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a b s t r a c t
Due to the higher toxicity and great threat to environmental safety and human health, the remediation 
of As(III) from wastewater attracts more and more attentions. The introduction of Fe2+ and Fe3+ into 
potassium permanganate (PP)-zero-valent iron (ZVI) system was used to rapidly and effectively 
remove arsenic (III) from wastewater. PP-ZVI system was rapidly activated by Fe2+ but Fe3+ in a 
slow way. The high removal efficiency of As(III) in Fe2+-PP-ZVI system was obtained at pHini 1–9. 
The removal of As(III) by Fe2+-PP-ZVI system can be well described by the pseudo-second-order 
kinetic expression. The results of scanning electron micrographs (SEM) showed that the quickly 
enhanced corrosion of ZVI surface caused the different morphologies of ZVI surface. ZVI acted as a 
resource of Fe2+ for the activated generation of ●OH radicals, which oxidized As(III) to As(V). High-
resolution X-ray photoelectron spectrometer (HR-XPS) proved that MnFe2O4, MnO2 and MnO were 
formed, which controlled the generation of hydroxyl radical (●OH). Most of As(III) was oxidized to 
As(V) but a very small proportion was reduced to As(0) during the removal process. The Fe2+-PP-ZVI 
system may provide an effective and new technology for the efficient and fast remediation of heavy 
metals from wastewater.
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1. Introduction

Arsenic, as one of the most toxic pollutants, usually exists 
in aquatic systems as inorganic forms ((As(V)) and (As(III)) 
[1]. Moreover, As(III) has attracted more attentions because 
it is more mobile and poisonous than As(V) [2]. With the 
development of natural processes and anthropogenic activ-
ities [3,4], arsenic pollution is a serious threat to human 
health and aquatic ecosystems [5]. According to statistics, 
there are about 150 million people, who are living in the arse-
nic-contaminated environment [3]. Therefore, the removal of 
As(III) from wastewater has become a global problem to be 

solved [1,3]. As we all known, As(V) is more inclined to be 
adsorbed on the surface by ferric oxydroxides than As(III), 
so an oxidant is usually introduced into the process of 
As(III) removal [1,3].

In recent years, zero-valent iron (ZVI) has been widely 
used to degrade various organic pollutants and heavy 
metals [6–8]. Nevertheless, the formation of passivation 
layers on the surface during the reaction led to a decrease in 
ZVI reactivity, which extremely limited the development of 
ZVI in the field of water environment treatment [9]. To over-
come the problems, a series of strategies to significantly 
activate ZVI to degrade and remove various con taminants 
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were proposed [10,11], especially the advanced oxidation 
processes [12]. It was mainly added chemical oxidants such 
as permanganate and H2O2 to the ZVI-based system to gen-
erate strong radical oxidants and improve their decontam-
ination capability [12,13]. It was reported that Fe(II) and 
Fe(III) played important roles in arsenic removal because 
they could catalyze the production of ●OH via Fenton-like 
reactions [4,10,14]. In addition, arsenic(III) was rapidly oxi-
dized and adsorbed to magnetite and ferrihydrite surfaces due 
to Fe2+ and oxidant [4].

Furthermore, permanganate (MnO4
–) is extensively 

developed as a ‘green’ strong oxidant because it is not only 
have moderate price and easy storage but also high activity 
without producing harmful by-products during the reac-
tion [15]. In recent years, it is popular to apply permanga-
nate to remove organic and inorganic pollutants [8,16]. The 
reactivity of ZVI can be strongly activated by permanganate, 
which remarkably enhance heavy metals (<1 mg L–1) and 
nitrate (NO3

