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A B S T R A C T   

The oxidation efficiency of iron/persulfate coupled system was limited by the sluggish Fe3+/Fe2+ cycle and 
severe Fe3+ precipitation. In this study, we reported that pyrolytic carbon under low-temperature (PC400) could 
significantly and continuously accelerate the Fe3+/Fe2+ circulation in the Fe3+-mediated persulfate system. The 
fast Fe3+/Fe2+ circulation was due to the transformation between semiquinone radicals and quinones on PC400, 
resulting in the great reusability and continuous degradation of sulfamethoxazole (SMX). In contrast, pyrolytic 
carbon derived under high temperature (PC700) could not maintain the Fe3+/Fe2+ cycle for continuous SMX 
degradation. SMX removal in both two systems was barely affected by the presence of chloride and humic acid. 
Even in the real water matrixes (e.g., seawater, piggery wastewater, and landfill leachate), appreciable SMX 
removal was obtained because of the nonradical reaction pathways, including high-valence Fe(IV) and surface 
electron-transfer process, verified by methyl phenyl sulfoxide-based probe tests, Mössbauer spectroscopy, elec
trochemical test, and kinetic calculation. This study advances the knowledge of Fe3+-mediated persulfate reac
tion enhanced by pyrolytic carbons. The outcomes will inspire new strategies for developing cost-effective and 
efficient carbon-accelerated Fenton-like systems.   

1. Introduction 

Classic Fenton reactions use Fe2+ and hydrogen peroxide to generate 
hydroxyl radicals (•OH) to eliminate organic pollutants in water [1]. 
Compared to •OH, the longer lifetime and higher redox potential of 
sulfate radicals (SO4

• − ) enables more efficient degradation of pollutants 
in the Fe2+ and persulfate (PS) coupled system [2,3]. One mole of Fe2+

produces one mole of sulfate radical in the Fe2+/PS system (Eq. (1)). 
However, the regeneration rate of Fe2+ (Eq. (2)) is much lower than the 
consumption rate (Eq. (1)) [4,5]. Therefore, Fe2+ regeneration from 
Fe3+ is the rate-determining step in the Fe2+/PS system. 

Fe2+ + S2O2−
8 →Fe3+ + SO•−

4 + SO2−
4 (1)  

Fe3+ + S2O2−
8 →Fe2+ + S2O•−

8 (2) 

Considerable efforts have been undertaken to accelerate the Fe2+/ 
Fe3+ circulation. Reductive agents and iron chelating agents are the 
typical promotors for Fe3+ reduction [6–13]. Reductive agents (e.g., 
hydroxylamine and ascorbic acid) can directly reduce Fe3+ to Fe2+, 
herein facilitating the reaction between Fe2+ and PS [6–8,14]. Iron 
chelating agents (e.g., citric acid and ethylenediaminetetraacetate 
(EDTA)) have been used to increase the concentration of dissolved iron 
species and tune the redox potential of iron-chelator complexes to 
accelerate the cycling of Fe2+/Fe3+ [11,15]. However, these chemical 
reagents might induce secondary pollution and compete with the target 
pollutants to consume the reactive oxygen species (ROS) [16]. 

Carbonaceous materials are promising alternatives to these reductive 
agents because carbons can effectively reduce Fe3+ without energy input 
or extra addition of toxic chemicals [9,17,18]. Some researchers indi
cated that the formed carbon-Fe3+ complexes (e.g., fullerene-Fe3+ and 
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carbon nanotube-Fe3+ complexes) possessed more active Fe3+ species 
with a high oxidative potential, which could accelerate the Fe3+/Fe2+

redox cycles and enhance the pollutants degradation [19,20]. We pre
viously reported that pyrolytic carbons (PC) produced from biomass 
waste could act as both “electron donor” to reduce pollutants and 
“electron shuttle” to mediate the reduction of pollutants by lactate [21]. 
The redox characteristics of pyrolytic carbons were related to the 
persistent free radicals (PFR) [22], surface functional groups (i.e. 
phenolic O-H and quinones) [21], and conjugated structure [23–25]. 
Therefore, pyrolytic carbons are promising and cost-effective catalysts 
to accelerate the Fe3+/Fe2+ cycle through redox reactions. Surface 
electron transfer was hypothesized to be the possible reaction pathway, 
i.e., electron migrates from the electron-donor of pollutant to the 
acceptor of reactive carbons/PS complexes through the conductive 
bridge of pyrolytic carbons [26]. Besides, previous study reported that 
Fe2+ could react with PS to generate Fe(IV) [27,28]. However, similar 
nonradical pathways mediated by carbons were rarely reported and the 
dominant reactive species were still ambiguous. 

Herein, the aim of this study was to investigate the catalytic per
formance and elucidate the mechanism of the PC/Fe3+/PS system. The 
conversion of Fe3+/Fe2+ was detected and verified by specific chelating 
agents. The reactive species were determined via diverse methods 
including quenching experiment, electron paramagnetic resonance 
(EPR), methyl phenyl sulfoxide (PMSO) probing test, Mössbauer spec
troscopy, electrochemical test, and kinetic calculation. The reusability 
and stability of pyrolytic carbon was also evaluated. More importantly, 
this oxidative system was applied in real water matrixes including lake 
water, seawater, piggery wastewater, and landfill leachate. 

