
Chapter 12
Chlorophenols Dechlorination Water
Treatment Using Ni-Iron Bimetallic
Systems: Implications of the Degree
of Chlorination, Nickel Coating, and Iron
Oxide Phases

Buddhika Gunawardana, Naresh Singhal, and Peter J. Swedlund

12.1 Introduction

Chlorophenols (CPs) are manufactured organochlorine compounds and contain phe-
nol (an aromatic compound) with chlorines (between one and five). Phenol is man-
ufactured with the addition of a hydroxy group to a carbon in benzene replacing
a hydrogen. The group of CPs includes mono-CPs, di-CPs, tri-CPs, tetra-CPs, and
pentachlorophenol and altogether 19 different chlorophenol isomers (ATSDR 1999).

CPs are often used as chemicals for wood preservation, disinfectants, pesticides,
and herbicides (ATSDR 1999). Use of CPs is causing extensive groundwater and
drinking water contamination because of improper disposal of CP containing waste,
leaching from landfills containing CP-treated waste, evaporation from treated wood
products, waste generated during paper production and bleaching of wood pulp with
chlorine, and burning of wastes with CPs (ATSDR 1999). In addition, CPs can be
dissolved in drinking water because of the chlorination of trace levels of phenolic
compounds present in water, if any, during the disinfection process, as complex
compounds formed if hypochlorite acid reacts with phenolic acids and phenoxy
herbicides degradation products (WHO 2003).
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The United States Environment Protection Agency has listed some of the CPs
as priority toxic pollutants (USEPA 2019, 2018a, b). Toxicity of CPs increases with
increasing degree of chlorination (Czaplicka 2004). Among all CPs, pentachlorophe-
nol (PCP), a wood preservative and biocide (UNEP 2014), is reported as the most
toxic CP (Tanjore and Viraraghavan 1994). Further, PCP is listed as a human car-
cinogen (IARC 2019; USEPA 2010), priority pollutant (USEPA 2019, 2018a, b;
EC 2016), and toxic to aquatic organisms (UNEP 2014). The maximum contam-
inant level of PCP in drinking water has been imposed as 1 ppb (USEPA 2018a,
b). Increased awareness about the toxicity and environmental impacts of CPs has
led to banning or restricting the use of PCP worldwide (UNEP 2014). However,
persistence of CPs leads to the continued ubiquitous presence of CP compounds
as contaminants in surface water, groundwater, soil, and sediments. Dechlorina-
tion and removal of PCP have gained attention in contaminated groundwater treat-
ment. However, degradation/removal of tetrachlorophenol (TeCP), trichlorophenol
(TCP), and dichlorophenol (DCP) have received only little attention. Treatment and
removal of CPs has become a difficult task due to their inherent characteristics such
as hydrophobic nature and aromaticity linked stability.

Degradation of various CPs has been reported using different technologies in the
literature. Reductive dechlorination of CPs with zero-valent iron (ZVI) has been
reported by Gunawardana et al. (2018) and Kim and Carraway (2000); photocatal-
ysis process has been tested by Lan et al. (2011), Li et al. (2011) and Ma et al.
(2019); microbial degradation-assisted dechlorination was reported by Xu et al.
(2018), Yang and Chen (2016); use of membrane biofilm reactors was reported by
Long et al. (2018). Among the various treatment techniques available, ZVI is popular
as a reactive medium for dechlorination of chlorinated contaminants because of the
aspects such as economical, relatively highly reactive, and pose minimal environ-
mental impact (Choi et al. 2008; Gunawardana et al. 2011; Kim and Carraway 2000).
Use of permeable reactive barriers (PRBs) is a passive treatment and a financially
feasible method for the treatment of contaminated groundwater (Henderson and
Demond 2007; Fu et al. 2014; Furukawa et al. 2002). ZVI with a variety of particle
sizes can be used as the reactive medium in PRB applications. However, microscale
ZVI has been commonly tested and popular for dechlorination of chlorinated organic
contaminants (Cheng et al. 2007; Choi et al. 2008; Chun et al. 2010; Gillham and
Ohannesin 1994; Feng and Lim 2005; Kim and Carraway 2000; Klausen et al. 2003;
Matheson and Tratnyek 1994; Nardo et al. 2010; Patterson et al. 2016; Phillips et al.
2010).

The reductive dechlorination process of chlorinated organics by ZVI is depen-
dent on a number of variables. The contaminant transformation when in contact
with ZVI in the aqueous medium is led by various species which act as reducing
agents that are simultaneously present in the aqueous system and lead to, (1) direct
contaminant reduction by the electrons released from Fe0 (primary reductant), and
(2) indirect contaminant reduction by other reductants such as electrons released by
adsorbed/structural FeII (secondary reductants), H/H2 and Fe3O4 and green rust (ter-
tiary/quaternary reductants) (Hu et al. 2018). Previous studies have reported various
factors that influence the reactivity, longevity, and dechlorination potential of ZVI
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(Gunawardana et al. 2018, 2019; Henderson and Demond 2007, 2011; Jeen 2005;
Jin suk et al. 2009; Li and Benson 2010). Among the many factors, the inherent
characteristics of the iron oxide phases cause a major influence on the reactivity of
ZVI and dechlorination potential (Gunawardana et al. 2018, 2019). Such iron oxide
phases can be the oxides initially present on the ZVI surface before reaction with
CPs as well as the oxides continuously evolving during the reaction of CPs in the
CP-ZVI system. In general, different iron oxide phases are present as a combination
on an as-received unmodified ZVI particle surface that is formed because of the
exposure of ZVI to atmospheric O2 during many stages of ZVI processing such as
the production process and storage conditions (Cornell and Schwertmann 2003). In
addition, when ZVI is introduced to an aqueous medium, various iron oxides and/or
oxyhydroxide precipitates continuously evolve and accumulate on the ZVI surface
because of Fe0 oxidation and ZVI corrosion occurring in the ZVI/H2O environment
(Matheson and Tratnyek 1994). The iron oxides initially present or form during the
reactions can also affect the ZVI performance over time. There are several competing
mechanisms by which the iron oxides formed on ZVI can either enhance or inhibit
ZVI reactivity. These oxides can act as (1) reactive or non-reactive sorption sites
for contaminant molecules, (2) incorporate the contaminants and entrap within an
oxide film during its formation, (3) affect the number of effective reactive sites and
surface area available on ZVI for dechlorination, and (4) impede the electron transfer
process, especially when these oxide phases formed on the ZVI are non-conducting
passive oxide layers (Davenport et al. 2000; Gotpagar et al. 1999; Noubactep 2007;
2013; Ritter et al. 2002; Scherer et al. 1999).

