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Abstract

This study explores the zero-valent iron (ZVI) dechlorination of pentachlorophenol (PCP) and its dependence on the dissolved oxygen
(0,), presence/formation of iron oxides, and presence of nickel metal on the ZVI surface. Compared to the anoxic system, PCP
dechlorination was slower in the presence of O,, which is a potential competitive electron acceptor. Despite O, presence, Ni” deposited
on the ZVI surfaces catalyzed the hydrogenation reactions and enhanced the PCP dechlorination by Ni-coated ZVI bimetal (Nic/Fe).
The presence of O, led to the formation of passivating oxides (maghemite, hematite, lepidocrocite, ferrihydrite) on the ZVI and Nic/Fe
bimetallic surfaces. These passive oxides resulted in greater PCP incorporation (sorption, co-precipitation, and/or physical entrapment
with the oxides) and decreased PCP dechlorination in the oxic systems compared to the anoxic systems. As received ZVI comprised of
a wustite film, and in the presence of O,, only = 17% PCP dechlorination observed after 25 days of exposure with tetrachlorophenol
being detected as the end product. Wustite remained as the predominant oxide on as received ZVI during the 25 days of reaction with
PCP under oxic and anoxic conditions. ZV1 acid-pretreatment resulted in the replacement of wustite with magnetite and enhanced PCP
degradation (e.g. = 52% of the initial PCP dechlorinated after 25 days under oxic condition) with accumulation of mixtures of tetra-, tri-,
and dichlorophenols. When the acid-washed ZVI was rinsed in NiSO4/H,SO, solution, Ni° deposited on the ZVI surface and all the
wustite were replaced with magnetite. After 25 days of exposure to the Nic/Fe, =~ 78% and 97% PCP dechlorination occurred under
oxic and anoxic conditions, respectively, producing predominantly phenol. Wustite and magnetite are respectively electrically insu-
lating and conducting oxides and influenced the dechlorination and H, production. In conclusion, this study clearly demonstrates that
the dissolved oxygen present in the aqueous solution decreases the PCP dechlorination and increases the PCP incorporation when using
ZVI and Nic/Fe bimetallic systems. The findings provide novel insights towards deciphering and optimizing the performance of
complex ZVI and bimetallic systems for PCP dechlorination in the presence of O,.
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Introduction

Pentachlorophenol (PCP) is an organochlorine compound,
which has been widely used in the past as a wood
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preservative and biocide (UNEP 2014). Commercial
PCP, which is currently used as a restricted biocide also
contains other contaminants such as trace levels of
tetrachlorophenols and trichlorophenols (ATSDR 1999).
PCP is reported as a probable human carcinogen (IARC
1991; USEPA 2010), a priority pollutant (USEPA 2018a,
b; EC 2016) and toxic to aquatic organisms (UNEP 2014).
Considering the potential adverse effects of PCP for hu-
man health, the USEPA has stipulated the maximum con-
taminant level of PCP in drinking water as 1 ppb (USEPA
2018a, b). The use of PCP has been banned or restricted
in many countries following the awareness of its toxicity
and environmental impacts (UNEP 2014). Nevertheless,
PCP’s recalcitrance has led to its continued ubiquitous
presence as a contaminant in the environmental media
(surface water, groundwater, soil, and sediment).
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Various treatment approaches such as reductive dechlori-
nation using zero-valent iron (ZVI) (Gunawardana et al. 2018;
Kim and Carraway 2000), photocatalysis (Lan et al. 2011; Li
et al. 2011; Ma et al. 2019), microbial-mediated reductive
dechlorination (Xu et al. 2018; Yang and Chen 2016), and
membrane biofilm reactors (Long et al. 2018) are being ex-
plored for PCP degradation. For passive treatment, permeable
reactive barriers (PRBs) offer a cost-effective solution for the
treatment of contaminants (Henderson and Demond 2007).
Micrometer size ZVI has been widely used in PRBs as the
reactive medium to reductively dechlorinate a range of chlo-
rinated organics (Cheng et al. 2007; Choi et al. 2008; Chun
et al. 2010; Feng and Lim 2005; Kim and Carraway 2000;
Matheson and Tratnyek 1994). The process of reductive trans-
formation of contaminants present in a ZVI/water system is
driven by a combination of reducing agents that are concur-
rently present in the system, i.e., (1) direct reduction through
electrons from elemental iron (Fe®) and (2) indirect reduction
by secondary reductants (electrons from adsorbed/structural
Fe'', H/H,) and tertiary/quaternary reductants (such as Fe;Oy4
and green rust) (Hu et al. 2018).

