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4 decorated with cobalt
nanowires and cobalt nanoparticles for
a heterogeneous electro-Fenton process to
degrade 1-hydroxyethane-1,1-diphosphonic acid
and glyphosate†

Kexin Zhou,a Xing-peng Liu,b Hongyun Guo,a Hui-qiang Li *a and Ping Yanga

Heterogeneous electro-Fenton is one of the promising technologies to degrade refractory organic

phosphonates. In this work, CoNWs@CoAl-LDHs/Fe3O4 and CoNPs@CoAl-LDHs/Fe3O4 were

successfully synthesized by a co-precipitation method and applied to degrade 1-hydroxyethane-1,1-

diphosphonic acid (HEDP) and glyphosate (PMG) via an electro-Fenton process. The results indicated

that the removal rate of HEDP (100 mg L�1) and PMG (100 mg L�1) by CoNWs@CoAl-LDHs/Fe3O4

increased from 62.09% and 95.31% to 82.45% and 100%, respectively. The CoNPs@CoAl-LDHs/Fe3O4

electro-Fenton system could remove 70.03% of HEDP and nearly 100% of PMG within 2 hours at a pH of

3. Moreover, we compared the SEM, EDS, XRD and BET results of CoNWs@CoAl-LDHs/Fe3O4 with those

of CoNPs@CoAl-LDHs/Fe3O4. The effects of initial pH, CoNW dosage and reaction time on the

degradation of HEDP and PMG were discussed. CoNWs@CoAl-LDHs@Fe3O4 could even remove 71.03%

of HEDP at a neutral pH. After four cycles of repeated use at a pH of 3, the removal rate of HEDP by

CoNWs@CoAl-LDHs/Fe3O4 was still higher than 70%. Radical quenching experiments revealed that cOH

is the dominant active species participating in the heterogeneous electro-Fenton process. Finally, we

would talk about the mechanism of the CoNWs@CoAl-LDHs/Fe3O4-based electro-Fenton system.
Introduction

Thousands of tons of organic phosphorus, which is one of the
important sources of P in water environment, are used in
industries, agriculture, and households each year.1 Phospho-
nate is a common type of organic phosphorus compound,2,3

which is widely used in industries, because of its stability,
threshold effect and scaling inhibition functional moieties.3,4

However, most phosphonate-based materials have poor biode-
gradability, and therefore, traditional biological wastewater
treatment plants have difficulty in completely mineralizing
them.3 1-Hydroxyethane-1,1-diphosphonic acid (HEDP) is
a typical example of phosphonates.5 It has wide applications,
rst being used as a scale inhibitor in the water treatment
industry.6 Then, it is considered as an effective corrosion
inhibitor in oil and gas industry,4 iron and steel industry7 and
wastewater reverse osmosis (RO) systems.8 HEDP has two
Sichuan University, Chengdu, 610065,

ngdu Technological University, Chengdu,
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phosphonic groups (C–PO3H2).9 Due to the unnatural form and
its structure (Fig. S2(a)†), it is difficult for microorganisms to
degrade HEDP.3 If not well handled, it will cause harm to the
environment to a certain extent. As Rott et al.3 said, we should
not underestimate the contribution of phosphonates to eutro-
phication. It is urgent to reduce the amount of nutrients
entering the aqueous environment, so as to prevent algal bloom
and eutrophication of water.

Glyphosate (PMG) is a sort of potential degradation product
of phosphonate, which is worthy of attention.10 According to
Benbrook,11 PMG is the most intensive and widely used pesti-
cide in the United States up to 2016. The data12 on water
samples from 2001 to 2010 in the United States show that PMG
and aminomethylphosphonic acid (AMPA, a main PMG degra-
dation product) existed widely in the water environment. This is
probably the global situation as well. As PMG is considered to be
better for the environment compared with other herbicides,13 it
is widely used across the world, increasing the risk of global
environmental pollution. IARC classied PMG under Group 2a
in 2014.14 Moreover, PMG is probably carcinogenic to humans.

