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A B S T R A C T   

Fe3(PO4)2⋅8H2O (Vivianite) is one of the potential phosphorus recovery products from wastewater treatment 
plant (WWTP). In this study, we first discovered that vivianite can effectively photoactivate peroxodisulfate 
(PDS) to produce some reactive oxygen species (ROS) for tetracycline antibiotics (TCs) degradation. The results 
demonstrated that vivianite could efficiently activate PDS to achieve 100% removal of TCs under LED UV light 
(UVL), visible light (VL) or real solar light (SL) irradiation within 10 min, respectively. More importantly, ca. 
80%, 78% and 40%~58% of TOC removal efficiencies were achieved under UVL, VL and SL irradiation within 
30 min, respectively. As well, toxicological simulation and antibacterial studies showed that the aquatic toxicity 
of the TCs intermediates was lower than those of the original TCs. This work provided new insights into the 
application of photoactivated sulfate radical-advanced oxidation process (SR-AOP) for organic pollutants 
degradation over vivianite, which may encourage the recovery and utilization of vivianite in the wastewater 
treatment process.   

1. Introduction 

It was essential to achieve phosphorus recovery from wastewater due 
to both the global shortage and the wide eutrophication [1–3]. From the 
view of 3Rs (reduce, recycle and reuse) approach, wastewater should be 
recognized as valuable resource from which the phosphorus can be 
recovered to yield high added valuable products. Among the different 
recovery products of phosphorous in the wastewater treatment plant, 
Fe3(PO4)2⋅8H2O (vivianite) produced in the anaerobic section attracted 
increasing attentions considering high added economic value [4,5]. 
Besides as plant fertilizer, vivianite was adopted as functional material 
to eliminate different heavy metals like Cu(II) [6], Zn(II) [7], As(V) 
[8,9], U(V) [10], Cr(VI) [11], Pb(II) [12], Hg [13], Se(IV) and Cd(II) 
[14]. It was observed that the Fe(II) in the vivianite might be partially 

oxidated into Fe(III) [15–17], in which the co-existing Fe(II) and Fe(III) 
might achieve Fe(II)/Fe(III) transformation to activate the sulfate 
radical-advanced oxidation process (SR-AOP). 

It was well known that increasing Fe-based heterogenous catalysts 
were introduced to activate peroxodisulfate (PDS) and perox
ymonosulfate (PMS) for accomplishing advanced oxidation processes 
(AOPs) to degrade different organic pollutants [18–20] due to the 
abundant iron elements in earth crust minerals and low cost in addition 
to their non-toxic nature [21–24]. Our previous works reported the 
photoactivated or photocatalysis-activated persulfate (PS) by MIL-88A 
(Fe)/cotton fibers [25], PDINH/MIL-88A(Fe) [26] and Fe3O4 catalyst 
derived from MIL-88A(Fe) [27] for organic pollutants degradation. The 
boosted AOP degradation performances were ascribed to the synergistic 
effects of direct PS photoactivation, direct electron transfer activation of 
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PS over the catalyst and indirect electron transfer PS activation resulted 
from Fe(II)/Fe(III) transformation. 

Tetracycline antibiotics (TCs), including tetracycline (TTC), oxytet
racycline (OTC), and chlortetracycline (CTC), are widely used for bac
terial infections treatment toward humans and animals due to their low 
cost and great therapeutic values [28]. For example, TCs are the top 
antimicrobial drugs consumed in the U.S. and the European Union [29], 
in which the majority of the parent compounds up to 75% is discharged 
into the environment with urine owing to the poor degradability in 
human or animal bodies [30]. Tetracyclines have been detected in 
different water bodies such as surface water, groundwater and even 
drinking water, which exerted serious threat to ecosystems and human 
health even at low or trace levels [31]. The presence of tetracyclines in 
the surrounding environment has become a growing concern, and the 
treatment of its wastewater has become a pressing issue today [32]. 

Considering the potential transformation of Fe(II)/Fe(III), the viv
ianite was adopted the photoactivated SR-AOP catalysts to stimulate 
PDS for degrading different TCs like TTC, OTC and CTC upon the irra
diation of UV light, visible light and solar light, respectively. The in
fluence of various experimental parameters like initial TCs 
concentrations, the PDS dosage, initial solution pH, and the co-existing 
ions toward the SR-AOP performances were explored. The toxicity of the 
TCs and their intermediates was assessed by both the Toxicity Estima
tion Software (T.E.S.T.) and antibacterial tests. The goal of this research 
is to affirm the possibility of vivianite as SR-AOP catalyst for effective 
elimination toward different tetracycline antibiotics, which will provide 
a brand-new strategy for the utilization of recovered products from the 
wastewater treatment plant. 

