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efficiency and selectivity of
organohalide dechlorination by zerovalent iron†

Feng He, *a Li Gong,a Dimin Fan, b Paul G. Tratnyek *c

and Gregory V. Lowry d

The efficiency and selectivity of zerovalent iron-based treatments for organohalide contaminated

groundwater can be quantified by accounting for redistribution of electrons derived from oxidation of

Fe0. Several types of efficiency are reviewed, including (i) the efficiency of Fe(0) utilization, 3Fe(0), (ii) the

electron efficiency of target contaminant reduction, 3e, and (iii) the electron efficiency of natural

reductant demand (NRD) involving H2O, O2, and co-contaminants such as nitrate, 3NRD. Selectivity can

then be calculated by using 3e/3NRD. Of particular interest is 3e and the key to its determination is

measuring the total quantity of electrons provided by Fe0 oxidation, which can be based on either the

loss of Fe(0), the formation of Fe(II)/Fe(III), or the composition of the total reaction products. Recently,

many data have accumulated on 3e for the treatment of various chlorinated solvents (esp.

trichloroethylene, TCE) by zerovalent iron (ZVI), and analysis of these data shows that ZVI particle

properties (e.g., stabilization with polymers, bimetallic modification, sulfidation, etc.) and other

operational factors have variable effects on 3e. Of particular interest is that pre-exposure of ZVI to

reduced sulfur species (i.e., sulfidation) consistently improves the 3e of contaminant reduction, mainly by

suppressing the reduction of water.
Environmental signicance

The criteria used in the selection and optimization of water treatment processes include not only the rate and products of contaminant degradation, but also the
efficiency with which material or energy inputs (e.g., amendment with zerovalent iron) result in changes in contaminant and other species concentrations.
Reliable comparison between treatment systems, or the effects of operational variables on treatment performance, requires clear and consistent denitions for
the quantication of various types of process efficiency and selectivity. This is illustrated for the treatment of organohalide contaminated groundwater with
zerovalent iron, where the data are available to compare different denitions of efficiency and the benets of various strategies for increasing the efficiency (e.g.,
suldation).
1. Introduction

In all but the simplest chemical reaction systems, there are
alternative routes for reactant utilization and product forma-
tion, and accounting for these alternatives is oen done in
terms of “selectivity” and “efficiency” (or related concepts like
the “branching ratio”, “yield”, and “capacity”). These concepts
are general and therefore widespread across many areas of
chemistry, but their denition and methods of application
of Technology, Hangzhou 310014, China.
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usually have been treated as ad hoc and system-specic. This
contributes to ambiguities and inconsistencies that can make
comparisons between studies difficult. These challenges make
it hard to generalize about the factors that control efficiency and
selectivity, which probably has impeded progress towards the
optimization of a variety of engineered chemical processes.

One system that exemplies all of the above characteristics is
the reduction of halogenated hydrocarbon contaminants in
water using zerovalent iron (ZVI). This process is widely used for
a variety of water treatment applications, most notably the
remediation of groundwater contaminated with chlorinated
solvents (e.g., trichloroethylene, TCE) by the application of
granular, microscale, or nanoscale ZVI.1–5 Most aspects of this
system have been studied extensively, ranging from the kinetics
of specic contaminant reduction reactions to the effects of
subsurface conditions on the overall remediation perfor-
mance.6–8 There is also extensive literature on ZVI-based treat-
ments for other contaminants of concern (COCs), especially
metals and metalloid oxyanions (chromate, arsenate,
This journal is © The Royal Society of Chemistry 2020
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pertechnetate, etc.),9–12 some of which address the efficiency and
selectivity of those processes.13–18 Because the science and
engineering of contaminant degradation, especially dechlori-
nation, in the Fe–water system are relatively mature, most
current research is now focused on higher-level issues like the
optimization of the process to maximize its efficiency for
contaminant degradation (e.g., electron efficiency).19–21

Throughout this manuscript, the term “efficiency” is used in
a precise technical sense (i.e., the relative quantity of inputs to
outputs in a process22), rather than the common but casual and
not entirely accurate use of the term as a synonym for the rate of
contaminant removal (e.g., “removal efficiency”5 and “degra-
dation efficiency”23). Given the focus of this work on organo-
halide reduction by ZVI, the general denition of efficiency we
use here is the relative quantity of electrons transferred from
ZVI to each of the competing product formation reactions.
Given that ZVI is a rather strong reductant that can drive redox
reactions with a variety of natural oxidants, including water,
other (co)-contaminants (esp. nitrate and heavy metals), and
dissolved oxygen, efficiencies can also be dened for each
individual process or for groups of processes such as reactions
with all non-contaminant oxidants (i.e., natural reductant
demand, NRD). All of these types of efficiencies correspond to
Type II dened in a recent study20 and are the primary focus of
this paper.

Additional types of efficiency arise because the ZVI used in
groundwater remediation is a particulate material with variable
composition and availability for reaction with solution species
(e.g., nano-scale ZVI that may react fully while mm-scale ZVI can
passivate before all of the Fe(0) is oxidized). These efficiencies
were classied as Type I in Qin et al.20 and also are addressed in
this study. Furthermore, it has been suggested that branching
among pathways of degradation product formation (e.g., via
hydrogenolysis vs. reductive elimination) might be classied as
an efficiency (Type III in Qin et al.20), but they are best expressed
as product “yields”,24–27 and are only addressed in this review as
examples of “selectivity”. Insofar as all of these types of effi-
ciencies involve accounting for the redistribution of electrons
with a system of redox reactions, they should be interrelated,
and clarifying some of these relationships is a major goal of this
work.

Throughout this manuscript, the term “selectivity” also is
used in a precise technical sense (i.e., the relative quantity of
two inputs or two outputs22). Therefore, in the context of this
work, selectivity is usually used to refer to the ratio of effi-
ciencies of two pathways of product formation from the reac-
tion of ZVI with organohalides and NRDs, respectively. Here,
organohalide dechlorination is the desired reaction whereas
reduction of various NRDs is the main undesired reaction. For
example, the reduction of water by ZVI to form hydrogen (i.e.,
hydrogen evolution reaction (HER)) is the most important
undesired reaction output of ZVI because water is present at
much higher concentration than contaminants and water
cannot be exhausted. As a result, the selectivity of dechlori-
nation over the HER can be poor for many types of ZVI.
Another form of selectivity involves the relative rates of two
parallel contaminant reduction reactions, which could be
This journal is © The Royal Society of Chemistry 2020
applicable to a mixture of chlorinated compounds. While ZVI
may exhibit different selectivity for different organohalide
contaminants, this selectivity among contaminants is not our
focus because this review is mostly interested in considering
dechlorination processes as a whole, which is distinguished
from reduction of NRDs.

