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A B S T R A C T   

Peroxydisulfate (PDS) is widely used in groundwater remediation systems. Previous studies investigated its 
activation by natural sediments under oxic conditions. However, the role of sediments Fe(II) species in PDS 
activation under anoxic conditions remains unclear. This work elucidated the activation of PDS and concurrent 
degradation of sulfamethoxazole (SMX) in sediments-based systems under various anoxic scenarios. The reaction 
of 10 g/L sediment suspensions with 2.2 mM PDS degraded SMX (10 µM) up to 86.4%, leading to the decrease of 
SMX toxicity towards Photobacterium phoshoreum T3 spp. PDS activation by solid Fe(II) species in the sediments 
generated sulfate (SO4

•− ), hydroxyl (•OH), and organic matter-like (OM•) radicals. Kinetic modeling and radical 
quenching experiments substantiated that SO4

•− and OM• were the main contributing species to SMX degrada
tion. Chemical extraction, Mössbauer spectroscopy, and X-ray photoelectron spectroscopy analyses demonstrated 
that sediments surface-adsorbed Fe(II) predominantly interacted with PDS at a high molar Fe(II)/PDS ratio of 
1.41, whereas structural Fe(II) underwent slower electron transfer reactions at a lower ratio of 0.75. This study 
provides novel insights into PDS activation by Fe(II)-bearing sediments and could advance the development of 
effective sediments-based PDS activation strategies for remediating contaminants in anoxic subsurface 
environments.   

1. Introduction 

The livestock farming and aquaculture industries play crucial roles in 
global food security, particularly in developing countries [1]. However, 
the extensive use of antibiotics in these industries to control infectious 
diseases and promote animal growth [2] has led to the accumulation of 
these compounds in soil [3] and groundwater [4]. As an example, sul
famethoxazole (SMX) is widely used to treat bacterial infections in 
humans and animals [5,6] and the continuous release of SMX into nat
ural subsurface environments poses a potential threat to ecosystems 
[4,6]. Trace SMX concentrations, ranging from 1 ng/L to 5.57 mg/L, 
have been frequently found in samples of aquaculture water, sediment 

porewater, and groundwater [7]. As a consequence of such contami
nation, the utilization of groundwater as a drinking water resource may 
result in various human health issues. Thus, it is essential to remediate 
SMX-contaminated groundwater to prevent the spread of contaminants 
in subsurface environments. 

Advanced oxidation processes (AOPs) have been shown to be effec
tive in removing SMX from aqueous environments [8–10]. Radical- 
based AOPs using species such as hydroxyl radical (•OH) and sulfate 
radical (SO4

•− ) have been extensively investigated and the associated 
SMX degradation pathways, removal efficiencies, and optimized reac
tion conditions have all been assessed [8]. Various laboratory-scale 
studies have also explored ultrasonic-catalytic oxidation [8], 
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photocatalysis [9], and Fenton-like methods [10] as approaches to 
degrading SMX in aqueous environments. However, the majority of 
these methods involve ectopic treatment and challenges remain related 
to the cost, operability, and limited understanding of the complexity of 
actual subsurface environments. Therefore, there is a pressing need for 
the development of cost-effective, simple, and environmentally-friendly 
in situ methods capable of efficiently removing SMX from anoxic sub
surface environments. 

In recent years, the peroxydisulfate (PDS)-based in situ chemical 
oxidation (ISCO) has emerged as a promising remediation technology 
for detoxifying contaminants [11–15]. Sedlak’s group reported PDS- 
based ISCO treatments that used Fe(III) and Mn(IV) oxides to activate 
PDS and generate SO4

•− and •OH over time scales of several weeks. The 
rates at which these radicals were generated were 2 to 20 times faster 
than those obtained from metal-free systems in typical groundwater 
[13]. Fe(II) and Fe(II)-bearing minerals, which are ubiquitous in sub
surface sediments, have also been reported to activate PDS on time 
scales of seconds to hours as a means of remediating various contami
nants [16–21]. Zhou’s group established that Fe(II) in reduced non
tronite NAu-2 had a significant activation effect on PDS, resulting in the 
degradation of diethyl phthalate within 30 s [17]. They suggested that 
this rapid degradation of organic contaminants was driven by surface- 
bound SO4

•− and •OH in a system comprising reduced Fe-bearing 
smectite clays and PDS [17]. Mustapha et al. found that an Fe(II)-O 
complex present in sediments interacted with persulfate to produce 
SO4

•–, •OH, and Fe(IV) species, and that these products promoted the 
decomposition of aniline in groundwater [22]. These studies highlight 
the significant but often overlooked role of sediments in activating PDS 
for contaminant detoxification during ISCO treatment. 

