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The enhanced reduction of bromate by highly
reactive and dispersive green nano-zerovalent iron
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In this study, novel green nano-zerovalent iron (G-NZVI) is synthesized for the first time using onion peel
extract for the prevention of rapid surface oxidation and the enhancement of particle dispersibility with
a high reductive capacity. The results from various surface analyses revealed that the spherical shape of
G-N2zVI was fully covered by the onion peel extract composed of polyphenolic compounds with C=C-
C=C unsaturated carbon, C=C, C-0O, and O-H bonds, resulting in high mobility during column
chromatography. Furthermore, the obtained G-NZVI showed the complete removal of 50 mg L™t of
bromate (BrOs™) in 2 min under both aerobic (k = 4.42 min™Y) and anaerobic conditions (k =
4.50 min~Y), showing that G-NZVI had outstanding oxidation resistance compared to that of bare NZVI.
Moreover, the observed performance of G-NZVI showed that it was much more reactive than other
well-known reductants (e.g., Fe and Co metal organic frameworks), regardless of whether aerobic or
anaerobic conditions were used. The effects of G-NZVI loading, the BrOs~ concentration, and pH on the
BrOsz~ removal kinetics using G-NZVI were also investigated in this study. The results provide the novel
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Introduction

In the natural environment, a relatively high concentration of
bromine (Br) has been frequently detected worldwide, for
example in seawater (65-80 mg L'), in brines (200-
300 mg L"), and in some salt lakes (2000-12 000 mg L™").* In
addition, the increase in the concentration of bromide (Br™) in
drinking water is of interest because of the problems of salt-
water intrusion.* Bromide has been also known as a main
source of bromate (BrO;") formation during water and waste-
water treatment using an ozonation step, one of the main
advanced oxidation processes (AOPs).” Because BrO; is
considered as a Group 2B carcinogen by the International
Agency for Research on Cancer (IARC), the maximum accept-
able level of BrO; ™ in drinking water has been set as 10 pg L™*
by the World Health Organization and European Commis-
sion.*” Therefore, the detection of a high concentration of
BrO;~ is a great concern during water and wastewater treatment
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and its fate and transport in the water systems have attracted
the interest of environmental scientists and engineers.

To eliminate BrO;~ in water, three environmental strategic
approaches have been generally introduced: (i) decrease of the
Br~ input concentration before the formation of BrO;™, (ii)
prevention of BrO,;~ formation during the AOP, and (iii)
removal of BrO;~ after the AOP. The first approach includes
some unit environmental processes such as ion exchange,
membrane filtration, and precipitation.® Although these unit
processes can be properly managed by experienced environ-
mental engineers under optimal operation conditions, it is very
challenging to effectively and cost-efficiently remove Br~ where
there are different environmental issues using the conventional
processes.” The second one including the addition of NH; or
H,0,, decrease of pH, use of hydroxyl radicals and HOBr scav-
engers, and hypobromous acid reduction has also experienced
difficulties and serious drawbacks in effectively inhibiting the
formation of BrO;~ during the AOP."*** The last approach
focuses on the chemical reduction of BrO;~ using photolysis,
catalysis, and photocatalysis.’”> Compared to the simple reduc-
tive catalysis of BrO;, its removal by the photolysis and/or
photocatalysis, e.g., UV light is uneconomical and its reaction
kinetics are much slower." In contrast, metal organic frame-
works (MOFs) such as MIL-88A and ZIF-67 have recently been
synthesized and applied to the catalytic reduction of BrO;,
resulting in complete removal in 1 h under aerobic condi-
tions.”*® However, the synthesis of MOFs is quite an expensive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and complicated process for the mass production of an envi-
ronmental catalyst for the treatment of BrO;™ in the bulk water
and wastewater systems. The Fe(m) coagulant and zerovalent
iron (zVI) have been also applied to BrO;~ removal, which
resulted in a limited removal efficiency and/or lower bromate
reduction kinetics in conjunction with a rapid surface oxidation
leading to significant damage to its durability and longevity for
the continuous effective removal of aqueous bromate.**

In the last two decades, nano-ZVI (NZVI) has attracted great
attention because of its outstanding reactivity for the removal of
various redox vulnerable contaminants when compared to
micro-ZVI. A well-known method for the NZVI synthesis uses
sodium borohydride (NaBH,) as a powerful reducing agent, for
the reduction of Fe(u) and Fe(m) (eqn (1)):**