On the other hand, when using ZVI systems, a decrease in
PCP dechlorination kinetics has been observed over time as a
result of various reasons such as presence/formation of surface
passivating oxides on the iron surface and accumulation of
lower chlorinated compounds (Gunawardana et al. 2018).
Hence, the use of bimetallic particles formed by incorporating
a second metal with a higher reduction potential than ZVI
(such as Ni, Pd, or Pt) on the ZVI surface has been explored
to overcome the limitations of ZVI systems. Bimetallics
showed enhanced hydrodechlorination of chlorinated phenols
(Choi et al. 2008; Ko et al. 2007; Liu et al. 2001; Xu et al.
2012; Zhou et al. 2010) and aliphatics (Feng and Lim 2005;
Schrick et al. 2002). Further, some studies reported no PCP
degradation with unmodified ZVI (Morales et al. 2002), while
Pd/Fe, Pd/Mg (Morales et al. 2002), and Ni/Fe (Cheng et al.
2010; Zhang et al. 2006) dechlorinated PCP to lower chlori-
nated phenols and phenol. Also, nano-sized Pd/Fe converted
4-CP, 24-DCP, and 246-TCP to phenol (Zhou et al. 2010). In
contrast, Kim and Carraway (2000) reported a marked de-
crease in PCP dechlorination with bimetallic systems (Pd/Fe,
Pt/Fe, Ni/Fe, Cu/Fe) compared to unmodified ZVI. The in-
creased activity of bimetals is attributed to several mecha-
nisms, including catalysis of the hydrogenation reaction and
the formation of galvanic cells, which enhance electron trans-
fer on the metal surface (Tian et al. 2009). As the high cost of
Pd or Pt can limit their use, an economical alternative such as
Ni is preferable for real application of bimetals in PRB sys-
tems (Kim and Carraway 2000).

ZV1 corrosion due to Fe” oxidation results in the formation
of a range of iron oxides and/or oxyhydroxide precipitates
(Matheson and Tratnyek 1994) that can affect the ZVI perfor-
mance over time. ZVI reactivity was reported to be related to
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the characteristics of iron oxides initially present and formed
(during the reaction with PCP) on the ZVI particles
(Gunawardana et al. 2018). Magnetite has a high electrical
conductivity and can enhance the interfacial electron transfer
processes (Liu et al. 2006), while Fe'' oxides and
oxyhydroxides (e.g., lepidocrocite, goethite, maghemite), in
comparison to magnetite, have a higher band gap between
the valence and the conduction bands, causing iron surface
passivation by hindering the transfer of both electrons and
contaminant molecules across the solid/liquid interface
(Farrell et al. 2000).

Dissolved oxygen (DO) is reported as the preferred elec-
tron acceptor in a ZVI/H,O system with chlorinated com-
pounds under oxic conditions (Matheson and Tratnyek
1994). Hence, under oxic conditions, oxygen could compete
with the chlorinated compounds for the electrons in the ZVI/
H,0 system (Junyapoon 2005). Such competition may result
in significantly lower dechlorination rates under oxic condi-
tions compared to that of in the anoxic systems (Ghauch et al.
2010; Ghauch and Tuqgan 2009; Helland et al. 1995).
Additionally, the presence of DO is expected to affect the
composition of oxide phases form on the iron surface (Ritter
et al. 2002), potentially enhancing or decreasing the reactivity
of ZVI and bimetals. Therefore, PCP dechlorination by ZVI or
bimetals is expected to be influenced by the presence of oxy-
gen, and may be hindered, as DO could compete with PCP for
the electrons generated during the iron corrosion. Only a few
studies have assessed the reduction of chlorinated compounds
using ZVI and bimetals under oxic and anoxic conditions
(Ghauch et al. 2010; Ghauch and Tugan 2009; Helland et al.
1995; Wan et al. 1999). However, studies have not been re-
ported on the comparison of PCP dechlorination using ZVI
and bimetals under oxic and anoxic conditions.

Although dechlorination is the preferred mechanism, incor-
poration of PCP with the iron oxide phases as they evolve
during the reaction also plays a major role in the removal of
PCP from aqueous solutions by ZVI-based systems
(Gunawardana et al. 2011; Noubactep 2008). The incorpora-
tion process involves sorption, co-precipitation, and/or physi-
cal entrapment of PCP molecules with the iron oxides on the
ZVI surface (Gunawardana et al. 2018). The incorporated
PCP molecules with the oxide layers are not freely available
in the aqueous phase for direct contact with the ZVI for de-
chlorination thus they are not further degraded. Since the
availability of DO can vary in groundwater, the role of DO,
in possible competition for electrons and oxides formation,
during PCP dechlorination, would be relevant for the applica-
tion of ZVI or bimetals in PRBs in groundwater treatment
systems. However, at present, research is not available on
the effect of DO presence on PCP dechlorination, iron oxides
formation, and the effect of oxides formed in the presence of
DO on PCP dechlorination and incorporation when using ZVI
and bimetals.
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Therefore, this study explores the influence of DO on the
PCP dechlorination by ZVI and Ni-ZV1 bimetals. Specifically,
PCP dechlorination by unwashed (i.c., as received), acid
washed, and Ni-coated electrolytic iron powder was investi-
gated. Batch experiments were conducted with each material
under oxic and anoxic conditions to explore the effect of DO
on the performance of ZVI and bimetals. The formation of
various oxides on ZVI and bimetals in the presence of DO
and their potential impact on the PCP dechlorination and in-
corporation processes were also studied. The study design
enabled the quantification of the different roles of dechlorina-
tion and incorporation in removing PCP from the solution as a
function of the variables studied.

