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High-efficiency removal of tetracycline from water
by electrolysis-assisted NZVI: mechanism of
electron transfer and redox of iron

Xiangyu Wang, & *@ Xiangmei Wang,? Iseult Lynch® and Jun Ma®

A low-cost, stable and non-precious metal catalyst for efficient degradation of tetracycline (TC), one of the
most widely used antibiotics, has been developed. We report the facile fabrication of an electrolysis-
assisted nano zerovalent iron system (E-NZVI) that achieved TC removal efficiency of 97.3% with the initial
concentration of 30 mg L™ at an applied voltage of 4 V, which was 6.3 times higher than the NZVI system
without an applied voltage. The improvement caused by electrolysis was mainly attributed to the
stimulation of corrosion of NZVI, which accelerated the release of Fe?*. And Fe®* in the E-NZVI system
could receive electrons to reduce to Fe?*, which facilitated the conversion of ineffective ions to effective
ions with reducing ability. Moreover, electrolysis assisted to expand the pH range of the E-NZVI system for
TC removal. The uniformly dispersed NZVI in the electrolyte facilitated the collection and secondary
contamination could be prevented with the easy recycling and regeneration of the spent catalyst. In
addition, scavenger experiments revealed that the reducing ability of NZVI was accelerated in the presence
of electrolysis, rather than oxidation. TEM-EDS mapping, XRD and XPS analyses indicated that electrolytic
effects could also delay the passivation of NZVI after a long run. This is mainly due to the increased
electromigration, implying that the corrosion products of iron (iron hydroxides and oxides) are not formed
mainly near or on the surface of NZVI. The electrolysis-assisted NZVI shows excellent removal efficiency of

rsc.li/rsc-advances

1. Introduction

With the development of modern science and technology, the
water environment is subject to more and more exogenous
pollution, such as industrial wastewater, organic chemical
materials and antibiotic wastewater produced by drug abuse.*
However, antibiotics are difficult to degrade completely, and
antibiotic resistance can develop when antibiotics in the water
environment enter animals and humans.> Antibiotic resistance
constitutes a world-wide serious issue for public health safety.**
Tetracycline (TC), one of the most commonly used antibiotics,
can be used to treat infectious diseases in humans, and as an
additive to animal drugs in aquaculture.®* However, most TCs
are discharged into the environment in the form of their orig-
inal states or intermediate degradation products, which poses
a potential risk to aquatic organisms and the environment due
to their poor biodegradability.*” Therefore, there is an urgent
need for an effective remediation technique because of the
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TC and is a potential water treatment method for the degradation of antibiotic contaminants.

consumption, excretion, and persistence of TC. Great efforts
have been made for TC removal, including adsorption,*® co-
precipitation,'® membrane separation," photocatalysis,"* elec-
trocatalysis,"” photoelectrocatalysis and biological treat-
ment."”” Nano zero-valent iron (NZVI) is one of the most
powerful reducing agents due to its high reactivity, large specific
surface area and low fabrication cost.'® NZVI is not only a direct
electron donor but also a source of Fe?",”” and it is expected to
be used in wastewater treatment.”® The spontaneous corrosive-
ness of the NZVI surface results in the formation of Fe*" and
Fe’’, and the removal of pollutants by NZVI is mainly achieved
by adsorption and reduction on its surface.” However, NZVI
suffers from some limitations such as low reusability, self-
oxidation, and instability.>® Previous studies on the modifica-
tion of NZVI often focused on improving its reducibility or
enhancing the performance of NZVI through pre-corrosion
strategies such as the presence of coexisting cations (Mg>",
Co>").2* Few studies have been conducted to improve the reus-
ability of NZVI by simultaneously promoting the corrosion of
Fe® to release more Fe*" to accelerate the removal of contami-
nants while keeping it from being passivated and thus losing its
reduction activity.