2. Materials and methods 

2.1. Materials and experimental reagents 

Materials and experimental reagents were provided in Text S1 of the 
supporting materials. 

2.2. Preparation of pyrolytic carbon 

The approach for the preparation of pyrolytic carbons derived from 
peanut shell was based on our previous studies [21,29]. Peanut shell was 
adopted as the carbon precursor due to its high lignin content and less 
ash impurities [30]. The peanut shell was pyrolyzed at 400 ◦C and 700 
◦C under N2 atmosphere for 4 h, which were denoted as PC400 and 
PC700, respectively. These two temperatures were selected because the 
resulted pyrolytic carbons showed the different catalytic performance 
and mechanisms for the SMX degradation according to our previous 
study [31]. The resulted pyrolytic carbon was ground by a ball mill 
(QM-3SP04, China), and then passed through a 100-mesh sieve. Char
acterization methodologies for the as-prepared materials were described 
in Text S2, and the characterization results are shown in Table S1 in the 
supporting materials. 

2.3. Catalytic degradation experiment 

The catalytic experiments were performed in the 100-mL bottle with 
the mixture of pyrolytic carbon (0.5 g L− 1), Fe3+ (1 mmol L− 1), PS (2 
mmol L− 1), and SMX (10 mg L− 1). Graphite was used for the compari
son. The solution pH was adjusted to 3.5 by diluted solutions of hy
drochloric acid and sodium hydroxide before reaction. At given time 
intervals, 0.5 mL samples were collected and mixed with 0.5 mL 
methanol, and then filtered through a membrane (0.45-μm). The con
centration of SMX was quantified by a high-performance liquid chro
matography (HPLC, Waters, 2489, USA). The same procedure as 
described above was also conducted for identifying the free radicals on 
EPR (Micro EPR, Bruker, Germany), using DMPO as the trapping agent. 

Effect of experimental factors containing pH (3.5/7/9/11), Cl− (10 

mmol L− 1), and humic acid (1 and 10 mg L− 1) was investigated. For 
reusability tests, the pyrolytic carbon was reused 5 times. After every 
cycle, pyrolytic carbon was collected through centrifugation, water 
washed, and the used pyrolytic carbons was added in the successive 
cycles. For continuous catalytic tests, pyrolytic carbon and Fe3+ was 
only added in the first run, while PS and SMX were added for succes
sively three runs. 

2.4. Analysis of reactive species 

2.4.1. Radical quenching tests 
Radical quenching tests were performed to identify the dominant 

reactive species in the PC/Fe3+/PS system using the quenchers (e.g., 
ethanol, furfuryl alcohol (FFA), and phenol). Ethanol could quench the 
free radicals [32]. FFA was used as quencher for singlet oxygen (1O2) 
[17]. In comparison, phenol could quench both the radical and non
radical reactive species (e.g., high-valence Fe(IV) and surface-confined 
electron transfer) [28]. 

2.4.2. Identification of nonradical species 
To identify the possible surface electron-transfer, Linear Sweep 

Voltammetry (LSV) measurements were performed using the three- 
electrode cell according to the reported methods [33]. The detailed 
procedure and parameters of LSV measurements were described in Text 
S3 in the supporting materials. 

To identify the Fe(IV) species, PMSO was used as the specific 
chemical probe in the PC/Fe3+/PS system by detecting the concentra
tions of PMSO and the characteristic product, methyl phenyl sulfone 
(PMSO2), because PMSO could be oxidized by Fe(IV) to generate PMSO2 
[27]. To further verify the existing Fe(IV), Mössbauer experiment was 
conducted based on the reported method [34]. Briefly, the withdrawn 
sample was immediately added to the customized PTFE container and 
rapidly freeze-dried using liquid nitrogen. Then, sample was packed into 
a Delrin Mössbauer cup. The spectra were collected at 14 K in a trans
mission mode. The Mössbauer spectra of sample were measured by an 
automated precision Mössbauer spectrometric system with a 
high-velocity resolution (registration in 1024 channels) built based on a 
Mössbauer spectrometer (WSS-10, WissEl GmbH, Germany). 

2.5. Application in the real water matrixes 

Real water samples including lake water, seawater, piggery waste
water, and landfill leachate, were collected from the Siyuan lake, East 
China Sea, a pig farm, and a waste landfill, respectively, located in 
Shanghai. The water samples were filtered with a 0.45 μm mixed cel
lulose ester membrane and then stored at 4 ◦C before use. The charac
teristics of water samples were analyzed and displayed in Table 1. The 
two different PC/Fe3+/PS systems were applied in the above real water 
systems. The experimental procedure was performed as described in 
section 2.3. 

Table 1 
Characteristics of the real water samples.  