Traditional biological treatment, adsorption, and
sedimentation/coagulation processes can effectively remove
inorganic phosphorus. However, the removal efficiency of
organic phosphonates by these processes would be worse.10
RSC Adv., 2022, 12, 2623–2631 | 2623
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Fig. 1 SEM image of CoNPs (a), CoNWs (b), CoNPs@CoAl-LDHs/
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Advanced oxidation processes (AOPs) have the advantages of
high mineralization efficiency, fast oxidation reaction and no
secondary pollution.15 They also perform well in the treatment
of organic polluted wastewater.16 Therefore, it is a good choice
to treat organic phosphonate wastewater by the advanced
oxidation technology. AOPs include Fenton reactions that use
iron salts to activate H2O2.17 Nonetheless, Fenton oxidation has
some limitations such as excessive production of iron sludge,
strict operational pH and high operating costs.18,19 To overcome
these drawbacks, researchers have improved the traditional
Fenton technique, including electro-Fenton. Oxygen is reduced
to H2O2 on the cathode by an external power supply without
storing and transport of H2O2 (eqn (1)).20 The Fenton reaction
between the added iron salt and H2O2 produces cOH to oxidize
and degrade organic matter (eqn (2)). Compared with the
traditional Fenton process, the electro-Fenton process can treat
wastewater without storing and transport of H2O2 and with less
iron sludge.20,21 Meanwhile, electricity can be obtained from
clean energy sources such as wind energy.21,22 The requirement
pH of original electro-Fenton systems is around 3 to minimize
the Fe(OH)3 sludge. In addition, loss of soluble iron catalyst and
post-treatments are problems.21 Heterogeneous electro-Fenton
can work over a wide range of pH. Catalysts are easy to sepa-
rate, reuse and recycle.23 However, compared with the classic
Fenton process, there are fewer active sites exposed on the
external surface of heterogeneous catalysts.24 Consequently, it is
worthwhile to develop a perfect catalyst, which possesses high
catalytic activity, good stability, reusability and ease of recy-
cling. It can not only retain the advantages of heterogeneous
electro-Fenton but also improve its shortcomings.

O2 + 2e� + 2H+ / H2O2 (1)

Fe2+ H2O2 / Fe3+ + cOH + OH� (2)

Layered double hydroxides (LDHs) are a class of anionic
clays with a structure based on brucite (Mg(OH)2)-like layers.25

LDHs can be expressed by the general formula
[M2+

1�xM
3+
x (OH)2]

x+(An�2)x/n$mH2O,26 where M2+ and M3+ are the
metallic bivalent and trivalent cations, respectively, and A is the
interlayer anion of valence n. Due to their variable-chemical
compositions, high surface area, controllable chemical
construction, low manufacturing cost and ease of synthesis,
LDHs have widespread applications in various elds such as
adsorbents,27,28 catalysts,29 supercapacitors,30 and biomedical
science.31,32 Particularly, LDHs have attracted much attention
for a heterogeneous Fenton process,33,34 which not only have
catalytic activity,35,36 but also can be modied by intercalation.37

Cobalt, the 27th abundant element assigned to group VIII B,
is one of the most popular metals in materials science.38 Cobalt
is an element with multiple redox states, which can decompose
H2O2 into hydroxyl radicals via Fenton-like pathways.39 Various
valence states of cobalt make it available and easy for electron
transfer.38 Cobalt atoms have been anchored on N-doped
porous carbon materials in Fenton-like systems activating per-
oxymonosulfate (PMS).40,41 Cobalt can enhance the performance
of the catalysts and activate oxygen reduction reactions
2624 | RSC Adv., 2022, 12, 2623–2631
(ORRs).42 In addition, the distinctive characteristics of magnetic
nanowires such as good conductivity, optical transparency, and
electrical and chemical inertness have attracted researchers'
attention.43

Therefore, we intended to synthesize a novel heterogeneous
catalyst by introducing cobalt into CoAL-LDHs, which loaded
Fe3O4 to improve the catalytic activity. Meanwhile, we compared
the overall effects of cobalt introduced in different forms of
zero-dimensional nanostructures (cobalt nanoparticles, CoNPs)
and one-dimensional nanostructures (cobalt nanowires,
CoNWs) into the catalyst. CoNWs were synthesized by a solu-
tion-reduction method under an external magnetic eld.
Then, we tested catalysts through a series of phase and chem-
ical composition characterizations and electrochemical cata-
lytic simulation. The catalytic activity was evaluated by the
degradation of HEDP and PMG. The effects of different reaction
conditions on the degradation of HEDP and PMG were also
discussed. We used the recycling test to examine the reusability
and stability of the catalyst.
Results and discussion
Synthesis and morphology investigations of catalysts

