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hate removal by zero valent iron
activated through oxidants from water: batch and
breakthrough experiments

Weilong Zeng, a Bing Li,b Xueying Lin,a Sihao Lv,c Weizhao Yin,d Ping Li,a

Xiangyu Zhenga and Jinhua Wu*aef

In this study, oxidants including hydrogen peroxide (H2O2), hypochlorite (ClO�) and persulfate (S2O8
2�)

were employed to promote zero-valent iron (ZVI) corrosion and enhance phosphate (P) removal from

water through batch and breakthrough experiments. Characterization results indicated that the addition

of oxidant can cause large-scale corrosion of the iron surface. This subsequently generates more iron

ions and active minerals, resulting in a large number of reaction-adsorption sites for P removal.

Therefore, compared with the ZVI alone system (29.4%), the removal efficiency of P by oxidant/ZVI

system (H2O2 : ClO
� : S2O8

2� ¼ 33.2% : 54% : 67.1%) was improved. For the oxidant/ZVI system, H2O2

can promote the corrosion of ZVI to a certain extent. However, the solution pH could be increased

during the corrosion process. This leads to inhibition of P removal performance by the H2O2/ZVI system,

which only increased by 12.9% to 33.2%. The reaction between NaClO and ZVI consumes less H+, and

the reaction product Cl� can pierce the passivation layer on the surface of the ZVI through the pitting

effect. As such, the NaClO/ZVI system attained a 54% P removal rate. Compared with H2O2 and NaClO,

a better P removal effect of about 67.1% can be achieved by using Na2S2O8, since the oxidation

corrosion process of Na2S2O8 does not consume H+, and it also has the strongest oxidizing properties.

Furthermore, an appropriate increase in oxidant dosing (0.1–2 mM) could improve the efficiency at

which of P is removed. Five batch cycle experiments showed that the oxidant/ZVI system has a higher

removal capacity and longer life-span. In the long-term column running, the P removal capacity and

operation life of the NaClO/ZVI column are 9.6 times and 3.2 times higher than that of the ZVI column,

respectively. This work demonstrates that an oxidant/ZVI system can be an efficient method for P

removal in water, which also provides a new idea for solving the problem of ZVI corrosion passivation.
1. Introduction

Excessive release of nutrients such as nitrogen and phosphorus
into natural water bodies via human activities usually leads to
water eutrophication.1–4 This causes serious water pollution
problems, such as the growth of cyanobacteria and associated
oxygen depletion, algal blooms, massive amounts of sh deaths
and disruption of aquatic ecosystems.5,6 Therefore, it is
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necessary to be addressed urgently. Previous studies have
shown that nitrogen can circulate between the gas and liquid
phase through biological nitrication and denitrication reac-
tions,6–8 so controlling phosphorus is a key factor in reducing
the eutrophication of fresh water.9–12 It has been reported that
a phosphorus concentration in excess of 0.02 mg L�1 can cause
eutrophication.13 Therefore, the discharge standard for munic-
ipal wastewater treatment plants in China have a maximum
allowable concentration of phosphorus in wastewater that is
less than 1 mg L�1.14 Recently, despite efforts to reduce the
quantities of phosphorus from pollution sources, phosphorus
contamination in water is still a major environmental issue.6 It
is therefore still incredibly important to develop a novel and
efficient technique for removing phosphorus.

To date, different technologies, such as chemical precipita-
tion,15 biological treatment,16,17 membrane ltration,18 and
adsorption19,20 have been developed for wastewater phosphate
removal. However, each technique discussed above has its own
limitations. For example, the chemical precipitation method
requires the addition of many chemical reagents and produces
RSC Adv., 2021, 11, 39879–39887 | 39879
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a large amount of sludge, which can cause secondary pollution
and increase treatment costs.21,22 Biological treatment complex
and inefficient,23 and the resulting treated domestic sewage
oen fails to meet the strict phosphorus emission standards.
Chemical precipitation methods are oen required to remove
phosphorus in the tail water.24,25 Membrane ltration requires
regular maintenance to avoid membrane fouling, resulting in
high costs and complex operation.26–28 Compared with the
abovemethods, the adsorptionmethod has been recommended
because of its relatively high efficiency, simple operation
method and comparatively low cost.29 So far, several adsorbents
have been reported for wastewater phosphate removal, such as
slag,30 clay,31 y ash,32 zeolite33 and ZVI.34 Among them, ZVI has
attracted a lot attention as an adsorbent for removing water
pollutants through physical and chemical adsorption, such as
electrostatic adsorption, complexation and co-precipitation.

