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Abstract 22 

This article reports on the macronization of self-supported 3D CNT foam inter-connected by 23 

heteroatom-enriched porous shells derived from renewable baking ingredients via mild pyrolysis. The 24 

synthesized hybrids enabled disintegrating peroxymonosulfate (PMS) into reactive oxidants (sulfate 25 

radicals, hydroxyl radicals, and singlet oxygen) for the degradation of atenolol, iopamidol, metformin, 26 

trimethoprim, and phenol in water. Hierarchically structured nitrogen- and oxygen-doping 27 

significantly enhanced adsorptive and catalytic performance whereas the magnetic 3D framework 28 

promoted mass transport, multicycle use and induced synergetic effects via the Me-Nx-C interfaces. 29 

The samples were highly efficient for degradative removal of model pollutants at low catalyst and PMS 30 

dose. The catalyst loading, PMS dose, contact time, and temperature positively influenced the removal 31 

potency while pH and water matrix governed the rates differently. Spin trapping, oxidant quenching 32 

and solvent isotope effect study coupled with liquid chromatography and Fourier transform ion 33 

cyclotron resonance mass spectrometry analysis suggested the footprints of transformation products 34 

via a dual-mode (radical and non-radical) activation of PMS. This durable, magnetic carbofoam might 35 

be a promising catalyst for the oxidative abatement of pharmaceutical micropollutants from 36 

contaminated waters. 37 

 38 

 39 

 40 

 41 

 42 
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1. Introduction 43 

The increasing degradation of water quality by anthropogenic pollutants is threatening human 44 

wellbeing and ecosystem sustainability [1,2]. Pharmaceutical active compounds (PhACs) are among 45 

the most persistent and toxic aqueous pollutants, demanding the application of hybrid technologies 46 

for effective abatement [3]. Many PhACs passed through conventional decontamination processes 47 

unchanged or in the forms of harmful metabolites and transformation products (TPs) [3,4]. The 48 

biological activity at ultra-trace quantities will have potential effects on the human and environment 49 

health unless remediation approaches succeed in decomposing PhACs to inert end-products [5]. 50 

Advanced oxidation processes (AOPs) have been explored as a promising choice for oxidative 51 

abatement of organic micropollutants [6-11]. Under that canopy, peroxymonosulfate (PMS)-mediated 52 

oxidative destruction offers great prospects and potency, having high oxidative potential (2.5 to 3.1 53 

eV) and a long half-life (30-40 μs) of sulfate radical [6,9]. Carbon nanotubes (CNTs) have been the 54 

focus of considerable recent attention as metal-free PMS-activators, able to generate resilient oxidizing 55 

species (Eq. 1-4) for the complete mineralization of organic pollutants [12-17]: 56 

+ 2 + 2 → +          (1) 57 

+ → +⦁          (2) 58 

+ → + ⦁          (3) 59 

2 → + 2          (4) 60 

Although disintegrating PMS into hydroxyl radical ( ⦁ ) and singlet oxygen ( ) can be 61 

manipulated by tuning catalyst properties, numerous efforts have been devoted to developing carbon-62 
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sourced catalysts for sulfate radical-mediated AOPs [17-26]. Among those, heteroatom-doped sp2-63 

hybridized carbons have shown excellent potency (Eq. 5-7) [27]. 64 

⋯ + → ⋯ + + ⦁        (5) 65 

= =  +  →  = = + +  ⦁      (6) 66 

= =  +  →  = = + + ⦁      (7) 67 

Tailoring both structural and compositional features of carbocatalysts has emerged as a very 68 

effective strategy to fine-tune activation power. Recently, Shao et al. proposed that ketonic carbonyl 69 

on nanodiamonds facilitated PMS decomposition to  for rapid oxidation of phenolic compounds 70 

(Eq. 8-9) [28]. 71 

− → + ⦁          (8) 72 

2 ⦁ → +          (9) 73 

In comparison to pristine 0D nanodiamonds, 1D CNTs, and 2D graphene, their heteroatom-doped 74 

derivatives have demonstrated enhanced catalytic activity towards PMS [9,10,17]. Although 75 

encouraging degradation has been shown for various model compounds, substantial loss in activity 76 

and low reusability remain major disadvantages. Particularly, synthetic heteroatom-doped CNTs have 77 

on their outer plain carbon active moieties vulnerable to oxidation and dissolved organic matter [7], 78 

causing deterioration of functionality and eventually deactivation [12,13,17]. Due to the inertness of 79 

the basal surface, a modification strategy relying solely on loading dopant precursors may not achieve 80 

adequate intrinsic change in structure and reactivity [23]. The in-situ development of heteroatom-81 

functionalized protective shells for synergistic effect and long durability is thus imperative in this 82 

regard. 83 
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Carbon-sourced activators with low metal footprint are critical for cost-effective and greener water 84 

remediation using PMS-mediated AOPs. However, energy-intensive ultrafiltration is necessary to 85 

recover the nanoparticles thus eliminating the risks of secondary pollution [29]. The potential effects 86 

of CNTs on human health and the ecosystem pose concerns against the practical use of its suspensions 87 

in water purification [30-32]. To overcome this implementation barrier [33], assembling CNTs into 88 

macroscopic architecture for packed-bed reactors or smart catalytic devices would be an alternative 89 

and environmentally benign solution [7,34-37]. Although different heteroatom-doped carbocatalysts 90 

have been intensively examined [18-28,35-43], the fabrication and efficacy of freestanding CNT 91 

foam@PMS system for pharmaceutical abatement have not been reported, making its exploitation of 92 

great importance. 93 

The past decade has witnessed a tremendous increase in global concern and awareness about the 94 

sources, the occurrence, and the fate of emerging PhACs contaminants in aquatic environments [44-95 

46]. Recent studies have demonstrated that AOPs can substantially degrade some representative 96 

compounds including atenolol [47,48], trimethoprim [49,50], metformin [51], and iopamidol [52-58]. 97 

Considering global consumption [59-61], persistent toxicity [62-65], and the structural diversity of 98 

these PhACs, their behavior in CNT-based carbocatalyst@PMS system was expected to be critically 99 

representative and needs to be urgently examined. 100 

Keeping the above in mind, the current study adopted a simple, scalable pyrolysis strategy to 101 

fabricate macroscopic CNTs-based catalysts for PMS-mediated AOPs. Heteroatom-rich shells derived 102 

from renewable baking ingredients (glucose, citric acid and ammonium carbonate) assembled a CNT 103 

skeleton onto free-standing functionalized hierarchical porous hybrids. The residual catalysts (Fe3C, 104 

Fe, and Co) present in the tubules interact with the N-rich carbon layers, forming a diversity of active 105 

interfaces to enhance the overall catalysis [15-17,37-43,66-70]. Meanwhile, with a coating of tunable 106 
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thickness adhering to tubule surface, the hybrids presented a large surface area, had good thermal 107 

stability, preserved magnetic feature, and facilitated multicycle stability. Due to the synergistic effect 108 

of doped heteroatoms, structural defects, and 3D network-supported diffusion, the catalytic potency 109 

and durability were markedly boosted compared to the pristine CNTs, Fe3O4, and other selected 110 

reference materials. Several operating parameters were varied, and their impact on degrading four 111 

PhACs at high concentrations (10 to 40 mg/L) were evaluated. Electron paramagnetic resonance 112 

(EPR) spin trapping, solvent isotope effect and quenching study suggested a dual-mode activation 113 

mechanism of PMS. Liquid chromatography coupled with Fourier transform ion cyclotron resonance 114 

mass spectrometry (FTICR-MS) analysis revealed transformation products and plausible degradation 115 

pathways were proposed. The present work demonstrates the efficient use of 3D free-standing 116 

magnetic CNTs-based catalysts for the effective degradation of emerging PhACs in contaminated 117 

waters. 118 

2. Experimental 119 

2.1. Materials and chemicals 120 

Atenolol, trimethoprim, metformin hydrochloride, iopamidol, D-glucose, citric acid, ammonium 121 

carbonate, peroxymonosulfate (KHSO5.½KHSO4.½K2SO4, Oxone®), single-walled CNTs (lot# 122 