Electrochemical techniques have been applied to the
degradation of pollutants and to overcome the uncontrollable
reactivity of NZVL. In the previous study, nanocomposites were

RSC Adv, 2023, 13, 15881-15891 | 15881


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra00954h&domain=pdf&date_stamp=2023-05-25
http://orcid.org/0000-0001-9357-4481
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00954h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013023

Open Access Article. Published on 26 May 2023. Downloaded on 3/16/2026 6:06:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

prepared by immobilizing NZVI nanoparticles in millimeter-
scale porous hollow graphite columns using polymeric
microbeads as carriers and columnar electrochemical reactors
were constructed as molded flow reactors for the selective
degradation of nitrate.”” Metal-free electrodes NZVI/ACF with
different iron loadings were also prepared by the conventional
impregnation method and their electrocatalytic bromine
reduction performance was investigated in a two-chamber
electrochemical reactor.”® The application of weak magnetic
fields (WMF) or pre-magnetization can promote the corrosion of
Fe’ and accelerate the removal of heavy metals and organic
contaminants.**?¢ The improvement of contaminants removal
from Fe’ induced by WMF may be mainly attributed to the
Lorentz force, while the magnetic field gradient force can
stimulate the continuous corrosion of Fe®. It is clear that the
corrosion of Fe’ determines the removal of contaminants.
Therefore, methods that can promote Fe° corrosion to release
more ferrous ions are beneficial for the contaminants removal.
Recently, studies have shown weak magnetic fields promote the
corrosion of Fe’ and the mechanism of electrochemically
assisted oxidation processes using petiolate and NZVI. At
current densities ranging from 0 to 5 mA cm ™2, NZVI particles
were completely converted to iron (hydroxide) oxides such as
hydrous iron ore, and magnetite. At low current densities, NZVI
particles were completely converted to iron oxides, such as
ferric hydroxide, lepidolite and magnetite. At high current
densities, Fe® was converted to a small amount of Fe** and it
facilitated the retention of Fe® phase.® Most previous reports on
electrically assisted NZVI have focused on the oxidation of NZVI,
which was used as a feedstock to make electrodes. When NZVI
was modified as a Fe?" donor for the electrode material, due to
the high activity of NZVI, it tended to break off from the elec-
trode during the reaction, which shortened the service life of the
electrode and also negatively affected the pollutant removal
effect. Therefore, from the viewpoint of reducing the loss of
electrode materials during the reaction and improving the
efficiency of pollutant removal, adding NZVI directly into the
electrolyte solution and promoting the release of Fe** from
NZVI by the electrolysis-assisted method was more convenient
and faster in terms of pollutant treatment.

In view of this, the main objective of our study was to develop
an efficient electrolysis-assisted NZVI (E-NZVI) system. For the
first time, our study investigated the effect of electrolysis-
assisted NZVI on TC removal based on accelerated oxidation
and reduction mechanisms. The secondary objectives included:
(1) to investigate the effect of key operating parameters on the
promotion efficiency of NZVI in the presence of electrolysis (E-
NZVI), (2) to systematically characterize the structure and
composition of corrosion products during TC removal by pris-
tine NZVI (pri-NZVI) and E-NZVI, and (3) to elucidate the
mechanism of TC removal by the E-NZVI system.

2. Materials and methods
2.1 Materials

Potassium borohydride (KBH,), ferrous sulfate heptahydrate
(Fe,SO4-7H,0), potassium chloride (KCl), sodium sulfate
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(Na,S0,), tetracycline, anhydrous ethanol, hydrochloric acid
(HCl), sodium hydroxide (NaOH), methanol (METH) and
dimethyl sulfoxide (DMSO) were purchased from Sinopharm
Chemical Reagent Co. Ltd Shanghai, China. All chemicals are
chemical analytical grade. Deionized water (18.2 MQ cm, 25 °C)
was produced using the MILI-Q reference ultrapure laboratory
water system (Merck Microporous, USA). All glassware and
reactors were soaked in HNOj; overnight and rinsed with
ultrapure water prior to use. Graphite electrode rods used for
the experiments were purchased from the Haitian Muzi
Graphite Manufacturing Plant, Tianjin, China.

2.2 Experiments

2.2.1 Electrochemical reaction system. The electrodes were
placed in parallel in a polypropylene cube electrolytic reactor
(140 x 50 x 180 mm?®). A platinum electrode (100 x 100 x 1
mm?) was used as the anode and a graphite rod as the cathode
(the volume of the part immersed in the electrolyte is 2007
mm?), and the distance between the anode and the cathode is
40 mm. The electrochemical workstation is a Shanghai C&H
chi660E and the operating voltage is monitored accordingly.

2.2.2 Batch test and condition optimization. The perfor-
mance and mechanism of the E-NZVI system were investigated
via batch experiments by using TC as the target contaminant.
The reaction vessel was a cylindrical (7 cm in diameter and
10 cm in height) glass electrochemical cell with Teflon. A stock
solution of 30 mg L™ " of TC (target contaminant) and 100 mM
sodium sulfate (as electrolyte) was prepared and added to the
electrolytic cell at a volume ratio of 1: 1 during the reaction. For
analysis, the solution was sampled every 30 min and the
absorbance of the solution was tested by UV spectrum
spectrophotometer.