Recently, ZVI has been used as a highly efficient medium for
removing chlorinated organic compounds,35 nitroaromatics,36

arsenic37 and nitrate38 in water due to its reduction effect. In
addition, it can also remove heavy metals such as Cd, Cr and Pb
in water using iron oxides formed on the water's surface with
environmental media (O2 and H2O).39,40 However, regardless of
the mechanism, the basis on which pollutants are removed is
the surface corrosion of ZVI.37 The efficient use of ZVI to
removal P still faces some challenges. One serious issue is that
during the production and storage of ZVI, a layer of oxides will
be formed on the surface, which makes it difficult to corrode.41

Moreover, phosphate reacts with iron ions, the corrosion
product of ZVI, to generate dense ferric phosphate compounds.
These compounds cover the iron surface to form a passive layer,
preventing further corrosion of ZVI.42 To date, there are various
methods and techniques for improving ZVI reactivity such as
acid washing,43 H2-reduction pretreatment,44 weak magnetic
elds,45 ZVI-based bimetals,46 and nanosized ZVI (nZVI).47

However, these techniques are always complicated, expensive
and toxic to the environment.

Many studies reported that researchers tried to add a small
amount of oxidant, including NaClO, KMnO4 and H2O2 into the
ZVI decontamination system.48 These oxidants can pierce the
oxide lm on the surface of ZVI and accelerate the corrosion of
ZVI. This signicantly improves the reduction rate of nitrate
and the removal performance of selenite and heavy metals (Cd,
Hg, Sb) in water.37,42,49,50 However, these studies did not discuss
the mechanism of different oxidants promoting ZVI corrosion.
In this study, using phosphate as the target pollutant, the effect
of adding different oxidants (H2O2, NaClO, Na2S2O8) on the
removal of phosphate by ZVI was compared. The inuence of
the amount of oxidant added on the strength of its P removal
effect was studied. In order to verify that the oxidant can
continuously drive ZVI corrosion, ve batch cycle and long-term
column running experiments were conducted. Finally, scanning
electron microscopy (SEM), X-ray diffraction (XRD) and other
characterization methods were employed. The impact on the
surface morphology of ZVI before and aer the addition of
oxidants and the formation of secondary minerals on the
surface are analyzed. Besides, the possible mechanism of
39880 | RSC Adv., 2021, 11, 39879–39887
different oxidants is explored to promote the removal of phos-
phate by ZVI.

2. Materials and methods
2.1 Chemicals

All reagents used in the experiment, including NaClO (Cl $
7.5%), 30% H2O2, and Na2S2O8 were purchased from Guangz-
hou Chemical Reagent Factory. Chemical reagents used in this
work are all analytical grade, and the solutions are all prepared
with deionized water. ZVI particle size for batch experiments
was 0.15 mm, purchased from Shanghai A Latin (Shanghai).
The ZVI particle size used in the column experiment was 1 mm,
and purchased from Shandong Group Co., Ltd. Quartz sand (1
mm) obtained from Shilin Building Materials Company for
dispersing the iron and adjusting the porosity of the column
reactors. Prior to use, the sand was soaked in 10 mg P/L phos-
phate solution for 24 h. The phosphate stock solution (50 mg P/
L) was prepared and diluted for the experiments. All glassware
is soaked in 15% nitric acid before being used and washed with
tap water and deionized water.

2.2 Batch experiment

Batch tests were conducted in a 300 mL conical ask by adding
an equivalent phosphate solution (10 mg P/L, 250 mL) and
0.25 mM of oxidants (H2O2, NaClO and Na2S2O8). The initial pH
value of 7.0 � 0.1 was obtained by regulating the amount of
0.1 M HCl and NaOH added. The ask was then dosed with
0.25 g ZVI. The Erlenmeyer ask was then covered with a rubber
stopper and placed in a shaking shaker. The reaction was
carried out at room temperature of 25 � 2 �C and a rotation
speed of 35 rpm. During sampling, 3 mL solution samples were
collected, and ltered with a 0.45 mm syringe for further anal-
ysis. For comparison, a set of systems without oxidizing agents
was made as a control. By changing the dosage of oxidant (0.1–2
mM), the effect of adding oxidant on the removal of phosphate
by ZVI was investigated. In order to investigate the sustainability
of oxidant/ZVI coupling in removing P, 5 cycles of experiments
were carried out. Each experiment was conducted three times
and the average value was calculated.