805033, L: > 5μm, diameter: 1.3-2.3 nm), 2,2,6,6-tetramethyl-piperidine were purchased from Sigma 123 

Aldrich. 5,5-dimethyl-1-pyrroline was obtained from Fluka. The pristine CNTs (p-SW) were purified 124 

by 3M HCl to give pu-SW. The molecular descriptor values for tested compounds is presented in 125 

Table S1 (Supporting Information). 126 

2.2. Catalyst preparation 127 

This method was adapted from Liu et al. with minor modification [35]. Briefly, p-SW (0.5 g) was 128 

mixed with a pre-grounded mixture of D-glucose (1 g), ammonium carbonate (1 g), and citric acid (0.7 129 
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g). Glucose and citric acid were used as scaffolder and O-dopant; ammonium carbonate acted as “gas 130 

template” and N-precursor. CNTs were introduced to form a skeleton for the scaffold. Different 131 

hybrids were prepared by varying the mass of citric acid (0.7-3.5 g), annealing temperature (450-700 132 

oC), and holding time (1-12 h). The as-obtained materials were washed with 1 M HCl followed by 133 

copious water and ethanol then dried at 105 °C. Scheme 1 illustrates the evolution of precursors upon 134 

heat treatment on a p-SW substrate. The preparation of all materials is presented in the Supporting 135 

Information and is summarized in Table 1. 136 

2.3. Catalyst characterization 137 

The surface morphology was observed with an FE-SEM (Hitachi SU3500) and TEM (Hitachi 138 

7700). Thermo-gravimetric analysis was performed using a Perkin Elmer TGQ500 system at 25-139 

900 °C in air. Surface functionalities and chemistry were characterized with an FTIR (Bruker, Vertex 140 

70) and an ESCALAB 250 XPS system. N2 sorption measurements were performed at 77 K using a 141 

Micromeritics Tristar II Plus; Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 142 

methods were used to estimate the specific surface area, pore volume and pore size distribution, 143 

respectively. The total pore volume (Vt) was obtained at relative pressure p/p0= 0.90. XRD diffraction 144 

patterns were collected using PANalytical equipment. Raman spectroscopy was studied using a Horiba 145 

Jobin Yvon, Labram HR microscope equipped with a 513.4 nm laser. 146 

2.4. Experimental procedure 147 

Unless otherwise specified, experiments were performed at 25±2 oC in open flasks containing 500 148 

mL solutions of PhACs (10 mg/L, native pH), carbofoam (0.1 g/L) with or without PMS (1 g/L). 149 

Periodically, a magnet was used to isolate the catalyst and 1.0 ml filtrate aliquot (0.2 μm syringe filter) 150 

was sampled into glass vial, which, in case of oxidation tests, was pre-filled with 0.5 ml methanol to 151 
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quench the excessive reactive species. The concentrations of PhACs were quantified using a high-152 

performance liquid chromatography system (HPLC, Shimadzu), and Fourier transform ion cyclotron 153 

resonance (FT-ICR) mass spectrometry (12-T Bruker Solarix XR) was used to identify intermediates 154 

and degradation products; method parameters are described in Table S2 (Supporting Information). 155 

The removal percentage of pharmaceuticals was calculated according to the difference between the 156 

initial concentration and the concentration after time t, by the following equation: 157 

=       (10) 158 

where C0 is the initial concentration of PhACs (mg/L), Ct the concentration at time t (mg/L), m the 159 

mass of catalyst (mg), and V the volume of solution (L). 160 

Using a nonlinear regression method, the pseudo-first-order model was fitted to experimental data 161 

of concentrations processed as a function of time, providing rate constants (k, in min−1) as follows: 162 

=       (11) 163 

Arrhenius’s equation was used to estimate the activation energy of reactions: 164 

=         (12) 165 

where k was the rate constant, R the universal gas constant, T absolute temperature (in Kelvin), A the 166 

constant for each reaction, and Ea the activation energy. 167 

The effects of solution pH, temperature, catalyst loading, Oxone® dose, PhACs concentration, 168 

scavenger, and water matrix were studied by varying the corresponding parameter. The extent of 169 

mineralization was monitored by measuring the total organic content using a TOC analyzer 170 

(Shimadzu, TOC-VCPH/N). The concentration of PMS was quantified by means of a colorimetric 171 
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method [71]. Quantification of leached CNTs was obtained from UV-Visible measurement at 172 

λmax=800 nm. For reusability tests, the spent-foam was magnetically isolated, washed with deionized 173 

water under sonication, and re-used in four consecutive cycles. The reproducibility was verified by 174 

replication, blank and control tests; the reported standard deviations in key figures were obtained by 175 

triplicate experiments. 176 

The mechanistic study was carried out via detection of reactive species-trapping reagent (DMPO 177 

and TEMP, 0.1 M) adducts by EPR equipment (Bruker EMS-plus) as well as solvent isotope effect 178 

study. The role of potential reactive oxidizers was investigated using scavenging experiments in 179 

methanol (MeOH), tert-butanol (TBA), and sodium azide (NaN3) with or without solvent exchange. 180 

3. Results and discussion 181 

3.1. Characterization of carbofoams 182 

As shown in Fig. S1a-i, the hybrids were assembled out of a spongy skeleton homogeneously 183 

covered by biomass-derived carbon. The coating layers glued the tubules maintaining its hierarchical 184 

architecture with intertwined bundles and macropores. Residual catalyst particles were observed on 185 

and within the nanotubes. The surface of p-SW changed to rough, bumpy and thick (≈31 nm) upon 186 

calcination (Fig. S1). From TEM images, smooth and thin (≈11 nm) tubules were observed after 187 

pyrolysis, representing additional stacked shells. An insight into the crystal structure was provided by 188 

diffractometer with broad and intense reflections at 29o and 42o for both F1-a and F5-a implying the 189 

loading of N, O onto carbon matrix [17-19,37,38]. PXRD peaks of metal species were absent in p-190 

SW, but apparent in the hybrids (Fig. 1a). Carbon reflections appeared to increase upon annealing and 191 

sp3-to-sp2 conversion. The widened full width at half maximum of the (002) peak in F5, F5-a, and F1-192 

a likely indicates an interruption of amorphous phase [36,42]. The graphitization was reported to 193 
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improve PMS disintegration by enabling electron transfer along sp2 network and at interfaces of 194 

heteroatom-active metal species-carbon [28,42]. 195 

Figs. 1b and S2a depict the surface elemental composition and chemical configurations. Three 196 

observed distinctive peaks are attributable to C1s, N1s, and O1s. The metal portion mainly consisted 197 

of Fe, Co, and Mg and reduced to 2.5 at.% on F1-a (Table S3). Fitting C1s spectra revealed a shoulder 198 

(285.4 eV) and a small peak (289.5 eV), partly ascribable to N-sp2-C and N-sp3-C bonds. Remarkably, 199 

11.8 at.% of N was detected on F1-a, showing that the doping occurred close to the nanotube plane 200 

where O-containing moieties likely promoted carbon-dopant interactions during slow thermolysis 201 

[38,39,41]. Part of N thus could be anchored by metal species allowing the shells to shield the bulk 202 

constituents and allocate dopants to active sites. Deconvolution of N1s envelopes reveals 203 

characteristic components at 398.0 (42.32%), 399.7 (12.24%) and 401.6 eV (36.82%) of pyridinic, 204 

pyrrolic-N and quaternary/graphitic-N, respectively (Fig. 2a), indicating the heteroatom richness in 205 

the carbon lattice [39,42]. The (399.7 eV) peaks could embody N-species in coordination with iron 206 

and cobalt (Me-Nx) [42,43]. A minor shoulder at 403.7 eV (8.61%) links to oxygenated-N and surface 207 

adsorbed-N species. The abundancy of N-species was in order: pyridinic/Me-Nx > graphitic > pyrrolic 208 

