods
1.4.1 Pollutant degradation in batch and membrane systems
The RNTD degradation batch reaction was carried out in a 150 mL beaker. The batch solution contained 

5 mg/L RNTD and certain amounts of catalysts. 0.2 mM PMS was added to initiate the AOP reactions. 
Before the addition of PMS, the pH value of the solution would be tested and adjusted by 0.1 M H2SO4 



3

and 0.1 M NaOH. At regular time intervals, 1.5 mL of the reaction solution was extracted and filtered 
through a 0.22 μm membrane before measurement. The membrane catalytic performance was tested on a 
dead-end filtration unit with no external pressure applied. 5 mg/L RNTD and 0.2 mM PMS solutions were 
mixed together as the feed. The filtrate was collected at certain time intervals. 

The RNTD content was determined by the solution ultraviolet (UV) absorbance at 314 nm. Besides, the 
total organic carbon (TOC) of the solution sample was also measured on a TOC analyzer to evaluate the 
system mineralization efficiency. The membrane flux was calculated according to Eq. (1), where J 
represents the membrane flux (LMH), V is the membrane filtration volume (L), A is the membrane 
effective area (m2), and T is the filtration time (h).

                                               (1)
𝐽 =  

𝑉
𝐴 × 𝑇

Additionally, the kinetic constants (k) of different systems were calculated using a pseudo-first-order 
reaction model (Eq. (2)), where C0 and Ct respectively represent the initial RNTD content and that of the 
solution sample collected at certain time point (t).

                               (2)
ln (𝐶𝑡

𝐶0
) =‒ 𝑘 × 𝑡

1.4.2 PMS decomposition rate
The PMS decomposition rate was assessed with a UV spectrophotometer. Before the measurement, 

reserve solution containing 100 g/L KI and 5 g/L NaHCO3 was prepared. During the degradation tests, 0.2 
mL reaction solution was collected and mixed with 20 mL of the reserve solution, which was then kept 
for about 30 min. The absorbance at 352 nm of the mixed solution was measured, and the corresponding 
PMS degradation rate was calculated as follow:

                             (3)
𝑅 =

𝐴0 ‒ 𝐴𝑡

𝐴0
× 100%

In the Eq. (3), R represents the PMS decomposition rate, A0 is the initial absorbance of 0.2 mM PMS, 
and At is the absorbance of sample solutions collected at certain time point.

1.4.3 Interference and quenching tests
To evaluate the universality and adaptivity of the fabricated catalytic membrane, ions (Cl-, SO4

2-, NO3
- 

and HCO3
-) and humic acid were introduced into the reaction systems. Certain amounts of interference 

substances were added into the feed solution before filtered through the catalytic membrane.
Quenching experiments were performed to verify the generated reactive oxidative species (ROS) in the 

system and speculate their contribution to the pollutant degradation. TBA (90 mM) was used as quencher 
for •OH. MeOH (90 mM) could quench both •OH and SO4•-. TEMP (1 mM) was adopted to quench 1O2. 
The O2•- was quenched by pBQ (1 mM).  DMSO (2 mM) was applied to detect high-valent metal species. 
The quenchers were added into the mixture of RNTD and PMS before the catalytic filtration process. 
Particularly, all these membrane tests with additional chemicals were carried out after an hour of 
degradation reaction so as to guarantee the stabilized catalytic performance of the membrane.

1.4.4 Biotoxicity analysis of degradation products
The biotoxicity of RNTD and its degradation products were assessed by the ECOSAR program based 

on the principle of quantitative structure-activity relationship[1]. The chemical structures of degradation 
intermediates were obtained via the LC-MS analysis. The product toxicity was predicted and profiled as 
the lowest detrimentally effective concentration towards three aquatic species (fish, daphnid and green 
algae). Specifically, the acute toxicity can be reflected by the pollutant concentration causing 50% death 
(LC50) of fish (after 96 h exposure) and daphnid (after 48 h exposure), and the pollutant concentration 
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causing 50% growth inhibition (EC50) of green algae (after 96 h exposure).

2. Figures
   

Fig. S1. (a) The TEM image of the prepared Co(OH)2 nanosheets. The EDS mapping results of products collected after 
different stirring period: (bf) 24-hour stirring; (h) 3-hour stirring; (i) 5-hour stirring; (j) 10-hour stirring.

