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ABSTRACT: Iron (Fe) is the fourth most abundant element in the earth’s crust and plays
important roles in both biological and chemical processes. The redox reactivity of various
Fe(Il) forms has gained increasing attention over recent decades in the areas of (bio)
geochemistry, environmental chemistry and engineering, and material sciences. The goal of
this paper is to review these recent advances and the current state of knowledge of Fe(II)
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redox chemistry in the environment. Specifically, this comprehensive review focuses on the g _ A = “‘
redox reactivity of four types of Fe(II) species including aqueous Fe(II), Fe(II) complexed £ s Ee St FeaD g |
with ligands, minerals bearing structural Fe(1I), and sorbed Fe(II) on mineral oxide surfaces. g P g
The formation pathways, factors governing the reactivity, insights into potential mechanisms, EX VL
reactivity comparison, and characterization techniques are discussed with reference to the %, Fc(")-Lig;{ls : ’
most recent breakthroughs in this field where possible. We also cover the roles of these . \
Fe(Il) species in environmental applications of zerovalent iron, microbial processes, Zerg-yalent 190D
biogeochemical cycling of carbon and nutrients, and their abiotic oxidation related processes
in natural and engineered systems.
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1. INTRODUCTION

Iron (Fe) is the fourth most abundant element in the Earth’s
crust and is present in virtually all aquatic environments."”
Average quantities of Fe in sedimentary rocks are approximately
5—6% by weight, with approximately 3.5 X 10'> mol/year of Fe
involved in redox reactions in the environment.’ Iron plays an
important role in the global biogeochemical cycles of many
other major and minor elements (e.g,, C, O, N, and S)A'_6 and
also has direct and indirect impacts on corrosion,” degradation
of organic and inorganic compounds,”” mobility of metals," "
evolution and sequestration of natural organic matter
(NOM),"*™"* mineral dissolution,'® nutrient availability,'” and
the weathering of rock and diagenesis,z’18 in addition to
microbial activity.'” Iron is also central to many chemical
aspects of the built or human-impacted environments including
catalysis,zo_22 corrosion,”® environmental remediation,” medi-
cal diagnosis and therapy,** pi)gments manufacture,”**¢
sensors,”” solar cell operations,zs’zk water treatment,””>" and
development of cost-effective iron-based materials for environ-
mental and energy applications.”” >* Tron redox chemistry is
involved in all of the above processes.

Iron has a variable range of oxidation states from —2 to + 6
but, in natural environments, exists in two main redox states:
ferrous iron (Fe(II)) and ferric iron (Fe(III)). Fe(Il) is much
more soluble than Fe(III) resulting in its high abundance in
bioavailable forms.>*™** In the environment, Fe(II) can
originate from many sources including chemical and physical
weathering,39 reduction of iron(III)-bearing minerals including
ferrihydrite, goethite, lepidocrocite, hematite, and ma§net—
ite®™** as well as different Fe(III)—ligand complexes*’~* by
photolysis,"**” chemical reductants such as sulfide*® and
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ria, and oxidation of zerovalent iron (ZVI) systems.*”

Probably the most influential overarching development in the
conceptual understanding of iron-based redox chemistry in the
environment is the recent recognition that combining aqueous
Fe(Il) with iron-based solid phases results in materials with
much greater and more diverse reactivity than the more familiar
and widely studied iron minerals. This development has led to a
paradigm shift regarding the reactivity of iron in the environ-
ment, with many new (and old) studies being reframed around
the idea that the association of Fe(II) with many iron minerals
(or ligands) results in an “activated” phase that can serve as a
reactive intermediate in biogeochemical and environmental
engineering processes.

In the past three decades, there has been a large number of
papers reporting important reduction processes involving
various Fe(II) species, which belong to four categories: aqueous
Fe(II), Fe(II) complexed with ligands (Table 1) ,°07% structural
Fe(II) (Table 2),°*~7° and surface-sorbed Fe(II) (Table
3).577 Fe(1I)—ligand complexes refer to aqueous Fe(II)
cations complexed with different, typically organic ligands,
resulting in a decrease in the Fe(II) /Fe(III) redox potential and
consequently an often higher reduction reactivity than
uncomplexed Fe(Il),, Structural Fe(II) reductants refer to
those originating from iron minerals that contain Fe(1l), such as
magnetite, green rust, FeS, and Fe(II) within Fe-containing
clays. Surface sorbed Fe(II) reductants refer to the sorption of
Fe(Il) onto the surface of (oxyhydr)oxide minerals but also
include the prospect of electron exchange with metal ions in the
mineral substrate.

While there have been many reviews on iron in mineralogy,
(green)catalysis, biogeochemistry, and environmental remedia-
tion technologies,3’ °~7% nhone to date have reflected the
paradigm shift described above, despite major breakthroughs
in the understanding of the reactivity of these Fe(1I)-associated
reductants in the last 15 years. So far, only narrow aspects of
Fe(II)-associated reductants toward select groups of contami-
nants have been reviewed. Usman et al. (2018) reviewed the
occurrence, properties, and synthesis methods of mixed-valent
Fe minerals and briefly discussed their environmental
applications.”” Strathmann (2011) summarized the reductive
reactivity of soluble Fe(IT)—ligand complexes.”” Neumann et al.
(2011) discussed the effects of structural Fe redox reactions on
the clay mineral structures and properties.”’ He et al. (2009)
evaluated the abiotic degradation of chlorinated organic
compounds by the major classes of reactive minerals.*” Rickard
and Luther (2007) reviewed the chemistry of iron sulfide
minerals.®” In addition to these more recent reviews, there are
several reviews on the reducing activity of Fe(II)-associated
reductants, but these were published more than 20 years
ago.”

This review focuses on assessing recent developments (in the
past 15 years) and the current understanding of the redox
reactivity of these four types of Fe(Il)-associated reductants.
The review examines their respective occurrence, reaction
kinetics and mechanisms, and common factors affecting their
redox reactivity (sections 2—4). Note that the reduction
products and reaction pathways of various organic and inorganic
compounds are not discussed in detail. These compounds are
only treated as chemical probes that have been used to quantify
the reactivity of different Fe(Il) species. The role of Fe(Il)
species in zerovalent iron technology is reviewed in section 4.3.
The diverse range of reductive reactivity reported for different

https://doi.org/10.1021/acs.chemrev.0c01286
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Table 2. Summary of Conditions and Results from Studies That Have Investigated Contaminant Reduction by Structural

Fe(II)

Minerals

Magnetite
Magnetite

Magnetite
Magnetite
Magnetite
Magnetite
Magnetite
Magnetite
Magnetite
Magnetite
Magnetite

Magnetite
Magnetite
Magnetite
Magnetite
Titanomagnetite
Titanomagnetite
Titanomagnetite
Titanomagnetite
Titanomagnetite
Magnetite

Iron sulfides
FeS

FeS

FeS

FeS

FeS

FeS

FeS

FeS
FeS
FeS

FeS

FeS
FeS

FeS
FeS

FeS
FeS
FeS
FeS

FeS
FeS

FeS
FeS
FeS
FeS

FeS
FeS

Loading

25 g/L

1~10 g/L
45.5 g/L
45.5 g/L
45.5 g/L
45.5 g/L
1g/L
1g/L
1g/L

60 g/L

20 g/L

10 g/L
1.89 mg/L
N/A

0.1 g/L
0.043 g/L
76.4 g/L
76.4 g/L
433 g/L
N/A

200 g/L
10 g/L
44g/L

33 g/L

33 g/L

3 mM
$~100 g/L

10 g/L
10 g/L
10 g/L

10 g/L

10 g/L
10 g/L

10 g/L
10 g/L

40 g/L
40 g/L
417 g/L
10 g/L

10 g/L
10 g/L

10 g/L
10 g/L
10 g/L
20 g/L

40 g/L
40 g/L

pH

6~10

NN

6.5
8.3
7.8
7.5
7.5
7 and 8
7.1~9.5

8.3
8.3
8.3

8.3

83
8.3

8.3

7,89

7.68
7.68
S5~12
8.3

8.3
7.3~9.3

8.3

8.3

8,9

5.4~8.3

7.68
7.68

Contaminants

cal, (CT)

ccl,

Perchloroethene (PCE)
Trichloroethene (TCE)

Cis-DCE
Vinyl chloride (VC)
3-Cl-nitrobenzene

Nitrobenzene

2-methyl-nitrobenzene

Cr(V1)

Cr(VI)
Cr(V1)
Cr(V1)
Hg(ID)
NpO,*
Tc(VII)
Tc(VII)
Te(VID)
Te(VID)
u(vl)

ccl,
ccl,
ccl,
ccl,
ccl,
ccl,

Hexachloroethane
(HCA)

HCA
HCA

1,1-dichloroethane (11-

DCA)

1,1-dichloroethane (12-

DCA)

Perchloroethene (PCE)

PCE
PCE
PCE

PCE
PCE
PCE

Pentachloroethane
(PCA)

TCE
TCE

TCE
TCE
TCE
TCE

TCE
TCE

Major products

CHCl; and CO

CHCl; and CO
Chloride

Chloride

Chloride

Chloride
3-Cl-nitroaniline
Nitroaniline
2-methyl-nitroaniline
Cr(111)

Cr(1m)
Cr(111)
Cr(111)
Hg(0)

Np(1v)
Tc(IV)
Tc(IV)
Tc(IV)
Tc(IV)
uv)

N/A
Chloroform (CF)

CF
CF
CF
PCE, PCA

PCE and PCA
PCE
N/A

N/A

Acetylene, cis-DCE and TCE

Acetylene, TCE, 1,1-dichloroethylene (1,1-DCE)

Acetylene, TCE, 1,1-DCE
cis-DCE, TCE, ethene

N/A

N/A

TCE, DCE, t-DCE, VC
PCE and TCE

Acetylene, cis-DCE and VC
Acetylene, cis-DCE, VC

Acetylene, cis-DCE, 1,1-DCE
Acetylene, cis-DCE, 1,1-DCE
cis-DCE, vinyl chloride, ethene
cis-DCE, 1,1-DCE, vinyl chloride

N/A
N/A

8164

k(L h™' g if not
specified)

7.0 X 1076 —1.1 X
107* L/(m* h)

0.025—-0.139

1.85 x 107*

233 x 107*

1.69 x 107*

1.77 x 107*

34 % 1075 - 0.74

5.4 % 107° - 0.57

1.6 X 107° — 0.43

0.58—2.25 mol/
(m’s)

N/A

N/A

N/A

N/A

N/A

0.795

0.0578 uM day™!

0.139 uM day ™

9.899 uM day™

N/A

41.5 day™!

6.39 x 1072
0.358

1.24-1.59 h™!
1.24-1.59 h7!
N/A
0.0603—3.21 h™!

1.78 X 107*
0.0752 h™!
N/A

N/A

6.68 x 1077

22X 107° - 9.4 x
107+ h™!

478 x 107* — 8.86
x 107 h™!

63 x 1075 — 121
X 107° L/m*/d

64x107*h!
14 x 107 h™!
0-1.4091 h™*
923 x 107

2.0 x 107°

41x107* - 1.62
x 107 h!

0-(22 +0.1) X
10° h™!

1.43 x 107 — 1.98
x 1072 h!

(1.61-64) x 107*
L/m?/d

0.02—0.751 M™!
4!

49 X 107 h™!

1.1 x 1076 h™!

ref

2004'%%

2007'%*
2002'%*
20024
20024
2002
2009'°
2009'°
2009'%°
1996'°

19967°

20147
2015'%%
2013'
2016°%°
20122()1
20142()2
2014
20147

203

200587

19972()4
2000°%°
2003
200977
2009°%7
20 1 62()8
19982()9

20007%°
20030
20002()5

2000°%°

1999°"!
2007°"2

2007°%3
20077

2013*%°
2013%"°
2015°'°
2000°%°

1999
2001*"7

2007>"?
2007%"3
2007
2010*'*

2013*"°
20137"°

https://doi.org/10.1021/acs.chemrev.0c01286
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Table 2. continued

Minerals

FeS
FeS

FeS
FeS
FeS
FeS
FeS
FeS
FeS
FeS

FeS
Green rust

GR(SO,)

GR(S0,)
GR(CI)
GR(CI)

GR(S0,)

GR(SO,)
GR(SO,)
GR(SO,)
GR(CI)

GR(SO,)
GR(SO,)
GR(C)

GR(SO,)
GR(SO,)
GR(SO,)
GR(SO,)
GR(CO;)
GR(SO,), GR(CO,)

GR(S0,)
GR(S0,)

GR(CI)
GR(CO3)

GR(CO;)
GR(SO,)

GR(S0,), GR(C])
GR(CO,)

GR(Cl)
GR(CO;)
GR(CO,)

GR

Iron-containing Clay
Smectite

Nontronite

Reduced Nontronite
Reduced Nontronite

Loading
10 g/L

10 g/L

10 g/L

10 g/L

33 g/L

10 g/L

10 g/L
0.6~12 g/L
1g/L

273~397
mM

5g/L
NR

5g/L
1.5 g/L
10 g/L

7 g/L
0.0037 M
7 g/L

10 g/L

10 g/L
7 g/L
10 g/L

10 g/L

7 g/L
0.0037 M
5g/L

24 g/L
0.5~2 g/L

N/A
N/A

N/A
N/A

1.7 g/L
S g/L

N/A
0.25 g/L

0.125~0.5
g/L
0.125~0.5
g/L
0.125~0.5
g/L
N/A

N/A
Sg/L

2.5 g/L
2.5 g/L

pH
83

8.3

8.3

8.3

7.5

8.3
57,8
Sand 7
67,8
44,63

S~11

7.6
7.2

7.75
N/A
7.5

7
8.25

N/A
7.5~10.5

7.5
N/A

8~10.1

3.8~11

7.5
7.5

7.5
7.5

Contaminants
1,1,2,2-
tetrachloroethanes

1,1,1,2-
tetrachloroethanes

1,1,1-trichloroethanes
1,1,2-trichloroethanes
1,1,1-trichloroethanes
Tribromomethane
Cr(V1)

Cr(V1)

Hg(ID)

Se(VI)

u(vI)
cal,

ccl,
ccl,
ccl,

ccl,

cis-DCE
cis-DCE
PCE
PCE

PCE
TCE
TCE

TCE

vC

VvC

PCA
Trichloronitromethane

Hexahydro-1,3,5-
trinitro-1,3,5-triazine

Nitrite
Nitrate

Nitrate
Nitrate

Nitrite
Ag(1), Au(1II), Cu(II),
Hg(11)

Cr(V1)
Cr(V1)

Cr(V1)
Cr(V1)
Cr(VI)

Se(VI)

Nitrobenzene (NB)

Nitroaromatic
compounds

2-acetylnitrobenzene

4-acetylnitrobenzene

Major products
TCE, cis-DCE, trans-DCE, acetylene

11-DCE

11-DCA

11-DCE, VC

1,1,1-TCA, 1,1-DCA, ethylene
Dibromomethane

Cr(IID)

Cr(1I1)

Hg(0)

Se(0)

uIv)
CHCL, C,Clq

Chloroform, methane
CHCl
CHCL

CO, HCOOH

C,H,, C,H,, C,Hy
Ethylene, acetylene
C.H,, C,H,

Acetylene, ethylene, TCE

Acetylene, ethylene
CH,, CH,
Acetylene, ethylene, cis-DCE

Acetylene, ethylene
C,H, C,H,
Ethylene, ethane
PCE, TCE
Methylamine

HCHO, N,0, NH,*, 1,3-dinitro-5-nitroso-1,3,5-
triazacychlohexane, 1,3,5-trinitroso-1,3,5-
triazacyclohexane

NH,*
NH,*

NH,"
NH,*

NO, N,0, N,
Ag(0), Au(0), Cu(0), Hg(0)

Cr(1Im)
Cr(1I1)

Cr(II1)
Cr(I11)
Cr(IID)

Se(0), Se(IV)

Aniline

4-acetyl aniline

2-acetylnitroaniline

4-acetylnitroaniline

8165

k(L h™' g if not

specified) ref
2.16 X 107° 2000°%°
5.08 x 107° 2000°%°
1.63 X 107° 20007
N/A 20007
0.0375 h™* 2009*7
0.129 20007%°
N/A 1997°%*
N/A 2004°"
N/A 2014%%°
N/A 2008*
N/A 2012°%
(0.0003—2.18) x 1999°*
1075 57!
1.7 X 1075 57! 2003
5.4 % 1072 2005°%°
623 x 107 Lm™  2010%°
hfl
6.5% 1072 — 047  2012**
h—l
3.524 X 1073 2002°%%
0.0424 day™" 2012°%
9.464 x 1073 2002°%%
5.6 X 107 Lm™ 2009°%°
d—l
N/A 2009
5357 x 1073 2002°%%
292 X 107 Lm™  2009>*°
d—!
N/A 20097%°
5.595 X 1073 2002°%%
0.192 day™" 2012°%
N/A 2004
552 or 32.5 h7! 2007°%*
0.22-024 M~'s™' 2008
N/A 1994>%*
(0.047—1.48) X 1996%°
1075 57!
20 %1075 57! 2001%%
(24-4.3) x 107°° 2014
S—l
N/A 2014%%7
N/A 2003%%%
N/A 20007%°
(12-112) x 107 2001**
Sfl
36.288—263.52 2003
55.296—172.08 2003**
17.568—130.32 2003
(0.75—1.68) x 1997**
1072 h™!
N/A 20017
N/A 2003
0.248—0.76 2006°*°
0.4-3 2006°*°

https://doi.org/10.1021/acs.chemrev.0c01286
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Table 2. continued

k(L h™' g if not

Minerals Loading pH Contaminants Major products specified) ref
Reduced ferruginous 2.5 g/L 8.5 CCL,CN CHCL,CN 0.35h7! 2003>*
smectite (RWa-R)
RWa-R 2.5 g/L 8.5 CCLNO, CHCL,NO, 47 h™! 20034
RWa-R 2.5 g/L 8.5 CCl,CHCL, CcClL=cCcl, 5.5h7! 2003°*
RWa-R 2.5 g/L 8.5 CHCL,CHCl, CClL,=CHCI 0.16 h™! 2003%*
RWa-R 2.5 g/L 8.5 CCL,CH;, N/A 0.37 h! 2003>*
RWa-R 2.5 ¢g/L 8.5 CCLCCly N/A 039 h! 2003**
RWa-R 25 g/L 8.5 ccl, N/A 0.07 h™! 2003
Sediment with N/A N/A Cis-DCE Acetylene 0.31-2.29 year’1 200447
Magnetite
Sediment with N/A N/A 1,1-DCE Acetylene 1.37 year™! 1.37 2004>Y
Magnetite year™!
Clay N/A ~2.4 Cr(VI) Cr(III) 2000°**
Montmorillonite 0.73 g/L 7.3 Cr(V1) Cr(I1I) 1.28 M~ min™! 2017°%
Nontronite 0.14 g/L 7.3 Cr(V1) Cr(111) 449 M~! min~! 2017*%

Fe(Il) species under various reaction conditions is then
compared in section 4.4, together with challenges associated
with this comparison. We further review how Fe(II) species are
used by Fe(II)-oxidizing microorganisms as an electron and
energy source (section 5) and the importance of Fe(II) species
to biogeochemical processes, such as nutrient and carbon
cycling (section 6). The generation of highly oxidizing reactive
oxygen species (ROS) by different Fe(II) species under natural
and engineered environmental systems is then examined in
section 7. The instruments and methodologies employed for the
characterization and understanding of these systems are also
described in section 8. Finally, conclusions and priorities for
future search are provided.

2. AQUEOUS FE(lI)

2.1. Generation of Fe(ll)

It is well-known that Fe(II) can form abiotically during the
reduction of different iron(III) (oxyhydr)oxides by organic and
inorganic compounds (e.g., sulfide and phenolic substan-
ces).” ™ In the reductive dissolution, surface Fe(IIl) is
reduced to Fe(II) and the detachment of iron becomes more
energetically favorable due to the weaker bonds between the
reduced iron and its neighboring irons. Therefore, the generated
Fe(II) is readily released into the solution. The reaction rate of
abiotic reductive dissolution can be accelerated in the presence
of ligand-reducing pairs, such as oxalate and ascorbate.”” This is
because the formed, for instance, Fe(II)-oxalate, complexes have
lower reduction potentials than that of Fe(II) alone, which
favors the release of Fe(Il) into the aqueous phase. It also turns
out that the presence of a small amount of Fe(II) can
significantly promote the ligand-assisted dissolution of Fe(III)
(oxyhydr)oxides.”*™® In a series of early work by Werner
Stumm’s group, inner-sphere type B ternary surface complexes
(i.e., ligands bridge the oxide and Fe(1I)) were believed to form
in the dissolution process.”””*”” These complexes might
facilitate electron transfer from the Fe(II) to structural Fe(III)
to form sorbed Fe(II) which detaches more easily from the oxide
surface. The rate-limiting step was reportedly the detachment of
iron sites from oxide surfaces.

Dissimilatory iron(HI)—reducing microorganisms (DIRB) are
known to reduce a variety of Fe(III) (oxyhydr)oxides including

8166

ferrihydrite, goethite, lepidocrocite, hematite, and magnet-
ite** "% as well as different Fe(III)—ligand complexes.”~*
Different microorganisms, such as Shewanella spp.”” and
Geobacter spp.,"*® have demonstrated this capability in almost
every anoxic environment. Due to the poorly soluble nature of
Fe(III) (oxyhydr)oxides, four mechanisms have been identified
regarding how DIRB transfer electrons to a poorly soluble
Fe(Ill) (oxyhydr)oxide as the terminal electron acceptor
(reviewed in refs 101 and 102): (i) through direct contact of
the redox-active compounds inside cell membranes with the
oxide;”®'?¥'%* (ii) through protein “nanowires” including pili
and flagella to conduct electrons between the cell and the
oxide; "> (iii) through chelating ligands (e.g. siderophores
such as catecholates, NTA, EDTA, humic acids) that can form
strong complexes with ferric ions and promote their
solubilization (this enables much faster electron transfer to
soluble Fe(IlI) complexes as opposed to insoluble oxide
surfaces);'”’ """ and (iv) through electron shuttles, such as
quinones, humic substances, phenazines, flavins, and potentially
even conductive nanoparticles'''™"'* which can shuttle
electrons between bacteria and the oxide."'*™""® Long-term
microbial reduction of Fe(IlI) minerals may be inhibited by
Fe(Il) accumulation, which can be alleviated by chelating
ligands that complex with Fe(II) and, hence, prevent Fe(II)
from accumulating on the mineral surfaces."'”~"** It is
important to note that many organic compounds can serve as
both ligands and electron shuttles.''>~""*

The photochemically mediated production of Fe(II) is also
important when iron(Ill) (oxyhydr)oxides are the dominant
ferric species of iron present, with the photolysis of
chromophoric Fe(II)~NOM surface complexes recognized to
induce the reductive dissolution of iron(IIl) (oxyhydr)oxides
with concomitant formation of Fe(II).**'**7'%¢ This reductive
dissolution process has been suggested to be primarily
associated with ligand to metal charge-transfer (LMCT)
processes occurring in Fe(IIl) surface complexes in a manner
similar to that reported for the light-mediated dissolution of
iron(III) (oxyhydr)oxides with adsorbed carboxylic acids such
as citrate and oxalate,"*”"*® though there is now evidence that
superoxides generated on photolysis of NOM may also induce
the reductive dissolution of iron(III) (oxyhydr)oxides.'>”~"*"

https://doi.org/10.1021/acs.chemrev.0c01286
Chem. Rev. 2021, 121, 8161-8233
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Depending on the environmental conditions (pH, presence of
NOM, bicarbonate, phosphate, or sulfide), the produced Fe(1I)
is present as free dissolved Fe(Il), Fe(I[)-NOM complexes,
inorganically complexed Fe(II), or surface-sorbed Fe(Il), or it
can precipitate as Fe(II) minerals such as siderite (FeCOj),
vivianite (Fe;(PO,),), or Fe-sulfides (FeS and FeS,). Depend-
ing on the rate of reduction, the total amount of Fe present, and
the ratio of Fe(II) to the remaining solid-phase Fe(III), the
formation of mixed-valent Fe(II)—Fe(III) minerals such as
magnetite, green rusts, and Fe-phosphates is also possi-
ble.”**”"** In all cases, the resulting Fe(1I)-bearing phases not
only are involved in abiotic Fe(II)-associated reductive
processes but also can be used by Fe(Il)-oxidizing micro-
organisms as electron and energy sources.

2.2, Reactivity of Aqueous Fe(ll)

The reduction of a substance by Fe(II) involves the loss of an
electron from Fe(Il) and the subsequent gain of an electron by
the substance being reduced. This results in the oxidation of
Fe(Il) to Fe(IIl). The transfer of electrons between species
determines the oxidation—reduction potential of the solution or
suspension and is often simply referred to as the redox potential.
The redox potential is generally measured in millivolts against a
reference electrode, with low or negative values indicative of a
tendency for the solution/suspension to lose electrons.'*
Mathematically the process is defined by the Nernst equation
whereby the redox potential of the system (E,,) is a function of a
standard redox potential (E°) and the activities of the reduced
and oxidized ionic species at 25 °C and 1 atm. For example, for
Fe-based systems, the redox potential of the system is defined as
RT

2+
23RE o [Fe

E, =E°— o
b nF 8 [Fed]

(1)

The lower the redox potential of a solution or suspension
containing Fe(II), the greater the ability for a substance, such as
an organic pollutant, to be reduced. In the process of reduction
by Fe(1l), the pollutant may become less toxic and/or easier to
degrade in subsequent treatment processes;'*°~"* therefore,
this is a useful natural attenuation process that can occur in the
environment or be exploited as an engineered treatment process.

Understanding what processes increase the rate of contam-
inant reduction is therefore the same as understanding what
processes drive Fe(II) oxidation. There have been a vast array of

studies that have investigated aqueous Fe(II) oxidation rates by
140—1

oxygen, ** whereby the general rate can be simplified by the
following rate law (eq 2).
d[Fe(1I)]
———= = k'[Fe(ID)][O
I [ e( )][ 2] @)

While minor differences in the overall rate constant (k') have
been reported from study to study, some of which have been
investigated under differing values of oxygen partial pressure,
there is a general consensus that the rate is highly pH-dependent
due to the different hydrolyzed Fe(II) species present as a
function of pH such that, as the pH of a solution increases and
the hydrolysis of hexaquo Fe** to Fe(OH)* and then Fe(OH),
occurs, the overall rate of Fe(Il) oxidation increases
dramatically."* Under circumneutral pH conditions, however,
Fe®" is the dominant aqueous Fe(II) species and, from what we
know about the rate of Fe(Il) oxidation by oxygen, Fe®"
oxidation is extremely slow in the absence of any oxide surface
with which Fe?* can interact to alter its effective speciation.'*® As
such, even though Nernstian conditions may be satisfied such
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that pollutant reduction is “thermodynamically” possible under
circumneutral pH conditions, the rate of Fe?" oxidation is known
to be extremely slow. Indeed, the 2002 study by Strathmann and
Stone demonstrates this.'*” In that study, even though reduction
kinetics showed a good relationship with the calculated redox
potential, the kinetic rate constants determined appeared to
“flat-line” at approximately pH 6.5 and below due to the much
slower rate of pollutant reduction in the presence of the
dominant Fe*" species at these pH values. Of course, the
complexation of Fe(II) by certain inorganic ligands may alter
this trend, and again, the 2002 study by Strathmann and
Stone'*” demonstrates the dramatic increase in the reducibility
of certain pesticides in the presence of particular inorganic
ligands, namely fluoride, carbonate, and phosphate, highlighting
the importance of Fe(Il) speciation to the kinetics of pollutant
reduction processes. These particular inorganic ligands have also
been shown to have a pronounced impact on Fe(II) oxidation
kinetics,"** again illustrating the link between Fe(II) oxidation
and pollutant reduction kinetics.

3. IRON(Il) COMPLEXED BY ORGANIC LIGANDS

Fe(II)—ligand complexes play an indispensable role in the fate of
contaminants, particularly in groundwater, soils, and sediments,
where both abiotic and microbial reduction of contaminants can
occur. Dissolved Fe(II) and natural organic ligands commonly
coexist in reducing environments, are usually more reactive
under circumneutral conditions, and can significantly affect the
fate and transformation of aquatic contaminants.®”®"'*7149=151
Dissolved Fe(II) associated with small organic ligands are
important not only due to their environmental relevance but also
because of their simpler structures and properties than NOM
which makes them useful probes for molecular-scale factors that
determine Fe(II) redox reactivity in different systems.** Fe(IT)—
organic ligand complexes may also bind with NOM on soil
mineral surfaces, forming potent reductants for contaminants in
soil.">?