––N = 14 mg L–1) removal from wastewater [9,17].
Consequently, potassium permanganate (PP) was obvi-

ously activated by Fe2+ through producing ●OH radicals, 
leading to the rapid removal of various contaminants [12]. 
However, the rapid consumption of Fe2+ influenced the 
removal capacity of target pollutants using this system, 
so it was necessary to introduce ZVI as source of Fe2+. The 
introduction of Fe2+ and Fe3+ into PP-ZVI system was little 
investigated. In addition, it was unclear that what the mech-
anism of the manipulation or activation of the reactivity 
of PP-ZVI system happened by Fe2+ and Fe3+. Herein, we 
added Fe2+ and Fe3+ to the PP-ZVI system to further reveal 
the enhancement mechanism of the removal of As(III) in this 
system. Our study aims to: (1) discuss the enhancement or 
activation mechanism of Fe2+ and Fe3+ on the As(III) removal 
in the PP-ZVI system, (2) compare the effect of Fe2+ and PP 
on As(III) remediation in such ZVI system, and (3) inves-
tigate the surface characterization of ZVI in such system 
using microscopic and spectroscopic technology to reveal 
the removal mechanism of As(III) in such ZVI-based system.

2. Experimental section

2.1. Chemicals and reagents

All the chemical reagents had reached or even surpassed 
to the analytical grade purity. Ferric trichloride (GR grade) 
and ferrous sulfate (GR grade) were provided by Fuchen 
Chemical Reagent Manufactory (Tianjin, China). Potassium 
permanganate (PP) (KMnO4, GR grade) was obtained from 
Spain Scharlau Company. ZVI power (>99.0%) used in the 
study was purchased from Tianjin Guangfu Technology 
Development Co. Ltd. 1 g L–1 NaAsO2 (AR grade) standard 
solution was purchased from National Centre for Certified 
Reference Materials (Beijing, China). Deionized water was 
supplied by Tianjin No. 1 Chemical Reagent Factory.

2.2. Batch experiments

Batch experiments researched the removal mechanism 
of As(III) in PP-ZVI system. The specific experimental oper-
ation was as follows: initially, wastewater for the experiment 
was pre-made by continuously diluting the As(III) standard 
solution with deionized water to make As(III) concentration 

reach 20 mg L–1. Then, a certain amount of PP, ZVI and ferric 
trichloride or ferrous sulfate were weighed and placed in 
a polyethylene bottle. Subsequently, the prepared As(III) 
solution was poured into a polyethylene bottle and placed 
on a water bath constant temperature oscillator for total 1 h 
at room temperature. During the reaction, using a 2 mL dis-
pensable injector to sample the reaction solution at a spe-
cific time intervals (0.5, 1, 2, 5, 10, 20, 30 and 60 min) and 
filtering other impurities through a 0.45 μm filter membrane. 
Finally, the liquid sample was diluted to a concentration for 
further testing.

Add a certain amounts of ZVI, Fe2+ and Fe3+ to the reac-
tion system to determine their role in the study. Change the 
dosage of Fe2+ or PP under the same conditions to reveal the 
enhancement or activation effect of As(III) removal.

The initial pH of the As(III) solutions was adjusted 
with dilute HCl or NaOH to determine the range of 1–9. 
In addition, there was no buffer solution added to control 
pH during the reaction.

2.3. Characterization and analytical methods

The concentration of Fe(II) was measured by 1,10- 
phenanthroline colorimetric method at 510 nm [18,19]. 
The concentrations of total arsenic, iron and manganese 
in reaction system were measured by inductively coupled 
plasma-mass spectrometry (ICP-MS, Elan-9000, PE) [20].

The elemental composition and chemical state of ZVI 
after reacting with As(III) solution was investigated by 
HR-XPS (PHI 5000 Versa Probe) at 46.95 eV. The XPS results 
were analyzed by Origin 9.0 software. The surface mor-
phology of ZVI in different reaction systems was analyzed 
by SEM (FEI Nova NanoSEM 230) [20]. Electron spin reso-
nance (ESR, Bruker EMX plus-10/12, Germany) technology 
coupled with 5,5-dimethyl-1-pyrolin N-oxide (DMPO) as a 
spin trap was used to detect the free radical species [21].