To obtain the optimal reaction conditions, the initial pH
value was manually adjusted by dropwise addition of either
0.5 M NaOH or 0.5 M HCI. To investigate the effect of different
NZVI dosages on the removal of TC in the E-NZVI system,
different amounts of NZVI particles were added to the electro-
Iyte before the reaction. Batch experiments were conducted into
the solution containing 30 mg L per TC at NZVI dosing levels of
0-60 mg L™ ". For investigation of the effect of different applied
voltages on the performance of E-NZVI, batch experiments were
conducted by adding NZVI (30 mg L") to the E-NZVI system
containing 30 mg per L TC at applied voltages of 0, 1.0, 2.0, 3.0,
and 4.0, 4.5 V, by marking systems as E-NZVI@0.0V, E-
NZVI@1.0V E-NZVI@2.0V, E-NZVI@3.0V, E-NZVI@4.0V, and
E-NZVI@4.5V, respectively.

An equivalent amount of about 4 mL was taken at a pre-
determined reaction time (0-150 min) and the sample was
immediately filtered through a 0.45 pm membrane. A filtered
sample of 1 mL was taken and diluted to 10 mL and kept at 22 +
0.5 °C for further analysis. Finally, the wasted NZVI (reacted
with TC solution after 150 min) was collected by filtration,
rinsed with deionized water, and dried for further
characterization.

2.2.3 Analysis and characterization. The morphology of the
structural solid phase was obtained using an FEI-TF20, an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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energy spectrum model super-X transmission electron micro-
scope and an energy dispersive spectrometer (EDS; Oxford
Instruments, UK). The morphology of the aged NZVI solid
products was further investigated. Surface sensitive analysis
was performed with an X-ray photo-electron spectrometer
(Thermo Fisher Scientific K-Alpha) under the X-ray source:
monochromatic Al-Ka source, energy: 1486.6 eV, filament
power: 72 W.

3 Results and discussion

3.1 Comparison of activities of pristine iron, electric-only,
and electric-assisted iron on tetracycline

In order to quantitatively characterize the reactivity of NZVI with
or without electrolysis, the removal efficiencies of TC under
different conditions of pristine iron (pri-NZVI), electricity only
and electrically assisted iron (E-NZVI) were compared. As shown
in Fig. 2a, the removal efficiency of TC after 150 min was in the
order of E-NZVI > Electrolysis > pri-NZVI. TC removal efficiency
with pristine NZVI was only 15.46%. The removal mechanism of
contaminants with pristine NZVI is mainly through the corro-
sion effect of NZVI, the production of Fe*", the consumption of
H' by NZVI under acidic conditions, and ultimately the increase
in solution pH.” It has been reported that hydrogenation
reduction reactions are the main mechanism for antibiotic
removal by NZVI and that reactive substances such as H
produced during the redox process of NZVI induce the reduc-
tion of TC by NZVI.” Although NZVI has high reduction activity,
pristine NZVI alone is inefficient in TC removal due to
decreased activity caused by aggregation and self-oxidation.
For a raw electrolytic process, when applied voltages = 4 V;
Co=30mg L™ %; pH = 7.11; t = 298 K, the removal efficiency of
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TC by electrocatalysis is only 64.32% in 150 min through the
direct electrochemical oxidation and indirect electrochemical
oxidation of the electro-generated oxidant.*® In contrast, E-NZVI
achieved a removal efficiency of 96.18% for TC, much higher
than that of the pristine NZVI and raw electricity process. The
excellent TC removal performance of E-NZVI might be
explained by the acceleration in the corrosion rate of NZVI with
electrolysis in the E-NZVI system that promotes the release of
Fe**. This is attributed to the release of electrons from the
anode in the presence of the applied voltage, resulting in an
electron-deficient oxidizing atmosphere that will form near the
anode, thus allowing the accelerated oxidation of NZVI and its
faster release of Fe®', thus accelerating the removal of TC.
Meanwhile, Fe*" generated with corrosion were converted into
Fe**. This transformation is attributed to the cathode gaining
electrons due to the applied voltage in the E-NZVI system, which
causes a reducing environment to form near the cathode, where