Parameters Lake 
water 

Seawater Piggery 
wastewater 

Landfill 
leachate 

TOC (mg L− 1) 9.2 9.3 821 1389 
Conductivity 

(μS) 
480 17280 6870 20200 

F− (mg L− 1) 1.6 – 0.081 2.7 
Cl− (mg L− 1) 80.2 7286 418.1 4479 
Br− (mg L− 1) 1.8 – 24.67 46.8 
NO3

− (mg L− 1) 2.7 – 1.63 3.12 
NO2

− (mg L− 1) – – 9.58 71.3 
SO4

2− (mg L− 1) 38.5 1097 39.9 129.5 
SMX (mg L− 1) – 0.021 0.08 –  
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2.6. Analysis methods 

The concentrations of SMX, PMSO, and PMSO2 were quantified using 
HPLC. The SMX degradation products were analyzed by UHPLC-MS. The 
concentration of Fe2+ and total Fe were measured by the addition of 
1,10-phenanthroline method with the absence and presence of hydrox
ylamine hydrochloride, respectively [35]. The detailed measuring 
methods of UHPLC-MS and Fe analysis were presented in Text S4. The 
total organic carbon (TOC) content was measured by a TOC analyzer 
(TOC-V, Shimadzu, Japan). The ionic composition was determined by an 
ionic chromatographic analyzer (ICS-5000, Thermo Fisher). 

3. Results and discussion 

3.1. Catalytic removal of SMX in different systems 

SMX removal in both Fe3+/PS and graphite/PS systems was inef
fective (<7.65 %) (Fig. 1a). The addition of graphite enhanced SMX 
removal to 24.9 % in graphite/Fe3+/PS system. Impressively, PC400 
addition enhanced the SMX removal to 87.7 % in the PC400/Fe3+/PS 
system, while only 23.3 % of SMX removal was observed in the PC400/ 
PS system (Fig. 1a). SMX removal in the PC400/Fe3+/PS system after 60 
min was even higher than that in the classical Fe2+/PS system (Fig. S1). 
In comparison, SMX removal in the PC700/Fe3+/PS system was 73.3 %, 
while the PC700/PS system removed 68.1 % of SMX, indicating that the 
coupled PC700/PS might dominate the SMX removal in the PC700/ 
Fe3+/PS system (Fig. 1a). The removal of SMX in the Fe3+/PS system 

assisted by graphite and pyrolytic carbon could be attributed to the 
degradation since SMX sorption by these materials was relatively limited 
(3.22 %–19.9 %) (Fig. S2). Both PC400/Fe3+/PS and PC700/Fe3+/PS 
system experienced two stages in the SMX removal, a rapid “first stage” 
and slow “second stage”. Compared to that in the PC700/Fe3+/PS sys
tem, the much faster removal of SMX in the second stage in the PC400/ 
Fe3+/PS system was likely to be induced by the fast generation of Fe2+, 
which was detailedly presented in Section 3.2. Moreover, though the 
first-order rate constant (kobs) in the graphite/Fe3+/PS system (0.0036 
min− 1) was 3 times of the graphite/PS system (0.0012 min− 1), the value 
of graphite/Fe3+/PS system was still much lower than that of the 
PC400/Fe3+/PS (0.0209 min− 1) and PC700/Fe3+/PS system (0.0215 
min− 1) (Fig. 1b). The catalytic activity of graphite was weaker than that 
of pyrolytic carbons, which might be ascribed to the much lower elec
tron donating capability (0.075 vs 0.39–1.25 mmol e- (g carbon)− 1, 
Table S1) and sorption ability (Fig S2). The kobs value of the PC400/ 
Fe3+/PS system was 4.97 times higher than that of the PC400/PS sys
tem, while kobs of the PC700/Fe3+/PS system was 1.35-time of the 
PC700/PS system. These results suggested that compared to PC700, 
PC400 might induce more Fe3+ reduction for PS activation and thereby 
accelerating the SMX degradation. 

The reusability tests of the pyrolytic carbons were evaluated upon 
five successive cycles (Fig. 1c). In the PC400/Fe3+/PS system, 78.0 % of 
SMX degradation was still observed after five cycles, which was slightly 
lower than the first run (87.7 %). However, in the PC700/Fe3+/PS 
system, only 24.7 % of SMX degradation was obtained after the 2nd 
runs, and it kept constant in the following runs compared to 73.3 % of 

