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Abstract: We first report the syntheses of carbon-supported Co (CS-Co) composite via a 

carbonization process from a saturated resin. CS-Co exhibited favorable catalysis activities 

in activation of peroxymonosulfate (PMS) to generate ·SO
- 

4  and ·OH for trimethoprim 

(TMP) degradation. The performance of composites were studied with respect to diverse 

pHs (3.0-9.0), catalyst dosages (0.05-0.5 g/L), PMS dosages (0.05-1.0 mM), TMP 

concentration (5-20 mg/L) and temperature (15-30℃). Water matrix concerning various 

levels of humic acid (HA) showed negative effect for TMP removal due to the intrinsic 

competition between HA. Scavenging test indicated that ·SO
- 

4 and ·OH were the dominant 

reactive radicals, and an uncomplicated method to calculate the normalized steady-state 

concentration of radicals in CS-Co/PMS process was established. The electron transfer 

concerning PMS, carbon surface and Co2+ was attributed as the main activation mechanism. 

The main intermediate products of TMP were identified by LC/MS/MS technology with 

four degradation pathways proposed, including hydroxylation, electron transfer 

mechanism, demethylation and ring-cleavage.  

Keywords: cationic resin, carbonation, peroxymonosulfate, mechanism, degradation 

pathway   
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1. Introduction 

Recently, sulfate radical-based advanced oxidation processes (SR-AOPs) are 

commonly recognized as one of the most effective ways, because of their ability to 

completely degrade wide variety of contaminants [1-3]Error! Bookmark not defined.. 

As a dominant oxidizing species, sulfate radical (·SO
- 

4) possesses an oxidation potential 

(2.5-3.1 V vs. normal hydrogen electrode, NHE), which is comparable or even higher than 

hydroxyl radicals (·OH, 1.9-2.7 V). ·SO
- 

4 is extensively utilized due to its high reactivity, 

longer half-life period and independence of pH than ·OH [4, 5]. Generally, ·SO
- 

4 could be 

generated by the activation of peroxymonosulfate (PMS) or persulfate (PS). Various 

activation methods have been proposed, including heat [6], UV light [7], base [8], 

ultrasound [9], transition metals [10] and carbon-based catalysts [11]. Furthermore, 

compared with PS, PMS needs a low energy input, and displays a more efficient 

performance in organic contaminants degradation due to the higher oxidation potential [12]. 

Compared with high energy-based activation methods (UV light, thermal, etc.), the 

transition metal activation method showed efficient decontamination of organic 

contaminants, less complex in system configuration and more economical. Previous studies 

have demonstrated that PMS could be activated via a series of transition metals, such as 

Co, Mn, Fe, Cu, Ni, Ce and V, among which Co was found to be one of the most effective 

homogeneous catalysts [13, 14]. However, Co-based homogeneous catalysis technologies 

are restricted to practical applications for wastewater treatment due to its hardly separation 

or reuse, the possibly toxic and carcinogenic for the ecosystem and human beings, and 

requiring secondary treatment [15]. To overcome these drawbacks, Co-based 

heterogeneous catalysts, such as Co3O4 [16], Co-OMC [17], FexCo3-xO4 [18], CoFe2O4 [19], 

Co/AC [20], were recently investigated. These Co-based heterogeneous catalysts were 

reported to be efficient for activating PMS to generate ·SO
- 

4 and ·OH, and thus promoting 

effective oxidation processes of removal of organic contaminants.  

Recently, carbon-based materials have been used as adsorptive support for metal 
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catalysts, to form carbon-supported metal composites. These composites were applied to 

water treatment, because metal instinct catalytic activity for PMS activation contribute to 

the degradation on contaminants [21, 22]. Recently, a novel magnetic carbon xerogels 

(CX/CoFe) catalyst was capable of activating persulfate for the degradation of BPA [23]. 

Since the cationic resin wastes are becoming a serious problem in the environment, metal-

immobilized materials based on solid wastes were synthesized and applied in wastewater 

treatment for reuse of waste resin and solve the second pollution concern [24, 25]. However, 

as far as we know, none of studies has been reported on utilization of cobalt-containing 

waste cationic resin chars, and for the combination with PMS for contaminants removal. 

In this work, cationic resin was used to fix and recycle cobalt ions in water, and 

carbonized through high temperature to prepare carbon-supported Co (CS-Co) composite. 