2.3 Column experiment

Column experiments were conducted in PVC pipe columns
(1.7 cm ID � 10 cm L). As described in Fig. 1, two columns were
packed with sand and iron particles (iron packing density
0.44 g cm�3, pore volume 11 � 0.5 cm3 per PV, porosity 0.48 �
0.02). NaClO (0.5 mM) was added directly into the simulated
phosphate wastewater (10mg P/L). The solution was fed into the
columns from bottom to top through a peristaltic pump at
a ow rate of 0.36 mL min�1 and the required time for 1 PV was
40 min. To create a control, no NaClO is added to the phosphate
wastewater simulating inuent to the other column.

2.4 Characterization and data analysis

The determination of phosphate adopts molybdenum antimony
spectrophotometry (UV-5200, Metash, China). Aer the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fixed-bed purification device.
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comparative experiment, all reacted iron samples were freeze-
dried overnight, and then sealed and loaded under anaerobic
conditions. Unreacted iron powder was prepared in the same
way. The surface structure and elemental mapping of the
abovementioned iron samples were analyzed by using Bru-
nauer–Emmett–Teller (BET, NOVA4200e, America), X-ray
diffraction (XRD, Empyrean Range, Netherlands) and scan-
ning electron microscope/energy dispersive spectroscopy (SEM/
EDS, ZEISS Merlin, Germany). Total Fe was detected by atomic
adsorption spectroscopy (AAS, Haiguang, China). The pH values
were monitored by a pH probe (SP2100, Suntex, China).

The phosphate elimination capacity of the column experi-
ments could be calculated by eqn (1) and the method reported
by Lai and Lo:51

RC ¼ C0/(M � 1000 � rb) (1)

where C0 (mg L�1) was the inuent phosphate concentration.
M (cm cm�3) was the normalized migration rate of the phos-
phate front at the relative concentration (C/C0 ¼ 0.5), which was
the migration rate (cm per PV)/the pore volume of the column
(cm3 per PV). rb (g cm

�3) was the bulk density of the iron packed
in the columns.
3. Results and discussion
3.1 Surface analysis

The surface morphologies of iron particles aer reaction under
different magnication levels are shown in Fig. 2. The reacted
ZVI under different reaction conditions showed varying degrees
of corrosion and morphological differences. In the absence of
oxidants, the surface of ZVI is dense and some granular depo-
sitions are covered on the iron surfaces (Fig. 2a), due to the
deposition of iron (hydrogen) oxides and ferric phosphate
compounds (Fig. 3 and Table 1). In addition, at 500 times
magnication, it can be seen that the degree of corrosion is low,
and a considerable part of it is at and smooth (Fig. 2b). When
the ZVI is coupled with oxidants, more large-scale iron corro-
sion occurred on the surface of ZVI due to stimulation by
oxidants. In the case of H2O2/ZVI, the degree of corrosion of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
iron surface is signicantly enhanced (Fig. 2d), and somemicro-
akes and needle-like nano-scale crystals were observed in the
SEM image (Fig. 2c). In the NaClO/ZVI system, severe oxidation
corrosion can be observed on the iron surface (Fig. 2f), and the
surface was covered with corrosion product clusters composed
of tiny aggregates (Fig. 2e). The surface of ZVI added with
Na2S2O8 also undergoes severe oxidative corrosion (Fig. 2h).
Apart from granular substances and aky crystals, a large
number of petal-like structure minerals have also been discov-
ered (Fig. 2g).

As shown in Table 1, EDS analysis revealed the elemental
composition on the ZVI surface. It can be seen that the content
of Fe, O, and P in the absence of oxidants were 80.74%, 10.63%
and 2.03% respectively, while a much lower proportion of Fe
(72.97%, 62.21% and 57.51%) and higher proportion of O
(16.45%, 25.08 and 28.20%) and P (2.98%, 4.12% and 5.56%)
were detected in the H2O2/ZVI, NaClO/ZVI and Na2S2O8/ZVI
systems, respectively. These data indicated that the presence of
oxidants could effectively promote the corrosion of ZVI and
diverse mineral formation. As a consequence, more reaction
sites were available for P adsorption.