Fig. 1. SMX removal in different systems (a); kobs of SMX removal in different systems (b); catalytic property of pyrolytic carbon for repeated use (c); continuous 
degradation of SMX in the Fe3+/PS, PC400/Fe3+/PS and PC700/Fe3+/PS systems (d). Reaction conditions: PS: 2 mmol L− 1, Fe3+: 1 mmol L− 1, pH = 3.5, and 
temperature: 25 ◦C (a-b) SMX: 10 mg L− 1, Graphite or PC400 or PC700: 0.5 g L− 1; (c) PC400 or PC700: 0.5 g L− 1, SMX: 10 mg L− 1; (d) SMX: totally 30 mg L− 1. 
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degradation by the fresh PC700/Fe3+/PS system (Fig. 1c). Meanwhile, 
in the PC700/PS system, after the 2nd runs, only 25.1 % of SMX removal 
was obtained although 68.1 % of SMX removal was observed after the 
1nd cycle, and it kept constant in the following runs (Fig. S3). These 
results demonstrated that the deactivation of PC700/Fe3+/PS was 
mainly caused by PC700 rather than Fe ions. It seemed that PC400 
would recover its catalytic ability in the PC400/Fe3+/PS system, and the 

reason for this was discussed in Section 3.4. However, PC700 was liable 
to be deactivated after use. Previous research attributed the deactivation 
to the block of pores and coverage of active sites [36]. The catalytic 
ability of PC700 was recovered in the PC700/Fe3+/PS system by thermal 
treatment (700 ◦C, N2 atmosphere), further proving the above expla
nation (Fig. 1c). Moreover, the continuous catalytic activity of pyrolytic 
carbon was evaluated in the PC400/Fe3+/PS and PC700/Fe3+/PS 

Fig. 2. Transformation of iron species (e.g., total Fe2+ and Fe3+) in PC400/Fe3+/PS (a) and PC700/Fe3+/PS systems (b); the effect of EDTA (c) and Phen (d) on SMX 
removal in different systems; SMX removal in different Fe2+-based systems (e). Reaction conditions: SMX: 10 mg L− 1, PS: 2 mmol L− 1, PC400/PC700: 0.5 g L− 1, pH =
3.5, (a-b) Fe3+: 1 mmol L− 1; (c) EDTA: 1 mmol L− 1, Fe3+: 1 mmol L− 1; (d) Phen: 1 mmol L− 1, Fe3+: 1 mmol L− 1; (e) Fe2+: 1 mmol L− 1. 
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systems (Fig. 1d). SMX concentration in the Fe3+/PS system continu
ously increased with three runs of SMX addition and reached 28.0 mg 
L− 1 at 480 min. However, SMX concentration in the PC400/Fe3+/PS 
system was 1.20 mg L− 1 after 480-min reaction, which was much lower 
than that of 16.6 mg L− 1 SMX in the PC700/Fe3+/PS system. The results 
further indicated that, compared to PC700, PC400 might be more liable 
to facilitate the Fe2+/Fe3+ circulation, thus accelerating the formation of 

reactive species for continuous SMX degradation [12]. 

3.2. Acceleration of Fe3+/Fe2+ conversion 

The SEM images proved that unlike graphite (Fig. S4), Fe and C co- 
existed in pyrolytic carbon, which was uniformly distributed on the 
surface of pyrolytic carbon (Fig. S5), suggesting the potential interaction 

Fig. 3. Influence of different quenchers on SMX removal in the PC400/Fe3+/PS (a) and PC700/Fe3+/PS (b) systems; PMSO depletion (c) and PMSO2 generation (d) in 
different systems; Mössbauer spectra of PC400/57Fe3+/PS (e) and PC700/57Fe3+/PS (f) systems. The spectra were collected at 14 K in transmission mode. Reaction 
conditions: (a-b) SMX: 10 mg L− 1, PS: 2 mmol L− 1, PC400/PC700: 0.5 g L− 1, Fe3+: 1 mmol L− 1, Ethanol: 2 mol L− 1, Phenol: 0.04 mol L− 1, pH = 3.5; (c-d) PS: 2 mmol 
L− 1, PC400 or PC700: 0.5 g L− 1, Fe3+: 1 mmol L− 1, PMSO: 100 μmol L− 1, and pH = 3.5; (e-f) PC400 or PC700: 5 g L− 1, 57Fe3+: 10 mmol L− 1, PS: 20 mmol L− 1, and pH 
= 3.5. 
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between pyrolytic carbon and Fe3+. In the graphite/Fe3+/PS system, the 
concentration of Fe2+ was below detection limit (Fig. S6). In the PC400/ 
Fe3+/PS system, the concentrations of Fe2+ and Fe3+ were in a dynamic 
cycle for 40 min, and then maintained constant (Fig. 2a). The concen
tration of Fe2+ ranged from 12.6–22.3 mg L− 1. However, in the PC700/ 
Fe3+/PS system, the Fe3+/Fe2+ cycle was much slower than that of 
PC400/Fe3+/PS system, and concentration of Fe2+ varied from 7.91 to 
10.6 mg L− 1 (Fig. 2b). Note that the concentration of dissolved Fe2+ in 
both PC400/Fe3+/PS and PC700/Fe3+/PS systems was very low (<3.46 
mg L− 1) (Fig. S7). In contrast, Fe2+ in the solid phase was significant, 
especially in the PC400/Fe3+/PS system (9.41–21.0 mg L− 1), which 
suggested that surface-associated Fe2+ might be responsible for the 
surface Fe3+/Fe2+ cycle in PC400/Fe3+/PS. These results indicated that 
PC400 possessed a greater ability than PC700 for continuously reducing 
Fe3+ to Fe2+. 