The characteristics of different iron oxide phases on the ZVI surfaces (initially
present and that are formed while reacting with the CPs) play a significant role on
the ZVI reactivity for dechlorination (Gunawardana et al. 2018). Magnetite is known
to comprise a high electrical conductivity with a low bandgap between its valence
and conduction bands (0.1 eV;) Cornell and Schwertmann (2003) and lead to an
enhancement in the electron transfer (Liu et al. 2006). In contrast, some FeIII oxides
and oxyhydroxides claim for a higher bandgap between the valence and conduction
bands (e.g. lepidocrocite 2.06 eV; goethite 2.10 eV; maghemite 2.03 eV; and wustite
2.30 eV) (Cornell and Schwertmann 2003). These oxides result in ZVI surface passi-
vation and hinder the ability of electrons and contaminant molecules transfer process
through the interfaces of solid and liquid (Farrell et al. 2000). ZVI surface passivation
has been observed when non-conducting oxides (haematite, 2.20 eV; lepidocrocite,
wusite) form on the ZVI surface which seems to hinder the electron transfer process
from the Fe0 to CP molecules (Gunawardana et al. 2019). Therefore, the applica-
tion of ZVI in PRBs for CP dechlorination is limited by various factors such as (1)
decrease in degradation rates during the reaction period because of reduction in ZVI
surface reactivity as a result of passive oxide phases formation, and (2) build up of
degradation products during the reaction which may be competitors simultaneously
present in the aqueous medium competing as co-contaminants for the same reactive
sites and electrons for dechlorination (Gunawardana et al. 2018).
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The application of bimetals synthesized with the combination of another sec-
ondary metal such as Ni, Pd, or Pt [comprise of a high reduction potential than ZVI;
ZVI,−0.44V;Ni,−0.257V; Pd, 0.915V; or Pt, 1.188V;Arning andMinteer (2007)]
on the ZVI surface has been tested to mitigate the limitations to the use of ZVI to
remove chlorinated organic compounds (Choi et al. 2008; Gunawardana et al. 2019;
Kim and Carraway 2000; Ko et al. 2007; Shih et al. 2011; Wang et al. 2008; Zhang
et al. 2006). Enhanced hydrodechlorination of chlorinated phenols was reported by
bimetals (Choi et al. 2008; Ko et al. 2007; Liu et al. 2001; Xu et al. 2012; Zhou et al.
2010) and aliphatic compounds (Feng and Lim 2005; Schrick et al. 2002). On the
other hand, some studies did not observe any PCP degradation when using unmodi-
fied ZVI (Hou et al. 2009; Morales et al. 2002), while Pd/Fe, Pd/Mg (Morales et al.
2002), and Ni/Fe (Cheng et al. 2010; Zhang et al. 2006) partially dechlorinated PCP
with build up of lower degree CPs and phenol. The nanoscale bimetals (e.g. Pd/Fe)
showed high reactivity and transformed 4-CP, 24-DCP, and 246-TCP to phenol (Zhou
et al. 2010). In contrast, Kim and Carraway (2000) reported a significant reduction
in PCP dechlorination when using bimetals such as Pd/Fe, Pt/Fe, Ni/Fe, Cu/Fe com-
pared to unmodified ZVI. The increased reactivity of bimetals could be attributed
to the (1) secondary metal acting as a catalyst and enhancing the CP hydrogenation
reaction and (2) formation of galvanic cells and enhances the electron transfer pro-
cess (Tian et al. 2009). The cost of Pd or Pt is high, thus limiting the field application
potential. Hence, Ni as an effective and economical alternative secondary metal is
preferable for actual field application of bimetals as the reactive medium in PRB
systems (Kim and Carraway 2000).

During the reactions, dechlorination is the preferred mechanism. However, other
than the dechlorination process, incorporation ofCPmoleculeswith the oxides during
their evolution throughout the reaction claims a crucial role in the CPs removal from
water by bimetal/water systems (Gunawardana et al. 2018, 2019; Noubactep 2008).
Interestingly, CPs incorporation, that is sorption, co-precipitation, and/or physical
entrapment, with the iron oxide phases occurs concurrently with the dechlorination
(Gunawardana et al. 2019). The incorporated CP molecules with the oxide layers
limit the availability of CPs in the aqueous phase in direct contact with the bimetals
for dechlorination, thus such incorporated CPs cannot be further degraded. Further,
the incorporation process could be influenced by the physical–chemical properties of
CPs and affect the efficiency of bimetals for theCPs dechlorination process. Increased
amounts of ligand sorption on to iron oxides have been observed with the increase in
pKa values of the ligand compounds (Song et al. 2008). Thus, it can be hypothesized
that the affinity for incorporation of CPs with the oxide phases will increase with the
decrease in the degree of chlorination of CPs; pKa of 2,4-DCP, 2,4,6-TCP, 2,3,4,6
TeCP, and PCP are 7.68, 5.97–7.42, 5.22–5.62, 4.60–5.25, respectively (Olaniran
and Igbinosa 2011; Shiu et al. 1994). In addition, the changes in the morphology of
the ZVI or bimetal surface due to the formation of various iron oxide phases over
time under different conditions can change the surface properties/reactivity of iron
and dramatically affect the CP removal processes from solution (Gunawardana et al.
2018, 2019).
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The degradation of CPs using ZVI, other metals or bimetals and a comparison
betweenCP degradation efficiencies have been studied by previous researchers (Choi
et al. 2008; Kim and Carraway 2000; Ko et al. 2007; Liu et al. 2001; Xu et al. 2012).
Previous studies have concentrated on comparing the reactivity of different metals
or bimetals (with Pd, Ni as the catalyst) for CP degradation. Although these studies
had reported that the ZVI materials used were obtained from different suppliers,
comprehensive studies have not been carried out to identify the potential role of ZVI
surface characteristics (e.g. oxide phases) on the reactivity for CP dechlorination.