Although certain inorganic ligands including fluoride,
carbonate, and phosghate render Fe(II) a good reductant to
degrade pesticides,'*’ many contaminants including nitro- and
halogenated compounds show negligible or limited reactivity in
solutions containing inorganic salts of Fe(Il) (e.g., [Fe-
(NH;)¢]**, FeCl,, and FeSO,).***>'% The lack of reactivity is
due to the relatively higher redox potential of inorganic Fe(II)
salts compared to those complexed by organics. The reason for
this will be discussed in further detail in section 3.2; this section
will largely focus on interactions of Fe(II) with organic ligands.
Readers are also referred to an excellent review on the reduction
of organic contaminants by Fe(II)—ligand complexes.*’

3.1. Environmental Relevance of Fe(ll)-Ligand Complexes

NOM is generated from two main sources: the decomposition of
dead animals and plants and the excretion of extracellular
products from microorganisms and plants.">> During bio-
geochemical decomposition processes, organic substances with
reduced functional groups, such as hydroquinones and thiols,
can be generated in substantial abundance in anoxic environ-
ments.”’ For example, the concentration of organic thiols can be
up to 17 uM within dissolved organic matter (DOM) in aquatic
systems. >* NOM consists of large and complex structures with
an array of functional groups, forming complexes with ferrous
iron mainly through their numerous oxygen-, nitrogen-, and
sulfur-containing functional groups by a sharing of electron
density with the Fe(1I) ion center.

https://doi.org/10.1021/acs.chemrev.0c01286
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It is now recognized that reduced functional groups in NOM
can induce the abiotic reduction of Fe(IIl) with resultant
formation of Fe(II) species with the rate and extent of reduction
dependent on the electron-donating capacity of the NOM.'>
The reduction of Fe(Ill) in the dark occurs because of
hydroquinone-like moieties in NOM with the Fe(III) reduction
rate remaining invariant with change in pH. The oxidation rate
of Fe(II) in the dark is influenced by its interaction with O, and
increases as pH increases.”® Light can also dramatically
influence the rates of both Fe(IIl) reduction and Fe(II)
oxidation in the presence of NOM with Fe(Il) reduction
driven particularly by LMCT processes while Fe(II) oxidation is
influenced by the photochemical formation of semiquinone
radicals which are effective Fe(II) oxidants.">”">® These light-
mediated processes influence the bioavailability of iron to
phytoplankton'*” with this impact particularly important in
marine systems where the bioavailability of iron is recognized to
exert a major influence on algal growth in high nutrient low
carbon surface waters.'”” The photochemical reduction of
Fe(IlI) to Fe(Il) results in diurnal cycles of Fe(Il) in surface
waters with maxima occurring at peak sunlight intensity. "%

Low molecular weight organic ligands exist in natural
environments originating from the decay of more complex
organic materials and excretion from plants and micro-
organisms.80 For example, small organic ligands, such as oxalic
acid and formic acid, can be found at concentrations ranging
from 25 to 1000 #M in forest soils and from 5 to 174 M in soil
solutions.'®® Additionally, siderophores are secreted by micro-
organisms such as bacteria and fungi, often for the specific
purpose of iron acquisition.'°>'°® They are among the strongest
Fe-chelating agents found in nature, capable of forming strong
octahedral complexes with iron, including 1:1 hexadentate
complexes such as with desferrioxamine B (DFOB).'®’
Concentrations of siderophores in most natural systems are
relatively low,'®® while higher levels may be detected in
microenvironments.'*’

In some instances, small molecules with Fe(III)-reducing
ability may be released by aquatic plants, apparently both to
enhance Fe supply and to induce an allelopathic effect on other
organisms. For example, seasonally persistent blooms of Ulvaria
obscura var. blyttii have been well reported in recent decades with
the synthesis and release of dopamine by this organism regarded
to suppress and inhibit the growth of other organisms competing
for limited resources. Sun et al.'’° showed that high
concentrations of H,O, accumulate over time due to the direct
oxidation of dopamine and dopamine-induced generation of
5,6-dihydroxyindole, especially in the presence of elements such
as iron, calcium, and magnesium. They suggested that iron
mobilization induced by dopamine may favor the persistent
blooms of Ulvaria obscura var. blyttii or even the whole
community through iron increase within the bloom region.'”’

Overall, the simultaneous occurrence of dissolved Fe(II) and
natural organic ligands is common in the reducing conditions of
suboxic and anoxic aquatic environments."**'*> Studies have
shown the importance of the interactions between Fe(II) and
natural organic ligands due to their electron-donating character-
istics, which are capable of enhancing the redox activity of Fe(II)
and facilitating the in situ reductive transformation of
contaminants.” Highly stable multidentate complexes can
form between Fe(II) ions and ligands, e.g, five-membered
ring complexes.'”" As discussed above, microorganisms can also
release siderophores into the extracellular environment to aid in
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the transport of iron across cell membranes with this process also
. . : . ) 167
recognized to occur in anoxic and suboxic environments.

3.2. Reactivity of Fe(ll)-Ligand Complexes

In the presence of organic ligands that can form strong
complexes with transition metals, the water molecules bonded
to the Fe(II) or Fe(II) cation will be replaced by the organic
ligands at one or more of the water positions, leading to a
significant change in Fe(1I) and Fe(IIl) speciation. Because
Fe(II) hydrolysis states and protonation of hydroxyl ligands are
strongly pH-dependent, both pH and ligand concentration are
primary parameters that affect Fe(I) or Fe(III) speciation with
organic ligands. For example, in solutions containing Fe(II) and
tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid), various Fe(1I)
species (Fe(I), FeOH", Fe(OH),’, Fe(OH);~, FeHL", FeL*",
and FeL,®") (where L*" represents the fully deprotonated tiron)
can form. As the pH increases from 4.0 to 9.0, the total Fe(II)
concentration remains constant while the concentrations of
these Fe(II) complexes increase to different extents and then
decrease (Figure 1).

1e-2

FeZ+

N

1e-6 1 )
FeHL

1e-104 FelL?

1e-13

1e-17]
FeL,”

Fe(ll) Species Concentration (M)

1e-21

3 4 5 6 7 8 9
pH

Figure 1. Effect of pH on Fe' speciation in solutions containing 0.5 mM
Fe" and 10 mM tiron. The concentrations of various Fe'! species were
calculated by MINIQL+ 4.6. Reprinted with permission from ref 63.
Copyright 2016 American Chemical Society.

A few studies have demonstrated that the rate of reduction of
reducible organic compounds by individual Fe(II)—organic
ligand complexes follows a linear free energy relationship with
the one-electron redox potential E; of the corresponding
Fe(I1) /Fe(I1I) redox couple under standard conditions (i.e., the
EY, value is the primary parameter in predicting the reductive
reactivity of the Fe(II) species).”***®" The standard redox
potential of each Fe(II)/Fe(Ill) redox couple can be defined
using the following relationship.

RT Ky m
E) =077 — = In| 2L
F K, (3)

where 0.77 V (vs normal hydrogen electrode, NHE) is the value
of E% for the Fe(III)/Fe(II) half reaction under standard
conditions, R is the universal gas constant, T is the temperature
in degrees Kelvin, F is the Faraday constant, and Kg,qy), and
Kge(uny are the equilibrium constants for Fe(II) and Fe(III)
complexation with a ligand L, respectively. According to eq 3,
ligands that form much stronger complexes with Fe(III) than
with Fe(1T) will lead to a much lower E; for the Fe(1I) complex—
Fe(III) complex redox pair, yielding a stronger reductant. As a
result of their lower EJ;, Fe(II) complexes with ligands

https://doi.org/10.1021/acs.chemrev.0c01286
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possessing catechol, hydroxamate, and thiol functional groups
have gained the most attention because of their higher redox
reactivity than Fe(II) complexes with other organic ligands such
as carboxylates.”'*"'** E, values for redox couples associated
with Fe(II) —ligand complexes are provided in Figure 2. The low

08 = Fes/pezt
Fe(tripyridyltriazine)?*/3*
0.6 |-
FeH(citrate)*/°
Fe(oxalate)*/°
_04r FeOH2*/FeOH*
w
5 02 Fe(glutamate)'F/°( late), /2
v 02 |- o, Fe(oxalate),/*
; FeH(EDTA)’/ Fe(salicylate)*/®
> Fe(EDTA)/*  Fe(tiron)/*
w0
Fe(NTA),*>/%
2 Fe(oxalate),>/*
.0.2 |- FelOH),*/°
Fe(salicylate), /%
0.4
Fe(tiron),>/ Fe?*/Fe®
0.6 |=

Figure 2. Standard one-electron redox potentials (EY;) for the Fe(III)/
Fe(II) redox couples associated with various Fe(II)—organic ligand
complexes. Modified with permission from ref 80. Copyright 2011
American Chemical Society.

redox potentials of Fe(II) complexes with catecholate,
hydroxamate, and thiol ligands have been linked to their high
reductive redox reactivity toward an array of organic
contaminants in anoxic aqueous solution, 0”0 1SH172173

Fe(1I) has six inner-sphere coordination sites with a lower
number of occupied sites on Fe(1I) leading to more positions
available for the Fe(II) to complex with other ligands and/or
chemical probes. The availability of inner-sphere coordination
positions of Fe(II) that are capable of bonding with the Lewis
base donor groups within certain chemical probes has been
demonstrated to increase the rate of reduction of certain oxime
carbamate pesticides."*” For instance, Fe(II) complexed by
carboxylates and phenolates generally enhances the reduction of
toxic Cr(VI) to less toxic Cr(III), because a ternary Fe(II)—
ligand—Cr(VI) complex forms thereby allowing inner- or outer-
sphere electron transfer to occur within the complex.'”*
Similarly, carboxylate and aminocarboxylate ligands enhanced
the reduction of oxime carbamate pesticides by Fe(1l) through
enabling both a lower redox potential of the reductant and the
formation of inner-sphere complexes with the pesticides.'*’
However, experiments have also demonstrated that inner-sphere
coordination is not necessary to achieve the reduction of organic
contaminants by Fe(II)—organic ligands because Fe(II)
complexes with EDTA or CN™ with all six coordination sites
saturated have shown enhanced rates of reduction relative to
aqueous Fe(II) species.'”

When examining the influence of Fe(1I) species in solutions
containing both Fe(II) and tiron on the observed rate constants
(kops) for the reduction of nitroaromatic compounds, a strong
correlation between the measured k., values of 4-chloroni-
trobenzene and the concentration of FeL,%~ is observed (Figure
3), indicating that FeL,%" is the dominant reductant. The high
reactivity of FeL,®™ has been explained based on its lower EY
than those of other Fe(II)—tiron complexes (Figure 2).°
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Figure 3. Linear correlation of log k., of 4-chloronitrobenzene
reduction vs concentration of FeL,%”, and the structure of FeL,°". Line
represents linear regression of three data sets, including the variations in
total tiron concentration, pH, and ionic strength. Reprinted with
permission from ref 60. Copyright 2006 American Chemical Society.

The above mechanisms are further expanded in recent studies
on the degradation of organic contaminants containing
nitrogen—oxygen bonds including aromatic N-oxides, isoxazoles
such as sulfamethoxazole, and hydroxylamines in the presence of
Fe(I1)—tiron.”>**'”®"”” The authors found that several types of
complexation between contaminants and Fe(II)-tiron can
increase the reaction rates to different extents, with stronger
complexation yielding much faster reductive reactivity.*>*>'”®
One example is an inner-sphere S-membered ring complex
between Fe(II)-tiron and carbadox, which facilitates electron
transfer from FeL,® to carbadox to make the reaction 276 times
faster.””*> Complex formation between Fe(II)-tiron complex
and the aromatic N-oxides prior to electron transfer might be the
rate-limiting step.””®® Another example is an increase in the
reductive reactivity of four isoxazoles from 16- to >155-fold
upon the formation of different inner-sphere six-membered ring
complexes with Fe(II)-tiron."”® In the case where inner-sphere
complexation with Fe(II)-tiron is inhibited due to steric
hindrance, as occurs in the case of sulfamethoxazole, the
reaction proceeds at a similar rate to that without any added
tiron.'”®

The ability of Fe(II)—ligand complexes to reduce organic
compounds also means they can act as an electron-transfer
mediator. As an example, Fe(II)—porphyrin complexes can
rapidly reduce a number of organic functional groups at room
temperature, including olefins, acetylenes,'”® alkyl halides,
quinones, and nitro and nitroso compounds.'”””'** Corre-
spondingly, Fe(II)—porphyrin can act as an electron-transfer
mediator to promote reduction of polyhalogenated methanes
and ethanes by bulk reductants such as cysteine in homogeneous
aqueous solution.'**'** The proposed reaction mechanism for
the mediated reduction includes outer-sphere electron transfer
from the bulk reductant to the polyhalogenated methane or
ethane through the mediator.

The reduction of contaminants in the presence of dissolved
Fe(II) can be accelerated, inhibited, or not affected by the
presence of NOM, and the reported reactivity of Fe(I)-NOM
toward contaminants is sometimes contradictory'*>~'* due to

https://doi.org/10.1021/acs.chemrev.0c01286
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multiple factors such as different NOM sources, structure,
content, and target contaminant type, as well as differing
experimental methodologies. For instance, carboxylate, cat-
echolate, and thiol moieties in NOM can form complexes with
Fe(II), lowering the EJ; of the resultant iron-NOM system,
thereby rendering the contaminant reduction more favor-
able.*”*"'*” As demonstrated by eq 3, strong Fe(III) binding
functional groups are found to enhance reduction while strong
Fe(II) binding functional groups retard reduction.'”* NOM can
(and generally does) have both Fe(III) and Fe(Il) stabilizing
groups, and the amounts of each can vary greatly from site to site
such that simple generalizations about how NOM affects the
reductive reactivity of Fe(Il) cannot be made. Moreover, NOM
may inhibit the formation of iron colloids and consequently the
formation of surface-complexed Fe(Il), leadin% to slower
reductive transformation in Fe(II)=~DOM media.'"®

Generally, anything that can alter the relative speciation of
Fe(Il) and Fe(III) and, therefore, can impact the resultant redox
potential of the system according to eqs 1 and 3 will impact the
reductive reactivity of Fe(Il)—ligand complexes. The most
important parameters, in addition to the functional groups
present on NOM, are pH and the total concentrations of Fe(Il),
the complexing ligand, and the target compound. Table 1
summarizes measured reduction kinetics of various contami-
nants by different Fe(1l)—ligand complexes under different
conditions. In summary, k,, is found to be positively correlated
with Fe(II) concentration, ligand concentration, and pH, but it
decreases with increasing concentration of the contaminant.
Chen et al.”* investigated carbadox reduction by the Fe(II)—
tiron complex with varying concentrations of carbadox, Fe(II),
and tiron and varying pH conditions. The results indicated that
an increase in Fe(II) concentration led to an increase in k, for
carbadox reduction at pH 5.90. When the pH increased from
5.05 to 6.00 with the carbadox, Fe(Il), and tiron concentrations
fixed, the values of k, increased 3 orders of magnitude. At pH >
7.00, the reaction was too fast to be monitored.

Given the diverse chemical structures and a large number of
available ligands, developing quantitative tools for the reactivity
of different organic chemicals by soluble Fe(II) complexes has
been limited to narrowly defined, relatively homogeneous
families of reactants (e.g., dechlorination of alkyl halides). A
recent study, however, attempts to approach this challenge by
comparing two approaches: classical QSARs based on molecular
descriptors, e.g, E ymo (energy of the lowest-unoccupied
molecular orbital), and emerging machine learning algorithms
based on different chemical representations, e.g., molecular
fingerprints.'*® Based on the obtained reduction kinetics of 60
diverse chemicals toward one Fe(II)—ligand complex as the
model reductant under a wide range of solution conditions, the
authors observed a similar prediction performance of the models
developed by the two approaches (Figure 4). The major
difference between these two approaches is that the classical
QSARs are only applicable to structurally similar chemicals,
including nitroaromatic compounds, aliphatic nitro-com-
pounds, aromatic N-oxides, isoxazoles, polyhalogenated alkanes,
and other miscellaneous chemicals under fixed conditions,
whereas the machine learning model covers the reduction rates
of all classes of chemicals and changing conditions.

In many natural settings where naturally occurring Fe is
abundant, Fe can exist in multiple states that may not be
favorable toward reduction. For example, Fe(Il) may form
complexes with other organic ligands to shield it from reacting
with oxidants, as illustrated by NOM inhibiting reduction of
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Figure 4. Plot of experimental log k, (first-order rate constants) against
predicted values from the conventional QSARs and the machine
learning model. Reprinted with permission from ref 188. Copyright
2021 Elsevier.

contaminants by competing with other ligands such as tiron for
complexation with Fe(IT)."'* Similarly, hydrophobic extractable
DOM from rainwater, a complex mixture of hydrophobic
ligands, was observed to significantly slow abiotic Fe(II)
oxidation by O, in seawater."”’ In addition, anionic oxygen-
containing ligands such as carboxylic acids and hydroxylated
organic compounds can facilitate Fe(I) oxidation with the
consequent reduction of Fe(IlI) minerals in saltmarsh sedi-
ments and pore waters. These oxygen containing ligands can
“pump” electron density from oxygen to Fe(Il) to enhance the
basicity of the Fe(Il) atom and stabilize the formed Fe(III),
allowing Fe(III)—ligand complexes to exist even under highly
reducing conditions.'”" As a result, the highly reducing nature of
sediments would presumably allow Fe(IIl) (oxyhydr)oxides to
exist only near the sediment—water interface, where most active
redox chemistry occurs.

4, SOLID PHASE FE(Il)
4.1. Structural Fe(ll)

Minerals containing structural Fe(II) play an important role in
controlling heterogeneous redox reactions in anoxic environ-
ments.'”® Many mineral phases contain structural Fe(II), such
as magnetite,és’195 green rusts,*”**>*7 jron sulfides,”*”**! and
clay minerals.”** As such, these Fe(II) containing minerals are
able to reduce various pollutants, including carbon tetrachloride,
nitroaromatics, pesticides, polyhalogenated compounds, nitrate,
nitrite, Cr(VI), and Tc(VII) (refer to Table 2), often at
significant rates. Specific minerals containing structural Fe(II)
are examined in the following sections, and readers are referred
to an excellent recent review by Usman et al. on the synthesis,
properties, and environmental applications of magnetite and
green rust for additional information.”’ We focus on magnetite,
green rusts, mackinawite, and iron-containing clay minerals as
the representative structural Fe(II) below mainly because of
their high reactivity toward pollutants and, as such, their
potential applicability.

4.1.1. Magnetite. Magnetite (Fe;O,) is a common mixed-
valent iron oxide mineral.” Magnetite can form through the
reduction of Fe(IIl) (oxyhydr)oxides biotically by dissimilatory
iron(I1I)-reducing bacteria' ”**° or abiotically from the reaction
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of aqueous Fe(II) with Fe(III) containing minerals,”>"*** by Particle size is another important parameter influencing the

; . 59,253 q
corrosion of zerovalent iron systems, and by the oxidation

of ferrous minerals and iron metal from both natural and
anthropogenic sources,”>* 7% Magnetite can also be formed
intracellularly by magnetotactic bacteria.”>”

Numerous studies have explored the reductive reactivity of
magnetite toward both inorganic and organic contaminants,
including organic contaminants such as nitrobenzene,®*'%°
carbon tetrachloride (CCl,),""*"?® and cis-dichloroethene (cis-
DCE),***" inorganic contaminants such as Cr(VI)"""97%58 and
Hg(11),"””** and radionuclides such as U(VI),* the details of
which are shown in Table 2. More specifically, structural Fe(II)
in magnetite has been shown to donate electrons'” to induce
dechlorination of the chlorinated ethylenes PCE, TCE, cis-DCE,
and VC with rate constants ranging from 0.185 to 0.254 d™" at
pH 7.'%* Cr(VI) is also found to undergo reduction to Cr(III) in
the presence of magnetite at different pH values."”® These
reactions are often modeled based on solid-state diffusion of
Fe(II) from the bulk to the surface of magnetite with the
diffusion of Fe(Il) in the crystalline matrix the rate-limiting
step.'7>2°972%% However, a recent study discovered that even
stoichiometric magnetite does not reduce PCE and TCE, and
only the addition of high concentrations of aqueous Fe(II),
likely forming Fe(OH), precipitate, can lead to PCE and TCE
reduction.”

Magnetite is able to reduce carbon tetrachloride in the
absence of added Fe(II)."”> However, some studies reported
that without the addition of Fe(II) 1 Magnetite exhibited almost
no ability to induce the reduction of 4-chloronitrobenzene”*®
and hexahydro-1,3,5-trinitro-1,3,5-triazine,138 even though the
reaction is thermodynamically favorable. This difference in the
magnetite reactivity might result from their different Fe(II)
contents because the structural Fe(II) is more oxidized in the
previous study.”* Indeed, the Fe(II)/Fe(III) ratio in magnetite
(eq 4) has been convincingly demonstrated to greatly impact its
physicochemical properties such as redox potential and
conductivity.**°**” For additional details regarding how to
obtain the redox potential of magnetite, see section 8.9. When
examining the impact of magnetite stoichiometry on contam-
inant reduction rates,*”'”* the reduction of nitrobenzene by a
nonstoichiometric magnetite (R = 0.31) is S orders of magnitude
smaller than that of a stoichiometric magnetite (R = 0.5)."”° The
pertinent ratio R can be expressed as

FeH(Oct)
Fe'(Oct) + Fe'(Tet)

I
Fe

R= Fll

(4)

where Fe'(Oct) and Fe™(Oct) are the amounts of Fe(II) and
Fe(Ill) in the octahedral sublattice (B sites) of magnetite and
Fe''(Tet) is the amount of Fe(III) occupying the tetrahedral
sublattice (A sites). Not surprisingly, this ratio can vary from the
surface to the interior of a magnetite particle. For example, the
formation of an oxidized layer on magnetite is found to diminish
its reductive reactivity as this reduces the active Fe(II) content
available at magnetite surfaces and also inhibits electron transfer
between structural Fe(Il) and the aqueous interface. Indeed,
fresh magnetite can readily reduce Cr(VI) to Cr(III), while the
Cr-reducing capacity of maghemite-coated magnetite is greatly
reduced.”” Similarly, the reductive reactivity toward Cr(VI)
decreased by a factor of 4 when magnetite was allowed to age in
air for 18 months, resulting in some of the magnetite being
oxidized to maghemite.l%

8174

reductive reactivity of magnetite. Nanosized (9 nm) magnetite
shows higher reactivity toward carbon tetrachloride than larger
nanoparticles (80 nm), most likely a result of the higher available
reactive surface area and the ability for Fe(II) to diffuse more
readily to the surface of magnetite, although the effect of
quantum confinement cannot be ignored.'”> Additionally, the
redox potential of magnetite increases with smaller particle
sizes.”®" Similarly the aggregation state of magnetite affects its
reductive reactivity, with smaller aggregates imparting the
highest reactivity.'”

pH can also significantly affect the reductive reactivity of
magnetite. It has been shown that a stepwise increase in pH from
6 to 10 steadily enhances the degradation rate of carbon
tetrachloride by magnetite, which is attributed to the greater
electron density of the deprotonated surface sites at higher
pH.""” pH and ionic strength also influence magnetite reactivity
by affecting particle aggregation.'”?

Cationic substitution is common in magnetite. Natural
magnetites can contain Al, Mn, Ti, and/or Zn, all of which
can affect R (i.e., the Fe(Il):Fe(III) ratio) and therefore the
redox reactivity.” Ti(IV) is a prominent example which, through
solid—solution exchange, leads to mixed composition phases
such as titanomagnetite. Cationic substitutions can affect R and
thereby also increase the redox potential of magnetite. This is
because each substituent Ti(IV) cation in titanomagnetite
eliminates two Fe(IIl) cations with the first being replaced and
the second being eliminated by reduction to Fe(II) for a net
charge balance in the unit cell.**” This yields a rapid rise in R to
values well above those found in stoichiometric magnetite (R =
0.5),% conceptually enhancing its redox reactivity. However, Ti
substitution for Fe can have multiple effects. For instance, Latta
et al. (2013) found that the reduction of U(VI) by
titanomagnetite was indeed controlled by the initial bulk
Fe(II) /Fe(111) ratio,””® but the reduction of U(VI) to U(IV)
only occurred at R > 0.4, consistent with previous studies which
demonstrate that the R value directly controls the redox
potential of magnetite.””>*”" In addition, the presence of Ti was
also found to influence the final reduced U" speciation, resulting
in the formation of uraninite by pure magnetite, relative to
U(IV) with the bidendate U-O2-U bridges in the presence of Ti-
doped magnetites.”’’ Other researchers have shown the
influence of Ti content on the adsorption of contaminants.
For example, Wylie et al. (2016) reported that increasing the Ti
concentration in magnetite resulted in higher adsorption of
neptunium at pH 3 under anaerobic conditions, likely due to
binding of Npp to Ti—O sites, as opposed to Fe—O sites.””’ As is
the case for magnetite, factors influencing the reactivity of
titanomagnetite beyond R include particle surface area to
volume ratio and solution pH.>*%*°">7%:20>

In addition to the presence of Fe(Il) within its structure,
magnetite can also undergo reaction with aqueous Fe(Il),
although no secondary mineralization to other oxides such as
goethite and hematite occurs.””**> This has been shown to
result in an increase in structural Fe(II) content,”’” although the
extent to which this occurs is limited by the initial stoichiometry
of magnetite. Upon reaction with magnetite, the Fe(Il) was
oxidized to form a magnetite layer and no sorbed or precipitated
Fe(II) phase was observed.®* The injected electrons from Fe(II)
into magnetite localize as °‘Fe>*—Fe®* pairs.”* Magnetite
particles with a higher Fe(IIl) content relative to Fe(1I) take
up more Fe(II) until stoichiometric magnetite forms, whereby
any further aqueous Fe(II) uptake is limited.®* Aqueous Fe(II)

https://doi.org/10.1021/acs.chemrev.0c01286
Chem. Rev. 2021, 121, 8161-8233


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01286?rel=cite-as&ref=PDF&jav=VoR

Chemical Reviews

pubs.acs.org/CR

can therefore effectively “recharge” or “boost” the reductive
reactivity of magnetite toward environmental contaminants by
increasing the Fe(II):Fe(III) ratio of nonstoichiometric magnet-
ite,”* with quinones of likely importance to the generation of
aqueous Fe(II) in natural environments.””> As such, the
presence of an active reductant such as aqueous Fe(II) that
can “recharge” magnetite is deemed to be more important for
contaminant reduction than the presence of magnetite itself in
the environment.** Parallel to the reaction of aqueous Fe(II)
with Fe(III) (oxyhydr)oxides, extensive (i.e., more than 50%)
atom exchange is found to occur upon the reaction of aqueous
Fe(II) with magnetite, but this is not associated with the
transformation of magnetite or alteration of octahedral vs
tetrahedral iron site ratios, and the R value does not affect the
rate and extent of the atom exchange.””* In the same study, iron
atom diffusion, in addition to bulk electron conduction, is
proposed as a possible mechanism to explain the rapid rates of
Fe atom exchange.””* Finally, different from the effect of cation
substitution on magnetite redox reactivity, Co substitution does
not seem to affect the rate and extent of atom exchange between
aqueous Fe(II) and magnetite.””*

4.1.2. Green Rusts. Green rusts (GRs) are mixed Fe(1l)—
Fe(Ill) layered double hydroxides (LDH) with a sjogrenite-
pyroaurite-like structure, whereby anions in the background
electrolyte are intercalated into the structure with water
molecules in the interlayers between brucite-like layers of
Fe(OH),. The general formula of GRs is [Fe(}_,)Fe,'(OH),]**
[(x/n) A"-(m/n)H,0]*, where « is the Fe'/Fe,, ratio and
A" represents intercalated anions (e.g, Cl, SOZ7, or
CO%¥).”>*%! GRs can result from different sources, such as
corrosion products in steel and iron piI)es,276’277 reduction
products of iron (oxyhydr)oxides by dissimilatory iron(III)-
reducing bacteria (DIRB),””® and oxidation products of
zerovalent iron in engineered systems,””” from the reaction of
aqueous Fe(II)- with Fe(III)-containing minerals”**~*** and as
natural products in a gleysol,”** an acid mine drainage,”** and a
stratified lake.”®> The nature of GRs is dependent on the
incorporated anions and can be categorized into two types
distinguishable from their X-ray diffraction (XRD) patterns due
to differential stacldng.286 Green rust 1 (GR1), with a
rhombohedral unit cell, contains planar anions, such as chloride
or bromide, while green rust 2 (GR2), with a hexagonal cell,
contains tetrahedral anions, such as sulfate.?*°

Because of high contents of Fe(II), GRs have been used to
reduce different organic and inorganic contaminants by serving
as a powerful electron donor,’*”*’7** with examples of the
various studies shown in Table 2, such as the reduction of carbon
tetrachloride,””>**® 4-chloronitrobenzene,”®’ methane and
ethane,”” PCE,**** TCE,"***° chromate,”*’ nitrate,”*° and
nitrite.”*”*”” Many studies have confirmed the contribution of
structural Fe(II), as opposed to aqueous Fe(II), toward the
reduction reaction.””! For example, studies of the interaction
between GR2(SO,) and chromate have shown that chromate
first substitutes for sulfate in the interlayer and then undergoes
reduction by Fe(II).””” Nonpolar molecules such as carbon
tetrachloride, however, might not be able to penetrate the
interlayers of GR; thus, its reduction only occurs on external
surface sites.”>’ Readers are referred to other reviews for
additional information on the synthesis methods and environ-
mental application of green rust.””*”*

Similar to magnetite and titanomagnetite, the reactivity of
green rusts can be affected by the ratio of Fe(II)/Fe(III).””*"*
With increasing Fe(II) /Fe(III) ratio, the reductive reactivity of
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nitrate by GR(Cl) increases due to an increase in the reduction
capacity.”** In addition, different interlayer anions can complex
with various contaminants in different ways and influence the
energy of the Fe(II) species,” thus affecting the reactivity of
GRs. For instance, the reactivity of GR(CI) is approximately six
times higher than that of GR(SO,) when reducing nitrate, which
is due to the ease of exchange of chloride for nitrate and a high
content of Fe(II) in the octahedral layers of GR, both of which
favor the reduction of nitrate at the reactive surfaces.”*>*"®
There are, however, contrasting results in the literature
regarding the influence of the interlayer cation (i.e., chloride,
carbonate, sulfate) on the reductive reactivity by GRs for other
contaminants such as U(VI).® This difference in reactivity
might be related to whether or not the contaminant of interest
can enter the interlayer,’® with further research required to
confirm this hypothesis.

Solution conditions can greatly affect reactivity. It has been
shown that the reductive reactivity of GRs increased with
increasing pH,””"**° which could be related to its lower redox
potential at higher pH.>®” GRs can convert to more stable iron
(oxyhydr)oxides, such as goethite, magnetite, and lepidocrocite
after the reduction,”*>?**"**® with pH influencing the trans-
formation products. It has been shown that GR(SO,) transforms
to magnetite when pH > 9 and to goethite when pH < 8 when
GR(SO,) was used to reduce selenate ions, which could also
affect its reduction capacity.””® Trace metal ions can also affect
the reactivity of green rusts.”****! For example, the addition of
Ag(I) or Cu(Il) leads to a signiﬁcant increase in the reduction
rates of halogenated ethane.””" This is related to a galvanic-like
cell that forms when green rusts (anode) are combined with
submicron-sized particles of Ag(0)/Cu(0) (resulting from the
reduction of Ag(I) or Cu(II) by green rusts)*****" which are
then able to promote the reduction of halogenated ethanes. The
presence of anions such as phosphate and silicate can further
decrease the reductive reactivity of green rust, due to the loss of
structural Fe(II) in green rust associated with the formation of
vivianite or surface saturation of lateral sites.”>>*°° In addition,
the presence of coexisting anions can influence the oxidation
products of green rust,””’~>*” although more research is needed
to identify these transformation products to obtain a better
understanding of the underlying reaction mechanisms between
green rust and reducible contaminants.