The effectiveness of ISCO depends both on the rate of PDS activation 
and the yield of SO4

•– and •OH. The rates of PDS activation and oxidant 
yields, in turn, appear to be affected by the mineral species present in 
sediments and aquifers, because these minerals initiate the radical chain 
reactions that convert PDS into SO4

•− and other reactive radicals 
[13,23,24]. Interestingly, the reactivity of Fe(II) varies significantly 
depending on the species in which it is found [25,26]. Recent research 
by our own group demonstrated the presence of various Fe(II) species in 
subsurface sediments, with those species exhibiting a moderate oxida
tion rate and •OH yield evidently being best suited to contaminant 
degradation [26]. Zhou’s group suggested that •OH production during 
the oxidation of paddy soils was closely linked to the concentration of 
active Fe(II) species, including ion-exchangeable, surface-adsorbed, and 
structural Fe(II) in minimally crystalline minerals [27,28]. Therefore, 
the yield of radicals available for contaminant oxidation during PDS- 
based ISCO will be affected by the specific Fe(II) species present in the 
local sediments. On this basis, it is reasonably to propose that the Fe(II) 
species in sediments play a significant role in PDS activation to generate 
SO4

•– and •OH and thus in contaminants degradation. Understanding the 
reaction mechanisms associated with different Fe(II) species as well as 
the oxidizing capacities of the various radicals produced during PDS 
activation by sediments is critical to the development of effective sub
surface remediation strategies. 

The objective of the present study was to elucidate the role of Fe(II) 
species in the activation of PDS by sediments during the oxidation of 
SMX under anoxic conditions. To this end, natural sediments collected 
from farmland were employed to activate PDS for SMX degradation. 
Throughout this process, the SMX degradation performance was exam
ined along with the toxicity of the resulting products while activating 
PDS at an initial pH of 7.1. The contribution of reactive oxidizing species 
to SMX degradation was confirmed using electron paramagnetic reso
nance (EPR) spectroscopy together with radical quenching experiments 
and kinetic models. The stoichiometry ratio of the reaction between PDS 
and Fe(II) in sediments was also analyzed. In addition, chemical 
extraction, X-ray photoelectron spectroscopy (XPS), and Mössbauer 
spectroscopy were employed to investigate the dynamics of the re
actions of the various Fe(II) species. Finally, the effects of operational 

parameters such as the amount of sediment, the PDS concentration, the 
initial pH and temperature, and the SMX concentration were assessed. 
The results of this work provide helpful insights into a new process for 
the activation of PDS using Fe(II)-containing sediments under anoxic 
conditions. 

2. Materials and methods 

2.1. Chemicals and sediments 

The chemicals used in this work are described in the Supplementary 
Material (Text S1). The sediment was collected from farmland in the 
Jianghan Plain (113.678331◦ E, 104 30.175845◦ N) at a depth of 4.5 m 
in a location having a groundwater table depth of 4 m, as described in 
our previous study [26]. The sediment samples were tightly wrapped 
with foil in the field, sealed in a plastic bag under vacuum then trans
ported to the laboratory where they were refrigerated at − 20 ◦C in the 
dark until being used. The sediments contained 40.1% Fe(II) out of the 
total Fe(II) and a soil organic matter concentration of 9.43 g/kg. In 
preparation for each PDS activation experiment, the sediment was 
thawed and used without drying. Additionally, portions of the sediment 
were thawed and oxidized in air to obtain oxidized sediments. 

2.2. SMX degradation with PDS activation by sediments 

The degradation of SMX using PDS combined with the sediments was 
carried out in 100 mL bottles under anoxic conditions. In a typical trial, 
three bottles were each filled with 50 mL of a suspension containing 10 
g/L sediment (equivalent to an Fe(II) concentration of 1.4 mM), 10 μM 
SMX, and 2.2 mM PDS, working in an anaerobic glove chamber (Mik
rouna Co., Ltd., China). These bottles were subsequently wrapped with 
aluminum foil to exclude light during the reaction process and each 
suspension was then stirred with a Teflon-coated magnetic stir bar at 
300 rpm for 60 min. For most case, the initial pH suspension was 7.1 and 
the pH was not adjusted throughout the experiments. However, because 
of the decomposition of PDS to produce SO4

2− and H+ ions via the re
action S2O8

2− + H2O → 2SO4
2− + 2H++ 1/2O2 [29], the pH was found to 

decrease to 3.5 by the end of the 60 min reaction (Fig. S1). The effects of 
various parameters on SMX degradation were studied, including the 
sediment concentration (using 5, 10, and 20 g/L), PDS concentration (1, 
1.5, and 2.2 mM), initial pH (5, 6, 7.1, and 8), temperature (18, 25, and 
34 ◦C) and SMX concentration (2.5, 5, 10, and 15 µM). Control experi
ments of SMX degradation by PDS, sediments, and PDS/oxidized- 
sediments were also performed. Throughout the 60 min reaction, an 
approximately 3 mL aliquot of each suspension was withdrawn at reg
ular intervals and immediately passed through a 0.22 µm filter under 
vacuum. The solid particles that were captured were analyzed for Fe(II) 
content while the concentrations of dissolved Fe2+ ions, SMX, PDS, and 
TOC in the filtrate were also determined. To further assess the degra
dation efficiency of this system, trials using tetracycline (TC, 10 µM) and 
ciprofloxacin (CIP, 10 µM) were also performed. All experiments were 
performed at least in triplicate. 

