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Abstract
Natural attenuation and remediation of contaminants in aquifers are strongly constrained by

both  structural  and  chemical  heterogeneity.  While  structural  heterogeneity  has  been

extensively  characterized,  chemical  heterogeneity  remains  poorly  quantified  and  insuffi-

ciently understood. In this review, we use electron exchange capacities (EEC) as a proxy for

chemical  heterogeneity and demonstrate how sediment EEC influences contaminant trans-

formation  and  remediation  performance.  The  evolution  of  EEC  measurement  approaches,

including chemical probe and mediated electrochemical methods, is summarized. Sediment

EEC  is  linked  to  the  transport  and  transformation  of  groundwater  contaminants  through

EEC-driven  processes  such  as  anaerobic  microbial  respiration,  mineral  dissolution,  direct

contaminant  reduction,  and  reactive  oxygen  species-mediated  oxidation.  In  terms  of

remediation,  sediment  EEC  quantitatively  governs  the  consumption  and  activation  of

injected  oxidants  during in  situ chemical  oxidation  and  serves  as  a  robust  parameter  for

evaluating  bioremediation  performance.  Overall,  EEC  provides  a  quantitative  measure  of

aquifer  chemical  heterogeneity,  offering  mechanistic  insights  into  natural  attenuation  and

guidance for green and sustainable remediation strategies. Future research should focus on

methodological  improvements,  mechanistic  elucidation  of  EEC  composition  and  its

environmental significance, and the development of predictive models incorporating EEC.
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Highlights
•  Chemical probe and mediated electrochemical methods for EEC measurement are introduced.

•  Sediment EEC drives contaminant transport and transformation.

•  Sediment EEC governs oxidant consumption and bioremediation performance.

•  Future research should focus on methodological improvements, mechanistic elucidation, and predictive model development.
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Graphical abstract

 
 Introduction

Aquifers  are  an  important  component  of  terrestrial  ecosystems  and
hold  the  largest  accessible  freshwater  resource  on  Earth[1].
Groundwater contamination, exacerbated by economic development,
geogenic  processes,  and  climate  change,  has  become  a  global  issue
that  threatens  drinking  water  safety,  human  health,  and  ecosystem
stability[2−5].  Compared with surface water  systems,  the transport  and
transformation  of  groundwater  contaminants  are  more  difficult  to
predict  due  to  the  pronounced  structural  and  chemical
heterogeneities  of  aquifer  media[6−8].  Researchers  have  devoted
significant  efforts  to  quantifying  aquifer  heterogeneity  to  better
understand  contaminant  fate  and  to  design  effective,  low-cost
remediation  strategies[6,9−11].  Structural  heterogeneity  plays  a
fundamental  role  in  controlling  the  transport  of  groundwater
contaminants.  It  is  commonly characterized by hydraulic  conductivity
(k),  which is widely used as a key parameter in contaminant transport
modeling[12,13].  Hydraulic  conductivity  varies  over  several  orders  of
magnitude, ranging from 1 × 10−11 – 4.7 × 10−9 m/s for clay sediments
to  9  ×  10−7 – 6  ×  10−3 m/s  for  coarse  sands[14].  This  structural
heterogeneity  mainly  controls  the  advection  and  dispersion  of
groundwater  contaminants[15],  resulting  in  the  retention  of
contaminants in low-permeability  zones[16,17].  In addition to structural
heterogeneity, contaminant transport and transformation are strongly
influenced by the chemical heterogeneity of aquifer sediments, arising
from  diverse  redox-active  species  such  as  Fe/Mn  minerals,  natural
organic  matter  (NOM),  and  sulfur-containing  compounds[18−20].  For
example,  electron-donating  species  in  sediments  (e.g.,  Fe(II)  and
reduced organic matter) can readily transform reducible contaminants
such  as  Cr(VI)  and  nitroaromatic  compounds[6,21−24].  Consequently,
contaminant  degradation  rates  may  vary  over  several  orders  of
magnitude  depending  on  the  reactivity  of  these  redox-active
components[25−27]. Similarly, the remediation of contaminated aquifers
by in  situ chemical  oxidation  (ISCO)  is  also  strongly  influenced  by

chemical  heterogeneity,  which constrains  both the  consumption and
activation of injected oxidants[28,29].