To confirm the dynamic cycle of Fe2+ and Fe3+, EDTA and Phen was 
employed to compete for the Fe species with pyrolytic carbon, respec
tively. Previous study reported that Fe3+-EDTA complex was more stable 
than Fe2+-EDTA complex; Fe2+-Phen complex was more stable than 
Fe3+-Phen complex [37]. Both EDTA and Phen addition significantly 
inhibited SMX removal (>63.7 %) in the PC400/Fe3+/PS system 
(Fig. 2c-d) due to the hindered conversion between Fe2+ and Fe3+, 
which further demonstrated the vital roles of the dynamic cycle between 
Fe2+ and Fe3+. In the PC700/Fe3+/PS system, Phen remarkably inhibi
ted the SMX removal by 42.4 %; however, the reduction of SMX removal 
was relatively limited (15.5 %) with the addition of EDTA (Fig. 2c-d). 
This might be due to the different electric charge states of [Fe(EDTA)]−

and [Fe(Phen)3]2+ [38], which affected the interactions between PC700 
and PS. Compared to [Fe(EDTA)]− , [Fe(Phen)3]2+ was more liable to be 
sorbed by the negatively-charged PC700 (Fig. S8), inducing more sup
pression of the SMX degradation in the PC700/Fe3+/PS system. 
Although Fe3+ coordinated by EDTA might promote PS activation, the 
reducing ability of Fe3+-EDTA complex was lower than that of Fe2+

[39], so here EDTA resulted in more inhibition of SMX degradation. 
Besides, EDTA addition had negligible roles on the SMX removal in the 
PC400/PS and PC700/PS system (Fig. S9), further verifying the inhibi
tory roles of Fe3+-EDTA complex in the PC/Fe3+/PS system. These re
sults evidenced that Fe3+/Fe2+ cycle played the vital role in 
PC400/Fe3+/PS system but not for the PC700/Fe3+/PS system, in which 
the coupled PC700/PS might dominate the SMX removal. 

To further investigate the role of Fe3+/Fe2+ cycle in SMX removal, 
PC400 and PC700 were employed to the Fe2+/PS system. PC400 
remarkably boosted the SMX removal, and the removal efficiency of the 
PC400/Fe2+/PS system was significantly higher than that of the Fe2+/PS 
system (100 % vs 76.4 %) (Fig. 2e). However, PC700 only slightly 
accelerated the SMX removal in the PC700/Fe2+/PS system than that of 
Fe2+/PS system (81.7 % vs 76.4 %). These results verified the higher 
Fe3+/Fe2+ cycle with the presence of PC400 than PC700. Besides, the 
SMX sorption was limited estimated by extraction after the reaction in 
different systems (Fig. S10), further indicated that the oxidation pri
marily contributed to the removal process. 

3.3. Identification of reactive species 

3.3.1. Radicals 
To explore the roles of reactive species, selectively scavenging tests 

were performed in PC400/Fe3+/PS and PC700/Fe3+/PS systems. 
Ethanol is a scavenger for sulfate (SO4

• − ) and hydroxyl (•OH) radicals 
[32]. Here, the addition of ethanol at the molar concentration of 1000 
times of PS severely inhibited SMX degradation by 62.3 % in the 
PC400/Fe3+/PS system (Fig. 3a). However, the same dose of ethanol 
only partially inhibited the SMX degradation by 29.3 % in the 
PC700/Fe3+/PS system (Fig. 3b). Since ethanol could also quench 
nonradical ROS such as Fe(IV), the contribution of free radicals might be 
magnified by the quenching test [40], especially for PC400/Fe3+/PS 
system, in which Fe(IV) played crucial roles and was detailedly 

discussed in Section 3.3.2. Besides, phenol addition severely inhibited 
the SMX degradation by 74.7 % in the PC400/Fe3+/PS and by 42.9 % in 
PC700/Fe3+/PS systems, respectively, which was higher than ethanol 
quencher (Fig. 3a-b), verifying the co-existing radical and nonradical 
reaction pathway. 

EPR results showed that strong DMPO/•OH adduct (four lines, 
1:2:2:1) was clearly observed in both PC400/Fe3+/PS and PC700/Fe3+/ 
PS systems (Fig. S11). The unseen DMPO/SO4

• − adduct might be due to 
the quick transformation from DMPO/SO4

• − adduct to DMPO/•OH 
adduct [41]. The signal of DMPO/•OH adduct in the PC400/Fe3+/PS 
system was higher than that of the PC700/Fe3+/PS system (Fig. S11), 
because DMPO/•OH adducts might form via the direct oxidation of 
DMPO by generated Fe(IV), which was detailedly discussed later. 