2.3. Relative contributions of minerals and organic matter 

The relative contributions of minerals and organic matter in the 
sediment to the activation of PDS for SMX degradation were determined 
by extracting the organic matter from the sediment prior to some trials. 
Working in an anoxic glove box, the organic matter was extracted from a 
0.5 g portion of sediment using 50 mL of a NaOH solution having a pH of 
12 over a time span of 12 h. This extraction was repeated three times 
after which the extracts were filtered under vacuum [30,31]. This pro
cedure was found to remove approximately 70% of the soil organic 
matter in the sediment. Following this procedure, the remaining solid 
was mixed with 50 mL of deionized water. The pH values of both the 
filtrate and the solid suspension were adjusted to 7.1 before the addition 
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of SMX and PDS in subsequent trials. 

2.4. Analyses and characterization 

The concentrations of SMX, CIP, and TC in the various samples were 
measured by using high performance liquid chromatography (HPLC) 
(LC-20A, Shimadzu, Japan), as described in Text S2. The identities of the 
intermediate products generated during degradation of the SMX were 
established using a Quadrupole Time of Flight mass spectrometer 
(Agilent Q-TOF 6550) coupled with an Ultra Performance Liquid 
Chromatography system (Agilent 1290 UPLC) (UPLC-Q-TOF-MS), as 
described in Text S3. Changes in the total organic carbon (TOC) value of 
the aqueous phase after SMX degradation were monitored with a TOC 
analyzer (Shimadzu TOC-LCPH, Japan). The toxicities of the SMX 
degradation products were evaluated by assessing the degree to which 
the luminescence of Photobacterium phoshoreum T3 spp was affected, 
based on the method provided in Text S4. 

The concentration of PDS was determined by adding a solution 
containing 3 M KI and 0.29 M NaHCO3 to each sample followed by 
centrifugation, after which the supernatant absorbance at 400 nm was 
obtained using a UV–vis spectrophotometer (UVmini-1280, Shimadzu, 
Japan) [20]. Total Fe(II) concentrations were determined by adding 1 
mL of each suspension sample to 9 mL of a solution containing 1.3 M HF, 
5 M HCl and 1.8 M H2SO4 and heating the mixture at 80 ◦C for 1 h. The 
Fe(II) level was subsequently ascertained based on the absorbance at 
510 nm using the 1,10-phenanthroline method, with a detection limit of 
0.02 mg/L [32,33]. The presence of F- can shield Fe(III), and so the 
interference of Fe(III) with the Fe(II) analysis was considered negligible 
[34]. Total Fe was measured after reducing Fe(III) in each acidified 
sample by adding 10% hydroxylamine hydrochloride. 

Sequential extractions of both the as-received and oxidized sediment 
samples were performed to identify the various Fe(II) species present 
under anoxic conditions, including dissolved Fe2+, ion exchangeable Fe 
(II), adsorbed Fe(II), and structural Fe(II). During the activation of PDS 
by the sediment, different Fe(II) species were extracted at pre
determined time intervals. Dissolved Fe2+ was obtained by taking a 2 mL 
aliquot of the suspension and passing this sample through a filter under 
vacuum, after which the level of dissolved Fe2+ in the filtrate was 
ascertained. Ion exchangeable Fe(II) was measured by extracting each 
solid sample with 10 mL of a 1 M CaCl2 solution (pH 7.0) for 4 h [27,35]. 
The resulting suspension was filtered and the filtrate was then analyzed 
for Fe(II). To determine surface-adsorbed Fe(II), the remaining solids 
were extracted with 10 mL of a 1 M solution of NaH2PO4 (pH 5.0) under 
anoxic conditions for 18 h [26,36]. After filtration, the amount of 
surface-adsorbed Fe(II) in the filtrate was found. The residual structural 
Fe(II) in the solid was obtained by extraction with 10 mL of a solution 
containing 1.3 M HF and 1.8 M H2SO4 at 80 ◦C for 1 h [37]. All the 
sequential extractions were performed at least in triplicate. 