Materials and methods
Materials

Electrolytic iron powder with particle size 100 mesh and
smaller (ACROS, Thermo Fisher Scientific) was used as
ZVI. Analytical grade ethyl acetate, acetonitrile, acetone, sul-
furic acid (H,SO,), and hydrochloric acid (HCl) were obtain-
ed from Ajax Finechem. PCP (98%), standard solutions of
PCP, phenol, and chlorophenol isomers in methanol, and
NiSO4.6H,O (>98%) were purchased from Sigma-Aldrich.
Deionized water with a resistivity of 18.20 MQ cm
(Millipore-Q system) was used in all experiments. For anoxic
experiments, deoxygenated water (DW) was prepared by
degassing deionized water at 80 °C for 1 h, followed by sparg-
ing with nitrogen for half an hour.

Acid-washed iron particles were prepared following the
method of Liu et al. (2006). Iron powder (500 g) was added
to 1.5 L of 1 N H,SO,4 solution, and the mixture was agi-
tated (100 rpm) at room temperature on a rotary shaker for
30 min, followed by rinsing with DW. After rinsing, the
iron particles were dried under nitrogen for 4 h at 100 °C
and then stored under nitrogen until use. Nickel-coated
bimetallic iron particles (Nic/Fe) were prepared using the
method explained by Kim and Carraway (2000). A Ni**
solution was prepared by mixing 2 mL of 2.4% Ni stock
solution (prepared using NiSO4.6H,O and 10% H,SO,)
with 200 mL of DW (final solution pH 1.60), and
100.0 g of acid-washed iron powder was added to the mix-
ture. The contents were placed on a rotary shaker for 1 h at
100 rpm, rinsed with DW and then acetone, air-dried at
room temperature, and stored under nitrogen until use
(Kim and Carraway 2000). Atomic absorption spectrosco-
py analysis of the Ni** solution before and after exposing
to iron showed 92% removal of Ni from the solution, in-
dicating that the bimetallic Ni content was 442 ppm (mg of
Ni per kg of Fe).

Methods

A 5000 ppm PCP stock solution was prepared in ethyl acetate.
Wheaton amber vials (30 mL) were used as batch reactors. To
each reactor 1.00 (£0.01) g of metal (unwashed-as received
ZV1, or acid-washed ZVI, or Ni particles, or Nic/Fe bimetal)
and 10 mL of water (oxygenated or deoxygenated) was added.
Then the PCP stock solution (10 nL) was added to the reactors
giving an initial concentration of 20 pM. Reactors were then
immediately sealed with aluminum capped PTFE/silicone
septa and agitated on a rotary shaker at 100 rpm at 23 (£1)
°C until analysis.

Air and oxygen-free nitrogen gas were used as the head-
space gases during setting up the oxic and anoxic experiments,
respectively. The anoxic reactors were continuously purged
with oxygen-free nitrogen gas during the addition of deoxy-
genated water and PCP stock solution, immediately sealed,
and continuously agitated until sampled. The reactors for the
oxic experiments were kept under oxic condition (open to air)
only initially during the addition of DI water and PCP stock
solution, then sealed, and continuously agitated until sampled.
The oxic batch reactors were kept sealed during the experi-
ment to avoid loss of PCP and degradation products through
volatilization as well as to measure the hydrogen gas accumu-
lated in the headspace. Under oxic conditions, reactions such
as oxidation of ZVI, formation of lepidocrocite, and precipi-
tation of Fe(OH); could consume the DO present in the sys-
tem. Therefore, the amount of oxygen available in the oxic
reactors was limited due to the sealed reactor system and
available DO being consumed during the abovementioned
reactions. Consequently, the oxidation process of PCP was
not promoted and not considered under the oxic experiments
in this study.

Control reactors were prepared similarly without adding
metals (ZVI, Ni, or Nic/Fe). All experiments were performed
in duplicate. During each sampling time over 25 days, the
solution pH was recorded, and four reaction vials and two
control vials were sacrificed for various analyses. At each
sampling time, the remaining dissolved and total (i.e., dis-
solved plus incorporated and extracted) PCP concentrations
were measured. To measure the total PCP concentration, 5 mL
of ethyl acetate was added to each reactor containing reaction
solution and metal particles. The mixture was then shaken at
100 rpm for 30 min, followed by the addition of 1 mL of
concentrated HCl and mixing for an additional 10 min (Kim
and Carraway 2000). For the determination of dissolved PCP
in the solution, 9 mL aqueous solution, which was filtered
using 0.2-um RC (Regenerated Cellulose) membrane filters,
was subjected to ethyl acetate/HCI extraction as previously
explained for total PCP determination. Following this,
1.5 mL of the ethyl acetate was extracted, filtered (0.2 pm
RC), and then transferred to autosampler vials for analysis of
PCP and degradation products. The solid ZVI or Nic/Fe
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particles from the reactors used for quantifying the dissolved
PCP concentration in the solution were retained for Raman
analysis of the iron oxide phases formed/present.

Analysis

The analysis of PCP and its intermediates was performed
using gas chromatography-mass spectrometer (Shimadzu
model GCMS-QP2010S) equipped with a ZEBRON ZBS5-
msi capillary column (30 m L x 0.25 mm ID % 0.25 pum thick-
ness). The Selected Ion Monitoring (SIM) analysis method
with split mode injection of 2 puL of the sample at a ratio of
80:1 was used to quantify the PCP and the dechlorination
products. Helium was used as the carrier gas at a flow rate
of 1 mL/min. The injection temperature was set at 250 °C. The
column temperature program was 70 °C for 2 min, ramped at
5 °C min ! to 200 °C and held for 2 min, and then again
ramped at 10 °C min~' to 300 °C and held for 5 min. The
hydrogen gas accumulating in the rectors was analyzed using
an SRI 8610C gas chromatograph equipped with a HayeSep
Q 80/100 column (Alltech, 6’ x 1/8" x 0.085"” SS) and a ther-
mal conductivity detector (TCD). The column temperature
was maintained at 24 °C, and nitrogen was used as the carrier
gas at a flow rate of 10 mL/min.