Fe’" near the cathode gets electrons to reduce to Fe>".*°

3.2 TEM-EDS analysis

TEM-EDS images of reacted NZVI in Fig. 1a after the reaction
without electrolysis assistance and Fig. 1b after the reaction at
4V in the E-NZVI system further revealed the oxidation of NZVI
after the reaction. The high-magnification images clearly show
that each NZVI particle consists of a dense nucleus with a thin
shell wrapped around the nucleus. There is a significant
difference between the morphologies of the reacted NZVI with
and without electrolytic assistance. The oxide on the surface of
NZVI without electrolytic assistance is much thicker than that
with electrolytic assistance. As shown in TEM-based EDS
elemental mappings in Fig. 1, the color distributions of Fe (Ka)

Fe C

20 nm

3 {c)
20 nm

Fig.1 TEM-EDS mappings of iron (Fe), oxygen (O), and image of spent NZVI: signals were collected from the NZVI after a 150 min reaction with
30 mg L™* of TC under (a) without electrolysis assist; (b) with electrolysis assist.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and O (Ka) elements on the NZVI surface demonstrate that the
NZVI shell layer is dominated by Fe, O and the ratio of Fe to O
on NZVI particles without electrolytic assistance is dramatically
reduced, indicating that NZVI is severely oxidized without
electrolytic assistance, and this process can be greatly improved
by electrolytic assistance. This is because NZVI corrodes rapidly
in contact with water and oxygen under conditions without
electrolytic assistance, and cannot be recovered, while in the E-
NZVI system, due to the presence of electrodes, the electron
movement in the system will both accelerate Fe® corrosion in
the anodic oxidizing atmosphere, so that the reactive Fe** can
be released rapidly, and Fe>* may not be completely consumed
in a short time, and Fe®" at the cathode is reduced to Fe® in the
reducing atmosphere at the cathode. The oxidation of NZVI is
partially reversible.

3.3 TC removal efficiency under different voltages

Fig. 2b shows the TC removal efficiencies increased rapidly at
the beginning of the reaction under 90 min. By increasing the
applied voltage is able to lead to an increase in TC removal
efficiency. From a thermodynamic point of view, the applied
voltage must be higher than the standard potential to overcome
the influencing conditions, such as concentration polarization,
wire resistance and surface potential resistance.** The reaction
preconditions of the E-NZVI system are achieved when the
applied voltage is greater than 1.0 V. The higher the voltage, the
faster the removal rate. This is attributed to the high reaction
potential at low voltages (0.0-1.0 V) and the limited reaction
kinetics limiting only NZVI adsorption and electroabsorption
for TC removal. In contrast, at high voltages (2.0-4.0 V), the
oxidation of NZVI is accelerated, producing a large number of
reactive Fe>* species and Fe®" species with adsorption, in
addition to partial electroabsorption, which accelerates the
degradation of TC.*' In contrast, at a voltage of 4.5 V, the
removal efficiency of TC was 98.8%. TC removal efficiency was
similar to 4.0 V (97.3%), but the removal rate was slightly higher
than at 4.0 V. From the perspective of energy conservation, 4.0 V
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was chosen as the optimal potential for the studied electro-
chemical system.

3.4 XRD analysis

As shown in Fig. 3, the peaks at 44.5° and 82.5° of all samples
can be attributed to the Fe, indicating that Fe (or Fe nuclei) is
still the main component of the reacted NZVI. Compared with
pristine NZVI, a new diffraction peak of Fe,O; at 36.1° appeared
in the NZVI after the non-electric reaction. The peak intensity at
44.5° was substantially weaker, while E-NZVI was similar to the
original NZVI after reaction in the reaction system, and no new
characteristic peaks were detected compared to the original
NZVI, with only a smaller weakening of the peak intensity at
44.5°. It indicates that the NZVI can hardly be oxidized after the
reaction in the E-NZVI reaction system, while the NZVI is
severely oxidized after the non-electric reaction. This may be
due to the reduction of Fe** to Fe® by electron transfer in the
electrochemical reaction system.

L | e
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E-NZV{/

Wm..
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Fig. 3 XRD pattern of pristine NZVI, E-NZVI system with reacted NZVI
and non-electric reacted NZVI.
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(a) Removal efficiency of tetracycline under different conditions such as pristine iron, electric only and electric assisted iron; (b) removal

efficiency of TC at different applied voltages (applied voltages = 4 V; Co = 30 mg L% NZVI dosage = 50 mg L% pH = 7.11; t = 298 K); (b) removal
efficiency of TC at different applied voltages (Co = 30 mg L% NZVI dosage = 50 mg L%, pH = 7.11; t = 298 K).
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Fig.4 High-resolution XPS spectra of Fe2p (a) NZVI raw materials and (b) NZVI after non-electric reaction, (c) NZVI after E-NZVI system reaction.