3.3.2. Nonradical species 
To identify the possible generation of Fe(IV), PMSO was used as the 

probe compound since Fe(IV) could transform PMSO to PMSO2, which 
was different from the radical-induced products [27]. PC400 or PC700 
alone could remove about 8.68–16.0 μmol L− 1 of PMSO (Fig. 3c). In the 
PC400/Fe3+/PS system, the depletion of PMSO was 100 μmol L− 1 and 
production of PMSO2 was 46.4 μmol L− 1, whereas the production of 
PMSO2 in the PC700/Fe3+/PS system was 4.62 μmol L− 1, which was 
much lower than that of PC400/Fe3+/PS system (Fig. 3c-d and Fig. S12). 
The results indicated the involvement of Fe(IV) in the PC400/Fe3+/PS 
system; however, the contribution of Fe(IV) was insignificant in the 
PC700/Fe3+/PS system. 

Mössbauer experiment was conducted to further examine the exis
tence of Fe(IV). In the PC400/Fe3+/PS system, the identified Fe(IV) 
signal with the parameter isomer shift of -0.09 mm s− 1 was observed in 
Fig. 3e [34,42,43], and the proportion of Fe(IV) reached 11.2 %. In 
contrast, no clear signal of Fe(IV) was found in the PC700/Fe3+/PS 
system (Fig. 3f and Table S2). These results demonstrated that Fe(IV) 
existed in the PC400/Fe3+/PS system while no Fe(IV) was found in the 
PC700/Fe3+/PS system. 

Besides, considering the possible singlet oxygen (1O2) generated in 
the PC400/Fe3+/PS and PC700/Fe3+/PS systems, FFA quenching 
experiment was performed. Results showed that FFA addition could not 
obviously inhibit the SMX removal in these two systems (Fig. S13), 
suggesting that 1O2 was not the primary ROS. To further verify other 
nonradical pathways such as surface electron transfer, Linear Sweep 
Voltammetry measurement was performed. Result showed the syner
gistic increase of current in the co-presence of PS and SMX via the 
conductive bridge of PC700 in the PC700/PS system (Fig. S14). Spe
cifically, electron migrates from the electron-donor of SMX to the 
acceptor of PC700/PS complexes (e.g., PC700-PS*) through the 
conductive bridge of PC700. However, the current could not be 
strengthened with the addition of both PS and SMX in the PC400/PS 
system. These results demonstrated that surface-confined electron 
transfer existed in the PC700/PS system instead of the PC400/PS system. 
Since PC700/PS system dominated the SMX removal in the PC700/ 
Fe3+/PS system, the surface electron transfer as the nonradical reaction 
pathway might exist in the PC700/Fe3+/PS system. 

3.3.3. Kinetics calculation 
To distinguish the relative contributions of SO4

• − , •OH, and non
radical pathways for SMX degradation, competition kinetics test was 
conducted based on the reported method [28]. Briefly, degradation 
removal of the mixed system containing SMX, Nitrobenzene (NB), and 
Benzoic acid (BA) by the PC400/Fe3+/PS and PC700/Fe3+/PS systems 
were investigated. With the experimentally determined rate constants 
(kobs) (Fig. S15) along with literature-reported second order rate con
stants of radicals toward the three probe compounds (Table S3), the 
steady-state concentrations of two radicals (e.g., •OH and SO4

• − ) were 
calculated based on the equations in Text S5. In the PC400/Fe3+/PS 
system, the steady-state concentrations of •OH and SO4

• − were calculated 
to be 0.85 × 10− 14 M and 3.51 × 10− 14 M, respectively; in the 
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PC700/Fe3+/PS system, the steady-state concentrations of •OH and SO4
• −

were calculated to be 1.28 × 10− 14 M and 1.09 × 10− 14 M, respectively. 
Thus, the relative contribution of •OH, SO4

• − , and nonradical reactive 
species in the PC400/Fe3+/PS system were estimated to be 28.8 %, 16.3 
%, and 54.9 %, demonstrating the dominant role of nonradical oxidation 
pathway. In the PC700/Fe3+/PS system, the relative contribution of 
nonradical pathway was 51.5 %, which was higher than that of •OH and 
SO4

• − oxidation pathway. These two systems both demonstrated that 
nonradical pathways had more significant contributions than radical 
oxidation pathways. The abovementioned results indicated that Fe(IV) 
mainly contributed to SMX degradation in the PC400/Fe3+/PS system, 
whereas surface electron transfer might be the main reaction pathway in 
the PC700/Fe3+/PS system. 