2. Materials and methods 

2.1. The chemicals reagents, instruments, characterization and analytical 
methods 

The chemicals reagents, instruments, characterizations and analyt
ical methods are provided in the Supplementary Materials. 
Fe3(PO4)2⋅8H2O (Vivianite, 98%) was purchased from ShangHai EKEAR 
Bio&Tech Co., Ltd. 

2.2. The photoactivated SR-AOP experiment 

20.0 mg vivianite and 50.0 mL TTC, OTC or CTC aqueous solution 
(10.0 mg/L) was put in cylinder type quartz glass photoreactor (PCX50B 
or PCX50C, Beijing Perfectlight Technology Co., Ltd.), which was stirred 

for 1 h in dark to achieve adsorption–desorption equilibrium [26,33]. 
Specifically, the stirring speed of the reactor was 200 r/min. Subse
quently, a certain amount of PDS was added to initiate degradation re
action upon the irradiation of 300 ± 50 mW LED UV light (PCX50B), 
300 ± 50 mW LED visible light (PCX50C) or real solar light (Daxing 
campus of BUCEA, 39◦44′45′ ′ N, 116◦16′37′ ′ E, 32 ◦C, August 7th, 2021) 
(Fig. S1). Both the LED UV light and LED visible light are emitted from 
the bottom of the quartz glass photoreactor. During the illumination 
period, 1.0 mL of the supernatant was collected every 1 min or 2 min to 
determine the residual concentration of TCs, immediately quenched 
with 10 μL of methanol and further filtered through a 0.22 μm Millipore 
film [26]. The residual concentration for TCs was analyzed by UHPLC 
(Thermo Scientific Vanquish Flex) equipped with a C18 reversed-phase 
column (2.1 mm × 100 mm, 1.7 μm) and a UV–Vis detector. The 
analytical methods were described detailly in Text S3. 

3. Results and discussion 

3.1. Characterizations 

The surface morphology observed (Fig. 1a and 1b) that the 
commercially available vivianite demonstrated the multilayered flower- 
like configuration stacked from the 2D thin sheets (length, 3–15 μm; 
width, 1–10 μm; thickness, 200–800 nm), which was comparable to the 
previously reported synthetic vivianite [34,35]. In addition, the EDS 
determination (Fig. 1c) showed that the target elements (Fe, P and O) 
were uniformly distributed over vivianite, the Fe/P ratio of vivianite 
crystals was close to 1.5, which matched perfectly with the stoichio
metric formula of vivianite [35,36]. 

It was found that the PXRD patterns (Fig. 2a) of commercial vivianite 
were in good agreement with the standard PXRD patterns of vivianite 
(PDF#01–084-0341). Specifically, the characteristic peaks of vivianite 
at 2θ of 10.3◦, 13.1◦ and 18.2◦ were ascribed to the diffraction planes of 
(010), ( − 110) and (110), respectively. As illustrated in Fig. S2, the 
absorption bands at 3415 and 1630 cm− 1 can be ascribed to the 
stretching and bending vibrations of O–H group of lattice water mole
cules [37,38]. The particles show strong transmission bands at 1030 and 
547 cm− 1 matched well with the vibration of P–O in iron phosphates 
[38,39]. The surface area determination showed that the commercial 
vivianite displayed a specific surface area (SSA) of 6.7 (m2/g), with 
mesoporous structure of average pore size being 13.5 nm (Fig. S3). 

The optical activity and light absorption ability of vivianite were 
assessed by UV–vis DRS spectroscopy. It was noteworthy that vivianite 
exhibited strong absorption response in the ultraviolet and visible 

Fig. 1. (a-b) FESEM images of vivianite; (c) corresponding EDS patterns of vivianite.  
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region, implying that it can be excited by both UV light and visible light 
(Fig. 2b). The band gap of vivianite was calculated as 2.8 eV (Fig. 2b 
insert). The positive slope of vivianite’s linear C− 2 potential curve 
(Fig. S4) implied that vivianite exhibited the characteristics of n-type 
semiconductor [33,40]. The flat band potential (EFB) of vivianite was 
found to be − 0.31 eV vs. Ag/AgCl. As a result, the EFB of vivianite was 
calculated to be − 0.11 eV vs. NHE. The position of ECB of n-type semi
conductors is ca. 0.1 eV lower than that of EFB [41]. In addition, taking 
into account the influence of pH, the equation of E = E0 − 0.05915 × pH 
was adopted to adjust the ECB of vivianite [41]. Therefore, the ECB of 
vivianite was − 0.62 eV vs. NHE at pH = 7.0. Considering the band gap of 
2.8 eV for vivianite and the equation of Eg = EVB – ECB, the potential of 
the EVB of vivianite was 2.18 eV vs. NHE. 