3.5 Analysis of XPS

Fig. 4 shows the XPS spectra of Fe2p in pristine NZVI, in E-NZVI
after reaction of NZVI and in NZVI without electric reaction with
TC solution in 150 min. According to the National Institute of
Standards and Technology X-ray photoelectron spectroscopy
database, the 2p;, and 2p;/, peaks have binding energies of
711.8 eV and 725.4 eV, respectively, corresponding to the Fe()
species. The 2p;, and 2p,,, peaks at 710.8 eV and 724.3 eV,
respectively, confirm the presence of the Fe(u) phase. The waste
NZVI after reaction in both the pristine NZVI sample and the E-
NZVI system had a similar ratio to the reacted NZVI after the
reaction without charging (Fe(um):Fe(n) = 41.38% :58.62%,
Fe(m): Fe(u) = 43.24%:56.76% and Fe(m):Fe(u) = 43.09% :
56.91%), but as can be seen in Fig. 4a and c, both the original
NZVI sample and the reacted NZVI from the E-NZVI system have
significant Fe® peaks, demonstrating that the E-NZVI system
NZVI has an antioxidant effect and the outer oxide layer
produced by the accelerated corrosion of NZVI after the applied

© 2023 The Author(s). Published by the Royal Society of Chemistry

voltage could passivate the iron surface. The internal iron core
is less vulnerable to oxidation.** In our case, the antioxidation of
NZVI after the electrical addition is one of the reasons for the
high TC removal efficiency of the E-NZVI system. On the
contrary, although the reacted NZVI after the non-electric
reaction has similar Fe(m): Fe(n) to the original NZVI, Fe® is
not present in the reacted waste NZVI. It is shown that spon-
taneous corrosion reactions are converting Fe° to Fe(m)/Fe(m)
and converting Fe(u)/Fe(0) to Fe(u) in the non-electrified reac-
tion system. This conclusion is consistent with the results of the
XRD analysis in Section 3.4.

3.6 Effect of initial pH

The pH of the solution is one of the important factors affecting
the removal of contaminants by zero-valent iron nanoparticles.
The pH of the solution affects the electrochemical properties of
zero-valent iron nanoparticles and the present form of TC by
electro-assisted nano-zero-valent iron, experiments on the

RSC Adv, 2023, 13, 15881-15891 | 15885
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removal of TC by different pH were investigated in the range of
pH 2-10, with a TC concentration of 30 mg L™', a reaction
voltage of 4 V, an electrolyte concentration of 0.1 mol per L
Na,SO4, and a nano-zero-valent iron dosage of 50 mg L™, The
effect on the removal of TC is shown in Fig. 5a the removal
efficiency of TC in the E-NZVI system remained relatively stable
in the initial pH range of 3.0-10.0, indicating that the initial pH
was not a relative limiting factor for TC removal by electrolysis
alone. This indicates that the use of electrically assisted NZVI
has a wide operating pH range for TC wastewater treatment.
However, it is worth highlighting that the highest removal
efficiency of 100% was obtained at an initial pH of 3.0. And as
the pH value increased, the removal efficiency of TC decreased.
This can be explained by the fact that acidic conditions promote
the corrosion of iron, which reduces the redox potential value in
the solution and accelerates the reduction of TC. Lower pH may
eliminate ferrous hydroxide and other protective layers accu-
mulated on the surface of NZVI and generate more new active
sites.® In addition, the release of Fe*" was promoted at lower pH
conditions. However, TC removal efficiency decreased sharply
to 30.05% as the pH decreased to 2. The reason for this was that
the generated hydrogen would generate bubbles on the surface
of NZVI (eqn (1)), which hindered the reaction of TC with NZVI.
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In further, the rapid corrosion of NZVI at low pH limits TC
adsorption as well as Fenton/Fenton-like oxidation, thus
limiting hydrogen peroxide production (eqn (2)).