SEM images allowed us to visually observe the morphology and
structural features of the as-prepared materials. Weight
percentage (wt%) and atom percentage (at%) of each element
were determined by EDS analysis. From the SEM image of
CoNPs (Fig. 1a) and CoNWs (Fig. 1b), it can be seen that CoNPs
had amorphology of granular structure with uneven grain sizes.
The larger spherical particles in Fig. 1a were dispersants. The
size is indicated in Fig. S1a,† and the diameter of the dispersant
is four to ten times larger than that of the CoNPs. The disper-
sants were added to the CoNPs, probably because cobalt is one
of the most representative transition-metal ferromagnet.44 The
EDS result of CoNPs (Fig. 2a) also conrmed that there were
other impurities in CoNWs. The SEM image of CoNWs (Fig. 1b)
showed that cobalt nanowires had a clear but non-smooth
Fe3O4 (c) and CoNWs@CoAl-LDHs/Fe3O4 (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDS spectrum of CoNPs (a), CoNWs (b), and CoNWs@CoAl-
LDHs/Fe3O4 (c).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
ge

nn
ai

o 
20

22
. D

ow
nl

oa
de

d 
on

 1
8/

07
/2

02
5 

02
:1

5:
48

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
linear structure, with a length of several microns. There were
also obvious gaps between the nanowires, which can also be
seen in the lower SEM images (Fig. S1b†). The EDS image of
CoNWs (Fig. 2b) matched well with the review results.45 The
mass fraction of cobalt in the CoNPs and CoNWs was 81.44%
and 66.82%, respectively. PVP coated onto the nanowires and C
in the environment was adsorbed onto nanowires and nano-
particles during the preparation of samples,45,46 which could
cause an increase of carbon in EDS analysis. As shown in Fig. 1c
and d, a distinct layered structure could be observed. There were
clear visible spherical particles on the surface of CoNPs@CoAl-
LDHs/Fe3O4, which might be dispersants. CoNWs@CoAl-LDHs/
Fe3O4 had a smoother surface than that of CoNPs@CoAl-LDHs/
Fe3O4. The EDS elemental analysis of catalysts (Fig. 2c) also
indicated that CoNWs@CoAl-LDHs/Fe3O4 was successfully
synthesized.

The crystal structures of CoNWs, CoNWs@CoAl-LDHs/Fe3O4

as well as CoNPs@CoAl-LDHs/Fe3O4 were measured and the
XRD patterns are shown in Fig. 3. The XRD patterns of CoNWs
(Fig. 3a) matched well with the standard spectrum of cobalt
(JCPDS PDF: 15-0806) phases. Three prominent peaks at 2q of
44.51�, 51.84� and 76.37� were attributed to the (111), (200) and
(220) planes of Co. The result was compared with the XRD
patterns in synthetic ref. 45, which demonstrated the successful
preparation of CoNWs. The XRD patterns of CoNPs@CoAl-
LDHs/Fe3O4 and CoNWs@CoAl-LDHs/Fe3O4 are revealed in
Fig. 3b. By comparison, there were no characteristic peaks of
cobalt in CoNWs@CoAl-LDHs/Fe3O4, probably because the
Fig. 3 XRD patterns of cobalt nanowires (a), and CoNPs@CoAl-LDHs/
Fe3O4 and CoNWs@CoAl-LDHs/Fe3O4 (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
cobalt nanowires could be well coated with CoAl-LDHs.
However, cobalt nanoparticle coating on the surface of LDHs
affected the diffraction peaks of CoAl-LDH (JCPDS PDF: 51-
0045). Particularly some diffraction peaks would be lost when
more compounds were present. But Fe3O4 in CoNPs@CoAl-
LDHs/Fe3O4 and CoNWs@CoAl-LDHs/Fe3O4 were both well
crystallized.

The nitrogen adsorption–desorption isotherms and pore size
distribution of CoNPs@CoAl-LDHs/Fe3O4 and CoNWs@CoAl-
LDHs/Fe3O4 are shown in Fig. 4, and the calculated BET surface
area, BJH pore volume and pore size of the samples are pre-
sented in Table S1.† The nitrogen adsorption–desorption
isotherm of CoNWs@CoAl-LDHs/Fe3O4 is shown in Fig. 4a.
According to the IUPAC classication,47 it showed type IV
isotherm (in) with one clear H2-type hysteresis loop from P/P0
�0.5 to 1.0, which was characteristic of mesoporous materials.
The corresponding pore volume-pore size distribution curve of
CoNWs@CoAl-LDHs/Fe3O4 is shown in Fig. 4b, which was
a characteristic unimodal pore size distribution (PSD). The PSD
of CoNWs@CoAl-LDHs/Fe3O4 was centered at 16.5 nm,
compared with that of CoNPs@CoAl-LDHs/Fe3O4, which was
only 5.64 nm (Fig. 4d). This could also verify its mesoporous
structure. The isotherm of CoNPs@CoAl-LDHs/Fe3O4 (Fig. 4c)
also revealed a type IV isotherm with a H2(b)-type hysteresis
loop. The type H2(b) loop is also associated with pore block-
ing.47 Compared to CoNPs@CoAl-LDHs/Fe3O4, the CoNW
composite catalyst had higher porosity and larger pore size,
which indicated that more surfaces are exposed. The BET
surface area of commercial LDH particles (Mg4Al2(OH)12CO3-
$3H2O) was only 8.3 m2 g�1.48 The specic surface area of the
CoNWs@CoAl-LDHs/Fe3O4 and CoNPs@CoAl-LDHs/Fe3O4