EPR spectroscopy was used to identify the free radicals formed in the 
sediments during activation of the PDS. XPS spectra were acquired to 
ascertain the various Fe redox states in the sediment throughout the 
reaction. Mössbauer spectra of the sediments were also obtained at 13 K 
to examine variations in Fe coordination during the reaction. These 
characterizations are described in detail in Text S5. 

3. Results and discussion 

3.1. PDS activation by sediments for SMX degradation 

Fig. 1a demonstrates that SMX concentration decreases slightly 
(<5.6%) after 60 min in the presence of oxidized sediment (Fe(III)/ 
Fetotal = 100%) and PDS or PDS alone. Under these conditions, PDS 
decomposed slightly as well (Fig. 1b). These results indicate that Fe(III)- 
based minerals in the oxidized sediments had only a very limited 
capability to activate PDS for SMX degradation during the time span 
examined in this study. In contrast, in the presence of the sediments (Fe 

(II)/Fetotal = 40.1%) and PDS, the concentration of SMX rapidly 
decreased from 10 to 4 µM within 10 min and then gradually declined to 
1.34 µM within 60 min under anoxic conditions (Fig. 1a). The corre
sponding decrease in the TOC after 60 min was approximately 0.41 mg/ 
L (Text S6, Table S1), equivalent to a 33.6% drop. Concurrently, the PDS 
concentration decreased from 2.2 to 1.31 mM over the same duration 
(Fig. 1b) and the SMX degradation exhibited a linear correlation with 
the extent of PDS decomposition (Fig. S2). The slope of this plot corre
sponded to the extent of SMX degradation (1 µM) associated with the 
decomposition of one unit of PDS concentration (1 mM). In this manner, 
the PDS utilization efficiency for SMX degradation was determined to be 
approximately 1.0% in the sediment/PDS system. These results suggest 
that reduced species, including soil organic matter (SOM) and Fe(II)- 
bearing minerals in the sediment, were likely the primary factors acti
vating the PDS for SMX degradation. However, only approximately 4.5% 
of the SMX was degraded when the PDS was activated solely by the 
extracted organic matter (Fig. S3). Hence, Fe(II) and its mineral phases 

Fig. 1. (a) SMX degradation and (b) PDS decomposition as functions of time 
during trials with PDS activated by sediment. Reaction conditions: [PDS]0 =

2.2 mM; [SMX]0 = 10 µM; sediment (40.1% Fe(II) in total Fe) = 10 g/L; and 25 
± 1 ◦C. 
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might be the main factors involved in the activation of PDS. 
As noted, the degradations of two other typical antibiotics (TC and 

CIP) were examined and Fig. S4 demonstrates that amounts greater than 
78% of both antibiotics were removed from the reaction system within 
60 min. These high degradation efficiencies confirm the effectiveness of 
the sediment/PDS system as a means of degrading antibiotics in PDS- 
based ISCO treatments. 

3.2. Identification of the reactive oxidizing species for SMX degradation 

EPR analyses were conducted to investigate the production of reac
tive oxidizing species during trials in which PDS was activated by 
sediment under anoxic conditions. No signal was generated by the 
oxidized sediment/PDS system under anoxic conditions, indicating 
negligible concentrations of free radicals (Fig. 2). In contrast, the sedi
ment/PDS system in which the sediment contained Fe(II) provided a 
strong EPR signal comprising four lines with an intensity ratio of 1:2:2:1 
(ɑN = ɑH = 14.8 G). These data are consistent with the signal expected 
from DMPO-OH (Fig. 2a). A six-line signal with a ratio intensity of 
1:1:1:1:1:1 also accompanied the formation of DMPO-OH, possibly 
attributable to DMPO-SO4 (ɑN = 13.9, ɑH = 10.2 G) [11,38]. A second 
six-line signal with the same 1:1:1:1:1:1 intensity ratio was also identi
fied, likely originating from the reaction of OM• with DMPO [39]. It has 
been reported that •OH is rapidly quenched by SOM to generate OM•

[39,40]. Moreover, a triplet EPR peak associated with singlet oxygen 
(1O2) was not observed [41], indicating the absence of 1O2 in the sedi
ment/PDS system (Fig. S5). Therefore, •OH, SO4

•–, and OM• radicals 
were produced during the trials in which the sediment activated PDS 
under anoxic conditions (Fig. 2). 