3.2. The photoactivated SR-AOP of vivianite performances 

3.2.1. Tetracycline antibiotics degradation 
Tetracycline antibiotics (TCs) were selected as model pollutants with 

concentration of 10.0 mg/L at initial pH 4.48 to test the photoactivated 
SR-AOP activities of vivianite. Only ca. 10.4%, 9.6% and 3.8% photol
ysis of TTC, OTC and CTC can be observed under UV light irradiation 
without the catalysts (UVL in Fig. 3). The presence of 0.4 g/L vivianite 
(Vivianite/dark in Fig. 3) in the tetracycline antibiotics solution yielded 

removal efficiency of 20–25%, indicating its relatively weak adsorption 
ability toward organics. Under the UV light illumination (Vivianite/UVL 
in Fig. 3), vivianite exhibited moderate photocatalytic activity, 
removing about 27.8%, 35.2% and 46.4% of TTC, OTC and CTC within 
10 min, respectively, which were mainly ascribed to the production of 
reactive charge carriers from the UV-light-illuminated vivianite. It can 
be observed that the addition of PDS to the reaction system can signif
icantly enhance the performance of degrading TTC/OTC/CTC. When 
PDS was present, approximately 47.1%, 54.6% and 54.8% of TTC, OTC 
and CTC were removed within 10 min in dark, demonstrating that PDS 
can directly degrade TCs (PDS/dark). The degradation efficiencies of 
PDS/UVL system toward TTC, OTC and CTC increased to 65.6%, 65.2% 
and 86.2%, compared to that of 47.1%, 54.6% and 54.8% for PDS/dark 
system, reflecting that the PDS could also be activated to produce •SO4

−

via UV light irradiation. Furthermore, vivianite began to exhibit excel
lent performance in eliminating TTC/OTC/CTC after adding PDS under 
UV light irradiation (Vivianite/PDS/UVL), and almost all of the TTC/ 
OTC/CTC could be completely degraded within 10 min. These findings 
indicated that vivianite displayed great catalytic capabilities toward the 
PDS activation to yield various active species responsible to the 
decomposition of the tetracycline antibiotics into smaller molecules 
even ultimate mineralization to H2O and CO2. 

The pseudo first-order kinetics model (ln(C0/Ct) = − kobst) could be 

Fig. 2. (a) The PXRD patterns and (b) The UV–vis DRS spectra (inset: the Eg plots) of vivianite.  

Fig. 3. The tetracycline antibiotics degradation efficiencies (a: TTC, b: OTC and c: CTC) and rates (d: TTC, e: OTC and f: CTC) in different systems. Conditions: 
catalyst = 0.4 g/L, [TTC, OTC, CTC]0 = 10.0 mg/L, solution volume = 50.0 mL, [PDS]0 = 1.0 mM, unadjusted pH = 4.48. 
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used to describe the above-stated processes [42], where C0 and Ct are the 
initial concentration of TCs and the residual concentration of TCs at any 
time. As illustrated in Fig. 3d – 3f, the value of kobs in vivianite/PDS/ 
UVL system was higher than the other systems. As clearly displayed, the 
vivianite exhibited excellent activation capacities and PDS utilization 
efficiencies. The improved performance due to the coupling of vivianite, 
UV light and PDS processes over sole processes was determined ac
cording to the synergy index (SI) with the following expression in Eq. (1) 
[43–45]. 

Synergy index = RCata-PDS-UVL /(RCata-UVL + RPDS-UVL + RCata-PDS) (1) 

where, RCata-PDS-UVL, RCata-UVL, RPDS-UVL and RCata-PDS are the kobs of 
Vivianite/PDS/UVL, Vivianite/UVL, PDS/UVL and Vivianite/PDS, 
respectively. The SI values were calculated to be 1.54, 5.53 and 1.59 
(>1) for TTC, OTC and CTC, indicating that the combination of viv
ianite, UVL and PDS system led to a prominent synergetic effect. The 
results indicated that vivianite seem to be efficient PDS activator for 
boosted degradation performances toward tetracycline antibiotics in the 
aquatic samples as being exposed to UV light irradiation. 