Further, PCP sorption using one type of ZVI has been quantified (Kim and Car-
raway 2000) as well as sorption with bimetals (Ni/Fe, Pd/Fe, Pt/Fe, Cu/Fe, Mg/Ag,
Pd/Mg) (Kim and Carraway 2000; Patel and Suresh 2006; 2007). Nonetheless, there
are no comprehensive studies reported in the literature which uses ZVI-based bimet-
als to investigate incorporation levels of different CPs with different degree of chlo-
rination. The sorption onto iron oxides could be influenced by the physical–chemical
properties of CPs, which could lead to concerns with CPs dechlorination efficiency
by ZVI and bimetals. Previous research also provides evidence that ligands with a
greater pKa value resulted in increased sorption onto iron oxides such as ferrihy-
drite (Song et al. 2008). Based on this concept, it may be expected that the tendency
for incorporation will increase as the degree of chlorination decreases, given that
the pKa of 2,4-DCP, 2,4,6-TCP, 2,3,4,6 TeCP and PCP are 7.68, 5.97–7.42, 5.22–
5.62, 4.60–5.25, respectively. Consequently, the possible relationship between iron
oxide formation, CP dechlorination and/or incorporation as well as the effect of
degree of chlorination on CPs incorporation/dechlorination processes when using
bimetals remains uncertain and requires proper studies to understand the underlying
mechanisms.

Therefore, in view of the gaps in the literature, this study aimed at investigating
the effectiveness and efficiency of bimetallic particles for CP dechlorination and
the effect of degree of chlorination and iron oxide phases on CPs incorporation
and dechlorination when using Ni/Fe bimetallic system. Four model contaminants
(PCP, 2,3,4,6-TeCP, 2,4,6-TCP, 2,4-DCP) were chosen for the study. These CPs were
selected as they are common degradation products of PCP dechlorination and due
to the toxic concerns of these CPs in the environment (ATSDR 1999; Tanjore and
Viraraghavan1994).Both dechlorination and incorporation processes of selectedCPs
were examined using Ni/Fe bimetal. The present study also focused on the distinct
role CP removal mechanisms (dechlorination and incorporation) in removing CPs
from the aqueous phase as a function of the different variables considered during the
present study.
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12.2 Materials and Methods

12.2.1 Materials

High purity chemicals such as PCP powder (ACS grade, 98%), 2,3,4,6-
tetrachlorophenol (2,3,4,6-TeCP, Supelco, 98%), 2,4,6-trichlorophenol (2,4,6-TCP,
Aldrich, 98%), 2,4-dichlorophenol (2,4-DCP, Aldrich, 99%), analytical standards of
PCP, phenol, chlorophenol isomers in methanol and nickel sulphate (NiSO4.6H2O,
>98%)were purchased fromSigma-Aldrich.Analytical grade solvents (ethyl acetate,
acetone), sulphuric acid (H2SO4), and hydrochloric acid (HCl) were obtained from
Ajax Finechem. A stock solution (5000 mg/L) of individual CPs, i.e. PCP, 2,3,4,6-
TeCP, 2,4,6-TCP, and 2,4-DCP was prepared with the use of ethyl acetate as the
solvent. Deionized (DI) water with resistivity of 18.20 M�cm was prepared using a
Millipore-Q system and used for all the experiments. For the preparation of deoxy-
genated DI water (DW), the DI water was first degassed at 80 °C and 100 kPa for
one hour using a vacuum pump and then sparged with O2-free N2 gas for half an
hour (dissolved oxygen level <0.2 mg/L).

The bimetal particles, i.e. nickel-coated ZVI (Ni/Fe) were synthesized as
explained by.Kim and Carraway (2000) The ZVI used for the preparation of Ni/Fe
particleswas electrolytic ironpowder (<100mesh,NorthAmericanHöganäs).Before
using for Ni/Fe synthesis, the ZVI particles were pre-treated with H2SO4 (Liu et al.
2006). For the acid pre-treatment, as-received ZVI particles (500 g) were added to
1 N H2SO4 solution (1.5 L), the mixture was agitated for 30 minutes at 100 rpm
and room temperature using a rotary shaker, and rinsed with DW. Post-rinsing of the
particles with DW, they were dried under continuous purging of N2 gas for 4 hours
at 100 °C and then stored under N2 gas environments until use for the synthesis
of Ni/Fe bimetals. The Ni/Fe particles were prepared using a reductive adsorption
method (Kim and Carraway 2000). A reaction solution with Ni was prepared by
adding a known volume of a Ni stock solution (2 ml of 2.4% Ni solution prepared
with NiSO4.6H2O and 10% H2SO4) to 200 ml of DW water (pH of the prepared
solution = 1.60). Then, 100.0 (±0.01) g of acid pre-treated ZVI was added to the
solution (Kim and Carraway 2000). The mixture containing the Ni and ZVI was
placed on a rotary shaker and agitated for one hour at 100 rpm and followed by rins-
ing with DW and acetone, air-dried at room temperature, and stored under O2-free
N2 gas to use for the experiments. The Ni2+ solution was analysed for total Ni con-
centration pre- and post-exposure to acid-washed ZVI using the atomic absorption
spectroscopy (AAS). The AAS results showed 92% Ni removal from the solution
after Ni/Fe synthesis. Hence, based on the AAS analysis, the content of Ni deposited
on the Ni/Fe bimetallic particles was calculated to be 442 ppm (mg of Ni per kg of
Fe).



12 Chlorophenols Dechlorination Water Treatment Using … 277

12.2.2 Experimental Procedure

Batch experiments were performed using Wheaton amber vials (30 ml) under iden-
tical experimental settings and anoxic conditions over the 25 day reaction period.
Individual stock solution of PCP, 2,3,4,6-TeCP, 2,4,6-TCP, and 2,4-DCP (5000mg/L)
was prepared using ethyl acetate. EachCPwas added and tested as a single compound
in each vial. The initial concentration of each CP introduced to the batch reactors
was 5 mg/L. This was equivalent to 19 µM of PCP, 22 µM of 2,3,4,6-TeCP, 25 µM
of 2,4,6-TCP, and 31µMof 2,4-DCP being initially introduced and available in each
system before reaction with Ni/Fe bimetal. In each batch reactor, 1.00 (±0. 01) g
of Ni/Fe and 10 ml DW were added and 10 µl of the respective CP stock solution
was spiked. The high purity O2-free N2 gas was used as the headspace gas and the
batch reactors were continuously purged with high purity O2-free N2 gas during the
addition of deoxygenated water, CP stock solution, and during setting up the batch
experiments to keep the reactors under anoxic conditions. The batch reactors were
immediately sealed with aluminium caps with PTFE/silicone septa after the addition
of respective CP solution and continuously agitated at 100 rpm on a rotary shaker at
23 (±1) °C until each sampling time. The control vials were prepared in a similar
procedure without the addition of Ni/Fe bimetal particles. Duplicate experiments
were conducted. At every sampling time over 25 days reaction duration, the pH of
the reaction solution was monitored. At each sampling time, four reactors with Ni/Fe
and two control vials without Ni/Fe were used for analyses.