To assess the contribution of OM• to the SMX degradation process, a 
portion of SOM was initially removed from the sediment by extraction. 
Following this removal of SOM, 72.7% of the SMX was degraded, rep
resenting a decrease in efficiency compared with the earlier value of 
86.4%. This observation indicated that OM• generated from the SOM 
were involved in the SMX degradation mechanism. The contribution of 
•OH was also assessed by performing trials in which tert-butanol (TBA) 
was added, based on the reaction rate constants k1 (TBA, SO4

•− ) = 2.3 ×
105 M− 1 s− 1 and k2 (TBA, •OH) = 6 × 108 M− 1 s− 1 [42,43]. The rate 
constant for the reaction of SMX with •OH is approximately an order of 
magnitude greater at 7.9 × 109 M− 1 s− 1 [44], indicating that nearly all 
the •OH (>98%) should be consumed by TBA in the case that the TBA 
concentration (10 mM) is 1000 times higher than that of the SMX. 
However, the presence of 10 mM TBA barely inhibited SMX degradation 
(such that 85% of the SMX was degraded), confirming that •OH was not 
involved in SMX degradation to any appreciable extent in the sediment/ 
PDS system under anoxic conditions. The contribution of SO4

•− to SMX 

degradation was examined by adding ethanol (k3 (ethanol, •OH) =
1.2–2.8 × 109 M− 1 s− 1, k4 (ethanol, SO4

•− ) = 1.6–7.7 × 107 M− 1 s− 1, and 
k5 (SMX, SO4

•− ) = 1.2 × 1010 M− 1 s− 1) to the reaction system. The value 
of ck (c is the concentration of the probes, and k is the reaction rate 
constant of the probes with SO4

•− ) is used to compare the competitive 
capacity of the probes for SO4

•− . Because the ck of 100 mM ethanol for 
SO4

•− is 13–64 times greater than that of 10 µM SMX [43,45–47], 100 
mM ethanol would be expected to react with nearly all the SO4

•− pro
duced. Results show that the degradation efficiency of SMX was signif
icantly inhibited following the addition of 100 mM ethanol, decreasing 
from 86.4% to 20.0%. Moreover, a further inhibition was observed with 
the addition of 2.5 M ethanol (Fig. 2b). These results suggest that SO4

•−

radicals were mainly involved in SMX degradation. Further, quantitative 
estimations based on a process-based kinetic modeling established that 
the relative contributions of SO4

•− , OM•, and •OH to this process were 
65.4%, 21.2%, and nil, respectively (Text S7, Fig. S6 and Table S2). 
Evidently, SO4

•− and OM• radicals were entirely responsible for the SMX 
degradation, with the former likely playing a major role. 

3.3. Identification of Fe(II) species in sediment involved in PDS activation 

The oxidation of Fe(II) was also monitored as a means of gaining 
additional insights into the reaction mechanism. In trials combining 
sediment and PDS, Fe(II) was oxidized rapidly (within the initial 1 min) 
and the reaction proceeded at a slower rate (Fig. 3a and b). Specifically, 
the Fe(II) concentration was reduced by 0.52 mM over the first 1 min 
while only 0.38 mM was lost from that point up to 60 min. The data also 
indicated that dissolved Fe2+ ions (representing < 0.1% of the total Fe 
(II) in the sediment) and total dissolved Fe (less than < 0.1% of the total 
Fe in the sediment) in the solution could be negligible during the reac
tion between the sediment and PDS (Fig. S7). Our previous work 
demonstrated that sediments contain ion-exchangeable, surface-adsor
bed Fe(II) together with structural Fe(II) in minerals [26]. To further 
understand the role of these Fe(II) species in PDS activation, sequential 
extractions were conducted to analyze the exchangeable Fe(II) (referred 
to herein as CaCl2-Fe(II)), surface-adsorbed Fe(II) (NaH2PO4-Fe(II)) and 
mineral structural Fe(II) (HF-H2SO4-Fe(II)) (Fig. 3b). The sediment was 
found to contain 0.07 mM exchangeable Fe(II), 0.59 mM surface- 
adsorbed Fe(II), and 0.77 mM mineral structural Fe(II). In addition, 
the exchangeable Fe(II) was almost completely oxidized within 1 min 
upon mixing with the PDS. The surface-adsorbed Fe(II) concentration 
was also dramatically decreased (to 0.14 mM) after 1 min, with further 
decreases to 0.08 mM at 4 min and to 0.02 mM at 60 min. The mineral 
structural Fe(II) was oxidized slowly throughout the entire reaction 
time, with a decrease of 0.27 mM over 60 min. Therefore, the abundant 
surface-adsorbed Fe(II) appears to actively participate in PDS 

Fig. 2. (a) EPR spectra indicating the 
presence of free radicals in sediment/ 
PDS systems. Legend: green hearts: 
DMPO-OH, black diamonds: DMPO- 
SO4, red circles: DMPO-OM. (b) SMX 
degradation after removing OM and in 
the presence of radical scavengers (TBA 
and ethanol). Reaction conditions: 
[PDS]0 = 2.2 mM; [SMX]0 = 10 µM; 
sediment (40.1% Fe(II) in total Fe) =
10 g/L and 25 ± 1 ◦C. (For interpreta
tion of the references to colour in this 
figure legend, the reader is referred to 
the web version of this article.)   
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decomposition during the initial 1 min while the structural Fe(II) de
composes the PDS more slowly. 

