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Nanoscale zero-valent iron (NZVI) has been considered as a possible material to treat water and wastewater. However, it
is necessary to verify the effect of the matrix components in different types of target water. In this study, different effects
depending on the sodium chloride (NaCl) concentration on reductions of nitrates and on the characteristics of NZVI were
investigated. Although NaCl is known as a promoter of iron corrosion, a high concentration of NaCl ( > 3 g/L) has a sig-
nificant inhibition effect on the degree of NZVI reactivity towards nitrate. The experimental results were interpreted by
a Langmuir—Hinshelwood—-Hougen—Watson reaction in terms of inhibition, and the decreased NZVI reactivity could be
explained by the increase in the inhibition constant. As a result of a chloride concentration analysis, it was verified that
7.7-26.5% of chloride was adsorbed onto the surface of NZVI. Moreover, the change of the iron corrosion product under
different NaCl concentrations was investigated by a surface analysis of spent NZVI. Magnetite was the main product, with
a low NaCl concentration (0.5 g/L), whereas amorphous iron hydroxide was observed at a high concentration (12 g/L).
Though the surface was changed to permeable iron hydroxide, the Fe(0) in the core was not completely oxidized. Therefore,
the inhibition effect of NaCl could be explained as the competitive adsorption of chloride and nitrate.
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1. Introduction

The application of zero-valent iron (ZVI) has emerged
as one of the most effective technologies for water treat-
ment and soil/groundwater remediation processes.[1] Due
to its suitable redox potentials, it has been used for the
removal of a wide variety of pollutants, including chlo-
rinated hydrocarbons, nitrobenzenes, chlorinated phenols,
polychlorinated biphenyls, heavy metals, and anions.[2]
With its small size and high specific surface area, nanoscale
zero-valent iron (NZVI) is a promising and flexible tech-
nology for the in situ remediation of groundwater contam-
inants that are amenable to reduction by ZVI.[3]

Despite the great potential of NZVI, scant attention has
been paid to the effects of the composition of water on
the reactivity of NZVI, despite the fact that it is impor-
tant to evaluate these factors to determine the potential
use of NZVI in practical applications. Recently, several
papers reported the application of NZVI to actual wastew-
ater and its reactivity. Klimkova et al. [4] and Crane et al.
[5] reported an experiment which involved the applica-
tion NZVI to acid mine water. These two cases clearly
show that the reaction mechanisms and reactivity levels
in real wastewater treatment applications can differ sig-
nificantly in synthetic contaminant solutions due to the
complex chemical compositions of environmental water
samples. Due to the significant inhibition effect of real
water samples, research approaches have focused not on
process performance levels but on reaction and inhibition
mechanisms.

In this study, the concentrate generated from a water
reuse process was chosen as the target water sample for the
application of NZVI. The reverse osmosis (RO) process
is generally applied as a desalting process in water reuse.
This technology employs semi-permeable membranes that
allow for the separation of a solution into two streams:
the permeate stream, which contains purified water that
passes through the membrane, and the concentrate stream,
which is the portion that contains salts and the retained
compounds. Therefore, it is necessary to determine suit-
able and environmentally friendly management options for
the concentrate stream.[6]

Typically, RO concentrate generated in municipal
membrane desalination sites has been disposed of as sur-
face water or sent to wastewater treatment plants, to the
subsurface, or to an evaporation pond.[7] The discharge
of concentrate to another water body can cause environ-
mental pollution due to the high concentrations of pol-
lutants and salt. While concentrate from a water reuse
plant shows much less salinity, it has a higher pollutant
load compared with the case of seawater desalination. Due
to the adverse effects of brine disposal, together with its
associated costs, current research is focused on reducing
the impact of concentrates by diminishing their pollu-
tant loads. Most reported studies have focused on reduc-
ing global parameters related to organic contamination
(e.g. the chemical oxygen demand, total organic carbon)

by coagulation, adsorption, or by advanced oxidation
processes.[8—12]