4.1.3. Mackinawite. Mackinawite (Fe,,,S, where 0 < x <
0.07, hereafter referred to as FeS), an iron monosulfide,
possesses a tetragonal lattice structure with Fe atoms linked in
a tetrahedral coordination to four equidistant sulfur
atoms.”'”*°° The formation of FeS has been observed in various
reducing environments, such as reducing freshwater and marine
systems, the surface of anoxic clay soils, and eutrophic
estuaries.””' %" Mackinawite is produced primarily through
sulfide and soluble iron species chemically and biologi-
cally””*1%°% 739 and is considered a transient iron sulfide
species,*”** an important precursor to the formation of the
more thermodynamically stable iron sulfide minerals, such as
pyrite and greigite (Fe;S,).”*"**" Mackinawite has been shown
to reduce a lar_/ge number of contaminants, including carbon
tetrachloride,”®” hexachloroethane (HCA),”*” PCE,*'® r-hexa-
chlorocylohexane (lindane),””® TCE,*"® tribromomethane,”""
Cr(VI),*** and U(VI).*** The details of the reaction rates and
different products are listed in Table 2. For instance, the rate of
transformation of PCE to acetylene is faster than that to TCE.*"!
For the reduction of U(VI), although UO, is regarded the most
thermodynamically stable form, partially reduced species (i.e.,
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U;04 and U,0,) are often reported.’**~>'" The synthesis and

applications of iron sulfides for various pollutant removals have
been reviewed.”'>~*'* Readers are referred to two reviews for
additional information on the chemistry (e.g, structure,
composition, and solubility) of FeS.*>*'®

The reactivity of iron sulfide minerals may be associated with
either Fe(Il) or sulfide,*0”*!»?20310319:331 10tk of which can
provide electrons to reduce chemicals. However, different
reduction mechanisms have been reported even for the same
chemical probe. Some researchers have suggested that the
reduction of U(VI) might result from either Fe(II) or S(-II) 210
while others have groposed the reduction is due to S(-II) instead
of Fe(I1).*>*'%%?% Additionally, the reduction of Cr(VI) by FeS
occurs primarily at the FeS surface,””* while aqueous Fe(II) and
S(-II) released from the partial dissolution of FeS can contribute
to the reactivity by either surface or solution reaction.”'” Further
research is needed to examine the relative contribtuion of these
potential reductants.

The physicochemical properties of FeS influence its reductive
reactivity. FeS is a metallic conductor with delocalized Fe 3d
electrons,’”’ which is thought to partially explain its
effectiveness as a reductant.”'”>** This is why the orientation
of FeS layers perpendicular to the iron surface is found to
enhance the reductive reactivity.”'”*** The particle size of FeS
also influences its reactivity, with nanosize FeS shown to be
more reactive than macrosize FeS, due to a higher surface area
and more available reactive sites.>** Indeed, one reason that
freeze-dried FeS is less reactive than nonfreeze-dried FeS*'®*
is attributed to particle aggregation during the drying process,
which increases its particle size and lowers its reactivity.”'®**°
Many polymeric stabilizers (e.g., carboxymethyl cellulose) have
been emgloyed to stabilize FeS to improve its reactiv-

26 'In addition, nanosize FeS containing various
structural flaws’*”**” contributes to a higher reactivity
compared with macrosize FeS. The surface of FeS is more
hydrophobic than pyrite,*** favoring the adsorption of TCE;
thus, the rapid transformation of FeS to pyrite greatly decreases
the rate of TCE degradation.”'®

The transformation of FeS before and during reactions can
also affect its reactivity. As mentioned above, FeS is metastable
and can be transformed to other more stable iron sulfides (e.g.,
Fe;S,, FeS,) or iron oxides by various oxidants.”'**** FeS is also
prone to oxygenation with the resultant formation of
lepidocrocite, elemental sulfur, and surface-located hydroxyl
radicals.”” Freeze-drying of mackinawite also results in less
reactive FeS due to the transformation of FeS to greigite and
pyrite during the freezing process,”'® both of which are less
reactive than mackinawite.'”***° FeS reaction with various
contaminants could also result in its transformation to products
such as greigite and ferrihydrite.””***" Understanding the
transformation products of FeS can be utilized to regenerate
FeS, which would greatly improve engineered remediation
systems.

Solution pH is also known to affect the reductive reactivity of
iron sulfides, with contrasting results observed, warranting
further research. For instance, the reductive dechlorination of
hexachloroethane,”® carbon tetrachloride,**® cis-1,2,-dichloro-
ethylene,”* and TCE*'® was significantly enhanced as the pH
increased,””” whereas the reduction of U(VI) decreased with
increasing pH (5.99—10.17).%'° Both iron sulfide particles and
contaminants should be taken into account when discussing the
pH effect. Solution pH affects the surface charge of mackinawite
(pH,,c = 2.9%*%) and the hydrolysis of contaminants, which

ity‘3l7,318,
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would influence the interactions between them (electrostatic
effects). Surface reactive Fe(Il) species formed at different pH
might also be different.””” However, what specific surface
species form and how they are related to the reaction rate
deserve further research. The formation of a passivation layer on
the FeS surface at high pH might also lower the reduction
rate.”'” Another possibility is that electron transfer is faster at
higher pH.>** More studies are needed to determine the impact
of pH on mackinawite reductive reactivity.

The presence of inorganic/organic constituents can also affect
the reductive reactivity of iron(1I) sulfide minerals. Hard metal
ions (e.g, Cr(I1I) and Mn(1II)) have been shown to decrease the
dechlorination rates by FeS through the formation of surface
hydroxide precipitates that inhibit electron transfer between FeS
and hexachloroethane.”'® However, intermediate/soft metal
ions enhance its reductive reactivity by increasing the release of
Fe(II) and the formation of reactive Fe(OH), or forming metal
substituted FeS (eq S) or coprecipitated sulfides (eq 6) (e.g, M
= Co and Ni), which have more favorable electrical proper-

ties.”'?
FeS(s) + aM** 2 [Fe,_,, M_IS(s) + xFe®* (5)
FeS(s) + (1 — x)M*" = [Fe, M,_]S(s) + (1 — x)Fe**
(6)

Organic ligands with a strong affinity for FeS surfaces may also
affect its reactivity by inhibiting surface electron-transfer
reactions. For example, Butler et al. showed that the addition
of cysteine and methionine inhibited the rate of TCE reductive
dechlorination by FeS because the adsorption of the thiol and
sulfide functional groups to the FeS surface inhibited electron
transfer.””” On the other hand, the addition of 2,2'-bipyridine
and 1,10-phenanthrolene resulted in enhanced degradation of
hexachloroethane, which was attributed to the participation of
delocalized 7* molecular orbitals in the electron-transfer
reaction.”” The addition of citrate enhanced the reductive
reactivity of FeS, likely due to the inhibition of the passivation
layer on the FeS surface or the formation of surface reactive
groups facilitating the reaction.””*

4.1.4. Iron-Containing Clay Minerals. Iron-containing
clay minerals are ubiquitous in the environment and may form
via natural or synthetic processes.’>* **” Structural Fe(III),
particularly dioctahedral coordinated Fe(IIl), in clay minerals
can be reduced to form structural Fe(II)***** by micro-
organisms,134 surface Fe(II),”*" or chemical reductants such as
dithionite."******** Several factors can influence the rate and
extent of structural Fe reduction in clay minerals including the
type of microorganisms and clay minerals used, temperature,
solution chemistry, and the presence of electron shuttles such as
anthraquinone 2,6-disulfonate.*>*3%3° For instance, the
distribution of Fe(Il) in chemically reduced clay minerals
follows a “pseudo random” model (i.e., the generated Fe(II)
tends to be far from other generated Fe(II)),”" initially forming
Fe(II)—Fe(III) pairs instead of Fe(II)—Fe(II) pairs;”* whereas
the biological reduction of clay minerals initially occurs at edge
sites (moving front model),*” with Fe(II)—Fe(III) pairs created
only at the interface between the Fe(II) and Fe(III) domains
with the reduction front moving inward as the reduction
continues.>** Depending on the types of reduction, the
reduction mechanisms differ, resulting in different mineral
structures and hence reactivity.”*' 7"’ In these minerals, redox
active Fe(II) exists as either structural Fe(II) or surface-
associated Fe(II) (the latter will be discussed in detail in section
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4.2.3). Reduced clay minerals have been used to reduce different
organic and inorganic contaminants, including carbon tetra-
chloride,"** nitroaromatic comI)ounds,244’245 Cr(VI),>#93453
technetium,** and U(VI)**”*** (Table 2).

Various Fe(II) species generated in reduced clay minerals,
including structural Fe(II), edge complexed Fe(II), and
exchanged Fe(IT),”***** influence the reactivity of clay minerals.
Compared with edge-complexed and exchanged Fe(Il),
structural Fe(1) has been shown to be the predominant reactive
species in clay minerals.”**"****%%¢ Eor structural Fe(II),
abiotically reduced Fe-rich clay minerals contain two distinct
Fe(II) sites (dioctahedral and trioctahedral Fe(II) species)”
each with different reactivity, resulting in biphasic reduction
kinetics (fast initially followed by slow kinetics), while
abiotically reduced Fe-poor clay minerals only contain one
reactive site, exhibiting pseudo-first-order reaction kinetics
instead."*?**

The total Fe content of clay minerals is known to influence
electron-transfer pathways. For instance, the reduction of
Cr(VI) by Fe-rich nontronite is faster than that by Fe-poor
montmorillonite.”*” Part of this behavior may be related to the
availability of electron-transfer percolation pathways through
the clay mineral structure which become limited under low total
Fe contents, as well as by site-blocking substitutions.”*”**° Fe
content also affects the availability of exposed Fe sites at the
edges of clay sheets and electron exchange reactions that can
occur there by interactions with sorbed Fe(II).**"*** The ratio
of Fe(1I) /Fe(total) for both Fe-poor and Fe-rich clay minerals,
as is the case for other structural Fe(II)-containing minerals, can
also significantly affect the reductive reactivity. The higher the
value of Fe(II)/Fe(total), the higher the reductive reactivity,”*’
because of the lower standard redox potential of the mineral.

The presence of ligands, such as citrate, has also been shown
to inhibit the reduction of Cr(VI) by structural Fe(Il) in
nontronite (NAu-2), with the effect of this explained in terms of
competitive sorption between citrate and Cr(VI) for surface
sites.>>® Most revealing, however, is that the reduction rates of
contaminants by structural Fe(II) are not influenced by
pH."*”?* This is a significant point of difference between the
redox reactivity of structural Fe(II) species and surface sorbed
Fe(Il). Nevertheless, while Cr(VI) reduction by Fe-poor clay
minerals exhibits a pH-independent effect, the reduction of
Cr(VI) by Fe-rich clay minerals is found to increase as pH
decreases.”*” Further research is needed to elucidate the
different pH effects.

Finally, the nature of the exchanged cations can also affect the
redox reactivity of structural Fe(II) in layered clay minerals. For
instance, the reductive reactivity of structural Fe(II) in Na-
exchanged reduced nontronite (NAu-2) is found to be higher
than that in K-exchanged NAu-2.>**> This is likely related to
the smaller hydration radius of the potassium ion relative to the
sodium ion,”***® causing interlayers in the clay minerals to
collapse and dehydrate in the presence of K relative to Na and,
thereby, inhibit electron transfer from structural Fe(II).**"*>*

4.2. Surface Sorbed Fe(ll)

4.2.1. Fe(ll)-Treated Iron(lll) (Oxyhydr)oxides. Iron
(oxyhydr)oxides are important constituents of sediments,
soils, and rocks and occur in various crystal structures, sizes,
and morphologies.”®”*** Common iron (oxyhr)oxides include
goethite (a-FeOOH), magnetite (Fe;0,), hematite (a-Fe,0;),
lepidocrocite (y-FeOOH), ferroxyhyte (5-FeOOH), and
ferrihydrite (5Fe,05-9H,0).”
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Interactions involving Fe(1I) sorbed onto Fe(III) (oxyhydr)-
oxides are common in iron-rich humid tropical soils, at plant-
root surfaces, in the vadose zone, in marine sediments, and in
rice paddy soils where soil wetting and drying can lead to
fluctuating redox conditions.'”**”*° The frequency and
magnitude of redox fluctuations are important drivers of the
extent of organic carbon cycling in soils**”*?° and sulfur (S) and
phosphorus (P) in sediments.”” For more information of the
role of sorbed Fe(II)—Fe(IlI) (oxyhydr)oxide interactions and
other Fe(Il)-associated redox processes to biogeochemical
processes, readers are referred to section 6.

The most striking impact of surface sorbed Fe(II) (or at least
surface-associated Fe(II)—this is further discussed in section
4.2.4)—toward Fe(IIl) (oxyhydr)oxides is its ability to catalyze
the rapid transformation of poorly amorphous forms of Fe(III)
(oxyhydr)oxides to those which are more thermodynamically
stable and crystalline, as well as causing recrystallization of these
more stable forms. The mostly likely first step in this process is
now thought to be interfacial electron transfer between sorbed
Fe(II) and Fe(II) in the oxide lattice, a process long speculated
to be important™" and first demonstrated to be possible usin
Mbssbauer spectroscopy by Williams and Scherer (2004).*”
This interfacial electron-transfer step is coupled to consequen-
tial release of Fe(Il) elsewhere from the structure by electron
conduction through the lattice, enabling facile recrystallization,
as demonstrated by Yanina and Rosso (2008).”* These
observations culminated into the now routinely invoked
Fe(II)/Fe(IlI)-oxide conduction mechanism, such as in the
redox-driven conveyor belt model in the study by Handler et al
(2009)*** in which step 3 indicates the key interfacial electron-
transfer process (Figure S). Bulk electron conduction enables

Redox-Driven Conveyor Belt

t Lottt
1. Sorption \ ‘/ J
2. Electron e_____________.>
transfer » 5. Reductive
3. Oxide Fe dissolution
growth

4. Bulk conduction

Figure S. Conceptual model for the five steps associated with the redox-
driven conveyor belt mechanism. Reprinted with permission from ref
394. Copyright 2009 American Chemical Society.

dissolution of the existing Fe(III) (oxyhydr)oxide coupled to
simultaneous precipitation of the same phase (i.e., recrystalliza-
tion) or a new phase (i.e., transformation). Various aspects of
this mechanistic model are discussed further in section 4.2.4.
Characteristic transformations studied under laboratory
conditions include the transformation of ferrihydrite to
lepidocrocite and/or goethite,***** with the particular mineral
formed being dependent on competing mineralization path-
ways””” or the presence of anions such as silicate and NOM that
can interfere with the Fe(III) nucleation process.396 It was
recently shown that the newly created Fe(III) product resulting
from interfacial electron transfer from sorbed Fe(II) to
terrihydrite is the reactive species that leads to nucleation and
growth of product oxyhydroxide phases.””**”” Extensions of this
work using Fe-complexing organic acids show that ligands
disrupt the formation of stable product minerals by intercepting
and sequestering this labile Fe(III) intermediate.”” In fact,
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when corrected for the amount of intermediate labile Fe(III)
sequestered into organic complexes, the appearance of magnet-
ite as a product was shown to occur when the ratio of sorbed
Fe(1II) to residual uncomplexed labile Fe(III) was approximately
0.5, the stochiometric ratio in the mixed-valent iron oxide
magnetite.400 The collective findings reinforce the dissolution—
reprecipitation mechanism*’" for Fe(II)-catalyzed ferrihydrite
transformation to more stable crystalline forms suggested long
ago'” and add to it the importance of interfacial electron
transfer as the critical enabling step.

Furthermore, magnetite itself is also reactive with Fe(II),
which generally tends to increase its structural Fe(II) content.
Importantly, this is associated with a significant degree of Fe
atom exchange as observed from Mdssbauer spectroscopy.””*
Although consistent with the conduction model, the extent of
exchange, and the lack of any effect of cobalt substitution,
suggests Fe atom diffusion is an additional mechanistic aspect to
explain the rapid rates of Fe atom exchange between aqueous
Fe(II) and magnetite.””* Magnetite stoichiometry has a
significant effect on the degree of isotope fractionation, due to
the differential degree of octahedral versus tetrahedral iron
fractionation occupation.*”® Nevertheless, the *°Fe/**Fe equi-
librium fractionation factor obtained from the reaction of
aqueous Fe(II) with magnetite is similar to that obtained from
the transformation of ferrihydrite to magnetite, indicating that
kinetic isotope fractionation effects are minimal.***

For minerals which are already relatively stable in their
environment, Fe(II)-catalyzed recrystallization may be the main
source of dynamics with this process resulting in change in the
primary particle size or dimension of the original mineral species
without significant change in mineralo§y,3 >405 although these
changes in size may be quite minor."**° Nevertheless, the
change in either mineralogy or particle physical characteristics
will likely impact the ability of Fe(III) (oxyhydr)oxides to sorb
or sequester contaminants in the environment, and indeed, there
are a plethora of studies which have investigated the change in
contaminant availability associated with the reaction of Fe(II)
with iron oxides.® Notable studies include the ability of the
Fe(Il)-catalyzed transformation process to coprecipitate and
reduce uranium species into Fe(III) (oxyhydr)oxides, rendering
uranium less mobile in the environment as the resultant Fe(III)
(oxyhydr)oxide it becomes incorporated into is much less
resistant to reductive dissolution.””” Similarly, the recrystalliza-
tion of poorly amorphous iron oxides that readily undergo
reductive dissolution into more crystalline phases that are more
difficult to dissolve in the presence of aqueous Fe(II) has been
shown to be an important trapping mechanism for arsenic in the
environment.’”® Conversely, other studies have demonstrated
that the Fe(II)-activated recrystallization of Cu-, Co-, and Mn-
substituted goethite and hematite enhances the release of Cu,
Co, and Mn, Ni, and Zn to solution relative to Fe(II)-free
controls,"® with this process a result of continual electron-
transfer and atom-exchange processes inducing concurrent
dissolution and crystal growth, rather than net reductive
dissolution,*”” although the presence of particular coprecipi-
tated species in naturally occurring Fe(1Il) (oxyhydr)oxides,
such as aluminum, can also interfere with the crystal growth
process.*'® Additional Fe(II)-catalyzed mineral transformations
include iron atom exchange between aqueous Fe(II) and lattice
Fe(III) and oxygen isotope exchange between water and
structural (singly coordinated) oxygen in goethite and
ferrihydrite (please see below for more discussion).”"" For
more detailed discussion of Fe(Il)-driven stable mineral
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recrystallization, readers are referred to a comprehensive review
by Gorski and Fantle (2017).*"

As briefly mentioned in section 2.1, in the environment,
aqueous Fe(Il) is commonly (generated by Fe(IlI)-reducing
bacteria, either enzymatically’”*'® or via electron shuttling
compounds,*'* with the rate of microbially mediated reductive
dissolution of amorphous Fe(III) (oxyhydr)oxides being
substantially higher than that of synthetic and naturally
crystalline Fe(TII) (oxyhydr)oxides."" '® Indeed, initial Fe(III)
(oxyhydr)oxide bioreduction rates by the Shewanella bacterium
are positively correlated to the linear free energy of formation of
the Fe(Il) (oxyhydr)oxide,""” and more crystalline Fe(III)
(oxyhydr)oxides also possess lower available surface areas than
their amorphous counterparts resulting in a lower rate of Fe(II)
generation per mole of available Fe(II).*'® As such, more stable
forms of Fe(IlI) (oxyhydr)oxides tend to be preserved in the
environment relative to those which are less thermodynamically
stable, even in highly reducing sediments. While, ironically, this
ultimately negatively impacts the ability of Fe(II)-reducing
bacteria to couple the oxidation of organic matter to the
reduction of Fe(III) (oxyhydr)oxides for energy and growth, it
does seem that microbes have developed mechanisms to counter
this effect.*' ”**° For instance, the organic matter source used by
microbes (e.g., lactate) has the effect of retarding the Fe(II)-
catalyzed transformation process, which will result in Fe(III)
(oxyhydr)oxides that are easier to obtain energy from.""’
Furthermore, the ability of organic matter to retard the Fe(II)-
catalyzed transformation process is also favorable for
microbes.”®' Another major impact of the presence of Fe(II)
sorption onto Fe(IlI) (oxyhydr)oxides is the enhanced
reductive reactivity of sorbed Fe(II) in the presence of iron
mineral oxides compared to analogous aqueous Fe(II) solutions
alone.®¢7199249423 The most common iron oxides investigated
in this regard include goethite, hematite, magnetite, and
lepidocrocite, with the details of these studies summarized in
Table 3. A common feature of these studies is that the reduction
kinetics of Fe(II)—Fe(III) (oxyhydr)oxide systems are found to
correlate strongly with the amount of sorbed Fe(11).*°737%

As discussed in the previous sections, aqueous Fe(II) is
known to induce the reduction of contaminants at a much
slower rate than Fe(II) complexed with organic ligands or even
to certain inorganic ligands such as carbonate or fluoride. From a
molecular orbital theory standpoint, when Fe(II) is sorbed or
bound to a ligand, the donation of electron density from the
ligand to the Fe(Il) increases the energy of electron-donating Fe
3d orbitals, with bonding to more stable Fe(IIl) ligands
increasing the thermodynamic driving force for electron transfer
(and subsequently Fe(II) oxidation or pollutant reduction).***
Indeed, the stronger the resulting Fe(II)—ligand complex, the
lower the redox potential of the system becomes, as indicated in
eq 3. A similar argument is invoked to explain why Fe(II) species
sorbed onto an Fe(I1I) (oxyhydr)oxide possess greater reductive
reactivity toward contaminants. As has been shown to be the
case with Fe(Il)—organic ligands, a linear free energy relation-
ship between the redox potential of various aqueous Fe(II)—
Fe(Il) (oxyhydr)oxide systems and the rate of contaminant
reduction has been observed in the presence of a range of iron
oxides.”*»**>**° One study has even demonstrated that the use
of non-Fe-based mineral oxides as sorbents for Fe(II), such as
aluminum oxide, can lower the redox potentials of the system,
thereby facilitating faster Fe(II)-mediated reduction.”®"

It has recently been demonstrated, however, that in the
presence of an Fe(Ill) (oxyhydr)oxide, the aqueous Fe(II)
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species in solution is in thermodynamic equilibrium with the
Fe(Il) species sorbed to the particle surface and, therefore,
possesses the same redox potential or thermodynamic driving
force toward oxidation.””® Indeed, since the amount of Fe(Il)
sorbed to a particle surface is generally associated with an
increase in the aqueous Fe(II) concentration, the contention
that surface-sorbed Fe(Il) species are better electron donors
than aqueous Fe(II) species is not easily confirmed purely from a
strong correlation between the amount of sorbed Fe(II) and an
increase in contaminant reduction rate. Also, the observation
that contaminant reduction in the presence of an Fe(I)—
Fe(IlI) (oxyhydr)oxide can dramatically shut down when
aqueous Fe(II) is removed suggests that aqueous Fe(II) may,
in fact, be playing an essential role in contaminant reduction in
aqueous Fe(II) and Fe(IIl) (oxyhydr)oxide systems in addition
to sorbed Fe(II) species.””> A similar result has been obtained
showing that both the sorbed Fe(II) on ferrihydrite and Fe(II)
in the aqueous phase were involved in O, reduction reactions.**”
It has been speculated that the effect of aqueous Fe(I1) is a result
of redox equilibrium between aqueous Fe(II) and surface-bound
Fe(II).*°

Counting of the total number of electrons transferred during
Fe(II) oxidation and relating this to the amount of sorbed and
aqueous Fe(II), however, has demonstrated that the amount of
Fe(II) that is readily oxidized upon application of an oxidizing
current is isolated to the amount of Fe(II) sorbed to the Fe(III)
(oxyhydr)oxide of interest and not the aqueous Fe(Il)
fraction.*® Indeed, when the sorbed fraction was lowered but
the amount of aqueous Fe(II) was maintained by decreasing the
amount of Fe(Il) (oxyhydr)oxide present in suspension, the
amount of Fe(Il) that was oxidized became negligible. This
demonstrates that, even though the aqueous Fe(II) species is in
equilibrium with the sorbed Fe(II)—Fe(IlI) (oxyhydr)oxide
species present, this does not imply that both Fe(II) species are
able to be oxidized, and therefore reduce contaminants, at the
same rate. Gorski et al. has further developed a rationale for the
faster reaction kinetics of sorbed Fe(Il) relative to aqueous
Fe(II) despite their equivalent redox potentials,*** proposing
the oxide surface facilitates more rapid electron transfer by either
complexing with the contaminant to make it more reactive or
enabling a two-electron transfer which is not possible with
aqueous Fe(II).423 Alternatively, aqueous Fe(II) is often
oxidized to aqueous Fe(III) complexes or a metastable iron
oxide such as ferrihydrite, while sorbed Fe(II) is oxidized to an
oxide phase that resembles the existing stable oxide (except
magnetite).”””**° Thermodynamically stable iron oxides have
more negative Gibbs free energies than metastable iron oxides;
therefore, the formation of stable iron oxides is more
thermodynamically favorable. Detailed mechanisms by which
Fe(II) interacts with Fe-based mineral oxides as a reductant will
be discussed further in section 4.2.4.

Note that when the molar concentrations of aqueous
Fe(II):Fe(IIl) oxyhydroxide are roughly equivalent (or higher)
and the pH of the solution is circumneutral, a mixed-valent
Fe(II)—Fe(Il) species may form as the reaction product
following the sorption of aqueous Fe(II) onto an Fe(IIl)
oxyhydroxide.zso’ °7 The rate of formation, however, is
controlled by the solubility of the initial Fe(III) oxyhydroxide
phase, with more soluble/less stable solid Fe(III) phases being
more susceptible to transformation.”*”**” Under such con-
ditions, the sorbed Fe(II) species becomes incorporated into the
final reaction product (i.e., becomes structural Fe(II)). To
prevent any unnecessary repetition, these particular cases of
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sorbed Fe(II)—Fe(III) (oxyhydr)oxide/mineral interactions are
not discussed in this section, and readers are instead directed to
the section on structural Fe(Il) species (section 4.1 above).

As shown in Table 3, contaminants reduced by sorbed Fe(II)
on iron oxides include CCl,,"*"*°***7%5% chlorinated alka-
nes,">”3°7*! gubstituted nitroaromatics,'>**> nitro en—oxy-
gen containing compounds,'”” pesticides,”®® Cr(VI),"7#*3>%3
nitrite,””® Tc(VID),>” and U(VI).””> Regardless of the type of
iron oxides employed, the products of organic and inorganic
contaminants are similar, and dehalogenation reactions are
common. For example, the reduction of CCl, proceeds via a
hydrogenolysis reaction to form chloroform.**”**” It should be
noted, however, that the reductive reactivity differs substantially
for Fe(II) sorbed onto iron oxides, even for the same type of iron
oxide and the same contaminant.'*”?°*73% How key
environmental factors influence the reductive reactivity of
sorbed Fe(Il) is discussed below, with the major parameters
investigated being pH,"?”?%>*7 dissolved Fe(I) concentra-
tion,"*”**” Fe(II) surface species,” *’**">*1%* physiochem-
ical properties of iron oxides,”'****” and the presence of
cosolutes such as metal ions and NOM. More details are listed in
Table 3.

4.2.1.1. Effect of Structural and Physiochemical Properties
of Iron Oxides. Sorbed Fe(II) on less crystalline iron oxides
including ferrihydrite and lepidocrocite is almost always more
reactive than that on more crystalline iron oxides including
goethite and hematite. The standard redox potential values for
Fe**—Fe(III) (oxyhydr)oxide couples have been calculated to
be 0.768 V for goethite, 0.769 V for hematite, 0.846 V for
lepidocrocite, 0.937 V for ferrihydrite, and 1.067 V for
nlagrletite.“?”425 Based on these E values, the different redox
reactivities of Fe(II)—Fe(III) (oxyhydr)oxide couples have been
well explained by a linear free energy relationship between the
logarithm of the surface-area-normalized rate constant (kg,)
values and Ey and pH values (Figure 6):**°

log(kgy) = —E4/0.059 V — pH + 3.42 ?)

Note that ferrihydrite and lepidocrocite are not thermody-
namically stable because they can transform to more stable
phases, but their standard redox potential values are a good
approximation over the reaction time frame.**’ It is also worth
mentioning that the above equation was obtained for nitro-
benzene reduction where log kg4 values depend on one electron
and one proton transfer prior to/during the rate-limiting step.
When different elementary reactions and rate-limiting steps are
involved in the reduction of other compounds, as already
observed in the literature,>%'3729%357375 {Jifferent linear free
energy relationships are expected which warrant further study.

The particle size and aggregation state of iron oxides have a
strong influence on their redox reactivity. Nanoparticles
generally react faster than their bulk counterparts, which is
attributable to their larger reactive surface area to volume ratios
and higher surface energies resulting in more reactive sites.
Smaller particles also tend to be better hydrated and have higher
solubility, so they can more easily undergo Fe(II)-catalyzed
reductive dissolution."*® For additional size-effects on the
reactivity of nano iron oxides, such as quantum confinement,
surface restructuring, and surface curvature, readers are referred
to a review by Waychunas et al.”*° In a similar manner to that in
which particle size strongly impacts the reductive reactivity in
Fe(II)—Fe (oxyhydr)oxide systems, strong aggregation effects
also reduce their reactive performance in aqueous environments.
For instance, while the reductive degradation of nitrobenzene by
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Figure 6. Linear free energy relationship between log(ks,) and Ey; and
pH for the reduction of nitrobenzene by Fe(II) in the presence of
goethite, hematite, lepidocrocite, ferrihydrite, and magnetite. Some of
the scatter in the figure has been explained by variations in the buffer
type and concentrations. Reprinted with permission from ref 425.
Copyright 2018 American Chemical Society.

goethite nanorods is higher in relation to goethite microrods on
a mass normalized basis,"’” given the tendency for these
nanoparticles to aggregate, the reductive reactivity of the
goethite nanoparticles was lower than that of the larger particles
when rates were normalized to the BET specific surface area.
This surface area-normalization approach also raises concern
about assessing the size-effect on nanoparticle activity based on
primary surface area.””” The aggregation of goethite particles
results in a decrease in the degradation rate of carbon
tetrachloride, due to the decrease in the surface available sites
and the accessibility of sorbed Fe(I) to contaminants.”’
Commonly used organic buffers such as MOPs, HEPES, and
TEA have been shown to enhance the aggregation state of iron
oxide nanoparticles and reduce the reductive reactivity of these
systems.”*® Another important consideration is the higher redox
potential of Fe(II)-nanogoethite suspensions than that of their
microgoethite counterparts at equal Fe(II)—Fe(III) loadings,
because of the higher solubility of nanogoethite suspensions to
lead to more dissolved Fe(IIl) in solution.>*® The least soluble
minerals tend to have the highest rates of contaminant reduction
when rates are normalized to the available surface area.*****
These minerals, however, also tend to have low reactive surface
areas, and therefore, their raw contaminant degradation rates
may not reflect such a recognizable trend based on surface area
or mineral species type alone.

