Electronic Supplementary Material (ESI) for Environmental Science: Nano.
This journal is © The Royal Society of Chemistry 2024

Electronic Supplementary Information

Ruthenium confined within hollow spherical carbon nitride as an

efficient catalyst for triggering peroxymonosulfate

Yu Yin,®® Shuoyuan Tian,® Bing Hu,® Abdul Hannan Asif,¢ Sheng Cui,® ® * Shaobin Wang,® Hongqi

Sun,d *

2 College of Materials Science and Engineering, State Key Laboratory of Materials-Oriented
Chemical Engineering, Nanjing Tech University, Nanjing 211816, China

b Jiangsu Collaborative Innovation Center for Advanced Inorganic Function Composites, Nanjing
Tech University, Nanjing 211816, China

¢ School of Environmental and Chemical Engineering, Jiangsu University of Science and
Technology, Zhenjiang 212100, China

4 School of Molecular Sciences, The University of Western Australia, 35 Stirling Highway, Crawley,
WA 6009, Australia

¢ School of Chemical Engineering, The University of Adelaide, Adelaide, SA 5005, Australia

* Corresponding authors.

E-mail: scui@njtech.edu.cn (S. Cui), hongqgi.sun@uwa.edu.au (H. Sun).

S1



Text S1. Chemicals and Reagents

The water mentioned in this contribution was deionized water. Ruthenium trichloride (RuCl;, 99%)
and 5,5-dimethyl-1-pyrroline (DMPO, C¢H;NO, 97%) were purchased from Aladdin Co., Ltd.
Melamine (CsHgNg, 99%), cyanuric acid (C3H3N303, 98%), acetaminophen (ACT, CsHoNO,, 98%),
2,2,6,6-tetramethylpiperidine (TEMP, CoH 9N, 98%), 1,4-benzoquinone, (p-BQ, C¢H40,, 98%) and
L-histidine (C¢HoN3;O,, 99%) were obtained from Energy Chemical Reagent Co., Ltd. Sodium
chloride (NaCl, 99.5%), sodium nitrate (NaNOj;, 99.5%), sodium bicarbonate (NaHCOs3, 99.5%),
sodium sulfate (Na,SOy4, 99.5%), potassium sulfate (K,SO4, 99%), magnesium sulfate (MgSOy,,
99%), calcium sulfate (CaSO,, 98%), methanol (MeOH, CH;O 99.8%), ethanol absolute (EtOH,
C,Hg0, 99.7%), tert-butanol (TBA, C4H;¢0, 99.5%), dimethyl sulfoxide (DMSO, C,HsOS, 99.5%),
sulfuric acid (H,SO,4, 95%) and potassium hydroxide (KOH, 90%) were obtained from Sinopharm
Chemical Reagent Co., Ltd. Peroxymonosulfate (PMS, KHSO5-0.5KHSO40.5K;S0,4, 99%) was
acquired from Sigma Aldrich. All the chemicals were of the analytical grade and used directly

without further purification.

Text S2. Characterization

The morphology of AsCN and its Ru containing samples was characterized by field emission
scanning electron microscope (FESEM, Quanta FEG 250). High resolution transmission electron
microscopy (HRTEM) images were obtained from FEI Tecnai G2 F20. For HRTEM analysis,
samples were ultrasonic dispersed in ethanol, impregnated with carbon film coated copper mesh and
dried. Under the irradiation of Cu Ka X-ray at 40 kV and 30 mA, the X-ray powder diffraction
(XRD) patterns in the range of 5~80° were recorded with the Japanese Shimazu XRD-6100
diffractometer at the scanning speed of 8° min! (wide-angle diffraction). The electronic structure
and elemental composition of the catalyst were determined by X-ray photoelectron spectroscopy
(XPS) on the AXIS-ULTRA DLD instrument at Shimadzu, Japan, and the binding energy was
calibrated by Cls peak at 284.6eV. An inductively coupled plasma optical emission spectrometer
(ICP-OES, PerkinElmer, Avio 200) was applied to measure the content of Ru in the catalyst and the
dissolution contents of Ru metal during the reaction. The adsorption isotherms of N, were measured

on Belsorp-max at -196 °C, and the samples were degassed at 200 °C for 4 h prior to testing. The
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specific surface area of the samples was also obtained by Brunauer-Emmett-Teller (BET) method.
Bruker's electron paramagnetic resonance spectrometer (EPR, EMX Plus) was used to detect
active free radicals produced in advanced oxidation reactions. First, 20 mg L' ACT solution, 0.2 g
L™! 0.34Ru-AsCN suspension and 0.2 g L' PMS solution were prepared respectively. Then 200 puL
of the configured ACT solution, 200 pL of 0.34Ru-AsCN solution, and 20 uL. of DMPO were mixed
to capture SO4° ~ and "OH. Finally, 200 uL PMS solution was added to initiate the reaction, and the
reaction solution was taken out at fixed intervals (1, 5, 10 min) for EPR tests. Similarly, 20 pL
TEMP is used instead of DMPO to capture 'O,. In addition, water was replaced by MeOH to capture
O," ~ by DMPO. Agilent 6110 liquid chromatography - mass spectrometry (LC-MS) was used to

determine the intermediates of ACT removal in Ru-AsCN/PMS system.