Fe(H,0)¢>* + 3BH,~ + 3H,0 — Fe®| + 3B(OH); + 10.5H, (1)

However, the NaBH, showed a tendency to cause the
aggregation of NZVI particles, leading to the decrease of its
surface area and reactivity. To overcome the engineering
hurdle, many organic surfactants such as sucrose, chitosan,
and poly(vinylpyrrolidone) have been used as common coating
chemicals of the NZVI surface to produce a high electrostatic
repulsion on the surface and to avoid the aggregation of the
NZVI particles.””> Recently, researchers have developed
a green synthesis method of NZVI, i.e., green-NZVI (G-NZVI)
using an environmentally friendly surface coating chemical
obtained from plants, e.g.,, polyphenols from green tea-
sorghum or coffee.”® In addition, some biochemical mole-
cules from plant extracts such as proteins, polyphenols, and
enzymes have even played a role as electron donor and/or
mediator for the reduction of Fe(i)/Fe(ui) to Fe(0) and these
have been used as a coating material for the prevention of
particle agglomeration too.?”*®

Onion (Allium cepa) is a vegetable harvested worldwide and
known as a healthy food source. However, its peel is usually
thrown away as organic waste and it required that it be properly
treated and managed in environmental treatment facilities,
although the peel contains high concentrations of flavonoids
and polyphenol compounds which can be a good source of
surface coating chemicals for the synthesis of G-NZVI. In this
study, natural polyphenols were extracted from the onion peel
and used for the synthesis of highly anti-oxidative G-NZVI. Due
to the relatively weak reduction potential of polyphenol, both
natural polyphenol extract from the onion peel and a theoreti-
cally optimized amount of NaBH, (0.3 M) were tested to deter-
mine the proper synthesis method for reactive and dispersive G-
NZVI. The newly synthesized G-NZVI was characterized by
various surface analyses and its enhanced mobility in soil and
groundwater systems were verified using a continuous column
experiment. Batch kinetic tests were also conducted to charac-
terize the reduction of aqueous BrO; ™ to Br~ by G-NZVI, and to
investigate the effect of significant factors on the bromate
removal kinetics at controlled experimental conditions, and to
compare the reactivity of G-NZVI to those of conventional
reducing agents (NZVIs and MOFs) reported previously. Finally,
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the potential reaction mechanism of the BrO; ™~ reduction by G-
NZVI is proposed in this paper.

Materials and experimental methods
Materials and chemicals

Potassium bromate (98%, ACS Grade Reagent, Sigma-Aldrich)
and potassium bromide (99%, Sigma-Aldrich) were used to
prepare the calibration standards for ion chromatography and
stock solutions for the batch kinetic experiments. The FeCl;-
-6H,0 (97%, Sigma-Aldrich), NaBH, (99%, Sigma-Aldrich), and
extract of onion peel were used for the G-NZVI synthesis. Onion
peel was obtained from a local market in Nur-Sultan city
(Kazakhstan), and washed with deionized water (DIW) before
polyphenol extraction. The H,SO, (96%, ACS Grade Reagent,
Sigma-Aldrich), NaHCO; (99%, ACS Grade Reagent, Sigma-
Aldrich), and NaCO; (98%, ACS Grade Reagent, Sigma-
Aldrich) were used as eluents for the ion chromatography (IC).
The FeCl, (98%, Sigma-Aldrich) was used as a control for the
homogeneous reduction of BrO;~ by aqueous Fe(u). The HCI
(37%, ACS Grade Reagent, Sigma-Aldrich) and NaOH (98%,
Sigma-Aldrich) were used to adjust the pH for the evaluation of
the pH effect on the BrO;~ removal kinetics. Sand (50-70 mesh,
Sigma-Aldrich) was used as a porous column medium for the
column mobility test of G-NZVI. All the solutions were prepared
with ultrapure DIW (18 MQ cm, Millipore).