The structural and physicochemical properties of CS-Co samples were characterized via 

various techniques. The catalytic activities of CS-Co was investigated by activating PMS 

for trimethoprim (TMP) degradation, which is a commonly bacteriostatic antibiotic and 

has been detected in many natural water as a reluctant chemical, due to the high stability 

and large quantity in use [26, 27]. Crucial reaction parameters, such as initial pH, 

concentration of target, PMS and catalyst and reaction temperature, were investigated in 

CS-Co/PMS process. Steady-state concentration of reactive oxygen species (ROS) was 

calculated combined with the kinetic results. Finally, the degradation mechanism for this 

coupled system was demonstrated based on the scavenger experiments, with the 

degradation pathway of TMP proposed using LC/MS/MS. Our work provides a potential 

method to solve the hazardous waste problem from saturated resin with metal residual used 

in industrial waste water, through which a novel activation method for PMS on removing 

reluctant contaminants could also be expected in the aquatic environment.  
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2. Material and Methods 

2.1 Chemical  

Acidic styrene type cation exchange resin was supplied by Kelong Chemical Reagent 

Co. Ltd. Peroxymonosulfate (2KHSO5.KHSO4.K2SO4, PMS) and acetonitrile (HPLC 

grade) were purchased from Sigma-Aldrich (Shanghai, China). Trimethoprim (TMP, 

99.9%) was purchased from TCI Scientific Ltd. (Shanghai, China). Cobalt nitrate 

(Co(NO3)2·6H2O), tert-butanol (TBA), methanol (MA) and other reagents obtained from 

Kelong Chemical Reagent Co. Ltd. (Chengdu, China).  

2.2 Preparation of CS-Co  

CS-Co was synthesized via a simple carbonization method. Firstly, a certain amount 

of strongly acidic styrene type cation exchange resin (CAR) was sequentially soaked into 

0.1 M NaOH solution and 0.1 M HCl with stirring for 3 h. The soaked products were 

washed with deionized water for several times until the liquid detergent pH to neutral. Then, 

the impregnated products was dried at 100℃ for 12 h to form the pre-CAR. 3.0 g of pre-

CAR was soaked into a solution containing 10 mM Co(NO3)2, and magnetically stirred for 

24 h and then stood for 12 h. The residual of Co2+ is less-than 0.1 mM. Subsequently, the 

products were carbonized at 600 ℃ for 2 h in a muffle furnace with N2 flow. Finally, the 

obtained black solid products were referred as CS-Co. The sample was also prepared by 

the same method without metal addition, which was referred as CS0. The samples can be 

synthesized approximately 1.1-1.4 g at one time. 

2.3 Catalyst characterization 

The morphology of the samples were characterized by a Hitachi S4800 (Hitachi, Japan) 

scanning electron microscope (SEM) and a JEM-2010F (JEOL, Japan) transmission 

electron microscopy (TEM). Fourier transform infrared spectra (FT-IR) was obtained from 

a Bruker VERTEX 70 spectrometer. X-ray photoelectron spectroscopy (XPS) data was 

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=sem
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obtained with an ESCALAB 250Xi (Thermo Fisher Scientific, USA) spectrometer using 

300 W Al Kα radiations. N2 adsorption/desorption isotherms, pore size distribution, 

Brunauer-Emmett-Teller (BET) specific surface area, and pore volume were measured 

using a ASAP 2020 (Micromeritics, USA). The crystallographic structures of the prepared 

samples were characterized by X-ray diffraction (XRD) meter (D8 advance, Bruker, 

Germany) using monochromatized Cu Kα (λ=1.54184 Å, 40 kV, 40 mA). Thermal stability 

of CS-Co sample was investigated using thermo gravimetric analysis-differential scanning 

calorimetry (TGA/DSC2, METTLER TOLEDO) in air. Point of zero charge (pHPZC) of the 

prepared samples were determined by Mastersizer 3000 (Malvern, UK).  

2.4 PMS activation and TMP degradation performance 

The catalytic degradation experiments were conducted in a 250 mL glass reactor on a 

magnetic stirrer with temperature-controlled water bath connected. Unless specifically 

stated, the reaction temperature was keeping at 25 ℃. In a typical test, 20 mg catalyst was 

firstly added into the 5 mg/L TMP solution, then PMS was added into the solution at 0.5 

mM. At certain intervals, 3 mL sample was periodically withdrawn and collected. The 

suspension sample was filtrated with glass fiber filter (Waterman, 0.45 μm), and 

immediately quenched with 30 μL methanol. The initial pH of TMP solution was about 

7.00±0.15. When needed, the initial pH of TMP solution was adjusted to desired value by 

0. 1 M H2SO4 or NaOH. Triplicate experiments were performed, and the average values 

with the standard deviations were presented. 