A fundamental issue that applies generally to the efficiencies
and selectivities discussed below is the role of time. In a system
like organohalide dehalogenation by ZVI, the contributing
reactions proceed at different rates and these reactions can
change system conditions that further alter reaction rates over
time. The net effect of these time-dependent processes can
cause changes in efficiencies as the process proceeds from
beginning to end.28 Most studies have either avoided this issue
or assumed that a relatively steady-state condition is reached by
the end of experiments and efficiencies calculated at this point
are comparable.20 The latter may be adequate for some
purposes, but there are many possible reasons why this could
give misleading results. However, there also are ways this issue
can be turned into an advantage, such as in the systematic
comparison of efficiencies obtained under halocarbon- vs. ZVI-
limiting conditions,29 which is discussed below.

All of the above general issues regarding the denition,
quantication, and interpretation of electron efficiencies in the
system of organohalide reduction by ZVI have received height-
ened attention in the last few years. This is the result of several
factors, including (i) widespread recognition that the promised
benets of nano-scale ZVI could not be achieved without
improving its efficiency and therefore longevity for abiotic
reductive dechlorination in situ, (ii) discovery that the treatment
of ZVI with reduced forms of sulfur (i.e., suldation) can
signicantly improve the efficiency of dechlorination by ZVI,
and (iii) general advancement of this eld of research such that
more advanced process questions can be addressed. The effi-
ciency implications of suldation are especially signicant, and
they have motivated much of the recent work on the efficiencies
of water treatment processes involving ZVI, so this aspect is
emphasized in the latter sections of this review. Overall, this
review aims to present a systematic overview of past and current
research on the efficiency and selectivity of ZVI for dechlorina-
tion by summarizing a broad range of topics including the
fundamental terminology, quantitation approaches, environ-
mental factors that affect efficiency, and natural and engi-
neering enhancements of efficiency.
2. Classification of efficiencies

The overall relationship between types of efficiencies involved
in contaminant degradation by ZVI is summarized in Fig. 1. The
rst type of efficiency to consider is the fraction of Fe(0) that is
available for reaction in the time frame relevant for remediation
(months to years). The fraction of Fe(0) associated with ZVI that
is available for oxidation (by contaminants and non-target
species combined) has been referred to as the “utilization
ratio” or “efficiency of Fe(0) utilization”.15,29 This quantity (3Fe(0))
is dened by eqn (1).
Environ. Sci.: Processes Impacts, 2020, 22, 528–542 | 529
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Fig. 1 Summary of the relationship between the particle efficiency (3),
efficiency of Fe(0) utilization (3Fe(0)), electron efficiency (3e or EE) of
contaminant reduction, and the electron efficiency of NRD (e.g., H2O,
O2, and other oxidants) reduction (3NRD). Earlier versions of this
conceptual model can be found in Qin et al.15

Environmental Science: Processes & Impacts Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
C

ig
gi

lta
 K

ud
o 

20
20

. D
ow

nl
oa

de
d 

on
 0

6/
02

/2
02

6 
8:

19
:2

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3Feð0Þ ¼ MFeð0Þ;initial �MFeð0Þ;final
MFeð0Þ;initial

(1)

whereMFe(0),initial andMFe(0),nal are the initial molar quantity of
Fe0 and the nal quantity of Fe0 at the end of the particle's
reactive lifetime. In this case, particle lifetime is operationally
dened by complete loss of reactivity for dechlorination, which
differs from the endpoint used for some of the other efficiencies
dened below. For larger ZVI particles, such as microscale ZVI
(mZVI) or construction-grade ZVI, low 3Fe(0) values should be
common because accumulation of the iron oxide products of
Fe(0) oxidation results in complete passivation before the Fe(0)
at the particle core reacts.

The electrons released by accessible Fe(0) (as dened by
3Fe(0)) can be utilized to reduce the primary COC or the other
oxidants such as H2O, dissolved oxygen, nitrate, or non-target
co-contaminants. The efficiency of electron utilization for
contaminant reduction relative to all of the reduction reactions
has been termed electron efficiency (3e or EE), whereas the
electron efficiencies of reactions with H2O, O2, and other
oxidants can be expressed as 3H2O, 3O2

, and 3other, respectively.
The sum of efficiencies of reduction processes involving these
non-target species that are responsible for natural reductant
demand is dened here as 3NRD.

As indicated by Fig. 1, the overall efficiency with which ZVI
reduces COCs—which was termed “particle efficiency (3)” by Liu
et al.30—is the product of Fe(0) utilization efficiency (3Fe(0)) and
electron efficiency (3e) at the end of the particle reactive lifetime
(i.e., 3 ¼ 3Fe(0) � 3e). Therefore, if the Fe

0 is fully consumed (i.e.,
3Fe(0) ¼ 1), then 3 is equal to 3e.
3. Determination of electron
efficiency (3e)

Electron efficiency (3e) is the fraction of total electrons from
ZVI oxidation that are used in the reduction of COCs (in this
review, dechlorination of organohalides). As shown in Fig. 1,
and discussed further below, the branching between 3e and
3NRD reects the competition between (and selectivity for)
530 | Environ. Sci.: Processes Impacts, 2020, 22, 528–542
oxidants for the electrons donated by Fe0. It should be noted
that, in some cases, this representation may not describe the
actual reaction pathway or mechanism. For example, nZVI
synthesized by the borohydride reduction method (i.e., Fe/B)
was found to give a high electron efficiency (92%), despite
the formation of H2 gas from the reduction of water.30 This
result was shown to arise because the H2 generated was used to
dechlorinate TCE via hydrodehalogenation catalyzed by
amorphous iron.31 This implies that the reduction of water
and TCE dechlorination can involve sequential as well as
parallel processes, even though the accounting used here (and
in general, so far) treats all of the electrons used to reduce H2O
as part of NRD. This simplication does not affect the
approaches to the quantication of 3e that are discussed
below, although it must be considered when interpreting 3e

data as evidence regarding contaminant degradation mecha-
nisms, as explained below.