Text S3. Reaction between PMS and L-histidine

The reaction between PMS and L-histidine was conducted at 25 °C. 5 mM of L-histidine was
added into 250 mL of PMS solution (2.0 g-L") with thoroughly stirring. At a specific time interval,
0.1 mL of reaction solution was withdrawn and filtered through a 0.22 um filter membrane for
further measurement. For measuring the concentration of PMS, 4.0 g of KI and 0.2 g of NaHCO;
were added into 40 mL of water and thoroughly dissolved. 0.1 mL of reaction solution was extracted
and added into 4 mL of above solution. The concentration of PMS was then tested on an ultraviolet-

visible spectrophotometer Shimadzu UV-2550 at the absorbance wavelength of 352 nm.

Text S4. Contribution of 10,

The contribution of 'O, to ACT degradation was calculated by Eq. S1, where k, represents the
reaction rate constant without quencher, k; represents the rate constant after adding sufficient
quencher of L-histidine during the reaction.

A['O,] = (ko-k1)/ko (Eq. S1)
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Figure S1. SEM images of (a-b) 0.08Ru-4sCN; (c-d) 0.14Ru-AsCN and (e-f) 0.46Ru-AsCN.

Figure S2. HRTEM images of 0.34Ru-AsCN-imp.
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Figure S3. (a) N, adsorption-desorption isotherms and (b) pore size distributions by adsorption

branches of 4sCN, 0.34Ru-AsCN and 0.34Ru-AsCN-imp.
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Figure S4. The effect of initial pH value on the adsorption and degradation of ACT by 0.34Ru-
hsCN/PMS. ([Catalyst]o = 0.2 g'L"!, [PMS], =2.0 g'L"!, [T] = 25 °C, [ACT]p =20 mg-L ™).
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Figure SS. Ru leaching at different constant pH during the adsorption and degradation of ACT by
0.34Ru-AsCN/PMS. ([Catalyst]o = 0.2 g-L~!, [PMS]y=2.0 g-L7!, [T] =25 °C, [ACT]o =20 mg-L™).
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Figure S6. Effects of reaction parameters on the ACT degradation for 0.34Ru-AsCN/PMS: (a)
inorganic anions, (b) inorganic cations. ([Catalyst], = 0.2 gL', [PMS], = 2.0 g-L"1, [T] =25 °C,
[ACT]o = 20 mg-L!, [NaCl]y = 5 mM, [NaHCO;], = 5 mM, [Na,SO4]yo =5 mM, and [NaNOs]o =5
mM, [MgSOq4]p =5 mM, [K,SO4]p = 2.5 mM, and [CaSO4]y =5 mM).
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Figure S7. The changes of pH values after ion addition on the ACT degradation for 0.34Ru-
hsCN/PMS: (a) inorganic anions and (b) cations. ([Catalyst], = 0.2 g-L™!, [PMS]y =2.0 g'L"L, [T] =
25°C, [ACT]p =20 mg-L!, [NaCl], = 5 mM, [NaHCO;]o= 5 mM, [Na,SO4]o =5 mM, and [NaNOs]
=5 mM, [MgSO,], =5 mM, [K;SO,]p = 2.5 mM, and [CaSO4]y =5 mM).
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Figure S8. (a) The effect of PMS dosage on the adsorption and degradation of ACT by 0.34Ru-
hsCN/PMS system, (b) Leaching of Ru with different PMS dosage. ([Catalyst]o=0.2 gL', [T] =
°C, and [ACT]y=20 mg-L1).
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Figure S9. (a) The influence of catalyst dosage on the adsorption and degradation of ACT by
0.34Ru-hAsCN/PMS system, (b) Leaching of Ru with different catalyst dosage. ([PMS], =2.0 gL,
[T]=25°C, and [ACT]o =20 mg-L!)
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Figure S10. (a) Three repeated cycling degradation of ACT by 0.34Ru-AsCN/PMS system, (b)
regeneration cycles of 0.34Ru-AsCN/PMS for ACT degradation reaction. ([Catalyst], = 0.2 g-L7!,
[PMS]y=2.0 gL', [T]=25°C, and [ACT]p =20 mg-L™).
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Figure S11. (a) XRD and (b) SEM image of used 0.34Ru-AsCN.
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Figure S12. Effect of different quenching agents on ACT degradation for 0.34Ru-hsCN/PMS system.
([Catalyst]p = 0.2 gL', [PMS]p = 2.0 g-'L™!, [T] = 25 °C, [ACT], = 20 mg-L!, [EtOH], = 0.2 M,
[TBA]p = 0.2 M, [L-histidine]y =5 mM, and [p-BQ]y = 5 mM).
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Figure S13. Variation of PMS concentration in the reactions with L-histidine. ([PMS];=2.0 g-L !,