> N-oxide; graphitic-N and pyridinic/Me-Nx contents increased upon annealing. This is an important 209 

feature because higher graphitic-N can facilitate the generation of non-selective radicals [34,64,67], 210 

whereas Me-Nx-C interfaces can be promoted to catalytically active sites [38-43,70]. It is well-211 

established that excessive O-containing groups react with N species, forming thermal stable graphitic-212 

N and releasing the defective edges [28,52,53]. Indeed, pyrolysis helped to increase fivefold in 213 

graphitic-N content whereas oxygen species increased twice in calcined composites then reduced upon 214 

annealing. FTIR analysis supports this with assignable stretching vibrations of C≡N, C=N bonds, and 215 

vibration modes of N-heterocyclic rings (Fig. S3). The enriched pyridinic- and graphitic-N fractions 216 
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have been demonstrated to enhance the catalytic performance of N-doped carbonaceous materials 217 

[12,19,28,38,42], which might imply higher reactivity of the annealed foams towards PMS activation. 218 

Deconvoluted O1s spectra showed that F1-a contained more carbonyl O than that of F1. A small 219 

quantity of C-O/C-OH could be merged with C=O at 531-532 eV but an increased AC=O/AC-O ratio 220 

evidenced the conversion of surface-bound O into more thermally stable carbonyl group (Fig. 2b). 221 

The detachment of N species and enrichment of O in spent catalysts (Fig. S4 and Table 2, entry 8, 9) 222 

are most probably generated from the oxidation process [67]. 223 

The variation in structural disorder and defects were evaluated using Raman spectra where D-band 224 

and G-band had intensities referable to the magnitudes of defects and graphitization, respectively. 225 

Compared to F1, higher IG/ID ratio (≈43.5) and broader D-band of F1-a indicated an annealing of 226 

defect-rich coatings and structural distortions. Altogether with XRD and XPS results, the high degree 227 

of graphitization of F1-a indicated the successful incorporation of heteroatoms into the ordered 228 

graphite lattice. 229 

Introducing heteroatoms and assembling graphitic-rich layers benefited the permanent porosity, 230 

distinctively characterized with type-IV isotherms for a mesoporous structure (Fig. 1d). In comparison 231 

to p-SW, the hybrids had notably improved porosity (Table 2). Pyrolysis-induced layers stacking and 232 

moieties elimination reverted samples to lower microporosity and moderate SBET. The annealed foams 233 

have a 3-time-smaller SBET and micropore volume than the F1 and F5 but similar total volumes is 234 

maintained. Broad pore size profiles with maxima centers at 2.02 nm followed by mesopore domains 235 

and expansive macropores might favor pore wetting and diffusion in the aqueous phase. 236 

Graphitization promoted the stacking of layers to ≈1.3 nm and reduced mesopore range while 237 

excessive citric acid yielded greater O content (Table 2, entry 4, 7). 238 
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Fig. S6 illustrates the thermal profiles of samples, registering a weight-loss of approximately 80% 239 

(F1 and F1-a) to 88% (F5 and F5-a) around 500 oC. The p-SW is stable below 600 °C with complete 240 

weight loss was observed at around 750 °C. The DTG curves recorded on calcined hybrids contain 241 

two stages (582 and 595 °C in F1; 495 and 595 °C in F5) ascribable to the oxidation of amorphous 242 

and graphitic carbon, respectively. F1-a, however, exhibited a single peak at 485 °C while F5-a had a 243 

distinct drop at 510 °C and a small shoulder at 680 °C. This high thermal stability might enable the 244 

application of thermal processes to the exhausted catalysts to desorb bound intermediates and 245 

regenerate catalytic power. Previous studies showed that heteroatoms of the desired binding states 246 

could be facilely tweaked by manipulating the doping dose at high temperature (600-1000 oC) 247 

[18,19,34,41]. Here, lengthening pyrolysis faced a drop of N-content in F1-a12h, speculating that 1 h 248 

annealing at 600 oC was reasonable to balance doping and graphitization. The roles of the modulated 249 

textural properties and chemical compositions in the catalytic oxidation of PhACs will be concretely 250 

discussed below. 251 

3.2. Adsorption and degradation performance 252 

First, the general capability of the prepared materials in water remediation was examined in the 253 

adsorptive and PMS-based oxidative removal of phenol. Next, comparative studies were investigated 254 

for ATN using various materials, followed by a comprehensive comparison of all target PhACs using 255 

selected carbofoams. 256 

As shown in Fig. S7, F5 provided the highest phenol uptake (56% in 80 min) while the pyrolized 257 

foams removed 20% of phenol (C0 = 10 mg/L) via adsorption. Having PMS in the solution, the 258 

catalyzed oxidation processes achieved complete phenol removal in 1 h. The efficiencies in phenol 259 

abatement encouraged targeting model PhACs. Figs. 3a-b show that PMS itself brought no 260 

concentration reduction, implying negligible self-activated oxidation. Adsorptive removal by foams 261 
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was superior to the oxidation capacity of Fe3O4@PMS system. The catalytic efficacies towards 262 

degradation were increased in the following order: PMS (no catalyst), Fe3O4, N,C/Cel, N,C/AC, F5-263 

a, F1-a, F5, and F1. The pu-SW, p-SW and C/SW samples were clearly less potent than the 264 

carbofoams, likely due to their intact graphitic structure barely contains active species. 265 

Specifically, ATN decay by F5-a was slower than that by F1-a while F1 and F5 depicted a similar 266 

trend (Fig. 3a). A complete disappearance of ATN was attained in 3 h over F1-a but only 90 min over 267 

F1. Among CNT-based activators, the pu-SW displayed the poorest catalytic power. The p-SW 268 

showed rapid dynamics in the first 30 min but 41% ATN removal required 3 h. Prolonged pyrolysis 269 

did not endow better catalysis as 3 h treatment degraded only 65% of the target, compared with a 270 

complete decay in 2 h over F1 or F1-a. This finding attributed the improved efficiency to PMS-271 

activation enhanced by the developed active interfaces. The F1@PMS system achieved the greatest 272 

ATN degradation compared to F1-a@PMS and F1-a12h@PMS, denoting the significance of binding 273 

moieties in the adsorption and catalysis processes. Doping electronegative N atoms into carbon lattice 274 

causes adjacent C to be positively charged, promoting the formation of reactive outer-sphere PMS 275 

complexes via electrostatic interaction [12-14,21-24]. Previous studies suggested that these surface-276 

complexed oxone could act as an electron acceptor and direct non-radical activation pathway 277 

[15,16,18,19]. Thus, F1-a that contains sufficient graphitic and pyridinic-N would be an effective 278 

mediator towards non-radical route, compared to the other derivatives. Furthermore, F1-a and F5-a 279 

that hold more surficial carbonyl would effectively accelerate the self-decomposition of PMS into 280 

singlet oxygen [20,21,25,28]. Active metal species have been loaded to carbonaceous materials to 281 

induce reductive conversion of PMS into sulfate radicals, thus boosting up radical-induced oxidation 282 

[20,26,27]. It is noteworthy that upon annealing, the surficial Co/Fe species was maintained but being 283 

transformed into surface-bound Me-Nx-C interfaces thus promoting the non-radical PMS activation. 284 

However, the annealed graphitic surface with lower microporosity would slowed down the wettability 285 
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and binding capacity, respectively, compromising the kinetics. A good correlation between the 286 

removal efficiency of PhACs and the all-in-one catalyst properties was not clearly observed, probably 287 

due to multivariate contributing factors counterbalanced the potential synergized effects [19,28]. 288 

Although the catalytic performance varied with target substrate, the synergetic effects of active 289 

functionalities, defects, sp2 network and accessible storing cavities remained pivotal for the observed 290 

PhAC removal. 291 

The decomposition rate depends on the crystallinity, morphology, and porosity of the catalyst. 292 

Molecular descriptors of targets also condition adsorptive affinity and oxidative reactivity. Figs. 3c-f 293 

illustrate the annealed foams carrying much less ATN and IOP than the other hybrids. Particularly, 294 

sorption equilibria were attained in 30, 120, 120, and 960 min for IOP, MET, TMP and ATN, 295 

respectively. F1 had reluctances to ATN and MET (≈22% removal) but offered 40 and 98% TMP and 296 