In order to identify the nature of the iron oxides produced by
ZVI surface oxidation, XRD analysis was conducted for the
unreacted and reacted ZVI samples (Fig. 3). The results showed
that the iron corrosion formed by the oxidant/ZVI system is
more diverse than that of the unreacted and separate ZVI
systems. Furthermore, multiple active iron-containing minerals
such as lepidocrocite and magnetite have been discovered. In
addition, compared with the ZVI alone system, the oxidant/ZVI
system found more iron hydrogen phosphate hydrate and ferric
phosphate compounds. These results are consistent with
previous studies conducted by Sleiman52 and Liu.53 The active
iron minerals attached to the ZVI surface undoubtedly increase
the specic surface area of iron, and it signicantly affects the
removal of phosphate through various mechanisms including
adsorption, precipitation and co-precipitation.54
3.2 Batch test

Fig. 4a illustrates the phosphate removal effect by ZVI under the
addition of different oxidant conditions and pure ZVI used as
control. The concentration of phosphate decreased by only
29.4% in the ZVI system alone, which is mainly ascribed to the
oxidation and corrosion reaction of ZVI with oxygen in the air
during the formation and storage process. A dense oxide lm
forms on its surface, passivating the iron surface.41,55 In addi-
tion, the corrosion releases iron ions, which will react with
PO4

3� to produce an insoluble iron phosphate compound,
which inhibits the corrosion of ZVI to a signicant extent.56 A
33.2% phosphate removal rate in the H2O2/ZVI combined
system was a slight improvement. This result was different from
the results observed in the removal of heavy metals in the H2O2/
ZVI system, where it could remove heavy metals as efficiently as
other oxidants.37 This may be determined by its reaction
mechanism with iron. As shown the following reactions in eqn
(2) and (3).
RSC Adv., 2021, 11, 39879–39887 | 39881
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Fig. 2 SEM image of ZVI collected after the batch test for P removal ((a and b) ZVI alone; (c and d) H2O2/ZVI; (e and f) NaClO/ZVI; (g and h)
Na2S2O8/ZVI).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

3:
19

:1
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ZVI + H2O2 + 6H+ / 2Fe3+ + 2H2O + 2H2 (2)

H2O2 + Fe2+ + 2H+ / Fe3+ + 2H2O (3)

Compared with other oxidants, the reaction between H2O2

and ZVI requires more H+ to be consumed in the corrosion
reaction, resulting in a higher pH value of 9.8 (Fig. 4b). There-
fore, H2O2 can promote the corrosion of ZVI to a certain extent.
However, as the corrosion reaction occurs, the pH in the solu-
tion increases and the corrosion of ZVI will be inhibited.
Compared with the H2O2/ZVI system, the addition of NaClO
showed a more signicant promoting effect on the removal of
phosphate by ZVI and the removal percentage reached 54.0%.
This can be explained by the following two aspects. Firstly,
39882 | RSC Adv., 2021, 11, 39879–39887
hypochlorite has a stronger oxidation potential than O2 and can
undergo oxidative corrosion directly on the ZVI surface, causing
ferric ions to continuously form.50 Therefore, this generates iron
oxide on the surface of ZVI to form an iron phosphate
compound. Secondly, the reaction produces Cl� ions which
have a small radius and strong penetrating ability. This will
corrode the iron oxide layer and increase the active adsorption
sites.56 The oxidation corrosion reaction with ZVI is shown in
eqn (4) and (5).

ClO� + Fe0 + 2H+ / Fe2+ + Cl� + H2O (4)

2Fe2+ + ClO� + 2H+ / 2Fe3+ + Cl� + H2O (5)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD results of different materials (R: iron hydrogen phosphate
hydrate; P: iron phosphate; L: lepidocrocite; M: magnetite).