The quantitative denition of 3e, which usually is expressed
as a percentage, is given in eqn (2):

3e ¼ Ne

Nt

(2)

where Ne is the quantity of electrons utilized for the reduction of
the COC and Nt is the total quantity of electrons provided by the
oxidation of Fe(0). In this denition, each N is described as
a quantity of “electrons” because that is the most convenient
and general basis for determining the extent of redox reactions.
As noted above, however, this does not necessarily imply that
these reactions occur (only) by electron transfer mechanisms,
because various atom-transfer reactions can also contribute to
redox reactions. In previous work,32 we have tried to address this
issue by using the more general term “reducing equivalents”,
but that is not continued in this work for simplicity and
consistency with the majority of other work on this topic. Also,
for modied ZVI, and in particular suldated ZVI, electrons
from iron sulde are not considered here because the dechlo-
rination of organohalides (e.g., TCE) by FeS is typically much
slower than dechlorination by suldated ZVI.
3.1. Quantication of Ne

To determine the quantity of electrons used in any contaminant
reduction reaction from experimentally measured values of
reactants and products, the corresponding redox half-
reaction(s) must be specied. Using TCE dechlorination as an
example, a generic half-reaction can be written as in eqn (3) (Liu
et al.30), which has been used in many studies with minor
variations:29,33

TCE + ne� + mH+ ¼ Products + gCl� (3)

However, several dechlorination products are possible (e.g., cis-
DCE, acetylene, ethane, etc.), which have different values of n,
m, and g. With the quantication of all the reaction products,
the overall value of Ne can be calculated using eqn (4).30

Ne ¼
X

i

nipi (4)
This journal is © The Royal Society of Chemistry 2020
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where ni is the stoichiometry of product i from the reduction of
the target contaminant and pi is the molar quantity of that
product.
3.2. Quantication of Nt

The value of Nt (the total quantity of electrons provided by ZVI)
can be determined from (i) the change in the reductant quantity
(e.g., total Fe0 content of residual particles) or (ii) the change in
the quantity of all reduction reaction products. The former
approach can be performed in two ways: one based on the
decrease in the Fe0 content, and the other is based on the
increase in Fe(II)/Fe(III) species in both solid and aqueous pha-
ses. These two approaches are compared below.

3.2.1. Nt and 3e calculation based on quantifying Fe0 loss.
In the rst work on calculating the particle efficiency of nZVI for
TCE dechlorination under anoxic conditions (Liu et al.30), a half-
reaction for Fe(0) oxidation was assumed whereby 2 moles of e�

are donated by 1 mole of Fe0 (eqn (5)).

Fe0 / Fe2+ + 2e� (5)

Assuming that all of the Fe0 associated with the nZVI is
oxidized, the theoretical quantity of electrons provided is twice
the initial moles of Fe0 added (N0). Therefore, the particle effi-
ciency was calculated by using eqn (6)

3 ¼ Ne/2N0 (6)

Besides eqn (6), Liu et al.30 also proposed a method for
measuring the quantity of residual Fe0 in ZVI at the end of the
reaction (Nr). The Fe(0) content of the particles initially added to
the reactor and from particles recovered from the reactor at the
end of the reaction can be determined from the H2(g) produced
by complete acid digestion using HCl. Only Fe(0) is able to
reduce H+/H2O to H2(g) (Fe

2+, Fe3O4, and any other Fe oxides
cannot reduce H+/H2O to H2(g)), so each mole of H2(g) produced
by the acid digestion is equivalent to a mole of Fe(0) that was
present in the residual ZVI particles. Dened in this way, Nt is
the difference between N0 and Nr.

Later, in a study performed under aerobic conditions,34

a similar approach was used to determine Nt for chromium and
nitrobenzene reduction by ZVI, but it was assumed that 3 moles
of e� were provided by 1 mole of Fe0, according to eqn (7).

Fe0 / Fe3+ + 3e� (7)

Under these conditions, Nt should be calculated using eqn
(8)

Nt ¼ 3(MFe(0),initial � MFe(0),unreacted) (8)

whereMFe(0),initial is the initial moles of Fe0 andMFe(0),unreacted is
the unreacted moles of Fe(0) at the end of the reaction. A similar
approach to calculate Nt for TCE dechlorination by ZVI under
anoxic conditions was taken by Schöner et al. (2015).35

However, in that case, it was assumed that 2.5 moles of elec-
trons were released per 1 mole of Fe0 oxidized (i.e., n ¼ 2.5).
This journal is © The Royal Society of Chemistry 2020
Fe0 / 0.5Fe2+ + 0.5Fe3+ + 2.5e� (9)

This assumption was based on changes in the composition
of iron hydroxides determined by Mössbauer spectroscopy.

The assumption about the number of electrons from Fe(0)
that are available for the reaction will depend on the redox
potential of the COC, and potentially the composition of the
water. So in general, 3e based on the change of Fe(0) can be
expressed as:

3e ¼

X

i

nipi

x
�
MFeð0Þ;initial �MFeð0Þ;unreacted

� (10)

where x represents the moles of electrons given by 1 mole of Fe0

for reduction processes.
The different methods summarized above highlight the need

to accurately determine the reaction products formed and x,
which depends on the fraction of Fe(II) or Fe(III) formed from Fe0

oxidation. The transformation of Fe0 varies with experimental
conditions (e.g., aerobic vs. anoxic) and the contaminant type
(especially, whether reducible by Fe(II) without Fe(0); e.g., CCl4).
In addition, in many cases the iron oxides present include
a diverse and dynamic mixture of phases with variable reac-
tivity.36 Therefore, accurate determination of x requires
measurement of Fe(II) and Fe(III) species in both aqueous and
solid phases.

3.2.2. Nt and 3e calculation from Fe(II)/Fe(III) measure-
ments. If accurate measurements of Fe(II) and Fe(III) in the iron
oxidation products are available, they can be used to calculate
Nt from an alternative expression derived from eqn (5) and (7):

Nt ¼ 2(MFe(II),end � MFe(II),initial)

+ 3(MFe(III),end � MFe(III),initial) (11)

where MFe(II),end and MFe(III),end are the total moles of Fe(II) and
Fe(III) at the end of the reaction, respectively, and MFe(II),initial

and MFe(III),initial are the initial moles of Fe(II) and Fe(III) con-
tained in ZVI. If the initial moles of Fe(II) and Fe(III) are negli-
gible (i.e., ZVI particles with negligible surface oxide), then the
calculation of Nt can be simplied to

Nt ¼ 2MFe(II) + 3MFe(III) (12)

where MFe(II) and MFe(III) are the total moles of Fe(II) and Fe(III),
respectively, in both aqueous and solid phases at the end of
reaction.

In general, the electron efficiency can therefore be deter-
mined from measuring only the reaction products from orga-
nohalide reduction, along with the change in both Fe(II) and
Fe(III) containing species in the system using eqn (13).

3e ¼

X

i

nipi

2
�
MFeðIIÞ;end �MFeðIIÞ;initial

�þ 3
�
MFeðIIIÞ;end �MFeðIIIÞ;initial

�

(13)

When the calculation of Nt based on the changes of Fe(II) and
Fe(III) aer a reduction reaction was rst proposed, Fe(II) and
Environ. Sci.: Processes Impacts, 2020, 22, 528–542 | 531
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Fe(III) in the aqueous phase were determined directly.34 For this,
all of the iron phases were dissolved by acidication and
analyzed with standard spectrophotometric methods under
anoxic conditions. It was assumed that all of the unreacted Fe0

dissolved as Fe(II) during this process. Nonetheless, it is difficult
to distinguish how much Fe(II) was generated from the disso-
lution of oxides containing Fe(II) and how much was from Fe0,
so this method has not been widely adopted.