RO concentrate contains high concentrations of ionic
matter (salt), which is retained by a semi-permeable RO
membrane. The high concentration of salt existing in RO
concentrate can affect the NZVI characteristics and reac-
tivity; therefore, the impact of a high concentration of salt
on the NZVI characteristics needs to be verified prior to
its application. Several studies have reported the effects
of ionic matter on the reactivity levels and characteris-
tics of NZVI. Most papers reported that the ZVI reactivity
increased by as much as 40 times with 0.5-50 mM of a
sodium chloride (NaCl) solution.[13—15] Because the C1~
increases the permeability of the oxide film on the ZVI
surface, zero-valent iron is not readily passivated in the
solution in a process known as pitting corrosion. However,
the concentration of ionic matter in the RO concentrate in
this study can be much higher (~ 20 g/L; 341.9 mM) than
those in previous studies. Therefore, research on the effect
of a high salt concentration on NZVI reactivity should
be undertaken in an effort to understand the feasibility of
NZVI for real applications to high-saline water such as RO
concentrate.

In this study, the effect of ionic matter on the degree
of NZVI reactivity was evaluated using a nitrate reduc-
tion batch test, which serves as an indicator for quan-
tifying the reducing power of NZVI. Sodium chloride
(NaCl) was selected as the model ionic matter in the
batch test. The experimental results were interpreted by a
Langmuir—Hinshelwood—Hougen—Watson (LHHW) reac-
tion with inhibition. Fresh and spent NZVI are charac-
terized, and the changes in the NZVI characteristics are
discussed with the results of a kinetic study.

2. Methods
2.1. Chemicals

Ferric chloride (Junsei Chemical Co., Japan) and sodium
borohydride (Samchun Pure Chemical Co., Korea) were
used for the synthesis of NZVI. To prepare a reactant stock
solution, potassium nitrate (Duksan Pure Chemical Co.,
Korea) was used, while sodium hydroxide and hydrochlo-
ric acid (Jin Chemical Pharmaceutical Co., Korea) were
used to adjust the pH. Sodium chloride (Samchun Pure
Chemical Co., Korea) was used as the model ionic mat-
ter. All solutions were prepared using deionized water after
deoxygenation by purging with argon gas for 3 h.

2.2.  NZzVI synthesis

In this study, the mild chemical reduction of metal salts in
the solution phase was used to prepare the NZVI.[3] The
synthesis of the NZVI was conducted in a 500-mL four-
open-neck flask reactor. One of the necks had a tunable
mechanical stirrer installed and running at 60—500 rpm
(MS3060, Mtops, Korea). The stirring speed was adjusted
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to 200 rpm for the NZVI synthesis step and to 60 rpm
for aging. A sodium borohydride solution at an amount
of 250 mL (358.4 mM) was introduced into 250 mL of
a ferric ion (Fe**) solution (71.7 mM) using a peristaltic
pump (10 mL/min) to reduce the ferric ion to NZVI. The
reduction reaction is as follows:

4Fe*™ + 3BH, + 9H,0 — 4Fe’ + 3H,BO;
+ 12H" + 6H,. (1)

The NZVI was collected by the vacuum filtration of
the solution after an ageing period of 20 min. The col-
lected particles were then washed three times with ethanol
and dried in an anaerobic chamber (N,:H,; = 95:5). For
the batch nitrate reduction test, the prepared NZVI was
washed with deoxygenated deionized water and introduced
immediately into a nitrate solution.