Synthesis of G-NZVI

To extract the polyphenols from onion peel, 12 g of onion peel
was washed with DIW (400 mL) and boiled at 80 °C for 1 h.
Then, the onion peel extract was vacuum filtered, and the
filtrate was evaporated using a rotatory evaporator. The
substance obtained was freeze dried using a vacuum freeze
drier (Labconco, USA). The dried extract was weighed (4 g) and
dissolved in 5 mL of DIW and stored at —4 °C until required.
The G-NZVI was synthesized by adding 10 ¢ L™" of onion peel
extract to 0.1 M of FeCl; solution (40 mL) at room temperature
(20 £ 0.2 °C) under constant stirring for 15 min. An immediate
color change from yellow to black was observed after adding the
onion peel extract, indicating that the onion peel extract had
reduced the Fe(m) to Fe(0). To accelerate and improve the
reduction of Fe(ur), 40 mL of NaBH, (0.3 M) was slowly added
dropwise to the mixture of Fe(u) and onion peel extract under
constant stirring for 15 min. After the formation of G-NZVI, all
the synthesized G-NZVI particles were washed three times with
deaerated deionized water (DDIW) to remove potential chem-
ical impurities that remained on the G-NZVI surface. The slurry
of G-NZVI was used for the batch kinetic experiments immedi-
ately after its synthesis or kept in an anaerobic chamber (Coy
Laboratory Products, USA) for approximately two days to avoid
an aging effect. Control materials (i.e., G-NZVI synthesized
without adding NaBH, (G-NZVI/NS) and bare NZVI without
coating chemicals) were prepared to characterize the bromate
reduction by G-NZVI by comparing its reactivity to those of the
control materials. For the NZVI synthesis, the modified Wang's
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synthesis method was followed, i.e., mixing equal volumes of
0.1 M of FeCl;-6H,0 and 0.3 M of NaBH,.>®

Characterization of G-NZVI

The morphology of G-NZVI was characterized by using scanning
electron microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (EDS) (Crossbeam 540, Zeiss, Germany). The
crystalline characteristics of G-NZVI were identified using X-ray
diffraction (XRD) (SmartLab, Rigaku, Germany) operating at 40
kV and 30 mA, with a scanning speed of 1° min~" in a 26 range
of 10-80°. The X-ray photoelectron spectroscopy (XPS, K-Alpha,
Thermo Fisher Scientific, USA) analysis was also conducted
using a system equipped with a micro-focused monochromatic
Al Ka X-ray source (1486.6 eV) (Sigma Probe, Thermo Fisher
Scientific, USA). The IR spectra of G-NZVI and polyphenol from
the onion peel extract were obtained using Fourier-transform
infrared spectroscopy (FTIR, Thermo Fisher Scientific, USA).
The pore size and surface area of the nanoparticles were
measured by Brunauer-Emmett-Teller (BET) theory using
a surface area and porosity analyzer (TriStar II, Micromeritics,
USA). The mass percentage of an organic layer of G-NZVI was
measured using a thermogravimetry and differential scanning
calorimetry (TG-DSC) analyzer (STA 6000, PerkinElmer, USA).

Experimental procedures

All the batch kinetic experiments for the BrO;~ removal by G-
NZVI were conducted in 20 mL amber vials equipped with
open-top caps and Teflon-faced rubber septa. The reaction was
initiated by spiking the G-NZVI suspension with the stock BrO;™
solution to prepare an initial concentration of BrO;~ of
50 mg L™ and 200 mg L™" of G-NZVI. The reactants were mixed
on a shaker at 50 rpm. Batch kinetic experiments were con-
ducted under aerobic and anaerobic conditions. For the aerobic
experiment, all the reactions were performed using DIW
without considering air intrusion into the experiment, whereas
DDIW was used for the preparation of anaerobic samples and
their reactions were performed in an anaerobic chamber to
avoid air intrusion. Control experiments were conducted to
characterize the diverse removal kinetics of BrO;™ by each type
of reductant under aerobic conditions (G-NZVI/NS, G-NZVI,
Fe(u), NZVI, and polyphenols). All the experiments were con-
ducted in triplicate, unless otherwise specified.