An assessment of the relationship between PDS decomposition and 
Fe(II) oxidation indicated a two-stage correlation (Fig. 3c). The slope of 
this linear plot was 1.41 during the initial 1 min but decreased to 0.75 
after that point. This slope represents the change in the Fe(II) concen
tration (in mM) resulting from oxidation ratio to the decomposition of a 
unit PDS concentration (that is, 1 mM). Previous studies have reported a 
theoretical stoichiometric ratio of 2:1 between changes in the Fe2+ and 
PDS concentrations [45,48], which is much higher than the values ob
tained from the present work. Additionally, control experiments showed 
that the Fe(II) oxidation amount (ΔFe(II)) increased from 0.95 to 1.20 
mM after 60 min during the mineral phase activating PDS, whereas the 
PDS decomposition decreased from 0.91 to 0.71 mM. These results 
suggest that the stoichiometric ratio between Fe(II) and PDS in this re
action increased to 1.69 (Table S3). The decrease in the PDS concen
tration by SOM extracted from the sediment was small (0.05 mM), 
indicating that the SOM did not directly react with the PDS. However, 
the SOM may have indirectly affected the reaction by changing the 
stoichiometric ratio between Fe(II) and PDS. Because PDS is a strong 
oxidant, the high concentration of reactive Fe(II) in the sediment greatly 
promoted PDS decomposition, leading to a higher stoichiometric ratio of 
Fe(II) to PDS in the initial stage of the reaction. In the later stage, 
because the structural Fe(II) was less active, the OM preferentially reacts 
with •OH via H-abstraction processes to generate OM•. The latter acti
vated the PDS to produce SO4

•− via electron transfer [39,49,50]. This 
process may have been partly responsible for the low stoichiometric 
ratio of Fe(II) to PDS. 

To further explore the changes in Fe(II) speciation during the reac
tion, 13 K Mössbauer spectra were acquired from the sediment speci
mens (Fig. 4, Table S4). The fitted spectra showed two Fe(II) signals, 
related to Fe(II)-silicates and surface-adsorbed Fe(II). Following the re
action, the surface-adsorbed Fe(II) rapidly decreased, from 7.0% to nil, 
within 1 min, while the Fe(II)-silicates only decreased by 1.6%. In 
addition, the proportion of Fe(III) oxides increased from 30.0% to 
44.7%. These changes suggested that surface-adsorbed Fe(II) was pref
erentially oxidized to produce Fe(III) oxides during the reaction. 
Following a 60 min reaction, the proportion of Fe(II)-silicates gradually 
decreased from 27.8% to 18.2% while the proportions of Fe(III)-silicates 
and Fe(III) oxides increased from 27.5% to 32.9% and from 44.7% to 
48.9%, respectively. It is therefore apparent that a portion of the Fe(II)- 
silicates was directly oxidized to generate Fe(III)-silicates while another 
portion was oxidized to Fe(III) oxides by the PDS. Interestingly, there 
was also a decrease of 6.6% in the Fe(III)-silicates after the initial 1 min, 
possibly related to a transformation into Fe(III) oxides. The extent of Fe 
leakage into the solution was negligible (Fig. S7), suggesting that the 
transfer of near surface structural Fe(III) and Fe(II) in silicates to the 
mineral surfaces may have occurred as the pH of the suspension 
decreased during the reaction. The newly formed Fe(III) oxides resulting 
from these processes might have participated in PDS activation [39]. 

To further explore variations in the near-surface Fe(II) during the 
activation of PDS, Fe 2p3/2 XPS data were collected [17,51]. As shown in 
Fig. 5, the Fe(II) content was dramatically decreased, from 32.2% to 
22.4%, after 1 min of reaction. However, past this point and up to 60 
min, the surface Fe(II) proportion as determined by XPS remained 
almost constant at approximately 22.1% (Table S5). These XPS obser
vations indicated higher Fe(II) concentrations compared with the values 
obtained by acidic dissolution, and so it is possible that a greater amount 
of Fe(II) was distributed near the surface after 1 min of the reaction. 
Based on the relatively constant near-surface Fe(II) concentration over 
the time span of 1 to 60 min during the oxidation process, it appears that 
surface Fe(II) oxidized by PDS could be regenerated by electrons 
transferred from the bulk structural Fe(II). This hypothesis is consistent 
with a recent study showing the regeneration of reactive surface Fe(II) 
during sediment oxidation [26]. In summary, both the XPS and 
Mössbauer spectra demonstrated that surface-associated Fe(II) was 