2.5 Chemicals analysis 

The concentration of TMP in the aqueous phase was quantified with a high 

performance liquid chromatography (HPLC) system equipped with a UV detector at a 

wavelength of 277 nm (Waters e2695-2489, USA). A C18 reversed phase column (150 × 

4.6 mm, 5 μm particle) was used to separate organic, while mobile phase consisted of 

acetonitrile and water (0.1% formic acid) with a ratio of 15:85 was at a flow rate of 0.5 
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mL/min. The column temperature was maintained at 35 ℃, and the injection volume was 

20 μL. The reaction products and intermediates were identified using LC/MS/MS, 

consisting of a Vanquish Flex Quaternary UHPLC coupled to a TSQ Quantum Ultra triple 

quadrupole mass spectrometer (Thermo Fisher Scientific, USA).  

The residual of PMS concentration was determined by the iodometric method. First, 

0.2 mL of the sample was diluted to 10 mL, and mixed with 0.5 g KI and 0.1 g NaHCO3. 

Then, the mixture was agitated vigorously shaken for 30 min, and analyzed using a UV–

vis spectrophotometer (MAPADA UV-1800PC, China) at λmax=354 nm. Total organic 

carbon (TOC) was analyzed using a TOC analyzer (Elementar liquid TOC II, Germany). 

The cobalt ions concentration was determined by a PerkinElmer PinAAcle-900T atomic 

absorption spectrometer (AAS, USA). 

3.  Results and discussion 

3.1. Catalyst characterization 

The textural performance of CS0 and CS-Co samples were evaluated through N2 

adsorption/desorption isotherms (Fig. 1). The BET specific surface area of CS0 is 9.0133 

m2g-1, which is higher than CS-Co samples (3.4529 m2g-1). Otherwise, it was found that 

CS-Co catalyst presents a low Vt and Vmic than CS0 sample. The pores of CS-Co and CS0 

samples are dominant by micropores with a diameter of around 1.2 nm. It is noted that CS-

Co owns a lower pore volume and the BET specific surface area because Co occupied the 

micropores pore on the surface of samples. The textural properties of CS0 and CS-Co 

samples are summarized in Table S1. 

【Fig. 1】 

Moreover, the XRD patterns of the samples are illustrated in Fig. S1. There are no 

significant peaks observed in CS0 samples, indicating the crystallinity CS0 is low. For the 

pattern of CS-Co, some peaks can be observed, this is because Co and Co oxide 

nanoparticles dispersed on the surface of carbon spheres. Two diffraction peaks at 36.5° 



  

 

7 
 

and 42.4° corresponded to (110) and (200) crystal planes of CoO (JCPDS #43-1004), and 

the three peaks at 51.1°, 56.4° and 58.7°are the characteristic peaks of Co2O3 (JCPDS #02-

0770).The micro-morphology of CS0 and CS-Co was investigated by SEM (Fig. S2). A 

rougher surface is observed in the image of CS0, and some heterogeneous nanoparticles are 

attached to the surface. Obvious hole-structures in CS0 surface were also observed. In 

contrast with CS0, Co doping had significant influence on the catalyst surface. The hole-

structures disappear on the sample surface, with inconsistency nanosphere presented. The 

microscopic morphology of CS-Co has also been examined by TEM (Fig. S2), showing 

many cobalt oxide nanoparticles have a uniform distribution on the char layer.  

The FT-IR spectra of CS0 and CS-Co materials before/after reaction are shown in Fig. 

S3. The broad absorption band at 3430 cm-1 is associated with the O-H stretch of H-bonded 

H2O, and the peaks at 2850 and 2921 cm-1 are supposed to be the stretching vibration of 

surface -OH [28]. The absorption band at 1610 cm-1 and 1475 cm-1 corresponded to 

stretching vibration of C=O band and bending vibration of -CH2, respectively [22, 29]. 

Moreover, a few peaks between 900 and 1300 cm-1 are assigned to the presence of the 

band-type deformation oscillations of C-H and the stretching of C-O-C vibrations [22, 30].  

Fig. S4 shows the representative TGA and DTG curves of CS-Co sample, which were 

performed in an air atmosphere with a heating rate at 15℃/min. A slight weight loss occurs 

when the temperature was above 478℃. The TGA/DTG curves of the composites present 

a characteristic step/peak in the range from 650 to 750℃, which could be ascribed to the 

decomposition of carbon skeleton for the carbon coated on the cobalt oxide nanoparticles. 

According to the TGA profile, it can be seen that only 11.51 wt.% of CS-Co was lost, 

showing a good thermal stability property.  