samples was 44.66 m2 g�1 and 35.52 m2 g�1, which showed
a clear improvement. The higher specic surface area of CoN-
Ws@CoAl-LDHs/Fe3O4 might be attributed to the different
structural properties of cobalt nanowires and cobalt nano-
particles. As shown by SEM, CoNPs were easier to agglomerate
than CoNWs. In general, a larger specic surface area afforded
more exposed active sites, contributing to better catalytic
performance. Meanwhile, higher porosity with large
Fig. 4 N2 adsorption–desorption isotherms and the BJH pore size
distribution of CoNWs@CoAl-LDHs/Fe3O4 (a and b) and CoN-
Ps@CoAl-LDHs/Fe3O4 (c and d).

RSC Adv., 2022, 12, 2623–2631 | 2625
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interconnected pores wouldmake the reactants/products access
or escape the active sites more easily.24
Performance of catalysts in reactions

The adsorption saturation experiment was carried out on the
catalyst before each reaction, implying that the degradation of
organic phosphonates was ascribed to the electro-Fenton cata-
lytic process.

Catalytic degradation of HEDP and PMG. The catalytic
activity of catalysts was evaluated by pollutant removal and COD
removal aer 2 h of the electro-Fenton reaction, and the results
are shown in Fig. 5. The calculation of pollutant and COD
removal rate is given in Experimental part. The removal of
phosphonates means reduction of mother compounds (HEDP
and PMG), while the removal of COD indicated the complete
mineralization degree of the mother compounds. In the pres-
ence of CoNWs, the COD removal efficiency at 120 min (about
50.6% and 65%) was obviously higher than that without cobalt
(about 36.5% and 36.3%). This result was also in accordance
with the trends of HEDP and PMG removal efficiency. The
removal rate of HEDP reached 82.5% in 120 min using CoN-
Ws@CoAl-LDHs/Fe3O4 as the catalyst, while that when using
CoAl-LDHs/Fe3O4 as the catalyst was only 62.1%. It was obvious
that the former was better than the latter in the process of HEDP
degradation. Besides, an obvious trend was that the removal
ratio of PMG was higher than that of HEDP. This behavior could
be explained by the different structures of PMG and HEDP, as
shown in Fig. S2.† HEDP has two chemically stable C–P bonds,
while PMG has one C–P bond and two C–N bonds. According to
the work by Kuhn et al.,49 the initial cleavage of DTPMP (ami-
nophosphonate with ve phosphonic acid groups and nine C–N
bonds) was at the C–N bond during UV irradiation. The degra-
dation rate of the parent compound was signicantly increased
by the addition of Fe2+. DTPMP degradation with Fe2+ was
attributed to catalysis through electron transfer to the nitrogen
atom by oxidation. There might also be coordination between
the iron divalent and PMG.

These results indicated that the intercalation of cobalt in the
interlayers of LDH/Fe3O4 greatly enhanced the catalytic perfor-
mance of CoAl-LDH/Fe3O4 in the Fenton process. On the one
Fig. 5 Removal of organic phosphines by three catalysts: removal of
HEDP (a) and its COD (b), and removal of PMG (c) and its COD (d).

2626 | RSC Adv., 2022, 12, 2623–2631
hand, cobalt could activate the oxygen reduction reaction
(ORR), which promoted the production of more hydrogen
peroxide.42 On the other hand, cobalt decomposed H2O2 to cOH
via the Fenton-like process.39 In addition, the electro-Fenton
process was a combination of the ORR and Fenton-like reac-
tion.50 The above-mentioned speculation was also conrmed by
detecting the concentrations of hydrogen peroxide (Fig. S3†)
and hydroxyl radicals (Fig. S4†). In addition, the catalytic
performance of CoNW-intercalated catalysts was better than
that of CoNPs@CoAl-LDHs/Fe3O4. Magnetic CoNWs had better
conductivity than that of CoNPs.43 The linear one-dimensional
structure could support the CoAl-LDHs and make it have
more internal space, avoiding particle aggregation and
providing a higher specic surface area. The results of BET
conrmed this conclusion. Correspondingly, more H2O2 and
cOH were produced.