3.4. Reaction mechanism 

As mentioned above, PC400 exhibited excellent capacity to facilitate 
the Fe3+/Fe2+ circulation, accelerating the continuous SMX degrada
tion. In contrast, PC700 attained limited Fe3+/Fe2+ cycles, leading to the 
non-continuous degradation. PC400 had high electron donating capac
ity as well as low graphitization degree and surface area (19.8 m2 g− 1), 
while PC700 possessed low electron donating capacity as well as the 
high graphitization degree and surface area (283 m2 g− 1) (Table S1). 
These different characteristics might contribute to the distinct catalytic 
performance of PCs for SMX degradation. The amounts of phenolic O–H 
groups were related with the electron donating capability [24]. In the 
PC400/Fe3+/PS system, when PC400 reacted with Fe3+, Fe3+ was 
reduced to Fe2+; meanwhile, the phenolic O–H group in PC400 would 
be transformed to a semiquinone radical (Eq. (3)) [44,45]. Subse
quently, semiquinone radicals as the intermediate in PC400 would react 
with Fe3+ to form quinones (Eq. (4)) [46]. Moreover, quinones would 
react with reactive species such as radicals to generate semiquinone 
radicals (Eq. (5)), which would again reduce Fe3+ to regenerate qui
nones and Fe2+ [45,47]. The above mechanism was verified by EPR 
analysis (Fig. 4a and Fig. S16). For the PC400/Fe3+/PS system, EPR 
signal with a g factor of 2.0032 for semiquinone radical [48], decreased 
in first 60 min, then the signal increased as time prolonged to 90 min, 
and finally decreased at 120 min (Fig. 4a and Fig. S16), showing that the 
contents of semiquinone radical firstly decreased and then increased, 
and again decreased, further demonstrating the transformation between 
semiquinone radical and quinones. Then Fe2+ reacted with PS to 
generate Fe(IV) or radicals (Eqs. (1) and (6)). It was noted that the 
generated Fe(IV) was a transient species [34,49], and it would transform 
into Fe3+ (Eqs. (7) and (8)). These results could explain the reason for 
long-lasting Fe2+ generation, which could lead to the continuous 

degradation of SMX in PC400/Fe3+/PS system. 
However, in the PC700/Fe3+/PS system, signals of semiquinone 

radical on PC700 were not observed (Fig. 4b), which implied that the 
redox processes of oxygen groups (e.g., phenolic O–H and quinones) 
were limited. Instead of functional groups, active sites associated with 
aromatic structure and high surface area might be the key factors for the 
surface electron-transfer mechanism [24]. It was liable to be deactivated 
after the repeated use due to the hindered interaction between PC700 
and PS, thereby inhibiting the degradation. The catalytic mechanism of 
PC700 referred to the equations (Eqs. (9)–(13)). 

The TOC result showed that both the PC400/Fe3+/PS and PC700/ 
Fe3+/PS systems had good mineralization degree on SMX with TOC 
removal rate of 60.8 %–64.8 % (Fig. S17). To further explore the 
degradation mechanism, degradation products of SMX were detected. 
Based on the identified products (Fig. S18-S19 and Table S4) from the 
PC400/Fe3+/PS system, hydroxylation and N–S bond cleavage of SMX 
molecule existed. However, in the PC700/Fe3+/PS systems, isoxazole 
ring opening was observed, further demonstrating that the degradation 
mechanisms for the two systems were different. The possible degrada
tion pathway of SMX in the PC400/Fe3+/PS and PC700/Fe3+/PS was 
drawn as shown in Fig. S20. 

For PC400: 

(3)  

(4)  

(5)  

Fe2+ + S2O2−
8 + H2O→FeIVO2+ + 2SO2−

4 + 2H+ (6)  

FeIVO2+ + H+→Fe3+ +
1
4
O2 +

1
2
H2O (7)  

FeIVO2++Fe2+ + 2H+→2Fe3+ + H2O (8) 

For PC700: 

PC700 + S2O2−
8 →PC700OX + SO•−

4 + SO2−
4 (9)  

SMX + PC700 + S2O2−
8 →SMXOX + PC700 + 2SO2−

4 (10) 

Fig. 4. Changes of PFRs on pyrolytic carbon during the PC400/Fe3+/PS and PC700/Fe3+/PS systems.  
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SO•−
4 + H2O→SO2−

4 + • OH + H+ (11)  

SO•−
4 + OH− →SO2−

4 + • OH (12)  

SO•−
4 / • OH + SMX→SMXOX (13)  

3.5. Influence of environmental factors and application potential in real 
water 

Influences of environmental factors on SMX degradation were 
investigated, including initial solution pH (unbuffered), chloride, and 
humic acid (HA) (Fig. 5a-d). The PC400/Fe3+/PS system was sensitive to 
the solution pH, and SMX degradation was obviously inhibited by 73.4 
%–75.9 % at pH 7/9/11 compared to the efficiency at pH 3.5 (Fig. 5a). 
In the PC400/Fe3+/PS system, the final solution pH value was 6.20, 
7.43, and 10.6 whereas the initial solution pH was 7, 9, and 11, 
respectively (Fig. S21). Fe3+ would be transformed into oxyhydroxides 
at pH ≥ 5.4 via precipitation reactions [10,50], which might be the 
reason for significantly retarded SMX degradation in the 
PC400/Fe3+/PS system. Additionally, our previous study reported that 
pyrolytic carbons derived from low-temperature pyrolysis possessed 
better reducing ability at pH 2 than that at pH 4 because that the 
reduction process was a proton-consuming reaction and the increase of 
pH would result in the depletion of protons [21]. On this basis, PC400 at 
pH 3.5 would release more electrons to the acceptor (Fe3+) to generate 