To examine the effect of significant operation factors such as
G-NZVI loading, BrO;~ concentration, and suspension pH on
the removal kinetics of the bromate, a batch kinetic test was run
to determine the bromate removal, by varying one factor at
a time under controlled experimental conditions. Firstly, the
batch kinetic test was conducted to check the effect of G-NZVI
loading on the bromate removal kinetics by varying its load-
ings in the range of 50-300 mg L~ under controlled experi-
mental conditions. The effect of BrO;~ concentration on the
kinetics was subsequently investigated by varying its concen-
tration in the range of 50-200 mg L~ " under the experimental
conditions with an optimal G-NZVI loading. Finally, the effect of
the suspension pH on the BrO;  reduction was examined by
varying the pH from 3 to 11 under conditions which were
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optimal for G-NZVI loading and BrO;~ concentration. The
suspension pH was adjusted using 0.1 M HCl and 0.1 M NaOH
solutions. To monitor the removal of BrO;~ and formation of
Br in the G-NZVI suspension and to measure their concen-
trations at each sampling time, an IC (930 Compact IC Flex,
Metrohm, Switzerland) was used with a Metrosep A Supp 4-250/
4 column and conductivity detection was used. To check the
mobility of G-NZVI and bare NZVI, a continuous column test
was conducted using a column (3 cm inner diameter x 20 cm
height) packed with sand. Two column reactors were fed with
500 mL of G-NZVI and bare NZVI suspensions (1 g L™') at
a feeding rate of 0.1 mL s~ (Fig. S1, ESI{), and effluent from
both the columns was collected in glass bottles.

Results and discussion
Characterization of G-NZVI

The morphology of NZVI, G-NZVI, and G-NZVI/NS were char-
acterized by SEM/EDS analysis (Fig. 1). The SEM image of bare
NZzVI (Fig. 1(a) and S2(a), ESIT) shows the spherical shape of the
nanoparticles (<100 nm) with typical chain-like aggregates
because of the high surface energy and the magnetic interaction
of the NZVI particles.*® In contrast, the SEM image of G-NZVI
(Fig. 1(b) and S2(c), SEM) shows the spherical shape of the
nanoparticles (<100-600 nm) mixed with organic components
from the onion peel extract. The G-NZVI/NS aggregates had an
irregular rectangular shape (Fig. 1(c)), suggesting that the
absence of NaBH, led to the potential formation of MOF
between iron and polyphenols. However, the addition of NaBH,
to the iron and polyphenols from the onion peel extract could
cause a keto-enol transformation and subsequently reduce
Fe(m) to Fe(0) during the synthesis of G-NZVI, resulting in the
formation of different structures.** The EDS analysis (Fig. S2(d),
ESIf) further confirmed the presence of Fe, showing an
elemental composition of oxygen (18.4 £+ 0.2%), carbon (25.5 +
0.2%), and iron (55.5 = 0.2%). The high content of carbon on
the surface of G-NZVI originated from the polyphenols of the
onion peel extract, and was much higher than that of the bare
NZVI surface (1.8 £ 0.1%) (Fig. S2(b), ESIY).

Fig. 1(d) shows the XRD diffractograms of NZVI, G-NZVI, and
G-NZVI/NS. In the NZVI sample, the peaks of lepidocrocite
(FeOOH, 26 = 38.1°), Fe(0) (26 = 44.5° and 65.05°), and Fe(n)O
(26 = 77.8°) were observed, which were typically observed on the
surface of bare NZVIL.** In contrast, the diffractogram of G-NZV1/
NS revealed peaks of Fe,O; (26 = 32°), FeOOH (26 = 41°), and
ferrocene (C;oH;oFe, 26 = 45.5°), indicating that the onion peel
extract alone could not fully reduce Fe(m) to Fe(0) during the
synthesis.*® However, no crystalline characteristics of the G-
NZVI sample were observed because of its amorphous struc-
ture and any formation of iron oxy-hydroxides was due to the
high reductive capacity combined with the polyphenols and
NaBH, during the G-NZVI synthesis. To investigate oxidation
states of Fe and C on the surface of G-NZVI, XPS analysis was
used (Fig. 2). The Fe 2p profiles of bare NZVI (Fig. 2(a)) showed
peaks at 706.5, 709.97, and 712.48 eV, corresponding to the
binding energies of Fe(0) (706.5-707 eV), FeO (709-709.5 eV),
and Fe,0; (711-714 eV), respectively, whereas only the peaks at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of bare NZVI (a), G-NZVI (b), and G-NZVI/NS (c), and their XRD diffractograms (d).

711.32 and 713.46 eV for the G-NZVI were observed (Fig. 2(b)),
indicating no Fe(0) was detected and this was probably due to
the high content of the polyphenol coating on the surface of G-
NZVIL.*** The C1s profile of G-NZVI (Fig. 2(e)) exhibited four
different peaks at 284.97, 286.66, 288.61, and 290.20 eV,
whereas only one clear C peak at 285 eV was observed in bare
NZzVI which came from the carbon tape used for the XPS anal-
ysis (Fig. 2(d)). The new peaks higher than 285 eV in the G-NZVI
could be associated with unfunctionalized aromatic carbons,
which belong to the phenolic rings.*® A major C1s peak showed
a positive binding energy shift of 1.6 eV, corresponding to the
C-0O-C and C-O-H functional groups.*® The minor C1s peaks
showing a positive binding energy shift of 3.61-4.2 eV corre-
sponded to the O-C-C*=0 and HO-C=0 functional groups.*®
Therefore, all of the XPS results clearly showed that G-NZVI was
fully associated with the various carbon functional groups of
polyphenols from the onion peel extract.