H" +2¢~ — 2[H] + H, (1)

Fe + O, + 2H" — H,0, + Fe** (2)

3.7 Effect of NZVI dosage

The effect of different NZVI dosages in E-NZVI electrolysis
system on TC removal was investigated. From Fig. 5b, when the
NZVI dosages were in the range of 10 mg L™ to 20 mg L™, TC
removal efficiency increased less compared to that without
NZVI addition. And when the dosage was increased to
30 mg L', TC removal efficiency and rate increased signifi-
cantly. Moreover, TC removal efficiency gradually increased as
the NZVI dosage was increased from 0 mg L™ to 50 mg L' after
150 min of reaction. And when the agent was increased to
60 mg L™, the removal efficiency of tetracycline was 94.8%, and
the removal efficiency was slightly lower than 50 mg L'
(97.3%). These phenomena can be attributed to two aspects: (1)
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Fig. 5 Parameters affecting the degradation of TC: (a) pH value (Co = 30 mg L™% NZVI dosage = 50 mg L% t = 298 K); (b) NZVI dosage
(Co=20mg L% pH = 7.11; t = 298 K) (c) initial TC concentration (NZVI dosage = 50 g L™ pH = 7.11; t = 298 K); (d) use of quenching agents

(Co =30 mg L% NZVI dosage = 50 g L™, pH = 7.11; t = 298 K).
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in the E-NZVI system, the total surface area and active sites of
NZVI particles increased dramatically with the increase of the
NZVI dose; (2) but when the NZVI dosage was higher than the
optimal value, the reaction sites might be saturated and then
their regeneration rate become a rate-limiting step. TC removal
efficiency can be limited by other factors, especially the mass
transfer rate of contaminants, intermediates and corrosion
products between the surface of the NZVI particles and the
solution.’*** Therefore, NZVI = 50 mg L™ was chosen as the
optimal dosage in this study.

3.8 Effect of initial TC concentrations

The removal efficiency of different TC concentrations in the E-
NZVI system was investigated at a voltage of 4 V, pH = 7.11.
As shown in Fig. 5¢, at an initial TC concentration of 20 mg L™,
the removal efficiency was 100% for the first 90 min and then
reached the degradation equilibrium. Even at the initial TC
concentration of 80 mg L™, removal efficiency reached 90.15%.
With the increase of the initial concentration of TC, TC removal
did not change much. It indicates that the E-NZVI system
showed excellent degradation performance for different
concentration levels of TC. It can be theoretically speculated
that the concentration of TC in the E-NZVI system is propor-
tional to its concentration in the solution. The electrocatalytic
activity sites of the same NZVI are similar at the same voltage
intensity. Therefore, the electrocatalytic activity should be lower
at lower initial TC concentrations, demonstrating that TC is
mainly removed by electrochemical reactions rather than direct
reduction, and the higher the initial TC concentration, the
higher the energy consumption for TC reduction. In addition,
the results showed that the removal efficiency of TC reached
97.95% at pH = 7, while the removal efficiency was 97.3% for
the initially prepared solution pH = 7.11, so the initial pH =
7.11 of the solution was chosen as the experimental pH for
saving experimental cost and obtaining high TC removal effi-
ciency in the removal of TC.

3.9 Quenching experiments

Radical quenching and radical trapping experiments (with
DMSO and TBA as spin-trapping agents) were employed to
identify the main reactive oxygen species for TC removal by the
E-NZVI system. The removal performance was inhibited to some
extent in the presence of different quenching agents (Fig. 5d).
The effects of several major scavengers (DMSO and TBA) on the
degradation of TC by the E-NZVI system were examined to
determine not only the removal efficiency under unfavorable
conditions but also the role of reactive oxygen species as well as
electrons in the degradation of the target pollutants. Dimethyl
sulfoxide and tert-butanol scavenging compounds were added
to the solution containing TC to assess the change in the effi-
ciency of the E-NZVI system. The presence of tert-butanol ("OH
scavenger) and dimethyl sulfoxide (electron scavenger) signifi-
cantly reduced the removal efficiency during E-NZVI. It is sug-
gested that the generated 'OH is an effective reagent for the
degradation of refractory organic pollutants in the electro-
chemical oxidation reaction, especially at the anode, where ‘OH

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can react with organic pollutants non-selectively.***® And the
lone pair of electrons in the electrochemical system is also an
important factor in the removal of TC.