The main alternatives to dissolution and spectrophotometry
for the speciation of iron are direct spectroscopic methods,
mainly X-ray absorption ne structure (XAFS) analysis and
Mössbauer spectroscopy. For example, a recent study used XAFS
to quantify Fe(II) and Fe(III) in ZVI-derived solids aer reaction
with Se(IV),15 from which efficiencies were calculated. The main
advantage of these direct spectroscopy methods is that they can
identify and quantify specic iron mineral phases. However, for
all the types of efficiencies dened above, this level of iron
speciation detail is not necessary. The main disadvantage of
XAFS is that it can only detect phases present at greater than
about 5%, and the accuracy of quantication of most phases is
only about �10%. Moreover, distinguishing between magnetite
(a mixed Fe(II)/Fe(II) phase) andmaghemite (an Fe(III) phase with
a similar Fe coordination environment) using EXAFS is diffi-
cult.36 Mössbauer spectroscopy can be helpful in distinguishing
between these phases, so a combination of these methods could
prove powerful if sufficient oxide is present. In cases where
there is insufficient oxidation of ZVI—due to anoxic conditions,
or contaminant degradation is so rapid that reaction times are
too short for oxidation by NRD to produce signicant oxide—Nt

can only be accurately determined by back-calculation from all
measured reaction products.

3.2.3. Nt and 3e calculation based on quantifying all reac-
tion products. The calculation of 3e can be based on the quan-
tication of all reaction products, including those from the
target contaminant and side reactions. Complete quantication
of dechlorination products was rst used to determine Ne by Liu
et al. (2005),30 using TCE as the COC and two forms of nZVI as
the reductant. More recently, the approach of quantifying all
reaction products has been developed to calculate 3e for TCE
dechlorination by mechanochemically suldated ZVI (S-
mZVIbm).29 Since the electron acceptors in this anoxic system
included only TCE and H2O, Nt could be calculated as the sum
of the electrons used for reducing TCE (i.e., eqn (4)) and the
electrons used for reducing H2O using eqn (14):

Nt ¼
X

i

nipi þ 2MH2
(14)

whereMH2
is the molar quantity of H2 produced during the TCE

dechlorination. Note that each mol of H2 formed from H+/H2O
requires 2 moles of electrons (H+ + 2e� / H2(g)). One require-
ment for using this approach is that the reactor must allow
headspace measurement of H2. If other oxidants such as nitrate
or co-contaminants are present and their reaction products
(e.g., pj) are measurable, then the electron consumption for
these oxidants should also be considered using eqn (15),20
532 | Environ. Sci.: Processes Impacts, 2020, 22, 528–542
Nt ¼
X

i

nipi þ
X

j

njpj þ 2MH2
(15)

where nj is the stoichiometry of the formed product j from
reduction of a non-target contaminant or oxidant, and pj is the
molar quantity of that product. With this approach, 3e can be
calculated using eqn (16).

3e ¼

X

i

nipi

X

i

nipi þ
X

j

njpj þ 2MH2

(16)

Similarly, the electron efficiency for the HER can be written
as:

3H2
¼ 2MH2X

i

nipi þ
X

j

njpj þ 2MH2

(17)

The electron efficiency for reduction involving co-
contaminants or other oxidants that contribute to NRD can be
written with similar equations, for example as was done for
nitrate in competition with NDMA20 and chromate against
TCE.37

The approach represented by eqn (16) has several advantages
over the approaches that rely on solid phase characterization.
First, this approach requires only solution phase measure-
ments, which are generally more accessible and sensitive than
specialized instrumentation requiring signicant mineralogical
transformation for detection. Secondly, the solution-based
approach also allows repeated determination of 3e over the
reaction course without the need for ZVI to reach the end of its
reaction or sacricing reactors for recovering and character-
izing solid iron phases. This provides an opportunity to evaluate
3e as a function of reaction time. Due to all of these advantages,
this product-based approach is the most frequently adopted to
calculate electron efficiency.20,21,37–40 Nevertheless, this method
still has shortcomings. The most signicant one is that if
oxygen is present (i.e., oxic conditions), the method is less
useful because the products of reaction with oxygen, such as
oxyhydroxide precipitates and OH�, are not easily quantied.
3.3. The linkage between different 3e quantication
approaches

It is noteworthy that the three approaches discussed above for
calculating Nt and 3e are related and the results should be
comparable under certain conditions. For example, under
excess iron and anoxic conditions, the 3e for dechlorination of
TCE by nanoscale Fe–Pd and Fe–Ni was determined to be 99.9%
and 69%, respectively, based on the approach of quantifying all
reaction products.39 However, if Nt was calculated based on the
change of Fe0 assuming n ¼ 2, then 3e would be 93% and 72%,
which are similar to the 3e calculated by quantifying reaction
products. This also suggests that further oxidation of Fe(II) to
Fe(III) by oxidants such as TCE was minimal.
This journal is © The Royal Society of Chemistry 2020
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4. Factors affecting the electron
efficiency of dechlorination by ZVI

The three types of electron efficiencies described above are
affected by factors that can be intrinsic or extrinsic. The
intrinsic factors relate mainly to the physical and chemical
properties of ZVI (e.g., particle size, crystallinity, surface area,
hydrophobicity, or dopants), whereas the extrinsic factors
include many environmental system variables, such as water
pH, target contaminant concentration, and the presence of non-
target reducible co-contaminants. These effects on 3e can be
further complicated by changes in the system over time as
reactions proceed (cf. Section 4.2.4). To provide a quantitative
basis for the comparison and interpretation of the how particle
properties and environmental conditions affect the efficiency,
we have summarized the available data in Table S1† and Fig. 2.
The gure illustrates some of the effects that these factors have
on efficiency, and these are discussed further below.
4.1. Effect of ZVI particle properties on electron efficiency

Modication of the ZVI composition or surface can improve
treatment performance. Most recent work on this has focused
on nanoscale ZVI, which has included: (i) bimetallic modica-
tion to enhance reactivity, (ii) stabilization with polymer coat-
ings or carbon supports to enhance particle stability and
mobility in the subsurface, and (iii) suldation to increase 3e.
The substantial practical benets of suldation have motivated
most of the new work on the efficiency of ZVI-based treatment
processes, but the resulting advances are applicable to the
(mostly earlier) work on the rst two phases noted above.