3.2.1.1. Effect of PDS dosage. The oxidation process is recognized to be 
influenced by PDS concentration since it is directly related to the pro
duction efficiency of the radicals like •SO4

− , •OH, and •O2
− along with the 

nonradical 1O2. Fig. 4a – 4c demonstrated the effect of PDS concentra
tions on TCs degradation efficiencies. It clearly showed that the degra
dation efficiencies also can be increased with an increasing of PDS 
concentration. The improvement of AOP activity can be ascribed to the 
boosted interaction between vivianite and PDS with increasing PDS 
dosage, which was inclined to degrade TTC/OTC/CTC through radical 
and nonradical pathways [46]. However, when PDS dosage was 
increased to 4.0 mM and 8.0 mM, the degradation efficiency did not 
increase significantly (as to TTC, the degradation efficiency even 
decreased slightly). The TCs removal efficiencies maintained stably even 
PDS dosage was increased to 8.0 mM owing to the occurrence of scav
enging reactions like Eqs. (2) and (3) [26,47]. Ultimately, 2.0 mM PDS 
was selected, considering the economy and efficiency.  

•SO4
− + S2O8

2− → •S2O8
− + •OH + SO4

2− (2)  

2•SO4
− → S2O8

2− (3)  

3.2.1.2. Effect of initial pH and concentration of the solution. The solution 
pH is known to be one of the most important influence parameters on 
both the catalytic activity and the stability of the catalyst. The tetracy
cline antibiotics, as amphoteric compounds, possesses three acid-base 

dissociation constants (pKa): pKa1 of 3.2–3.57 for tricarbonyl, pKa2 of 
7.3–7.7 for phenolic β-diketone, and pKa3 of 9.1–9.7 for dimethylamine 
[48,49]. And the previous studies have shown that autolysis might occur 
to TCs due to the instability of their ionic structure under alkaline 
conditions [50]. Therefore, we investigated the degradation perfor
mance of vivianite toward TTC at pH ranging from 1.0 to 9.0 (Fig. 4d). It 
was observed that the increasing pH from 1.0 to 3.0 led to the increasing 
rate constants. However, further pH increasing from 3.0 to 9.0 led to 
decreasing degradation efficiency. Satisfactorily, ca. 98% TTC removed 
within 10 min when initial pH = 1.00, 3.00, 4.48, 5.00, 7.00 and 9.00. 
Zhang et al. reported that the TTC degradation efficiencies decreased 
from 100% at pH 3.0 to 50% at pH 9.0 [46]. Guan et al. declared that in 
the NixFe3-xO4/PS system, the TTC degradation efficiency decreased 
from 86% to ca. 50% when pH increased from 7.0 to 9.0 [51]. In com
parison, in this study, the vivianite displayed wider pH suitability, in 
which it was not required to adjust pH in the subsequent experiments. 

Furthermore, the degradation of TTC/OTC/CTC at a low concen
tration of 1.0 mg/L was also investigated in vivianite/PDS/UVL system. 
The TTC/OTC/CTC degradation efficiency in vivianite/PDS/UVL system 
were 100% within 8 min (Fig. 4e), further indicating that the vivianite 
exhibited the excellent catalytic performance on TTC/OTC/CTC 
degradation. 

3.2.2. Tetracycline antibiotics matrix degradation 
TTC, OTC and CTC usually co-exist in livestock and aquaculture 

wastewater at the same time. Therefore, the photoactivated SR-AOP 
degradation activities of vivianite towards different tetracycline anti
biotics matrix (TTC, OTC and CTC) were tested upon the irradiation of 
UV-LED light. As depicted in Fig. 4f, the TTC in the matrix (TCs-TTC) 
could be removed completely within 6 min upon the irradiation of UV- 
LED light, and even OTC and CTC in the matrix (TCs-OTC and TCs-CTC) 
could be removed completely within 1 min, further indicating that the 
vivianite exhibited the excellent catalytic degradation performance on 
tetracycline antibiotics. An overview of works published on Fe-based 
catalysts on TCs degradation by SR-AOP were listed in Table S1, in 
which vivianite exhibited superior SR-AOP activity to its counterpart 
catalysts. 