3.10 Recycling experiments

To determine the recoverability of NZVI after reaction in the E-
NZVI system, a recoverability test was conducted. The temper-
ature used for this cycling test is 298 K, C, = 30 mg L™, NZVI
dosage = 50 mg L', pH is 7.11 and applied voltage is 4 V. NZVI
was collected after each cycle using an extraction method. NZVI
was washed three times with deoxygenated water to desorb the
TC, while NZVI was later reduced with potassium borohydride
in a nitrogen chamber and dried under a vacuum. Fig. 6 shows
that NZVI has good recoverability after reaction in the E-NZVI
system. TC removal efficiency decreased from 97.3% to 83.2%
after 5 cycling steps. The above results indicate that the
adsorption of NZVI on TC remained stable after the regenera-
tion process in the E-NZVI system, and the TC could be removed
efficiently and effectively during the redox process. This shows
that E-NZVI has a high potential for application in TC waste-
water treatment, because NZVI can be reused under the action
of an applied voltage, plus it maintains a high removal effi-
ciency after 5 consecutive cycles, making it highly cost-effective.

3.11 Reaction mechanism of TC removal in the E-NZVI
system

3.11.1 Reaction kinetics. Primary or pseudo-primary reac-
tion models are commonly used to simulate the removal of
target contaminants in the base E-NZVI system. However, TC
removal by E-NZVI systems is a non-homogeneous reaction that
occurs on the surface of nanoparticles. Although the kinetic
process can be considered to follow a pseudo-first-order model
only when the NZVI reaction sites are abundant and remain
constant, the two-parameter pseudo-first-order decay model
takes into account not only the loss of available active sites but
also the presence of inactive contaminants during the removal
of contaminants from aqueous solutions.’” Therefore, a two-
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Fig. 6 Cycling of TC removal by NZzZVI in E-NZVI systems

(Co = 30 mg L% NZVI dosage = 50 mg L% pH = 7.11; t = 298 K).
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Table 1 Fitted data for removal of TC by E-NZVI system using a two-parameter pseudo-first order decay kinetics model

Dosage Removal
Co(mgL™") (mg/100 mL) Initial (pH) T (K) (%) Cuttimate (Mg L") & (min™") « R
30 5 2 298 30.05 20.99 0.05073 £+ 0.01496 12.40451 + 1.65137  0.84221
30 5 3 298 100 0 0.02628 + 0.00128 0.99212 + 0.02263  0.9962
30 5 4 298 99 0.2905 0.02551 £ 0.00113 1.00307 £ 0.02089  0.99681
30 5 5 298 98.2 0.286 0.0255 + 0.00113 1.02611 £ 0.02135 0.99647
30 5 6 298 97.9 0.593 0.02224 =+ 9.14639 x 10* 1.00506 £ 0.01951  0.99705
30 5 7 298 97.95 0.575 0.02004 =+ 9.77746 x 10 * 1.01319 £ 0.02341  0.99562
30 5 8 298 91.9 2.18 0.02178 £ 0.00111 1.00278 £ 0.02425 0.9954
30 5 9 298 91.1 2.54 0.01952 + 0.00128 1.00575 £ 0.03135  0.99192
30 5 10 298 90.25 2.655 0.01989 £ 0.00103 0.9903 + 0.02434  0.99388
20 5 7.11 298 100 0 0.03692 + 0.0034 1.01387 £ 0.04312  0.98679
30 5 7.11 298 97.3 0.81 0.02433 + 7.67056 x 10~ * 0.99926 + 0.01481  0.99805
40 5 7.11 298 93.95 2.42 0.02348 £ 9.21618 x 10 * 0.99592 + 0.0184 0.99692
60 5 7.11 298 91 5.4 0.02444 =+ 9.85959 x 10™* 1.01747 £ 0.01929  0.99686
80 5 7.11 298 90.7 5.72 0.02132 + 0.00179 1.02865 + 0.04073  0.98577

parameter pseudo-first-order decay model considering residual
nonreactive tetracyclines was used to describe the reaction
kinetics as follows:

Ct = Cultimale + (CO - Cultimale) X o X exp(_kt) (3)

where C, (mg L") is the concentration of TC in solution at
reaction time ¢ (min), Cyigmate (Mg L) is the concentration of
unreactive TC in solution at infinite time, C, (mg L") is the
initial concentration of TC, « represents the variation coeffi-
cient for each test, and k is the reaction rate constant. Clearly,
a lower value of Cyjtimate implies that NZVI in the E-NZVI system
has a higher reduction potential for TC, and when Cyjtimate =
0 and a = 1.0, eqn (3) could denote a pseudo-first-order kinetics
model.