IOP disappearance in 2 h, respectively. The equilibrium concentrations of MET (7.8 mg/L) and IOP 297 

(0.5 mg/L) correspond to 0.13 molecules/nm2 coverage. The capability of F1 to house voluminous 298 

IOP molecules, despite a high initial concentration of 20 mg/L, can be attributed to its moiety richness 299 

and hierarchical porosity. Having threefold less Vm, the annealed foams underwent similar tendency 300 

but were less potent in sequestering PhACs. The most detrimental effect observed in IOP uptake by 301 

F1-a (≈0.028 molecules/nm2) is ascribed to its distinct molecular dimensions and a restricted 302 

microporous accessibility [70]. High catalytic activities of F1 and F5 towards ATN and IOP likely 303 

originated from the hydrophilic surfaces of higher SBET, which facilitated direct conversion of oxone 304 

and target substrates on foam surfaces. In both cases, the hierarchical porous architecture could 305 

shorten transport to binding sites for accelerated oxidation processes [19,22]. 306 

A 60-min exposure to PMS provoked 92, 97, 68, 99% and 71, 90, 45, 40% conversion of ATN, 307 

TMP, MET, IOP over F1 and F1-a, respectively. F1 retained a 96% initial amount of IOP within 5 308 
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min and remained relatively equilibrated before adding PMS completely degraded the residues in 15 309 

min. Apart from the adsorptive fraction, the oxidative removal of ATN accounts for 78, 89, 90, and 310 

98% by F5-a, F5, F1, and F1-a, respectively. The recalcitrant level to degradation was in decreasing 311 

order: MET, ATN, TMP, IOP (Fig. 4). Metformin was the most refractory contaminant, although the 312 

removal rates were improved comparing to the UV254/H2O2/Fe(II) system [51]. The slower kinetics 313 

over F1-a and F5-a can be ascribed to their lower porosity, thus hosting capacities towards PhACs. It 314 

is not excluded that the selective nature of singlet oxygen, which the carbonyl-enriched annealed foams 315 

have higher propensity for [18,19,28,40], compromised its oxidative capacity (e.g. towards MET). The 316 

overall performances within the same timeframes (2 h) showed minor differences, presumably 317 

attributed to the modulated catalytically active moieties. Previous studies suggested the electron 318 

transfer from organic substrates to surface-bound oxone via carbon network [10,39,68]. The non-319 

radical was also deduced when Me-Nx species were in contact with the carbon lattice, changing the 320 

chemical configurations, electron and charge densities of the carbon atoms [38,73,76]. Although the 321 

metallic contents relatively unchanged, the iron and cobalt species encapsulated under graphitized 322 

shells might facilitate the catalysis by tuning the electron densities in the surficial carbons [39,40,70]. 323 

Therefore, F1 and F5 foams offered better uptakes but minor discrepancies in oxidative capacity 324 

comparing to F1-a and F5-a, indicating the significance of both structured porosity and catalytically 325 

active Me-Nx-C sites. 326 

The catalytic performance in terms of rate constants also depends on functionalized alien atoms. 327 

The accommodation of ketonic groups within the hybridized carbon can facilitate electron flows to 328 

oxone, leading to enhanced evolution of radicals. Recent studies elucidated that C=O activates PMS 329 

similarly to graphitic N-enriched CNTs and high-temperature carbonization worsens catalytic power 330 

[27,36]. Here, higher-temperature annealing endowed limited kinetics improvement (Table S4), 331 

whereas prolonged annealing lead to a lower doping level but increased rate constants, trackable to a 332 
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highest carbonyl content as estimated by XPS. Both graphitic-N and carbonyl moieties thus 333 

synergistically contributed in disintegrating PMS for the oxidation process. However, not only the 334 

modulated properties of carbofoams but also the operating conditions substantially affect persulfate 335 

activation routes and degradation performance. 336 

3.4. Effects of operating parameters 337 

3.4.1. Thermal agitation 338 

Environmental conditions such as temperature, solution pH and water background composition 339 

have an important effect on degrading pollutants. Oxidations of organic contaminants mediated by 340 

PMS are often temperature-dependent, partly because of its thermal-promoted activation [47-56]. 341 

Elevated temperature may also stimulate non-target reactions, making it an important control 342 

parameter in complete PhACs removal. Showing poorer uptake capacities, F1-a was selected for 343 

temperature-dependence tests. Results showed that thermal agitation positively improved degradation 344 

kinetics; 2 h were sufficient to attain 99% TMP disappearance at 308 K and complete ATN decay was 345 

attained in 180 min at 328 K (Figs. 5a and S8). The Ea values for IOP, ATN, TMP, and MET in F1-346 

a@PMS system were estimated to be ≈15.8, 19.0, 28.6, and 57.9 kJ/mol, respectively. The removal of 347 

electron-rich MET could be elevated at higher temperatures, which facilitate electron transfer in the 348 

radical generation process [17,38,67]. In contrast, sharing the need of energy input to concurrent 349 

reactions between oxidizers and high-molecular weight intermediates hindered fast IOP conversion 350 

[53-55]. 351 

3.4.2. Catalyst and Oxone® dose 352 

The effects of catalyst and oxidant loading on degradation are shown in Figs. 5b,c and S9. The 353 

reaction rate rapidly increased with catalyst or oxidant loading, ascribable to the availability of active 354 
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species. Despite the kinetics improvement at higher Oxone® dose, the increment was beneficial up to 355 

0.5 g/L; above this dose, degradation dynamics reached a plateau. As depicted in Fig. S9, increasing 356 

oxidant promoted ATN elimination from ATN+TMP binary mixture. A tap water matrix required 2 357 

g/L Oxone® for 27 and 65% removal of MET and IOP, respectively. In contrast to a gradual temporal 358 

decay of MET, IOP underwent a tailing kinetic pattern, revealing a competitive consumption of 359 

reactive oxidant and inhibitory effect by background molecules [58]. It is not excluded that degraded 360 

products and matrix constituents pre-occupied binding and catalytic active sites and slowed down the 361 

target reactions. This observation signifies that the PMS dose is the key limiting factor for practical 362 

complete elimination of PhACs. However, low dose was more preferred to avoid self-decomposition 363 

and the risk of sulfate anion pollution in the effluent [6,17,54]. 364 

3.4.3. PhACs initial concentration 365 

Figs. 5d and S10 presented the influence of pollutant loading. Obviously, concentrated solutions 366 

marked lower kinetics. These tendencies closely reflected the nature of PhACs, surface charge and 367 

functionalities. As discussed earlier, adsorption affinity decreased in the order: IOP, TMP, ATN, to 368 

MET and was favored more on air-calcined hybrids than their N2-annealed counterparts. Fig. S11 369 

shows increased r0 values of F1-a foam for ATN, TMP, and IOP but not MET, the cationic molecules 370 

with one hydrogen-bond acceptor. Owning seven H-bonding sites and smaller topological polar 371 

surface area, ATN experienced less fall in r0 comparing to the voluminous IOP. Thus, the structures 372 

of PhACs induced specific interactions with the carbofoams, varying the degradation efficiencies 373 

especially for highly concentrated substrates and process controls are needed to reach a desired 374 

reduction of target compound and concentration. 375 

3.4.4. Initial pH 376 
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Solution pH is an important factor in determining the speciation of PhACs, PMS [5,8] and catalyst 377 

functionalities [66-70]. It has been reported that SO4
•- predominates at pH < 7, both •OH and SO4

•- 378 

present at pH 9; and •OH is the principal radical at pH 12 [8,9]. Fig. 6 shows that pH0 slightly affected 379 

the initial reactivity and rate constant. Generally, the initial r0 over F1-a increased with initial pH higher 380 

than 9 but the opposite was observed for F1 whereas k values were higher in F1@PMS than those 381 

catalyzed by F1-a. Alkalinity enabled negatively charged moieties to repulse dianionic SO5
2- and 382 