Statistical analysis was carried out using the SPSS statisti-
cal software package (IBM SPSS Statistics version 20.0.0
[SPSS Inc., USA]). The effects of different treatments on the
amount of PCP degraded, PCP incorporated and extracted, as
well as hydrogen gas accumulated at 25 days of the experi-
ment were compared using a two-way analysis of variance
model. Significance was determined at the 95% level.

Solid-phase characterization

The specific surface areas of the iron and Nic/Fe bimetallic
particles were measured by Brunauer-Emmett-Teller (BET)
N, method using a Micromeritic Tristar 3000. Surface topog-
raphy, characteristics and elemental information on selected
regions of the iron surface as well as the distribution of Ni on
the bimetal surface were obtained using FEI Quanta 200 F
environmental scanning electron microscope (ESEM)
coupled with a SiLi (lithium drifted) energy dispersive spec-
troscopy (EDS). Images were collected using the back-
scattered detector at a beam potential of 20 kV. Renishaw
Raman spectroscopy (Renishaw System 1000) was used to
identify and quantify the iron oxides present on iron surfaces
prior to and following contact with PCP. Eight reference iron
oxides commonly found on iron metal surfaces [akaganeite,
maghemite, hematite, magnetite, lepidocrocite, goethite,
feroxyhyte, ferrihydrite] were prepared using established
methods (Cornell and Schwertmann 2003). These reference
oxide phases were characterized by Raman spectroscopy
(Gunawardana et al. 2018). A Wustite mineral specimen was
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characterized by EDS and Raman analysis (Nadoll and Mauk
2011). The bands of different iron oxides present on all iron
samples overlapped extensively indicating the presence of a
mixture of oxide phases, making it difficult to clearly distin-
guish between them in the observed spectra. Hence, multivar-
iate curve resolution with alternating least squares (MCR-
ALS) analysis was performed in MATLAB (Mathworks®)
to estimate the proportion of the different iron oxides present
on the iron surface (Jaumot et al. 2005) using the reference
spectra. The green rust phases were not stable under the sam-
ple storage conditions and therefore these spectra were ex-
cluded from the reference spectra.

Results and discussion

PCP dichlorination by ZVI and Nic/Fe bimetal
under oxic and anoxic conditions

The change in the total concentration of PCP and its dechlo-
rination products as PCP reacts with ZVI (unwashed, acid
washed) and Nic/Fe under oxic and anoxic conditions are
presented in Fig. 1. The ZVI in the as-received state is termed
as unwashed or UW. The ZVI after treatment with H,SO, is
termed as acid washed or AW. For each solid phase, the pres-
ence of DO significantly decreased (p < 0.05) the PCP dechlo-
rination. The unwashed ZVI showed the lowest reactivity of
all treatments (except Ni only treatment); only 17% (Fig. 1a)
and 34% (Fig. 1b) of the PCP dechlorinated over 25 days
under oxic and anoxic conditions, respectively. The acid
washing of ZVI led to an enhancement in performance with
52% (Fig. lc) and 62% (Fig. 1d) PCP dechlorination over
25 days under oxic and anoxic conditions, respectively. The
Nic/Fe bimetallic particles showed the fastest degradation;
over 25 days of exposure, 78% (Fig. 1e) and 97% (Fig. 1f)
PCP dechlorination were observed under oxic and anoxic con-
ditions, respectively. In contrast, compared to ZVI (UW and
AW) and Nic/Fe bimetallic systems, the Ni particles alone
(1.0 g), when used without ZVI, exhibited the least reactivity
with significantly lower PCP dechlorination (p < 0.05). When
PCP reacted with Ni particles alone under anoxic conditions,
only 10% of the PCP dechlorinated over 25 days of reaction.
The standard reduction potential of Ni (—=0.26 V) is higher
than that of iron (—0.44 V) (Arning and Minteer 2007).
Hence, Ni is a poorer electron donor compared to ZVI for
dechlorination as also evidenced by the lower PCP degrada-
tion with only Ni in the reactors.

Mass balance recoveries in all the systems were within
96-98% demonstrating that (1) the PCP degradation by
ZVI and Nic/Fe under oxic and anoxic conditions was
due to reductive dechlorination, and (2) incorporated
PCP and degradation products were efficiently extracted
from the solution and also from the oxide phases by the
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Fig. 1 Total concentrations of PCP and its dechlorination products
remaining either in solution or incorporated in the systems with a
unwashed ZVI (oxic), b unwashed ZVI (anoxic), ¢ acid-washed ZVI
(oxic), d acid-washed ZVI (anoxic), e Nic/Fe bimetal (oxic), and f Nic/

HCI and ethyl acetate extraction. As confirmed by the
detection and quantification of degradation products and
mass balance, the observations provide evidence that the
reduction of total PCP concentration (as shown in Fig. 1)
is basically entirely due to the PCP dechlorination
process.