Effect of different operation conditions
1. Initial pH value. Considering the signicant effect of the

initial pH on the Fenton reaction,51 the effect of an initial pH in
the range of 3–9 was investigated (Fig. 6). In this regard, it was
a remarkable advantage that the CoNWs@CoAl-LDHs@Fe3O4-
catalyzed heterogeneous electro-Fenton process exhibited high
removal efficiency within a relatively wide pH range of 3–9. It
could be observed that the optimum pH of the solution was 3.
An initial pH of 3 was used in subsequent studies. The removal
efficiency of HEDP and PMG decreased with the increase in
initial pH. At the same time, the COD removal efficiency
decreased, which indicated that the degree of complete
mineralization is also reduced. However, the removal of HEDP
and PMG could still reach 71% and 95.3% aer 120 min even at
a neutral pH. Yang et al.52 used a magnetite/UV system con-
taining 0.4 g L�1 adsorbent to photo-degrade 10 mg L�1 PMG
and the degradation rate was only 74% at a neutral pH. Xue
et al.53 synthesized Ce–TiO2 nanotubes degrading PMG, while
the degradation rate of 1.0 � 10�4 mol L�1 PMG was 76% under
the irradiation for 1 h at a neutral pH. The result shown in Fig. 6
also clearly demonstrated that the validity of CoNPs@CoAl-
LDHs@Fe3O4 to degrade organic phosphonates is under a wide
pH range.
Fig. 6 Effects of initial pH on the degradation of organophosphines:
HEDP removal rate (a), the COD removal rate of HEDP (b), PMG
removal rate (c) and the COD removal rate of PMG (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effects of different dosages of CoNWs on the degradation of
organic phosphines (a) and the influence of that at each time period on
the COD removal rate (b).
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2. The dosage of CoNWs. In the process of catalyst synthesis,
the effect of changing the dosage of CoNWs on the overall
catalytic is shown in Fig. 7. As shown in Fig. 7a, with the
increase in CoNW dosage, the removal efficiency of HEDP and
COD rst increased and then decreased at a turning point of
1.4 g, while the removal rate of PMG reached 100% at a dosage
of 0.6 g. Fig. 7b presents the effect of different dosages on the
COD removal of HEDP at each time point. It was obvious that
when the dosage of cobalt nanowires was 1.4 g, the catalytic
effect was the best throughout the process. The amount of CoAl-
LDHs synthesized was constant, so more CoNWs added meant
fewer CoAl-LDHs in CoNWs@CoAl-LDHs. On the one hand,
there was also accumulation between cobalt nanowires, which
might cause the contact surface to shrink. On the other hand,
the CoAl-LDHs was not only a skeleton but also a reactive one.
Its reduction might affect the synergy between components.
Thus, 1.4 g of CoNWs was the dosage chosen for the rest of the
experiments.

3. Reaction time. In order to explore the effect of reaction time
on the CoNWs@CoAl-LDHs@Fe3O4 catalyst for degrading
organic phosphonates, the amount of reaction time increased
from 1 h to 4 h. The reaction time here did not include the time
of adsorption saturation pretreatment. The effects of reaction
time were investigated at a cobalt nanowire dosage of 1.4 g and
an initial pH of 3. The results are depicted in Fig. 8. The reaction
time had a signicant effect on the reaction. When the reaction
time was extended from 1 hour to 2 hours, the removal rate of
HEDP increased from 55.3% to 82.45% and that of PMG
increased from 80.08% to 100%, indicating that the prolonga-
tion of reaction time could increase oxidative degradation.
However, when the temperature increased from 2 h to 4 h, the
time had no obvious effect on the removal rate of HEDP and
PMG. As the reaction proceeds, the concentration of pollutants
Fig. 8 Effects of reaction time on the degradation of HEDP (a) and
PMG (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
became lower, and the reaction rate decreased. Therefore,
considering the economic benets, the optimal reaction time
was 2 h. Huang et al.8 used UV/chlorine oxidation to degrade
17.5 mg L�1 HEDP, and the transformation efficiency (trans-
formation of organic phosphorus to inorganic phosphorus) was
88% in 2 hours. However, the use of UV would greatly increase
the disposal costs.