Fig. 3 shows the FTIR spectra of NZVI, onion peel extract, and
G-NZVI in the range of 400 to 4000 cm ™. The FTIR spectrum of
the onion peel extract showed bands at 3219.82 cm™' (O-H

© 2021 The Author(s). Published by the Royal Society of Chemistry

stretching vibrations), 2329.45 ecm™" (C=C-C=C unsaturated
carbon stretching), 1595.96 cm ™' (C=C stretching vibrations),
1499.1 cm™ ' (O-H bending vibrations), 1367.34 cm ' (C-O
stretching of the ester group), 1249.36 cm™ ' (C-O asymmetric
stretching in cyclic polyphenolic compounds), and
1066.14 cm~ ' (O-H deformation).** Similarly, the FTIR spec-
trum of G-NZVI revealed the presence of O-H stretching vibra-
tions, C=C-C=C unsaturated carbon stretching, C=C
stretching vibrations, C-O asymmetric stretching, and O-H
deformation, which indicated that the surface of G-NZVI was
fully coated by the onion peel extract composed of polyphenol
substances. In contrast, the FTIR spectrum of NZVI did not
show any presence of organic compound peaks. To quantify the
amount of carbon coating on the surface of G-NZVI, TGA anal-
ysis was further performed the (Fig. S3, ESIt). Before the anal-
ysis, samples were freeze-dried to remove water molecules and
no significant mass loss of samples occurred at temperatures
lower than 100 °C. The profile of NZVI shows a steady increase
in the mass, indicating the oxidation of zerovalent iron to iron
oxides.*” The thermal profile of onion peel extract showed that

RSC Adv, 2021, 11, 5008-5018 | 5011
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Fig.2 The XPS spectra of iron and carbon on the surface of NZVI before BrOs~ reduction (a and d), those of G-NZVI before the reaction (b and e),
and those of G-NZVI after the reaction (c and f).

its mass loss due to the combustion of polyphenols started to temperatures range than 130 °C, indicating that the organic
occur as the temperature increased, at 130 °C. The G-NZVI coating layer of G-NZVI was almost 40% of the total mass of the
sample retained approximately 60% of its initial mass at nanoparticles.
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Fig. 3 The FTIR spectra of the onion peel extract, NZVI, and G-NZVI.

5012 | RSC Adv, 2021, 11, 5008-5018 © 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09897c

Open Access Article. Published on 27 January 2021. Downloaded on 8/1/2025 12:18:46 PM.

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

(cc)

Paper

To evaluate the dispersibility and mobility of G-NZVI in soil
and groundwater systems, a sand column test was conducted by
injecting 500 mL of G-NZVI and NZVI suspensions into the
columns for 1 h. The column with the bare NZVI suspension
showed inferior dispersibility and mobility of NZVI during the
continuous column test. The NZVI particles could not easily
penetrate the porous sand column and were stuck at a depth of
2 cm from the top (Fig. 4(a)), whereas the G-NZVI particles
completely passed through the column during the addition of
the G-NZVI suspension (Fig. 4(b)). The presence of G-NZVI
particles in the effluent and the increase of its loading in the
glass bottle for the effluent collection as the column test was
proceeded, could be clearly observed. The behavior of G-NZVI in
the mobility and dispersibility of nanoparticles was remarkable
compared to the behavior of bare NZVI in the porous sand
column showing the absence of NZVI particles in its effluent
(Fig. 4(c)). The enhanced mobility of G-NZVI exhibited in the
porous sand column test could be caused by a steric repulsion
due mainly to the coordination of polyphenol compounds from
the onion peel extract on the surface of G-NZVI.>*