3. Results and discussion

3.1. Enhanced effect of Fe2+ and Fe3+

The effects of Fe2+ and Fe3+ on the enhanced removal of 
As(III) in PP-ZVI system are presented in Fig. 1. It can be 
seen that the removal rate of As(III) was close to 3% after 
1 h in ZVI and PP-ZVI systems, which indicated that there 
was little change with the reaction proceeded. However, 
the release rate of Fe2+ was positively correlated with the 
removal rate of the specific pollutant [22], and the efficiency 
of As(III) removal was significantly improved by Fe2+-
PP-ZVI system (Fig. 1). Much to our surprise, the PP-ZVI 
system was activated by Fe2+ and achieved extremely high 
removal rate of As(III) in 0.5 min (Fig. 1). The role of Fe2+ 
in the reaction system might be an electron donor which 
could activate PP to produce ●OH [23], thus enhanced the 
activity of PP-ZVI system. Nevertheless, the removal effi-
ciency of As(III) in Fe3+-PP-ZVI system was even lower than 
that in Fe3+-PP system within 30 min. Compared with the 
Fe3+-PP system, the removal rate of As(III) in Fe3+-PP-ZVI 
system was evidently enhanced and gradually approached 
to the 100% after 30 min (Fig. 1). The reason why As(III) 
in the Fe3+-PP-ZVI system was rapidly removed after 30 min 
may be the reaction of ZVI with Fe3+ to form Fe2+. So, it can 
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be clearly concluded that the Fe3+ had an activation effect 
on the PP-ZVI system, but its activation ability was much 
weaker than that of Fe2+.

3.2. Change of Fe2+ concentrations and pH values

To understand the phenomenon of Fig. 1, the Fe2+ con-
centrations and pH values in the reaction solution were 
monitored (Fig. 2). In Fe2+-PP and Fe2+-PP-ZVI systems, the 
Fe2+ concentrations dropped rapidly within 1 min (Fig. 2a), 
indicating that Fe2+ was consumed during the reaction pro-
cess and Fe2+ could promote the reaction. It could be seen 
that the pH values of all reaction systems decreased rapidly 
within 0.5 min (Fig. 2b), which will promote the corrosion 
of ZVI and lead to increase the concentration of Fe2+ in 

Fe2+-PP-ZVI system after 30 min. Interestingly enough, 
the concentration of Fe2+ in Fe3+-PP-ZVI system increased 
slowly within 30 min, while it increased significantly after 
30 min (Fig. 2a). Meanwhile, the concentration of Fe2+ in Fe2+-
PP-ZVI system exceeded than that of Fe2+-PP system after 
30 min (Fig. 2a). Since ZVI was oxidized to Fe2+ by Fe3+ and 
corroded in the acidic solution, the concentration of Fe2+ was 
continuously enhanced in Fe3+-PP-ZVI system. However, 
there was no ZVI producing Fe2+ continuously for the reac-
tion in Fe2+-PP system. ZVI continuously provided Fe2+ to 
the reaction and reacted with the oxidant, which success-
fully caused Fenton-like reactions to remove contaminants 
[24]. PP facilitated intensive corrosion of ZVI, promoting 
the surface of ZVI to become very rough and irregular, and 
producing Fe2+ [9]. The iron oxyhydroxides as the follow-
ing production were responsible for effectively and quickly 
removing As(III). Other researchers also found the similar 
phenomenon [17]. It could be reasonably concluded that 
ZVI as an iron resource could be continuously provided Fe2+ 
as the activator for the systems. This result was consistent 
with the observation in Fig. 1.