【Fig. 2】 

XPS analysis was performed to evaluated elemental composites and chemical states 

of CS-Co sample. s shown in Fig. 2a, the high-resolution C1s XPS spectrum is 
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deconvoluted into three peaks corresponded to carbon atoms in different functional groups: 

carbon in sp2 C-C at 284.8 eV, carbon in -CO- at 285.9 eV and carbon in –COO- at 289.5 

eV [31]. According to the high resolution XPS spectra of O 1s (Fig. 2b), the binding energy 

of O1s can be deconvoluted into two peaks with 532.2 eV (O-1) and 534.0 eV (O-2), that 

correspond to -COOH and -OH, respectively [32]. As seen in Fig. 2c, the two major peaks 

at 781.5 eV (Co-1) and 797.6 (Co-2) eV combined with two satellite peaks (Sta.) at 785.8 

eV and 802.7 eV are ascribed to Co 2P3/2 and Co 2P1/2, respectively, and that corresponds 

to Co2+ (Fig. 2c), however, no peaks of Co3+ was observed [33]. These values can be 

attributed to cobalt cations concerned with -OH and -COO- groups, respectively, implying 

that the cobalt in CS-Co samples presents a high-spin Co2+ state [34]. Meanwhile, the peaks 

of Co3+ at 778.5 (Co-3, Co2P3/2) eV and 793.8 eV (Co-4, Co2P1/2) were observed in Fig. 

2d for the used CS-Co [33].  

3.2. Activation performance 

The catalytic performance of CS-Co composite was further evaluated by activating 

peroxymonosulfate (PMS) for trimethoprim (TMP) degradation, with results illustrated in 

Fig. 3a. Single adsorption tests were carried out by only adding CS-Co into TMP solution. 

It can be seen that low adsorption capacities of TMP ( 5.9 %) was observed within 60 min, 

in accordance with the low surface areas and pore volumes in Table S1, and the 

contribution of adsorption of TMP can be neglected. The same limited removal of TMP 

was also demonstrated for single PMS addition. The simultaneous presence of CS-Co and 

PMS led to a remarkable increase of TMP degradation. As high as 96.5% removal 

efficiency could be achieved within 60 min, however, it is only 29.7% in CS0/PMS system, 

indicating that Co element is the essential factor for the catalytic oxidation. Previous study 

has demonstrated that PMS could be classically activated by Co2+ to produce ·SO
- 

4  

and ·OH [12] (Eqs.1-4). In the XPS analysis, Co element was existence as Co2+ in the CS-

Co composite. However, in this study, only 30.5% of TMP was degraded in the Co2+/PMS 

process, demonstrating an activation superiority for the CS-Co/PMS system.  
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Co2+ + HSO5
− → Co3+ + OH− +∙ SO4

−               (1) 

Co2+ + HSO5
− → Co3+ +∙ OH + SO4

2−               (2) 

Co3+ + HSO5
− → Co2+ + H+ +∙ SO5

−                (3) 

∙ SO4
− + H2O → SO4

2− +∙ OH + H+                 (4) 

【Fig. 3】 

As shown in Fig. 3b, the residual of PMS concentration was measured under different 

conditions. There is no obvious PMS decomposition taking place in only PMS system, 

however, while quick depletion of PMS occurs with the addition of CS-Co. It indicates that 

the catalyst is the key role for PMS decomposition in CS-Co/PMS process. The kinetics of 

TMP degradation was investigated using pseudo-first-order kinetic model (Eq. 5). 

     − ln (
[TMP]t

[TMP]0
) = kobst                           (5) 

where [TMP]0 and [TMP]t is TMP concentration at time t=0 and t, respectively and kobs is 

the observed rate constant. The initial rate constants for TMP degradation under various 

systems are shown in Fig. 3c. A significant increase for kobs was observed in the CS-

Co/PMS system, reaching 0.051 min-1, which is much higher than other compared systems. 

As shown in Fig. 3d, TOC measurements also confirmed the oxidative efficiency in CS-

Co/PMS system, and 26.4 % of mineralization rate was achieved for TMP in 120 min 

reaction, suggesting that small organic compounds and inorganic carbon might generate, 

which will be discussed in the following section.  