From the calculated data in Table 1, it was observed that all
a values were close to 1.0 except for pH of 2, and the reaction of
TC in the E-NZVI system could be well-described by the modi-
fied model, a two-parameter pseudo-first-order kinetics model
with a correlation coefficient R* is greater than 0.9577 for all
conditions except for pH of 2, which is 0.84221, indicating that
the two-parameter fitted first-order decay model fits the exper-
imental data well. The calculated values of Cyjimate and k are
given in Table 1. The decrease of Cyjtimate With high k indicates
that TC can be effectively removed by the E-NZVI system. The
value of k increased with decreasing initial TC concentration,
indicating that a higher initial TC concentration would restrain
the removal of TC. In addition, the k values and removal
capacity of TC at pH 3 were the highest compared to other pH
values.
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Fig. 7 Reaction mechanisms of E-NZVI process for TC treatment (Co = 30 mg L% NzvI dosage = 50 mg Lt pH =7.11; t = 298 K).
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3.11.2 Removal mechanism of TC in E-NAVI system. TC
removal efficiency by NZVI was significantly enhanced in the
presence of electrolysis under various test conditions. The
reaction mechanism of the E-NZVI process is thoroughly illus-
trated in Fig. 7. In the presence of electrolysis, the electric field
force can promote ion migration and induce convective motion
in the electrolyte, which then transports Fe*" from the Fe°
surface and H to the Fe® surface (eqn (4)). Then, the electrons
released from the NZVI core can react with H' to form H".%%°
This free radical can induce the indirect reduction of Fe**. In
addition, the electric field effect significantly increases the
efficiency of electron transfer from the NZVI core to the
pollutant,*® which in turn produces more reduction products.
The promotion of electron transfer further accelerates the
corrosion of NZVI, releasing more Fe>*. Meanwhile, the released
Fe** is rapidly transferred from the surface of Fe’, which
promotes the reaction rate of (eqn (5)), releasing more Fe*" in
turn. In addition, when charged reactants move forward to the
surface of NZVI or charged products move away from the
surface of NZVI, electric field forces can induce convection and
promote mass transfer in solution. Therefore, the E-NZVI
system can promote the corrosion of Fe° to release more Fe**
and enhance mass transfer, which can accelerate the removal of
TC.

During long-term operation, corrosion products on the
surface of mFe® particles are transformed to magnetite and
magnet hematite in the absence of electrolysis, and passivation
of the Fe® surface occurs, covering the reaction sites and thus
preventing electron transfer from Fe® to the contaminant. In
contrast, in the presence of electrolysis, it behaves as magnetic
hematite. The Fe*" in hematite will be converted to Fe** when it
gets electrons in the case of electrolysis, which can further react
with TC.

H +e - H (4)
Fe’ — Fe?* + 2e” (5)

Meanwhile, as shown in Fig. 5d, the decrease in TC removal
efficiency in the presence of TBA may be due to the oxidation of
"OH. At the Pt anode, the hydrogen peroxide generated by the
reaction of H,0 and O, (eqn (6)) with Fe** releases "OH (eqn (7)),
and the adsorbed 'OH discharged through water can oxidize
TC.*

2H20 + 02 i 2H202 (6)

H,0, + Fe?* — 2°0OH + Fe** 7)

4. Conclusion

We propose an effective technique to enhance the removal of TC
from water by an electrolysis-assisted NZVI (E-NZVI) system.
The batch experiments show that TC removal efficiency by E-
NZVI was significantly enhanced under various conditions.
Under acidic conditions, electrolysis can promote corrosion and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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retard passivation of NZVI, and electro-assisted NZVI has a wide
operating pH range. During electrolysis, when charged reac-
tants move toward the surface of NZVI or charged products
move toward the surface of NZVI, the electric field force causes
convective motion in the solution and promotes mass transport
in the solution. The dosage of NZVI was increased from 3 mg/
100 mL to 5 mg/100 mL, and TC removal efficiency gradually
increased after 150 min of reaction. The degradation perfor-
mance of TC in the E-NZVI system was excellent for different
concentration levels. The results of TEM-EDS mapping, XRD
and XPS analyses directly demonstrate that in the E-NZVI
system. The application of electrolysis can stimulate corrosion
and delay the passivation of NZVI. In addition, higher voltage
facilitates the degradation of TC in the E-NZVI system but
increases energy consumption. Therefore, the E-NZVI system,
which can promote the corrosion of NZVI and release more Fe>”,
enhances mass transport and can accelerate the removal of TC.
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