Fig. 3. Variation of (a) total Fe(II) and (b) Fe(II) species, and (c) correlation 
between PDS and Fe(II) in sediment/PDS system. Reaction conditions: [PDS]0 
= 2.2 mM; [SMX]0 = 10 µM; sediment (40.1% Fe(II) in total Fe) = 10 g/L; 25 
± 1 ◦C. 
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Fig. 4. Mössbauer spectra of sediments at different stages of persulfate acti
vation. The fitted Mössbauer parameters are summarized in Table S4. Reaction 
conditions: [PDS]0 = 2.2 mM; [SMX]0 = 10 µM; sediment (40.1% Fe(II) in total 
Fe) = 10 g/L; 25 ± 1 ◦C. 

Fig. 5. XPS spectra acquired from sediment at different stages of PDS activa
tion. The Fe 2p3/2 peaks were assigned based on literature-reported values 
[17,51]. Reaction conditions: [PDS]0 = 2.2 mM; [SMX]0 = 10 µM; sediment 
(40.1% Fe(II) in total Fe) = 10 g/L; 25 ± 1 ◦C. 
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preferentially oxidized while structural Fe(II) was oxidized slowly 
through electron transfer. 

3.4. Mechanisms of PDS activation by sediments for SMX degradation 
and toxicity removal under anoxic conditions 

Based on the above results, the reaction pathways for PDS activation 
by sediments in conjunction with SMX degradation under anoxic con
ditions can be proposed (Fig. 6). In these processes, the Fe(II) in the 
mineral phases of the sediment plays a primary and direct role in PDS 
activation. In the initial stage, surface-adsorbed Fe(II) preferentially and 
rapidly interacts with the PDS to generate SO4

•– and Fe(III) oxides at a 
high stoichiometric ratio of Fe(II) to PDS. The SO4

•– resulting from this 
process can partially oxidize –OH from water dissociation or mineral- 
bound hydroxyl groups to produce •OH. These •OH and SO4

•– radicals 
react with SOM via H-abstraction processes to form OM•. Subsequently, 
structural Fe(II) reacts slowly with PDS via an electron transfer process. 
Additionally, OM• radicals participate in PDS activation, producing 
SO4

•− through electron transfer [50] and lowering the stoichiometric 
ratio of Fe(II) to PDS. Consequently, although the contribution of SOM 
to PDS decomposition can be negligible, the intermediate OM• radicals 
serve to promote the formation of SO4

•− from the PDS. Among the 
various reactive species (SO4

•− , •OH, and OM•), the SO4
•− is the primary 

driver of SMX degradation while OM• has a minor role based on pro
moting the formation of SO4

•− . In contrast, •OH has limited involvement 
in SMX degradation. 

During the reactions, the products TP 174, TP 114, TP 268 and TP 
284 were identified by UPLC-Q-TOF-MS/MS and two possible SMX 
oxidation mechanisms were devised (Fig. 6 and S8). Previous studies 
have demonstrated that SMX can undergo chemical and biological hy
drolysis along with the formation of 4-amino benzene sulphinic acid and 
3-amino-5-methylisoxazole [16,52]. The TP 174 and TP 114 identified 
in the present work could represent the former and latter compounds, 
resulting from oxidation of the methyl group on 3-amino-5-methylisox
azole to produce the aldehyde group on TP 114 (pathway 1, Fig. 6). In 
pathway 2, the appearance of nitroso-SMX (TP 268) could result from 
the oxidation of the –NH2 group of SMX by OM• and SO4

•− radicals with 
the subsequent transition of this compound to nitro-SMX (TP 284) 
[40,52]. 

Following the degradation of 10 µM SMX in a sediment/PDS system 
for 60 min, the toxicity of the sample towards Photobacterium phoshor
eum T3 spp decreased, from 46% to 27%. However, it is important to 
note that some of the intermediate products appeared to exhibit some 
toxicity towards Photobacterium phosphoreum T3 spp, as evidenced by the 
inhibition of the sample luminescence at 60 min (with 1.36 µM SMX 
remaining) being higher than that observed with 2 µM SMX (Table S6, 

Text S4). It has been reported that aniline can damage bacterial DNA and 
so can be toxic to these microorganisms [53]. Thus, it is likely that the 
aniline moieties in TP 174 and TP 114 were harmful to the Photo
bacterium phosphoreum T3 spp (pathway 1), while oxidation of the − NH2 
group of SMX (pathway 2) and mineralization of SMX (Table S1) might 
be responsible for the decreased SMX toxicity. 