Al-substitution in iron oxides has been demonstrated to
decrease the rate of reductive dissolution of the oxides**”~**!
and hinder the recrystallization of ferrihydrite because Al is
redox-inactive.****** Indeed, Al- or Ni-substitution inhibits Fe
atom exchange between aqueous Fe(II) and goethite and Al-,
Cr-, or Sn-substitution into goethite and hematite, although in
some cases enhancing the conductivity of iron oxides
significantly hinders the Fe(II)-facilitated mineral recrystalliza-
tion and hence release of Ni and Zn from the corresponding Ni-
or Zn-substituted iron oxides. Unfortunately, there are only
speculated reasons for these observations, such as Al or Zn
physically blocking Fe sites or directing electron flow, forming a
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coating during the oxide dissolution, or inhibiting bulk electron
conduction.”'”*** Nevertheless, the reduction or recrystalliza-
tion reaction mechanisms involved are not considered to change
(see section 4.2.4 for a detailed discussion of the mechanisms).
Also, Al-substitution (up to approximately 10%) of goethite still
does not prevent electron transfer from the sorbed Fe(II) to
goethite, although the newly formed goethite differs from the
bulk goethite in complex ways that have yet to be resolved.***
The above observation leads to speculation that electron transfer
might not be the rate-limiting step in the decreased atom
exchange reaction; rather, release of the reduced Fe(II) from the
oxide surface might have contributed to the inhibited atom
exchange.”**

The exposed facets of an iron oxide can also strongly affect the
reductive reactivity of sorbed Fe(II). It is known that single
crystals possess symmetrical and periodical characteristics with
various facets exposed on the surface dependent on their
different atomic arrangements. Facet-specific reactivity of iron
oxides in geochemical and biogeochemical processes has
broadly significant implications for understanding iron chem-
istry in environmental processes and remediation strategies.***
For instance, Chun et al. reported that, compared to a non-
Fe(Il) control, original goethite crystals were approximately
55% longer after reaction with Fe(II) while the width remained
constant resulting in the loss of the (021) facets of goethite
during reaction with Fe(Il). This may decrease the reductive
reactivity of the Fe(Il)—goethite suspension over time.**>
Yanina and Rosso showed that the differences in the surface
structures between (001) basal and (hk0) facets of hematite
provide an electrostatic potential bias that governs the net flow
of conduction electrons resulting from sorption and interfacial
electron transfer with Fe(11).>”*

The sorption of Fe(II) to iron oxides is strongly facet-specific,
thus affecting reductive reactivity. For example, Taylor et al.
showed that the sorption of Fe(II) onto hematite is selectively
enriched on the basal (001) surface,** agreeing well with
previous studies.**’ More importantly, many facet-specific
studies have focused on developing optimized particle shapes
that maximize the Fe(II)/Fe(III) redox potential and its impact
on the transformation of toxic heavy metal ions™® or the
degradation of recalcitrant micropollutants.**” For instance,
hematite (110) facets show better chromium(VI) ion
adsorption performance because bidentate binuclear complexes
form which favor a higher adsorption capacity than mono-
dentate mononuclear configurations which dominate the (001)
facet.”* Conversely, hematite (001) facets favor reductive
dissolution in relation to (012) as the bidentate mononuclear
iron—ascorbate complexes that form on the (001) facet
predispose that facet to more efficient interfacial charge transfer
than the monodentate mononuclear configurations on (012)
facets.”" These facet-dependent molecular configurations have
a strong influence on the degradation of toxic organic pesticides.
For example, the degradation rate constant of alachlor via the
bidentate mononuclear complexes that form on hematite (001)
is reportedly 2.6-fold greater than the monodentate mono-
nuclear configurations on hematite (012).** Recently, Rosso’s
group also demonstrated that the hematite (001) facet favors the
degradation of organics relative to the hematite (012) facet.
They pointed out that facet-specific differences appear to be less
dependent upon simple aerial cation site density and, instead,
are more dependent on their extent of undercoordination.***
These structure—reactivity correlations of iron oxides result in
significant implications for understanding complex processes
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such as atom exchange, charge transfer, as well as energy
exchange at solid—water interfaces in addition to pollutant
remediation. These processes are discussed in more detail
turther on.

Finally, the importance of defects at the iron oxide/Fe(1I)
interface cannot be overstated. By creation of higher energy sites
such as the emergence of dislocations at the surface, step edges,
kinks, vacancies, and adatoms, defects can strongly influence
reductive reactivity. Probing and characterizing the exact nature
of defects has been a great experimental challenge. In a simplified
way, iron or oxygen vacancies can be characterized as excess
water or hydroxyl groups as compared to the ideal iron oxide
formula.*>* Using scanning tunneling microscopy (STM),
Eggleston et al. were able to resolve a transient population of
individual Fe(III) adatoms on hematite surfaces.**>*° Likewise,
using atomic force microscopy (AFM), defects such as step
edges and vicinal faces on goethite could be directly resolved and
related to its growth behavior by oxidative adsorption of
Fe(I1).%*7*® Recently, using nanoscale secondary ion mass
spectrometry (NanoSIMS), Taylor et al. showed that Fe(II)
adsorption was not only facet-dependent but highly anticorre-
lated with defective growth pit regions of hematite surfaces.**’
Conversely, the adsorption of Fe(II) on goethite microrods was
selective for grain boundaries, as observed by atom probe
tomography (APT).*” This highlights the importance of
determining defect types and their relationships to sorption.
Computational chemistry calculations have shown that electron
transfer between sorbed Fe(II) and iron oxides is inhibited on
structurally perfect surfaces but facilitated by adsorption into
60491 Notini et al. provided the first experimental
proof of this showing surface defects facilitate electron transfer
between Fe(II) and goethite.””* However, whether the defect
content consequently influences the reductive degradation of
contaminants by the sorbed Fe(II)/goethite system is not clear,
warranting further research.

4.2.1.2. Effect of Solution Conditions. Besides structural and
physicochemical properties of minerals, solution conditions also
affect the reactivity of sorbed Fe(II),*"> among which solution
pH is critical. The common pH range of interest for natural
systems is 5 to 7.5.°%” Reductive reactivity is typically enhanced
as the initial Fe(II) concentration increases because this allows
more Fe(1I) to adsorb.”**”' When the pH islower than S, there
is a negligible amount of Fe(1I) sorbed to the mineral surface,
resulting in low reductive reactivity. Above pH 7.5, Fe(Il)
precipitates, such as Fe(OH),(s), FeCO;, or green rust, tend to
form.** Typically reaction rates increase as pH increases,”*>**’
as the change in pH impacts other parameters. First, as pH
increases more, Fe(Il) is sorbed which enhances reactivity.%5
Second, higher pH values result in much lower amounts of
dissolved Fe(IIl) in equilibrium with the Fe(III) minerals,
lowering the redox potential.**' Third, pH affects the types of
sorbed Fe(II) species formed.”**” For instance, Zhang et al.
(1992) studied the adsorption of Fe(II) onto lepidocrocite and
reported that there is more than one type of Fe(Il) surface
species formed, with the Fe(II) monohydroxo surface complex
(=FeOFe"OH) being the dominant species and (=
Fe'OFe!")* being the minor species.**® A later study employing
surface complexation modeling (SCM) to fit the adsorption of
Fe(II) onto an iron oxide was able to fit these two stable surface
Fe(II) complexes using eqs 8 and 9 (Figure 7).74’375

vacancies.
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Figure 7. Calculated distribution of surface-bound Fe(II) species on
nanoparticulate hematite. Reprinted with permission from ref 375.
Copyright 1999 Elsevier.

Strong correlations have been observed between the
proportion of sorbed Fe(II) present as the hydrolyzed =
Fe'OFe"OH s;)ecies and the rate of 4-chloronitrobenzene’* or
uranium(VI)*”> reduction. However, recent studies have shown
that if such complexes do indeed form, they do not exist for long
due to interfacial electron transfer with the underlying Fe(III)
within the oxide.””>*°* While an added complexity for
macroscopic models, ultimately the rate of interfacial electron
transfer with the surface is related to the reactivity of the
complex toward reduction. The type of electron-transfer
mechanisms also affects the structure of the formed iron oxides,
as inner-sphere electron-transfer mechanisms yield smaller
particle sizes than outer-sphere electron-transfer mecha-
nisms.**> This is because the electron-transfer mechanisms
may affect the hydrolysis and precipitation of Fe(III).**® This is
discussed in further detail in the following section.

The amount of aqueous Fe(II) affects the reactivity of sorbed
Fe(Il) in different ways. At low Fe(II) concentrations, an
increase in Fe(Il) concentration leads to more sorbed Fe(II),
mostly at surface defects, which facilitates interfacial electron
transfer between aqueous Fe(Il) and lattice Fe(III) and yields
faster reductive reactivity. At high Fe(II) concentrations, sorbed
Fe(Il) increasingly interacts with structurally ordered surface
sites and then goes beyond surface saturation. Under these
conditions, there is less interfacial electron transfer and lower
surface potential such that the redox reactivity and atom
exchange between aqueous Fe(Il) and the oxide are both
inhibited.**> Pre-exposure of goethite to Fe(II) leads to the
accumulation of a passivation layer of sorbed Fe(II) which
inhibits further electron transfer between Fe(II) and goethite,
although acid/buffer extraction or oxidation can remove this
layer of Fe(II) and restore electron transfer.**’ Please see section
4.2.4 for a detailed discussion of the involved mechanisms.

When there is enough aqueous Fe(II) to regenerate sorbed
Fe(II) that has been consumed in contaminant reduction,
increasing oxide concentration also enhances reductive
reactivity. Nevertheless, when the equilibrium concentration
of aqueous Fe(Il) was small (<4 puM), increasing goethite
concentration would decrease the reductive reactivity due to the
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inhibition of the regeneration of sorbed Fe(II),**” indicating applications. Nevertheless, noniron oxides are still able to

that besides the amount of Fe(II) sorbed, the density of sorbed
Fe(I) can also affect reductive reactivity.

The synergistic effects of transition metals on the reductive
reactivity of Fe(II)-treated iron oxides has been investigated.
Co(II), Ni(II), and Zn(II) inhibit the reductive reactivity,
probably due to the competitive adsorption between these metal
ions and Fe(II).**® Conversely, Cu(II) significantly enhances
the reductive reactivity because Cu(II) is reduced to Cu,O by
Fe(II) which is able to act as an additional reductant toward
chlorinated hydrocarbons.>**

NOM can be adsorbed on mineral oxides through electro-
static interactions, hydrogen bonding, ligand exchange, and
hydrophobic interactions, ®**®” which would influence the
reactivity of sorbed Fe(II The reduction rates of p-
cyanonitrobenzene (pCNB) by Fe(II)-goethite were found to
differ when Fe(II) and Suwannee river humic acid (SRHA) were
equilibrated in different orders with goethite.**> Overall,
oxidation by and/or the complexation of the surface-sorbed
Fe(II) with NOM inhibited electron transfer between chemical
probes and sorbed Fe(II) to decrease the reductive reactivity
and capacity.‘%“’65 However, increased molecular weight and
amounts of nitrogen, carbon, and aromaticity of NOM were
found to enhance the reductive degradation rate of the model
contaminant, while increased aliphaticity and carboxyl and
oxygen content were shown to decrease the rate of reduction.***
Interestingly, another study discovered that organic matter
(OM) with a high carboxyl content results in faster electron
transfer and transformation of ferrihydrite to goethite relative to
carboxyl-poor OM sources.””® This suggests that certain OM
types preferentially direct electrons through the iron oxide
structure while others direct electrons toward a target
contaminant when available.

Regarding Fe(II)-catalyzed mineral transformation, OM
coprecipitated with or adsorbed onto ferrihydrite inhibited
ferrihydrite transformation to more crystalline iron oxides.””" In
contrast to complete transformation to goethite or hematite in
the absence of OM, there was no secondary mineral trans-
formation of ferrihydrite because of the sorption of the OM onto
the oxide surface and reduced Fe atom exchange. Nevertheless,
the OM-ferrihydrite particles still underwent recrystallization
resulting in increased particle crystallinity and subtle changes in
particle size or particle aggregation, and both electron transfer
and Fe atom exchange between aqueous Fe(II) and ferrihydrite
also still occur in the presence of OM. The presence of 4 mM
bicarbonate, 1 mM silicate, 10 mM NOM, and even 0.5 mM
phosphate did not inhibit electron transfer between aqueous
Fe(II) and goethite whereas the presence of a large
concentration (1 mM) of phospholipids, biomolecules in cell
membranes that form bi- and multilayers on mineral surfaces,
did. Sorbed phosphate also did not inhibit Fe atom
exch:ange.?’%’444 On the other hand, when using carbonate as a
pH buffer, the amount of Fe** sorbed on different iron oxides
decreases due to the blocking of available reactive sites; as such,
significantly lower reactivity is observed.””” Moreover, high,
natural concentrations of Si prevented the Fe(II)-catalyzed
transformation of ferrihydrite, jarosite, lepidocrocite, and
schwertmannite due to recrystallization to more crystalline
phases being inhibited.**

4.2.2. Fe(ll)-Treated Noniron Oxides. Compared with
iron oxides, relatively few studies have examined the reductive
reactivity of Fe(II) sorbed onto other metal oxides (Table 3),
possibly because of their less reactive nature for environmental
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significantly enhance the reductive reactivity of Fe(Il) relative to
Fe(II) alone, with most studies focusin§ on aluminum oxides,
titanium dioxide, and silicon dioxide.>*”**"**>* For instance, the
aforementioned minerals can increase Cr(VI) reduction by
Fe(II) in the order of @-FeOOH = y-FeOOH > SiO, >
AlLO,.** Similar results were obtained in another study in the
order a-FeOOH > TiO, > Si0,.® Conversely, Strathmann et
al.** studied the reductive reactivity of 12 different metal
(hydr)oxides and aluminosilicate minerals treated with Fe(II)
and reported a different order of the metal oxides in regard to the
reduction of oxime carbamate pesticides by Fe(I1).* Further
research is however needed to fully elucidate the effects of
mineral surfaces and physicochemical properties on Fe(II)
reactivity. For nonconducting metal oxides (e.g,, a-Al,0;), the
formation of secondary minerals (e.g., nanogoethite) by sorbed
Fe(II) could enhance its reactivity,”** likely due to the newly
formed nanogoethite providing additional surface reactive sites
and/or surface reactive sites with a higher reactivity.

As occurs with iron oxides, the nature of the Fe(Il) species
formed on noniron oxide surfaces can likely affect their reductive
reactivity. Nano et al. employed surface complexation modeling
to study the reductive reactivity of Fe(Il)-treated TiO, and
found that the reactivity was positively related to the hydrolyzed
Fe(II) species (=TiOFe"OH’),”” which is similar to the
reactive species formed on iron oxides. However, Li et al. used
both electrochemical techniques and surface complexation
modeling to investigate the reductive reactivity of 2-nitrophenol
by Fe(II)-treated TiO, and, instead, showed that =TiOFe" is
the reactive species.”" It is clear that the nature of the Fe(II)
species that forms on noniron and iron oxide surfaces is a
particular area that warrants further research. In the process of
attempting to probe the nature of surface sorbed Fe(Il) species,
it would be worthwhile to clarify whether or not sorption
through inner-sphere processes is required to achieve enhanced
reactivity and to obtain more information on the stability of the
surface-associated Fe(II) species.472

NOM can also affect the reductive reactivity of Fe(II) in the
presence of noniron minerals, similar to their iron-counterparts.
For instance, Zhu et al. found that DOM increased the reactivity
of Fe(II)-treated TiO, when the DOM concentration was low
(0~10 mgC/L) but decreased the reactivity when the DOM
concentration was high (10~100 mgC/L) which, the authors
believed, was due to the change of the amount of Fe(II) sorbed
on TiO, at varying DOM concentrations.”®” Overall, Fe(II)-
treated noniron oxides are much less studied and are less well
understood compared to Fe(1l)-treated iron oxides which, given
the abundance of noniron oxides in the environment, warrants
further investigation.

4.2.3. Fe(ll)-Treated Iron-Containing Clay Minerals.
Fe(Il)-treated clay minerals are indispensable in the environ-
ment for natural or enhanced attenuation of pollutants at
contaminated sites. At pH values less than 6.0, Fe(II) is mainly
sorbed to negatively charged basal planes via ion exchange while
at higher pH values additional Fe(II) is sorbed to edge-OH
groups via cation complexation.*”* Significant electron transfer
between the sorbed Fe(Il) and lattice Fe(I1I) is enabled in the
latter case, with the more sorbed, the greater the reduced state of
the clay (for more information see the discussion at the end of
this section).””* When clay minerals have been prereduced, the
addition of aqueous Fe(IT) will result in less Fe(II) sorption due
to the formation of reactive Fe(Il) mineral precipitates such as
Fe(OH),. As shown in Table 3, Fe(II) associated with clay
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minerals has been used to reduce a wide range of organic and
inorganic contaminants, including substituted nitroben-
zene,”***”> chlorinated compounds,”®* Se(V1),*** U(VI),**
and Cr(VI).*** However, structural Fe(II) in clay minerals or
clay minerals with a low Fe(II) concentration cannot reduce
chlorinated solvents, and only when higher amounts are added
such that surface Fe(OH), minerals are able to form can PCE
and TCE be reduced.”®* Sorbed Fe(II) on clay minerals is much
less reactive than sorbed Fe(Il) on Fe(II) (oxyhydr)oxides,
despite their structural similarities (such as close Fe—Fe
distances). This is mainly due to lower electron mobilities in
clay minerals associated with their higher internal reorganization
energy and weaker electron coupling.**

The Fe content in clay minerals affects their reductive
reactivity with a higher Fe content leading to more electrons
transferred between aqueous Fe(II) and lattice Fe(III) to form
more mixed surface precipitates.””” These electrons would
otherwise engage in contaminant reduction. Also, the clay
mineral Fe content influences the Fe(II)/Fe(total) ratio of the
reactive Fe-containing precipitate(s), which are mixed Fe(II)—
Fe(III) precipitates for clay mineral SWy-2 but Fe(OH), for an
Fe-free clay mineral with the latter proposed to be the reactive
Fe(II) species instead of structural Fe(Il) in regard to
chlorinated alkane reduction.”®* Because of the different surface
precipitates formed, Entwistle et al. reported that the reactivity
toward contaminant reduction decreased with increasing clay
mineral Fe content.”®” Several studies have characterized the
secondary Fe(II)—Fe(III) precipitates formed in Fe(II)-treated
clay minerals, including ferrihydrite,476’477 r11agr1etite,476’478
lepidocrocite,476"4'78’479 green rust or green rust-like,**"*”” and
nikischerite (a Fe/Al-layered double hydroxide).**>**" How-
ever, the role of these secondary precipitates in the reduction
process is unclear. While some studies did not observe much
impact of these secondary precipitates on the partitioning or
speciation of contaminants,*’® others proposed that they play an
important role,”*!%5 or even the dominant role, in the reduction
process.”*” In the case of chlorinated solvents, these can only be
reduced by Fe(OH), precipitates with the reactivity of the
precipitates, surprisingly, not dependent on the underlying
mineral.”*” Future research is still needed to understand the
effect of key Fe-containing clay minerals properties (e.g, Fe
content) on the reactivity of the resulting precipitates.

Similar to iron (oxyhydr)oxides (section 4.2.1), pH can
largely affect the amount of Fe(II) sorbed and the types of Fe(II)
surface species formed on clay minerals.”® 96% of the total
sorbed U(VI) was reduced by Fe(II)-montmorillonite at pH 8.5,
while the reduction significantly decreased at lower pH (pH 6.1)
as the amount of sorbed Fe(II) decreased.”® As mentioned
earlier, there are mainly two types of surface sorbed Fe(II)
species on clay minerals: one is Fe(II) complexed by surface
hydroxyl groups at the edge surfaces, and the other is Fe(II)
bound by ion exchange at the basal siloxane surfaces with the
latter believed to have a minor contribution to contaminant
reduction.”** The former can readily undergo electron exchange
with Fe(IlI) in octahedral sheets, whereas the latter cannot
because of the longer electron-transfer distances necessary to
span the tetrahedral siloxane sheets.””"*** The adsorption of
Fe(Il) on montmorillonite was mainly in the interlayer region
via cation exchange when pH < 7.5, whereas it was on the edge
sites via surface complexation when pH > 7.5.**> Schultz et al.
demonstrated that the concentration of FeOH" increased as pH
increased above 7.5 and FeOH" is the dominant reductive
species in Fe(II)-treated montmorillonite.*”* The reaction time
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between Fe(Il) and smectites can also influence its reductive
reactivity.

Hofstetter et al. reported a lower reactivity of sorbed Fe(II) on
nontronite at longer equilibrium times (2-week), but the
underlying mechanism is unclear.”* Tt is likely that the
dissolution of the clay mineral over time leads to an increase
of Fe(III) content in the intermediate product (green rusts) with
the result that the redox potential of Fe(Il)-treated smectite
increases thereby yielding lower reactivity.”*'

In addition to reaction with external contaminants, sorbed
Fe(II) on Fe-containing clay minerals, especially Fe(II)
complexed to edge-OH groups and, to a much less extent,
Fe(II) sorbed to basal planes, has been demonstrated to undergo
interfacial electron transfer, whereby the sorbed Fe(Il) is
oxidized to form lepidocrocite when the clay mineral is
nontronite.””* When low Fe-containing clay minerals are
reduced by Fe(Il), electrons are transferred through the basal
plane rather than edge-OH sites, allowing electrons to access the
Fe atoms throughout the structure.””” The injected electrons
from Fe(Il) preferentially reduce cis-octahedral Fe(IIl) and
become delocalized in structural Fe(IIl) with fast electron
hopping rates.””” However, the same authors discovered that
there is a limit to the extent of reduction beyond which more
Fe(Il) cannot induce further clay reduction. Interestingly, this
incomplete reduction under high Fe(Il) contents has also been
observed in other chemical or microbial reduction of clays with
possible reasons including (1) less hydroxyl groups upon
reduction to impose charge balance limitations, (2) more sorbed
Fe(Il) to physically block the reactive sites, (3) oxidation
products of the sorbed Fe(II) to passivate the surface, and (4)
lower redox potential of the redox couple as more Fe(Il) is
sorbed 479483484

Although Fe in clay minerals is thought to be more stable and
sterically protected than in Fe (oxyhydr)oxides, Fe atom
exchange still occurs in both directions between aqueous Fe(II)
and structural Fe,"® likely following the same mechanism as
detailed in section 4.2.4. This Fe atom exchange is also
independent of where Fe(1I) is sorbed, with S—20% of structural
Fe able to undergo exchange.48’ However, the same authors
discovered that the presence of silicate sheets can stabilize the
Fe-containing octahedral sheets to limit the extent of Fe atom
exchange whereas the presence of tetrahedral Fe may have the
opposite effect.

4.2.4. Reaction Mechanisms of Fe(ll)-Treated Minerals.
As mentioned above, the resulting redox potential of Fe(II)-
treated mineral oxide systems is one of the main factors
impacting their reactivity.*"**>**!*%%*7 This enhancement
has been attributed to the effect of O-donor atoms coordinating
with the sorbed Fe(II) on the surface, similar to that which
occurs during aqueous Fe(II) oxidation.”™® As such, the
reductive reactivity of the surface-associated Fe(II) species will
be affected by the degree of Fe(II) hydrolysis or species formed.

In order to explore Fe(Il) speciation on the surfaces of metal
oxides and their reductive reaction mechanisms, surface
complexation modeling (SCM) is commonly applied, where
the amounts of Fe(II) sorbed at different pH values were
measured in order to study speciation at the mineral
surfaces.”>’#37538L489 A mentioned earlier, based on SCM,
two stable surface sorbed Fe(II) species ((=FeOFe")* and =
Fe"OFe"OH) are formed on iron oxide surfaces,**”® with
Fe"OFe"OH being the dominant reactive species in the
reduction of 4-chloronitrobenzene’* and uranium(VI).*”®
However, the relevance of SCM when the underlying mineral
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is an iron oxide is unresolved because the complexity of
interfacial electron exchange dominates the reactive behavior in
these systems. For additional details regarding surface complex-
ation modeling, see section 8.10.

Despite the fact that reduction rates of contaminants are
typically well correlated with hydrolyzed sorbed Fe(1I) species,
many studies have questioned whether reactive enhancement is
attributed to higher electron density of sorbed Fe(II) in relation
to aqueous Fe(II) species. For instance, stable sorbed Fe(II)
complexes are not experimentally observed on the surfaces of
iron oxides under low concentrations of aqueous Fe(II) because
of ultrafast electron transfer between the sorbed Fe(II) species
and the iron oxide®”>*** or, likewise, Fe(III)-containing clay
minerals.”’”**" Instead, a stable, sorbed Fe(II) phase, likely a
mixture of sorbed Fe(II) and Fe(OH), precipitates, only formed
on iron oxide surfaces under high aqueous Fe(II) concen-
trations.*** Isotope exchange experiments indicate that, upon
the addition of Fe(Il) into an °Fe(II) (oxyhydr)oxide
suspension, there is oxidation of *"Fe(II) to *"Fe(III) with the
37Fe(III) phase being similar to the underlying oxide with some
unresolved differences. With >°Fe invisible to Mossbauer
spectroscopy, the differences before and after reaction with
Fe(II) are easily distinguished.392’43l’464

The regeneration of sorbed Fe(II) species (limited by either
the release of the resultant surface Fe(II) species from the solid
following electron transfer or the rate of sorption to a new
surface site) is suggested to be the rate-limiting step in reduction
by Fe(Il)-treated iron oxides.'3H205357 Recently, TiO, was
found to significantly enhance the surface-mediated reductive
reactivity of Fe(I)/goethite due to interparticle electron
transfer.” This further invokes the question of whether the
sorbed Fe(II) species needs to be complexed through an inner-
or outer-sphere binding mode on iron oxide surfaces.

Despite the above traditional view of how Fe(II) sorbs onto
Fe(IlI) (oxyhydr)oxides, given the clear importance of the
participation of the solid itself as a sink and source of electron
density, it is likely more useful to view the interfacial reaction
system from the perspective of band theory for semiconductors
(Figure 8).*”! In this model, iron oxide particles can be regarded
as semiconductors, where electrons are transferred to the bulk
particles from sorbed Fe(II), effectively doping the semi-
conductor with additional electrons. In the model, Fe(II)
adsorbs onto iron (oxyhydr)oxides and becomes oxidized by the
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solid, with electrons transferred into the conduction band.
Conduction electrons have three fates: (a) trapping in localized
states in the band gap; (b) participating as mobile charge carriers
in reactions with redox-active aqueous compounds; and (c)
converting interfacial Fe(IlI) to Fe(II) yielding reductive
dissolution. Through this mechanism, the sorbed Fe(II) can
both alter the surface potential and participate in redox reactions
occurring at the most electrochemically favorable sites at the
oxide/water interface.*>®

This new model was enabled by Yanina and Rosso’s 2008
landmark study that provided the first experimental proof of the
critical role of electron transport through the solid in interfacial
redox reactivity.”””> That study was the first to show that the
interaction of Fe(II) with specific facets of iron oxides involved
coupled interfacial electron exchange reactions linking one facet
to another. Detailed AFM imaging of each facet type along with
in situ single-facet potentiometry showed that electrochemical
potential gradients exist between structurally distinct facets and
create electric fields across crystallites that can drive conduction
currents. These currents are, in turn, supplied by interfacial
electron exchange reactions with Fe(II). For example, the
interactions of Fe(II) with (001) basal facets and (hk0) edge
facets were shown to be quite different only when these facet
types were connected on the same hematite crystallite, creating
an electric potential bias driving interfacial electron exchange
currents. These facet-specific biases yield reductive dissolution
and oxidative growth processes interlinked by bulk conduction.

Since that time, a great deal of experimental and computa-
tional molecular advances have helped to validate the
conduction model. For instance, Rosso’s group combined iron
isotopic labeling and atom probe tomography (APT) techniques
to show, for the first time, the distribution of iron resulting from
the autocatalytic interaction of Fe(II) with the hematite (001)
facet."”” The images unambiguously provide direct evidence for
3’Fe(II) oxidative adsorption and growth on the hematite (001)
surface and a net oxidative adsorption of 3.2—4.3 *’Fe atoms
nm™? on average. Later on, they directly visualized the iron atom
exchange between Fe(II) and goethite microrods using isotope
tracers and three-dimensional APT.**” The findings yielded an
unprecedented view into the spatial and temporal properties of
Fe(Il)-catalyzed recrystallization at the atomic scale, demon-
strating the heterogeneity of the exchange front but nonetheless
establishing further microscopic evidence supporting the
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conduction model. Recently, their study using isotope tracers
and NanoSIMS provided visual evidence consistent with that of
Yanina and Rosso showing that Fe(II) preferred to adsorb onto
hematite basal (001) surfaces relative to edge (012) facets.**’
The findings provide insights into the facet-specific reactivity of
iron oxides which are important in the biogeochemical and
geochemical cycling of iron in environmental processes and
environmental remediation strategies.

Rosso’s group has also put forward some of the most
atomistically detailed and comprehensive theoretical simula-
tions of the conduction model to date. Conduction in iron(III)
(oxyhydr)oxides is based on thermally activated site-to-site
hopping of electron and hole small polaronic charge
carriers.””>*** The adsorption and interfacial electron-transfer
processes for Fe(II) onto various facets of hematite and goethite
and Fe-rich 2:1 phyllosilicate minerals have been explicitly
modeled in numerous studies that lay out the thermodynamics
and kinetics of these processes in quantitative detail.*”>~>°" This
includes treatment not only for individual charge carriers (i.e., in
the limit of infinite dilution) but also for their collective
dynamics, which provides a lattice-specific view of percolation
networks for collective conduction and the role of site-blocking
impurities.”>”*% In their most recent simulation study, a novel
hybrid/reactive molecular simulation was laid out for Fe(II)
interaction with goethite that established operative dimension-
ality for conduction path lengths in the near-surface of individual
goethite crystallites. The simulations quantitatively showed that
room temperature thermal energy is sufficient to promote the
conduction model mechanism of iron atom exchange via short
intrasurface conduction pathways of 1—2 nm, at a rate of 107> Fe
s™' cm™? and confirmed that defects represented in the form of
surface roughness greatly accelerate the process.”” The
conduction model introduced by Yanina and Rosso in 2008
therefore appears to be highly relevant to redox transformations
of environmental contaminants on the basis of Fe(II) /iron oxide
systems, if not more generally when the mineral substrate is
electrically semiconducting.