Table 1 Elemental composition of materials before and after reaction

Sample

Elements (wt%)

Fe O P C

Unreacted ZVI 93 1.5 0.4 5.1

ZVI alone 80.74 10.63 2.03 6.6
H2O2/ZVI 72.97 16.45 2.98 7.36
NaClO/ZVI 62.21 25.08 4.12 8.59
Na2S2O8/ZVI 57.51 28.20 5.56 8.73
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The Na2S2O8/ZVI system showed the highest level of phos-
phate removal, which was boosted to 67.1%. This is 1.3 times
higher than that of the ZVI alone system as the oxidation of
Na2S2O8 is the strongest among these oxidants. It can contin-
uously produce a large amount of iron ions in the presence of
ZVI. The reaction formula is shown in eqn (6) and (7). As shown
in Fig. 4b, the concentration of iron ions reached a peak of
Fig. 4 (a) P removal in different systems; (b) pH value and total iron conc
0.25 mM, initial pH ¼ 7.0, temperature ¼ 25 �C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.0 mg L�1. This is signicantly higher than the 0.2 mg L�1 of
the ZVI alone system, 0.4 mg L�1 of the H2O2/ZVI system and
1.4 mg L�1 of the NaClO/ZVI system. On one hand, large
amounts of ferric ions use adsorption to remove phosphate by
producing iron oxides such as iron hydroxide through hydro-
lysis. On the other hand, they directly precipitate with phos-
phate to produce iron phosphate compounds.57

S2O8
2� + Fe0 / Fe2+ + 2SO4

2� (6)

S2O8
2� þ Fe2þ/Fe3þ þ SO$�

4 þ SO4
2� (7)

Fig. 4b describes the iron ion concentration and solution pH
value in the ZVI alone system, the H2O2/ZVI system, the NaClO/
ZVI system and the Na2S2O8/ZVI system aer the reaction. It can
be seen from the gure that aer the reaction, the pH of the
Na2S2O8/ZVI system solution is only 6.9, and the iron ion
dissolution concentration reaches 2.55 mg L�1. According to
reaction equations eqn (6) and (7), the oxidation and corrosion
reaction between Na2S2O8 and ZVI does not involve H+, result-
ing in a low-pH solution. This is not conducive to the precipi-
tation of iron ions, so a large amount of dissolved iron ions are
retained in the solution. Iron ions are slowly transformed into
iron (hydrogen) oxides in the subsequent ZVI H+-consuming
corrosion reaction, which also explains why the Na2S2O8/ZVI
system can effectively remove phosphate. The iron ion
concentrations of the H2O2/ZVI and NaClO/ZVI systems are 0.39
and 1.38 mg L�1 respectively, while it is only 0.18 mg L�1 in the
ZVI system alone. This shows that the iron ion concentration in
the solution indirectly reects the degree of corrosion for iron
and is directly related to the efficient removal of phosphate.

3.3 Effect of oxidant dosage and cycling experiments

The effect of oxidant dosage on phosphate removal in the
oxidants/ZVI system was investigated by increasing the oxidant
dosage from 0.1 to 2mM. As shown in Fig. 5a, it can be seen that
in the presence of an oxidant, the removal of P is clearly
increased. This is positively correlated with the concentration of
oxidant. When the concentration of oxidant increases from 0.1
to 1 mM, the removal rates of P by H2O2/ZVI and NaClO/ZVI
entration after reaction (PO4
3–P ¼ 10 mg L�1, ZVI ¼ 1 g L�1, oxidants ¼

RSC Adv., 2021, 11, 39879–39887 | 39883
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systems were 42.3% and 70.3% respectively. These values were
increased by 45.1% and 160% respectively from their original
values at 0.1 mM. It can be explained that the higher the oxidant
concentration, the more intense the corrosion of the ZVI
surface, resulting in more ferric ions and phosphate adsorption
active sites. However, when the oxidant concentration was
further increased from 1 to 2mM, the removal rate of P by H2O2/
ZVI and NaClO/ZVI systems only increases by 8.3% and 10.7%
respectively. A possible explanation is that the oxidant is over-
loaded in the system, and as a result the iron dosage becomes
the rate limiting factor. In addition, ZVI corrosion promoted by
excessive H2O2 and NaClO will lead to an increase in pH value.
When the dosage of H2O2 and NaClO is 2 mM, the pH value of
the solution aer reaction is 9.8 and 10.5 (Fig. 5b) respectively.
However, an excessively high pH will limit further progress of
the iron corrosion reaction.58 For the Na2S2O8/ZVI system, the P
removal rate increased with the increase in oxidant concentra-
tion and reaches 99.3% at 1 mM. In addition to the higher
concentration of Na2S2O8, the fuller the corrosion of ZVI.
Another important reason is that the pH of the solution aer
reaction gradually decreases as the concentration of Na2S2O8

increases. When the oxidant dosage is 1 mM, the pH of the
solution aer reaction is 5.9 (Fig. 5b) which is conducive to the
Fig. 5 Effect of oxidant dosage on (a) P removal and (b) final pH (PO4
3–

effect of cycling experiments on P removal (PO4
3–P ¼ 10 mg L�1, ZVI ¼

39884 | RSC Adv., 2021, 11, 39879–39887
dissolution of iron. Thus, when the concentration of Na2S2O8

exceeds 1 mM, the phosphate can be almost completely
removed.