3.3. Effects of Fe2+ and PP

In addition, we investigated the influence of Fe2+ and 
PP dosage on As(III) remediation in PP-ZVI system (Fig. 3). 
As shown in Fig. 3, with the amount of Fe2+ growing from 
0.01g to 0.1 g, the removal rate of As(III) was enhanced from 
51.32% to 99.99% at equilibrium condition in the system. 
Nevertheless, there was no obvious improvement of the 
removal ratio of As(III) in the solution when PP dosage 
was changed from 0.01 to 0.1 g with the same condition 
(Fig. 3). The addition of Fe2+ greatly activated the system 
and increased the As(III) removal percentage, so Fe2+ played 
a role in the activator for Fe2+-PP-ZVI systems. On the con-
trary, the activity of the system was insignificantly improved 
as an increase of the dosage of PP, but the removal rate will 
be very relatively low if the ZVI system is completely devoid 
of PP. Therefore, it could be reckoned that Fe2+ accelerated 
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Fig. 1. Comparison of the enhancement effects between Fe2+ 
and Fe3+ on the As(III) removal in PP-ZVI systems (initial 
concentration: 20 mg L–1 As(III), dosage of ZVI: 0.2 g, dosage of 
PP: 0.1 g, pHini: 7.0, temperature: 2°C).
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Fig. 2. Comparison of the change of Fe2+ concentrations (a) and pH values (b) in Fe2+-PP-ZVI system (initial concentration: 20 mg L–1 
As(III), dosage of ZVI: 0.2 g, dosage of PP: 0.1 g, pHini: 7.0, temperature: 20°C).
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and improved the removal rate of arsenic and PP was also 
an indispensable material for the system to remove arsenic 
from wastewater.

3.4. Effect of pH

The pH of the solution markedly affected the morphology 
of heavy metals and the surface active sites of the adsorbent 
[25]. The removal capacity of As(III) in Fe2+-PP-ZVI system 
under different pHini is illustrated in Fig. 4. It can be seen 
that the removal ability of Fe2+-PP-ZVI changed with vary-
ing pH value. When the initial pH was between 3.0 and 7.0, 
its influence on As(III) by Fe2+-PP-ZVI was small, and the 
removal rate surpassed 99% at equilibrium (Fig. 4). As pHini 
1, the removal rate was relatively low during the initial stage 
of reaction. In addition, it, that reached a balance, was close 
to 99.9% after 20 min (Fig. 4). As pHini 9, the final removal 
rate of the reaction was maintained at 94%, which was lower 
than that under acidic and neutral conditions (Fig. 4). These 
results indicated that the Fe2+-PP-ZVI system could efficiently 
remove As(III) over pH range of 1.0–9.0. However, the lower 
removal ratio of As(III) in the Fe2+-PP-ZVI system within 
10 min at pHini 1.0 may be due to the very strong acid solution 
hindering the production of hydroxyl radical. According to 
this result, it could be reasonably speculated that the high 
removal efficiency of As(III) in Fe2+-PP-ZVI system almost 
unlimited by pH.

3.5. Kinetics of As(III) removal

This research adopted the pseudo-first-order and pseudo- 
second-order kinetics model to investigate the removal of 
As(III) (20 mg L–1) in Fe2+-PP-ZVI system (Figs. 5 and S1). The 
fitting results showed that the correlation coefficient (R2) of 
the pseudo-first-order was less than 0.81 (Fig. S1). However, 
the removal of As(III) by Fe2+-PP-ZVI system conformed 
to the pseudo-second-order reaction kinetics because the 
R2 value was more than 0.99 (Fig. 5). Furthermore, the fit-
ting curves were generally identical, indicating that the 

mechanism of removing As(III) in Fe2+-PP-ZVI system was 
the same [20], that is, there was electron transfer or elec-
tron sharing between adsorbent and adsorbate. These com-
parisons revealed that pH significantly affected Kobs, but 
hardly affected the essence of removal in this system. Liu 
et al. [20] demonstrated that these two adsorption kinetic 
models could appropriately explain remediation of As(III) 
by nanoscale zero-valent iron supported on pumice. In this 
study, the process of As(III) removal might be accompanied 
by a complex removal mechanism in the Fe2+-PP-ZVI sys-
tem, so the removal process was hard to describe with the 
pseudo- first-order kinetics.