2.3. Site description and RO concentrate
characteristics

The RO concentrate characteristics were obtained from
a wastewater reclamation pilot plant located at the ‘Y’
WWTP in Korea. The reclamation process was ultrafil-
tration followed by RO. The total capacity of the pilot
plant was 96 m’/day. The measured Na®™ and Cl~ con-
centrations were 1975 and 6176 mg/L, respectively. The
CI~ concentration appears to be higher than the theoret-
ical composition of sodium chloride due to the presence
of other cations, for example, Ca?T or Mg?*. The total
dissolved solid concentration (TDS) of the RO concen-
trate was about 11.7 g/L, while TDS of the WWTP effluent
was 3.0 g/L. To verify the effect of the TDS concentra-
tion on the NZVI reactivity and related characteristics,
sodium chloride was selected as the model electrolyte. The
range of the sodium chloride concentration was adjusted to
0-20 g/L. The TDS range was divided into low concentra-
tion (0-3 g/L) and high concentration (3—20 g/L) sections
based on the TDS concentration of the WWTP effluent
(3 g/L).

2.4. Evaluation of NZVI reactivity — batch test and
reaction kinetics

Batch tests for nitrate reduction were conducted in 1L
Schlenk flasks. The reactor was filled with 750 mL of
reactant solution containing nitrate, and the solution was
purged with argon gas before the injection of NZVI. Then,
50 mL of a NZVI slurry containing 1 g of NZVI was added
to the reactor. The final concentrations of nitrate and NZVI
were 100 mg NO; —N/L (7.1 mM) and 1250 mg Fe/L
(22.4 mM), respectively. The solution was continuously
stirred with a mechanical stirrer and samples were taken
periodically. The stirring speed was adjusted to 200 rpm
during the batch test for vigorous mixing. The high mix-
ing intensity was applied to minimize the limits of mass

transfer and to secure sufficient contact efficiency between
the nitrate and the NZVI, according to Choe et al.[16] The
samples were filtered with 0.45 pm syringe filters and anal-
ysed immediately. An anoxic condition was maintained by
the continuous blowing of argon gas (500 mL/min) into the
reactor.

A pseudo-first-order kinetic equation has been widely
used for the interpretation of nitrate reduction results by
NZVL[17] However, the adsorption of nitrate on the NZVI
surface and the pH change during the reaction should be
considered in cases of nitrate reduction by NZVI. A lack
of consideration of the adsorption and desorption can lead
to the overestimation of ammonia generation as the reac-
tion product of the nitrate reduction.[18] Therefore, the
LHHW reaction was proposed for the interpretation of the
nitrate reduction. The LHHW equation is used for hetero-
geneous surface catalysis, during which the reaction occurs
between species that are adsorbed on a surface.[19] It is
assumed that two molecules are adsorbed on adjacent sites
and that a reaction takes place via an activated complex on
the surface to yield the reaction products.

Moreover, inhibition was inevitable due to the forma-
tion of a passivation layer on the NZVI surface; this can
be affected by the NZVI characteristics (e.g. the size and
surface area).[20-22] Therefore, it is necessary to consider
the inhibition of NZVI during the nitrate reduction process.

The reaction rate of the nitrate reduction was inter-
preted by the following kinetic formulation with the first-
order inhibition of NZVT:

£ = —Cent kCno, w TN X(Cno3 0= Cvos. )/ Ceat) ()
dr 1 + KCno,

Here, Cno, is the nitrate concentration (mg/L), Cea
is the NZVI dosage (mg/L), k is the reaction rate con-
stant (/gemin), K is the adsorption coefficient (L/mg),
and by is the inhibition constant (/min). The kinetic con-
stants were obtained by curve fitting using Matlab R2012a
(MathWorks, Inc. Massachusetts, USA)

2.5.  Analytical items and methods

2.5.1. Nitrogen species (nitrate, nitrite, and ammonium)
and TDS concentration

The nitrate, nitrite concentrations were analysed by ion
chromatography (DX-120, Dionex Co., Sunnyvale, CA,
USA) with an IonPac AS4A-SC carbonate eluent anion-
exchange column. Ammonium and total nitrogen were
analysed using a titrimetric method after distillation with
a distilling unit (KJELTEC 1026, FOSS, Denmark) and
a spectrophotometer (HACH Model DR-2010) in accor-
dance with the guidelines of the 20th Edition of the APHA
Standard Methods for the Examination of Water and
Wastewater. The TDS concentration was determined using
a TDS meter (HI 98312, Hanna Instrument, Woonsocket,
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RI, USA) and the chloride concentration was analysed by
ion chromatography for both nitrates and nitrites.