The conduction model has highlighted how dynamic and
reactive the traditionally viewed “sorbed Fe(II)” is. It has also
been successfully utilized to explain a number of processes
including (1) the near complete Fe atom exchange between
aqueous Fe(II) and goethite within 30 days or 5—25% Fe atom
exchange between Fe(Il) and hematite of different sizes, both
with no substantial differences observed in the mineral phase,
average particle size, crystallinity, or redox reactivity after the
exchange;***#*°%*% (2) Fe(II)-catalyzed growth of hematite on
the hematite (001) surface following preferential Fe(II)
adsorption;*** and (3) roughly three-times the extent of iron-
isotope exchange with goethite than oxygen-isotope exchange in
the Fe(II)—goethite interaction but complete oxygen-isotope
exchange in the case of Fe(Il)-ferrihydrite.""" Even at pH §
where there is negligible sorption of Fe(II) and, hence, less
likelihood of forming an inner-sphere Fe(1I) surface complex,
there is still some Fe atom exchange between aqueous Fe(1II)
and micro- or nanogoethite.406

4.3. Zero-Valent Iron

Iron in the zero valence state (Fe®) does not occur naturally
among terrestrial materials (except for an occasional meteorite).
However, anthropogenic occurrences of Fe in the environment
are common due to the widespread use of ferruginous metals (in
pipes, bridges, etc.), and these materials interact with the
environment through biogeochemical processes that are
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mediated by Fe(1l) and Fe(Ill). Over the last ~25 years,
another prominent role of Fe’ in the environment has emerged:
the use of fine-grained, Feo-containing materials for water
treatment, especially remediation of contaminated groundwater.
The materials used in these applications are usually termed
zerovalent iron (ZVI), but the grains always are coated with iron
(oxyhydr)oxide minerals and often contain significant impur-
ities (e.g., scrap cast iron contains several percent elemental
carbon).

Since the first field-scale applications of ZVI in groundwater
remediation (in the 1990s), some variations on this technology
have become standard engineering practice and many innovative
variations have been proposed. In addition, the academic
literature on environmental applications of ZVI has become very
large with many aspects of this technology studied extensively.
Some of the best of this work has used ZVI as a model system to
characterize other, more general and/or fundamental, aspects of
iron reactivity in environmental systems. In fact, there are
multiple examples where research undertaken using ZVI has led
to advances in environmental chemistry with implications well
beyond its application in specific remediation technologies.””

Aspects of ZVI applications for water treatment and/or
remediation have been reviewed many times,*”*%*™>% so for the
purposes of this review, just three aspects will be addressed: (a)
corrosion of ZVI as a source of Fe(Il), (b) the role of iron
(oxyhydr)oxides as mediator of redox processes at the ZVI/
water interface, and (c) the kinetics of probe-contaminant
reactions with Z VI relative to other Fe(II)-containing minerals.
The latter issue (c) will be discussed in section 4.4, and the
former two issues (a and b) will be discussed together, here,
because they are closely related.

The primary reactions involved in corrosion of ZVI under
aquatic conditions are summarized in Figure 9. Reactions

©

Fe"'(oxyhydr)oxides
/ @
Fe® FeZ*(aq) 0,
Fe''/"(oxyhydr)oxides
@ (®)
H,O/H* H, + OH-

Figure 9. Major chemical reactions contributing to subsurface
conditions after addition of ZVI (shown generically as Fe®). (a)
Corrosion of Fe’ (b) and (c) precipitation of Fe(Il) and Fe(III)
(oxyhydr)oxides; (d) transformation of Fe (oxyhydr)oxides. Solid
phases are shown in bold. Revised with permission from ref 509.
Copyright 2015 Elsevier.

involving contaminants are not shown because they usually are
not stoichiometrically significant and, from the perspective of
iron chemistry, they serve mainly as oxidants to drive additional
reactions analogous to a, ¢, and d.

From a biogeochemical perspective, the primary effect of the
reactions in Figure 9 is to generate Fe(1l) and raise the pH,
which, in turn, form Fe”! oxides that become authigenic
colloids, coatings, crusts, etc. When ZVI is deployed as an in situ
permeable reactive barrier (PRB),”'” the above processes play
out along the groundwater flow path. This results in a complex
(and, at least initially, dynamic) system of spatially distributed
zones, divided by more or less sharp interfaces and linked
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through a variety of biogeochemical gradients. The complexity
of this system has long been anticipated,”’" but only a few
studies have characterized this at the field scale (e.g., using cores
taken diagonally through a permeable reactive barrier
(PRB)).SIZ_SH

While the ZVI-containing zone of a PRB usually exhibits
elevated Fe(1l), H,, and pH, these changes are not commonly
observed in groundwater that has moved more than a few meters
down-gradient. Even in field applications of nanosized ZVI
(nZVI), which is engineered for mobility so that it can be
emplaced by injection, the direct impacts of reactions involving
ZVI do not extend very far down-gradient. In fact, recent field
studies of nZVI for remediation of groundwater contaminated
with chlorinated solvents (e.g, TCE) have placed more
emphasis on biodegradation of the contaminants, where the
main role of ZVI is to provide labile Fe and H,, which can
stimulate microbiology down-gradient.>' > o

The majority of laboratory research on the reactivity of ZVI
with contaminants has focused on micron-scale effects at the
surface of ZVI particles suspended in well mixed batch reactors.
At this scale, the fundamental issue of greatest significance is
how electrons from oxidation of Fe’ are able to reduce
contaminants in solution despite the intervening “passive film”
composed of iron oxides, sulfides, carbonates, and other
precipitates. The main options for this were classified in a
three-part conceptual model by Scherer et al. using reduction of
a generic alkyl halide (RX) as a prototypical contaminant
(Figure 10).517

The possibility that contaminant reduction occurs by direct
electron transfer from Fe® within pits, crevices, or equivalent
defects in the passive film (Figure 10A) has received relatively
little attention. However, direct spectroscopic evidence for this
hypothesis was obtained at very high RX concentrations,”'® and
recent studies have implied that pitting plays a significant role in
increased contaminant reduction rates during passive film
breakdown.”"? The semiconductor hypothesis (Figure 10B) is
supported by specific evidence of photoeffects on contaminant
reduction in batch reactors.”*’ The coordinating surface model
is supported by many studies that have used surface complex-
ation modeling to interpret the effects of competing ligands on
contaminant reduction rates.”*">** However, some aspects of
this interpretation might require revision to accommodate
recent advances in understanding the nature of Fe(II) surface
sites on iron minerals, which is described above in section 4.2.4.
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4.4, Comparison of the Reactivity of Different Solid Fe(ll)
Species

It is challenging to compare the reactivity of all Fe(II) species on
an equal footing since most studies examine reactivity under
highly variable conditions. Only a few studies have compared the
reductive reactivity of a large range of different Fe(II) species.
The comparison of the reductive reactivity of sorbed Fe(II)
species on various minerals has been reported in some
studies.******” For instance, the reduction of Tc(VII) by
surface sorbed Fe(Il) on iron(III) (oxyhydr)oxides is much
faster than that by sorbed Fe(II) on the surface of different
phyllosilicates.*** The degradation of cis-DCE by different
Fe(Il) species was reported to follow the order of GR(CI) >
GR(SO,) > Fe(OH), > mackinawite = magnetite,”** which is
similar to other reported results.'”**** The degradation of
chlorinated solvents by different Fe(II) species has been
summarized by He et al. (2015) with the order of disordered
FeS > FeS > ZVI > FeS, > sorbed Fe(II) > green rust =
magnetite > biotite = vermiculite.”*

The qualitative comparisons summarized above were based
on observed rates of (probe) contaminant reduction, usually
expressed as pseudo-first-order rate constants (k,,,) or the
corresponding half-lives (t; ). Of course, these comparisons are
only valid under a set of otherwise equivalent conditions (e.g.,
equal dose of the Fe(Il) mineral phases that act as the
reductants). To allow quantitative comparisons of rate data
across more varied conditions, a variety of normalizations have
proven to be useful. The now standard formulation uses terms
and units originally popularized for studies of contaminant
reduction by ZVL>* In that formulation, k, is normalized by
the mass concentration of reduction to obtain ky (L g~' min™")
and by the surface area concentration to obtain kg, (L m™>
min~"). Alternatively, kg, = kyi/a,, where aj is the specific surface
area of the solid-phase reductant (usually determined by BET
gas adsorption measurements). This formulation and terminol-
ogy have been adopted to describe the kinetics of the
contaminant reaction with a wide range of heterogeneous
reductants, including iron oxides.'****"**>**%**¢ One way that
this formulation has been extended is by plotting log kg, vs log
kyy which has proven useful for comparing reactivity among
contaminants, among reductants, and across a variety of other
operational variables.””*>*"~>*" Note that the reactivity of iron
modified forms or their composite minerals is beyond the scope
of this review, but readers are referred to several reviews on this
topic, 508530533

For the purposes of this review, we have summarized the
kinetic data compiled in Tables 2 and 3 and ref 426 in Figure 11,

https://doi.org/10.1021/acs.chemrev.0c01286
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Figure 11. Bubble plot of surface-normalized reduction rate constants (log kg, ) of different chemical compounds by various reducing Fe(II) species.
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which emphasizes the distribution of experimental results across
classes of contaminants (y-axis categories) and iron-based
reductants (x-axis categories). The size of the circles in Figure 11
is proportional to log kg,, and the circle color distinguishes data
from experiments without (blue) and with (red) added aqueous
Fe(II). The circle colors are partially transparent, so darker color
indicates overlapping data. Note that the data from Tables 2 and
3 for iron minerals should be relatively comprehensive, but the
source used for the ZVI data includes only the three
contaminants shown,**® and many data for other contaminants
are available. Also, note that the analogue to Figure 11 using ky,
(not shown) instead of kg, is qualitatively similar but the circle
sizes are less consistent for each contaminant—reductant
combination.

Several significant conclusions can be drawn from Figure 11.
Without added Fe(Il) (blue markers), only ZVI and minerals
containing Fe(II) reduce any of the contaminants shown.
Conversely, the minerals containing only Fe(III) reduce
contaminants only when Fe(II) is added. Magnetite is an
intermediate case, consistent with its mixed valence of iron, but
note that magnetite with added Fe(Il) consistently gives larger
ks, than magnetite without added Fe(II). Rates of contaminant
reduction by ZVI are consistently fast, but kg, is more variable
for the iron oxides and sulfides. This difference might be due to
greater sensitivity of the latter to other factors such as pH, Fe(II)
concentration, oxide mineral surface coatings, etc. Clearly, there
are many nodes in Figure 11 that lack markers, but it is difficult
to determine which of these are because no reaction was
observed (e.g., because the relatively unreactive chlorinated
ethenes only give measurable dechlorination with the most
reactive oxides) and which are because the experiments are yet
to be reported.

In addition to the rate of contaminant reduction, another
measure of the reactivity of Fe(II)-containing solid phases is
their capacity for reduction. Reductive capacity is an operation-
ally defined concept because it is strongly dependent on the
strength of the oxidant(s), the availability of the oxidant to react
with the reductant phase (e.g, if there are mass transport
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limitations), and the contact time (relative to the time required
for complete reaction). With respect to Fe(Il)-containing
minerals, the reductive capacity concept has been most
thoroughly investigated in a series of papers by Lee and
Batchelor.>**
reductive capacity of different reductants for Cr(VI) and PCE
and found that it decreased in the order GR(SO,) > magnetite >
pyrite > biotite > montmorillonite > vermiculite, which is

%> They used their assay to investigate the

directly proportional to the Fe(II) content.”** They also found
that the reductive capacities of iron(II)-bearing phyllosilicates
were 1 to 3 orders of magnitude less than those of iron
sulfides.”* Recently, the related concepts of efficiency and
selectivity have received a great deal of attention in the literature
on ZVL>*® but how this aspect applies to Fe(II)-associated
minerals is not yet well developed.

Rates and capacities of contaminant reduction are related to
the redox potential (E,) of the system in various ways. The most
widely studied involves attempts to obtain correlations between
reduction rate constants (k. ky, or ksy) and measured or
calculated (from thermodynamic data) values of E, for the
reducing system. Early efforts to do this were marginally
successful,”*” but the demand for practical tools for assessing the
potential for reduction at field sites has persisted.”*® Recently,
strong correlations have been obtained with data from
laboratory model systems, such as those found between kg,
for nitrobenzene reduction and pe + pH as the descriptor
variable,"”> and between kg, for 4-chloronitrobenzene, 2-
chloroacetophenone, and carbon tetrachloride using Ej in the
presence of electron-transfer mediators.**® More recently, redox
potentials measured with electron-transfer mediators have been
shown to be effective at describing ky, for carbon tetrachloride
dechlorination in suspensions of aquifer materials from a diverse

range of field sites.>’
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5. MICROBIAL PROCESSES RELATED TO FE(Il) REDOX
CHEMISTRY

5.1. Fe(ll)-Oxidizing Microorganisms: Acidophilic and
Neutrophilic (Microaerophilic, Nitrate-Reducing, and
Phototrophic) Fe(ll) Oxidizers (FeOx)

The first intensively studied microorganisms capable of
performing Fe(Il) oxidation were the aerobic acidophilic
FeOx (e.g., Acidithiobacillus sp.)**>*** due to their recognized
prevalence in metal-polluted environments such as acid mine
drainages (pH < 5). These microorganisms couple the oxidation
of dissolved Fe?* (which is kinetically stable at low pH under
oxic conditions) to the reduction of O, as an electron acceptor
(Figure 12).540

In the past 30 years, a diversity of microorganisms capable of
catalyzing Fe(II) oxidation at circumneutral pH has been
discovered. At neutral pH, Fe(Il) oxidation can be coupled by
microorganisms to the (a) reduction of O,, (b) reduction of
oxidized N-species including nitrate and nitrite, and (c)
photosynthetic reduction of CO, (Figure 12).'°> These
reactions are catalyzed by microaerophilic, nitrate-reducing,
and phototrophic FeOx, respectively. Microaerophilic and
nitrate-reducing FeOx uses Fe(II) as both an electron and
energy source, while phototrophic FeOx gains energy from light
and uses Fe(II) only as an electron source for CO, fixation.

Microaerophilic FeOx typically grows in environments with
opposing gradients of Fe** and O,, such as those present in
stratified water columns or near the sediment—water inter-
face.>*'>* These microorganisms have become famous due to
their striking structures of twisted stalks, sheaths, and dreads
associated with Fe(III) minerals.”** The proposed mechanistic
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Fe®* oxidation model starts with dissolved Fe?* being taken up
into the cell, then oxidized and released together with the
characteristic organics of twisted stalks, sheaths, and dreads
forming organo-mineral associations.”** These unique struc-
tures are thought to play multiple roles to help the cells to avoid
mineral encrustation (and death), to help maintain the optimal
position along the O,-Fe** gradients, and potentially to be used
to supplement the transmembrane proton gradient.*'”***

About 25 years ago, it was suggested that microorganisms can
couple the oxidation of Fe(II) to the reduction of nitrate and
fixation of CO, under anoxic conditions.”* However, early
isolates of proposed nitrate-reducing Fe(II) oxidizers
(NRFeOx) are more likely to be heterotrophic (oxidizing
organic carbon) nitrate reducers that produce reactive N-species
(including nitrite), which then oxidize Fe(II) abiotically in a
process termed chemodenitrification.”**™>** To date, only a few
examples of “true” NRFeOX are known in which oxidation of
Fe(II) is enzymatically coupled to nitrate reduction under
autotrophic growth conditions, including the archetype enrich-
ment culture KS that is dominated by the NRFeOx
Gallionellaceae species with flanking communities of hetero-
trophic nitrate reducers.”**~>>" Attempts to isolate the primary
Fe(Il)-oxidizer—the Gallionellaceae sp.—into a pure culture
have been unsuccessful, possibly because metabolic activities of
the flanking communities are needed to detoxify reactive
nitrogen species produced by the Gallionellaceae sp. during
Fe(II) oxidation.

Photoautotrophic FeOx has been found in many anoxic
surface habitats that have a supply of reduced iron and are
influenced by daylight.”** These organisms have also been

https://doi.org/10.1021/acs.chemrev.0c01286
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suggested to have played a major role in Fe(1I) oxidation and the
deposition of banded iron formations in ancient Fe(II)-rich
oceans.”>”>>* With their amazing metabolism, they have the
capability to produce Fe(III) minerals from Fe(II) under anoxic
conditions by simply transferring the reducing equivalents to
CO, in the absence of classical electron acceptors such as O, or
nitrate. The isolated photoautotrophic FeOx generally belong to
three microbial classes: the purple sulfur bacteria (Gammapro-
teobacteria), purple nonsulfur bacteria (Alphaproteobacteria),
and green sulfur bacteria (Chlorobia).*"

5.2. Microbial Oxidation of Dissolved Inorganic Fe2*

Microbial oxidation of dissolved inorganic Fe** is particularly
important at low pH because the abiotic oxidation rate of Fe*" is
extremely slow under this condition,”** with the exception of
systems that contain high HCI concentrations that favor abiotic
oxidation by O,, especially at elevated temperatures.”>> The
rapid aerobic oxidation of Fe** by acidophilic FeOx is
considered to be the main driver for generation of acid mine
drainages. The produced Fe®' is the main oxidant for pyrite,
leading to the release of H' and of pyrite-associated toxic metals
(e.g, As, Cu, Ni) along with copious deposits of Fe(III)
(oxyhydr)oxides and other Fe minerals (e.g., schwertmannite,
jarosite) with devastating effects to the ecosystem.’*>%°

At neutral pH, dissolved inorganic Fe?* is stable under anoxic
conditions but is rapidly oxidized to poorly soluble Fe(III)
(oxyhydr)oxides under oxic conditions. Microaerophilic FeOx
thrive at the oxic-anoxic interfaces where opposing gradients of
Fe?* and O, exist. Cultivation methods for these bacteria are
thus principally based on air-exposed gradient tubes or plates—
using FeS or Fe’ as the base—in order to establish Fe**—0,
interfaces.”*® Fe(II) oxidation at these interfaces reflects the
combined influence of both biotic and abiotic pathways. Kinetic
constraints suggest that microaerophilic FeOx can only
outcompete abiotic Fe(II) oxidation when the O, concentration
is <50 uM.>>” Another constraint is the presence of Fe(III)
(oxyhydr)oxides, which can catalyze heterogeneous abiotic
Fe(II) oxidation.”*® Estimates suggest that microaerophilic
FeOx contribute to 10—90% of the total oxidized Fe(II) at these
interfaces, with higher microbial contributions relative to abiotic
oxidation observed with lower O, concentrations and pH
values, 541559560

In anoxic environments, both NRFeOx and photoautotrophic
FeOx can oxidize dissolved Fe**. The formed products consist of
mixtures of ferrihydrite, Fe-phosphates, green rust, magnetite,
goethite, and lepidocrocite depending on the geochemical
conditions (e.g., pH, carbonate, phosphate, and presence of
humic acids), with generally higher crystallinity with longer
incubation time.*®"***

5.3. Microbial Oxidation of Fe(ll)—Ligand Complexes

As discussed previously, Fe(1I) is present not only as dissolved
free Fe" in the environment but also associated with NOM (or
OM in general) as Fe(I[)-NOM or Fe(I[)-OM com-
plexes.**"* In two recent studies the microbial oxidation of
Fe(I1)—OM complexes has been investigated. In the first study,
Peng et al. (2018) showed that the heterotrophic nitrate-
reducing strain Acidovorax. sp. BoFeN1 can oxidize Fe(II)—OM
complexes (Fe(Il)-citrate, Fe(II)-EDTA, and also Fe(II)
complexed with humic and fulvic acids), but only in the
presence of easilgr bioavailable organic matter (e.g., acetate) and
dissolved Fe?".**' The reaction network is complex even in this
relatively simple laboratory culture: electrons from acetate are
channeled to fuel enzymatic nitrate reduction, leading to the
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production of reactive nitrite that abiotically oxidizes the
Fe(I1)—OM complexes. Why the initial presence of dissolved
Fe’" is required for the oxidation of Fe(II)—~OM complexes is
still unclear. It is thought that Fe(III) mineral encrustation of the
cells leads to differing inhibition of enzyme activities for the
inner membrane nitrate reductase (produces nitrite) versus the
periplasmic nitrite reductase (converts nitrite to less reactive N
species), which then affects the amount of nitrite released into
the solution that can then oxidize the Fe(II)~OM complexes.
This is an illustrative example of how a complex reaction
network initiated by environmentally relevant microorganisms
ultimately leads to the oxidation of Fe(I[)—OM complexes.
Whether truly autotrophic NRFeOx such as the aforementioned
enrichment culture KS can oxidize Fe(I)-OM complexes
directly remains to be clarified in future studies.

In the second study, Peng et al. (2019) studied the
photoautotrophic FeOx Rhodopseudomonas palustris TIE-1 for
its capability to oxidize Fe(II)~OM complexes.”*® For all
complexes studied (Fe(II)-citrate, -EDTA, -humic and -fulvic
acid) the OM stimulated Fe(II) oxidation compared to
oxidation of free Fe?*. Additionally, it was found that the
oxidation products, the Fe(III)-phases, were nearly all present as
Fe(III) colloids in the 3—200 nm size range. These processes
may be of great importance in open ocean environments where
Fe(III)—OM complexes represent the main fraction of dissolved
Fe present,”®* although the link between these laboratory studies
to natural environments remains to be elucidated in the future.

5.4. Microbial Oxidation of Fe(ll)-Containing Minerals

Besides dissolved Fe** and Fe(II)—ligand complexes, micro-
organisms can also oxidize various Fe(II)-containing minerals
such as vivianite, siderite, mackinawite, pyrite, clays, reduced
goethite, magnetite, and green rust. In most cases, the enzymatic
pathways, in particular the extracellular electron-transfer
pathways from the Fe(II)-containing solid into the cells, are
unknown. Furthermore, in contrast to studies in abiotic systems,
there is often no distinction made between microbial oxidation
of surface sorbed Fe(Il) and structural Fe(II).

Vivianite was shown to be oxidized by the heterotrophic
nitrate-reducing strain Acidovorax. sp. BoFeN1.'*” The
oxidation is thought to proceed abiotically via the secretion of
reactive nitrite to the extracellular space, which oxidizes vivianite
to poorly crystalline Fe(III) phosphates over 14 days. Whether
true enzymatic oxidation of vivianite is also possible needs to be
determined in future studies.

Several photoautotrophic FeOx were shown to be able to
oxidize the relatively soluble siderite, mackinawite, and green
rust minerals but not the poorly soluble pyrite and
vivianite,>*¥°% Heterotrosphic nitrate-reducing bacteria can
also oxidize green rust. 96758 An enrichment culture of
NRFeOx bacteria was suggested to be able to oxidize abiogenic
siderite and biogenic magnetite, as well as the surface sorbed
Fe(Il) on microbially reduced Fe(III) mineral goethite and
soils.”®” The products of Fe(II) oxidation are typically poorly
crystalline Fe(III) oxyhydroxides (ferrihydrite with traces of
goethite by slow Fe(II)-induced transformation of the
ferrihydrite). In a few cases, the formation of magnetite has
also been reported.****”°

Pyrite has been shown to be oxidized by acidophilic FeOx and
neutrophilic Fe(II)- and S-oxidizing microorganisms. Acid-
ophilic FeOx oxidizes pyrite via cell attachment and the localized
production of Fe®*, which is the main chemical oxidant of
pyrite.””" At neutral pH, pyrite oxidation can be accelerated by
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microbes under oxic conditions, releasing sulfate to the solution
while Fe(III) is sequestered as a thin coating layer on the
surfaces of the original pyrite minerals.””” Pyrite (and FeS)
oxidation can also be coupled to the reduction of nitrate in
anoxic environments.”’**”* These reactions are catalyzed by T.
denitrificans, representatives of the Acidovorax and Geothrix
genera, and a Marinobacter-related isolate.’”*%75°7¢ The
involvement of direct enzymatic Fe(II) oxidation in nitrate-
dependent pyrite oxidation is unclear. Sulfate was found to be
released to the solution in multiple studies, but dissolved Fe was
either not measured or cannot be accurately determined due to
the catalytic oxidation of pyrite during acidic extraction in the
presence of microbially produced nitrite.””” Trace amounts of
elemental sulfur in experimental setups could also contribute to
the amount of sulfate released to the solution, complicating mass
balance calculations associated with nitrate-dependent pyrite
oxidation.””®

Lastly, NRFeOx has been shown to oxidize Fe(II) in clays
(e.g., illite,”® smectites,®** biotite>*° coupled to nitrate
reduction, although a contribution of nitrite or Fe(III) as the
responsible (abiotic) oxidant can also not be ruled out.

5.5. Controls on Microbial Fe(ll) Oxidation Rates

Microbial Fe(II) oxidation rates are dependent on several
interconnecting factors including the mechanism of oxidation
(enzymatic vs chemically mediated), incubation parameters
(pH, temperature, medium composition), cell numbers,
substrate availability (e.g, Fe**, O, NO,~, organic carbon),
aqueous Fe’* complexation, light flux (for photoautotrophic
FeOx), mineral particle size, solubility and accessibility (for
solid-phase Fe(1I) oxidation), and of course, the specific
microbial species itself. Here we highlight several studies in
which one or more of these factors were systematically varied so
as to allow direct and meaningful comparisons (Table 4).

The Fe(1l) oxidation dynamics of three species of photo-
autotrophic FeOx: (a) Rhodobacter ferrooxidans strain SW2
(purple nonsulfur bacteria), (b) Thiodictyon sp. strain F4
(purple sulfur bacteria), and (c) Chlorobium ferrooxidans strain
KoFox (green sulfur bacteria) in coculture with Geospirillum
strain KoFum, were determined through culturing-based
approaches.”®® These three cultures were chosen because they
represent three different, distinct phylogenetic groups within
photoautotrophic FeOx. In the presence of 4.7 mM dissolved
Fe®, strain KoFox exhibited the highest maximum Fe(II)
oxidation rates (1.6 mM/day), followed by strain F4 (0.9 mM/
day) and SW2 (0.5 mM/day). The three species exhibited
different periods of lag phase (7—10 days), but in all cases,
dissolved Fe** was completely oxidized within 20 days. In the
presence of 40 mM FeS mineral, these species exhibited slightly
higher Fe(II) oxidation rates (1.4—2.0 mM/day) compared to
the oxidation of dissolved Fe?". Nonetheless, the rates in these
two sets of experiments were comparable to one another, even
though the concentration of the supplied FeS was about 10X
higher than dissolved Fe?*. This suggests that the photo-
autotrophic FeOx were dependent on the dissolved Fe**
generated by FeS dissolution rather than being capable of
oxidizing the mineral themselves. This is supported by the lack
of Fe(II) oxidation for poorly soluble minerals such as vivianite,
pyrite, and magnetite in the same study. In another study, strain
SW2 and Rhodopseudomonas palustris TIE-1 were also shown to
oxidize 6 mM Fe(II)-GR (in green rusts) at a rate of 0.3—1.3
mM/day.*®® This rate is comparable to the oxidation rates
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measured for dissolved Fe®* for the respective species in
previous studies (Table 4).

The same three species of photoautotrophic FeOx (SW2, F4,
and KoFox) have been utilized to understand their Fe(II)
oxidation rates as a function of pH, temperature, Fe?*
concentrations, and light flux.>** For pH, temperature, and
Fe®" concentrations, the Fe(II) oxidation rate was found to
follow a typical biological profile, i.e. having a middle optimum
with lower to zero values on both sides of the optimum. The pH
and temperature profiles were fitted to the cardinal temperature
pH model (CTPM model),”*’ yielding a range of pH (6.5—6.9)
and temperature (23—26 °C) values for optimal Fe(II)
oxidation (0.7—2.5 mM/day), with the exact values depending
on the species. Within the tested range of 0.2—30 mM Fe**, the
fastest Fe(II) oxidation rate was observed at 8 mM dissolved
Fe?* for SW2 (2.5 mM/day), while Fe** concentrations were not
varied for the other two bacteria. Interestingly, Fe(II) oxidation
by SW2 still occurs even at 30 mM Fe?* albeit at slower rates (0.5
mM/day), suggesting that some photoautotrophic FeOx are
well-adapted to extreme Fe(II) concentrations. In terms of light
flux, the Fe(II) oxidation rate increases with increasing light flux
until the rate remains constant above a certain light flux
threshold, indicating saturation of the photon-accepting sites of
the enzymes. This profile can be described using Michaelis—
Menten kinetics (eq 10):

Vil

Ky + 1 (10)
where V = oxidation rate, V,,,, = maximum oxidation rate, I =
light intensity, and K, = light intensity at which the oxidation
rate equals 50% of V,,,.. To date, the highest measured Fe(II)
oxidation rate by a photoautotrophic FeOx is 4.5 mM/day by
strain F4 at 2,300 Ix. The same approaches detailed in this study
were used to describe the dependence of Fe(II) oxidation rates
on pH, temperature, Fe** concentrations, light flux, and/or
salinity for other photoautotrophic FeOx.***%

In addition to the aforementioned factors, microbial Fe(II)
oxidation rates by photoautotrophic FeOx are also affected by
the presence of other elements and complexing agents in the
growth medium. The presence of Si likely contributed to higher
cell tolerance toward elevated Fe(Il) concentration, resulting in
the increase of the rate of Fe(II) oxidation by strain KoFox by up
to 2-fold, which is relevant for estimates of Fe(II) oxidation rates
in the Si-rich Archean ocean.’*° Organic matter complexation
was found to increase the rate of Fe(Il) oxidation by up to 20-
fold for Rhodopseudomonas palustris TIE-1.°%° 1t is thought that
OM complexation may have decreased the energy barrier
associated with the binding of Fe(II) and/or subsequent
oxidation of Fe(II) by the Fe(Il)-oxidizing enzyme—Ileading
to faster rates—although further studies are needed to confirm
the proposed mechanism(s).