According to the pseudo-second-order reaction kinet-
ics fitting results, the maximum adsorption capacity of 
As(III) in this system was 9.98 mg g–1. Comparison of 
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Fig. 3. Effect of Fe2+ and PP on the removal rates of As(III) 
(initial concentration: 20 mg L–1 As(III), the dosage of ZVI: 0.2 g, 
pHini: 7.0, temperature: 20°C).
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arsenic removal by ZVI or iron oxide was shown in Table 
1. The adsorbed amount of As(III) in groundwater was 
1.2 mg As(III) g–1 ZVI [4]. The As(III) removal capacity of 
As(III) using NZVI was 3.5 mg g–1 [26]. The adsorption 
capacity of peerless Fe0 for As(III) was about 1.771 mg g–1 
[27]. The adsorption capacity of As(III) in our study was 
about 3–8 times that of other adsorbents. It was further 
proved that Fe2+-PP-ZVI system had a higher adsorption 
capacity for As(III).

3.6. Morphological characterization

Fig. 6 shows the surface morphology of ZVI after being 
used. It was found that ZVI are agglomerated in a tight and 
dense form, and there were no visible adsorption sites on 
the surface of ZVI (Fig. 6a). Similarly, the surface of PP-ZVI 
remained almost unchanged and the degree of corrosion 
was still low (Fig. 6b). However, when Fe2+ was added into 
PP-ZVI system to remove As(III), the corrosion of ZVI was 
accelerated, and therefore significant changes occurred on 
the morphology of PP-ZVI (Figs. 6c and d). Sample surface 
became rough and formed many agglomerated particles, 
providing abundant active sites for the removal of contam-
inants (Figs. 6c and d). ZVI simply coupled with oxidants 
could rapidly and efficiently remove various heavy metals 
from wastewater through multiple mechanisms [17]. Due 
to ZVI surface corrosion, a great amount of iron oxides/
hydroxides was continuously produced, which was essen-
tial for the removal of As(III) through oxidation, adsorption 
and co-precipitation [24]. The special morphology of ZVI in 
the Fe2+-PP-ZVI system may indicate the multiple complex 
mechanism for the removal of As(III). This phenomenon was 
a strong positive evidence for the results in Fig. 1. The intro-
duction of Fe2+ into PP-ZVI system accelerated the corrosion 
of ZVI and led to the rapid and effective removal of As(III).

3.7. Removal mechanisms of As(III)

The high resolution XPS spectra of Fe2p, Mn2p and 
As3d in Fe2+-PP-ZVI system for As(III) removal at differ-
ent reaction moments are shown in Fig. 7. There were two 
binding energy peaks at 711.6 and 725.2 eV (Fig. 7a), which 
matched with 2p3/2 and 2p1/2 of [Fe(III)] [28]. Furthermore, 
the peak of Fe0 at around 706.7 eV did not appear in this 
study [28]. These features suggested that the iron particles 
surface coated with a layer of iron oxide/hydroxide film 
and little Fe0 remained in 0.5 min. After 0.5 min, these peaks 
were enhanced and shifted to 710.0 and 723.6 eV (Figs. 7b 
and c), which meant that the oxidation of iron surface was 
continued and new stable iron(III) complexes were formed. 

Similarly, other studies showed that iron nanoparticles can 
be completely oxidized in 10 min [29,30].

The Mn2p spectrum showed four binding energy peaks 
at 653.9, 641.9, 651.9 and 640.6 eV (Fig. 7d). The peak at 
653.9 and 641.9 eV can be ascribed to MnO2, and the peak 
at 651.9 and 640.6 eV can be appointed to MnFe2O4 and 
MnO, respectively [31]. Then, after 1.0 min, characteristic 
peaks corresponding to MnO2, MnFe2O4 and MnO were all 
suppressed and slightly shifted, however, a new peak at 
644.1 eV was appeared (Fig. 7e). The new peak might be 
contributed to the new generation of Fe/Mn/As complex 
on the surface of ZVI. At 10 min, photoelectron peaks at 
654.2 and 642.5 eV attributed to MnO2 and 652.1 eV for 
MnFe2O4 were enhanced, otherwise, 641.0 eV for MnO was 
suppressed and the new peak at 640.4 eV assigned to MnO 
was appeared (Fig. 7f) [31]. Another new peak at 650.1 eV 
emerged (Fig. 7f), indicating that the reaction among iron/
iron oxide, MnOx and arsenic continued and produced 
new material. The finding might indicate that the reactive 
intermediates, MnFe2O4, MnO2 and MnO, might be associ-
ated with the removal of As(III), through manipulating the 