2.5.2.  Transmission electron microscopy/energy-
dispersive X-ray spectroscopy

The fresh and spent NZVI were characterized using a trans-
mission electron microscope (Tecnai G20 TEM, Phillips
Electronics Co., Eindhoven, Netherlands). For the TEM
analysis, a droplet of diluted NZ VI suspension was put on a
300-mesh Cu TEM grid with a carbon film and dried under
anaerobic conditions for 24 h. An energy-dispersive X-ray
spectroscopy (EDS) analysis was conducted to determine
the chemical composition of the NZVI sample.

2.5.3.  Particle size and surface area

The particle size was obtained with a particle size ana-
lyzer (ELS-8000, Otsuka Electronics Co., Osaka, Japan).
The specific surface area was analysed by a Brunauer—
Emmett-Teller (BET) surface area analyzer (Sorptomatic
1990 Surface Area Analyzer, Thermo Fisher Scientific
Inc., Waltham, MA, USA).

2.5.4. X-ray diffraction analysis

The crystallinity and the iron corrosion products of the
nitrate reduction under different electrolyte concentra-
tions were compared by means of an XRD (D/MAX-RB,
Rigaku, Tokyo, Japan) analysis with Cu KN radiation. The

scan range was 20-90° 26 with a scan speed of 1° min~!.

2.5.5.  X-ray photoelectron spectroscopy

The change in the chemical binding of the iron species on
the surface of the NZVI and the surface chemical composi-
tion were obtained through an XPS analysis. Four different
samples, prepared under different electrolyte concentra-
tions (0, 0.5, 5, and 12 g/L), were carefully packed on
an XPS sampling template under anaerobic conditions to
avoid surface oxidation. The XPS analysis was carried out
using a MultiLab 2000 (Thermo Electron Co., UK) device
with an Al ka X-ray source (1486.6 eV) at a source power
of 200 W. Raw spectra were smoothed before being fit-
ted using a Shirley base line and a Gaussian-Lorentzian
shape peak. Narrow scanned spectra were used to obtain
the chemical state information for iron (Kinetic energy Ek
546 eV) and oxygen (Ek 724 eV).

3. Results and discussion
3.1. N2zVI characteristics

The TEM morphologies of the NZVI prepared in this study
are shown in Figure 1. The average diameter of the pre-
pared NZVI observed by a laser-scattering particle size
analysis was 31.3 nm, while the BET surface area was 18.3
m?/g. The particle size and surface area are comparable

Figure 1. The morphology of the prepared NZVI.

to those in earlier studies. O’Carroll et al. [1] reviewed
the NZVI characteristics, finding that the surface area of
NZVI can exceed 40 m?/g for stabilized particles and 15—
34 m?/g for bare particles, with FeBH having a greater
surface area than FeH, which is commercially available as
reactive nanoscale iron particle (RNIP; Toda Kogyo Corp.,
Japan).

The NZVI were spherical, with a chain network struc-
ture. The spherical shape and chain net morphology are
similar to those observed in other studies. The aggregation
of NZVI in an aqueous solution without a surfactant is a
common behaviour, but it was suggested that the accessi-
bility of reactants to NZVI would not be affected because
the total surface area was not affected due to the high
porosity of the aggregates.[23]

3.2. Nitrate reduction reactivity by NZVI
3.2.1.  Effect of NaCl on NZVI reactivity

The profile of the aqueous nitrate concentration over the
reaction time during the nitrate reduction process by NZVI
under the reference conditions determined in this study
(30°C, initial pH 7, unbuffered) is presented in Figure S1.
The nitrate reduction profile was varied with the amount of
NaCl concentration added. Inhibition of the nitrate reduc-
tion process was clearly observed when the NaCl dosage
exceeded 10 g/L. Without the addition of NaCl, 93.4%
of nitrate was reduced after a reaction time of 3 h, while
74.2% of nitrate was reduced with an addition of 10 g/L of
NaCl.