Recycling test. In fact, the study of catalyst stability was of
great signicance for catalytic reaction. We used ultrapure
water washing to regenerate the catalyst without any further
treatment. As shown in Fig. 9, the removal efficiency of HEDP
decreased slightly, which was more than 73% aer four
consecutive runs. The declining trend of the COD removal rate
was also slight. The slightly lower catalytic performance of
CoNWs@CoAl-LDHs/Fe3O4 was attributed to the inevitable loss
of Fe from the catalyst by leaching during recycle procedures.54

The results indicated that cobalt nanowire composites had
favorable stability in HEDP degradation.

Inorganic phosphorus conversion. The conversion rate of
inorganic phosphorus was also an important index to evaluate
catalysts. When organic phosphorus was converted into inor-
ganic phosphorus, it means that the stable C–P bond was
broken. Meanwhile, existing technologies were more effective in
the elimination/recovery of inorganic phosphorus.55 As can be
seen in Fig. 10, the conversion rate of inorganic phosphorus of
HEDP by CoNWs@CoAl-LDHs/Fe3O4 increased by almost 20%,
corresponding to the removal rate of HEDP. Similarly,
compared with CoNPs@CoAl-LDHs/Fe3O4, the conversion of
inorganic phosphorus by CoNWs@CoAl-LDHs/Fe3O4 was
improved. This also conrmed that CoNWs@CoAl-LDHs/Fe3O4

had a better catalytic effect.
Possible degradation mechanism

Radical quenching experiments were examined at a CoNW
dosage of 1.4 g, with an initial pH of 3, a reaction time of 2 h and
an initial HEDP concentration of 100 mg L�1. In order to prove
the role of radical cOH in this experiment, isopropyl alcohol was
used to suppress the generation of radical cOH to discuss direct
oxidation and indirect oxidation.56 The experimental results
indicated that the removal rate of HEDP decreased from 82.45%
to 20.64% at 120 min aer the addition of 20 mmol iso-
propanol. In this experiment, P-benzoquinone was used as an
inhibitor of the superoxide radical.57 Aer addition of 10 mmol
Fig. 9 Reusability of CoNWs@CoAl-LDHs/Fe3O4.
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Fig. 10 Conversion rate of inorganic phosphorus of the heteroge-
neous electro-Fenton reaction by different catalysts.
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p-benzoquinone, the COD removal rate of HEDP changed from
50.57% to 20.83%. Hydroxyl radicals (cOH) played a dominant
role in the catalytic degradation of HEDP. Meanwhile, it could
not be ignored that the complete mineralization of HEDP was
achieved by cO2

�.
The addition of cobalt nanomaterial promoted the two-

electron ORR to produce more hydrogen peroxide (eqn (1)),
which was in good agreement with Fig. S3†.42,58 Cobalt also
facilitated electron transfer between layers. H2O2 was apt to
decompose to generate cOH and cO2

� (eqn (3) and (4)).51 The
transition metal (including ^FeII and ^CoII) on the surface of
composite catalysts could promote the production of hydroxyl
radicals via the Haber–Weiss mechanism59 (eqn (5) and (6)). Co
could also promote the circulation of FeII/FeIII, because the
standard reduction potentials of Co3+/Co2+ and Fe3+/Fe2+ were
1.92 V and 0.776 V, respectively.39 Besides, electrons preferred to
transfer from ^FeII to ^CoIII (eqn (7)). As a result of the
accelerated redox cycles of FeII/FeIII and CoIII/CoII, the decom-
position of H2O2 into cOH (Fig. S4†) was accordingly enhanced.
^FeII and^CoII could be regenerated, as shown in eqn (8) and
(9), and cOOH was simultaneously produced.60 cOOH and cO2

�

could be converted into each other, as shown in eqn (10).61 The
synthesis processes of CoNWs@CoAl-LDHs/Fe3O4 and CoN-
Ps@CoAl-LDHs/Fe3O4 are shown in Fig. 11. As can be seen in
Fig. S3 and Fig. S4,† more H2O2 and cOH were produced in the
CoNWs@CoAl-LDHs/Fe3O4 Fenton system. According to the
BET analysis, CoNWs might increase the layer spacing of CoAl-
LDHs better than CoNPs. The increase in the specic surface
area and pore size of the catalyst would expose more activation
sites and facilitate the electron transfer within catalysts.
Fig. 11 Synthesis process of CoNWs@CoAl-LDHs/Fe3O4 (a) and
CoNPs@CoAl-LDHs/Fe3O4 (b).