4.1.1. Effect of bimetallic modication. The combination
of ZVI with catalytic noble metals was the rst intensively
studied approach to increase the reaction rate and to broaden
the types of contaminants amenable to reduction.41–46 These
bimetallic materials are easily prepared by reductive precipita-
tion of metals (e.g., Pd, Pt, Ni, Ag, or Cu) with more anodic
Fig. 2 Summary of published efficiency data from studies of contamina
were reported are plotted at one position on the datum axis, which was s
efficiency are represented in the figure by the marker type and color. The
the ESI.†

This journal is © The Royal Society of Chemistry 2020
reduction potentials than Fe(0). Bimetallic modication usually
results in a thin discontinuous layer of noble metal “islands” on
the ZVI surface.47 This layer of deposited metal can enhance the
reactivity of bimetallic particles by (i) galvanic coupling between
the two metals, (ii) hydrodehalogenation catalyzed by the noble
metal,48 (iii) conductive islands in the oxide layer, and/or (iv)
a cathodic shi in corrosion potentials;42 although only catalytic
hydrodehalogenation and galvanic coupling are commonly
considered.

While there has been abundant evidence that bimetallic
modication of ZVI can accelerate the rates of both dechlori-
nation and hydrogen evolution, it was not as clear whether
bimetallic modication enhances the electron efficiency. One
recent study,39 found that the 3e for TCE dechlorination by
nanoscale Fe–Pd, Fe–Ni, Fe–Cu, Fe–Ag, and nZVI with excess
TCE ranged from 100% to �2%, following the order of Pd > Ni
[ Cu, Ag and unmodied ZVI. However, the rate of hydrogen
evolution in the absence of TCE followed a similar order (i.e., Pd
> Ni > Ag > Cu > unmodied), indicating that the bimetallic
compounds also increase reactivity with water. The higher 3e for
Pd and Ni, despite the higher hydrogen evolution rate,
presumably is because Pd and Ni can catalyze hydro-
dechlorination by the H2 produced from anoxic corrosion of
Fe(0). For Ag and Cu, which do not dissociate H2 and use it for
hydrodechlorination, the 3e was comparable to that of nZVI
(Fig. 2, red markers in the lower-le corner). However, it should
be noted that the high 3e of Fe–Pd and Fe–Ni measured in the
laboratory is not consistent with the eld performance of
bimetallic nZVI observed in several pilot-scale eld demon-
stration studies, where source treatment using Fe–Pd nano-
particles showed little or no persistence of abiotic
dechlorination.49,50 This may be due to a combination of (i)
catalyst deactivation, (ii) the generated H2 diffusing away from
the ZVI surface, or (iii) mass transfer limitations of TCE. For
example, a laboratory study showed that Pd-nZVI, aer 24 h
exposure to water without TCE, exhibited signicant surface
nt reduction by ZVI. For each experiment, all types of efficiencies that
orted by increasing value of 3e. Some of the main factors that affect the
data and meta-data compiled for this analysis are given in Table S1 of

Environ. Sci.: Processes Impacts, 2020, 22, 528–542 | 533
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oxidation that buried the Pd catalyst, resulting in a signicant
loss of dechlorination reactivity.51

4.1.2. Effect of stabilization by polymer coatings. Polymers
and surfactants such as carboxymethyl cellulose (CMC) have
been adsorbed onto nZVI surfaces to limit agglomeration and
enhance particle mobility in porous media.3,52 These polymer
coatings provide steric or electrosteric repulsive forces to
counter the intraparticle magnetic attraction.53 Limiting the
agglomeration of the particles can provide more surface area
and enhance their reactivity, but coating reactive surfaces with
unreactive organic matter tends to be passivating in general,54

so it is not clear how the adsorption of polymers onto the
particle surfaces will affect the efficiency of specic reduction
reactions, or the selectivity among them. This effect will depend
on how the adsorbed polymer affects reactivity with the target
contaminant relative to non-target constituents, e.g. water. Both
Saleh et al. (2007)55 and Phenrat et al. (2009)56 showed that
adsorbed polymers on nZVI lowered the rate of TCE relative to
the unmodied particles. However, the adsorbed polymers did
not decrease the rate of hydrogen evolution (unpublished data).
A more recent study reported that CMC stabilization of nZVI
decreased 3e for TCE by about 15-fold (0.43% to 0.03%) for nZVI
and 5-fold (13% to 3.5%) for S-nZVI (at a S/Fe molar
ratio ¼ 0.05).57 These results suggest that modifying nZVI with
polymers like CMC, poly(styrene sulfonate) (PSS), and poly-
aspartate (PAP) tends to decrease 3e for organohalide reduction,
but this has not been systematically evaluated.

Natural organic matter (NOM) is a ubiquitous macromole-
cule in the environment, with well-known effects on the stability
of suspended colloids, including nZVI.58 Similar to adsorbed
synthetic polymers, the adsorption of NOM usually decreases
the rates of contaminant reduction by ZVI.54,59 One study
comparing nZVI and S-nZVI found that NOM had a similar
effect on their reactivity with TCE: with a decrease in the TCE
degradation rate constant by 60% and 78%, respectively, at
a relatively high concentration (200 mg C L�1) of Suwanee River
humic acid.60 The effect of NOM on hydrogen evolution by ZVI
does not appear to have been studied to date, and there also
does not appear to have been any work that specically
addresses the efficiency or selectivity effects of NOM on ZVI
reactivity. This is a potentially important data gap that should
be lled by future research.

4.1.3. Effect of suldation. Current research on the modi-
cation of ZVI for enhancing treatment efficiency has largely
shied to incorporation of reduced sulfur by natural or engi-
neering suldation processes.1,61–64 While suldation can
improve the rates of contaminant degradation by ZVI and
promote dehalogenation reactions not typically observed for
ZVI (e.g. deuorination),65 the main benet of suldation is the
suppression of the reduction of water by ZVI, thereby vastly
increasing the selectivity of ZVI for contaminant degradation
and overall electron efficiency of the material.66,67 To date,
research on suldation of ZVI has mostly focused on nZVI,
because its utility is most enhanced by suldation. More
recently, the benets of suldation for microscale ZVI (mZVI)
have also been demonstrated.29
534 | Environ. Sci.: Processes Impacts, 2020, 22, 528–542
Suldation of ZVI can occur aer or during the formation of
the particles, which results in materials that differ in important
ways.1 If suldation involves exposing already formed ZVI to
reduced sulfur (such as in a permeable reactive barrier of
conventional ZVI where the in situ biogeochemistry is suldic or
when a commercial suldated product is prepared exposing
conventional ZVI to dithionite), the result is the formation of an
FeSx shell on the particles.40 On the other hand, if the sulfur is
present during particle formation, it is incorporated into the
structure of the material to form an Fe(0)–FeS composite.1 The
operational conditions under which suldation is conducted
and the amount of sulfur incorporated into the material inu-
ence the reactivity of S-ZVI,1,33 including its electron efficiency. It
is important to note that not all of the added S in the synthesis
procedure is incorporated into the suldized particles, and this
is especially true for nZVI particles that are suldized aer the
nZVI is already formed, where less than 8% of the dosed sulfur
was incorporated into the particles.33 As shown in Fig. 3A, the
effect of the S/Fe ratio on 3e varies with the type of nZVI (e.g.,
polymer coated or not). The data for S-nZVI suggest a bimodal
dependence of 3e on the S/Fe ratio (with a peak at S/Fe ¼ 0.1),
whereas 3e for S-CMC-nZVI increases monotonically with the S/
Fe ratio. The resulting FeSx materials are likely complex
mixtures of zerovalent iron and different Fe–sulde phases
depending on the amount of incorporated sulfur. The hydro-
phobicity of the surface of materials can also change depending
on the suldation method or amount of incorporated sulfur.
Both hydrophobicity and sulfur speciation in the particles can
affect the relative reactivity with COCs and water and therefore
can affect 3e. As a result of these uncertainties, it is currently
difficult to predict how sulfur incorporation and polymer
adsorption will affect 3e. In addition to the S/Fe ratio, the sul-
dation time also affects 3e as shown in Fig. 3B. It has been
recently shown that both the S/Fe ratio and the suldation time
also affect the morphology of S-nZVI, which in turn changes the
reactivity and efficiency of S-nZVI for dechlorination.40