The remaining concentration of parent CPs and the corresponding degradation
products (Total CP concentration) as well as the aqueous concentrations of the parent
CPs (dissolved CP concentration) in each reactor was determined at each sampling
time using separate vials. A liquid–liquid extraction method with acid modification
was used to extract theCPs from theNi/Fe solids and the reaction solutions (Gunawar-
dana et al. 2018; Kim and Carraway 2000). The total concentrations, which is the
dissolved plus incorporated concentration of parent CPs and its degradation products,
were determined after extracting the Ni/Fe bimetal/water mixture with ethyl acetate
and concentrated HCl. In order to measure the concentration of total CP and degra-
dation products, ethyl acetate (5 ml) was added to each batch reactor (containing the
reaction solution and Ni/Fe particles). The mixture was continuously agitated for
30 minutes on a rotary shaker at 100 rpm, and then 1 ml concentrated HCl was added
and the mixture was agitated for another ten minutes (Kim and Carraway 2000).
The aqueous concentration (i.e. dissolved) of the parent CPs was determined after
extracting the filtered reaction solutions with ethyl acetate and concentrated HCl. For
the quantification of dissolved CPs in the solution, aqueous solution (9 ml) filtered
by 0.2 µm regenerated cellulose (RC) membrane filters was used to along with the
liquid–liquid extraction procedure using ethyl acetate/HCl as explained above for
the quantification of total CP concentrations. After the liquid–liquid extraction pro-
cedure, 1.5 ml of the ethyl acetate layer was extracted, filtered (0.2 µmRC) and then
stored in GC/MS autosampler vials for CPs and degradation product analysis. The
solid contents (Ni/Fe particles) from the batch reactors sacrificed for quantification
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of the dissolved CP concentration were kept and utilized for the characterization of
the iron oxide phases formed and present during the reaction period using Raman
analysis.

12.2.3 Analysis

Quantification of CPs and its degradation products was carried out using the gas
chromatography–mass spectrometer (Shimadzu model GCMS-QP2010S, Japan)
(Gunawardana et al. 2018, 2019). A capillary column (ZEBRON ZB5-msi) with
the dimensions of 30 m L × 0.25 mm ID × 0.25 µm thickness was used for the
analysis. Selected ion monitoring (SIM) method was used with split mode injection
of two µl of the sample at a ratio of 80:1 for separation and quantification of parent
CP and degradation products. The carrier gas was high purity helium (1 ml/min),
injection temperature 250 °C, column temperature program: 70 °C for 2 minutes,
ramped at 5 °Cminute−1 to 200 °C and held for 2minutes, and ramped at 10 °Cmin−1

to 300 °C, and held for 5 minutes. A gas chromatograph (GC—SRI 8610C) with a
column (HayeSep Q 80/100, Alltech, 6′ × 1/8′′× 0.085′′ SS) coupled with a thermal
conductivity detector (TCD) was used for quantification of the amount of hydro-
gen gas accumulated in the headspace of batch reactors during the reaction period.
The operating conditions of the GC/TCD were: column temperature—24 °C; carrier
gas—N2 with a 10 ml/min flow rate.

12.2.4 Solid-Phase Characterization

The specific surface area of the unmodified ZVI, acid-washed ZVI, and Ni/Fe
bimetallic particles were determined using the Brunauer–Emmett–Teller (BET) N2

method and a Micromeritic Tristar 3000 (USA). The morphology, characteristics,
and elemental information on selected regions of the ZVI and Ni/Fe surfaces and the
presence of Ni on the Ni/Fe particle surface were obtained using FEI Quanta 200 F
environmental scanning electron microscope (ESEM) coupled with a SiLi (lithium
drifted) energy dispersive spectroscopy (EDS) (USA). A back-scattered detector was
used with a 20 kV beam potential to collect the images.

Raman spectroscopy (RenishawRaman system1000 spectrometer, Australia)was
used to identify (1) the specific iron oxides present on the Ni/Fe particles prior to
exposure toCP solutions and (2) the specific iron oxides formed on theNi/Fe particles
post-exposure to CP solutions. Eight oxide phases typically present on iron surfaces
(akaganeite, maghemite, haematite, magnetite, lepidocrocite, goethite, feroxyhyte,
ferrihydrite) were considered, synthesized as the reference iron oxides (Cornell and
Schwertmann 2003), and characterized using Raman spectroscopy (Gunawardana
et al. 2018). A natural wustite mineral specimen was characterized by EDS and
Raman analysis and confirmed with the literature (Nadoll and Mauk 2011). During
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the Raman analysis, of all Ni/Fe samples reacted with CPs, it was observed that the
spectra of different iron oxides present overlapped extensively, which indicated the
presenceof amixture of oxidephases.Thepresenceof amixture of oxidephasesmade
it complex for clear identification of individual oxide phases in the observed spec-
tra. Therefore, multivariate curve resolution with alternating least squares (MCR-
ALS) within MATLAB (Mathworks®) was used for quantification of specific iron
oxides (Jaumot et al. 2005). The green rust oxides were excluded and not considered
for the group of reference spectra, as they are reported as unstable and subject to
transformation to other oxides under the conditions used in the present study.

The effect of Ni/Fe treatment on the concentration of different CPs degraded
after 25 days reaction period was compared using statistical analysis (one-way and
two-way analysis of variance) and SPSS statistical software (IBM SPSS Statistics
version 20.0.0 [SPSS Inc., USA]). The effect of Ni/Fe treatment on the amount of CP
degraded, levels of extractable CPs incorporated as well as H2 gas accumulated after
25 days reaction were compared. The differences were considered as significant at
95% confidence level.

12.3 Results and Discussion

12.3.1 Dechlorination of Chlorophenols Using Ni/Fe

The degradation of four CPs (PCP, 2,3,4,6-TeCP, 2,4,6-TCP, 2,4-DCP) using Ni/Fe
and the subsequent formation of daughter compounds is presented in Fig. 12.1. After
25-day reaction period, the CPs reactivity with Ni/Fe in the order of highest to lowest
was: PCP> 2,3,4,6-TeCP> 2,4,6-TCP≈ 2,4-DCP (Fig. 12.1). After 25 days reaction,
approximately 55%of PCP, 46%of 2,3,4,6-TeCP, 34%of 2,4,6-TCP, and 30%of 2,4-
DCP, which was initially introduced to each system, were removed from the aqueous
phase (Fig. 12.1). Among the four CPs tested, PCP showed a significantly higher
amount of dechlorination (p< 0.05), whereas 2,4,6-TCP showed a significantly lower
amount of dechlorination (p < 0.05) after 25 days of reaction with Ni/Fe.