Reduction of BrO;~ by G-NZVI under aerobic and anaerobic
conditions

Under aerobic conditions, almost no removal of BrO;  was
observed in the control experiment with DIW (Fig. 5), showing
that losses of BrO;~ caused by volatilization and/or sorption on
the glass wall of reactor were negligible in this study. No
significant removal of BrO;  (2-5%) was observed in the
aqueous solutions of onion peel extract and Fe(u) in 30 min. The
Gibbs free energy values of diverse chemical species given in
Table S1 (ESIT) showed that polyphenols could reduce Fe(m)/
Fe(u) to Fe(0), whereas both polyphenols and Fe(u) could hardly
reduce BrO;, which was similar to previous observations. In
contrast, the reduction of BrO;~ occurred in the suspensions of
G-NZVI, NZVI, and G-NZVI/NS, which was supported by the
negative values of the Gibbs free energy change for the reactions
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between Fe(0) and BrO; ™ (Table S1, ESIt). Approximately, 40%
of BrO;~ was removed by G-NZVI/NS in 30 min, whereas
a complete removal was observed in G-NZVI and NZVI suspen-
sions in 2 min and 15 min, respectively. The removal kinetics
were fitted by the pseudo-first-order and second-order rate laws
and their kinetic models are:

C
In (?0) =kt (2)
1 1
E = FO + kzt (3)

where C, is the initial concentration of BrO;~, C is the
concentration of BrO;™ at a specific time, k; is the pseudo-first-
order rate constant (min~ "), k, is the second-order rate constant
(M min~"). Generally, the pseudo-first-order model showed
a better fitting result in this study (Table S27). In addition, the
highest k; value (4.42 min~") was obtained for the bromate
removal from the G-NZVI suspension, which was almost 105
and 46 times higher than those from the suspensions of G-
NZVI/NS (0.042 min~") and NZVI (0.095 min "), respectively.
The enhanced performance by G-NZVI could be mainly caused
by a high resistivity of G-NZVI against its surface oxidation
despite the aerobic conditions throughout the batch kinetic
test, when compared to that for bare NZVI. Furthermore, the
specific surface area of G-NZVI (59.7 m*> g~ ') was almost four
times higher than that of bare NZVI (13.8 m* g '), which could
possibly lead to the higher reductive capacity of G-NZVI for
bromate removal.*” The addition of polyphenols from onion
peel extract during the synthesis of G-NZVI may facilitate the
nucleation of iron nanoparticles by avoiding their agglomera-
tion due to magnetism and thereby increase the surface area of
G-NZVI during its crystal growth.*®

Fig. 6 shows the comparison of the BrO;™ removal kinetics in
the suspensions of NZVI and G-NZVI under aerobic and
anaerobic conditions. As shown for bare NZVI, a ~12 times

B

Fig. 4 Continuous column reactor testing to check the mobility and dispersibility of NZVI and G-NZVI: columns before the addition of the
suspensions (a) and 1 h after the addition (b), and the collected effluents after passing through the columns (c).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The BrOs~ reduction kinetics using five types of controls under aerobic conditions. Material loading: 200 mg L™ and BrO3~ concen-

tration: 50 mg L™

lower &, value (0.095 min~") was obtained in an aerobic NZVI
suspension than that in an anaerobic NZVI suspension
(1.196 min™") due to the rapid oxidation of the NZVI surface by
competing oxy-anions in the aerobic NZVI suspension. Inter-
estingly, the k; value of G-NZVI obtained under both aerobic
(4.42 min™") and anaerobic (4.5 min~") conditions were very
similar, indicating the high resistivity of G-NZVI against its
surface oxidation by the coating of polyphenols. In addition,
Table 1 shows that the enhanced reduction kinetics of BrO;™ by
G-NZVI were much faster than those of other reductants and
catalysts such as NZVI supported on mesoporous silica, ethanol

modified NZVI, and MOFs coordinated with Co and Fe metals.
The k, value of G-NZVI was 16.9 times greater than that of
mesoporous silica supported NZVI and 26.1 and 9.2 times
greater than those of ZIF-67 (Co) and ZIF-67 (Fe), respectively,
showing its superior reactivity for the reduction of BrO; . In
addition, the amount of G-NZVI (1 :4) required to remove
bromate was much smaller than that of NZVI (1 : 100). Because
several tonnes of NZVI were applied at the practical treatment
sites in the USA and Europe,* the reactive and eco-friendly G-
NZVI may show higher cost effectiveness for the removal of
aqueous BrO; ™ in water and wastewater treatment processes.