PhACs, especially the deprotonated ATN and TMP, leading to a suppressive interaction and less 383 

conversion at interfaces. Singlet oxygen and superoxide radical were less interfered by water 384 

background and stimulated a stronger attack on electron-rich targets, thus regulating reaction 385 

dynamics at high alkalinity [68-70,75]. At pH 11, MET still remained monoprotonated [74] and IOP 386 

did not dissociate, resulting in trivial activity depletion. Because PMS hydrolysis quickly acidified 387 

solutions (Table S5), such positive factors partly offset the inhibition while electrostatic repulsion, 388 

radical abundance, and PhACs speciation governed the overall transformations. Conclusively, the 389 

initial pH0 had insignificant impact to the overall removal rates. 390 

3.4.5. Water matrix and organic matter 391 

Water background plays an important role in the efficient oxidative degradation of PhACs [46-392 

55,75,76]. Catalyst deactivation and suppression of oxidizers could restrain conversion processes 393 

[55,67]. Thus, the impacts of ubiquitous inorganic anions, natural organic matter, and competitive 394 

compounds were examined. The rate constants of reactions interfering by bicarbonate and chloride 395 

ions are presented in Table 3. Generally, the predominance of these anions hampered catalysis, 396 

possibly under shielding effect and transformation of oxidants into less reactive species [53,77]. The 397 

inhibitory effects of bicarbonate were minor at 1 mM but relatively severe at higher concentrations. 398 

In contrast, at 10 mM Cl- the rate constants slightly increased. Previous studies have demonstrated 399 

that chloride can be activated by PMS via both non-radical pathways (Eq. 13,14) and sulfate radical-400 

mediated pathways (Eq. 15-19) [50,80,81]. 401 
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+ → +         (13) 402 

2 + + → + +        (14) 403 

⦁ + → + ⦁         (15) 404 

⦁ + ↔ ⦁           (16) 405 

⦁ + ⦁ → + 2          (17) 406 

⦁ + ⦁ → +          (18) 407 

+ → + +         (19) 408 

Therefore, the generation of reactive halogen and oxychlorine species would alter the degradative 409 

route, oxidation efficiency and product distribution. Attempts to correlate chloride concentration with 410 

degradation rate have been explored in previous studies [80-85]. The possible generation of sulfate 411 

radical from PMS self-decomposition at room temperature may complicate distinguishing the 412 

contribution of non-radical and radical pathway [81]. Yuan et al. reported the various effects of 413 

chloride (0-500 mM NaCl) on Co2+ mediated-dye bleaching with reaction rates increased exponentially 414 

with chloride and PMS content [82]. Yang et al. observed that the amount of adsorbable organic 415 

chloride sharply increase in the degradation of Methylene Blue over PMS/Cl- system ([PMS]0 = 1 mM) 416 

with the Cl- concentration increasing from 0 to 300 mM [83]. Rivas et al. demonstrated that chloride 417 

(6 x 10-5-22.5 x 10-4 M) slightly accelerate the decomposition of PMS (0.05-0.2 M) for tritosulfuron 418 

degradation [84]. Reently, Hou et al. reported that a very small amount of HOCl/OCl- (1.86 μM) could 419 

be generated by reacting chloride (20 μM) with ten-fold molar excess PMS [85]. Indeed, different 420 

conversion patterns of chloride (0.2-1000 mM NaCl) by PMS (2 mM) were observed (Fig. S12). The 421 

generated reactive chlorine species can react with PhACs contributing to their accumulated depletion, 422 

especially electron-rich PhAC species, which are greatly vulnerable to chlorination and oxychlorination 423 



20 
 

[68,72,78]. Probably, Cl- interaction with electron-rich intermediates enables by-product 424 

transformations via H-abstraction and electron oxidation [79,80]. Strong ionic strengths (> 50 mM) 425 

may also appreciably shifted the mass transport flow and surface interactions on the hydrophobic 426 

carbofoam, suppressing the catalysis. Halogenated by-products, which are often more recalcitrant than 427 

the parent compounds [86], may have competed with the target substrate for the reactive oxidant, 428 

leading to the decreased reaction rates under monitoring. 429 

Fig. 7 shows the impact of two scavengers naturally abundant in organic matter: tannic (TA) and 430 

gallic acid (GA). Comparing to TA, the smaller GA molecules would anchor better onto catalyst 431 

cavities via strong π-π stacking and outcompete PhACs for binding sites. During oxidation process, 432 

these phenolic compounds and their mineralized transformation products also strive for the reactive 433 

oxidants. Indeed, removal rates were highly inhibited by GA, followed by TA. Both acids marginally 434 

decelerated TMP oxidation, while the distinct structure of MET made it hardly strive in the 435 

competition. Under similar conditions, MET removal was suppressed five times, whereas TMP 436 

persisted more than 80% degradable. A 24h monitoring after a secondary dose observed 99, 92, 80 437 

and 35% TMP, IOP, ATN, and MET removed, respectively. Nevertheless, high loadings of phenolic 438 

acids considerably impaired PhACs degradations. The maintenance of process parameters or pre-439 

treatment for non-targeting and scavenging compounds should be considered in order to meet the 440 

desired water quality [52,58]. 441 

Having equivalent logKow values, MET and IOP can strongly compete each other in simultaneous 442 

remediation. The target oxidizing attacks are further restricted where water constituents (peptides, 443 

cations, anions) are available as impending scavengers. The simultaneous degradation of MET and 444 

IOP in deionized water (MW), tap water (TW), and synthetic wastewater (SW) showed large variances 445 

from the single-component solution (Fig. S13). In MW (ideal condition), continuous flows of species 446 
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on the catalyst surface led to steady catalysis [79].  This was not achievable in SW where 55% IOP 447 

disappeared in 5 min but similar efficiency for MET needed 4 h. IOP perhaps pre-occupied binding 448 

sites and blocked pores, causing an abrupt cessation of initial activity towards MET. The accumulated 449 

conversion of MET over F1-a was 35% in 4 h, compared to 45% attained in the single-target solution, 450 

which indicates its recalcitrance. Although it is difficult to correlate molecular descriptors with 451 

degradation rates, the high activation energy of MET could partly explain the observations. 452 

Nonetheless, kinetics were still prompt at the beginning of reaction before catalytic interactions were 453 

impacted, forming tailing curves. For IOP, SW and TW matrices demonstrated no substantial 454 

depletion. TW slightly favored MET removal, probably by different complexing effect with 455 

background metallic cations. Chloride (0.15 mM) in SW could accelerate PMS decomposition to form 456 

hypochlorite, free chlorine and relatively less reactive Cl• and Cl2•-, leading to reduced efficiency [67-457 

69]. Slight discrepancies amongst matrix effects are partly due to the better oxidation of chloride by 458 

SO4
•- than •OH [17,68]. Although the least negative effect was observed for IOP in the binary-mixture, 459 

sufficient Oxone® doses were critical to reach a complete degradation. 460 

Identifying reactive species and their power in destruction pathways can be supported by 461 

scavenging tests, which also reflects the influence of non-targeting substrates to the speciation of free 462 

and surface-bound oxidants. As illustrated in Fig. 8a,b, both radical shield alcohols induced strong 463 

interference to the removal of TMP; the rate constant reduced from 0.033 to 0.0008 (min-1) with 464 

increasing proportion of alcohols (0 to 95 v/v %). In organic solvents, PhACs likely to linger away 465 

from catalytic surfaces resulted in a decelerated degradative interaction. The presence of excessive 466 

azide (3-10 mM) inhibited ~25% degradation efficiency of TMP (Fig. 8c). These results indicated the 467 

significance of water background on the effective PMS-mediated carbocatalysis. 468 

3.5. Principle reactive oxidizers and activation mechanism 469 
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Singlet oxygen, hydroxyl and sulfate radicals have been identified as reactive species formed in PMS 470 

decomposition on carbocatalysis [6-28,52-55,66,69-73]. Here, EPR spectra performed on different 471 

catalytic systems showed evidences of all the free radicals. The generated oxidizers were trapped by 472 