3.2.2.1. Effect of co-existing inorganic anions and different simulated 
wastewater. Some inorganic cations found in aquatic environment (such 
as K+, Na+, Ca2+ and Mg2+) were assumed to be unable to consume e− or 
h+ due to their stable and maximum oxidation states, which are believed 
to exert no evident influence on TCs degradation [47,52]. To investigate 
the practical applications of vivianite/TCs/PDS/UVL system, the 
different co-existing inorganic ions like Cl− , NO3

− , SO4
− and HCO3

− with 
concentrations of 135.30, 13.60, 124.00 and 272.00 mg/L were added 

Fig. 4. Effect of PDS dosage in the vivianite/PDS/ 
UVL system: (a) TTC, (b) OTC, (c) CTC. (d) Photo
activated SR-AOP curves for TTC over vivianite under 
different solution pH conditions. Reaction conditions: 
catalyst = 0.4 g/L, [TTC, OTC, CTC]0 = 10.0 mg/L, 
solution volume = 50.0 mL, [PDS]0 = 2.0 mM. (e) 
Photoactivated SR-AOP curves over vivianite at TTC/ 
OTC/CTC concentration of 1.0 mg/L. Reaction con
ditions: catalyst = 0.4 g/L, [TTC, OTC, CTC]0 = 1.0 
mg/L, solution volume = 50.0 mL, [PDS]0 = 0.2 mM, 
unadjusted pH = 4.48. (f) Tetracycline antibiotics 
matrix degradation over vivianite under LED UV light 
irradiation. Reaction conditions: catalyst = 0.4 g/L, 
[TCs-TTC, TCs-OTC, TCs-CTC]0 = 3.0 mg/L, solution 
volume = 50.0 mL, [PDS]0 = 2.0 mM, unadjusted pH 
= 4.48.   
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to the tetracycline antibiotics matrix solution, which were formulated 
from the maximum concentration of surface water quality in Beijing 
[26]. As shown in Fig. S5, inorganic anions exerted slight effect on the 
adsorption of TCs over vivianite, but had little effect on the degradation 
of TCs. To further investigate whether the vivianite/TCs/PDS/UVL 
system can work well in the actual wastewater, the TCs degradation was 
conducted toward the simulated wastewater formulated from both tap 
water and lake water [53,54]. As illustrated in Fig. 5a – 5c, vivianite/ 
TCs/PDS/UVL system displayed the outstanding activity in natural 
water and tap water, and the TCs-CTC (CTC in the TCs matrix) degra
dation efficiencies in lake water (100%) and tap water (100%) were 
higher than that in ultrapure water (90%) within 1 min. From the dis
cussion above, it can be concluded that the vivianite/TCs/PDS/UVL 
system is very feasible for practical water remediation. 

3.2.2.2. Effect of TCs degradation under visible light and real solar light 
irradiation. The optical absorption edge of vivianite is about 442 nm 
with Eg as ca 2.8 eV, indicating that vivianite could be excited by the 
visible light as well. From that point, a series of studies were conducted 
under LED visible light (VL) in this work. As depicted in Fig. 6a and 6d, 
no matter the concentration of TTC/OTC/CTC is 10.0 mg/L or 1.0 mg/L, 
the degradation efficiency of the vivianite/PDS/VL system can reach 
100% within 10 min. The degradation efficiency of CTC in TCs antibi
otics matrix with the concentration of 10.0 mg/L can only reach 90% in 
10 min, while the TTC and OTC in tetracycline antibiotics matrix can be 
degraded to 100% within 10 min, further indicating that vivianite 
exhibited excellent catalytic activity for the tetracycline antibiotics 
decomposition under LED visible light. Considering that vivianite could 
accomplish outstanding photoactivated SR-AOP performances under 
LED UV and visible light, it might accomplish the identically photo
activation of PDS under real solar light (SL). As shown in Fig. 6b and 6e, 
it was worth noting that the TCs (10.0 mg/L and 1.0 mg/L) degradation 
efficiencies in the vivianite/PDS/SL system (100% within 1 or 2 min) 
were better than those under visible light (90% TCs-CTC degradation 
within 10 min), which could be attributed to the wide spectrum and high 
temperature under sunlight. The excellent catalytic performance in the 
vivianite/PDS/SL system could prove that the vivianite catalyst has 
promising application in real solar light for the goal of energy conser
vation. In addition, the TOC removal efficiencies were investigated 
under the different system (Fig. 6c and 6f). It can be seen clearly that ca. 
80%, 78% and 40%~58% of TOC removal efficiencies were achieved in 
the UVL, VL and SL system within 30 min, respectively (Fig. 6c). 
However, the TOC removal efficiency decrease at higher TCs concen
trations (Fig. 6f). And the order of TOC removal efficiencies was viv
ianite/PDS/UVL ＞ vivianite/PDS/VL ＞ vivianite/PDS/SL regardless of 
the pollutant concentration of 10.0 mg/L or 1.0 mg/L, which could be 
attributed to the higher energy of UV light [55]. 