Dechlorination of PCP and 2,3,4,6-TeCP using Ni/Fe resulted in accumulation of
CPs with a lower degree of chlorination, with trace amounts of phenol being detected
(Fig. 12.1b, c).

The CPswith a lower degree of chlorination continuously forming and accumulat-
ing in the system during the reaction of PCP or TeCP with Ni/Fe bimetal (Fig. 12.1b,
c) can create a competition for the same electrons and reactive sites on the Ni/Fe
and ZVI surfaces for dechlorination. Hence, the formation and gradual accumulation
of CPs with a lower degree of chlorination may create adverse impacts on the rate
of dechlorination of PCP or TeCP by Ni/Fe. Such a competitive effect between the
parent CP and daughter CPs (with a lower degree of chlorination) can lead to partial
dechlorination of PCP or TeCP. On the other hand, when 2,4,6-TCPwas reacted with
Ni/Fe, small concentrations ofDCPs andmonochlorophenols (MCPs)were observed
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Fig. 12.1 a Ni/Fe bimetal degradation of Pentachlorophenol , 2,3,4,6-tetrachlorophenol

, 2,4,6-trichlorophenol and 2,4-dichlorophenol ; b Ni/Fe bimetal degradation of pen-

tachlorophenol and formation of TeCPs , TCPs , DCPs ,MCPs , and phenol

; c Ni/Fe bimetal degradation of 2,3,4,6-tetrachlorophenol and formation of TCPs ,

DCPs , MCPs , and phenol ; d Ni/Fe bimetal degradation of 2,4,6-trichlorophenol

and formation of DCPs and MCPs , and e Ni/Fe bimetal degradation of 2,4-

dichlorophenol and formation of MCPs ; control ; mass balance . Error bars
indicate± one standard deviation. Total TeCPs were the sum of all the TeCPs measured, total TCPs
were the sum of all the TCPs measured, total DCPs were the sum of all the DCPs measured and
total MCPs were the sum of all the MCPs measured
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as the main degradation products (Fig. 12.1d). Degradation of 2,4-DCP using Ni/Fe
resulted in the accumulation of minute concentrations of MCPs as the end product
(Fig. 12.1e).

The mass balance recoveries obtained for PCP and 2,3,4,6-TeCP with Ni/Fe
bimetallic system were within 93–96% of the amount of respective CP initially
added to the solution (Fig. 12.1). The remaining two CPs (2,4,6-TCP and 2,4-DCP)
demonstrated high mass balance recoveries (91–97%) during the initial reaction
period (Fig. 12.1). The 2,4,6-TCP and 2,4-DCP concentrations decreased over the
reaction time, and however, a noticeable increase in the corresponding dechlorina-
tion products was not observed resulting in a gradual decrease of mass balance of
these two CPs over time (Fig. 12.1). Despite the greater mass balance recoveries
demonstrated by 2,4,6-TCP and 2,4-DCP at the beginning of the reaction period,
these mass recoveries decreased considerably to between 70 and 80% during the
later stages of the reaction period (Fig. 12.1d, e). As such, it could be suggested that
CPs incorporation must have been a significant process of removal of 2,4,6-TCP and
2,4-DCP from solutionwhen usingNi/Fe. The incomplete recovery of the parent CPs
with a lower degree of chlorination and/or their degradation products could possibly
be attributed to the formation of iron oxides with different characteristics, strong
incorporation of CP molecules with the oxides formed during the reaction and lack
of extraction/recovery of CPs and the degradation products during the extraction
process (these aspects are elaborated in the subsequent sections).

The CPs dechlorination reaction with Ni/Fe bimetal demonstrated pseudo-first-
order behaviour withCt =C0e−kt, whereC0 is the initial CP concentration (µM),Ct

is theCP concentrations at reaction time t (µM), and k is the first-order observed reac-
tion rate constant (day−1). The observed reaction rate constants were 0.0594 day−1,
0.0275 day−1, 0.0180 day−1, and 0.0170 day−1 for PCP, 2,3,4,6-TeCP, 2,4,6-TCP and
2,4-DCP, respectively. The trend of the observed rate constants (highest to lowest)
further supports the observed reactivity of the CPs with Ni/Fe (PCP > 2,3,4,6-TeCP >
2,4,6-TCP > ≈ 2,4-DCP). The behaviour and observed rate constants are consistent
with previous research reports where the batch experiment results proved first-order
behaviour when chlorinated phenols were degraded with bimetallic systems (Choi
et al. 2008; Kim and Carraway 2000; Ko et al. 2007; Liu et al. 2001). The general
trend of CP reaction rates with Ni/Fe bimetal (1) did not comply with the data pre-
sented by Ko et al. (2007) who reported increased reaction rates using Ni/Fe with the
decreased degree of chlorination and (2) agree with Patel and Suresh (2006) findings,
who reported a decrease in reaction rates with the decreased degree of chlorination
using Mg/Ag bimetal. This discrepancy between the reaction rates of this study and
previous studies could be due to the differences in, (1) experimental conditions, (2)
ZVI characteristics, (3) type/quantity of catalyst used, and (4) method of reaction
rates estimation. The surface area normalized dechlorination reaction rate constants
(KSA) of CPs inwater-Ni/Fe bimetal systemwas calculated based on theBET specific
surface area of Ni/Fe and found to be 0.02 × 10−2 Lm−2 day−1 for PCP and 0.01 ×
10−2 Lm−2 day−1 for 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP. It was not possible to
estimate the area of only the reactive sites on the Ni/Fe surface; the measured BET
specific surface area of Ni/Fe metal surface is an absolute measurement representing
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the total area of Ni/Fe metal surface. Hence, the reactivity of Ni/Fe bimetal for CP
dechlorination could be assessed only based on the observed dechlorination reaction
rates.

It was anticipated that the use of Ni as a catalyst would result in enhanced CPs
dechlorination by Ni/Fe bimetal. However, the use of Ni/Fe bimetal resulted in
only partial dechlorination of CPs tested. Partial dechlorination of CPs observed
with Ni/Fe could be a result of the formation of a permanent Ni coating as a
thin film on the ZVI surface during Ni/Fe preparation, which could cover the
ZVI reactive sites thus restricting the electron and CP molecules transfer process
for effective dechlorination. These aspects are discussed under Sect. 12.3.2-Ni/Fe
characterization.