In order to better understand the mechanism of the oxidant
promoting ZVI corrosion and its long-term effect on ZVI, we
conducted ve cycles of oxidant/ZVI experiments. It can be seen
from Fig. 5c that aer ve usage cycles of the ZVI system alone,
the P removal rate decreased signicantly from 29.5% to 15.8%,
which was a decrease of 46.4% compared to the initial cycle.
This illustrates that the iron oxide and ferric phosphate
compounds generated from ZVI corrosion formed a stable
passivation layer that gradually clogged the reaction interface.
The blockage becomes more serious as the number of cycles
increases.41 Aer the oxidant/ZVI system has been used for ve
cycles, the removal of P by H2O2/ZVI, NaClO/ZVI, and Na2S2O8/
ZVI systems was 24.8%, 40.3%, and 50.1% respectively, which
decreased by 26.8%, 25.8% and 23.9% respectively relative to
the rst cycle. Compared with the ZVI alone system, this showed
that the oxidant can drive the oxidation corrosion of ZVI
continuously and in a stable manner. This may be due to the
fact that the oxidant promotes the shedding of the older oxide
layer covering the surface of ZVI.37 The old iron oxide layer falls
off and exposes new ZVI to continue oxidative corrosion.37 This
P ¼ 10 mg L�1, ZVI ¼ 1 g L�1, initial pH ¼ 7.0, temperature ¼ 25 �C); (c)
1 g L�1, oxidants ¼ 0.25 mM, initial pH ¼ 7.0, temperature ¼ 25 �C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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generates new iron (hydrogen) oxides, which increases phos-
phate removal efficiency, handling capacity and life-span.
3.4 Column study

The batch test demonstrated that oxidants can promote the
elimination of phosphate by ZVI and could improve reliability
stability and reusability during the treatment of phosphorus-
containing wastewater. However, in practical applications,
phosphate removal usually runs in a continuous ow state.
Among the three common oxidants discussed above, NaClO is
cheap and the reduction product is Cl�, which will not cause
secondary pollution to the environment. Therefore, the NaClO/
ZVI system was selected, and the ZVI alone system was used as
a control, and the column was used to investigate the long-term
performance of phosphate elimination under continuous ow.
The break through curve is displayed in Fig. 6. In this study,
a relative concentration of 0.95 (C/C0) was set to be the satura-
tion point. It can be observed that phosphate removal efficiency
of the column containing the ZVI alone system is much lower
Fig. 7 Model to illustrate the enhanced P removal by oxidant stimulated

Fig. 6 P elimination in ZVI alone and NaClO/ZVI columns (PO4
3�–P ¼

10 mg L�1, oxidant ¼ 0.5 mM, flow rate ¼ 0.36 mL min�1, initial pH ¼
7.0, temperature ¼ 25 �C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
than that of the NaClO/ZVI system, reaching the saturation
point at 970 PV, and its phosphate removal capacity is only
2.6 mg g�1. The corresponding phosphate migration rate rea-
ches 0.1 cm per PV. Under aerobic conditions, the ZVI surface
corrodes, producing iron oxide with FePO4 covering its surface.
This then evolves into a thick passivation layer over time,
leading to a decrease in the activity of the ZVI reaction within
the column and eventually the adsorption saturation point is
reached.52 For the NaClO/ZVI column, slow phosphate migra-
tion rate of 0.01 cm per PV is obtained. This resulted in a longer
breakthrough point at 4080 PV and a higher phosphate elimi-
nation capacity of 23.7 mg g�1, which was 9.4 times that of the
separate ZVI system column. This result was also consistent
with that of batch experiments. This is mainly ascribed to the
continuous dissolution of elemental iron driven by NaClO, and
stable yielding of iron (hydrogen) oxides, which leads to the
continuous and highly efficient removal of P. In addition, when
being continuously operated, the continuous addition of NaClO
can cause the older corroded layer to fall off the ZVI surface,
exposing fresh ZVI which prompts the continuous generation of
fresh iron oxide and hydroxide, and the continuous removal of
P.37,56 Hence, the NaClO/ZVI column achieved a much higher P
elimination capacity and had a longer life-span than the ZVI
alone column.
3.5 Elimination mechanism