[L-histidine]y=5 mM, [T]=25 °C).
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Figure S14. (a) Influences of L-histidine concentration, (b) changes of k£ with different amount of L-
histidine on ACT degradation for 0.34Ru-AsCN/PMS system. ([Catalyst], = 0.2 g-L~!, [PMS], = 2.0
gL, [T]=25°C, and [ACT]p=20 mg-L™")
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Figure S15. LC-MS spectra and proposed structure of intermediates during ACT degradation for the
0.34Ru-AsCN/PMS system after (a) 0 min, (b) 2 min, (¢) 5 min, (d) 10 min, and (¢) 20 min.
([Catalyst]g=0.2 g-L"!, [PMS],=2.0 g-'L"!, [T] =25 °C, and [ACT]o =20 mg-L ™).
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Figure S16. Proposed degradation pathway during ACT degradation for the 0.34Ru-AsCN/PMS
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S13



Table S1. BET surface areas and pore volumes of the prepared samples.

Catalyst Sger (M%/g) Pore volume (cm3/g)
hsCN 96 0.351
0.34Ru-AsCN 119 0.464
0.34Ru-AsCN-imp 58 0.167

Table S2. ACT degradation in various catalytic systems.

Catalyst kapp (min!) R? Removal (%)
PMS 0.0019 0.998 1.9% (20 min)
hsCN + PMS 0.0054 0.973 3.0% (20 min)
0.34Ru-AsCN + PMS 0.497 0.999 100% (5 min)
Leaching Ru ions + PMS 0.041 0.970 21.0% (20 min)
0.34Ru-AsCN-imp + PMS 0.027 0.963 34.4% (20 min)

0.34Ru-AsCN + CI~ + PMS 2.337 0.999 100% (2 min)
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Table S3. The catalytic performances of various reported materials on ACT degradation

Operating conditions Rate
Catalyst Activit constant Ref.
Y Temp.  [ACT], [Catalyst], PMS Y (k. min)
> -
0.34Ru-hsCN 25°C 20 mg-L™! 0.2 gL 65mMm  L00% 0.497 this
5 min work
0
Fe-S;@NC 25°C  20mg-L! 2mg-L! 0.5 mM ;Or?uf; 0.7290 1
V]
0.1%SA-CoCNP ~ 25°C 20 mg-L™! 02gL" L62smM 2% 05 >
0
0.50-Mn-CN 25°C 20mg-L! 02gL! 2.6 mM IISO?nf)n 0.32 3
5% Co(OH),/g- o 3.02 o 92%
CiN, 25°C mgL-! 05gL 5 mM 30 min 0.193 4
100%
- _ 0 T -1 T -1
0.5-Mn3;04-CN 25°C 20mgL 0.1 gL 2.5 mM 60 min 0.085 5
o
CF/MCN 25°C  15mgL™! 40 mg-L! 1.5 mM 92% 0.1023 6
25 min
0
Fe-N@C-900 25°C  10mg-L! 0.1 g'L! 0.5 mM IISO?n?On 0.2472 7
0
Co304@NSC-900 25°C 10mg-L! 0.1 gL! 0.5 mM 4150&?; 0.162 8
V]
Fe/TNTs 25°C  1.5mg-L! 0.1gL! 0.0mM 27 0.154 9
30 min
_ _ 100%
Mn,0;-Fe,0; 25°C  15mg-L! 0.05 g-L! 0.5 mM 15 mi(;l 0.33 10
100%
_ 0 .J -1 T -1
S-MgO 25°C 50 mgL l1gL 3.25mM 30 min 0.314 11
0
NS-CMK-3  25°C 50 mg-L-! 0.1gL! 0.5mM L00% 0.24 12
30 min
0
NOE-PC-300  25°C 20 mg-L"! 02gL! ImM L00% - 13
20 min
0
FeOCl 259C 1.5mgL! 0.2 gL dmMm  L00% 0.3 14
20 min
100%
0 T -1 T -1
CoFe,04 25°C 40mg'L 02¢gL 0.2 mM 120 min 0.053 15
100%
0 T -1 J -1
MnFe,O,4 25°C 40mg'L 02gL 0.2 mM 30 min 0.121 15
0
Na,B,0; 75°C 1.5 mgL-! 10 mM 15mMm  100% 6503 16
15 min
74.7%
0 .J -1 J -1
Fe;04 25°C 10mg'L 0.8 gL 0.2 mM 120 min 0.012 17
. — g Y
Fe +MoS;  25°C 20mgLl FSQUBORRLLt gy M0 g 1999 g8

200 min
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Table S4. The reaction rate constants between scavengers and targeted radicals

Scavenger Targeted radical Rate constant (k, M1-s1)
EtOH SO, ~/°*OH 1.6x107 / 1.9%10°
TBA ‘OH (3.8 ~7.6) x 108
p-BQ Oy~ (0.9 ~1.0) x 10°

L-histidine 10, 3.2x 107
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