Table 1
Comparison of adsorption capacity of As(III) from wastewater by different adsorbent

Type of adsorbent Type of pollutants Adsorption capacity (mg g–1) References

ZVI As(III) 1.2 [4]
NZVI As(III) 3.5 [26]
Peerless Fe0 As(III) 1.771 ± 0.032 [27]
Fe2+-PP-ZVI As(III) 9.98 Present study

 

(a) (b)

(c) (d)

Fig. 6. Morphology of ZVI reacted with As(III) was analyzed: 
SEM image of (a) ZVI, (b) PP-ZVI, (c) Fe2+-PP-ZVI, and (d) higher 
magnification of SEM image of Fe2+-PP-ZVI marked with “□” in 
Fig. 6c.



T. Chang et al. / Desalination and Water Treatment 162 (2019) 269–277274

generation of the hydroxyl radical (●OH) to enhance the 
rapid removal of the contaminant [15].

The XPS spectrum in the As3d region showed that the 
photoelectron peaks centered at 45.2 eV for As(V) and 44.7 
and 43.8 eV for As(III) (Fig. 7g) [26,32]. The result suggested 
that the removal mechanism of As(III) included physi-
cal adsorption of As(III) as well as oxidization of As(III) to 
As(V) in Fe2+-PP-ZVI system in 0.5 min. It was worth noting 
that three new peaks were formed at 49.6, 49.1 and 48.4 eV, 

which might generate new complexes of iron, Mn and 
As. At 1.0 min, the peaks at 44.6 and 43.9 eV for As(III) became 
stronger (Fig. 7h) [26], suggesting that more As(III) was rap-
idly adsorbed by ZVI to the rugged surface. Interestingly, the 
peak at 45.2 eV for As(V) disappeared [32] and new peaks 
at 49.4, 48.4 and 47.3 eV were enhanced, hinting that more 
As(V) might be involved in the generation of complexes of 
iron, Mn and As. Then, the peaks of As(III) were enhanced 
and the peaks of As(V) were weaken, demonstrating more 
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As(III), dosage of ZVI: 0.2 g, dosage of Fe2+: 0.1 g, dosage of PP: 0.1 g, pHini: 7.0, temperature: 20°C).
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As(III) was oxidized to As(V) after 1.0 min (Fig. 7i). A very 
small proportion of As(III) was reduced to As(0) because 
of a new peak corresponding to As(0) at 42.3 eV (Fig. 7i) 
[33]. Similar redox reactions occurred in arsenic in other 
systems [27,34]. In addition, As(III) was easily oxidized to 
As(V) when it approached or touched the ZVI surface [35]. 
The phenomenon is consistent with the result of Fig. 6.

Furthermore, in order to intensively study the mecha-
nism, using ESR spectrometer combined with DMPO as a 
spin trap to directly detect free radicals at different reaction 
time intervals and the result is shown in Fig. 8. The hydroxyl 

radicals (●OH) and Fe(IV), produced in the Fenton-like 
reaction, could oxidize As(III) [34,36]. Wondrously, some 
scholars had found that As(III) was oxidized to As(IV) by 
●OH radicals as Eq. (1) [34]. Meanwhile, Fe(IV), an alterna-
tive strong oxidant species, was produced in the reaction, 
and could also produce transient species As(IV) as Eq. (2) 
[34]. As(IV), as an intermediate induced oxidation of As(III) 
by Fe(II)-H2O2 system, was readily oxidized to As(V) by 
oxygen [37].