Fig. S2. The pH variation during the Co(OH)2 preparation process.
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Fig. S3. (a) Co(OH)2 membrane XPS survey spectrum and its high-resolution spectra of (b) Co 2p, (c) O 1s.

Fig. S4. The XRD patterns of MCE substrate, Co(OH)2 catalyst powder and Co(OH)2 catalytic membrane.
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Fig. S5. Catalytic AOP performance: Co(OH)2 batch reaction with (a) different catalyst dosages and (b) initial pH values. (c) 

The pH variation during the Co(OH)2 batch system catalysis reaction process under different initial pH values.  (d) The 
pseudo-first-order reaction rate constants of different systems.

Fig. S6. The EDS mapping results of Co(OH)2/rGO composites.
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Fig. S7. The comparison of catalytic performance and adsorption effects in Co(OH)2 and Co(OH)2/rGO systems. 
(Conditions: [RNTD] = 5 mg/L, [PMS] = 0.2 mM, initial pH = 5.0±0.1, temperature = 25°C.)

Fig. S8. TOC removal efficiency and PMS decomposition rate of catalytic membranes.
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Fig. S9. The SEM morphology comparison of membranes before and after the long-term reaction.

Fig. S10. The quenching experiment results of the Co(OH)2 catalytic membrane. 
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Fig. S11. The high resolution C 1s XPS spectra of Co(OH)2 and Co(OH)2/rGO membranes.

Fig. S12. Electrochemical impedance spectroscopy test results of Co(OH)2 and Co(OH)2/rGO catalysts.
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3. Tables
Table S1. Operating condition parameters of the LC-MS measurement.

LC operating conditions
Chromatographic column Eclipse Plus C18 100mm×4.6mm, 3.5μm

Column temperature 30℃
Sample injection 20.0μL

Effluent A 0.1% Formic acid solution
Effluent B Methanol

MS operating conditions
Sheath gas rate 40 arb

Auxiliary gas rate 10 arb
Sprat voltage Positive ion 3.0kV

Capillary temperature 320℃
Auxiliary gas temperature 300℃

Scanning mode Fullms/dd ms2 top10
Scanning range 50~400 m/z

Collision voltage NCE10, 20, 30

Table S2. Specific water quality parameters for different real water matrices.
Samples Tap water Lake watera

pH 7.04 6.91
COD (mg/L) –b <15
NH3 (mg/L) – 0.09
NO3

– (mg/L) 1.40 0.11
PO4

3– (mg/L) – <0.01
Cl– (mg/L) 15.90 4.19

CO3
2– (mg/L) – 16.90

Conductivity (µS/cm) 182.80 47.20
aLake water was collected from Tsinghua SIGS campus in Shenzhen University Town. 
b“ –” means that the parameter was undetected or the concentration of the target parameter was below the detection limit.

Table S3. The comparison of reusability or long-term stability of heterogeneous catalysts and catalytic AOP membranes.
Batch reaction catalysts

Materials Repeated cycles Total reaction time Reference
CuxNiyCo-LDH nanosheets/GO 5 200 min [2]

Cobalt silicate hydroxide 5 100 min [3]
CoFe-LDH 3 36 min [4]
CuCo-LDH 10 300 min [5]

CoOOH/GO hydrogel 10 50 min [6]
Co(OH)2/nickel foam 6 42 min [7]

Co(OH)2/WO3 5 100 min [8]
CuAl-LDH 6 24 min [9]

Co/N-doped carbon composites 5 300 min [10]
Catalytic AOP membranes

Loaded catalysts Reaction time Reference
Co/g-C3N4 100 h [11]

Co-TiOx nanosheets 100 h [12]
Co-Al oxides 29 h [13]
Co-Cu oxides 120 h [14]

Fe-doped CoTiO3/SiO2 300 min [15]
CoFe2O4/Mn3O4@g- C3N4 150 min [16]

Co(OH)2 15 h this work
Co(OH)2/GO 165 h this work
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Table S4. The catalysis performance comparison of different cobalt-containing catalytic membranes.
Catalyst Substrate Filtration 

condition
Flux 
(LMH/bar)

Oxidant Pollutant Removal 
efficiency 
(%)

Ref.