3.3 Effect of reaction parameters on TMP degradation 

3.3.1 Effect of solution pH and PMS dosage 

To account for the influence of initial pH on TMP removal, the initial pH was adjusted 

from 3.0 to 9.0, and the results are shown in Fig. 4, and Table 1. kobs for TMP was increased 

from 0.010 min-1 to 0.051 min-1 with the increase of pH from 3.0 to 7.0, however, limited 

enhacement was observed when pH value increased to 9.0. It was suggested that the pH 
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dependence phenomenon was mainly caused by the catalytic reaction over the catalyst 

surface. As shown in Fig. S5, the reaction solution pH was reduced to 2.8-3.5 after the 

stimulation, and remained stable all through the residual time. Since the pHzpc of CS-Co is 

5.78 (shown in Fig. S6), the surface of catalyst presented positive charge at pH 2.8-3.5, 

which was gradually decreased with pH increased. Based on the face that TMP+ and TMP 

fractions are the dominent species during the reaction process due to the pH-dependent 

dissociation of TMP++/TMP+/TMP ( pKa1=3.2, pKa2=7.1) [35]. The electrostatic 

repulsion between catalyst and TMP (TMP+) was decreased with pH increased, which has 

an accelerative effect for TMP degradation. Therefore, the influence of initial pH on TMP 

removal could be attributed to the electrostatic interactions among catalyst, oxidant and the 

contaminant.  

【Fig. 4】 

As summarized in Table 1, kinetic results show that the TMP degradation efficiency 

was gradually increased from 66.6% to 96.5% with the PMS concentration increased (0.1-

0.5 mM). It indicates that TMP degradation can be enhanced under higher PMS 

concentration. Nevertheless, a lower removal efficiency was observed with PMS 

concentration further increasing due to the self-quenching between HSO
- 

5 and ROS, or·SO

- 

4 and ·OH (Eqs. 6-9) [36].  

HSO5
− +∙ SO4

− →∙ SO5
− + SO4

2− + H+                (6) 

HSO5
− +∙ OH →∙ SO5

− + H2O                   (7) 

∙ SO4
− +∙ SO4

− → S2O8
2−                    (8) 

∙ SO4
− +∙ OH → HSO4

− + 1/2O2                 (9) 

3.3.2 Effect of catalyst loading and initial TMP concentration 

As summarized in Table 1, at various catalyst dosages, a positive effect is clearly 

observed as expected, and kobs increased from 0.012 to 0.100 min−1 for catalyst dosages 

0.05-0.5 g/L. The increase in catalyst loading provided more active sites for PMS activation, 
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thus facilitating the generation of more ·SO
- 

4 and ·OH [37]. TMP degradation efficiency 

was remarkable inhibited with the initial concentration of TMP increase from 5 to 20 mg/L 

for lack of enough ·SO
- 

4 and ·OH. In addition, a large number of generated intermediates 

might cause the competation effect for ·SO
- 

4 and ·OH, also the intimate contact interface 

between PMS and active sites of the CS-Co could be impeded at higher concentration of 

the contaminant [22]. 

【Table 1】 

3.3.3 Effect of reaction temperature 

Since PMS decomposition is an endothermic reaction, the effect of temperature in this 

reaction system was also investigated (Fig. 5a). The removal of TMP had a relatively 

obvious change when increase the temperature from 15℃ to 30℃. The removal efficiency 

of TMP reached 97.5% at 30℃, while only 52.5% of TMP was eliminated at 15℃, 

indicating that higher temperature had a beneficial stimulation in the CS-Co/PMS system. 

Furthermore, Table S2 indicated that a 5 times increase was obtained for the degradation 

rate with the temperature increased from 15 to 30℃. The results demonstrated that higher 

temperature demonstrated a significant facilitation for CS-Co/PMS process to produce 

ROS, which could accelerate the decomposition of PMS and the movement of oxidant, 

intermediates, TMP molecules [38]. According to the Arrhenius equation: 

lnk = lnA − 
Ea

RT
                        (10) 

where Ea is the apparent activation energy, A denotes the pre-exponential factor, R is the 

gas constant (8.314 J/mol·K). T is the absolute temperature, and k is the reaction constant 

under different temperature. Using the kobs, lnk was obtained and fitted into the Arrhenius 

equation to calculate Ea and A for TMP degradation in this heterogeneous system. Fig. 5b 

demonstrates the relationship between kobs and temperature. The Ea of TMP degradation 

was 96.7 kJ/mol, which is obviously lower than that reported in the previous study for 
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thermo-activated persulfate (177.8 kJ/mol) [39]. 