11 855 7 7 9 9
0.8 1
o 0.6
Q
(©)
0.4 7 —6-NZVI-AE
—=-NZVI-AN
0.2 —-G-NZVI-AE
—A-G-NZzVI-AN
0- & BrO, conérol
0 5 10 15 20 25 30

Time (min)

Fig. 6 The BrOs~ reduction kinetics of using G-NZVI and NZVI under aerobic and anaerobic conditions. Material loading: 200 mg L™, BrO5~
concentration: 50 mg L%,
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Table 1 A comparison of the reactivity of G-NZVI with different catalysts and reducing agents

Bromate loading Catalyst loading Bromate to catalyst Reaction rate

Reduction efficiency

Type of catalyst (mgL™) (mgL™) ratio constant (min~') (time) Conditions
NZVI on meso-porous silica** 0.2 25 1:125 0.0712 80% (4 h) Anaerobic, 25 °C
Ethanol-modified NZvI*® 1 100 1:100 0.0025° 99% (20 min) Anaerobic, 25 °C
ZIF-67 (Co) + NaBH, (ref. 18) 100 250 1:2.5 0.046 100% (1 h) Aerobic, 25 °C
MIL-88A (Fe) + NaBH, (ref. 17) 100 500 1:5 0.53 100% (1 h) Aerobic, 25 °C
ZIF-67 (Fe) + NaBH, (ref. 17) 100 500 1:5 0.13 50% (1 h) Aerobic, 25 °C
G-NZVI (this study) 50 200 1:4 1.2 100% (2 min) Aerobic, 25 °C

“ Second-order rate constant (M min ).

Fig. 7(a) shows the morphological change of G-NZVI after the
BrO; ™ reduction. Spherically shaped nanoparticles can still be
observed and newly formed plate-like nanoparticles can be seen
after the BrO; ™ reduction by G-NZVI. One of XPS scan results
(Fe2p spectra) of G-NZVI after the reaction showed peaks at
711.22 and 713.11 eV with a ratio of 1: 0.67 (Fig. 3(c)), which
was slightly comparable with the ratio before the reaction
(1:0.56) indicating that the surface Fe was oxidized to Fe(m)
after the BrO;~ reduction.*® For the Ci1s spectra of G-NZVI
before the reaction, four different peaks were observed at
284.97, 286.66, 288.61, and 290.20 eV with a ratio of
0.87:1:0.29:0.28, whereas the peaks at 284.96, 286.56,
288.57, and 291.38 eV with a ratio of 1: 0.76 : 0.41 : 0.05 were
detected after the reaction. This indicated that the proportion of
C-0-C, C-0O-H, O-C-C*=0, and HO-C=O0 functional groups
on the surface of G-NZVI decreased after the BrO;~ reduction.
The decrease of the proportion could be caused by changes in
the structure of the polyphenols during the bromate removal,
i.e., keto-enol transformation by the redox reaction between
polyphenols on the surface of G-NZVI and BrO; . During the
bromate reduction via electron transfer from G-NZVI, the
polyphenols on its surface could be also reduced and trans-
formed to the ketone and/or aldehyde containing molecules
shown as plate-like nanoparticles in Fig. 7(a).** In addition, the

FTIR spectrum of G-NZVI after the reaction showed a decrease
in the intensity of the peak at 1271.85 cm ™" for C-O asymmetric
stretching in cyclic polyphenolic compounds (Fig. 7(b)), which
also supports the occurrence of keto-enol transformation in the
polyphenols on the surface of G-NZVI during the reaction.*?
Based on the results obtained previously, the enhanced BrO;~
removal by the G-NZVI particles could be explained by a two-
step reaction. Firstly, due to the electrostatic attraction, BrO;™
can be adsorbed on the reactive sites of G-NZVI in its suspen-
sion. Secondly, BrO;~ can be reduced to Br~ via the electron
transfer from the G-NZVI surface. It was observed that ~100% of
the BrO;  reduction to Br~ by G-NZVI occurred during the
reaction (Fig. S4(c)t). The corrosion rate of the surface Fe(0) of
G-NZVI could be determined by the electron loss or gain
process. The high oxidation resistivity of G-NZVI could be ob-
tained from the polyphenol coatings of the onion peel extract on
the G-NZVI surface, which could be another potential source of
electrons during the keto—-enol transformation.