12.3.2 Characterization of ZVI and Ni/Fe Material

The analysis of specific surface area of various materials showed that the specific
surface area of unmodified ZVI, acid pre-treated ZVI, and Ni/Fe were 0.212± 0.002,
0.910 ± 0.003, 2.696 ± 0.011 m2/g, respectively. An increase in the ZVI surface
area after each modification indicates the possibility of variations and changes of the
composition or morphology between the materials after respective modifications,
which could have influenced the CP dechlorination potential (Cwiertny et al. 2007).

The surface morphology and elemental distribution on the ZVI, Ni/Fe surfaces
and the presence and distribution of Ni on the bimetal particles were obtained using
the ESEM-EDS analysis (Fig. 12.2). The EDS analysis showed Fe, O, and C as the
main elements on the unmodified and acid pre-treated ZVI surfaces (Fig. 12.2a, b).
The EDS scans done in many small regions on the surface of the Ni/Fe bimetallic
particles did not show any evidence of scattered deposition of Ni over the ZVI sur-
faces. An example of an EDS scans done on small areas on the Ni/Fe particles are
shown in Fig. 12.2c [Fig. 12.2c; (i), (ii), and (iii) areas marked in red)]. However, the
EDS scans done on a wide area on the Ni/Fe surface demonstrated the presence of
deposited Ni [Fig. 12.2c (iv) area marked in red]. Prior to using for the preparation of
Ni/Fe bimetallic particles, the acid-washed ZVI surface was initially mainly covered
with magnetite. Due to magnetite’s high conductivity, Ni0 could be rapidly deposited
as a thin layer on the surface of the acid pre-treated ZVI particles during the syn-
thesis of Ni/Fe. The assumption underlying this hypothesis is that due to the high
conductivity of magnetite, the reduction of Ni2+ to Ni0 occurs instantaneously and
rapidly on a magnetite surface. Accordingly, based on the observations of this study,
we hypothesize that during the Ni/Fe synthesis and reductive Ni deposition process
(Fe0 + Ni2+ → Ni0 + Fe2+), Ni has deposited on the ZVI, not as clusters/scattered
deposition of Ni particles scattered/dispersed in parts of the ZVI surface but as a thin
Ni film over the ZVI surface. A schematic diagram illustrating the behaviour of the
ZVI and oxide phases during the acid washing and Ni/Fe preparation is presented as
Fig. 12.3.
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Elemental analysis on Ni/Fe bimetallic 
surface using ESEM/EDS

Location Elemental weight (%)
Fe O C Ni

(i) 83.3 12.8 3.9 -
(ii) 84.3 12.2 3.5 -
(iii) 85.0 11.5 3.5 -
(iv) 83.9 11.7 4.2 0.2

Elemental analysis on as 
received ZVI surface using 
ESEM/EDS

Location
Elemental weight 
(%)

Fe O C
(i) 94.1 3.3 2.6

2.8
1.9

(ii) 93.3 3.9
(iii) 94.5 3.6

Elemental analysis on acid 
washed ZVI surface using 
ESEM/EDS

Location
Elemental weight 

(%)
Fe O C

(i) 85.5 10.8 3.7
3.9
3.5

(ii) 86.3 9.8
(iii) 88.0 9.5

(i)

(ii)

(iii)

(c)

(i)
(ii)

(iii)

(a)

(ii)
(i)

(iii)

(b)

Fig. 12.2 Environmental scanning electron microscopy (ESEM) images and EDS analysis, a as-
received ZVI, b acid-washed ZVI, cNi/Fe. The areas marked in red squares were randomly selected
and scanned using the EDS for elemental analysis

The oxides present on the Ni/Fe bimetallic surfaces pre- and post-reaction with
CPs were determined by Raman spectroscopy and MCR-ALS analysis. Typical
Raman patterns of the reference oxide phases considered during the study are shown
in Fig. 12.4. The typical Raman spectra of unmodified ZVI, acid pre-treated ZVI,
unreacted Ni/Fe bimetal, and Ni/Fe bimetal after 25 days reaction with the four CPs
are shown in Fig. 12.5.
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Fig. 12.3 Possible behaviour of the ZVI and respective oxide phases during acid washing process
and Ni/Fe bimetal preparation

The relative amounts of oxides present on the Ni/Fe (estimated by MCR-ALS
analysis) before and after reaction with CPs are presented in Table 12.1. Prior to
reaction with CPs, only magnetite was present on the Ni/Fe surface. However, during
the reaction of each CP with Ni/Fe, a decrease in the relative amount of magnetite
was observed (Table 12.1). In contrast, while magnetite amount was decreasing,
several other iron oxides (akaganeite, haematite, lepidocrocite, wustite, goethite,
ferrihydrite) were detected on the Ni/Fe surface during the 25 days reaction period
with each CP tested (Table 12.1).

The changes in the iron surface morphology due to the formation of various iron
oxide phases over time under different conditions can change the surface proper-
ties/reactivity of iron and dramatically affect the CP removal processes from solution
(Gunawardana et al. 2011, 2018). In addition, the reactivity of the Ni/Fe bimetallic
iron surfaces could be affected by the electric conductivity of oxide phases present
and formed on the Ni/Fe and iron surfaces.

Findings showed that the dechlorination of CPs could be limited by the formation
of akaganeite, haematite, goethite, lepidocrocite, and wustite (Table 12.1) as they
have low conductivities at room temperature compared to magnetite (Cornell and
Schwertmann 2003). The passive oxides formed seemed to decrease the number
of redox reactive sites on the Ni/Fe surface and impede the electron transfer and
transport of CP molecules. Such phenomenon could hinder the CP dechlorination
leading to partial dechlorination and accumulation of lower degree CPs (Fig. 12.1),
and possibly increased the CPs incorporation process (especially, 2,4,6-TCP and
2,4-DCP) with the iron oxides.