0 5 10 15 20 25
Reaction time (Days)
Fe bimetal (anoxic). Error bars indicate + one standard deviation. Some
error bars are smaller than data symbols. Total TeCPs, TCPs, DCPs, and

MCPs were the sum of all the TeCPs, TCPs, DCPs, and MCPs measured,
respectively

The different ZVI treatments and the presence or absence
of DO affected the formation of PCP degradation products.
Unwashed ZVI transformed PCP only to tetrachlorophenols
(TeCPs) (Fig. 1a, b). Acid-washed ZVI showed PCP conver-
sion to tetra-, tri- (TCPs), di- (DCPs), and mono-
chlorophenols (MCPs). With acid-washed ZVI under oxic
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conditions, TeCPs were the dominant product over the whole
reaction (Fig. 1¢) while a large amount of MCPs formed under
anoxic conditions after 25 days of reaction (Fig. 1d).
Interestingly, after 25 days under oxic and anoxic conditions,
the Nic/Fe bimetal transformed PCP predominantly to phenol
with relatively low concentrations of the lower chlorinated
phenols finally remaining in the reactors (Fig. le, f). In the
following sections, the present study explores the significance
of the presence of DO initially present in the oxic reactors on
the iron oxides formation, the effects of oxides formed in the
presence of DO on PCP dechlorination, as well as incorpora-
tion with the iron oxides formed in the ZVI and Nic/Fe bimetal
systems observed in the experiments.

Characterization of ZVI and Nic/Fe material

Surface characteristics and elemental information of selected
regions of the ZVI surfaces and the distribution of Ni on the
Nic/Fe bimetal surface were obtained using the ESEM-EDS
analysis (Fig. 2). Both acid-washed ZVI and Nic/Fe bimetal
particles demonstrated larger oxygen content (24—-27%) com-
pared to unwashed ZVI (oxygen content 9.5%). Despite this
higher oxygen content, the acid-washed ZVI and the Nic/Fe
were effective than the unwashed ZVI in PCP dechlorination
under both oxic and anoxic conditions (Fig. 1).

The ESEM/EDS analysis showed that Ni was deposited as
small clusters on the acid-washed ZVI surface (Fig. 2¢). The
reduction potential and reduction kinetics of the metals are
known to play a major role in determining the structure of
the bimetallic catalysts (De et al. 2016). In this study, the
two metallic precursors (Ni and ZVI) were mixed at the same
time, and the Nic/Fe bimetallic particles were prepared by
reductive deposition of Ni® on the ZVI surface (Fe° +
Ni2* — Ni® + Fe?"). Under such circumstance, the reduction
potentials of the metals are reported as important in determin-
ing the final structure of the Ni-Fe bimetallic particles (De
et al. 2016). Other than the preparation method, the relative
position of the two metals in the periodic table is also known
to govern the structure of a bimetallic system. In general, the
metals that are located further away from Ni (e.g., Fe) in the
periodic table are known to form intermetallic compounds
with Ni (De et al. 2016). Hence, under the preparation
methods and other conditions followed in this study, Ni seems
to deposit as clusters of Ni° on the acid-washed ZVI surfaces
with electrostatic forces leading to the formation of Ni-Fe
intermetallic compounds. However, a straightforward rela-
tionship is yet to be established between the reduction kinetics
and reduction potential for determining the structure of the
bimetallic particles. Advanced characterization techniques
[e.g., Auger electron spectroscopy (AES), X-ray
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Fig. 2 Environmental scanning electron microscopy images and
elemental analysis on the iron surfaces using ESEM/EDS before
exposed to PCP a unwashed ZVI, b acid washed ZVI, ¢ Nic/Fe
bimetal. The areas marked in red squares were randomly selected on
the ZVI and Nic/Fe surfaces and scanned using the EDS for elemental
analysis
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photoelectron spectroscopy (XPS), and extended X-ray ab-
sorption fine structure (EXAFS)] would be required to under-
stand the definite structure of the Nic/Fe bimetallic particles.

Raman spectroscopy was used to identify and quantify the
individual oxide phases present before reaction and formed
during the reaction. The effect of DO on iron oxides formation
and the role of formed oxides (in the presence of DO) on PCP
dechlorination and incorporation were elaborated using the
findings of iron oxides. Typical Raman spectra of the ZVI
(unwashed and acid washed) and Nic/Fe bimetal at the start
of experiments and after 25 days of reaction are shown in
Fig. 3 with spectra of the relevant reference oxide phases.
The amounts of individual oxides detected on the iron sur-
faces, prior to reaction and following the reaction period of
1, 12, and 25 days with PCP, are shown in Table 1.