According to the above analysis, a possible model was proposed
to illustrate the enhanced mechanism of P removal by oxidant
stimulated ZVI (Fig. 7). When reacting under the condition of
ZVI alone, a core–shell structure is formed on the iron surface,
which is surrounded by a passivation layer, resulting in poor
adsorption of P. However, when three oxidants are added,
intense oxidation corrosion occurs on the iron surface, which
can accelerate iron dissolution and promote the formation of an
iron oxyhydroxide with high activity and adsorption properties.
These include goethite, lepidocrocite and magnetite, which
enhance the adsorption capacity of phosphate. Sustained and
efficient removal of phosphate can at least be represented by the
following eqn (8)–(11). Furthermore, the oxidant encouraged
the older layer to shed and constantly form fresh iron oxides/
ZVI.

RSC Adv., 2021, 11, 39879–39887 | 39885
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oxyhydroxides. This further optimized the overall elimination
effect of P and provided a new pathway for the removal of P.

Fe2+ + PO4
3� / Fe3(PO4)2 (8)

Fe3+ + PO4
3� / FePO4 (9)

Fe(OH)3(s) + PO4
3� / Fe(OH)3^PO4 (10)

^FeOH + PO4
3� + H+ / FePO4

2� + H2O (11)

4. Conclusions

In this work, the simple coupling of oxidant and ZVI was used to
activate the surface reactivity of ZVI, promote the corrosion of
ZVI and the continuous activation of the passivation layer, so as
to improve P removal. Due to the different oxidation properties
of the oxidants themselves, the corrosion situation on ZVI also
varies. In the batch study, the H2O2/ZVI, NaClO/ZVI and
Na2S2O8/ZVI systems increased by 12.9%, 83.7% and 1.3 times,
respectively, and this promoting effect was enhanced with
increasing oxidant dosage. Five batch cycle tests also proved that
oxidants can alleviate the impedance problem of the ZVI
passivation layer. In addition, ZVI alone and NaClO/ZVI systems
were selected for long-term column research. The removal
capacity and operating life of the NaClO/ZVI system (23.7 mg g�1,
4080 PV) are far greater than the ZVI alone system (2.6 mg g�1,
970 PV). It follows that oxidants are able to readily solve the
passivation problem during ZVI corrosion and are of great
signicance for ZVI to remove P from water.
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P. Nõges, G. Persson, G. Phillips, R. Portielje, S. Romo,
C. L. Schelske, D. Straile, I. Tatrai, E. Willén and
M. Winder, Freshwater Biol., 2005, 50, 1747–1771.

6 J.-H. Park, S.-W. Hwang, S.-L. Lee, J.-H. Lee and D.-C. Seo,
Appl. Biol. Chem., 2021, 64, 614–615.

7 E. J. Bateman and E. M. Baggs, Biol. Fertil. Soils, 2005, 41,
379–388.

8 J. N. Galloway, A. R. Townsend, J. W. Erisman, M. Bekunda,
Z. Cai, J. R. Freney, L. A. Martinelli, S. P. Seitzinger and
M. A. Sutton, Science, 2008, 320, 889–892.

9 C. Bertsch, P. Larignon, S. Farine, C. Clément and
F. Fontaine, Small, 2009, 721–725.

10 D. W. Schindler, S. R. Carpenter, S. C. Chapra, R. E. Hecky
and D. M. Orihel, Environ. Sci. Technol., 2016, 50, 8923–8929.

11 H. Yin, M. Kong, M. Han and C. Fan, Environ. Pollut., 2016,
219, 568–579.

12 D. Lucena-Silva, J. Molozzi, J. d. S. Severiano, V. Becker and
J. E. de Lucena Barbosa, Water Res., 2019, 159, 262–273.

13 P. A. Chambers, D. J. McGoldrick, R. B. Brua, C. Vis,
J. M. Culp and G. A. Benoy, J. Environ. Qual., 2012, 41, 7–20.

14 Q. Z. Gou, E. Y. Zhao, W. G. Mou, R. F. Cai and W. C. Yuan,
Ind. Water Wastewater, 2016, 48, 83–87.
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