The Fe(II) oxidation rates of an NRFeOx enrichment culture
were investigated in the presence of different forms of Fe(II)
(dissolved Fe** as FeSO,, synthetic FeCO,, biogenic FeCO; and
magnetite, surface-sorbed Fe(II) on microbially reduced
goethite and soils).**” Recalculation of the maximum Fe(1I)
oxidation rates from the presented data set yielded a range of
0.2—3.8 mM/day, with the highest rates measured in the
following order: Fe’* > synthetic FeCO; > reduced soils >
biomagnetite > reduced goethite > bio-FeCO;. However, the
initial Fe(II) contents (ranging from 2 mM for reduced goethite
to 20 mM for FeCOj) as well as the nitrate concentrations (2.5—

https://doi.org/10.1021/acs.chemrev.0c01286
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6 mM) varied between treatments, thus complicating direct
comparisons. Interestingly, the oxidation rate for synthetic
FeCOs; is significantly faster than bio-FeCOj (both supplied at
20 mM with nitrate = S—6 mM), most likely as a result of
variation in surface areas and particle sizes. Recent studies on the
NRFeOx enrichment culture KS have highlighted the
importance of organic carbon to the rate of Fe(Il) oxidation.
In the presence of 8—10 mM Fe*', the Fe(Il) oxidation rates
were faster under autotrophic conditions (2.0—3.5 mM/day)
compared to mixotrophic conditions (1.2—2.0 mM/day in the
presence of 5 mM acetate).”***”°% Under autotrophic
conditions, the primary Fe(II)-oxidizing and CO,-fixing
Gallionellaceae sp. outcompetes the other heterotrophic
nitrate-reducing strain present in the mixed culture. Under
mixotrophic conditions, the community shifted to higher
proportions of heterotrophic nitrate reducers, leading to slower
rates of Fe(II) oxidation.”>” As mentioned previously, the rates
of Fe(II) oxidation for microaerophilic FeOx reflect combined
biological and abiotic oxidation, with higher microbial
contributions at lower O, concentrations and pH values. The
measured rates ranged from 0.3 to 9.1 mM/day,”>"~>>" which
are overall higher than the rates exhibited by NRFeOx and
photoautotrophic FeOx. These estimates were derived from
cultures with typically micromolar levels of Fe*" as opposed to
millimolar levels in batch cultures of NRFeOx and photo-
autotrophic FeOx, indicating that higher Fe(II) oxidation rates
are generally expected from microaerophilic FeOx in environ-
ments with low O,. Recent studies have shown that micro-
aerophilic NRFeOx and photoautotrophic FeOx can coexist in
the same redox zones in sediments, challenging the classical
notion that they live in separate redox zones expected from
thermodynamic constraints.”*”*** Determining the relative
contribution of different types of FeOx to Fe(Il) oxidation
will be crucial to understanding Fe biogeochemistry in suboxic—
anoxic environments.

Heterotrophic nitrate-reducing bacteria can oxidize Fe(II)
indirectly through the production of reactive nitrite which reacts
rapidly (abiotically) with Fe(Il) via chemodenitrification. As
shown in Table 4, strain BoFeN1 (the most studied bacteria with
this metabolism) exhibited even higher maximum Fe(II)
oxidation rates (up to 21.6 mM/day, typically < 5.5 mM/day)
than microaerophilic FeOx. Heterotrophic nitrate-reducing
bacteria also exist in the NRFeOx enrichment culture KS, but
nitrite never accumulated to high concentrations in that mixed
culture. Nitrite was detectable only when the heterotrophic
nitrate-reducing bacteria were isolated into pure cultures.
Therefore, the environmental significance of biologically
mediated Fe(II) oxidation via nitrite is a subject of ongoing
debate.>®’

5.6. Fe Redox Cycling Involving Fe(ll)-Oxidizing and
Fe(lll)-Reducing Microorganisms

Very recently, it has been demonstrated that microorganisms
can reduce and oxidize mixed-valent (Fe(II)- and Fe(III)-
containing) minerals such as magnetite in alternating redox
cycles (under alternating reducing and oxidizing conditions)
using these minerals as biogeobatteries.””® Specifically, it has
been shown that both phototrophic FeOx as well as NRFeOx
can extract electrons from magnetite oxidizing some of the
magnetite-Fe(II) to Fe(IlI), while Fe(III)-reducing micro-
organisms (Shewanella, Geobacter) are able to dump electrons
during their metabolism on the same magnetite particles, thus
rereducing some of the Fe(III) to Fe(II). The rates and extent of
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these processes depend on the magnetite particle size.””'

Magnetite particles have also been shown to enhance
interspecies electron transfer in various lab and natural
environments with particularly important implications for the
rate of anaerobic pollutant degradation and methane for-
mation.””>"%"" However, the extent to which redox Fe cycling
occurred in the magnetite in those studies has not been
evaluated.

Recent work has highlighted the importance of cryptic cycles
of Fe, in which Fe(II) or Fe(III) concentrations appear to be at
steady-state even as intense redox cycling occurs at small spatial
scales.””> For example, continuous oxidation of Fe(I[)—OM
complex by phototrophic FeOx coupled to rapid abiotic
rereduction of the produced Fe(III)~OM complex by photo-
chemistry can sustain a low and steady-state dissolved Fe®"
concentration.’”? Intense redox cycling of Fe, despite low overall
Fe concentrations, was also demonstrated to be coupled by
phototrophic and microaerophilic Fe(II) oxidizers to anaerobic
Fe(III) reducers in the water column of a stratified lake.®**¢%°
Thus, one single atom of Fe that is being continuously
(re)cycled increases the overall energy available to microbial
populations. Fe-based remediation designs that incorporate the
possibility of cryptic cycles may eventually lead to more rapid
and efficient pollutant removal.

6. BIOGEOCHEMICAL PROCESSES INVOLVING
FORMATION AND REACTIVITY OF FE(Il)

The frequency and magnitude of redox fluctuations are
important drivers of organic carbon and nutrient cycling in
soils**”*” and sediments.'” The more frequent and rapid these
fluctuations are, the more dynamic these systems are in terms of
Fe-associated organic carbon mineralization and P, N, and S
availability due to the preferential formation of poorly crystalline
Fe(III) (oxyhydr)oxide species under such varying oxygen
conditions.

Additionally, the onset of anoxic conditions in natural waters
typically results in a dramatic increase in the concentration of
Fe(II) with this phenomenon a major water quality concern in
stratified lakes where reductive dissolution of Fe(III) minerals in
benthic sediments and subsequent accumulation of Fe(Il) in
anoxic hypolimnetic waters may result in severe quality issues in
domestic supplies if these waters enter reticulation systems. In
oxic surface waters, light- and superoxide-mediated reductive
dissolution of iron oxides and the subsequent formation of
bioavailable Fe(II) may induce the growth of phytoplankton
either because of the corelease of major nutrients such as
phosphorus (as is the case in many freshwaters) or because of
the increased bioavailability of iron, a micronutrient recognized
to limit organism growth in coastal and open oceans.

In the previous sections, specific consideration has been given
to the redox chemistry of soluble Fe(Il) complexes, sorbed
Fe(Il), and structural Fe(II) from different perspectives. In this
section, we briefly describe the biogeochemical cycling of
nutrients associated with Fe in various soils, sediments, and
natural waters and introduce some of the biogeochemical
implications of Fe(II) formation. Some of these effects are
related to aqueous Fe(Il) (as is the case for formation of
bioavailable Fe in oceanic surface waters) while others are
related to solid-phase Fe(II) (as is the case for Fe(Il)-mediated
transformation of iron oxides and the reduction of contaminants
or key nutrients in sediments). It is important to appreciate,
however, that the examples presented only represent some of the
environments in which these reactions can occur and that these

https://doi.org/10.1021/acs.chemrev.0c01286
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reactions are essentially ubiquitous in all pedological and aquatic
environments considering iron is the second most abundant
metallic element in the earth’s crust.’”’

6.1. Biogeochemical Cycling Associated with Fe in Soils

In soils the reduction of Fe (oxyhydr)oxides to produce Fe(II) is
almost exclusively driven by microbial catalysis.*” In fact,
anaerobic respiration coupled to Fe (oxyhydr)oxide reduction is
the primary terminal electron-accepting process, accounting for
40 to 60% of the ecosystem respiration in arctic permafrost
soils.””® This can have important implications to the fate of the
large amounts of organic carbon stored in Arctic soils.?*® Indeed,
thermodynamics predicts that Fe (oxyhydr)oxide reduction may
out-compete methanogenesis under anaerobic conditions,
potentially servin§ as a means to suppress methanogenesis
into the future.””” While the complexities of the Fe cycle to
greenhouse gas emissions, particularly from arctic soils, are
difficult to predict, this is something to look out for in the future.

Remarkably, direct contact between microbes and Fe
(oxyhydr)oxides is not necessary to induce the reduction of
Fe(II1),* with this process able to occur at a distance through
the release of electron shuttling compounds or chelators or the
production of conductive nanowires by microbes.'’® For
example, Fe (oxyhydr)oxide reduction in upland soils is driven
by organic matter exudates from root plants, ultimately derived
by photosynthesis, with these exudates able to shuttle electrons
from microbes to Fe (oxyhydr)oxides. The resultant reduced
aqueous Fe(II) species is then able to be transported away from
the rhizosphere and into the neighboring environment, resulting
in some very striking color contrasts between rhizospheres and
inter-rhizosphere microsites.*"’

Due to depth-dependent concentrations of oxygen diffusion,
solid Fe speciation is found to change with depth, with more
rapid Fe cycling in the shallow horizons of upland soils resulting
in Fe (oxyhydr)oxides that are more reactive and therefore able
to undergo more rapid reduction, while more stable crystalline
species are found at depth.°'’ This is associated with the
persistence of Fe(II) at depth, facilitating Fe(II)-catalyzed Fe
(oxyhydr)oxide transformations to those which are more
crystalline, or the formation of reactive structural Fe(II)
minerals such as green rust and magnetite.”>*""

The presence of reactive Fe mineral surfaces of low
crystallinity in arctic and boreal peat soils has been found to
effectively compete with biological phosphate sequestration
processes, thereby acting as a gowerful regulator of nutrients in
these sensitive ecosystems.’’* This potentially restricts plant
growth and the sequestration of CO, from the atmosphere,”"”
but it may also result in Fe minerals acting as important
reservoirs for phosphate in these P-limited systems.®'” It will be
interesting to observe the dominant impact of Fe(II) on P
availability in these sensitive systems over time as a result of
climate change, particularly as evapotranspiration and water
table fluctuations are predicted to become more extreme.

Wet tropical soils, which are often dominated by iron-rich
clays and oxides, provide one of the most dynamic natural soil
environments to study Fe-associated redox fluctuations, with
these fluctuations readily driven by these soils” high biological
oxygen demand, moisture, temperature, and abundance of labile
carbon.””® As such, these soils in particular are widely studied to
determine the impact of Fe redox chemistry on soil organic
carbon in general. Indeed, tropical soils have revealed some
amazing findings in relation to the impact of Fe redox chemistry
on soil carbon cycling. Fluctuating redox conditions encourage
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the oxidation of soil carbon to CO, due to the generation of ROS
following abiotic Fe(II) oxidation in conjunction with anaerobic
metabolism,”'*°'* and indeed, Fe-rich soils are often reported to
have high rates of CO, and NO, emissions.®’*

Nevertheless, over time, iron oxide crystallinity increases,
associated with Fe(II)-catalyzed transformation pro-
cesses,”' **'*%17 and this makes the Fe (oxyhydr)oxides within
these soils less prone to reductive dissolution, providing a degree
of protection against soil carbon mineralization to CO,.
Similarly, the formation of Fe—soil organic matter (SOM)
aggregates with soil minerals such as clays, again aided by the
presence of Fe(1I) (through a process of Fe(II) oxidation and
SOM coprecipitation), is known to make soil organic carbon
more resistant to oxidation and degradation (i.e,, more stable)
over time.%' 1% Fe(11I) (oxyhydr)oxides are traditionally
thought to aid in the persistence of organic matter in soils as
sorption of SOM onto, or coprecipitation of SOM with, Fe
(oxyhydr)oxides makes them less susceptible to mineralization,
and recent studies broadly confirm this finding. However, the
more wide ranging impacts of iron redox chemistry make this
correlation less than perfect.”'* Overall, the production of Fe-
SOM aggregates via Fe(II) oxidation will initially increase CO,
production in the short term because of a pulse of hydroxyl
radicals generation; however, over time, the Fe—SOM
aggregates protect SOM from oxidation, resulting in a net
decrease in C mineralization.”’* In relation to the cycling of
nutrients, such as nitrogen, the anaerobic oxidation of
ammonium to nitrite, nitrate, or dinitrogen has been observed
in wetland soils under Fe(III)-reducing conditions.’” The
relative importance of abiotic or biotic processes involved in the
coupled oxidation of ammonia and reduction of Fe(III)
minerals, as well as their ecological effects under field conditions,
however, is an area that still requires further clarification.”*" In
paddy soils, microbial and abiotic reduction processes are
associated with the release of trace amounts of nitrous oxide and
nitrogen gas.ézz_624 While this is highly undesirable as it results
in losses of nitrogen from the soil (and therefore low fertilizer
efficiency) as well as the release of potent greenhouse gases
(notable N,O), under conditions where oxygen may form, such
as at the roots of rice plants, the ability for nitrification to occur,
associated with the formation of iron oxides, counters much of
this loss.””> Much of the cycling of N with iron in soils is
associated with microbial activity, although N cycling in highly
dynamic redox environments is likely to be related to carbon
cycling and the ferrous Fe redox wheel both abiotically and
biotically.”" Indeed, a recent study has shown that the abiotic
production of N,O coupled to Fe(Il) oxidation can be
important in soils containing elevated Fe(II) and SOM
concentrations.®”’

An important impact of the formation of Fe(Il) and its
subsequent interaction with Fe (oxyhydr)oxides that also needs
to be acknowledged here is the ability of Fe(II)—Fe (oxyhydr)-
oxides to induce the natural attenuation of pollutants in ground
waters and soil. Contaminants able to undergo Fe(II)—Fe
(oxyhydr)oxide interactions include chlorinated organics and a
host of redox active inorganic contaminants such as arsenic and
uranium. Readers are referred to the review by Borch et al.
(2010) for more information on these important Fe(I[)—Fe
(oxyhydr)oxide interactions in soils,” in addition to section 4.2.1
of this review.

https://doi.org/10.1021/acs.chemrev.0c01286
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Table 5. Summary of the Reported Work on Fe(II) Species-Associated Fenton-Type Reactions

Fe(II) species Oxidant Model Compounds
Fe(II)
Fe(1I) H,0, formate
Fe(1I) H,0, phenol
Fe(II) H,0, dimethyl sulfoxide (DMSO), tert-
Butyl alcohol
Fe(II) in acid mine drainage O, p-aminobenzenesulfonamide
(AMD)
Fe(II)-ligand complexes
Fe(1I)—hydroxylamine H,0, benzoic acid
Fe(1I)—ascorbate 0, rhodamine B
Fe(II)—fulvic acid H,0,
Structural Fe(II)
Magnetite H,0,  polycyclic aromatic hydrocarbons
(PAHS)
Magnetite—ascorbate H,0, Alachlor
Mackinawite 0, benzoic acid
Surface-sorbed Fe(II)
Fe(II)—nZVI 0, malonate
Fe(1I)—nZV1/ferrihydrite/ 0, formate
lepidocrocite
Fe(II)—hematite (001) H,0, rhodamine B
facets
Fe(IT)—hematite (110) H,0, rhodamine B
facets
Fe(IlI) in aquifer sediment 0, As(1II)
Fe(II) in soil and sediment 0, phenol

Reactive
Reactivity Species ref
pH-dependent ‘OH 20087
100% removal in S min *OH 20117
Fe(IV), 201458
*OH
19.3% removal in 4 h *OH 2017%7
p-hydroxybenzoic acid was formed *OH 2011°7
39.5% removal in 6 h *OH 2016°7°
*OH 20137
90% removal *OH 2012°%
62.6% removal *OH 2020
*OH,, 2020°%*
*OH 2004%
*OH 2016*”
47% removal *OH 2016
90% removal *OH 2016
As(11I) was oxidized to As(V) *OH 2016
adsorbed Fe(II) and structural Fe(II) predominantly *OH 2020%°

contributed to *OH formation

6.2. Biogeochemical Cycling of Carbon and Other Nutrients
Associated with Fe in Sediments

Field studies have demonstrated how the upper few centimeters
of lake and estuarine river sediments are impacted by fluctuating
redox conditions that control the concentrations and speciation
of iron, sulfur, and phosphorus in the overlying waters and
associated pore waters,'” with this layer highly enriched in
poorly crystalline, reactive iron oxyhydroxides.””> Such oxides,
when resuspended in the water column, may then become a
source of bioavailable iron to primary producers.’*® This occurs
via the reduction of iron(III) minerals in the sediments through
dissimilatory Fe(III) reduction, whereby microbes couple this
process to organic carbon oxidation™® over time-scales ranging
from hours to days to years. The Fe(Il) released from Fe(III)
mineral reduction may precipitate as a sulfide mineral in the
presence of sufficient sulfide concentrations,'”'”" precipitate as
a mixed Fe(II)—Fe(III) mineral such as green rust or
magnetite,”*>**® or diffuse upward and undergo oxidation by
oxygen, nitrate, or manganese oxides.*” This process results in
an iron-enriched layer just above the sediment “redox” boundary
(or oxygen penetration depth).**®

In addition to the release of Fe(Il), any species associated with
the iron oxides may be released into the water column.
Phosphorus is one of the most significant species able to be
released from Fe (oxyhydr)oxides as it is a major limitin,
nutrient for the formation of harmful algal blooms (HAB).®*
Even when external inputs of P are low, the rapid reduction and
release of P trapped in iron oxides from sediments can lead to
eutrophication of environmental waters.””” The resultant decay
of the excess organic matter produced (in the form of algae) is
able to strip these waters of oxygen leading to deadly fish kills, as
well as toxic levels of sulfide.'” Considering that many estuarine
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waters are highly productive, this is of particular ecological
concern. Interestingly, the release of P from Fe (oxyhydr)oxide
sediments is actually enhanced during HAB,**° predominately
due to the rise in anoxic conditions that further enhance Fe
(oxyhydr)oxide dissolution to Fe(I1)®*' but also due to the
desorption of phosphate from Fe (oxyhydr)oxide surfaces as the
pH increases, resulting in conditions which prolong the lifespan
of the bloom.***

In relation to nitrogen, the production of Fe(Il) from the
dissolution of Fe (oxyhydr)oxides in lake sediments and its
subsequent oxidation have been shown to drive dissimilatory
nitrate reduction to ammonium while reducing denitrifica-
tion.”>* Field and culture studies have also demonstrated that
there is a complex interaction between abiotic and biotic Fe(1I)
oxidation processes in relation to nitrogen oxide reduction®**
and that ephemeral Fe(II)—Fe(III) minerals such as green rust
are likely to be important drivers of nitrate reduction in
sediments in addition to nitrate reducing bacteria.”” This further
strengthens the importance of Fe-cycling and the production of
Fe(II) toward the biogeochemical cycling of key nutrients in
sediments.**®

Following the release of Fe(II) and the return of oxic
conditions, the oxidation of reduced iron in environmental water
bodies and sediments can result in the production of reaction
oxygen species (ROS)**°~** which are capable of inducing
oxidative damage to fish.”*’ However, while the impact of Fe
(oxyhydr)oxide reduction and the subsequent release of
nutrients and Fe(II) may be highly detrimental for most
environmental water bodies in relation to the formation of HAB
and ROS, at the mouth of large marine water bodies, this process
becomes an important source of nutrients in otherwise nutrient
deficient seawaters, as discussed in the following section.

https://doi.org/10.1021/acs.chemrev.0c01286
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6.3. Biogeochemical Cycling of Carbon and Other Nutrients
Associated with Fe(ll) Formation in the Oceans

Iron redox chemistry has played an important role in the
evolution of Earth. In the anoxic early oceans, iron would have
been present principally in Fe(II) form and thus would have
been substantially more bioavailable. Indeed, the fact that iron
exists in a number of proteins today, despite the passage of time
and the rise of an oxygenated atmosphere that has vastly reduced
the solubility of iron, indicates that iron was once much more
accessible to early biological systems.”*” However, as a result of
the low solubility of oxidized iron in the absence of ligands at
neutral pH, iron acquisition poses a problem for organisms in
the oxidized oceans of today.”*' To overcome this, most
prokaryotes produce siderophores, which have an extremely
high aflinity for iron.*** As discussed earlier, siderophores form
soluble ferric chelates that are taken up by the cells via high
affinity receptors. In the euphotic zone of oceans, these ferric
siderophore complexes are also able to undergo photoly-
sis,**7%* or reduction by photoproduced superoxide,®**
further increasing the bioavailability of iron through the
formation of Fe(II).

The availability of iron in the ocean has a huge impact on the
production of phytoplankton, which underpins the global
carbon cycle.'”” Considering that the ocean is one of the
world’s largest sinks for carbon dioxide, various experiments
have been conducted around the world to assess if “iron seeding”
of the oceans can reduce global CO, levels.***~%** Much
controversy exists as to the wisdom of such an engineered
approach given the complex nature of iron redox chemistry and
the potential for unaccounted reactions that may have
undesirable side-effects.”****’

7. FE(II)-ASSOCIATED OXIDATION PROCESSES

7.1. Fenton Type Reactions

In 1894, Henry J. Fenton found that tartaric acid was oxidized by
a combination of Fe>* salts and H,0, and concluded that H,0,
was activated by Fe?*.**” Since then, the Fenton reaction has
become one of the most important reactions in environmental
remediation due to its ability to generate powerful oxidants that
can facilitate so-called advanced oxidation processes (AOPs),
capable of oxidizing a large array of environmental contaminants
(examples in Table 5).In 1932, Bray and Gorin reported that the
ferryl ion (Fe(IV)) was involved in the Fenton reaction (Bray—
Gorin mechanism).>' Then in 1934, Haber and Weiss
proposed that Fe(II) was oxidized by H,0, to produce hydroxyl
radicals and hydroxyl ions, and the Haber—Weiss iron redox
cycle was thus established.®>” Fe(1I) can decompose H,0, via a
competitive outer-sphere one-electron transfer to produce
hydroxyl radicals with its redox cycle shown in eqs 11 and 12
and via an inner-sphere two-electron oxidation through O-atom
transfer to produce high valent iron species (eq 13). Never-
theless, hydroxyl radials are often referred to as the reactive
species in the Fenton reaction in the majority of the modern
literature,®>>°%* although recent studies demonstrate that high
valent iron species, i.e., the Bray—Gorin mechanism, may play a
significant role in Fenton reactions under certain conditions,
such as circumneutral pH.éSS_(’58 Because Fenton type reactions
have been comprehensively reviewed in the recent litera-
ture,””~°* we intend to be brief in this section and only
summarize how Fe(II)—ligand complexes, structural Fe(1I), and
sorbed Fe(II) are involved in Fenton type reactions.

pubs.acs.org/CR
Fe(Il) + H,0, — Fe(Ill) + *OH + OH" (11)
Fe(1ll) + H,0, — Fe(Il) + HO," + H* (12)
Fe(Il) + H,0, — Fe(IV) (eg, FeVO*) + H,O0  (13)
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While debate on the mechanism continues, this has not
affected their widespread applications in environmental
sciences, geosciences, biology, and engineering.éﬁﬁ'_666 In
particular, the development of ligand-mediated Fenton type
reactions is a rapidly growing field in the engineering field due to
its ability to extend the working pH range relative to
conventional aqueous-based Fenton reactions and prevent ferric
precipitation which would otherwise diminish the efficiency of
pollutant removal through loss of iron.”*>*®" Various studies
have investigated the use of Fe(II) ligands to activate molecular
oxygen or hydrogen peroxide to generate hydroxyl radicals and
oxidize organic organics.659’660’66 ~97! Some of these ligands are
also reductants that can accelerate iron redox cycling and
enhance the reaction rate.””” For instance, the addition of
hydroxylamine facilitates the reduction of Fe(II) to Fe(Il),
maintaining a steady concentration of Fe(II) and increasing the
reactivity of the system.’”* However, hydroxylamine is toxic to
humans, limiting its applicability, so ligands such as ascorbate
have been applied to AOPs instead.”’**”> Fe(II)-ascorbate
complexes have been used to activate molecular oxygen,
producing hydroxyl radicals that efficiently degrade rhodamine
B.67¢ Reducing ligands, however, can also consume the
produced hydroxyl radicals,””” and therefore, determination of
the optimum dose is important. The reaction rate of various
Fe(II) complexes with H,0, differs, with the following trend in
reactivity observed: ethylenediamine-N,N’-diacetic acid
(EDDA) > ethylenediaminetetraacetic acid (EDTA) > dieth-
ylenetriaminepenta-acetic acid (DTPA) > nitrilotriacetic acid
(NTA),*” consistent with the rate of H,0, decomposition
being strongly correlated with the stability constant of the
Fe(II)~ligand complex formed.””® The presence of iron
complexing agents also appears to influence the nature of the
oxidant formed, with a nonhydroxyl radical oxidant produced at
circumneutral pH in the absence of ligands but hydroxyl radicals
generated if a complexing agent is present.”** NOM has also
been shown to induce the formation of hydroxyl radicals upon
the reaction of the Fe(II)-NOM complex with H,O, at
circumneutral pH, with an estimated *OH production rate of 37
nM-h~! under conditions typical of coastal waters.”*”

Structural Fe(II) in iron-containing minerals can also initiate
Fenton type reactions. The reactivity of many Fe(II)-containing
minerals to initiate a Fenton process has been shown to be
strongly correlated with Fe(II) content.’”®”” A major
representative structural F e(II)—containing mineral is magnetite.
Previous studies have demonstrated that 90% of polycyclic
aromatic hydrocarbons (PAHs) can be oxidized by hydroxyl
radicals §enerated when mixing magnetite and hydrogen
peroxide.”® Similarly, ascorbate-coated magnetite can effi-
ciently decompose hydrogen peroxide to produce hydroxyl
radicals to oxidize alachlor.”®' Some studies report that Fe(II)
surface sites on magnetite (heterogeneous Fenton reactions)
instead of released aqueous Fe(II) from magnetite (homoge-
neous Fenton reactions) play the dominant role in decomposing
H,0,,°** while other studies suggest the release of Fe(II) from
magnetite under acid conditions reacts with H,0,.°® Further
research is hence needed to elucidate the relative contribution of
heterogeneous vs homogeneous Fenton reactions for magnetite

https://doi.org/10.1021/acs.chemrev.0c01286
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Figure 13. Investigation of formate oxidation by nZVI-mediated generation of Fe(II) and H,O, indicates that oxidation was effective only after
formation of iron oxides at the nZVI surface which acted as sorbing sites for the target organic compound. Interestingly, Fenton-mediated formate
oxidation continued long after the nZVI had been consumed. Reprinted with permission from ref 692. Copyright 2016 American Chemical Society.

Table 6. Summary of the Reported Work on the Activation of Peroxydisulfate (PDS) and Peroxymonosulfate (PMS) by Fe(II)

Species
Reactive
Fe(II) species Persulfate Contaminant Reactivity Species ref
Fe(II)
Fe(II) PDS trichloroethylene (TCE) 95% removal proposed SO~ 20047
Fe(II) PMS  2-chlorobiphenyl (2-CB) 90% removal SOj"and *OH  20097%*
Fe(II) PDS diuron maximum: 80% SO;~ 20117
Fe(II) PDS methyl phenyl sulfoxide (PMSO) decreased in the first 2 Fe(IV) 20187%
min, and then leveled
off
Fe(II) PDS trimethoprim 73.4% removal in 4 h 2018'*
Fe(II) PDS acetaminophen fast reaction in first 3min  SO$ and *OH 20197
Fe(II) PDS PMSO, dimethyl sulfoxide, p- Fe(IV), SO}~ 20207
nitrobenzoic acid (p-NBA), and benzoic and *OH
acid (BA)
Fe(II) PDS antibiotic resistant microbes (ARM:s) 99.9% removal in 2 h F%S((I)\Z) and 20207
4
Fe(II) PDS p-arsanilic acid 99% removal in 10 min
Fe(II)—ligand complexes
Fe(II)—citric acid PDS TCE 100% removal in 20 min  proposed SO}~ 200470
Fe(II)—citric acid PMS 2-CB 74% removal in 4 h SO; and *OH 20097
Fe(II)—citric acid PDS trichloroethylene 100% removal in 60 min  SO$~, *OH, and  2014""
o5~
Fe(II)—citric acid; -EDTA; -EDDS PDS sulfamethoxazole 74.7% removal in 240 SO;™ and *OH 201471
min
Fe(II)—citric acid; -oxalic acid; Fe(II)—tartaric PDS aniline oxalic acid and tartaric SO;™ and *OH 20157
acid; -EDDS acid are more effective
Fe(II)—oxalate acid; -citric acid; -nitrilotriacetic; PDS PMSO decreased in 90 min Fe(IV) and/or 201971
-EDTA; -pyrophosphate; -tetrapolyphosphate Nerw
Structural Fe(II)
FeS; pyrite PDS 2,4-dinitrotoluene 91% removal in 300 min  proposed SO3~ 20117"°
Magnetite PDS 2,4,4 -trichlorobiphenyl 90% removal in 4 h 03~ and SO3~ 20137'¢
FeS PDS p-chloroaniline Kops; 0.0144 min ™ SO;™ and *OH 2018”"
Titanomagnetite PDS atrazine Kops: 2.7 X 107> min ™! Fe(IV), Fe(V), 20207"8
SO;7, and
‘OH
Pyrite PDS atrazine 70% decrease in 10 min SO;:, *OH,and  20207"
2
Surface-sorbed Fe(IT)
Magnetite, hematite, goethite, MnO, PDS diesel 36% removal in 12h N/A 20107%°

under different conditions. To enhance the reactivity of
magnetite in Fenton reactions, ZVI/magnetite composites
have been synthesized to favor electron transfer from ZVI to
magnetite to generate structural Fe(II) to maintain the
reactivity.684 Some chelating ligands (e.g, oxalate, EDTA,
citrate, and succinate) have also been shown to enhance the
degradation rate of contaminants by magnetite/H,0,, due to
the involvement of homogeneous Fenton reactions.”*> More-
over, the replacement of Fe(Il) with Co®* and Mn** at
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octahedral sites in magnetite has been shown to enhance the
reactivity of magnetite.”*”

In addition to participating in Fenton reactions, structural
Fe(II)-containing minerals can be oxidized by oxygen to form
reactive oxygen species (ROS). For instance, under acidic
conditions, hydrogen peroxide is produced from the reduction
of molecular oxygen by Fe(II) within pyrite, which is then able
to decompose forming hydroxyl radicals.”****” The reaction
mechanism between pyrite and oxygen, however, is still not well

https://doi.org/10.1021/acs.chemrev.0c01286
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understood.”®® Similar effects to those observed for pyrite have

also recently been reported for mackinawite (FeS).®* However,
some studies have reported that, during the oxygenation of FeS,
the surface-localized oxidant generates a suite of products upon
reaction with benzoic acid which are very different from those
produced by the reaction with solution-phase hydroxyl radicals,
indicating homogeneous hydroxyl radicals are not the main
oxidant in the reaction process.’”” Further research is needed to
elucidate the exact cause of these differences.