Co@g-C3N4 CAa Vacuum-
assisted

224 0.16 mM 
PMS

5 mg/L
RNTDb

100 [11]

Co3O4 nanosheets CA Vacuum-
assisted

175 0.16 mM 
PMS

5 mg/L 
RNTD

100 [17]

Co-Cu oxides PVDFc Vacuum-
assisted

357 0.16 mM 
PMS

5 mg/L 
RNTD

100 [14]

Fe-doped CoTiO3 SiO2 fibers Gravity-
driven

300 1 mM 
PMS

10 mg/L 
Nimesulide

96.3 [15]

CoFe2O4/Mn3O4@g- 
C3N4

PVDF Gravity-
driven

300 0.75 mM 
PMS

10 mg/L 
Norfloxacin

94.5 [16]

MnO/Co@SiO2 Carbon 
fibers

Gravity-
driven

752 500 mg/L 
PMS

20 mg/L 
MBd

99.5 [18]

Co-Al oxides PVDF Gravity-
driven

75 30.4 mg/L 
PMS

1 mg/L 
RNTD

94 [19]

Co3O4/C@SiO2 PVPe Vacuum-
assisted

229 100 mg/L 
PMS

10 mg/L 
BPAf

95 [20]

CoFe2O4 Ceramic Vacuum-
assisted

236 100 mg/L 
PMS

10 mg/L 
SMXg

98 [21]

Co-TPLh PVDF Vacuum-
assisted

500 10 mM 
PMS

2 μM 
BPA

90 [22]

Co/C PANi Vacuum-
assisted

140 30.4 mg/L 
PMS

10 mg/L 
SMX

90 [23]

Co(OH)2 MCEj Gravity-
driven

560 0.2 mM 
PMS

5 mg/L 
RNTD

100 This 
work

Co(OH)2/GO MCE Gravity-
driven

250 0.2 mM 
PMS

5 mg/L 
RNTD

100 This 
work

aCA: Cellulose acetate; bRNTD: Ranitidine; cPVDF: Polyvinylidene fluoride; dMB: Methylene blue; ePVP: 
Polyvinylpyrrolidone; fBPA: Bisphenol A; gSMX: Sulfamethoxazole; hTPL: Tetrapyridomacrocyclic; iPAN: 
Polyacrylonitrile; jMCE: Mixed cellulose esters.

Table S5. The cobalt leaching concentration in filtrates of different membrane systems.
Batch reaction

Reaction time Co(OH)2 powders Co(OH)2/rGO powders
1 h 3.30 mg/L 2.75 mg/L

Membrane system reaction
Reaction time Co(OH)2 membrane Co(OH)2/rGO membrane

1 h 2.02 mg/L 1.56 mg/L
5 h 0.19 mg/L 0.17 mg/L
10 h 0.16 mg/L 0.06 mg/L
100 h –a 3.10 μg/L

b“ –” here means that the filtrate sample after 100-hour reaction in Co(OH)2 membrane/PMS system was not collected because 
that the Co(OH)2 membrane was already disabled after reactions lasting for more than 15 hours.

Table S6. The toxicity classification criteria regulated by the Globally Harmonized System of Classification and Labelling 
of Chemicals (2021).

Concentration range (mg/L) Toxicity category
< 1 Extremely toxic

1~10 Toxic
10~100 Harmful
>100 Harmless
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Table S7. The ECOSAR assessment results of RNTD and its degradation products (mg/L).

Chemicals
Fish
LC50 
(96 h)

Daphnid
LC50 
(48 h)

Green algae
EC50 (48 h)

RNTD 797.93 78 95.29
P7 (m/z = 227) 2096.09 185.55 275.83
P6 (m/z = 192) 2440.48 210.88 328.83
P5 (m/z = 185) 1531 136.62 199.89
P4 (m/z = 163) 7208.37 565.48 1067.57
P3 (m/z = 118) 11211.91 830.76 1755.84
P2 (m/z = 107) 55518.32 23648.6 5367.47
P1 (m/z = 89) 1451.86 123.03 199.4
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