3.3. Possible photoactivated SR-AOP mechanism over vivianite 

The trapping experiments and ESR tests were carried out to further 

confirm the reactive oxygen species in the vivianite/PDS/UVL system. 
Herein, tertbutyl alcohol (TBA) is generally employed as scavenger of 
•OH radical, and methanol (MeOH) is scavenger for both •SO4

− and •OH 
[56,57]. Also, KI, benzoquinone (BQ) and L-histidine as scavengers to 
seize the h+, •O2

− and nonradical singlet oxygen (1O2) [58]. In Fig. 7a – 
7c, the TTC/OTC/CTC degradation efficiencies decreased in the pres
ence of MeOH, TBA, KI and BQ, demonstrating that •SO4

− , •OH, h+, and 
•O2

− were involved in the vivianite/PDS/UVL system for TCs degrada
tion. However, the catalytic degradation efficiencies of vivianite on 
TTC/OTC/CTC remained almost unchanged when L-histidine was added 
to the system, demonstrating that 1O2 was not involved in the SR-AOP 
degradation toward TCs over vivianite. Similar results can be obtained 
by ESR spectra (Fig. S6), in which there were no TEMP-1O2 signals in the 
degradation process. The •O2

− can be detected in the vivianite/light 
system (Fig. 7e), which can be yielded as the CB value of vivianite being 
− 0.62 eV vs. NHE, much more negative than the O2/•O2

− potential (-0.33 
eV vs. NHE). However, the weak peak of DMPO-•O2

− may be ascribed to 
the rapid recombination of photo-induced h+ and e− . For PDS without 
vivianite as catalyst upon the irradiation of UV light, the characteristic 
peaks of DMPO-•SO4

− , DMPO-•OH and DMPO-•O2
− could be tested 

(Fig. 7d and 7e), demonstrating that PDS could be activated by UV light 
to generate •SO4

− , •OH and •O2
− in the aqueous solution. And hydro

peroxyl radical (•HO2) generated by the protonation of •O2
− also can be 

found in ESR spectrum (Fig. 7e). PDS could be activated by the vivianite 
in the dark to produce the •SO4

− , •OH, •O2
− and •HO2, but the signals 

became more pronounced with the UV light irradiation, suggested that 
the synergetic effect of vivianite, UVL and PDS. These results confirmed 
the successful activation PDS by UVL to produce •SO4

− , •OH, •O2
− and 

•HO2, which then collectively contribute to the TCs degradation. As well, 
the generation of •SO4

− dosage has been quantified in vivianite/PDS/UVL 
and PDS/UVL (blank) systems. As shown in Fig. 7f, the concentration of 
•SO4

− produced in vivianite/PDS/UVL systems was 3.6 μM within 10 
min, which was higher than the PDS/UVL systems (2.4 μM). 

The outstanding performance of photoactivated SR-AOP over viv
ianite was explored by EIS techniques. The Nyquist arc radius of viv
ianite/UVL was smaller than vivianite/dark system (Fig. 8a), as the UV 
light illumination could reduce the charge transfer resistance signifi
cantly. The addition of PDS might reduce the charge transfer resistance 
of vivianite, implying that electron transfer was inclined to occur in 
photoactivated SR-AOP process. 