3.3.4 Effect of organic matrix 

In order to elucidate the characteristics in CS-Co/PMS system, the experiments 

concerning of various concentrations of HA (5 ppm to 20 ppm) and water quality were 

conducted. As shown in Fig. 5c, TMP degradation efficiency decreased from 96.5% to 46.9% 

with HA concentration increasing (0 ppm to 20 ppm). The kobs in presence of 5, 10 and 20 

ppm HA was found to be 0.027, 0.018 and 0.011 min-1 respectively compared to 0.051 min-

1 in the control test. The retardation of TMP degradation could be attribute to the 

competition reaction between HA and TMP for ·SO
- 

4  and ·OH [23]. Moreover, TMP 

degradation efficiency was also adequately receded in river water (RW) and tap water (TW) 

(Fig. 5d). The physicochemical parameters of RW are presented in Table S3. Obviously, 

CS-Co/PMS process was able to remove 96.5%, 89.4% and 66.0% of TMP from UPW, 

TW and RW, respectively. The degradation efficiency of TMP in various water matrices 

followed: UPW (kobs=0.051 min-1)>TW (kobs=0.045 min-1)>RW (kobs=0.028 min-1). 

Compared to UPW, sound inhibition was observed in TW and RW, owing to the quenching 

effect. Despite that, the degradation efficiency of TMP is acceptable in CS-Co/PMS/RW 

process. 

【Fig. 5】 

3.4 Catalysis mechanism discussion 

3.4.1 Determination of principal reaction radicals 

Previous have demonstrated that ·SO
- 

5, ·SO
- 

4 and ·OH were the main ROS in SR-AOP 

process [2]. To confirm the major ROS formed in CS-Co/PMS process, and to evaluate 

each one contribution for TMP removal, quenching studies with different radical 

scavengers were performed. Methanol (MA) and tert-butanol (TBA) were selected as probe 

chemicals, because MA is capable for quenching ·SO
- 

4  as well as ·OH for the high 
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reactivity towards the both radicals, but TBA is an particular scavenger for ·OH [40]. Fig. 

6a shows the TMP degradation efficiency in the presence of both quenching reagents. 

About 96.1% TMP was degraded when no quenching agents were added. However, a 

significant inhibition on the degradation of TMP could be observed in the presence of TBA 

and MA. More specifically, 68.2% of TMP degradation efficiencies were achieved when 

50 mM TBA was presented, while only 9.5% of TMP degradation was attained in presence 

of the same concentration of methanol. Therefore, both ·SO
- 

4 and ·OH are the dominant 

radicals in the CS-Co/PMS process.  

【Fig. 6】 

A large number of Co-based heterogeneous catalyst for PMS activation have been 

studied via various preparation methods for contaminants removal [41, 42]. The catalysis 

activation process is acceptable that formed CoOH+ and Co2+ are regarded as the most 

effective species for PMS activation on the Co-catalyst surface [43, 44]. Correspondingly, 

decreasing PMS concentration could be expected in the Co-based/PMS system. Fig. 6b 

shows the PMS concentration changing under diverse quenching experiments. This results 

are consistent with previous reports concerning PMS activation [41, 45].  

3.4.2 Estimation of steady-state ·SO
- 

4 and ·OH concentration 

According to the analysis above, we speculated that ·SO
- 

4 and ·OH are major ROS 

dominating TMP degradation. As analyzed by BET (Fig. 1) and XPS (Fig. 2), carbon-

based material not only provides a large surface area with unique physicochemical 

properties, but also have lots of active groups to ensure the favorable immobilization and 

excellent dispersion of ROS, such as -CO-, which was reported as a activator for PMS [46]. 

Besides, carbon-based surface also provide multitudinous electron transfer channels, 

leading to a higher electron transfer rate between catalyst surface and PMS [2]. For instance, 

Zhou et al. reported a carbon microsphere supported by cobalt catalysts, which showed a 

superior catalytic performance by activation of PMS for phenol degradation [47]. 
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On the basis of the above results, a feasible mechanism in the CS-Co/PMS process is 

proposed in Fig. 7. 

【Fig. 7】 

Different concentration of MA and TBA for TMP removal in the CS-Co/PMS process 

were also conducted (Fig. S7). It is seen that the inhibition was not furtherly enhanced 

when the concentration of MA and TBA increased to 50 mM. Therefore, it is possible to 

evaluate the radical contribution percentage via a facile method. The percentage of the 

sulfate radicals (·SO
- 

4) reacted with TMP was calculated using the following this equation: 

r∙SO4
− = (

kobs (∙SO4
−)

kobs(∙SO4
−+∙OH)

) × 100%                       (11) 

where kobs is the pseudo-first-order rate constant. According to the previous study, we can 

suppose that the deviations observed for TMP removal (i.e. 40%) should correspond to the 

contribution of ·SO
- 

4 , when different radical scavengers were used separately in CS-

Co/PMS process [48]. Thus, the relative contribution of ·OH to the degradation of TMP is 

estimated as 60%. It is feasible to estimate the normalized steady-state concentration 

of ·SO
- 

4 ([·SO
- 

4]N) and ·OH ([·OH]N) using the aqueous concentration of chemicals and the 

reactivity of radicals with TMP (kTMP/·SO
- 

4
=7.71±0.29×109 M-1s-1; kTMP/·OH=8.34±0.25×109 

M-1s-1) [39]. Based on the degradation rate of TMP with respect to the steady-state 

concentration of ·SO
- 

4  [·SO
- 

4] and ·OH [·OH], the pseudo first-order assumption can be 

obtained as follows [49]: 