The nitrogen mass balance during the reaction is pre-
sented in Figure S2. Ammonia was immediately gener-
ated as the main reaction product, while a small amount
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Figure 2. Relationship between the reaction constants and NaCl concentration: (a) low NaCl concentration (1250 mg-Fe/L,
100 mg-NO; —N/L, 0-0.5 NaCl/L; (b) high NaCl concentration (1250 mg-Fe/L, 100 mg-NO; —N/L, 320 g NaCl/L).

of nitrite was detected. The nitrogen mass balance was
held at 74-85.9% (3 h). The nitrogen balance decreased
with respect to time due to ammonia stripping under
an alkaline pH condition, as described in our previous
studies.[18,24] Therefore, the nitrate reduction process can
be described as a heterogeneous catalytic reaction which
consists of the adsorption of nitrate, the reaction (reduc-
tion of nitrate to ammonia), and the desorption of ammonia
which is scarcely adsorbed on NZVIL.[25] In this study,
the LHHW kinetics with inhibition was applied to verify
the effect of the NaCl concentration on nitrate reduction
by NZVIL

3.2.2.  Evaluation of kinetic parameters

As mentioned above, three constants- — reactivity, adsorp-
tion, and inhibition — were calculated and the data were
linearized. Figure 2 (a) presents the reaction constants
under a low electrolyte concentration (03 g/L). All three
constants decreased with the increment of the NaCl con-
centration. This indicates that the nitrate adsorption and
reduction ability of NZVI decreased due to the addition
of the electrolyte. On the other hand, the degree of inhibi-
tion of the NZVI decreased, which indicates acceleration
of nitrate reduction with respect to time.

The low inhibition and acceleration of the nitrate reduc-
tion process can be attributed to two factors. First, the
addition of chloride ions can enforce the breakdown of the
thin film of iron (hydr)oxides on the ZVI surface. Hard
Lewis base ions (such as ClI~, Br~, and ™) were reported
to be especially aggressive towards passivating oxide lay-
ers to form strong complexes with iron centres.[26] As the
oxide layers are broken down by these diffusing anions,
more of the NZVI surface becomes available for nitrate
reduction. Second, chloride can promote localized cor-
rosion on iron with irregular pit shapes, and pitting on
the iron surface provides added reactive sites for nitrate
reduction.[26]

On the other hand, the opposite result was obtained
under a high NaCl concentration (3—20 g/L), as plotted in

Figure 2(b). The rate constant and the adsorption constant
decreased, but the inhibition increased with the increment
of the NaCl addition. The increased inhibition was the
cause of the low nitrate reduction rate under a high NaCl
concentration. Therefore, it can be concluded that a high
concentration of NaCl can have a negative effect on nitrate
reduction by NZVI.

3.3. Inhibition of nitrate reduction by NaCl adsorption
on the NZVI surface

3.3.1. Hypothesis

As mentioned in the previous section, it is clear that the
added NaCl inhibits nitrate reduction by NZVI. In the
research on Pd-based catalytic nitrate reduction, inhibi-
tion by sodium chloride is generally accepted. The nitrate
reduction activity was completely inhibited at 1000 mg-
CI/L (28.2 mM) due to the preferential sorption of CI™
or the accumulation of Cl~ over nitrate in the Helmholtz
layer.[27] Moreover, Pintar et al. [28] reported that the
catalytic activity levels of Pd-based catalyst were signif-
icantly decreased by a NaCl pretreatment (2.5-10 g/L;
42.7-170.9 mM). The repulsion between unconverted
nitrate and chloride in the Helmholtz and diffusion layer
was enhanced, after which nitrate adsorption was inhibited.