Fe(II) sorbed to solid surfaces can also initiate heterogeneous
Fenton reactions to catalyze the generation of highly oxidizing
ROS which, in turn, indirectly degrade environmental
pollutants. In oxic conditions, Fe(II) generated upon the
oxidation of nZVI reacts with H,O, produced from nZVI-
mediated reduction of oxygen, with the hydroxyl radicals formed
capable of oxidizing a wide range of contaminants.*””%"!
Interestingly, more recent work by He et al.®? suggests that
the initial formation of ferrihydrite on the nZVI is the
prerequisite for the oxidation of target organics, which also
promotes the adsorption of the organics (Figure 13). Of
relevance to this observation, sorbed Fe(II) on different iron
oxide facets demonstrates different H,0, decomposition
efficiencies, with Fe(II) bound to hematite (110) facets
exhibiting a higher degradation rate than the (001) counter-
part H9693,694

Iron redox processes can occur under oxic conditions in
natural systems as a result of Fenton type reactions, opening up
additional pathways for pollutant degradation.695’696 That is, in
addition to the direct reduction reactions described in the
previous sections, the Fenton type reactions enable Fe(II) and
Fe(Il)-associated species to indirectly degrade pollutants by
reacting with other environmental oxidants to produce more
powerful oxidants capable of degrading a much wider range of
contaminants. In environmental processes, different Fe(1l)-
containing materials have been reported to contribute to ROS
generation to degrade contaminants. As an example, Tong et al.
demonstrated that oxygenation of subsurface sediments at
different depths and the generated hydroxyl radicals are
predominantly a result of the reduction of oxygen by Fe(II)
within the sediments.®”® Based on a similar mechanism,
oxygenation of Fe(Il) in acid mine drainage (AMD) can
produce hydroxyl radials to degrade p-aminobenzenesulfona-
mide.””” Xie et al. recently revealed that both surface-sorbed
Fe(Il) and structural Fe(1I) were the predominant contributors
to the production of hydroxyl radicals during the oxygenation of
different natural sediments for phenol degradation.””

It is worth mentioning that iron(III) oxides and oxy-
hydroxides alone are able to directly decompose hydrogen
peroxide in heterogeneous Fenton reactions, generating
hydroxyl radicals sustained by ongoing autocatalytic regener-
ation of Fe(I1).°> While the rate of hydrogen peroxide-
mediated reduction of Fe(III) within iron(III) oxyhydroxides is
slow, there are many methods to facilitate more rapid
production of Fe(II) and subsequent generation of hydroxyl
radicals. For instance, the addition of hydroxylamine promotes
the reduction of Fe(III) on the surface of goethite generating
hydroxyl radicals to degrade a herbicide.””® More details on the
utilization of iron(III) oxides and oxyhydroxides in heteroge-
neous Fenton type reactions can be found in previous

. 699,700
reviews.
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7.2. Persulfate Activation by Fe(ll) Species

Sulfate radical-based advanced oxidation processes (SR-AOPs)
have attracted increasing attention in the past decades in treating
contaminated water and soil. Peroxymonosulfate (PMS, HSO5)
and peroxydisulfate (PDS, S,03”) are common sources of
sulfate radicals in SR-AOPs. Compared with traditional *OH-
based AOPs, SR-AOPs have unique advantages because SO}~
(a) has a high redox potential (E°(SO§™/SO;™) =2.6—3.1 V vs
NHE); (b) has a long half-life (30—40 us); (c) works within a
relatively wide pH range; and (d) has a low cost of storage and
tramsportation.nl’722

Different methods have been employed to activate
persulfates,””*~"** among which Fe(II) species have been
shown to be effective (Table 6) with the reaction mechanisms
summarized below:

HSO; + Fe(II) —» SO;” + OH™ + Fe(Ill) (14)
704

S,05” + Fe(Il) — SO}~ + SO~ + Fe(1II) (15)
711

SO;™ + Fe(Il) — SO;~ + Fe(III) (16)

704

Increasing Fe(II) concentration often enhances the perform-
ance of persulfates. However, too much Fe(II) decreases the
reactivity of persulfates owing to the quenching reaction
between Fe(Il) and sulfate radicals (eq 16).”°>7%7** The
optimum ratio of Fe(II)/PMS in the degradation of PCBs is
reportedly 1:1;”%* therefore, an efficient strategy is to gradually
add Fe(II) of a low concentration to improve the degradation of
contaminants by SO$~."%% The oxidation rates of contaminants
in Fe(II)/PDS systems decrease with increasing pH, likely due
to the strong precipitation of iron and the self-decomposition of
PDS under higher pH conditions.”*

It has been long recognized that free radicals (SO}~ and *OH)
are the dominant reactive species in the activation of persulfates
by Fe(1I), but this idea has been challenged in recent studies. By
employing an interesting chemical probe (methyl phenyl
sulfoxide (PMSO)), Wang et al. (2018) demonstrated that in
Fe(II)—PDS systems, a high valent iron—oxo species (Fe(IV))
was the dominant reactive species under acidic conditions.”*%”*”
This is because sulfoxides such as PMSO can be oxidized to form
corresponding sulfones (e.g., methyl phenyl sulfone (PMSO,))
by high valent iron—oxo species, which is different from the
products (biphenyl compounds) of PMSO when oxidized by
SO~ or *OH.”"*"*77*% However, Dong et al. (2020) argued
that the generation of Fe(IV) does not necessarily rule out the
possibility of the production of free radicals, and they
demonstrated that both Fe(IV) and free radicals (SO}~ and
HO®) have contributed to the reactivity in Fe(II)-PDS
systems,””® with further research required to understand the
mechanism.

In order to overcome the inefficiency of Fe(II)/persulfate due
to iron precipitation under high pH conditions, many ligands
have been employed to stabilize Fe(IT).”**”"° For instance, citric
acid enhances the degradation of TEC by Fe(I[)—PDS.”"’
Polycarboxylates (e.g., oxalate and citrate) exhibit better
performance than aminocarboxylate and polyphosphate ligands
because the former (a) have higher reactivity in PDS activation,
(b) have lower steric hindrance, and (c) can enhance Fe(II)/
Fe(III) cycling.714 The ratio of ligand: Fe(II) can influence the
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reactivity because of the formation of different aqueous Fe(II)—
ligand comIplexes which show various reaction rates with
persulfates’'* as well as affecting the availability of Fe(II).”"
However, too much ligand may inhibit the reactivity through the
formation of hexacoordinated iron complexes that constrains
the availability of the iron center for peroxymonosulfate
attachment.””" In addition, the ratio of ligand/Fe(II) affects
the types of reactive species generated. For example, Wang et al.
showed that the yield of PMSO2 decreased as the ratio of
ligand/Fe(Il) increased in Fe(II)/ligand/PDS systems, suggest-
ing that the reactive species changed from Fe(IV) (eq 17) to
SO;™ (eq 15).”"* However, what induced this change is not well
understood and requires further research.

$,0; + Fe(Il) + H,0 — 2SO, + Fe'VO** + 2H"
(17)

In addition to Fe(II) and Fe(II)—ligand complexes in
homogeneous activation processes, structural Fe(II) in mixed-
valent iron oxides in heterogeneous activation processes has also
been employed in SR—AOPs. Magnetite can activate PDS to
effectively degrade 2,4,4'-trichlorobiphenyl under neutral pH
with superoxide radicals (O3”) and SOj~ involved in the
reaction.”' Although O3~ (eq 18) is a mild oxidant, it plays a
critical role in inducing the generation of SO3~ (eq 19). ZVI is
able to activate persulfate for the removal of contaminants,
which is mainly attributable to the released aqueous Fe(II)
species and the surface iron (oxyhydr)oxide layer on ZVI.”**7*°
The transformation products of ZVI (e.g., magnetite) in ZVI/
persulfate systems can continue to activate persulfate to remove
residual contaminants.”*” FeS$ has also been shown to effectively
activate persulfates to degrade various contaminants.”">”"””*!
In addition to the roles of Fe(II) mentioned above, S(-II) in iron
sulfides such as mackinawite can induce the regeneration of
Fe(II) from Fe(III), which further enhances the reactivity.”"”
Moreover, since the high valent iron—oxo species were
discovered in Fe(Il) species—persulfate systems in 2018,”%
more and more papers have proved the essential roles of Fe(IV)
and Fe(V) in SR—AOPs. For instance, both free radicals (SO}~
and *OH) and nonradicals (Fe(IV) and Fe(V)) are observed to
be involved in the activation of PDS by a natural
titanomagnetite.718 Therefore, the mechanisms reported in
earlier papers should be re-evaluated for a potential involvement
of the high valent iron—oxo species.

Fe(Il) + O, — O + Fe(Ill) (18)

$,0;” + 03~ — SO;” + SO;” + O, (19)

There are very few studies on the utilization of sorbed Fe(II)
on metal oxides to activate persulfates. Do et al. (2010)
examined the effect of four metal oxides (goethite, hematite,
magnetite, and manganese oxide (pyrolusite)) on the activation
of PDS by Fe(Il) and found that the manganese oxide is the
most effective due to a high amount of Fe(II) sorbed at low
pH.720 However, the mechanism is not well discussed,
warranting further research. In addition, compared with iron
oxides, manganese oxides themselves are reportedly more
effective in the activation of PDS and PMS.**! Therefore, it is
difficult to conclude if the reactivity enhancement in that study is
due to the manganese oxide or sorbed Fe(II) on the manganese
oxide, or both. More research is needed to elucidate the
mechanisms.
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8. METHODOLOGIES

Thanks to considerable advances in spectroscopic and micro-
scopic analyses, Fe(Il)-associated reductants in the environment
are now much better understood than they were decades ago. In
addition to classic batch kinetic experiments and conventional
wet extraction techniques, a number of techniques are available
to characterize mineral composition and transformation,
including X-ray diffraction (XRD), Mossbauer spectroscopy,
X-ray photoelectron spectroscopy (XPS), X-ray adsorption
spectroscopy including X-ray absorption near edge (XANES)
and extended X-ray absorption fine structure (EXAFS)
spectroscopy, (cryo-)transmission electron microscopy
(TEM), and scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDX).*” In addition, surface
complexation modelingg,d'89 kinetic modeling,"** and computa-
tional methods>”"**>*”° have aided in a better understanding of
these systems. In the sections below, we focus on reviewing the
applications of these techniques in understanding Fe redox
chemistry without going into detail about how each technique
works.

8.1. Classic Batch Kinetic Experiments

To quantify the reductive reactivity of Fe(Il)-associated
reductants, batch kinetic experiments are usually performed in
anoxic chambers with different organic or inorganic compounds
as the probe compounds. The probe compounds are often easily
reducible, such as 4-chloronitrobenzene and hexachloroethane.
The effect of a range of factors on the rate and extent of
reduction is typically studied including the initial concentration
of Fe(II), mineral loading or ligand concentration, ionic
strength, and pH. Rate constants for the reductive reactivity
(k) are usually calculated based on pseudo-first-order kinetics

(eq 20):

ln[g] = _kabst
Co

where k,,, is the pseudo-first-order rate constant, C is the
concentration of a chemical probe after a certain reaction time
(t), and C, is the initial chemical probe concentration.

Author: Besides pseudo-first-order rate constants, other
common response variables include kg, and kyp O3 as
shown in section 4.4. While batch experiments are able to
provide information about the relative reactivity of Fe(II)-
associated reductants, results from these studies highly depend
on the experimental conditions used.”” Quantitative structure
activity relationships (QSARs), also referred to as linear free
energy relationships (LFERs), are one important predictive tool
to probe the influence of structural differences of classes of
compounds (e.g., chlorinated methanes and nitroaromatic
compounds) on reactivity.”** Descriptor variables such as one-
electron reduction potentials (E')°>'®* and E, yyo (energy of
the lowest-unoccupied molecular orbital)’** have been
employed as predictors for nitroaromatic compounds. For
example, the reductive reactivity of nitroaromatics by Fe(I1)—
tiron is related to the one-electron reduction potential of
nitroaromatics.”” Linear free energy relationships have also been
reported between the second-order rate constants and either
—Ey4/0.059 V — pH for sorbed Fe(Il) onto iron (oxyhydr)-
oxides** or E% for Fe(1I)—ligand complexes.”” However, few
QSARs have been reported for Fe(II)-associated reductants,
mainly because of complexities in the structural and surface-

(20)
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associated reductants and a lack of suitable descriptors to
correlate with the reactivity.

8.2. Wet Chemical Extraction

Wet chemical extraction is often conducted to study reactive
Fe(II) surface complexes on iron (oxyhydr)oxide surfaces.’””
For example, wet chemical extraction can be performed to
determine the bulk stoichiometry of magnetite, with the Fe(II)
and total Fe concentration determined using an Fe(II)-specific
colorimetric agent such as phenanthroline, while total Fe
concentrations can also be measured using inductively coupled
plasma—optical emission spectrometry/mass spectrometry
(ICP-OES/OES).*" Based on wet chemical extraction, Gorski
et al. demonstrated that the uptake of Fe(II) by magnetite was
controlled by the initial Fe(I) content, confirming the
stoichiometry of the magnetite particles after complete
dissolution in acid.**

Wet chemical extraction can provide indirect evidence of the
transformation of Fe(II) sorbed onto iron (oxyhydr)oxides.
Two terms that are widely used in the literature should however
be clearly defined. One is “sorbed” Fe(II), which is the difference
between the Fe(II) extracted by 0.5 N HCl within 20 h and that
recovered after filtration through 0.2 ym filters. The other is
“fixed” Fe(II), which is the difference between the Fe(II)
extracted by 3 N HCl in 7 d and that extracted by 0.5 N HCl in
20 h.”>® Based on these two parameters, previous research
showed an incomplete recovery of Fe(II) when it is sorbed onto
iron (oxyhydr)oxides, and this has been used to suggest the
formation of new mixed-valent iron phases on the surface of the
original iron (oxyhydr)oxides.””>~">’

Wet chemical extraction has also been employed to
distinguish Fe(II) sorbed to basal planes—extracted by 1 M
CaCl,—from Fe(II) sorbed to edge OH-groups—extracted by
1 M NaH,PO,—of clay minerals.””* For instance, only a small
amount of Fe(II) was recovered using CaCl, for sorbed Fe(II)
on a clay mineral at pH 7.5, while more Fe(II) was recovered by
using NaH,PO,, indicating the majority of Fe(II) was sorbed to
edge OH-groups.”’*

Wet chemical acidic extraction is not able to accurately
determine the ratio of Fe(I)/Fe(IIl) when Fe(IIl) can react
with contaminants during the extraction procedure. For
example, there is a redox reaction between Fe(IIl) and Tc(IV)
atlow pH,**" which limits the application of the acidic extraction
method to study the reduction of Tc(IV) by titanomagnetite.
Additionally, Fe(II) reacts rapidly with O, at acidic pH in the
presence of high HCI concentrations (e.g, 6 M HCI),
particularly at elevated temperatures (e.g., 70 °C) as sometimes
used during acid extractions.””” The presence of reactive N-
species (e.g., nitrite) is also problematic because they can oxidize
Fe(I) at acidic pH during extraction,™”® but this can be
circumvented by adding sulfamic acid, a compound that reacts
with nitrite and prevents the oxidation of Fe(II) by the nitrite
during acidification.”*® The presence of sulfide could also cause
the reduction of ferrihydrite, resulting in the overestimation of
the extracted Fe(II) concentration by a factor of 2, which could
be used as a correction factor to calculate the amount of excess

Fe(II).”*’
8.3. X-ray Diffraction (XRD)

X-ray diffraction is an indispensable tool for identification and
characterization of various iron(IIl) (oxyhydr)oxide phases.”*’
XRD can be used to identify the transformation products of iron
(oxyhydr)oxides after reaction with Fe(II) in the presence or
absence of contaminants. For example, Pedersen et al. used XRD
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to examine the transformation of iron (oxyhydr)oxides induced
by the presence of different concentrations of Fe(1I) and showed
that new peaks (20) at 2~16° and 2~25° formed on ferrihydrite
(Figure 14), suggesting the formation of lepidocrocite and

4{ Ferrihydrite I—
M i, Ferri 1.0
. W '
3 ) Ferri 0.2
s Goethite
< Lepidocrocite
0 20 40 60 80 100

Degree 20 (CoKa)

Figure 14. XRD of ferrihydrite reacting with 0, 0.2, and 1.0 mM Fe(1II).
Reprinted with permission from ref 395. Copyright 2005 Elsevier.

goethite.”” The transformation is complete within two days.
However, no new phases were observed for other iron
(oxyhydr)oxides including goethite, hematite, and lepidocro-
cite. Note that the XRD diffraction patterns of various iron
oxides or sulfides can be found in previous papers.”””*"’**

XRD can also be used to determine the ratio of Fe(II) /Fe(III)
of mixed-valent iron oxides. Previous studies have shown that
the unit-length decreases when magnetite is oxidized and there is
a positive relationship between the unit-cell length and the
stoichiometry of magnetite regardless of its size.” However,
Pearce et al. observed a correlation between the unit-cell
parameter and the ratio of Fe(Il)/Fe(III) (R) in titanomagne-
tite and obtained an equation called “the Master Curve” (eq 21)
based on the Hill-Langmuir function.”® This equation has
been used to calculate the chan§e in R in titanomagnetite before
and after Tc(VII) reduction.””

1/1.1988
)

where a is the cell parameter in angstroms.

The particle size of Fe(Il)-containing minerals such as
magnetite can also be estimated from the broadening of the
characteristic peaks durin% XRD analysis by applying the
Scherrer formula (eq 22).1"

KA

- b cos©

where K is the shape factor, 4 is the X-ray wavelength, b is the
corrected line broadening at half of the maximum intensity
(fwhm), and 6 is the Bragg angle. For example, Vikesland et al.
relied on XRD to determine the diameter of magnetite particles
to be 21.2 nm when using its (110) peak, which was larger than
that obtained by TEM data.'”” The authors believed that this is
due to more extensive processing of XRD samples and some
larger particles being omitted from TEM analysis.

The main limitation of XRD is that it is not suitable for the
analysis of poorly crystalline minerals or for determining the
relative proportion of each mineral present in a mixture,
particularly those containing poorly crystalline species. How-

0.1989

R = 0.89598/| ————— —
(a — 8.3344)

(21)

dXRD (22 )
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Figure 15. Left: Mossbauer spectra of *’Fe(1I) adsorbed on a-Al,O; and of *"Fe(II) reacted with nitrobenzene on a-Al,O5. Right: Temperature profile
of the Mossbauer spectra of goethite formed during the reduction of nitrobenzene by Fe(II) in the presence of a-Al,O;. Reprinted with permission

from ref 46S. Copyright 2010 American Chemical Society.

ever, this property can be utilized to differentiate the crystallinity
of products formed during the redox reactions of Fe(II) species.

8.4. Mossbauer Spectroscopy

Mossbauer spectroscopy is a powerful technique to investigate
the redox chemistry of iron in the environment because it is only
sensitive to Fe. Center shift, quadrupole splitting distribution,
and magnetic hyperfine field are three important parameters in a
Mbssbauer spectrum.’”>”** Among all iron isotopes, Mssbauer
spectroscopy can only detect *’Fe and, as such, the use of *"Fe
and a Mossbauer invisible Fe isotope, such as S6Fe, can be
exploited to track and identify the degree and rate of electron
transfer and atom exchange between aqueous Fe(II) and Fe(III)
(oxyhydr)oxides or Fe(Ill)-bearing clay minerals, as has been
done in many studies.’”>*”****” For example, Mossbauer
spectra have been collected for sorbed *’Fe(II) on mineral
oxides (Al,O3, TiO,, and iron oxides),””* and the results showed
that an Fe(II) phase formed on Al,O; and TiO,, while an Fe(III)
phase was the major species on the iron oxide surface, indicating
electron transfer between *"Fe(II) and the underlying **Fe(III)
(oxyhydr)oxide had occurred. Gorski et al. exchanged isotopi-
cally normal magnetite with aqueous **Fe(II) and observed a
decreased concentration of *’Fe in the magnetite structure,
suggesting Fe atom exchange between the two phases.””
Mossbauer parameters for some Fe(II) bearing minerals can be
referred to previous papers.””’* 77’

Mossbauer spectroscopy can also be used to characterize
different iron mineral structures and Fe(II) phases.®*>%>>*#*
For instance, aqueous Fe(II), Fe(Il) sorbed onto Al- and Ti-
oxides through inner-sphere complexation, and Fe(OH),
precipitates are distinguishable based on Mossbauer spectra.’®
Mossbauer spectra of the reaction products of Fe(Il) with
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56Fe—goethite (nanorods and microrods) showed nearly
identical ferric iron sextets, and model fitting parameters for
the 13-K spectra indicated the formation of goethite.**” It has
also been reported that the spectrum of sorbed *’Fe(1I) on a
filtered a-Al,O; was almost a symmetrical doublet with the
model parameters consistent with those of Fe(Il) in high spin
configuration and an octahedral coordination (CS = 1.31 mm/s,
QS = 2.76 mm/s) (Figure 15, left). After the addition of
nitrobenzene, Fe(Il) was oxidized to Fe(Ill) with products
evident after 37 min.**> It is worth noting that Méssbauer
spectra are often collected under different temperatures, from
room temperature to as low as 4.2 K. This is to take advantage of
the size-dependent superparamagnetism of Fe (oxyhydr)oxides;
that is, particles cannot overcome thermal excitation to lose
magnetic order at low temperature so they show increasing
magnetically ordered absorption patterns with decreasing
temperature (Figure 18, right).465 The peaks of octahedral
and tetrahedral Fe(III) sites in clay minerals are also different in
Massbauer spectra.*”’

Another application of Mdssbauer spectroscopy is to
determine magnetite and maghemite stoichiometry, by
comparing the relative areas of the °“T®Fe** and ©<Fe*S*
peaks for large magnetite particles.”*>”*® For nanomagnetite,
Gorski et al. used Mdssbauer spectra collected at 140 K to
determine its stoichiometry with the values obtained in good
agreement with those obtained via acid dissolution.”**

One limitation of Mossbauer data is that structural Fe(II)
versus sorbed Fe(II) or Fe(II) complexed with ligands or cis-
versus trans-octahedral Fe(II) sites are indistinguishable.464’479
Mossbauer spectra alone are also not sufficient to identify iron
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mineral phases such as

§oethite, ferrihydrite, lepidocrocite,
green rust, and vivianite.”®

479,749

8.5. X-ray Photoelectron Spectroscopy (XPS)

XPS has become an invaluable surface-sensitive analytical tool
for the identification and characterization of near surface
properties and the reactivity of a wide range of minerals. For
the electron energies that are commonly used in XPS, the
attenuation lengths are about 1—10 monolayers for emission
angles normal to the surface.””’ XPS is often employed to
identify the composition and valence changes of iron species,
which are useful in probing the mechanism of mineral
dissolution,”*" changes in Fe oxidation state in catalysts,752’753
and sorption reactions at the mineral/water interface.””* XPS
spectra of various iron oxides or sulfides can be found in previous
papers.”S0755756

XPS has been used in studying reactions involving Fe(II) for
different purposes. XPS spectra can help quantify the relative
abundance of Fe(II) and Fe(III) on the surface of iron oxides as
the peak positions of the Fe 2&)1/2 and Fe 2p;,, orbitals are
sensitive to the oxidation state.”** An important step in XPS data
analysis for this purpose is the selection and preparation of
standard materials. Appropriate curve fitting processes are also
essential in obtaining the accurate ratio of Fe(II) /Fe(IIl), with
further details regarding this approach described in a previous
study.”*’

XPS has been employed to understand C speciation on the
surface of iron mineral—organic matter complexes. The binding
energies at 284.6, 286.2, 287.6, and 289.1 eV were assi_gned to
C-C, C-0-C, C=0, and COOH, respectively. % For
instance, Adhikari et al. studied microbial reduction of
terrihydrite—Elliot humic acid and found that the components
of C—C on the ferrihydrite surface increased from 38.5 to 49.4%
to 49.6~68.5%, which is contributed by the binding of the
biomass and biomolecules of Shewanella putrefaciens CN32.>"
XPS survey spectra can be further used to calculate the C/Fe
molar ratio for iron oxide—organic matter complexes. Many
studies showed that the C/Fe ratio of iron oxide—organic matter
complexes based on XPS was higher than that of the bulk
coprecipitate, indicating the accumulation of organic matter on
iron oxide surfaces.”>’

XPS can also be used to investigate changes in the nature of
surface-located inorganic elements, such as arsenic and uranium.
The products of the reaction of U(VI) with magnetite have been
investigated by XPS.”*” The relative surface concentrations can
be obtained by fitting the U 4f photoelectron peaks, and a shift or
broadening of the U 4f peaks to lower binding ener§ies suggests
U(VI) is reduced to a lower oxidation state.’”” Based on
previous studies,”*”" the As 3d; /» peaks for As(IIT) and As(V)
can be distinguished by their distinct binding energy ranges of
44.0~45.5 €V and 45.2~46.8 eV, respectively.”*

The main limitations of XPS are that it can only detect surface
Fe species and that samples must be dried for analysis, which
may alter the hydrated mineral surfaces.’””” Note that the
analysis of XPS spectra on the distribution of different valent
elements in many previous studies might not be accurate, as
already summarized.”**’®* Thus, caution should be taken to
interpret XPS data.

8.6. X-ray Absorption Spectroscopy (XAS)

XAS relies on the generation of powerful X-ray light beams using
the synchrotron accelerator technology765 and has been
employed extensively to determine the valence state of an
element and the bonding environment of an atom. X-ray
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absorption near edge structure spectroscopy (XANES) and
extended X-ray absorption fine structure spectroscopy (EXAFS)
can help quantify the speciation changes for Fe(II)-associated
reductants. XANES spectra can provide detailed insight into the
oxidation state and local coordination environment of Fe
atoms,”*® while EXAFS spectra can provide information on the
coordination environment, nearest neighboring elements,
etc.’””” The fundamentals and applications of XAS have been
well documented elsewhere.”””""%®

XANES can be used to explore the oxidation state of iron and
its coordination environment. Compared to Mossbauer spec-
troscopy, the Fe K-edge is sensitive to even small amounts of
iron because hard X-rays measure the bulk signal.”*” Wilke et al.
(2001) have shown that the centroid position and the integrated
intensity of Fe K pre-edge can be used to obtain the Fe oxidation
state and coordination number.””® The average pre-edge
centroid positions for Fe** and Fe®" are 1.4 + 0.1 eV apart, so
the average pre-edge position for mixed Fe(II)—Fe(III)
compounds is between these two positions. If the site geometry
is known for both Fe(Il) and Fe(III), the Fe(II)/Fe(III) ratio
can be accurately determined with an error of +10 mol%. With
this approach, Wilke et al. successfully determined the Fe(II)/
Fe(1II) ratios in 12 Fe minerals; °® Guerbois et al. quantified the
evolution of the total Fe(II) during the reduction of nitrite by
biogenic hydroxycarbonate green rusts.™

Fe K-edge EXAFS spectroscopy provides distinct spectra for
different iron (oxyhydr)oxides, such as akaganeite, ferric
oxyhydroxycarbonate, ferrihydrite, goethite, green rusts, lep-
idocrocite, mackinawite, maghemite, magnetite, siderite, and
white rust (Fe(OH),), and clay minerals such as montmor-
illanite and nontronite.”*”**"”’%7”! The obtained spectra can
help characterize these mineral phases by comparing to
reference standard spectra. For instance, it has been employed
to examine the Fe(II)-catalyzed transformation products of
ferrihydrite, schwertmannite, jarosite, and lepidocrocite,3%’428
the formation of chloride-green rust upon interactions of Fe(II)
with smectitets,”®’ and the reaction products of biogenic
hydroxycarbonate green rusts with nitrite.””” Additionally,
Budi et al. have utilized linear combination fitting (LCF) to
qualitatively analyze XANES spectra of a natural magnetite
based on different standard minerals, and they found that natural
magnetite consisted of 98% Fe,O; and 2% FeOQ.”””

XAS can also be relied on in identifying the product of the
reduction of other metals by Fe(1I) species. By comparing with
the XANES spectra of three Tc species of different oxidation
states, Yalcintas et al. observed the reduction of sorbed Tc(VII)
to Tc(IV) by magnetite or mackinawite and the Tc(IV) is
structurally incorporated into the magnetite.”’” The same
authors then obtained the EXAFS spectra of the Tc-magnetite
samples and noticed chemically different Tc species, such as Tc
coordinating with 6 oxygen atoms forming the corners of a TcOg
octahdron, which is linked to neighboring FeOg4 octahedra and
tetradra, or Tc substituting for octahedral Fe. Wylie et al.
employed EXAFS to investigate the reduction of neptunium
ions by titanomagnetite and confirmed the reduction of Np(V)
to Np(IV), and there was no NpO, precipitation.””’ Bond and
Fendorf studied the reduction of chromate by green rust, and the
obtained XANES spectra revealed a strong partition of the
reduced Cr(III) into the formed solid ferric hydroxides such as
lepidocrocite.”*' When Fe(III) (oxyhydr)oxides undergo
microbial reduction to form magnetite, the XAS data cannot
distinguish whether the coexisting As(III) is chemically bonded
to magnetite or simply adsorbed to the magnetite surface,
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Figure 16. TEM images of magnetite (left) and histogram of the particle size distribution (n = 150 particles). Reprinted with permission from ref 193.