Effects of significant experimental factors on the bromate
removal kinetics

Fig. S4(a) (ESDT shows the removal kinetics of BrO;~
(50 mg L") by G-NZVI at four different loadings of G-NZVI (50,

C=C-C=C
unsaturated
carbon
stretching

C-O asymmetric stretching

60

Transmittance

40 A

—— Before mn —— After rxn

20 T T T
4000 3000 2000 1000

Wavelength (cm™)

Fig. 7 SEM image (a) and FTIR spectra (b) of G-NZVI after BrOs™ reduction.
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100, 200, and 300 mg L~ '). As the G-NZVI loading increased
from 50 to 300 mg L™, the removal efficiency of BrO;~ and the
k; values gradually increased from 10% to 100% and from
0.006 min~ " to 4.5 min~ ', respectively (Fig. S4(b) and Table S2,
ESIt). The reductive transformation of organic and inorganic
chemicals did not occur significantly in homogeneous aqueous
reducing solutions but mostly occurred on the heterogeneous
reactive surface of the solid reductants.*® As the loading of G-
NZVI increased in the suspension, it could provide more reac-
tive sites on the surface of G-NZVI for the enhanced reduction of
BrO;, leading to the acceleration of the bromate reduction
kinetics.**

Fig. S5(a) (ESI)t shows the removal kinetics of BrO;~ by G-
NZVI (200 mg L") at four different concentrations of BrO;~
(50, 75, 100, and 200 mg L™ '). At 50 mg L~ " of BrO; ", the
complete removal of BrO;~ was observed in 2 min, whereas the
bromate removal efficiency gradually decreased as the concen-
tration of the BrO; ™~ increased. The k, values at a concentration
of 50 mg L™" of BrO;~ was the highest and showed a dramatic
decrease by ~12.5 times at 75 mg L™ " and the slow and gradual
decrease was retained as the BrO; concentration increased
(Fig. S5(b) and Table S2, ESIt). This could be attributed to
a limited reductive capacity of G-NZVI at a controlled constant
loading and much faster oxidation of the G-NZVI surface at
a higher concentration of BrO; . The BrO; ™ removed during the
reactions with G-NZVI was almost completely reduced to Br™ in
all of the experiments (Fig. S4(c) and S5(c), ESIt).

Fig. S6 (ESI)} shows the removal kinetics of BrO;~
(50 mg L") by G-NZVI (200 mg L") at four different pHs (4, 7, 9,
and 11). The highest BrO;~ removal was obtained at pH 7,
whereas a sharp decline in the BrO;~ removal rate occurred
when pH values were higher and lower than 7. The zeta
potential results (Fig. S7, ESIt) showed that a surface charge of
G-NZVI became more negative from —3.41 mV to —30.7 mV as
the suspension pH increased from 2 to 11. These results could
be explained by an increase in the concentration of chloride or
hydroxide (used for the pH adjustment) in the G-NZVI suspen-
sion because they can hinder the sorption of BrO;~ on the
reactive surface of G-NZVI and inhibit subsequent reductive
removal of BrO;~ on the surface.* The remarkable decline in
the bromate removal at a pH higher than 7 could be caused by
electrostatic repulsion between BrO; and the more negatively
charged G-NZVI surface.*” Despite the relatively less negative
charge on the G-NZVI surface at a lower pH (<7), the similar slow
BrO;™ removal kinetics on its surface might be attributed to the
faster surface oxidation of iron nanoparticles under acidic
environments.*

Conclusions

In this study, highly reactive and mobile G-NZVI nanoparticles
with a diameter of 100-600 nm were synthesized for the
complete reduction of BrO;~ to Br . Excellent BrO;~ removal
(100%) was achieved in 2 min under aerobic conditions. The
reduction kinetics of BrO;~ by G-NZVI were much faster than
any other reductants or catalysts reported previously. The
outstanding characteristics of G-NZVI, such as high reactivity,
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mobility, and oxidation resistivity, are mainly attributed to the
coating of the G-NZVI surface by polyphenols from the onion
peel extract, resulting in the inhibition of the rapid surface
oxidation of NZVI without lowering its reductive capacity, even
under aerobic conditions. Previous studies have used plants as
sources of polyphenol coating materials, however this study is
the first investigation using onion peel waste for novel G-NZVI
synthesis. Onion peel is one of the most widespread organic
food waste materials worldwide; thus, the experimental results
obtained in this study provide insight into the reuse of onion
peel waste as a polyphenol coating material source for the
synthesis of reactive nanomaterials, which can be applied to the
reductive removal of contaminants from water and wastewater
without needing to consider interference from oxygen during
the treatment and remediation processes.
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