As stated above, the parallel mechanisms of PDS activation by viv
ianite can be postulated as depicted in Fig. 8c. Firstly, upon the irradi
ation of UV light, vivianite can be excited to form photo-induced 
electrons and holes, in which the holes can directly oxide the organic 
pollutants. The •O2

− can be produced via the reaction between electrons 
and dissolved oxygen (Eqs. (4) and (5)) [26], which can also directly 
degrade TCs. Secondly, the photoelectrons activate persulfate subse
quently to produce •SO4

− (Eq. (6)) [59], enhancing electron–hole sepa
ration efficiency to further boost the TCs degradation. Thirdly, one mole 
of PDS can produce two moles of radicals upon the irradiation of UV 
light with high energy (Eq. (7)) [59,60]. In addition, PDS could be 

Fig. 5. The influence of different simulated wastewater on TCs removal efficiencies: (a) TCs-TTC, (b) TCs-OTC, (c) TCs-CTC. Reaction conditions: catalyst = 0.4 g/L, 
[TCs-TTC, TCs-OTC, TCs-CTC]0 = 3.0 mg/L, solution volume = 50.0 mL, [PDS]0 = 2.0 mM, unadjusted pH = 4.48. 
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activated by vivianite catalyst, in which the Fe(II) specie might break the 
O-O bonds of S2O8

2− anions to yield •SO4
− radicals (Eq. (8)) [59]. The 

presence of Fe2+ from the XPS test of the used vivianite echoed the 
above-stated analysis and discussion (Fig. 8b). Finally, a series of re
actions (Eqs. (9) – (12)) occurred to generate various reactive radicals 
like •OH, •O2

− and •HO2 to degrade TCs [60–62]. These results confirm 
that vivianite has excellent degradation performance of TCs with the aid 
of both PDS and UV light.  

vivianite + hv → e − + h+ (4)  

O2 + e− → •O2
− (5)  

S2O8
2− + e− → •SO4

− + SO4
2− (6)  

S2O8
2− + hv → 2•SO4

− (7)  

S2O8
2− + Fe2+ → •SO4

− + Fe3+ + SO4
2− (8)  

•SO4
− + H2O → SO4

2− + •OH + H+ (9)  

S2O8
2− + 2H2O → HO2

− + 2SO4
2− + 3H+ (10)  

HO2
− + S2O8

2− → •SO4
− + SO4

2− + H+ + •O2
− (11)  

•O2
− + H+ → •HO2                                                                        (12)  

3.4. Possible degradation pathways and toxicity assessment 

Intermediate products during the TCs degradation over vivianite 
were detected by HPLC–MS. In this work, possible degradation path
ways of different TCs like TTC, OTC and CTC are discussed in the Sup
plementary Materials and shown in Fig. S7, Fig. S8 and Fig. S9, 
respectively. The acute toxicity, developmental toxicity and bio
accumulation factor of TCs and their degradation intermediates were 
assessed by Toxicity Estimation Software (T.E.S.T.) based on quantita
tive structure–activity relationship (QSAR) prediction, which can be 
found in the Supplementary Materials and shown in Fig. S10. 

The growth inhibition effects of Escherichia coli (E. coli) were used to 
test the toxicities of TCs and their intermediates [29]. As displayed in 
Fig. 9, the diameters of inhibition zones for TTC, OTC, CTC and TCs 
against E. coli. were 13.56 mm, 13.6 mm, 14.76 mm and 12.42 mm, 
respectively. The inhibition of TTC, OTC, CTC, TCs and their by- 
products against E. coli. decreased significantly within 10 min, and the 
diameters of inhibition zones were 7.83 mm, 8.52 mm, 8.57 mm and 
8.13 mm respectively. Meanwhile, the removal efficiencies of TOC of 
TTC, OTC, CTC and TCs were 41.2%, 30.3%, 33.2% and 37.3% within 
10 min, respectively. Extending the photoactivated SR-AOP reaction up 
to 30 min, the degradation efficiencies of TOC of TTC, OTC, CTC and TCs 
increased to 84.8%, 80.2%, 78.3% and 85.1%. It was worth noting that 
the diameters of the inhibition zones were almost consistent with the 
blank experiment without TCs within 30 min, demonstrated that the 
transformation products of TCs via photoactivated SR-AOP over viv
ianite did not maintain their inhibitory effect towards E. coli. These re
sults demonstrated that the degradation of TCs over vivianite may 
resulted in decreasing toxicity toward E. coli. 