DMPO and TEMP distinguishing their catalytic powers via hyperfine splitting constants and peak 473 

intensities of DMPO-OH, DMPO-SO4
- and TEMP-1O2 adducts. Based on the intensity of the 474 

DMPO-X adduct, F1 and F1-a appear to be superior than Fe3O4 in activating oxone. When ATN and 475 

TMP were added, the signals of DMPO-X were weakened, suggesting the competitive consumption 476 

of generated oxidants by the substrates [28,39,68]. The observation of DMPO-OH and DMPO-SO4
- 477 

peaks after 15 min reaction in different water matrices (Fig. 9b) revealed the existence of hydroxyl and 478 

sulfate radicals. It has been reported that graphitic-N, ketonic-O and Me-Nx-C sites at defective edges 479 

can lower surface energy, bridging electron flows and charge transfer, collaboratively leading to the 480 

enhanced evolution of reactive species [28,70]. Highly graphitic carbonaceous surfaces promote the 481 

non-radical activation of PMS via mediated-electron transfer [66-70], whereas Me-Nx-C interfaces also 482 

activate PMS decomposition into highly active 1O2 [18-21,76]. The hypothesized singlet oxygenation 483 

was supported with the identification of a triplet pattern of equal intensity characteristic of TEMP-484 

1O2 adducts (Fig. 9c) [28,40,41,68]. Signal intensity was boosted in the catalyzed systems and wave 485 

amplitude decreased as 1O2 may interact with PhACs. Although a quantitative evaluation of individual 486 

species remains challenging [6,17,68], F1-a appears to be stronger activator compared to F1 and F5 487 

and it is reasonable to infer that both graphitic-N, carbonyl groups and Me-Nx-C sites collaboratively 488 

promoted the singlet oxygenation. No peaks were detected for oxone alone, excluding 1O2 formation 489 

via PMS self-decomposition. Finally, the reduction of signal intensity in PhACs mixture prepared in 490 

synthetic wastewater indicated a rapid consumption of 1O2 by matrix constituents. 491 

To verify the magnitude of quenching effects alcohols and azide caused on the oxidative 492 

degradation of PhACs and the role of individual oxidant in the process, classical quenching tests were 493 



23 
 

conducted using TMP as substrate. Tert-butanol could selectively quench •OH faster than sulfate SO4
•- 494 

( ⦁ = 3.8-7.6 x 108 M-1 s-1, ⦁ = 4.0-9.1 x 105 M-1 s-1, respectively), MeOH was hypothesized to 495 

quench both species ( ⦁ = 1.2-2.8 x 109 M-1 s-1, ⦁ = 1.6-7.7 x 107 M-1 s-1, respectively), whereas, 496 

NaN3 was chosen to corroborate the existence of 1O2 [28,54,68,72]. In Fig. 8, the scavenging effect 497 

was enhanced by increasing the probe level, inferring that both radicals and 1O2 were contributing 498 

oxidants. The rate constants of reactions under quenching indicated that •OH and SO4
•- radicals 499 

exhibited major contribution in TMP oxidation. At 50% v/v solution (corresponding [TBA]0 and 500 

[MeOH]0 ~5.27 and ~12.36 M, respectively), the quenching effects of TBA and MeOH suggested the 501 

competitive contribution of the two radicals. The reaction rates of TBA quenching remained higher 502 

than that in MeOH (0.0056 vs. 0.0019 min-1, respectively), indicating methanol appears to be more 503 

effective for retarding TMP degradation. Regardless the slow hydrolysis of sulfate radical anion at 504 

neutral pH, only alcohols in greatly excess (95 % v/v, equivalent [TBA]0/[PMS]0 and [MeOH]0/[PMS] 505 

was ~3080 and 6800 times, respectively) completely eliminate the oxidative processes, even though 506 

TBA barely reacts with SO4
•-. The F1-a and F5-a mediators with probably lower affinities towards 507 

water could avoid a complete scavenging the alcohols might have on radicals. The carbofoams would 508 

produce surface-bound SO4
•- similar to the pristine and metal-encapsulated nanotubes [14,16,20,26] 509 

whereas their 3D hierarchical structure with a superabundance of intrinsic active sites (e.g. defective 510 

edges, vacancies, dangling bonds) would enhance the interfacial interactions. The observed behaviors 511 

may suggested, beside the electron transfer-based route commonly observed for graphitic 512 

carbocatalysts [19,28,41,66,68], here SO4
•--mediated oxidation likely acted as the main pathway 513 

followed by •OH attack. Surface-bound SO4
•- would also the critical for TMP decay over F1-a in these 514 

particular catalysis. However, many factors could affect the oxidant generation and product 515 

distribution: the nature of PhACs; the molar ratio between scavenger, PhAC and oxidant; the affinity 516 

of oxone to the carbofoam surfaces, solvents and the affinity of scavengers and PhACs to the activator 517 
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surfaces; and the reactivity of the generated radicals with quenchers, PhACs and catalyst surfaces. For 518 

example, SO4
•- radical anion has relatively lower propensity for hydrogen abstraction than •OH, 519 

consequently may appear less critical in the identification of oxidation by-products of IOP (see 3.7. 520 

Identification of transformation products). The failure of highly concentrated scavengers to inhibit 521 

TMP removal could be partly explained by the contribution of other non-radical processes. 522 

In Fig. 8c, sodium azide exerted less severe inhibition even at high molar excess (10 mM). Because 523 

azide reacts rapidly with PMS [10,19,68,72], the effect of 1O2 scavenging needs to be validated. Solvent 524 

exchange (H2O to D2O) was first used to extend the lifetime of 1O2 [87], aiming to endorse the 525 

potential role of 1O2 (Fig. 9d). Without the presence of PhACs, the isotope-exchanged solvent induced 526 

less PMS decay. However, adding NaN3 (3 mM) substantially accelerated the decomposition and D2O 527 

likely stimulated the loss. These observations suggested that: (1) D2O accelerated transferring the 528 

terminal peroxide oxygen to azide; (2) singlet oxygenation could be present and the activated-529 

decomposition of PMS into 1O2 was more favored as long as quenching reagent available. Like the 530 

other oxidants, 1O2 would readily react with the contaminants of its selectivity range. Introducing azide 531 

(1-50 mM) accelerated PMS decomposition (Fig. 9e). Adding 3 mM NaN3 to TMP@F1-a system 532 

initially boosted the decomposition of oxone but quickly attained plateau, which was in accordance 533 

with TMP removal rate (Fig. 8c). The oxidant decay appears to proceed further with higher 534 

concentrated TMP solution, although azide remained in excess. It is plausible that the activated-PMS 535 

conversion competed with those destruction initiated by azide. Thus, the observed quenching in 536 

Figure 9c was likely due to both PMS ineffective losses and 1O2 scavenging activity of azide. Indeed, 537 

within the first 60 min, the degradation efficiency arising for TMP over PMS@F1-a operated in 50% 538 

and 100% D2O was ~14.5 and 25% kinetically higher than the performances in deionized water (Fig. 539 

9f). These results supported that 1O2 may actually have contributed to the carbocatalysis. In addition, 540 

negligible impacts of different reaction atmospheres suggested that oxone rather than dissolved 541 
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oxygen in the reaction solution produced 1O2. Despite 1O2 can effectively react with conjugated double 542 

bonds and aromatics containing high electron density positions, the protonated ATN, MET and 543 

neutral IOP appear to be less susceptible. The relatively fast phenol decomposition at acidic pH (Fig. 544 

S7) might have ruled out the predominant role of 1O2 in non-radical mechanism for phenol-like 545 

compounds or aromatics with electron-donating substituents. Conclusively, principal oxidation 546 

mediated by 1O2 should not have a major implication on all PhACs under the studied experimental 547 

conditions. 548 

Although PMS could oxidize azide to inert N2 and N2O, 23% of terminal peroxide oxygen of oxone 549 

was not transferred to the reductant while the generated highly active azidyl radical would also interact 550 

with substrates [88]. Therefore, the reactivities of PMS/azide and PMS@carbofoam/azide systems 551 

towards specific PhACs are difficult to rationalize, especially the roles of azidyl radical. Nevertheless, 552 

both radical (free and surface-bound) and non-radical (singlet oxygenation, mediated electron transfer) 553 

may all contributed to PhACs degradation, thus maintaining high decontamination efficiencies 554 

observed in different scenarios. The conversions that are pertinent for discussion of the oxidative 555 

degradations via dual-mode activation of PMS, as illustrated in Scheme 2, thus include: 556 