Regardless of suldation conditions, the resulting materials
generally evolve much less hydrogen from corrosion by water,
but dechlorinate TCE at rates comparable to unsuldated ZVI,68

so the net result is consistently and signicantly improved 3e.
This conclusion is demonstrated in Fig. 4, which summarizes
all the available 3e data for pairs of experiments done with and
without suldation under otherwise comparable conditions.
The gure is plotted in the �R format that we have used in
several recent studies.8,69 In this case, all of the 3e data are
plotted on�R contours representing 5- to 50-fold increases in 3e

with suldation. More specically, Fig. 4 shows that the benet
of suldation is greatest for CMC-nZVI, which presumably is
because this material has exceptionally higher reactivity with
water (due to its very small particle size and exposed surface
area).57 Suldation of CMC-nZVI results in effectively complete
inhibition of the HER, which allows high rates of TCE dechlo-
rination to persist for more than a month.40 Suldation also
decreased the reaction of nZVI with competing oxidants that
may be present in the water, e.g. nitrate.20,40

The greater selectivity of the material for TCE over nitrate or
water has been attributed to the replacement of Fe/FeO surface
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Effect of the S/Fe ratio on the electron efficiency of S-nZVI synthesized by two-step (i.e., post-synthesis) sulfidation (exposure time ¼
20 or 30 min) compared with that of S-nZVI synthesized by a one-step method. (B) Effects of sulfidation time on the electron efficiency of post-
synthesis S-nZVI. Data in (B) from Xu et al.33

Fig. 4 Comparison of electron efficiencies (3e) for TCE reduction by
ZVI with (y-axis) and without (x-axis) sulfidation. Types of ZVI are
distinguished by the marker type and color. Data and experimental
details are given in Table S1.†
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sites with FeS,20 which have different electronic and steric
properties. The latter difference is evident in the greater
hydrophobicity of S-nZVI compared to nZVI,40 which would
further increase the selectivity of hydrophobic organohalides
over more hydrophilic contaminants, and increase electron
efficiency for target contaminants. However, the lower reactivity
with nitrate could also be due to a greater abundance of FeS
reactive sites relative to Fe(0)/Fe-oxide sites, the latter being
more reactive with nitrate than the former.

The apparent decoupling of Fe(0) corrosion by water and
dechlorination for S-ZVI indicate that the dechlorination by S-
This journal is © The Royal Society of Chemistry 2020
ZVI does not depend on the corrosion of Fe(0) by water.19,39,68

The current consensus is that the FeSx layer formed on the ZVI
surface inhibits the corrosion of ZVI in water by blocking access
to Fe(0), thus preserving the electron donating capacity for
reductive dechlorination. Dechlorination mediated by direct
electron transfer does not require excess TCE to maintain high
3e as with conventional or bimetallically modied nZVI because
there is no need to outcompete water for reaction sites and
electrons. This difference has important practical implications.
Excess TCE concentration can be easily created in the labora-
tory, but is difficult to maintain in the eld because the aqueous
TCE concentration is oen limited by slow mass transfer
processes (e.g., dissolution, diffusion, or desorption), even in
the source area.70 For conventional ZVI, corrosion by water still
occurs in the absence of high concentration of TCE, resulting in
a low 3e. In contrast, the enhancement of 3e by suldation is due
to inhibited corrosion, which is independent of aqueous TCE
concentration. Therefore, high 3e is more likely to be realized
and sustained in the eld for S-ZVI.

4.1.4. Effect of forming composites with carbonaceous
materials. Many carbonaceous materials have been used as
supports for nZVI to form Fe–carbon composites,71–73 including
activated carbon (AC), hydrochar, carbon aerogel, mesoporous
carbon, graphene, and biochar. The nZVI particles are
dispersed within the carbon pore matrix to prevent aggregation
and to enhance mobility in the subsurface when the size of the
carbon particle falls into the colloidal range (e.g., 1–2 mmCarbo-
Iron®74). A eld test at a PCE-contaminated site showed that the
CMC-stabilized Carbo-Iron® maintained its reactivity with PCE
for up to 190 days.75 In contrast, the reactive lifetime of CMC-
nZVI in the subsurface was reported to be less than 7 days in
a few eld trials.49,76 However, it is difficult to isolate the reac-
tivity of nZVI from biodegradation stimulated by the lower
redox conditions upon nZVI injection.77 Similarly, granular AC-
nZVI/Pd was reported to have 60% Fe(0) remaining, while the
Environ. Sci.: Processes Impacts, 2020, 22, 528–542 | 535
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unsupported nZVI counterpart was fully oxidized aer one year
of aging in unbuffered water under anoxic conditions.78 These
ndings collectively suggest that the AC helps to inhibit the
reaction of ZVI with water, thereby increasing the electron
efficiency of the material for dechlorination. While the mech-
anism is unknown, one possible explanation for the lower
corrosion rate in water is that the pH of the water in the pores of
the carbon support increases to 9 or higher due to Fe(0) corro-
sion, and remains high due to low exchange of porewater in the
carbon support with the surrounding bulk water. It was previ-
ously shown that the corrosion rate of nZVI in water decreased
27-fold as the pH increased from 6.5 to 8.9.79 Another possible
explanation is that the PCE is concentrated on the AC support,
leading to a signicantly higher PCE to ZVI ratio and therefore
greater selectivity and electron efficiency. It was previously
shown that the reaction of TCE was increasingly favored over
the reaction of water as the initial TCE concentration increased
relative to the nZVI concentration, simply due to TCE out-
competing water for reduction reaction sites and/or for adsor-
bed H.80