The major oxide on the unwashed ZVI was wustite, at the
start of the experiment as well as during and after 25 days of
reaction under both oxic and anoxic conditions (Table 1).
After 25 days of reaction, there was an increase in the amount
of magnetite detected on the unwashed ZVI surface; however,
this increase was smaller in the presence of DO (Table 1). The
pervasiveness of wustite iron oxide on unwashed ZVI surfaces
could be because wustite form on the iron surfaces at high
temperatures, (e.g., 600 °C), is metastable for extended pe-
riods at ambient conditions (Redl et al. 2004). The surface of
the acid washed Z VI initially contained =~ 80% magnetite with
~20% wustite (Table 1). During the reaction of acid-washed
ZVI1 with PCP, in the presence of DO, a small decrease in the
amount of magnetite was observed. Concurrently, small
amounts of maghemite, hematite, and lepidocrocite were de-
tected on the acid-washed ZVI surface over the 25 days of
reaction (Table 1). The surface of the Nic/Fe bimetal contained
~90% magnetite and =~ 10% of wustite and ferrihydrite at the
start of the experiment. In comparison to ZVI systems, Nic/Fe
particles contained a higher amount of magnetite initially as
well as after 1 and 12 days of reaction with PCP (Table 1).
Interestingly, with the Nic/Fe particle, magnetite was main-
tained as the main oxide phase over the 25 days of reaction
both in the presence and absence of the DO. However, when
DO was present with the Nic/Fe system, a small decrease in
the magnetite amount and formation of passivating oxides
(maghemite and lepidocrocite) was observed after 1 and
12 days of reaction (Table 1). These passivating oxides
seemed to remain on the Nic/Fe surface during the 25 days
of reaction (Table 1).

The findings of this study demonstrated a clear relationship
between the surface iron oxide coatings and the efficacy of the
iron materials towards the reductive dechlorination of PCP.
Iron surfaces that are dominated by wustite have reductive
dechlorination performance that is substantially worse than
iron surfaces that are dominated by magnetite. The as-
received iron powder used in this study had wustite present
on the surface. Wustite (Fe"'O) acts as a passivating iron oxide

due to a large band gap (2.3 eV) (Comell and Schwertmann
2003) between its valence and conduction bands. Thus, the
low electrical conductivity of wustite can be linked to the poor
PCP dechlorination reactivity which requires electron transfer
from the Fe’, Fe** ions, or other tertiary/quaternary reducing
agents (Hu et al. 2018). Conversely, the large amounts of
magnetite present on the acid washed samples, and even larger
amounts in the Nic/Fe bimetal can be linked to their superior
dechlorination characteristics. Magnetite (Fe'",Fe''0,) is for-
mally a semiconductor but it does not lead to passivating the

(d)

Intensity

(n)
N @]

200 300 400 500 600 700 800 900

Raman Shift (cm™)

Fig. 3 Raman spectra of pure reference iron oxides. (a) Maghemite. (b)
Hematite. (c) Lepidocrocite. (d) Wustite. (¢) Magnetite. (f) Ferrihydrite,
typical sample spectra that was unreacted. (g) Unwashed ZVL. (h) Acid-
washed ZVL. (i) Nic/Fe bimetal, and typical sample spectra after 25 days
of reaction. (j) Unwashed ZVI (oxic). (k) Unwashed ZVI (anoxic). (1)
Acid-washed (oxic). (m) Acid-washed (anoxic). (n) Nic/Fe bimetal
(oxic). (o) Nic/Fe bimetal (anoxic)
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Table 1
experiment (estimated by MCR-ALS analysis)

Percentages of iron oxides present on the iron and bimetallic surface, unreacted, at the start, during the reaction, and at the end of the

Treatment Type and percentages of iron oxide
Maghemite Hematite Magnetite Lepidocrocite Wustite Ferrihydrite

uw" - - 9 - 72 19
AW* - - 79 - 21 -
Nic/Fe* - - 88 - 5 7
UW (0)* - - 11 - 69 20
UW (ANO)* - - 27 - 66 7
AW (O)* 5 <5 74 <5 14 -
AW (ANO)* - - 80 - 20 -
Nic/Fe (O)* - - 80 10 5 5
Nic/Fe (ANO)* - - 98 - <5 -
UW (0) — - 18 - 70 12
UW (ANO)S - - 33 - 58 9
AW (0) 8 <5 65 7 15 <5
AW (ANO)} - - 75 - 20 5
Nic/Fe (0)% <5 - 78 10 10 <5
Nic/Fe (ANO)® - - 99 - <5 -
UW (0)¥ <5 <5 18 - 70 12
UW (ANO)¥ - - 40 - 47 13
AW (O)* <5 5 68 - 23 -
AW (ANO)¥ - - 76 - 24 -
Nic/Fe (0)¥ <5 - 80 10 7 <5
Nic/Fe (ANOY* - - 93 - 7 -

UW, unwashed ZVI; AW, acid-washed ZVI; Nic/Fe, nickel-coated acid-washed ZVI; O, initially oxic condition; ANO, initially anoxic condition

“< 5” means the percentage amount of respective iron oxide(s) detected on the ZVI surface(s) was less than 5%;

were not detected on the ZVI surface(s)

* Oxides present on the unreacted iron surface

*Oxides present on the iron surface after 1 day of reaction

¥ Oxides present on the iron surface after 12 days of reaction
¥ Oxides present on the iron surface after 25 days of reaction
- Not detected

metal surface as the band gap (0.1 eV) between its valence and
conduction bands is small (Comell and Schwertmann 2003;
Farrell et al. 2000). This distinctive characteristic gives mag-
netite an electrical conductivity close to that of metals, thus
facilitating the electron transfer process through the oxide film
and at the ZVI surface to reduce the organic compounds (Liu
et al. 2006). The observations discussed above are consistent
with previous studies on the effect of the oxidation state of
iron oxides [i.e., Fe(IT):Fe(IIT) ratio] on the kinetics of electron
transfer process (Gorski et al. 2010; Gorski and Scherer 2009;
Stratmann and Miiller 1994).