3.5. Reusability and stability of vivianite 

Both the stability and reusability are essential to the future practical 
application. Fig. 10a – 10d presented the vivianite maintained a stable 
efficiency for TTC, OTC, CTC and TCs degradation over five reuse cycles. 
And the degradation performances of TTC, OTC, CTC and TCs in viv
ianite/PDS/UVL system remained at 100% without a significant decre
ment after five runs’ use, demonstrated the remarkable reusability of 
vivianite. Additionally, any alterations can’t be observed in morphol
ogies, phase and composition of the used vivianite based on the PXRD 
and SEM results (Fig. 10e and 10f), confirming the good stability of 
vivianite. In addition, the leaching of Fe was investigated by ICP-OES 

Fig. 6. Degradation of tetracycline antibiotics under different light conditions: (a, d) LED visible light, (b, e) real solar light; The TOC degradation of the tetracycline 
antibiotics within 30 min under different conditions: (c) 10.0 mg/L, (f) 1.0 mg/L. 

Fig. 7. Influences of different capturers on (a) TTC, (b) OTC, (c) CTC degra
dation activity with vivianite as catalyst. Reaction conditions: catalyst = 0.4 g/ 
L, [TTC, OTC, CTC]0 = 10.0 mg/L, solution volume = 50.0 mL, [PDS]0 = 2.0 
mM, unadjusted pH = 4.48, [KI, BQ, L-histidine]0 = 5.0 mM, [methanol, TBA]0 
= 1000.0 mM. The ESR signals of (d) DMPO-•SO4

− and DMPO-•OH (e) DMPO- 
•O2

− and DMPO-•HO2 under different conditions; (f) The formed •SO4
− contents 

at different PDS:HBA ratios in vivianite/PDS/UVL system. 
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after five cycles (Fig. S11), and the concentrations of leached Fe were 
conformed to the discharge standard of iron ions [63]. 

3.6. Universality of vivianite as AOPs catalyst 

Fig. S12a revealed that the degradation of fluoroquinolone anti
bacterial (norfloxacin (NOR), enrofloxacin (ENR) and ciprofloxacin 
(CIP)), estrogenic hormone (estradiol (17β-E2)), antiviral drug (chlo
roquine (CQ)), and pesticide (2,4-Dichlorophenoxyacetic acid (2,4-D) 
and atrazine (ATZ)) by vivianite activated PDS under UV light irradia
tion, indicating that vivianite could effectively remove different kinds of 
pollutants. In addition, vivianite also could photoactivated PMS and 
H2O2 to degrade TCs completely within 10 min (Fig. S12b and S12c), 

indicating its wide universality. Consequently, it was considered that 
vivianite might display great application potential in the field of 
advanced oxidation process. 

3.7. The photoactivated SR-AOP performance of vivianite recovered from 
WWTP 

In order to explore the advanced oxidation activity of real vivianite 
recovered from WWTP, we synthesized the real vivianite mineral from 
sewage as the previously reports [64]. As shown in Fig. S13a, the real 
vivianite mineral could remove ca. 50% of TTC, OTC and CTC in the 
dark. And the TTC, OTC and CTC could be degraded completely within 
10 min in the presence of both recovered vivianite and PDS under the 

Fig. 8. (a) Electrochemical impedance spectroscopy of various oxidation processes; (b) Fe 2p XPS of the used vivianite; (c) Illustration of possible mechanism of 
photoactivated SR-AOP oxidation of TCs over vivianite under LED UV light. 

Fig. 9. Images and diameters of inhibition zones of (a) TTC, (b) OTC, (c) CTC, (d) TCs and its degradation intermediates against E. coli over Vivianite/PDS/ 
UVL system. 
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LED UV light, LED visible light and real solar light irradiation. Similarly, 
the real vivianite mineral could activate PDS effectively for the complete 
elimination toward the matrix of TTC, OTC and CTC (Fig. S13b). 
Consequently, we demonstrated that the real vivianite mineral recov
ered from WWTP could be the AOP catalyst for effective elimination 
toward different organic pollutants. 

4. Conclusions 

This study demonstrated that the vivianite as an effective heteroge
neous catalyst could activate persulfate to degrade tetracycline antibi
otics completely under LED UV, visible and real solar light irradiation 
within 10 min. Mechanism study revealed that vivianite successfully 
activation PDS by UVL to produce various oxidative radicals ((like •SO4

− , 
•OH, •O2

− and •HO2), which then collectively contribute to the TCs 
degradation. The superior performance of PDS activation over vivianite 
under LED UV light irradiation can not only oxidize TCs but also lead to 
high TOC removal efficiency and low acute toxicity. Moreover, vivianite 
displayed satisfactory stability, which was affirmed by the low leaching 
iron ion during the cyclic tests. In future, more efforts will be put to 
achieve real environmental remediation applications of vivianite har
vested from the wastewater treatment process. 
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