In  contrast  to  well-characterized  structural  heterogeneity,  the
chemical  heterogeneity  of  aquifer  sediments  remains  far  less  well-
quantified.  This  knowledge  gap  largely  stems  from  the  lack  of
appropriate  methodologies[30].  Previous  studies  have  typically
measured the bulk contents of presumed redox-active components
(e.g.,  Fe,  organic  matter,  and  S)  to  characterize  sediment  chemical
heterogeneity[7,31].  However,  such  approaches  cannot  identify  the
specific species that actively donate or accept electrons[19]. In recent
years,  the  concept  of  electron  exchange  capacity  (EEC)  has  been
introduced  to  better  represent  the  chemical  heterogeneity  of
aquifer  sediments[19,32,33].  Sediment  EEC  comprises  electron-donat-
ing  capacity  (EDC)  and  electron-accepting  capacity  (EAC),  which
quantify the amounts of electrons that can be transferred from and
to  sediments,  respectively.  Quantifying  EEC  provides  valuable
insights  into  sediment  redox  reactivity,  including  the  rate,  extent,
and  direction  of  electron  transfer.  Consequently,  quantitative  rela-
tionships for redox reactions can be established based on sediment
EEC[34,35],  which  is  often  not  achievable  when  using  bulk  compo-
nent  contents  due  to  sediment  chemical  heterogeneity[36].  The
development  of  EEC  measurement  methods[32,34] has  opened  new
opportunities  to  understand  biogeochemical  processes  and
contaminant transformation in aquifers.  The EEC has been incorpo-
rated  into  reactive  transport  models  as  a  novel  yet  important
parameter  to  better  describe  the  complex  reaction  networks  of
biogeochemical processes[37,38]. In recent review papers, researchers
have  linked  sediment  EEC  to  biogeochemical–hydrological
processes[18] and environmental impacts such as nitrogen cycling[33].
However, the role of sediment EEC in controlling the natural attenu-
ation of  groundwater  contaminants  and guiding sustainable  reme-
diation  strategies  remains  unclear.  In  this  review,  we  propose  that
sediment EEC can effectively  represent  the chemical  heterogeneity
of  aquifers  that  governs  contaminant  transformation  and
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remediation,  compared  with  traditionally  used  parameters  such  as
bulk  elemental  contents.  To  this  end,  we  systematically  review:  (1)
the  development  of  methodologies  for  EEC  measurement;  (2)  the
composition of EEC in contaminated aquifers; (3) contaminant trans-
formation  processes  driven  by  sediment  EEC;  and  (4)  the  implica-
tions  of  sediment  EEC  for  groundwater  remediation.  Finally,  we
discuss  current  knowledge  gaps  and  future  research  directions,
aiming  to  provide  mechanistic  insights  into  EEC-driven  natural
attenuation  of  groundwater  contaminants  and  practical  guidance
for contamination remediation.

 Sources of sediment EEC

The  EEC  of  aquifer  sediments  originates  from  redox-active  species
capable  of  donating  or  accepting  electrons.  Based  on  the  elemental
composition  and  abundance  of  soils  and  aquifer  sediments,  EEC  is
generally attributed to Fe/Mn-bearing minerals, natural organic matter
(NOM),  and  sulfur-containing  compounds[19,39−42].  Among  these,  Fe-
bearing  minerals  and  NOM  are  considered  the  most  important
contributors  because  of  their  high  redox  reactivity  and  widespread
occurrence[19,35,39].  Therefore,  suitable  EEC  measurement  methods
should efficiently oxidize or reduce these redox-active components[35].
However,  not  all  presumed  redox-active  species  (e.g.,  Fe)  are
sufficiently  reactive  to  contribute  to  EEC.  For  example,  Fe  structurally
constrained  within  non-expandable  phyllosilicates  is  generally
redox-inert  and  contributes  little  to  sediment  EEC[19,41].  These  redox-
inert  Fe  fractions  also  participate  minimally  in  biogeochemical
processes[19].  For  heterogeneous  NOM,  humic  acid  fractions,
particularly  lignin-like  compounds,  are  the  dominant  contributors  to
NOM-derived  EEC[19].  Although  the  total  EEC  of  aquifer  systems
includes contributions from both solid and aqueous phases, more than
99%  of  the  total  EEC  is  contributed  by  the  solid  phase[31].  Dissolved
species  in  groundwater  generally  have  negligible  influence  on