more Fe2+ than that at pH 7/9/11, thereby resulting in more SMX 
degradation. These two reasons collectively resulted in the hindered 
SMX degradation in the PC400/Fe3+/PS system as the pH increased 
from 3.5–7/9/11. However, in the PC700/Fe3+/PS system, SMX 
degradation was only inhibited by 9.66 %–15.4 % at pH 7/9 compared 
to the efficiency at pH 3.5, while SMX degradation was significantly 
inhibited at pH 11 (Fig. 5b). On one hand, Fe3+ was hardly to form 
oxyhydroxides in the PC700/Fe3+/PS system at initial pH 7/9, because 
pH gradually decreased to 3.80 and 5.18 along with the reaction while 
oxyhydroxides was formed at initial pH 11 due to the high final pH of 
10.4 (Fig. S21). On the other hand, PC700/PS system dominated the 
SMX removal in the PC700/Fe3+/PS system, PC700 at pH 10.4 had more 
surface negative charge compared to that at pH 3.80/5.18 (Fig. S8), 
which might affect the formation of PC700-PS* and thereby inhibiting 
the SMX degradation. The above explanations together contributed to 
the much less influenced SMX degradation in the PC700/Fe3+/PS sys
tem as the pH increased from 3.5–7/9, compared to that at pH 11. 

The presence of 10 mM chloride ions slightly inhibited 7.34 % of 
SMX degradation in the PC400/Fe3+/PS system, and negligible effect of 
chloride was observed in the PC700/Fe3+/PS system (Fig. 5c-d). The 
reduced SMX removal was ascribed to the fact that chloride ion could 
easily scavenge free radicals to produce less reactive chlorine radicals 
[51]. However, the reduced removal was limited, further exhibiting that 
reactive species in the two systems was prior to react with SMX 
regardless of co-existing inorganic substrates (e.g., chloride). The pres
ence of HA (e.g., 1 and 10 mg L− 1) possessed a marginal effect on SMX 

Fig. 5. Effect of pH value on the SMX removal in the PC400/Fe3+/PS (a) and PC700/Fe3+/PS (b) systems; effect of Cl− and HA on SMX removal in the PC400/Fe3+/ 
PS (c) and PC700/Fe3+/PS (d) systems. Reaction conditions: PS: 2 mmol L− 1, PC400 or PC700: 0.5 g L− 1, Fe3+: 1 mmol L− 1, (a-b) SMX: 10 mg L− 1, pH = 3.5/7/9/11, 
(c-d) Cl− : 10 mmol L− 1, HA: 1 and 10 mg L− 1, SMX: 10 mg L− 1, pH = 3.5. 
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degradation by 4.44 % and 3.60 % inhibition in the PC400/Fe3+/PS and 
PC700/Fe3+/PS systems, respectively (Fig. 5c-d). The limited effect of 
chloride ions and HA implied the vital roles of nonradical reaction 
pathway (e.g., Fe(IV) and surface electron transfer). 

The PC400/Fe3+/PS and PC700/Fe3+/PS systems were applied in 
the real water, including lake water, seawater, piggery wastewater, and 
landfill leachate (Fig. 6). Compared to ultrapure water, SMX removal 
was barely affected in lake water in both PC400/Fe3+/PS and PC700/ 
Fe3+/PS systems. Regardless of the high concentration of Cl− in 
seawater (Cl− : 7286 mg L− 1), 80.7 % and 69.9 % of SMX removal was 
still obtained in the PC400/Fe3+/PS system and PC700/Fe3+/PS system, 
respectively (Fig. 6 and Table 1), which indicated the merits of non
radical pathway. Although components in piggery wastewater (TOC: 
821 mg L− 1; Cl− : 418.1 mg L− 1) and landfill leachate (TOC: 1389 mg 
L− 1; Cl− : 4479 mg L− 1) were complex, SMX removal efficiency was still 
appreciable in the PC400/Fe3+/PS (46.7 %–71.7 %) and PC700/Fe3+/ 
PS (43.6 %–65.7 %) system. The appreciable removal could be achieved 
at the low contents of PC400/PC700 and PS (PC400 or PC700: 0.5 g L− 1, 
PS: 2 mmol L− 1). Thus, the nonradical systems were applicable in the 
real water systems. 

4. Conclusion 

Pyrolytic carbons (PC) enhanced the oxidation capability of Fe3+/PS 
systems for the SMX degradation. Pyrolytic carbon upon low- 
temperature possessed the high Fe3+/Fe2+ cycle due to the regener
ated semiquinone radical, which resulted in the continuous SMX 
degradation. However, pyrolytic carbon upon high-temperature could 
not maintain the ongoing SMX degradation. Moreover, the appreciable 
SMX removal was obtained in the real water systems by the PC/Fe3+/PS 
system through the Fe(IV) and surface electron transfer depended non
radical pathways. Compared to traditional Fe2+/PS system, PC/Fe3+/PS 
coupled system showed the great potential for practical application 
because of the advantages of facile synthesis, low cost, great redox 
ability, high conductivity and stability. The proposed mechanism would 
help understand the structure-application relationships in carbon-based 
persulfate systems. Future work is encouraged to investigate the pyro
lytic carbons derived from a diversity of bio-feedstocks for environ
mental applications such as Fenton-like systems. 
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