ℎ + ⦁ → + + + + +     (20) 557 

ℎ + ⦁ → + + +  + +      (21) 558 

ℎ + → + + +  + +      (22) 559 

ℎ +   → + + + + +   (23) 560 

3.6. Reactivity, structural stability and reusability of spent catalysts 561 
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Direct engineering carbofoams from p-SW allowed the retention the residual metallic proportion 562 

that offers magnetic-driven separation while preserving their potential synergistic catalytic effects. It 563 

was observed that after extensive sonication for 2 h, the magnetic separability of the catalysts was 564 

reduced in order: p-SW < F1 < F5, but remained excellent for F1-a and F5-a samples. Beside their 565 

higher performances, the good magnetic recyclability of the macroscopic carbofoams would facilitate 566 

its isolation and recovery in practical application. In addition, the macroscopic 3D architected 567 

structure would provide an ideal morphology for mass transfer, leading to less severe deterioration of 568 

active sites during the oxidation process. The interconnected glued foams would significantly eliminate 569 

secondary pollution (i.e. CNT leaching), which is highly desired in wastewater engineering nowadays. 570 

Indeed, the low leaching of nanotubes and the preservation of rapid magnetic isolations confirmed 571 

the robustness of coated-CNT scaffolds (Figs. S14). The coating layers may also improve the catalyst 572 

stability, lifetime, and recyclability. Reusability was thus evaluated in terms of cycle catalysis. Fig. 10 573 

shows very encouraging performance with five consecutive reuses with almost complete degradation 574 

of ATN and TMP. The F1-a demonstrated slower kinetics but relatively similar degradation 575 

efficiencies within the studied timeframe of 2 h. The small lag between curves in the first hour 576 

indicated a deficiency of active sites after regenerations. The hybrids remained highly active for several 577 

cycles although possible active site coverage, defect detachment, and network breakdown appeared in 578 

the spent samples (Table 2, entry 8, 9). Graphitization changes were observed (Fig. 1c) with a reduction 579 

in Raman intensity and the IG/ID ratio was indicative of an abridged graphitic level and variation in 580 

defect density (Fig. 2d). The N content negligibly decreased in the regenerated F1-a, even though the 581 

graphitic-N/pyrrolic-N ratios declined markedly (Fig. S3). This results confirmed graphitized carbon 582 

as shielding ‘skins’ to protect surficial moieties and Me-Nx-C sites against substantial deactivation 583 

[6,28,42,65]. The performance drop thus mirrors the gradual detachment of active moieties, blocking 584 

of pores by intermediates, or oxidant overloading [7]. Nonetheless, materials regeneration by brief 585 
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sonication was found sufficient, owing to its rich hierarchical porosity. Recovering of graphitic species 586 

on the passivated activator via heat treatment would also possible due to the high thermal stability of 587 

the carbofoams. Therefore, the foams were demonstrated to be very promising magnetic, durable and 588 

high-performance 3D carbocatalysts for degradation of PhACs due to its easy separation, facile 589 

recovery and subsequent reuses. 590 

3.7. Identification of transformation products 591 

The potential TPs resulting from the degradation of 20 mg/L PhACs using 1 g/L Oxone® after 5 592 

and 120 min reaction were identified using the ESI FT-ICR MS technique. Full scan spectra were used 593 

to identify products with accurate m/z values and the proposed empirical chemical formulas as shown 594 

in Table S6. Deiodinations of iodine atoms from IOP were observed, whereas dimerization of ATN 595 

was unclear. The fragment with m/z 307, which indicates the direct attack of hydroxyl radical onto 596 

the benzene ring on TMP, was not observed, likely due to its fast transformation rate [49]. No 597 

zwitterionic intermediate of TMP was noted, suggesting the overall product distribution was mainly 598 

governed by radical attacks [49,50]. Although a complete disappearance of parent compounds was 599 

verified after 2 h, the presence of complex TPs retarded the complete mineralization of samples. 600 

Indeed, the most promising non-purgeable organic carbon decay was observed for ATN (TOC2h= 601 

2.58 mg/L corresponding to a 59% removal), while MET represented the lowest efficiency (TOC2h= 602 

4.29 mg/L, 27% removal). The observation of smaller fragments indicated PhAC decay to simpler 603 

molecules. The observed TPs could be linked to the parent compounds via: electron transfer, 604 

electrophilic hydroxylation, oxidation of amine moieties, H-abstraction, decarboxylation and mixed 605 

reaction routes. Particularly, the TPs of TMP and IOP were also transformed via carbon-centered 606 

radical cations, which is initiated by sulfate radical-mediated electron transfer. From the product 607 
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distribution profile, the hydroxyl radical-based oxidation of the aromatic ring and side chain was likely 608 

the dominant pathway [50,52-58]. 609 

The tentative degradation mechanisms for PhACs are proposed as shown in Schemes 3 and S1-3. 610 

In the case of IOP, 19 high-molecular weight transformation products were identified. IOP775, 611 

IOP773 are formed by H-abstraction from alcohol groups. Consecutive attachment of reducing 612 

hydrated electrons forms deiodinated products IOP651, IOP525, and IOP399. The observed TPs 613 

IOP667 and IOP557 are attributed to substitutions of hydroxyl to iodo sites. The produced singlet 614 

oxygen is contributed to the formation of ketones as in IOP775, IOP773, and IOP771 [52,55]. The 615 

observation of IOP649 suggests a fast combination of iodine elimination, H-abstraction, and the 616 

oxidation of secondary alcohol. Sequential amide hydrolysis, oxidation of amine moiety, and H-617 

abstraction of IOP651 forms N1,N3-bis(1-hydroxy-3-oxopropan-2-yl)-2,4-diiodo-5-nitrobenzene-1,3-618 

dicarboxamide (IOP605). Similarly, fragment 5-amino-N1,N3-bis(1,3-dihydroxypropan-2-yl)-2-619 

iodobenzene-1,3-dicarboxamide (IOP453) at the beginning of the catalysis process indicated a rapid 620 

deiodination and amide hydrolysis of IOP651 [56]. Besides non-genotoxic high-molecular weight TPs 621 

[80], iodoacetic acid (IOP185) which has mutagenic in bacteria and genotoxic in mammalian cells [89], 622 

was observed. Although iodoform (CHI3) was not identified in this oxidation system, it has been 623 

detected and accounted for around 1.5% of total organic iodine generated in AOP of IOP [54]. In 624 

practical applications, the (eco)toxicological consequences of degradation process needs sufficient 625 

attention, which allows addressing the operational parameters for the optimal removal (concentration, 626 

toxic effects, and bioaccumulation potential) of the PhAC micropollutants and their derivatives [90]. 627 

4. Conclusion 628 

Free-standing 3D heteroatom-enriched hierarchical porous foams were fabricated via direct 629 

carbonization and mild pyrolysis of renewable gingerbread ingredients on CNTs. Their catalytic 630 
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performance in activating PMS for the degradation of pharmaceutical pollutants was found to be 631 

effective in various operating conditions. The synthesized carbofoams showed enhanced adsorption 632 

and oxidation potencies in comparison to pristine CNTs, Fe3O4 as well as chemically modified-633 

activated carbon and cellulose nanocomposites. The un-annealed foams with high specific surface area 634 

and hierarchically structured heteroatom (N, O)-contained binding moieties were kinetically superior 635 

likely due to greater adsorptive sequestration, showing complete removal of voluminous IOP within 636 