−
d[TMP]

dt
= kTBA/∙SO4

−[TMP][∙ SO4
−] + kTMP/∙OH[TMP][∙ OH]           (12) 

Taking into consideration that the contribution of ·OH for TMP degradation was 60%, 

which is 1.5 times for the ·SO
- 

4 contribution, the kinetic expression becomes: 

−
d[TMP]

dt
= kTMP/∙SO4

−[TMP][∙ SO4
−] + 1.5kTMP/∙SO4

−[TMP][∙ SO4
−]           (13) 

−
d[TMP]

dt
= 2.5kTMP/∙SO4

−[TMP][∙ SO4
−] = kobs[TMP]           (14) 

Thus, the [·SO
- 

4] and the normalizing ·SO
- 

4 [·SO
- 

4]N can be obtained as follows： 
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[∙ SO4
−] =

kobs

2.5kTMP/∙SO4
−
                          (15) 

[∙ SO4
−]N =

kobs

2.5LDkTMP/∙SO4
−
                          (16) 

Using the same calculation process, the [·OH] and the normalizing the [·OH]N can be 

obtained as follows： 

[∙ OH] =
kobs

1.67kTMP/∙OH
                          (17) 

[∙ OH]N =
kobs

1.67LDkTMP/∙OH
                          (18) 

where D is the dosage of catalyst, and L is the concentration of PMS. Ultimately, the 

calculated [·SO
- 

4]N and [·OH]N are 1.24×10-12 M L2 g-1 mol-1 and 1.72×10-12 M L2 g-1 mol-1 

in CS-Co/PMS system.  

3.5 Degradation byproducts and pathways of TMP 

To elucidate the intermediates formation of TMP degradation in CS-Co/PMS process, 

the main products and the intermediates in the reaction were analyzed using LC/MS/MS. 

According to the MS2 spectra results (Fig. S8-S9), ten compounds were identified in this 

work and summarized in Table 2. TP-1/2/3 (M/Z 307), TP-4 (M/Z 305) and TP-6/7 (M/Z 

325) are the main products, which were also found in previous studies [39, 50]. Based on 

the identification of the intermediates and previous studies [26, 51], the TMP degradation 

mechanism were proposed in Fig. 8, with four pathways exhibited: hydroxylation, electron 

transfer mechanism, demethylation and related cleavage. The pyrimidine ring of TMP, was 

firstly attacked by ·SO
- 

4  via electron transfer mechanism, leading to the formation of a 

carbon-centered radical companied with the hydroxylation, demethylation and cleavage 

[52, 53]. In our study, three separate primary products TP-1, TP-2 and TP-3 were observed 

through electron transfer mechanism of ·SO
- 

4, and hydroxylation of ·OH. The subsequent 

hydroxylation or demethylation resulted in the formation of intermediates TP-6 and TP-7. 

Product TP-4 was generated from the intermediate TP-1 via electron transfer mechanism 

and hydroxylation. In addition, TP-5 (M/Z, 279), an intermediate compound demonstrated 
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the simultaneous hydroxylation and cleavage. Finally, the products of TP-8 (M/Z, 111), 

TP-9 (M/Z, 171) and TP-10 (M/Z, 197) was believed to be derived from the cleavage.  

【Table 2】 

【Fig. 8】   

4. Conclusions 

A novel composite CS-Co was successfully fabricated via a facile carbonization 

method, and a highly efficient activation for PMS was observed on TMP degradation. 

Kinetic results revealed that neutral pH shows a preferable effect on the removal 

performance and enhanced kobs was obtained with the increase of PMS dosage, catalyst 

loading and reaction temperature. Due to the quenching effect of HA, the degradation 

efficiency of TMP in various water matrices followed: UPW >TW >RW. The sound 

reusable was observed for CS-Co composites. Based on the scavenging results, ·SO
- 

4  

and ·OH were comfirmed as the main radical throughout the activation, with the 

normalized steady-state concentration calculated as 1.24×10-12 ML2g-1mol-1 and 1.72×10-

12 ML2g-1mol-1, respectively. Ten intermediates were identified in the four-pathway 

degradation of TMP, concerning hydroxylation, electron transfer mechanism, 

demethylation and cleavage. 
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Tables 

Table captions 

【Table 1】 Fitting parameters of pseudo-first-order kinetics model under various 

conditions on degradation of TMP by PMS activation using CS-Co composite.  