In a recent laboratory study, the 3e of PCE dechlorination by
Carbo-Iron® was determined using eqn (16).21 The 3e value
increased from 27 to 60% with decreasing particle concentra-
tion from 5 to 1.25 g L�1 at pH 8.5 and PCE concentration of
33 mg L�1. The change in selectivity for PCE degradation over
the reduction of water to form H2 is likely the result of a 4-fold
change in the relative concentration of PCE to nZVI. In
comparison, the 3e of TCE dechlorination by a variety of ZVI
(nanoscale or microscale) under a range of experimental
conditions (iron excess or TCE excess, pH: 6–10) was reported to
be less than 8%.29,39,57 Although the contaminant type (PCE vs.
TCE) may cause some difference in 3e due to differences in
sorption affinity for the ZVI surfaces, the signicantly higher 3e
of Carbo-Iron® still suggests that the AC support can enhance
the utilization efficiency of electrons for dechlorination.
4.2. Effects of geochemistry on electron efficiency

4.2.1. Solution pH. Solution pH is known to be one of the
most important factors affecting ZVI reactivity81 and its effect on
ZVI particles for reductive dechlorination has been well docu-
mented. It is generally accepted that decreasing pH increases
reductive dechlorination rate constants because of accelerated
iron corrosion and depassivation of the ZVI surface at lower pH,
while an elevated pH value is observed to lower the ZVI reactivity
due to mineral precipitation and inhibited mass transfer.79

Meanwhile, solution pH also affects H2 evolution.79 Therefore, it
is expected that solution pH will affect the 3e of ZVI particles
toward target contaminants, depending on the relative extent of
its effect on reductive dechlorination and H2 evolution.

H2 evolution was observed to be more sensitive to changes in
pH than TCE dechlorination. Increasing solution pH from 6.5 to
8.9 decreased the HER rate of nZVI by 27-fold while decreasing
the TCE dechlorination rate by only 2-fold.79 Similarly, Kim et al.
(2017)82 reported that the reaction of PCE with nZVI increased
slightly as the pH was increased from 7 to 11, whereas the HER
rate decreased by a factor of 3 over the same pH range. This
536 | Environ. Sci.: Processes Impacts, 2020, 22, 528–542
suggests that the combined effect on 3e will increase it as pH
increases. The effect of pH on the 3e of TCE dechlorination by
ZVI and suldated ZVI has been quantied recently. When the
solution pH increased from 6 to 9, the 3e of ball milled mZVI
increased from �1% to 5%, while that by ball milled, suldated
mZVI increased from �3% to 20%.38 The results further
demonstrate that increased pH inhibits the rate of the HER
more than that of TCE dechlorination. This effect still has to be
veried for more classes of organohalide COCs.

4.2.2. Co-existing ions. Some co-existing ions typically
present in groundwater water, such as SO4

2�, PO4
3�, Mg2+, Ca2+,

etc., could react with—or be adsorbed onto—iron oxides,
thereby altering the composition of ZVI surface oxides, which
could change the electron transfer rate from ZVI to the COC and
the interaction of the COC with ZVI at the water–particle
interface. Meanwhile, co-existing ions may also inuence elec-
tron transfer from the Fe0 core to non-target oxidants (e.g.,
oxygen, H+, and water) and ultimately inuence the 3e of ZVI
particles.

Groundwater anions such Cl�, HCO3
�, and SO4

2� all
inhibited TCE dechlorination by nZVI, but did not affect the
HER rate of nZVI.80 Therefore, lower 3e values are expected with
the presence of these anions although 3e measurements were
not done. In a recent study, the effect of inorganic constituents
(hardness (Ca2+) and alkalinity (HCO3

�)) on the 3e of TCE
dechlorination by mZVI was measured.28 The presence of Ca2+–
HCO3

� increased the 3e values because it inhibited the HER
more than dechlorination. In contrast, groundwater salinity
(500 mM NaCl, 50 mM MgSO4, 10 mM CaCl2, and 2 mM
NaHCO3) decreased the 3e of TCE dechlorination by mZVI from
50–60% to 25–40% in column tests.83 Although there are more
studies on how co-existing ions affect the HER,84,85 systematic
investigation of their effect on 3e remains to be explored.
4.3. Effect of co-contaminants on electron efficiency

The presence of co-contaminants (e.g., nitrate20 and chromate37)
can cause intra-contaminant competition for the reductive
capacity or reactive sites of ZVI.20,37 This competition can
inuence the efficiency and/or the selectivity of target contam-
inant reduction by ZVI. In some cases, this competition involves
deposition of the co-contaminant on the ZVI surface (e.g.,
Cr(OH)3 from reductive precipitation of chromate), and the
change in surface properties can increase or decrease the
removal efficiency of primary contaminants. For example, it was
observed that the 3e of ball-milled S-mZVI for TCE dechlorina-
tion decreased from �30% to 0 when the Cr(VI) concentration
was increased from 0 to 50 mg L�1.37 This is consistent with the
fact that chromate is not only a competitor for electrons from
Fe0, but also a strong passivator of ZVI with respect to aqueous
corrosion reactions.

In other cases, the co-contaminant is not expected to
contribute to new phases on the ZVI surface, but can still
inuence the reactivity of COCs with ZVI in other ways. The
most prominent example of this involves nitrate, which is easily
reduced by ZVI to NH4

+. Although NH4
+ does not accumulate on

the ZVI surface, nitrate is a well-known inhibitor for COC
This journal is © The Royal Society of Chemistry 2020
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reduction by ZVI, presumably mainly because the 6-electron
reduction of nitrate to NH4

+ results in oxidation and therefore
passivation of ZVI. Recently, the efficiency implications of
competition between COCs and nitrate has been characterized
using NDMA as the primary contaminant.20 It was observed that
both the rate and 3e of NDMA reduction by unsuldated mZVI
were signicantly inhibited by nitrate. Using suldated mZVI,
the rate of nitrate reduction was greatly decreased, which
resulted in improved 3e for NDMA, presumably because sul-
dation suppressed NO3

� reduction and alleviated its passiv-
ating effect through the replacement of Fe0/FexOy surface sites
with FeS.20
4.4. Temporal effects on electron efficiency

Changes in contaminant concentration and reactant (i.e., ZVI)
properties occur over time and space (i.e., along a ow path in
porous media) throughout the reaction (treatment) processes,
and these changes may affect electron efficiencies. As discussed
above, many laboratory studies have used high TCE concentra-
tions (e.g., >200 mg L�1) relative to the ZVI dose in order to
simulate source treatment with nZVI. These conditions generally
produce higher 3e for dechlorination than lower TCE concen-
trations (depending on the ZVI type),29,30,33,39 but as the TCE is
degraded (e.g., to <10 mg L�1) a notable decrease in 3e is also
observed. This trend is expected because lower contaminant
concentrations make it less competitive with water (or other
species that contribute to NRD) for reactive sites on ZVI. A similar
trend has recently been reported for mZVI, where TCE dechlo-
rination in batch experiments using ball-milled, suldated mZVI
gave a value of 3e under high TCE, iron-limited conditions (0.2 g
L�1 Fe and 250 mg L�1 TCE), which was 10-fold greater than that
under low TCE, excess iron conditions (10 g L�1 Fe and
10 mg L�1 TCE).29 However, suldation in general shows less
effect of COC concentration on 3e compared to regular ZVI
because it inhibits the competing reaction with water.