The anion (sulphate) inhibition of NZVI reactivity was
reported by Fan et al.[29] They explained that the sulphate
ion was adsorbed on the NZVI surface by electric adhe-
sion and that the NZVI reactivity towards azo dye was
decreased due to the enhanced repulsion. In addition, the
effect of chloride on NZVI reactivity towards perchlorate
was reported by Xiong et al.[30] They reported that chlo-
ride could enhance the degree of NZVI reactivity, but that
the overall reactivity was decreased at a high concentra-
tion of NaCl (60 g/L; 1025.6 mM) due to the competition
between the chloride ion and perchlorate with regard to
sorption. Therefore, it is hypothesized that the added NaCl
inhibits nitrate adsorption and that the NZVI reactivity
decreases.
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3.3.2.  NaCl adsorption on the NZVI surface

The chloride concentration in the solution was measured
to determine the adsorption on the NZVI surface. The
initial and final chloride concentrations (3 h) were mea-
sured, and the difference was regarded as the adsorbed
fraction by NZVI. 7.7-26.5% of chloride was removed
after the reaction. The removed chloride per NZVI dose
is presented in Figure S3(a). This shows a linear relation-
ship with the added NaCl concentration. Moreover, the
TDS concentration dramatically decreased during the ini-
tial period due to the NaCl adsorption on the NZVI surface
(Figure S3(b)).

Lastly, the spent NZVI was analysed by an XPS analy-
sis. The XPS analysis was conducted based on the follow-
ing assumption. If the NaCl was adsorbed on the surface
of the NZVI, the adsorbed NaCl would be detected by
means of a surface analysis. At a high NaCl concentration,
sodium and chloride were detected on the surface of the
spent NZVI (Table 1). Therefore, it is clear that the NaCl
was adsorbed onto the NZVI surface.

Table 1. Surface element of spent NZVI obtained

by XPS.

NaCl (g/L) Fe (0] Na Cl
0 17.2 82.8

0.5 19.2 80.8

5 18.6 80.1 0.3 1.0
12 16.2 78.7 0.4 4.7

3.3.3. Iron corrosion product and inhibition mechanism
with an addition of NaCl

3.3.3.1. Morphology of spent NZVI according to a TEM
analysis. In the TEM image, a different morphology was
observed under different electrolyte concentrations. For
example, spherical iron oxide particles were obtained
as a main reaction product of nitrate reduction with no
addition of NaCl (Figure 3(a) and 3(b)). On the other
hand, two types of iron oxide (iron oxide plates and iron
oxide nanoparticles) were observed in the same aggregate

(d)

Figure 3. TEM images of spent NZVI: ((a), (b) 1250 mg-Fe/L, 100mg-NO5; —N/L, 0 g/L of NaCl, (c), (d) 1250 mg-Fe/L,

100 mg-NO; —N/L 12 g/L of NaCl).
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Figure 4. XRD peaks of the spent NZVI under different NaCl concentrations: (a) 0 g/L, (b) 0.5 g/L, and (c¢) 12 g/L.

after an addition of 12 g/ NaCl (Figure 3(c)). More-
over, core-shell structured NZVI remained in the sample
(Figure 3(d)), and tiny surface particles were observed.
The core-shell structure was verified by an EDS analy-
sis. Figure S4 clearly shows that the shell consists of iron
oxide, while the core mainly consists of zero-valent iron.
This finding indicates that the NZVI was not completely
oxidized under a high NaCl concentration.

Ryu et al. [31] reported that both iron oxide morpholo-
gies (iron oxide plates and iron oxide nanoparticles) could
be obtained as the reaction product of nitrate reduction
by NZVI. In particular, iron oxide nanoparticles were pro-
duced from the nitrate reduction while an iron oxide plate
was produced by oxidation when oxygen was exposed to
NZVI during the synthesis process or via NZVI oxidation
by water. Therefore, the high fraction of the iron oxide
plates and the low fraction of iron oxide nanoparticles in
the spent NZVI sample at 12 g/L. NaCl were in agreement
with the low nitrate reduction reactivity by NZVI.