【Table 2】 The intermediate compounds detected in CS-Co/PMS process. 
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Table 1 

pH 
Initial concentration 

for TMP /mg·L-1 

PMS dosage 

/mM 

Catalyst 

/g·L-1 
kobs/min-1 t1/2/min R2 

3.0 5 0.5 0.1 0.010±0.001 70.44 0.993 

5.0 5 0.5 0.1 0.037±0.004 18.96 0.924 

7.0 5 0.5 0.1 0.051±0.006 13.67 0.928 

9.0 5 0.5 0.1 0.048±0.004 14.44 0.967 

7.0 5 0.05 0.1 0.028±0.002 24.93 0.992 

7.0 5 0.1 0.1 0.030±0.001 22.88 0.986 

7.0 5 0.2 0.1 0.036±0.002 19.06 0.987 

7.0 5 0.25 0.1 0.040±0.002 17.33 0.973 

7.0 5 0.5 0.1 0.051±0.006 13.67 0.934 

7.0 5 1.0 0.1 0.045±0.005 15.48 0.928 

7.0 5 0.5 0.05 0.012±0.001 58.74 0.959 

7.0 5 0.5 0.1 0.051±0.006 13.67 0.934 

7.0 5 0.5 0.2 0.060±0.004 11.51 0.981 

7.0 5 0.5 0.3 0.069±0.003 10.10 0.990 

7.0 5 0.5 0.5 0.100±0.003 6.93 0.992 

7.0 5 0.5 0.1 0.051±0.006 13.67 0.932 

7.0 10 0.5 0.1 0.012±0.001 59.70 0.986 

7.0 15 0.5 0.1 0.008±0.002 84.53 0.988 

7.0 20 0.5 0.1 0.007±0.001 103.45 0.969 
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Table 2 

Compound M/Z  Intermediate 

TMP 291 

 

TP-1 307 

 

TP-2 307 

 

TP-3 307 

 

TP-4 305 

 

TP-5 279 

 

TP-6 325 

 

TP-7 325 

 

TP-8 111 

 

TP-9 171 

 

TP-10 197 
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Figures 

Figure captions 

【Fig. 1】 N2 adsorption/desorption isotherms of samples: (a) CS0; (b) CS-Co. 

【Fig. 2】 The XPS spectra of CS-Co: (a) high-resolution C1s; (b) high-resolution O1s; 

high-resolution Co2p3/2 and Co2p1/2, fresh (c) and used CS-Co (d). 

【Fig. 3】 Removal performance of TMP in various reaction systems with indicators 

monitoring: (a) Ct/Co; (b) PMS concentration; (c) kobs; (d) TOC in CS-Co/PMS system 

([TMP]=5 mg/L, [PMS]=0.50 mM, [catalyst]=0.1 g/L, [Co2+]=0.01 mM, T=25℃, initial 

pH). 

【Fig. 4】 Effect of initial pH on TMP degradation. ( [TMP]=5 mg/L, [PMS]=0.50 mM 

[catalyst]=0.1 g/L, T=25 ℃, initial pH or adjusted pH). 

【Fig. 5】 (a) Influence of reaction temperatures on the removal of TMP; (b) Estimation 

of activation energy; (c) Effect of HA; (d) Effect of actual water matrix ([TMP]=5 mg/L, 

[PMS]=0.50 mM, [catalyst]=0.1 g/L, initial pH). 

【Fig. 6】  (a) Competitive radical quenching tests; (b) PMS concentration changing 

([TMP]=5 mg/L, [PMS]=0.50 mM, [MA]= [TBA]=50 mM, [catalyst]=0.1 g/L, T=25 ℃, 

initial pH). 

【Fig. 7】 The proposed mechanism for TMP degradation in CS-Co/PMS process. 

【Fig. 8】 Degradation pathways of TMP by CS-Co/PMS process. 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 

 

 



  

 

33 
 

Fig. 8 
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Highlights 

 

 Novel carbon-supported Co (CS-Co) composites were synthesized by carbonization 

process from a saturated cationic resin. 

 The composites exhibit excellent PMS activation for TMP degradation. 

 Scavenging tests confirmed ·SO
- 

4 and ·OH were the dominant reactive radicals. 

 Normalized steady-state concentrations of ·SO
- 

4 and ·OH were calculated. 

 TMP degradation pathways were proposed based on the identified intermediates. 
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