The relative amounts of passive oxide phases detected on theNi/Fe surface showed
a progressive growth over the reaction duration, especially when 2,4,6-TCP or 2,4-
DCP was introduced as the testing CP in the reactors (Table 12.1). This progressive
growth of passive oxides as well as their ageing could lead to further entrapment of
the adsorbed CPs in the oxides/oxyhydroxides structures and reduce desorption of
such CP molecules to the aqueous phase. Lack of availability of CPs in the aqueous
phase could further limit the dechlorination of CPs by Ni/Fe.
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Fig. 12.4 Raman spectra of
reference iron oxides used

CPs with higher pKa values (2,4-DCP: pKa of 7.68 and 2,4,6-TCP: pKa of 5.97–
7.42) seemed to have a higher tendency for incorporation with the oxides hindering
the dechlorination process. Furthermore, when 2,4,6-TCP and 2,4-DCP were react-
ing with Ni/Fe, detection of lower amounts of magnetite and greater amounts of
passive oxides (akaganeite, haematite, lepidocrocite, wustite, goethite, ferrihydrite),
compared to the amounts of respective oxides detected with PCP and 2,3,4,6-TeCP,
provides evidence of decreased reactivity of 2,4,6-TCP and 2,4-DCP observed with
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Fig. 12.5 Raman spectra of
samples that was unreacted:
a ZVI (as-received) b ZVI
(acid-washed) c Ni/Fe
bimetal, and typical sample
spectra after 25 days reaction
of Ni/Fe with d PCP e TeCP
f TCP g DCP

the Ni/Fe bimetal. During the reaction of 2,4,6-TCP and 2,4-DCP with Ni/Fe, var-
ious passivating oxides started accumulating on the ZVI surface immediately dur-
ing the initial reaction period of 1 day when in contact with Ni/Fe. Furthermore,
Raman analysis showed continuous accumulation of such passivating oxides on the
Ni/Fe surface throughout the 25-day reaction period of 2,4,6-TCP and 2,4-DCP with
Ni/Fe. This progressive growth of passive oxides as well as their ageing could lead
to strong entrapment of the adsorbed CP molecules with the oxides/oxyhydroxides
structures and reduce the extraction/desorption potential of such CPs during the
chemical extraction process resulting in poor mass balance recoveries. Based on the
literature, FeII oxides have a greater solubility compared to that of FeIII oxides and
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Table 12.1 Percentages of iron oxides present on the iron surface at the start, after 1 day, 12 days,
and end of experiments (estimated by MCR-ALS analysis)

Treatment Type of CP Type of iron oxide

Akgt Hemt Magnt Lepidt Goeth Wus Ferrih

ZVI
(as-received)a

– – 74 – – 24 <5

ZVI
(acid-washed)b

– – 100 – – – –

Ni/Fec – – 100 – – – –

Ni/Fed PCP – <5 95 – – <5 –

2,3,4,6-TeCP – <5 90 – 7 – –

2,4,6-TCP – 5 86 5 <5 <5 –

2,4-DCP <5 – 82 <5 <5 <5 <5

Ni/Fee PCP – 5 88 – – 7 –

2,3,4,6-TeCP – <5 84 – 12 – –

2,4,6-TCP <5 6 74 7 <5 7 –

2,4-DCP 5 – 75 10 <5 <5 <5

Ni/Fef PCP – 10 71 – – 13 6

2,3,4,6-TeCP – <5 75 – 23 – –

2,4,6-TCP <5 14 61 8 5 12 –

2,4-DCP 9 – 65 15 <5 <5 6

Akgt Akaganeite, Hemt Haematite, Magnt Magnetite, Lepidt Lepidocrocite, Goeth Goethite,
Wus Wustite, Ferrih Ferrihydrite
aThe ZVI (as-received) surface at the start of the experiment
bThe ZVI (acid-washed) surface at the start of the experiment
cThe Ni/Fe bimetal surface at the start of the experiment
dThe Ni/Fe surface after 1 day of reaction
eThe Ni/Fe surface after 12 days of reaction
fThe Ni/Fe surface after 25 days of reaction
“–” Respective iron oxide(s) were not detected on the metal surface(s)
“<5” Percentage amount of respective iron oxide(s) detected on the metal surface(s) was less than
5%

magnetite has a greater solubility compared to Fe(OH)2 (Cornell and Schwertmann
2003). Thus, the incorporated CP and/or degradation products with the passive iron
oxides seemed to be difficult to extract using HCl and ethyl acetate leading to poor
CP mass balance (Fig. 12.1).

On the other hand, during the reaction of PCP and 2,3,4,6-TeCP with Ni/Fe
bimetal, magnetite was the dominant oxide phase at the beginning and through-
out the reaction period although some passive oxides started accumulating on the
Ni/Fe towards the later part of the 25 days reaction period (Table 12.1). Presence
of low levels of passivating oxides on the Ni/Fe surface during the reaction of PCP
and 2,3,4,6-TeCP could potentially result in (1) lower levels of incorporation of the
degradation products (i.e. CPs with lower degree of chlorination) with such oxide
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phases and (2) greater desorption and extraction efficiency of such lower degree CP
degradation products (2,4,6-TCP and 2,4-DCP) and higher mass balance.

Nonetheless, the exact reasons for the variations observed in the forma-
tion/accumulation of different oxide phases during the reaction of Ni/Fe with various
CPs of different degree of chlorination (i.e. PCP, 2,3,4,6-TeCP, 2,4,6-TCP, and 2,4-
DCP) could not be explained by the findings of the present study. Therefore, specific
studies need to be conducted to understand the behaviour and surface chemistry of
ZVI and Ni/Fe bimetallic reactions when reacting with the CPs with different degree
of chlorination.

12.3.3 Accumulation of Hydrogen Gas in Batch Reactors

Hydrogen gas accumulated in batch reactors was measured at each sampling time.
The data of hydrogen gas formed during the reaction of the four CPs (PCP, 2,3,4,6-
TeCP, 2,4,6-TCP, and 2,4-DCP) with Ni/Fe bimetal is presented in Fig. 12.6a. The
hydrogen gas formation was observed with all the treatments, although the total
hydrogen pressure remained <0.5 atm even after 25 days of reaction.

In a Ni/Fe bimetal system, Ni can perform as a catalyst to enhance the formation
of atomic hydrogen or a metal hydride phase on the iron surface. Hence, Ni can
potentially enhance the CP degradation via hydrodechlorination (Ko et al. 2007;
Tian et al. 2009). Also, the catalytic activity of Ni is known to enhance the H2

gas production as a result of enhanced ZVI corrosion and encourage H2 to react as
a reductant (Feng and Lim 2005; Matheson and Tratnyek 1994). However, in this
study, lowhydrogengas accumulation (Fig. 12.6a) andpartialCPdechlorinationwere
observed (Fig. 12.1). The lower hydrogen gas formation with Ni/Fe is indicative
of (1) lower reactivity of Ni/Fe, (2) inhibition of production of H2 gas due to the
deposition of Ni possibly as a thin layer concealing the reactive sites on the ZVI

Fig. 12.6 a Hydrogen gas accumulated in the batch reactors b variation in solution pH for 25 days
reaction of CPs with Ni/Fe. Error bars represent ± one standard deviation
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surface, or (3) formation of passive oxides blocking the ZVI reactive surfaces. Less
hydrogen gas formation with the Ni/Fe (Fig. 12.6) is consistent with the lower/partial
CP degradation observed using this system (Fig. 12.1).