2628 | RSC Adv., 2022, 12, 2623–2631
H2O2 + e� / cOH + OH� (3)

H2O2 + cOH / H2O2+cO2
� + H+ (4)

^FeII + H2O2 / ^FeIII + cOH + OH� (5)

^CoII + H2O2 / ^CoIII + cOH + OH� (6)

^CoIII + ^FeII / ^CoIII + ^FeIII (7)

^FeIII + H2O2 / ^FeII + cOOH +H+ (8)

^CoIII + H2O2 / ^CoII + cOOH +H+ (9)

cOOH 4 cO2
� + H+ (10)

As shown in Fig. S5,† small amount of the released Fe2+ also
took part in the reaction. By comparing the reaction perfor-
mance at an initial pH >3, it was evident that the heterogeneous
Fenton reaction on the surface of catalysts still played an
important role in the degradation of organic phosphonates.
Hence, it might be said that HEDP or PMGwas rapidly degraded
under the synergistic effect of the heterogeneous and homo-
geneous Fenton reactions. Combining the above-mentioned
results and discussion, the possible reaction mechanism of
CoNWs@CoAl-LDHs/Fe3O4 is illustrated in Fig. 12.
Experimental
Chemicals

HEDP, CoNPs and N2H4$H2O were purchased from Shanghai
McLean Biochemical Technology Co., Ltd. PMG, CoCl2$6H2O,
AlCl3$6H2O, NaOH, Na2CO3, FeCl3$6H2O, FeSO4$7H2O,
NH3$H2O, EDTA-2Na, and polyvinylpyrrolidone (PVP) were ob-
tained from Chengdu Chron Chemicals Co., Ltd. H2PtCl6$6H2O
was purchased from Aladdin reagent (Shanghai) Co., Ltd. All the
chemicals used were of analytical grade.
Synthetic procedures

CoNWs. CoNWs were synthesized by a solution-reduction
method under an external magnetic eld.45 Poly-
vinylpyrrolidone (PVP) as a surfactant was dissolved in CoCl2-
$6H2O and EDTA-2Na solution. The mixed solution was kept in
a water bath at 80 �C, with an external magnetic eld of 30 mT
Fig. 12 Possible reaction mechanism of CoNWs@CoAl-LDHs/Fe3O4.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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applied. NaOH was added to adjust the pH value of the solution
to about 14. Aer 10 minutes, we added N2H4$H2O and H2-
PtCl6$6H2O. According to the literature,45 the prepared CoNWs
were ferromagnetic. We used a magnet to separate CoNWs from
the solution. Aer cleaning, the prepared CoNWs should be
freeze-dried and stored in cold storage.

CoNWs@CoAl-LDHs. The prepared CoNWs dissolved in
a conical ask were ultrasonicated for 3 min, and then CoAl-
LDHs were synthesized by a co-precipitation method.62 The
synthesis was realized by mixing appropriate amounts of metal
salt solutions (Co2+ : Al3+¼ 3 : 1) followed by co-precipitation by
slow addition of a mixture of NaOH/Na2CO3 solution at a pH of
10. The resulting slurries were aged in an autoclave at 378 K for
24 h, separated by centrifugation, washed several times with
water and then dried. CoNPs@CoAl-LDHs and CoAl-LDHs were
synthesized in the same way.

CoNWs@CoAl-LDHs/Fe3O4. First, 4 g of LDHs dissolved in
100 mL deionized water was ultrasonicated for 30 min. Second,
FeCl3$6H2O and FeSO4$7H2O weighed in proportion were dis-
solved in 250 mL of deionized water, and the solution was
heated to 80 �C and stirred constantly under the protection of
N2. Aer increasing the temperature to 85 �C, 30% aqueous
ammonia moderate solution was added quickly into the
constantly stirred solution. Aer 45 min, the precipitates were
collected using a magnet followed by washing with deionized
water and nally dried at 65 �C.
Catalytic degradation procedure