Ryu et al. [31] also suggested that not all NZVI parti-
cles participate in the reaction simultaneously but instead
react as particles or branch units until their reduction

capacity is exhausted, with other particles or branches
of NZVI remain in their original states. This is also in
agreement with the existence of unreacted NZVI particles
(core-shell structured NZVI) in the spent NZVI sample at
12 g/L NaCl. Therefore, the reaction product was clearly
changed by the addition of NaCl.

3.3.3.2. Crystallinity and end products determined by XRD
analysis. The crystallinity and end products were deter-
mined by an XRD analysis. Figure 4 shows the XRD
patterns with different amounts of NaCl added (0, 0.5,
12 g/L). When NaCl was not added, the XRD pattern
clearly shows that the end product is magnetite. The same
XRD pattern was observed at a low concentration of NaCl.
However, very broad peaks with a low intensity were
observed under high NaCl concentrations. This indicates
that the end product is poorly crystalline with a high
NaCl concentration. The end products may be amorphous
iron hydroxide, which is an intermediate product between
NZVI and magnetite.

As mentioned above, pitting corrosion occurred when
a chloride solution was used and led to a permeable shell
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Table 2. Chemical compositions on the surface of the spent
NZVIL

Ogl 05glL Sg/L 12¢g/L
Fe Fe° 0.3 0.2 1.1 0
Fe(II) 17.3 17.6 12.7 8.2
Fe(IIT) 82.4 82.2 86.2 91.8
o 0+ 57.9 68.5 56.4 47.9
OH™ 32.1 21.5 33.7 424
Absorbed H,O  10.0 10.0 9.9 9.7

structure that consists of iron hydroxide.[30] After the
redox reaction was finished, all of the ZVI was converted to
magnetite, which was the final end product of the reaction.
The reason for the generation of an intermediate product in
such a case would be the inhibition of nitrate adsorption by
electrolyte adsorption. This can explain the decrease in the
reactivity at the high electrolyte concentration.

3.3.3.3. Surface chemical composition by XPS analysis.
The surface chemical composition was obtained by XPS
to verify the end products and the inhibition mechanism.
Figure 5 provides narrow scans of Fe (2p3/2) and O (1s)
on the surfaces of the controls (no NaCl) with their binding
energies. The narrow region spectra for Fe(2p3/2) are com-
posed of four identical peaks at 706.42, 709.32—709.59,
711-711.18, and 712.52—713.33 eV (Figure 5 (a)). It has
been reported that the binding energies for Fe(0), Fe(II)—
O, and Fe(IlI)-O were 706.4, 709-709.5, and 711-714
eV, respectively.[32] The O (1s) spectrum presented in
Figure 5 (b) is broad and is best fitted with three com-
ponents at 529.5, 531.3 and 532.5 eV. These correspond
to oxide oxygen, hydroxyl groups, and adsorbed water,
respectively.[33] Table 2 shows the surface composition of
the Fe species on the different solid surfaces.

In the control sample (no NaCl), 82.4% of the iron was
found to exist in the form of Fe(III)-O, and 17.3% existed

as Fe(I[)-O. Moreover, the bound oxygen was found to
consist of 57.9% in the oxide form, 32.1% in the hydroxide
form, and 10% water.

After the addition of 0.5 g/L NaCl, the chemical state
of iron was fairly similar to that of the control. However,
the chemical state of oxygen was found to vary. The oxide
form of oxygen increased to 68.5%. This indicates that the
fraction of iron oxide increased in the end product more
than it did in the control. This result is coincident with
the XRD results, which show a higher corresponding peak
intensity level.

On the other hand, the fraction of Fe(Ill)-O was sig-
nificantly increased to 91.8% after an addition of 12 g/L
NaCl. This indicates that the surface was more oxidized.
For oxygen, the hydroxide portion was increased to 42.4%.