3.5. Effects of the operating parameters on SMX degradation 

In additional trials, the sediment amount, PDS concentration, initial 
pH, temperature and SMX concentration were all varied. Fig. 7a dem
onstrates that the extent of SMX degradation after 60 min increased from 
65.8% to 86.4% with an increase in the PDS concentration from 1.0 to 
2.2 mM. Correspondingly, Fe(II) oxidation and PDS decomposition 
concentrations were increased by 0.22 and 0.28 mM, respectively 
(Table S7). Hence, the PDS concentration was a key factor affecting the 
degree of SMX degradation. Fig. 7b shows that increasing the sediment 
concentration from 5 to 20 g/L had little effect on the SMX degradation 
efficiency (with an increase from 80.9% to 89.5%) but did drastically 
enhance Fe(II) oxidation and PDS decomposition (Table S8). Increasing 
the amount of sediment would also increase the SOM concentration in 
the system and this material would compete with the SMX for the •OH or 
SO4

•− , leading to a slight improvement in SMX degradation. This 
competitive process was confirmed by the TOC data and by the obser
vation of OM• formation in the sediment/PDS system (Table S1). The 
OM• radicals formed as intermediates would additionally be expected to 
promote PDS decomposition [39] and this effect could increase the costs 
associated with ISCO treatments based on PDS. 

Upon increasing the temperature from 15 to 34 ◦C in the sediment/ 
PDS system, the extent of degradation of 10 µM SMX was increased from 
76.7% to 94%% after 60 min (Fig. 7c). Simultaneously, the PDS 
decomposition was increased from 0.79 to 1.11 mM (Table S9). Previous 
studies have reported the formation of SO4

•− as a consequence of the 
thermal activation of PDS [54,55], suggesting that the in situ degrada
tion of SMX by sediment/PDS is promoted at higher temperatures. 

Fig. 7d provides data showing that the extent of SMX decomposition 
was closely correlated with the initial pH over the range of 5.0–8.0. 
Specifically, the SMX degradation after 60 min decreased from 99.5% to 
86.4% as the pH was increased from 5.0 to 7.1. However, SMX degra
dation at the 60 min was significantly inhibited when the pH was 
increased to 8.0 (giving an efficiency of 28.7%). This change was 
attributed to decreased PDS decomposition (Table S10) resulting from 
electrostatic repulsion between PDS anions and the sediment surface 
[17,56]. These results indicate that the sediment/PDS system was 
capable of the highly efficient decomposition of SMX at initial pH values 
below 7.1. 

Fig. 6. Proposed mechanisms for PDS activation by sediments for SMX degradation under anoxic conditions.  
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The effect of the SMX concentration was also investigated (Fig. 7e). 
When the initial SMX concentration was increased from 2.5 to 10 µM, 
the SMX degradation was decreased from 100% to 86.4%. However, 
upon increasing the initial SMX concentration from 10 to 15 µM, the 
degradation efficiency was decreased to 57.0% to give a value of 8.74 
µM that was almost equivalent to a decrease of 10 µM. This finding 
suggested that the reaction sites might have become saturated at an 
initial SMX concentration of 10 µM. The sediment/PDS system demon
strated herein is therefore expected to be applicable to the degradation 
of SMX at low concentrations. 

4. Conclusions 

In this study, we present the first investigation of an in situ process 
involving sediment-based PDS activation for the degradation of typical 
antibiotics under environmentally relevant anoxic conditions. Results 
demonstrate that solid Fe(II) in sediments are able to greatly promote 
the ability of PDS to degrade antibiotics under anoxic conditions. 
Toxicity assessments confirmed a decrease in the toxicity of samples 
towards Photobacterium phoshoreum T3 spp after SMX degradation in 
sediment/PDS systems. On this basis, the sediment-based PDS process 
demonstrated herein appears to be an efficient and environmentally- 
friendly approach to the remediation of typical antibiotics. This work 
also elucidates previously undiscovered free radical mechanisms asso
ciated with SMX degradation in sediment/PDS systems. SO4

•− was 
identified as the primary reactive oxidizing species responsible for SMX 
degradation, with a lesser contribution from OM•. In contrast, the effect 
of •OH on SMX degradation can be negligible. Surface-adsorbed Fe(II) in 
the sediments was found to preferentially and quickly interact with the 
PDS whereas structural Fe(II) reacted more slowly based on electron 
transfer. The transformation of Fe(II) and Fe(III) silicates to Fe(III) ox
ides was observed and this process affected the degree of PDS activation 
and thus the extent of antibiotic degradation. Further research is needed 
to quantify the role of mineral transformation in the interplay between 

PDS activation and antibiotic removal to further enhance the efficiency 
of this process. Considering the abundance of Fe(II) and Fe(II)-based 
minerals in subsurface anoxic environments, PDS activation by Fe(II)- 
containing sediments is expected to play a crucial role in the remedia
tion of antibiotics by reactive oxidizing species generated in situ under 
natural anoxic conditions. 
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