The simulated wastewater contained 0.05 mol L�1 Na2SO4 and
100 mg L�1 pollutant (HEDP or PMG). The pH of the solution
was adjusted with 1 mol L�1 H2SO4 or 0.5 mol L�1 NaOH. Two
prepared graphite electrode plates (40 mm � 60 mm � 3 mm)
were placed in parallel. In addition, the distance between them
was 2.0 cm. Put one gram of catalyst per liter into the solution.
The mechanical stirrer set at 80 rpm stirred continuously to
ensure uniform dispersion. The suspension was vigorously
stirred for 30 min to reach the adsorption–desorption equilib-
rium. Then, the degradation of organic phosphonate pollutants
was carried out under the condition of 0.3 A constant current
and continuous fresh air supply at a ow rate of 150 mL min�1.
At the given reaction time intervals, 7.5 mL supernatant solu-
tion was collected by ltration through a 0.45 mmmembrane for
the analysis of HEDP/PMG concentration and COD. The
amounts of pollutants degraded via the electro-Fenton reaction
were calculated from the difference between the initial
concentration (C0) and the post-reactive one (Ct) as follows:

Removalð%Þ ¼ C0 � Ct

C0

� 100%

The COD removal rate was calculated from the COD value
before (CODb) and aer (CODa) the reaction as follows:

COD removalð%Þ ¼ CODb � CODa

CODa

� 100%
© 2022 The Author(s). Published by the Royal Society of Chemistry
Materials and methods

Scanning electron microscopic (SEM) and energy-dispersive
spectrometer (EDS) images were examined using a JEOL JSM-
7500F operating at a beam energy of 15.0 kV. The structure
and the crystal phases of the as-synthesized solids were inves-
tigated by X-ray diffraction (XRD) with ltered Cu-Ka radiation
from 5� to 90�. The measurements were done in the 2q mode at
a scanning speed of 4� min�1. N2 adsorption–desorption
isotherms were obtained using a Micromeritics ASAP 2460
system at 77 K employing the Barrett–Emmett–Teller (BET)
calculations for a specic surface area. The total pore volume of
pores was determined as P/P0 ¼ 0.99, and the desorption
average pore diameter was calculated by the Barrett–Joyner–
Halenda (BJH) method.
Analysis

HEDP was determined directly by spectrophotometry at
470 nm.63 The water sample containing HEDP was rst kept at
a constant volume of 50 mL. Then, 2 mL of ferric salt solution
(5 g L�1) was added for reaction for 5 minutes, followed by 4 mL
of KCNS (100 mg L�1) for color rendering (pH <2) for 15
minutes. PMG was quantied by ultraviolet spectrophotometry
(GB 20684-2006 in Chinese). We used a standard dichromate
method to measure the COD.64 The concentration of H2O2 was
determined by iodometry.65 Then, 3 mL of the solution was
taken. Following this, 1.5 mL potassium hydrogen phthalate
solution (0.1 M) and 1.5 mL iodide mixed solution (0.4 M KI +
0.06 M NaOH + 0.0006 M ammonium molybdate) were added
successively. Spectrophotometry was performed at 352 nm.
Salicylic acid was used to detect cOH,66 which was an indirect
colorimetric determination. Salicylic acid was hydroxylated to
2,3-DHBA upon the attack of cOH. A colorimetric nitrite-
molybdate method was used to determinate 2,3-DHBA. An
aliquot from the mixture was oxidized with a nitrite-molybda-
te(VI) reagent to give an intense red product in an alkaline
medium with the maximal absorbance at 510 nm. The
concentration of ferrous ions was quantied by UV-vis spec-
trophotometry with 1,10-phenanthroline.67 Total phosphorus
(TP) was measured by an ammonium molybdate spectropho-
tometric method (GB 11893-89 in Chinese).
Conclusions

In conclusion, two composite heterogeneous catalysts, namely,
CoNWs@CoAl-LDHs/Fe3O4 and CoNPs@CoAl-LDHs/Fe3O4 have
been successfully obtained and applied for the rapid degrada-
tion of organic phosphonates (HEDP and PMG) in the electro-
Fenton system. In addition, CoNWs@CoAl-LDHs/Fe3O4 had
a higher catalytic activity than that of CoNPs@CoAl-LDHs/
Fe3O4. Under optimal conditions, a pH of 3, 1.4 g of cobalt
nanowires and a reaction time of 2 h, the removal rate of HEDP
(100 mg L�1) could reach 82.45% and the removal rate of PMG
(100 mg L�1) was nearly 100%. For the improvement of the
specic surface area, the active sites of CoNWs@CoAl-LDHs/
Fe3O4 increased, which facilitated better performance. There
RSC Adv., 2022, 12, 2623–2631 | 2629
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was also a slight increase in the ferrous ion concentration in the
solution of CoNWs@CoAl-LDHs/Fe3O4 electro-Fenton system.
Both homogeneous and heterogeneous reactions were
improved by the CoNWs. We suggest that it is effective to induce
cobalt in the form of nanowires in a heterogenous E-Fenton
system.
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