As a result of iron oxidation and nitrate reduction, dis-
solution of the metal occurs at the anodic sites, releasing
ions which may then react to form insoluble corrosion
products. This film of (oxy)hydroxides which develops on
NZVI evolves into a complex layered structure as a result
of oxidation, recrystallization, and precipitation.[34] The
formation of this passivating film of iron oxides appears to
be responsible for the decreased rate of the NZVI-mediated
reaction.[35]

However, the formation of the passivation
oxide/hydroxide film was inhibited by chloride ions. The
HCI produced by metal hydrolysis with chloride reacts
with the metal to produce ferrous chloride and hydrogen, or
ferric chloride and water. Hydrolysis of the metal chloride
forms Fe(OH), (which is non-passivating).[14]

3.3.3.4. Inhibition mechanism. As a result of the charac-
terization of the spent NZVI, the inhibition mechanism of
NZVI on nitrate reduction by a high concentration of NaCl
could be achieved. The NZVI was completely oxidized to
iron oxide regardless of the existence of NaCl at a low con-
centration (0.1-0.5 g/L). The iron oxide nanoparticles, the
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magnetite peak, and the high fraction of the Fe(I)-O oxide
form of oxygen were assessed by TEM, XRD, and XPS,
respectively.

On the other hand, NZVI oxidation was inhibited
by NaCl adsorption with a high concentration of NaCl
(>3 g/L). The iron oxide plates and unoxidized NZVI
were obtained according to a TEM analysis, and poorly
crystallized iron oxide was obtained according to an XRD
analysis. Although the permeable iron (oxy)hydroxide was
obtained on the surface of spent NZVI by means of chlo-
ride attack according to an XPS analysis, the Fe(0) in
the core was not completely oxidized. Moreover, the iron
(oxy)hydroxide is the main component of the shell struc-
ture in core-shell NZVI,[36] and it is an intermediate
product between NZVI and magnetite. Therefore, the inhi-
bition effect of a high NaCl concentration is due to the
competitive adsorption of anions on the NZVI surface,
as in Pd-based catalytic nitrate reduction.[27] Because the
nitrate reduction by NZVI was determined to be a hetero-
geneous catalytic reaction, which could be interpreted by
the LHHW equation, the adsorption of nitrate is a prereq-
uisite for the entire reaction. However, the accumulation
of CI~ on the surface or the Helmholtz layer of NZVI
had a negative effect on the adsorption of nitrate by elec-
tric repulsion.[28—30] This may have caused the decreased
reactivity under a high NaCl concentration.

4. Conclusion

In this study, different effects depending on the electrolyte
concentration on nitrate reduction and on the characteris-
tics of NZVI were investigated. At a low concentration
(03 g/L), the reactivity was decreased during the initial
reaction period. However, the reactivity was increased after
a certain time as the corrosion process was accelerated. On
the other hand, the reactivity at a high electrolyte concen-
tration (3—20 g/L) was significantly decreased due to the
inhibition effect of the electrolyte.

The chloride and TDS concentration decreased after
reacting for 3 h. Moreover, sodium chloride was obtained
by an XPS analysis. This clearly shows that the electrolyte
was adsorbed onto the NZVI surface and that the active
sites on the NZVI surface were blocked by the adsorbate.

The characteristics of NZVI varied significantly after
the reaction under different electrolyte concentrations. The
NZVI was completely oxidized to iron oxide regardless of
whether NaCl was absent or present at a low concentration
(0.1-0.5 g/L). On the other hand, the NZVI oxidation was
inhibited by electrolyte adsorption with a high concentra-
tion of NaCl (>3 g/L). An iron oxide plate, unoxidized
NZVI, and poorly crystallized iron oxide were obtained.
Iron (oxy)hydroxide was also obtained on the surface of
the spent NZVI according to an XPS analysis. It is the main
component of the shell structure in core-shell NZVI. This
clearly shows that iron oxidation was inhibited by NaCl
adsorption.
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