15 min in the presence of PMS. The pronounced potency of the annealed carbofoams was attributed 637 

to the reactive carbonyl-O, graphitic-N active sites, surficial Me-Nx-C sites, and an enhanced electron 638 

transfer facilitated along the highly ordered graphitic framework. Studies on the impact of various 639 

operating parameters revealed that temperature, catalyst and PMS loading accelerated the removal 640 

efficiency, while tests in binary mixtures in different water matrices showed different inhibitory 641 

patterns. The carbofoams present stable 3D architecture, magnetic and catalytic stability, encouraging 642 

reusability and highly competitive potency with minor decay in activity, porosity, and magnetic-driven 643 

recovery. EPR, scavenging and solvent exchange study supported the involvement of ⦁ , ⦁ , 644 

and  via the dual-mode activation of PMS. FTICR-MS analysis suggested the formation of various 645 

transformation products, fulfilling tentative proposals of degradation pathways. Overall, this versatile 646 

renewable resources-based synthesis and shaped controllable magnetic marcoscopic carbocatalysts are 647 

highly expected to offer a promising alternative in remediating pharmaceutical-containing waters. 648 
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= 1 g/L; 25±2 oC. 943 

Figure 7. Inhibitory effects of TA (a) and GA (b) on PhACs removal by F1@PMS. Conditions: 944 
[PhAC]0 = 20 mg/L, native pH, unbuffered; [TA]0 = [GA]0 = 10 mg/L; [F1] = 0.1 g/L; [PMS]0 = 1 945 
g/L; 25±2 oC. 946 

Figure 8. Reaction-inhibiting effect of TBA (a), MeOH (b), and NaN3 (c) on TMP degradation in F1-947 
a@PMS. Conditions: [PhACs]0 = 10 mg/L, native pH, unbuffered; [F1-a] = 0.1 g/L; [PMS]0 = 1 g/L; 948 
25±2 oC. 949 
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Figure 9. Detection of reactive oxygen species. Indicative EPR spectra of reactive oxidizers with 950 
DMPO (a,b) and TEMP (c). ([catalyst] = 0.05 g/L; [PMS]0 = 0.2 g/L; [DMPO]0 = [TEMP]0 = 0.1 M; 951 

25±2 oC; ♠ ≡ DMPO-SO4
- and ♡ ≡ DMPO-OH; contact time 15 min). Validation of singlet 952 

oxygenation via solvent exchange effects on (d) PMS decay in the presence of azide (no catalyst), (e) 953 
PMS decomposition in the TMP@F1-a system with various azide concentrations and (f) Degradation 954 
efficiency of TMP under different atmospheres. ([F1-a] = 0.05 g/L; [PMS]0 = 2 mM; native pH; 25±2 955 
oC).   956 

Figure 10. Reusability of spent catalysts in PhACs degradation. Conditions: [PhAC] = 10 mg/L, 957 
native pH, unbuffered; [catalyst] = 0.1 g/L; [PMS]0 = 1 g/L; 25±2 oC. 958 

 959 

Table 1. Summary of materials and preparative methods 960 

Abbreviation Description Synthesis protocol 
p-SW pristine single-walled 

CNTs 
None 

pu-SW purified single-walled 
CNTs 

- 300 oC in air, 30 min 
- 3M HCl washing, 6 h 

F1 Hybrid F1 - p-SW (0.5 g), D-glucose (1 g), ammonium carbonate (1 
g), and citric acid (0.7 g) 
- 160 oC for 1 h and 450 oC for 3 h 

F5 Hybrid F5 As above, except citric acid (3.5 g) 
F1-a Hybrid F1-a Annealing F1 at 600 oC (heating rate 3 oC/min, holding 

time 1 h) in N2 
F5-a Hybrid F5-a Annealing F5 at 600 oC (heating rate 3 oC/min, holding 

time 1 h) in N2 
F1-a12h Hybrid F1-a12h Annealing F1 at 600 oC (heating rate 3 oC/min, holding 

time 12 h) in N2 
N,C/Cel Reference material - Cellulose (0.5 g), D-glucose (1 g), ammonium carbonate 

(1 g), and citric acid (0.7 g) 
- Annealing as F1-a 

N,C/AC Reference material - Activated carbon (0.5 g), D-glucose (1 g), ammonium 
carbonate (1 g), and citric acid (0.7 g) 
- Annealing as F1-a 

C/SW Reference material - p-SW (0.5 g), D-glucose (1 g). 
- Annealing as F1-a 

Fe3O4 Reference material See Text S1, Supporting Information. 
 961 

 962 

 963 

 964 
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Table 2. Porosity and XPS characterization of the CNTs-based hybrids 

entry sample Textural porosity Relative compositione 

SBET
a Vt

b Vm
c PSDd C O N N/C  

1 p-SW 417 1.20 0.072 2.0; 3.5; 38.5 97.40 2.60 n.d.  

2 pu-SW 431 1.37 0.076 2.0; 3.8; 38.1 95.85 4.15 n.d.  

3 F1 690 1.25 0.177 2.0; 2.6; 3.8; 38.1 91.97 5.58 2.45 0.03 

4 F5 583 1.16 0.190 2.0; 2.5; 3.8; 38.5 92.78 5.70 1.52 0.02 

5 F1-a12h
 579 1.12 0.078 1.3; 2.0; 2.6; 3.4; 34.4 93.84 5.21 0.94 0.01 

6 F1-a 239 1.18 0.062 1.3; 2.0; 2.5; 3.4; 38.0 83.77 4.45 11.78 0.14 

7 F5-a 215 1.120 0.060 1.3; 2.0; 2.4; 3.4; 38.7 86.67 4.61 8.72 0.11 

8 5th run F1-a 185 1.159 0.049 2.0; 3.8; 38.0 86.54 5.53 7.93 0.09 

9 5th run F5-a 155 1.120 0.040 2.02; 3.8; 38.3 86.88 8.15 4.97 0.06 

a: Specific surface area (m2/g); b: total pore volume (cm3/g); c: t-plot micropore volume (cm3/g); d: 965 

Pore size distribution (nm); e: Atomic % estimated by XPS analysis excluding metal species; n.d.: not 966 

detected. 967 

 968 

Table 3. Effects of inorganic anions on degradation rate constants of TMP and IOP. 969 

 
PhACs 

 
Catalysts 

HCO3
- Cl- A

nions 
(m

M
) 0 1 5 10 0 5 10 50 

TMP F1 0.048 0.046 0.029 0.015 0.048 0.040 0.053 0.009 

R
ate 

constants 
(m

in
-1) 

F1-a 0.033 0.033 0.021 0.018 0.033 0.025 0.046 0.010 

IOP F1 0.177 0.169 0.085 0.030 0.177 0.182 0.190 0.095 

F1-a 0.016 0.015 0.015 0.009 0.016 0.023 0.028 0.009 

 970 
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 971 

Fig. 1 972 
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Fig. 2 975 
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Fig. 3 978 
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Fig. 4 981 
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Fig. 5 985 
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Fig. 6 989 
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Fig. 7 992 
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Fig. 8 996 
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Fig. 9 999 
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Fig. 10 1003 
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Scheme 1 1006 
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Scheme 2 1008 
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Scheme 3 1011 
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Fusion thermolysis followed by low-temperature pyrolysis of baking ingredients macronized magnetic 1018 

CNTs into macroscale 3D hierarchical porous heteroatom-doped carbofoams, showing enriched 1019 

accommodation of graphitized interfaces for improved catalytic power and material durability in the 1020 

oxidative abatement of various recalcitrant pharmaceutical contaminants. 1021 

 1022 

TOC (400 x 400 dpi) 1023 

 1024 

Highlights 1025 

 Baking ingredients fused magnetic nanotubes into 3D porous foams via mild pyrolysis. 1026 

 Structured porosity and heteroatom doping boost catalytic power toward activating PMS. 1027 

 Highly active and stable catalyst under various process conditions and water matrices. 1028 

 Dual-mode activation mechanism of PMS and degradation pathways of PhACs are proposed. 1029 

 Multicycle reuse with facile magnetic-driven coordination, separation, and recovery. 1030 
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