On the reactant side, the reactivity of ZVI generally decreases
over time due to aging processes that include passivation by the
iron minerals that precipitate from Fe(II) and Fe(III) that are
Fig. 5 Likely temporal changes of TCE concentration (left axis) and elect
regular ZVI and (B) sulfidated ZVI (the size of the pie represents the total c
Efficiency curve shown in B is based on the data of sulfidated CMC-nZV

This journal is © The Royal Society of Chemistry 2020
formed from corrosion of Fe(0).36 The effects of aging on the
reactivity of nZVI with respect to dechlorination and the HER
have been characterized in two earlier studies using nZVI.79,86

Using TCE as the target contaminant, the dechlorination rate
rapidly decreased over 10 days and then remained stable or
increased slightly over the following �200 days, whereas the
HER rate was relatively stable throughout the entire experi-
ment.79 Using carbon tetrachloride as the target contaminant,
dechlorination rates increased in the rst few days and then
declined and leveled out over�35 days, while the H2 production
rate followed the inverse trend. The former study79 did not
address efficiency directly, but the results suggest that the
electron efficiency and selectivity of nZVI decrease initially and
then remain relatively stable. The latter study86 also did not
calculate efficiencies, but it included a quantitative correlation
analysis between dechlorination and HER rates, which showed
a hysteresis loop that suggests that the efficiency/selectivity of
the reaction does change with aging time. However, the differ-
ence between these results may only be due to the time scale of
aging, since the greatest effects occurred near the beginning of
the sampled time periods. For S-nZVI, the effects of aging on 3e

are shown to be much less signicant than those on conven-
tional nZVI,40 although the effects of aging depend on the sul-
dation method used and on the conditions of the aging
process (i.e. with COCs present or absent). This could also be
attributed to the inhibited reaction with water, which limits
aging and transformation of the particle.

The practical implications of the effects of temporal changes
on 3e for dechlorination in a source zone are described in Fig. 5.
For conventional ZVI, 3e for dechlorination could quickly
decrease with decreasing contaminant concentration aer ZVI
emplacement. In contrast, the selectivity for the reduction of
NRD, especially water, increases, which diminishes the total
Fe(0) content over time, thus resulting in the rebound of
aqueous TCE concentration (Fig. 5A). For S-ZVI, inhibited
reduction of water not only maintains high selectivity for TCE
regardless of TCE concentration, but also preserves the total
Fe(0) content over aging, increasing its long-term effectiveness
(Fig. 5B).
ron efficiency (right axis) during a scenario of source remediation by (A)
apacity of Fe(0) and the slices represent selectivity toward TCE or H2O.
I reported in Fan et al.68 and Xu et al.57).
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5. Implications for other systems

The majority of this review focused on TCE dechlorination by
ZVI because that system is so widely studied that a considerable
quantity of research on efficiency and selectivity aspects is now
available. In many respects, it is a good model system for
developing general concepts regarding efficiency and selectivity
that should apply to other systems. For example, the strength of
ZVI as a reductant means that several “input” reactions will be
in competition (with TCE, H2O, nitrate, etc.) and these reactions
lead to several competing “output” reactions (formation of
dechlorination products, iron oxides, etc.). Taken together in
various combinations, the system exhibits a variety of efficien-
cies and selectivities that should be applicable to other envi-
ronmental processes.

The efficiency and selectivity concepts developed in this
review for TCE certainly will be applicable to other contami-
nants that are degraded by ZVI. For other chlorinated solvents
(carbon tetrachloride, 1,1,1-trichloroethane, 1,2,3-tri-
chloropropane, etc.) the only limitation is the lack of data, but
this may be alleviated by studies forthcoming in the near future.
For other organic contaminants (energetics like 2,4,6-trinitro-
toluene and nitro-group containing pesticides like parathion,
azo dyes, etc.),87,88 all of the concepts and denitions developed
here will be applicable, although the specics of their applica-
tion may vary. For example, nitro reduction by ZVI generally is
faster compared with dechlorination, and consumes 6 electrons
to form fully reduced amino products, so it might outcompete
other reduction processes resulting in higher electron efficien-
cies. Similar generalizations should apply to the removal of
metals, metalloids, and other inorganic contaminants (e.g.,
chlorine residual) and some of them were addressed above as
competitors with TCE for reaction with ZVI.

Another possible extension of the efficiency and selectivity
concepts developed here is to related treatment or remediation
processes that do not involve ZVI. A compelling example of this
is contaminant reduction with metals that are even more
strongly reducing than ZVI, namely, zero-valent zinc (ZVZ)89–92

and zero-valent magnesium (ZVMg).93–95 The reduction of water
by ZVZ and ZVMg is much more favorable than ZVI, so the HER
is likely to compete more strongly with contaminants for elec-
trons from the metal, making efficiency and selectivity even
greater issues for practical applications of these reductants. In
some respects, ZVZ (and probably also ZVMg) is an even better
example of how operational factors inuence efficiency and
selectivity because the passivation of these metals can be much
more complete than with ZVI, so the rates of contaminant and
water reduction and the associated electron efficiencies are
likely to vary greatly with conditions that affect the passivation
of these metals. This, in turn, could result in treatment
processes that are effective, or ineffective, in ways that are not
yet known.

Beyond engineered water treatment systems, there should
even be applications of efficiency/selectivity concepts to natural
biogeochemical redox processes that contribute to the fate of
contaminants. Finally, the effect of these processes has been
538 | Environ. Sci.: Processes Impacts, 2020, 22, 528–542
termed abiotic natural attenuation (ANA), and there is consid-
erable recent and on-going research to delineate the scope and
core concepts of ANA.96–98 The literature on ANA is not mature
enough to include detailed, quantitative studies of efficiency
and selectivity, but the concepts certainly are applicable. For
example, if TCE dechlorination in an anoxic aquifer includes
abiotic reduction by iron oxides and suldes and these phases
are present in nite quantities, then the efficiency with which
these phases provide electrons for dechlorination will deter-
mine if there is capacity in the system to achieve treatment
goals. In one respect, iron oxide/sulde systems are much
simpler than ZVI systems because the former generally does not
reduce water, so there is no signicant HER no matter what
other side reactions involved. On the other hand, the iron oxide/
sulde systems are more complex because they can be formed
by in situ biogeochemical processes, whereas the ZVI system is
limited by the quantity of the reagent provided.
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