When DO was present, the amount of magnetite detected
on the unwashed ZVI surface was less compared to the
amount of magnetite detected with the anoxic unwashed
ZVI system (Table 1). This finding further supports the re-
duced PCP dechlorination efficiency of unwashed ZVI in
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means the respective iron oxide(s)

the presence of DO. Furthermore, the presence of DO resulted
in the formation of passivating oxides such as maghemite,
hematite, lepidocrocite, and ferrihydrite on the acid-washed
ZV1 and Nic/Fe surfaces (Table 1). These oxides have a lower
conductivity at room temperature compared to the conductiv-
ity of magnetite (Cornell and Schwertmann 2003). Therefore,
the formation of these passivating oxides could also result in
lower PCP dechlorination by acid-washed ZVI and Nic/Fe
systems in the presence of DO compared to the corresponding
anoxic systems.

The findings of this study established that, despite the pres-
ence of DO, the use of a Nic/Fe bimetallic system resulted in a
significantly higher PCP dechlorination (p < 0.05) compared
to the ZVI systems (Fig. 1). In the Nic/Fe systems, Ni can act
as a catalyst by promoting the formation of atomic hydrogen
or a metal hydride phase on the ZVI surface. In this way, Ni
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can enhance PCP degradation via hydrodechlorination (Ko
et al. 2007; Tian et al. 2009). In addition, Ni can catalytically
enhance the hydrogen gas (H,) production by accelerated ZVI
corrosion as well as improve the efficiency of hydrogen as a
reductant (Feng and Lim 2005; Matheson and Tratnyek 1994).
Furthermore, magnetite, which is present in larger quantities
in the Nic/Fe media, can also promote the formation of H, gas
(Odziemkowski et al. 1998), and thereby contribute to the
enhancement in PCP dechlorination. Figure 4 presents the
H, gas accumulation in the batch reactors (Fig. 4a). The data
confirm significantly higher (p <0.05) H, gas accumulation
with Nic/Fe bimetallics compared to acid-washed ZVI under
oxic and anoxic conditions. In addition, Nic/Fe showed a larg-
er BET specific surface area (4.46 =0.02 m*/g) compared to
the unwashed (0.250 +0.004 mz/g) and acid-washed (2.31 +
0.01 m?/g) iron. The difference in surface areas of iron and
bimetallic particles also suggests the possibility of composi-
tional or morphological variations between the materials,
which could have influenced the PCP dechlorination
(Cwiertny et al. 2007). It has also been suggested that Ni
can prolong the ZVI activity by preventing the formation
and precipitation of passivating oxide films on the iron surface
(Feng and Lim 2005). This is supported by the Raman

——ZVI-UW (Oxic)
—&—ZVI-AW (Oxic)
—e—Nic/Fe (Oxic)

-& ZVI-UW (Anoxic)
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Fig. 4 a Hydrogen gas accumulating in the headspace of the batch
reactors and b solution pH under oxic and anoxic conditions. Error bars
indicate + one standard deviation. Some error bars are smaller than data
symbols

analysis, which showed that, in comparison to ZVI particles,
Nic/Fe bimetallic particles contained a larger amount of mag-
netite (Table 1) and was maintained over 25 days of reaction
despite the presence or absence of DO.

Incorporation of PCP into and onto the different oxide
phases of ZVI and Nic/Fe materials

The difference between the total and dissolved chlorinated
phenol concentrations was calculated to quantify the amount
of extractable PCP incorporated with the ZVI and oxides to
assess the significance of the incorporation processes. The
amounts of extractable PCP incorporated on unmodified and
modified iron particles are shown in Fig. 5. Incorporation
(sorption, co-precipitation, and/or physical entrapment) of
PCP with the oxides was a significant process with incorpo-
rated and extracted PCP ranging up to 0.06 pmole/g ZV1, i.e.,
6 uM PCP removed from the reaction solution (Fig. 5). When
DO was present, the PCP incorporation onto ZVI and Nic/Fe
surfaces were greater compared to that of the corresponding
anoxic systems. Higher PCP incorporation occurred in the
presence of DO could be a result of the formation of non-
conducting surface passivating oxides and greater incorpora-
tion of PCP with these oxides (Noubactep 2013). Iron oxides
that are forming on the ZVI or bimetallic surfaces during the
exposure to ZVI/H,O/PCP system act as sorption sites for
PCP molecules. The PCP molecules can also be co-
precipitated within the oxide films as the oxide phases evolve.
Further, some non-conducting oxide films forming on the ZVI
surface also result in hindrance to the electron transfer process

——ZVI-UW (Oxic)
—A—ZVI-AW (Oxic)
—e—Nic/Fe (Oxic)

-©-ZVI-UW (Anoxic)
-A-ZVI-AW (Anoxic)
-©-Nic/Fe (Anoxic)

0.06

(umole/g ZVI)
o
>
S

0.02

PCP incorporated and extracted

Reaction time (Days)

Fig. 5 Amount of extractable PCP incorporated on unmodified and
modified iron particles under oxic and anoxic conditions. Error bars
indicate + one standard deviation. The initial amount of PCP available
in each system =0.19 pmole/g ZVI. The level of 0.06 pmole/g ZVI of
extractable PCP incorporated corresponds to 6 uM PCP removed from
the solution
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(Gunawardana et al. 2018; Noubactep 2013). After 25 days of
reaction, all but one system had the amount of PCP incorpo-
rated and extracted between 0.03 and 0.04 umole/g ZVI, de-
spite the differences in the total amount of PCP in the systems
(Fig. 5). After 25 days, the incorporated PCP in the oxic Nic/
Fe system was significantly higher (»p <0.05) (0.038 umole/g
ZVI) compared to the anoxic Nic/Fe system (0.005 umole/g
ZV1) (Fig. 5). On the other hand, after 25 days of reaction in
the presence of DO, the amount of extractable PCP incorpo-
rated with the Z VI systems was not statistically different from
that of the corresponding anoxic systems.