The rate of hydrogen gas formation may vary depending on the characteristics of
the ZVI surface as well as the electron acceptors present in the systems. However,
the results showed that the rate of hydrogen gas accumulation with each CP was
approximately the same with some fluctuations observed with 2,4-DCP and seems
to be independent of the type of CP present in the system (Fig. 12.6).

The solution pH was measured at each sampling time with Ni/Fe and each CPs
and the data is presented in Fig. 12.6b. In general, an increase in the solution pH was
observed over the reaction duration. An increase in pH from 5.6 or 6.1 to 6.1 or 7.1
was noted during the initial reaction period (1–2 days) followed by a pHdecrease over
the remaining duration of the experiment. After 25 days of reaction, the pH levels
between 6.3 and 6.9 were observed with all treatments (Fig. 12.6b). An increase
in solution pH occurs due to a consumption of protons during CP dechlorination
and production of hydroxide ions during metal corrosion. In addition, some studies
attributed the change in solution pH to the accumulation of daughter compounds with
different acid dissociation constants during the degradation of parent CP compound
using zero-valent metals (Kim 1999; Liu et al. 2001). Previous studies also have
reported an increase in solution pH during interaction of CPs with ZVI and/or ZVI-
based bimetals (Choi et al. 2008; Kim and Carraway 2000; Liu et al. 2001; Wei et al.
2006).

12.3.4 Incorporation of Chlorophenols onto Ni/Fe Solid
Phase and Iron Oxides

Removal of the tested CPs from solution with Ni/Fe occurred due to concurrent
dechlorination and incorporation. The amount of extractableCP incorporated per unit
mass ofNi/Fe (Cs,µmoleCP/g ofNi/Fe)was calculated in each systemas follows:CS

= [(CT − CW) *VW)]/MNi/Fe, where CT = total system CP concentration [µmole/l];
CW = aqueous phase CP concentration [µmole/l];VW = volume of aqueous solution
[l]; andMNi/Fe = initial amount of Ni/Fe used in the batch reactor [g]. The amounts
of extractable CP incorporated in the Ni/Fe solid phase are presented in Fig. 12.7.

A rapid increment in the amount of incorporated CPs was observed during
the initial reaction period up to 5 days (Fig. 12.7), which could be due to sorp-
tion of CPs on to the reactive and/or non-reactive sites of Ni/Fe particles and/or
physical entrapment/co-precipitation of CPs with the iron oxides (Noubactep 2009;
Noubactep 2008). In addition, the compounds present in the Ni/Fe bimetallic-water
system as well as the iron oxide phases forming on the Ni/Fe surface subject to
continuous change, thus could affect the amount of CPs incorporated with the oxide
phases during the reaction period. Approximately constant levels of incorporated
and extracted CP concentration demonstrated by some CPs at the later stages of the
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Fig. 12.7 Incorporated and extracted CP concentrations on Ni/Fe when reacted with Ni/Fe. Error
bars represent ± one standard deviation. Initial amount of PCP (0.19 µmole/g Ni/Fe), 2,3,4,6-
TeCP (0.22 µmole/g Ni/Fe), 2,4,6-TCP (0.25 µmole/g Ni/Fe) and 2,4-DCP (0.31 µmole/g Ni/Fe)
were available in each system

reaction (Fig. 12.7) could be attributed to strong incorporation of such CPs with the
oxide phases formed during the reaction and lack of recovery of these incorporated
CP molecules.

Noticeable amounts of lower degree CPs and/or phenol would be expected to be
detected in the Ni/Fe systems as end products when dechlorination is the principal
process. However, as illustrated in Fig. 12.1, when 2,4,6-TCP and 2,4-DCP reacted
with Ni/Fe, only minute levels of CPs were detected as end products in the respective
systems. Consequently, incorporation must have been a significant removal process
of 2,4,6-TCP and 2,4-DCP byNi/Fe from solution. Nevertheless, the detectedminute
levels of CPs as end products in these systems provide evidence of dechlorination;
however, a majority of these end products may have also been incorporated with the
iron oxides during the reaction.

This studydoes not facilitate the identificationof the specific incorporationprocess
such as sorption, co-precipitation, or physical entrapment with the oxide phases.
However, the findings of this research provide evidence of a decrease in the mass
recovery with the decrease in the degree of chlorination of CPs (Fig. 12.1). This is
expected based on the theory of decrease in sorption affinity of CPs for an iron oxide
with the degree of chlorination increases (as illustrated in Fig. 12.1). The fact that the
lower degree CPs had the lowest recovery during extraction supports the possibility
that oxide phases remaining after extraction strongly retain some of the CPs.

12.4 Conclusions

The effect of degree of chlorination on dechlorination and incorporation of four
CPs (PCP, 2,3,4,6-TeCP, 2,4,6-TCP, and 2,4-DCP) was investigated using Ni/Fe
bimetallic iron particles. Ni/Fe treatment resulted in partial CPs dechlorination and
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accumulation of lower CPs. In general, CPs with a higher degree of chlorination
demonstrated greater CP dechlorination. The reactivity of CPs with Ni/Fe bimetal-
lic system followed the sequence of PCP > 2,3,4,6-TeCP > 2,4,6-TCP ≈ 2,4-DCP
over the 25 days reaction. As the degree of chlorination of the CPs decreased, the
CPs showed an increased affinity for incorporation (sorption, co-precipitation and/or
physical entrapment of CP and/or degradation products) with the iron oxides, incom-
plete mass recovery of CPs, and decreased dechlorination. In particular, 2,4,6-TCP
and 2,4-DCP demonstrated a greater tendency for incorporation with the iron oxides.
This effect of 2,4,6-TCP and 2,4-DCP may be attributed to the higher pKa values
of these two CPs leading to a greater affinity for incorporation with the oxides thus
lack of availability of these two CPs in the aqueous phase hindering the dechlorina-
tion. Furthermore, relatively high amounts of passive oxides (akaganeite, haematite,
lepidocrocite, wustite, goethite, ferrihydrite) along with relatively low amounts of
magnetite (compared to that with PCP and 2,3,4,6-TeCP) was detected during the
reaction of 2,4,6-TCP and 2,4-DCP with Ni/Fe bimetal. The passive oxides seemed
to hinder the dechlorination of 2,4,6-TCP and 2,4-DCP, but possibly increased CPs
incorporation with the oxides.
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