Copyright 2007 American Chemical Society.

whereas the XAS data confirms the incorporation of the
coexisting As(V) into the formed magnetite upon the microbial
reduction of ferrihydrite.””*

While XAS is an extremely powerful technique for the
measurement of aqueous Fe(II)—mineral interactions, the main
drawback of this technique is that access to such facilities is
difficult with less than 100 XAS instruments available world-
wide.””® There are also rigorous safety requirements associated
with this technique because of its use of X-rays. It is also difficult
to distinguish between solid phases with slightly different atomic
distances.”**"”°

8.7. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a useful technology for reaction monitoring and
characterization of iron containing products.”*”””” Compared
with XAS or Mossbauer spectroscopy, there are some
advantages to the use of FTIR spectroscopy, including low
cost, ease of access, minimal safety precautions, and simple
interpretation of spectra. FTIR spectroscopy has been
demonstrated to be a suitable technique for the identification
and basic characterization of a range of iron oxides.”**””%~7%!
The absorption bands of Fe(IlI) (oxyhydr)oxides in the
fingerprint region (400—1500 cm™") are associated with Fe—
O and Fe—OH lattice vibrations and bends. For example, two
strong FTIR peaks can be observed at approximately 570 and
390 cm™! for magnetite.”*” The absorption bands of goethite are
at approximately 890 and 795 cm™" due to O—H bending,”*
while lepidocrocite demonstrates absorption peaks at 1150,
1020, and 750 cm™ due to O—H bending.783

IR has been used to characterize the phase change of iron
oxides. The IR absorbance intensity has been shown to be
linearly correlated with the amount of specific iron oxides; thus,
it can be used to quantify the relative proportion of iron oxides
present in a mixture.”*”””” Xiao et al. used FTIR spectroscopy to
study the Fe(I)-catalyzed transformation of a poorly crystalline
Fe(IlI) oxyhydroxide at circumneutral pH to more crystalline
Fe(III) (oxyhydr)oxides such as goethite, lepidocrocite, and
magnetite, with the results found to be comparable to those
obtained using XAS.”*’

Another usage of FTIR is to identify the structural Fe(II)
arrangements in smectites. For example, the absorption band at
884 cm™! indicates AlFe(III)—OH entities for an unaltered
Wyonming montmorillonite (0% Fe(II)/total Fe). This band
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disappeared for reduced Wyoming montmorillonite (75%
Fe(II)/total Fe) and reappeared with reoxidation (40%
Fe(II)/total Fe), indicating iron remained in the smectite lattice
during the reaction.””

However, the size and shape of iron oxides might influence the
IR spectra characterization of iron oxides.”** Therefore, care is
required in order to obtain accurate information, such as
appropriate calibration standards, well-mixed suspensions, and
so on.

8.8. Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM)

The size, morphology, and structure of iron oxides are usually
examined by two common electron microscope techniques—
SEM and TEM. These imaging techniques provide details of the
micron and nanoscale structures of these minerals. SEM can
provide information on topology (i.e., pseudo 3D) while TEM
provides insight into aspects such as crystallinity.””

Particle size can be determined from SEM and TEM images.
For example, by applying image analysis software, TEM images
have been used to ascertain that the median diameter of
magnetite nanoparticles in a particular study was 9.2 + 1.2 nm
(Figure 16)."”® Handler et al. showed that the size of a
microgoethite did not change before and after reaction with
Fe(I1).*°° However, recent studies demonstrated that the shape
of goethite particles became wider and shorter upon exposure to
Fe(I1),**>7* so future investigation is needed to understand the
discrepancy between these studies. In addition, SEM images
revealed that nanoscale particles formed dense aggregates on the
order of several microns in diameter. The clear formation of
particle aggregates in solution raises questions regarding the use
of primary particle surface area as a basis for assessing nanoscale
size-effects in iron oxide suspensions at circumneutral pH.**’
Besides SEM and TEM, the size distribution of iron oxides and
iron oxide—NOM particles can be obtained using other
techniques,786 such as flow-field flow fractionation ICP-MS,
dynamic light scattering, and nanoparticle tracking analysis,
which will not be elaborated here.

TEM images can be used to observe the phase change of iron
oxides. For example, Chun et al. obtained histograms of the
length of nanogoethite particles after reaction with 4-
chloronitrobenzene using TEM and found that the particles
did not change in width but exhibited increased roughness at the
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particle tips, indicating the growth of the particles along the c-
axis.””> HRTEM images of nanogoethite before and after
reaction with Fe(II) at pH 7.5 for 30 days, including imaging
through rod widths and along the long-axis of the rods, showed
no detectable difference in the crystallinity of nanogoethite
before and after reaction with Fe(II) (Figure 17). 106

i Before

Figure 17. HRTEM images of nanogoethite before (a, b) and after (c,
d) a 30 day atom exchange reaction with Fe(II) at pH 7.5. Reprinted
with permission from ref 406. Copyright 2014 American Chemical
Society.

We can also rely on TEM images to determine the nature of
reduction products for some inorganic contaminants.”*”~"*” For
example, HRTEM images of the sample of U(VI) reduction by
pyrite showed a distinct lattice fringe (d-spacing of 3.16 A),
indicating a unique phase different from the pyrite formed.”'' In
addition, the selected area electron diffraction (SAED) pattern
suggests that besides a strong d-spacing of ~3.16 A, additional
spacings of ~1.67 and ~1.98 A also exist, which agree with the
values reported for U,Og, UO,, U;O0g, and U;0- and confirm the
reduction of U(VI).*""!

Cryo-TEM/SEM images can further inform the reductive
reactivity of Fe(Il) species in complex systems.*****%7
Conventional TEM/SEM is only suitable for dry samples, but
cryo-TEM/SEM is capable of examining the in situ aggregation
state of iron oxides at specific reaction times in complex systems,
which represents the actual solution condition. For example,
Vindedahl et al. showed that the addition of 4-chloronitro-
benzene and its degradation process have no effect on the
aggregation state of nanogoethlte, ! which is different from a
prev10us study likely because of differences in nanogoethite
storage.”” In situ images of aggregates allow for a direct
determination of fractal dimension (Dj), a parameter that is
related to the compactness, accessibility, and surface area of
aggregates. Therefore, the phy51cal structure of aggregates can be
linked directly to their reactivity.””>~">*

8.9. Electrochemical Methods
A wide range of electrochemical methods have been used to

characterize redox reactions involving Fe(II). The most
conventional approach involves voltammetry performed on
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stable, aqueous complexes of iron Fe(II)/Fe(Ill) that form
reversible redox couples at a working electrode made with an
inert material such as platinum or glassy carbon. Environ-
mentally relevant examples of this type of work include
fundamental studies of the redox properties of iron siderophores
and porphyrins.””>’°® This is one of the methods used to
determine standard potentials for redox couples such as those
shown in Figure 2.

Many Fe redox couples involve species of Fe(III) that are not
truly dissolved but are nano- or colloidal particles that are
sufficiently labile to give a useful, if not ideal, electrode response.
Satisfactory agreement between measured and calculated
potentials has been reported in several older studies using
freshly precipitated minerals.””’~’"" A more recent and
thorough evaluation of this was performed on systems
containing Fe(II) and several Fe(III) (oxyhyr)oxides (goethite,
lepidocrocite, nanosized ferric oxide hydrate, and hydrous ferric
oxide) by comparing the pH dependence of potentials measured
with a conventional Pt electrode to potentials calculated from
detailed equilibrium speciation calculations.*’" The agreement
was good for the two poorly crystalline oxides but less
satisfactory for goethite and lepidocrocite.

As the particles involved in such redox couples become larger
and/or more crystalline, the electrode response becomes more
complex and difficult to interpret.”*>*" One complicating factor
is deposition of particles onto the electrode, which can appear to
enhance the working electrode response’”” but can also coat the
electrode with a new phase that fundamentally changes the
nature of the working electrode. The latter effect was clearly
demonstrated in a study of potentiometry on suspensions of
nanoparticles containing Fe (nZVI), where the dependence of
the measured potential on concentration of nZVI was nonlinear
in a manner that suggested surface site saturation.®”> Another
system where the electrode response of borderline dissolved
species has been controversial involves freshly formed FeS
clusters and/or colloids under iron-rich, sulfidic condi-
tions, 503804

The above-mentioned electrochemical studies were focused
on direct interactions between redox-active solutes and the
working electrode surface, but these interactions are weak in
many systems of environmental interest, which results in
potential measurements that are unstable, irreproducible, and/
or inaccurate. A flexible way to alleviate this issue is by adding
soluble electron-transfer mediators (ETMs) that form a
reversible redox couple that facilitates electron-transfer between
the analyte species and the electrode. The principles of this
approach, and its applications to characterization of redox-active
iron minerals, were reviewed by Sander et al. (2015).*° The
characteristics that they propose for selection of recommended
ETMs include the following: well-defined standard reduction
potentials and electron and proton-transfer stoichiometries,
solubility and stability in aqueous solutions over the
experimental pH range, and reversible interactions of the
mediator with the mineral and the working electrode.

The most straightforward application of ETMs to iron mineral
characterization is for the improvement of potential measure-
ments. Once the mineral has equilibrated with the ETM, the
resulting potential can be measured by potentiometry, where the
working electrode response is mainly due to the ETM, or
calculated from the speciation of the ETM obtained by
spectrophotometry. The latter involves the measured speciation
of ETMs, the Nernst equation, and literature values of the
standard reduction potential and pK, values for the ETM couple
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species. Examples of this analysis can be found in recent work by
Fan et al., where spectrophotometric analysis of ETMs was used
to measure reduction potentials of various iron minerals in the
presence of aqueous Fe(II).**° The spectrophotometric data for
one ETM, anthraquinone disulfonate (AQDS), before and after
exposure to the mineral suspensions, is shown in Figure 18. A

0.5+
A — 2 8 g/l HT + 1.0 mM Fe(ll)
w— 2.6 g/L LP + 1.0 mM Fe(ll)
3.0 g/L GT + 1.0 mM Fe(ll)
0.4 — w— 0.75g/L MT + 1.0 mM Fe(ll)
8 03 AQDS,q
& AQDS,,
£ \
2
2 024
<
0.1+
0.0+
I | ] | |
300 350 400 450 500

Wavelength (nm)

Figure 18. Spectrophotometric determination of the speciation of an
electron-transfer mediator (AQDS) upon exposure to iron oxides in the
presence of aqueous Fe(II). HT, LP, GT, and MT refer to hematite,
lepidocrocite, goethite, and magnetite, respectively. Reprinted with
permission from ref 426. Copyright 2016 American Chemical Society.

Beer’s Law calculation with these data was used to obtain the
concentrations of oxidized and reduced forms of AQDS
([AQDS,,] and [AQDS,.4]), and these data were used in the
Nernst equation (eq 23) to calculate the apparent potential of
the mineral suspension (EAQDS)

RT RT
Eygps = E° + bys In([H*P + K, [H'] + K, K,) + —
[AQDS ]
ol P
[AQ-DSred] (23)

where E’ is the standard reduction potential of the AQDS, R is
the gas constant, T is the temperature, F is the Faraday constant.

The potentiometric and spectrophotometric methods of
analyzing ETM speciation in mediated potentiometry can be
complementary, as demonstrated by a few studies that have
compared the results obtained both ways.**"**%*¢ Ap
advantage of the spectrophotometric method is confirmation
that ETM loss by irreversible side-reactions is negligible, but a
disadvantage is the interference caused by naturally colored
waters. The converse applies to potentiometric analysis of
ETMs, which is part of the reason that this method was used in a
recent study demonstrating the approach’s application to
characterization of redox conditions in suspensions of aquifer
sediments.””

The other major application of ETMs is for the determination
of oxidation or reduction capacity. In contrast to potential
measurements, capacity measurements are made by amperom-
etry. Protocols for the use of ETMs to measure the redox
capacity of mineral suspensions have recently been developed
under the names mediated electrochemical reduction (MER)

and mediated electrochemical oxidation (MEQ).*” Examples
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Figure 19. Comparison of potential measured on PDEs made with magnetite of various types [passive (open circuit potential) and active (linear sweep
voltammetry)] vs potential calculated for Fe(III) (oxyhydr)oxide/Fe(II) redox couples at pH 8.4. Adapted with permission from ref 815. Copyright

2019 American Chemical Society.
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of the application of MER/MEO to studies of redox processes
involving iron minerals include pyrite, siderite, Illite, Fe-bearing
smectites, ferrihydrite, and goethite.”**”*>*%7%%7 A preliminary
summary of this work on ETM-based mineral characterization
was included in a review by Niu et al,®°" but the most thorough
and definitive description of the method and its uses is in Sander
et al. (2015).%%

As noted above, some conditions cause sufficient deposition
of suspended particles to significantly modify the working
electrode surface. Rather than try to prevent this, some studies
use this to advantage by deliberate, controlled deposition of the
analyte material as a thin-film onto a base electrode of inert
material (usually a Pt or GC polished disk, but other base
materials can be used, such as conductive glass). An example of
this approach is to a coat mineral slurry on a GC working
electrode to study the electrochemical behavior of sorbed
Fe(II).366’381

Another way to deliberately make iron oxides into an
electrode is by packing the material into a cavity in an otherwise
conventional disk electrode. The two main versions of this are
called cavity microelectrodes (CMEs)**® and powder disk
electrodes (PDEs), but only the latter has been used to study
redox reactions of environmentally relevant iron-based materi-
als. The majority of this work has been focused on character-
ization of ZV1,'7>52780%809=814 1t the method and some of the
results have been applied to iron oxides.'”>****'* A particularly
relevant example is shown in Figure 19, where potentials
measured with PDEs made with magnetite of various types were
used to show that the effective potential of most environmental
materials is significantly more positive than theoretical or pure
magnetite.

While all of the above approaches to electrochemical
measurements with iron oxides utilize particles as they exist in
detrital environments (soils, sediments, dusts, etc.), a few studies
have utilized electrodes made from a solid of single or
polycrystalline iron oxide. The main advantage of this approach
is that it enables the use of advanced methods, such as
electrochemical impedance spectroscopy®' ®™*'? and electro-
chemical force microscopy.*”>**° However, this approach is less
flexible in the types of materials that it can accommodate, and
almost all of the work to date has been done on hematite.

8.10. Surface Complexation Modeling (SCM)

SCM was originally developed to describe surface charges and
ion adsorption to the surface of mineral oxides,**! but it has been
widely used to describe sorption processes in geochemistry over
the past several decades.*”' ~*** For a comprehensive overview
of SCM, refer to Goldberg (1995),°** Venema et al. (1996),°*
and Groenenberg et al. (2014).**> Compared with traditional
adsorption models, such as the distribution coefficient (K;) and
Langmuir and Freundlich models, SCM enables a description of
the effect of solution chemistry (e.g., pH and ionic strength) on
the binding of aqueous solutes to the surface of minerals.**°
Such modeling requires an understanding of the nature of the
adsorbed species and the acid—base chemistry of these species
and a knowledge of the stability constants of all surface species.
As an example, equilibrium reactions and constants for surface
species for adsorption of Fe(II) onto TiO, suspensions are listed
in Table 7.

A number of computer software programs have been used for
SCM including FITEQL,*” Visual Minteq,*** PHREEQC,**’
MINEQ_L+,83’0 GRFIT,*" and ECOSAT.*** The surface charge
properties are described with common approaches including the
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Table 7. Equilibrium Reactions and Constants for Surface
Species’?

Aqueous reactions log K
H,0 = OH™ +H' —14.00
Fe’* + H,0 = FeOH' + H* —9.40
Fe’ + 2H,0 = Fe(OH)) + 2H* —20.49
Fe** + 3H,0 = Fe(OH)3 + 3H* —28.99
Fe** + 4H,0 = Fe(OH)}™ + 4H* —45.99
Surface reactions
Surface site density, N (sites nm™) 2.5
=TiOH + H' = =TiOH; 3.9
=TiOH + H,0 = =TiO™ + H* —8.7
=TiOH + Fe** = =TiOFe* + H* —2.87
=TiOH + Fe’* + H,0 = =TiOFeOH’ + 2H" -10.92

constant capacitance model (CCM),**” the double diffuse layer

model (DLM),”>#3%33 the tréple layer model (TLM),”*° and
the charge distribution model. 36 As discussed earlier, Silvester
et al. used CCM to describe the adsorption of Fe(II) onto
iron(IlI) (oxyhydr)oxides and were able to deduce the
suspension redox potential, which agreed well with the
experimental redox potential values.*>’ DLM was proposed by
Stumm and co-workers**”**® and has been widely used in binary
systems to study sorption of metal ions or ligands onto metal
oxides.””**” The DLM has been utilized to examine surface
species when Fe(II) is sorbed to iron (oxyhydr)oxides. Previous
work has investigated the reduction of organic and inorganic
compounds by a mixture of Fe(II) and iron oxides and found
that the reaction rates were proportional to the concentration of
=FeMOFe"OH" species.”” The reactivity of surface sorbed
Fe(II) has also been shown to be affected by the degree of
hydrolysis.*" In all these models, sorbed Fe(II) is assumed to
form a monodentate surface complex, i.e., =Fe"OFe"OH"
and/or =FeOFe"O™ (refer to section 4.2.1.2 for more
discussion). Unlike previous papers using monodentate binding
of Fe(II) onto surfaces of iron oxide,”*”*37>#31493,736 Hjemstra
and van Riemsdijk (2007) turned to the charge distribution
model by including multidentate adsorption complexes to
improve the surface complexation modeling of Fe(II)
adsorption.”*® They showed that the sorption of Fe(Il) onto
lepidocrocite can only occur if electron transfer from Fe(II) to
Fe(III) is included, while for goethite and amorphous ferric
hydroxide, Fe(Il) adsorption occurs with or without electron
transfer.

Although the SCM approach can suggest hypothetical
reactive surface species that are responsible for reduction from
a macroscopic kinetic perspective, there are some concerns. For
example, in Fe(II)/TiO, systems, some researchers have found
that the hydrolyzed Fe(II) surface complex (i.e., =
TiOFe"OH") is the reductive species,”” while others believed
that =TiOFe" is the reductive species when they combined
modeling with electrochemical methods.”®" Recently, it was
reported that the amount of =FeOFe"OH was maintained
almost the same in the presence of phthalic acid, yet the
reductive reactivity significantly decreased, most likely because
of the competitive adsorption of phthalate physically blocking
the reactive sites.”® Therefore, macroscopic modeling alone is
not able to identify the exact microscopic surface species that is
responsible for contaminant reduction. In light of the
conduction model described in section 4.2.4, future work
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should focus on how to incorporate electron transfer into SCM
to better model the involved kinetics.

8.11. Kinetic Modeling

Kinetic modeling can be used to quantify the changes in species
composition over time. However, empirical expressions of this
form do not account for the reaction mechanism underpinning
the overall process. To be able to model reactions in complex
systems, we need to hypothesize reaction sets for simplified
model systems. The hypothesized reaction sets and associated
rate constants should be validated using experiments in which
the concentrations of as many reactants, intermediates, and end
products as possible are determined.**' For example, Boland et
al. conducted the first detailed investigation into the kinetics of
the Fe(II)-accelerated transformation of ferrihydrite to goethite
with the hypothesized reaction set used shown in eqs
2477 398781

Fe'' + ferrihydrite — Fegﬂid—ads + ferrihydrite*® k,
(24)
Fell 4 . + ferrihydrite* — Goethite + Fe'' k,
(23)
Fell L4 .4 + ferrihydrite* — lepidocrocite + Fe"  k,
(26)
Fel L4 .4 + lepidocrocite — Goethite + Fe'' k,
27)

where ferrihydrite* represents a reactive or “activated”
terrihydrite site.

Kinetic modeling has often been emplo;fed to interpret the
reactivity of Fe(II)-associated reductants'*”'** using com&)uter
software programs such as Kintecus'***** and Scientist.'*” The
overall reaction rate constant is considered as a weighted sum of
the reaction rate constants of each Fe(II) species reacting with
the probe contaminants,"*”**” as shown in eq 28. For instance,
two soluble Fe(II) complexes (FeL’ and FeL3") formed in the
presence of malonate (L); when both complexes were
considered reactive (Figure 20), there is a good agreement

'. 'Meas'ured 'kred ]
— Predicted kred

L (b)

10° 102 10" 10° 2 3

[Malonate] (M)

Figure 20. Contribution of Fe(II) species to k.4 in oxamyl reduction in
the presence of malonate (L), including: (a) effect of malonate loading
and (b) effect of pH. Reprinted with permission from ref 147.
Copyright 2002 American Chemical Society.

between the calculated and experimental kinetics.'*’ The
concentration of FeL3™ increased with increasing malonate
loading and pH, and FeL3™ was the dominant reactive species at
high malonate loading. These results assisted in understanding
the contribution of individual Fe(II) species to the overall
reactivity.
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ke = [Fe(ID)] ) ke,
i (28)

where k4 is the overall reaction rate constant, [Fe(Il)] is the
total Fe(Il) concentration, k; is the second-order reaction rate
constant for Fe(Il) species i, and «; is the fractional
concentration of i.

8.12. Quantum Chemical Methods

In recent decades, an increasing number of quantum chemical
investigations involving Fe species have been pub-
lished.">%!7635135% These studies can be divided into three
main types: (1) determining the geometries of aqueous Fe—
ligand inner-sphere complexes, (2) investigating the interactions
between sorbed Fe(Il) and Fe(III) mineral surfaces, and (3)
elucidating reaction mechanisms. Calculations typically com-
mence with self-consistent minimization of the total electronic
energy by geometry optimization, often with subsequent
calculation of vibrational frequencies that can be used to
estimate thermochemical contributions to the total energy using
statistical mechanical partition functions. Based on the
calculated Gibbs free energies of different proposed structures
for Fe—ligand complexes, one can then identify the most stable
geometry and properties comparable with spectroscopic
measurements. Chemical and electronic properties of various
mineral surfaces are now also routinely determined using
electronic structure codes to help understand reactions
occurring on the surfaces such as adsorption and redox
processes.””***73 By calculating reaction energy barriers
based on the transition state geometries, certain reaction
pathways and the rate-limiting steps can be tested and used to
explore possible reaction mechanisms.***~** For example,
Chen et al. has studied various possible structures and
geometries of the Fe—tiron complexation intermediates formed
in the reduction of pyridine N-oxide (PNO).®> The authors
performed tests including changing the number and position of
water molecules binding to the Fe center and the initial position
of PNO relative to the Fe center. The results showed that in the
most probable geometry of the complexation intermediates, the
water molecule formed no bridge between the PNO ring and
tiron. Hofstetter et al.*****’ performed density functional theory
(DFT) calculations for the reduction of nitroaromatic
compounds by Fe(II) bonding to goethite surfaces or Fe(Il)—
organic ligand, to investigate the influence of aromatic
substituents during nitroaromatic reduction and to elucidate
the mechanism of N—O bond cleavage. The authors compared
the experimental values of the apparent kinetic isotope effect for
N—O bond cleavage (AKIEy) to computational KIEy and
obtained similar values which suggest no substituent effect. They
also demonstrated the dominant transition-state structures of
nitroaromatic reduction intermediates to be substituted N,N-
dihydroxyanilines, suggesting dehydration of N,N-dihydroxyani-
lines, i.e., the N—O bond cleavage step, is rate-limiting.

Most modern quantum chemical calculations are based on
DFT because of its computational efficiency, because of its
versatility to treat molecules, solids, and interfaces on an equal
footing, and because of the availability of various well bench-
marked formulations of the exchange-correlation functional.***
The computational cost of calculations using this method is
relatively low when compared to traditional exact exchange
approaches such as Hartree—Fock but correspondingly does
increase when admixtures of exact exchange into the exchange-
correlation functional, so-called hybrid functionals, are needed
for the sake of computational accuracy. DFT approaches have
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been widely adopted as a workhorse tool in the field of transition
metal chemistry and computational chemistry. The hybrid
B3LYP functional is one of the most commonly used classes of
approximations for the exchange—correlation functional, which
is a highly benchmarked functional based on Becke’s three-
parameter hybrid functional combined with the Lee—Yang—
Parr correlation functional.**”~**" In quantum chemistry codes
based on local orbital basis functions, the B3LYP functional
combined with the basis set 6-31G(d) has been widely used with
good performance.™>” As computing power has increased in
recent decades, more accurate methods have become available
and more widely used. For example, an increase in the basis set
from the double-( basis set 6-31G(d) to the triple-( basis set 6-
311+G(d,p) can provide sufficient accuracy especially in
calculating more complex systems involving transition metal
ions.*>” The major alternatives to these local orbital approaches
to DFT are based on planewave basis functions, which while
applicable to molecular computations tend to be much more
efficient and versatile for solids and interfaces. Planewave DFT
has the additional major added advantage of efficient
implementation of molecular dynamics simulations for total
free energy simulations with DFT-level accuracy.

It is noteworthy that the use of DFT for calculations of iron
(oxyhydr)oxide phases requires careful attention to the details of
the assumptions employed in order to properly obtain the
correct description of their often complex magnetic structures
arising from their strongly correlated 3d electrons.”**’** To
optimize the computational method, in addition to use of hybrid
functionals, alternatively an empirically calibrated Hubbard U
term can be added to the generalized gradient approximation
(GGA) functional.***~** Calculations performed at this so-
called GGA+U level can recover the correct electronic
properties for calculations on models involving Fe.**”**® Please
see sections 4.2.1.1 and 4.2.4 for applications of various kinds of
theoretical simulations applied to understanding key inter-
actions between aqueous Fe(II) and iron(III) (oxyhydr)oxides.

Computational calculations remain an essential tool to
explore detailed reaction mechanisms and to provide a basis
for assisting interpretation of various kinds of experimentally
measured values containing molecular-level information. They
are also very useful for testing hypotheses pertaining to reaction
mechanisms and pathways. Based on certain calculated
intermediates and reaction barriers, a specific reaction pathway
can sometimes be isolated, tracked, and confirmed.”>*”>*
However, computational calculations at the quantum mechan-
ical level remain, often, too expensive to evaluate all possible
elementary reactions and must be paired with robust physical
chemistry intuition to be usefully effective.**”*° Given the
above difficulties, a theory and computational expert is often an
essential component for success.

9. CONCLUSIONS AND FUTURE WORK

Understanding the redox reactivity of different types of Fe(Il)
species, including aqueous Fe(II), Fe(II) with ligands, structural
Fe(II), and surface sorbed Fe(II) in natural and engineered
environments, is important, due to their roles in the fate and
transport of various contaminants in the environment, the global
cycles of many major and minor elements, environmental
remediation technologies, and microbial activity. Despite the
progress made in the past 15 years, further research is still
needed in several aspects, as detailed below.

Understanding the electron-transfer processes associated with
these Fe(II) species can help examine the fate and transport of
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toxic species in the environment. However, as mentioned earlier,
it is still unclear how electrons are transferred from sorbed and
structural Fe(II) to contaminants and into microbial cells. Key
questions in this field that still remain unanswered include what
Fe(Il) or composite Fe(II)—Fe(Ill) species, specifically, are
formed on iron mineral surfaces? Is it necessary for Fe(1l) to
form inner-sphere species to enable electron transfer between
Fe(Il) and Fe(Ill), and what is the rate-limiting step in the
electron-transfer process? In addition, although mechanisms
have been proposed in a few studies to explain the differences in
the reactivity of different Fe(Il)-associated reductants, a
complete understanding of these differences remains elusive.
Similarly, the enzymatic mechanism of microbial oxidation of
Fe(II)-containing minerals and surface sorbed Fe(II) species
remains to be elucidated.

Recent studies have highlighted the importance of cryptic Fe
cycling in biogeochemistry, which occurs through a concerted
action of Fe(II)-oxidizing and Fe(IIl)-reducing bacteria or
through coupled abiotic and microbially mediated redox
reactions. It needs to be determined whether this process is
common in the environment or is restricted to a few specialized
habitats. Such a process has been shown to be vital in the
limitation of energy for microbial life that depends on the
availability of continuous redox reactions. Despite limited
impacts to the net movement of one Fe atom, if one part of
the cycle (e.g, Fe(Il) oxidation) is repeatedly coupled to the
redox transformation of a molecule (e.g, reduction of a
pollutant) without being balanced by other processes, the
cryptic Fe cycle can result in an amplifying effect to the
transformation of the said molecule. Enormous consequences
are therefore expected regarding the extent of biogeochemical
cycling of various elements (e.g., C, S, N) and pollutants that are
coupled to the cryptic Fe cycle.

In relation to elucidating the reductive transformations of
contaminants in the environment, while this has significantly
improved in recent decades, we are still far from possessing
predictive tools due to the complexity of natural systems.
Natural environments contain mixtures of dissolved inorganic
Fe®*, Fe(II)~NOM complexes, structural Fe(II), and surface
sorbed Fe(II) on a diversity of minerals at varying ratios as well
as other cosolutes and precipitates. The relative importance of
these different Fe(II) species for Fe(II)-mediated redox
reactions and microbial Fe(II) oxidation have yet to be
determined. Moreover, for most studies involving surface
sorbed Fe(Il) and structural Fe(Il), these are generally only
focused on single, well defined iron oxides such as goethite,
hematite, magnetite, or lepidocrocite. However, iron (oxyhydr)-
oxides typically coexist with other minerals and organic matter in
the environment. Understanding how secondary minerals and
coexisting ions or organic matter affect the redox chemistry of
iron is necessary. Over the past several years, there have been
some studies examining the effect of secondary metal oxides
and/or organic matter on oxidation,366’M'A"771 yet very few
studies have investigated the effect of these secondary oxides
and/or organic matter on Fe(II)-mediated redox reactions and
microbial Fe(II) oxidation.

The utilization of ZVI and Fe(II) bearing minerals in
environmental applications has received increasing interest,
but further attention should be given to the development of cost-
effective methods for improving the reducing reactivity of these
iron-based materials in different environments. Systematic
research is also needed to improve their stability over a wide
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range of conditions to expand their possible application in
contaminant sequestration and degradation in the environment.

Finally, an increasing volume of data has been generated in the
past few decades about the redox reactivity of various Fe(II)
species. Instead of employing traditional methods to understand
such complex systems, which are inherently limited to well-
defined systems including the types of compounds, the types of
Fe(II) species, and reaction conditions, machine Iearningg can be
a very promising tool to help model these processes.'* This is
because machine learning algorithms have a powerful self-
learning ability to identify the influencing factor(s) without the
need for complicated chemical knowledge and computational
calculations. To build robust machine learning models, it is
pivotal to maintain a well-curated, open-access, and compre-
hensive database on all possible redox chemistry for Fe(II) in the
environment.
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