In addition to its role in various oxides formation on
the ZVI surface, DO is an electron acceptor (Yang and
Lee 2005) and expected to inhibit PCP dechlorination
by competing for electrons. To assess the magnitude of
this effect, the PCP degradation rates were estimated by
fitting the experimental data to a first-order reaction.
The rate of PCP degradation was evaluated using the
first-order rate model:C = Coefkt, where ¢ is the reaction
time [h], C is the PCP concentration [uM] at time ¢, Cy
is the initial PCP concentration [uM], and & is the first-
order rate constant [k, hfl]. The resulting rate constants
(kops) are presented in Table 2. These results show that
PCP dechlorination is slower in the presence of DO.
This conclusion is supported by significantly lower
(» <0.05) hydrogen gas accumulation observed in the
presence of DO with the acid-washed ZVI and Nic/Fe
systems (Fig. 4a)—no hydrogen gas was detected with
unwashed ZVI. In the presence of a catalyst, hydrogen
can efficiently transform chlorinated chemicals, produc-
ing reduced daughter products along with chloride and
hydrogen ions. The pH of the reaction (Fig. 4b) was not
controlled and there was a general increase in pH over
the reaction time from pH 6 to 7 initially to pH 6.7 to
7.8 after 25 days of reaction. There was a slight de-
crease in pH between 15 and 25 days for Nic/Fe sys-
tems, and this may reflect the greater role of dechlori-
nation of PCP by H/H, in the Nic/Fe bimetallic sys-
tems; i.e., H/H, + RCl—-H*"+RH + CI” (Hu et al. 2018).

Table 2 First-order rate constants for PCP degradation

Conclusions

PCP dechlorination using ZVI (unwashed and acid washed) and
nickel-coated ZVI (Nic/Fe) bimetal was examined in the pres-
ence and absence of DO. The presence of DO resulted in slower
dechlorination rates and led to significantly decreased PCP de-
chlorination by ZVI and Nic/Fe. This effect could be attributed to
(1) the competition of DO with PCP for the electrons generated
during ZVI corrosion and (2) decreased ZVI reactivity due to the
formation of non-conducting surface passivating oxides such as
maghemite, hematite, and lepidocrocite. The as-received un-
washed ZVI demonstrated significantly lower PCP dechlorina-
tion while acid washing of ZVI significantly enhanced the PCP
dechlorination under oxic condition. Despite the presence of DO,
the Nic/Fe resulted in significantly higher PCP dechlorination
compared to the ZVI systems. When DO was present,
tetrachlorophenols were the main degradation product with
ZVT systems and Nic/Fe resulted in phenol being the major
end product along with small concentrations of lower
chlorophenols after 25 days of reaction. The unwashed ZVI sur-
face was mainly covered with wustite during the reaction under
oxic condition, while the increase in the amount of magnetite
detected was slower in the presence of DO compared to the
anoxic system. The presence of DO resulted in the formation
of passivating oxides (maghemite, hematite, lepidocrocite, ferri-
hydrite) on the acid-washed ZVI and Nic/Fe surfaces. These
passive oxides resulted in high PCP incorporation and decreased
PCP dechlorination efficiency in acid-washed ZVI and Nic/Fe
systems under oxic conditions. The availability of DO can vary
in groundwater. Therefore, from a practical perspective, the find-
ings provide greater insight regarding the influence of DO on
PCP dechlorination and on the formation of iron oxides and their
impact on PCP dechlorination/incorporation when using ZVI
and bimetals. In particular, the results are of interest for the ap-
plication of ZVI and Nic/Fe for in-situ remediation of PCP-
contaminated groundwater and determining the dechlorination
efficiency of these systems. Further, this study offers evidence
on the use of Nic/Fe bimetal that allows for enhanced PCP de-
chlorination despite the presence of DO.

Type of treatment

Observed reaction rate constant (kopg, h 1)

Coefficient of correlation (%)

331 (*0.59)x 10
7.53 (£0.66) x 10~
127 (£0.12)x 1073
1.65 (£0.14)x 1073
2.69 (£0.35)x 107>
4.00 (+£0.38)x 107>

ZVI-UW (oxic)
ZVI-UW (anoxic)
ZVI-AW (oxic)
ZVI-AW (anoxic)
Nic/Fe (oxic)
Nic/Fe (anoxic)

0.93
0.95
0.96
0.97
0.95
0.98

UW, unwashed ZVI; AW, acid-washed ZVI; Nic/Fe, nickel-coated acid-washed ZVI

+ Indicates the 95% confidence limits
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