As(III) + ●OH → As(IV) (1)

As(III) + Fe(IV) → As(IV) + Fe3+ (2)

However, ●OH radicals are not found in Fig. 8. 
Interestingly, a new peak was formed in our study (Fig. 8), 
which was contributed to DMPOX [21,38]. DMPOX might 
form in Fe2+-PP-ZVI systems in the following ways: (1) ●OH 
was captured by DMPO to generate DMPO-OH, and then 
it was oxidized to DMPOX by Fe2+/ZVI with MnFe2O4, 
MnO2 and MnO as the catalyst [39]. (2) DMPO was oxi-
dized by MnO4

– led to the formation of DMPO-OH, fol-
lowed by dehydrogenation to produce DMPOX [21]. As 
shown in Fig. 8, the intensity of DMPOX gradually dropped, 
suggesting that adduct of DMPOX was consumed during the 
As(III) removal process.

Surprisingly, one phenomenon was found that PP-ZVI 
system without Fe2+ had a low removal rate of As(III) or 
As(V) and did not increase with the reaction time, while 
they could be removed quickly and efficiently by Fe2+-PP-
ZVI system (Fig. S2). There were not detected ●OH rad-
icals in PP-ZVI system in the study (data not shown), but 
Fe2+-PP-ZVI system, indicating that ●OH radicals played a 
dominant effect. Interestingly, As(V) removal was mostly 
completed within 0.5 min in Fe2+-PP-ZVI system, however, 
As(III) removal rate was only 79.8 % in 0.5 min and 99.91 
% in 1 min. In the process, ●OH radicals concentration was 
rapidly decreased (Figs. 8a and b). The decrease of ●OH 
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Fig. 8. ESR obtained spectra for Fe2+-PP-ZVI system at pHini = 4.6 
after reaction for (a) 0.5 min, (b) 1 min, and (c) 10 min.

 

Fig. 9. Schematic diagram of the removal mechanism of As(III) 
by Fe2+-PP-ZVI system.
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radicals corresponded to the increase of As(V). A majority 
of As(III) were oxidized to As(V) before being removed in 
Fe2+-PP-ZVI system.

Therefore, the results of Figs. 6–8 and S2 clearly sup-
ported the removal mechanism of As(III) using Fe2+-PP-ZVI 
system given in a schematic model (Fig. 9). In addition, 
considering the recovery of zero-valent iron, we performed 
a magnetic separation experiment on ZVI. The results 
showed that the external magnetic field could quickly and 
efficiently separate ZVI from the solution (Fig. S3).

4. Conclusions

This study proved that As(III) could be quickly and 
efficiently removed from wastewater in Fe2+-PP-ZVI system. 
ZVI as a resource sustainably provided Fe2+ as the activa-
tor for PP-ZVI system, which was rapidly activated by Fe2+ 
but Fe3+ in a slow way. The removal rate of As(III) in the 
Fe2+-PP-ZVI system was always high in a large pH range 
of 1–9. The kinetic studies showed that the adsorption 
process of Fe2+-PP-ZVI system to As(III) conformed to the 
pseudo- second-order model, and other researchers had 
similar findings [20]. In addition, the maximum adsorption 
capacity of the system for As(III) was 10 mg g–1, which was 
much higher than the previous work that the adsorption 
capacity of ZVI and NZVI for As(III) was 1.2 and 3.5 mg g–1, 
respectively [4,26]. The results of XPS, ESR proved that the 
intermediate products MnFe2O4, MnO2 and MnO enhanced 
the removal of As(III) by manipulating the generation of the 
hydroxyl radical (●OH). Lot of As(III) was oxidized to As(V) 
by ●OH before being adsorbed and a very small portion of 
As(III) was reduced to As(0) by ZVI. The main mechanism 
was adsorption, which can form complexes of iron, Mn, As 
on the ZVI surface. Furthermore, the Fe2+-PP-ZVI system, as 
an economical technology, is obviously beneficial to reme-
diate As(III) in the field of in situ and provided potential 
value to remove other pollutions from the water.
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Fig. S3. Separation of ZVI using a magnet (a) and no external 
magnet (b).
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