sediment EEC measurements. Nevertheless, measuring the EEC of both
sediments  and  the  corresponding  groundwater  is  encouraged  to
better characterize the distribution of EEC in subsurface environments.

 EEC analytical methods
Methods for  measuring EEC generally  fall  into two categories  (Fig.  1).
The  first  is  chemical  probe  methods,  in  which  sediments  react  with
selected  chemical  probes,  and  the  EEC  is  calculated  from  the
consumption of these probes. The second is mediated electrochemical
analysis,  where  sediments  interact  with  electrodes  through  electron-
transfer  mediators,  and the EEC is  determined based on the resulting
current–time curve. Several of these methods have been summarized
in previous reviews[32,43].  In recent years, new techniques within these
two  categories  have  emerged[34],  offering  improvements  in  analytical
accuracy, shorter analysis time, and lower detection limits.

 Chemical probe methods
 Generation I: traditional chemical probe methods
Traditional  chemical  probe  methods  were  among  the  earliest
techniques  used to  characterize  the redox capacity  of  sediments  and
NOM[44,45]. The basic principle involves reacting sediments with known
amounts  of  an  oxidant  or  reductant.  The  number  of  transferable
electrons  is  then  inferred  from  changes  in  the  concentrations  of  the
residual  reagent or  the reaction products[31,46].  For EDC measurement
by  chemical  oxidation,  commonly  used  oxidants  include  K3[Fe(CN)6],
Fe(III)-citrate,  and  Cr(VI)[45−47].  The  decrease  in  EDC  after  biogeoche-
mical reduction has also been used to estimate the EAC of samples[48].
For  EAC  measurement  by  chemical  reduction,  a  commonly  used
chemical  probe  is  ligand-complexed  titanous  ion  (Ti(III)-L)[44].  These
methods are widely applied to determine the EEC of NOM[48,49]. One of
the most important findings from these studies is that NOM can serve
as an electron acceptor and function as an electron shuttle to promote
microbial reduction of Fe(III)[48,50].

 

Fig. 1  EEC analysis by chemical probe methods and mediated electrochemical methods.
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Despite their widespread use in early studies, traditional chemical
probe  methods  have  inherent  limitations.  First,  many  chemical
redox  reactions  proceed  slowly.  Electron  transfer  is  often
constrained by mineral  structure  and surface binding sites,  leading
to slow reaction kinetics that may require tens of hours or longer to
approach equilibrium[51,52].  Second, the redox potential of chemical
reagents is highly sensitive to pH and complexation conditions[53,54].
The  redox  behavior  of  the  same  reagent  may  shift  under  different
measurement  environments.  As  a  result,  EEC  measurements  are
strongly condition-dependent and difficult to compare across stud-
ies.  Third,  different  chemical  reagents  exhibit  varying  selectivity
toward  functional  groups  and  often  capture  only  a  portion  of  the
EDC  or  EAC[47,55].  This  suggests  that  the  'measured  capacity'  more
accurately  reflects  the  number  of  sites  that  react  with  a  specific
reagent, rather than the intrinsic, total redox capacity of the sample.
For example, the EAC of humic acids measured by traditional chemi-
cal  probe  methods  was  approximately  three  times  lower  than  that
measured by mediated electrochemical methods[30].

 Generation II: modified chemical probe methods
In contrast to traditional chemical probe methods, recent studies have
developed  modified  approaches  using  radical-based  chemical
probes[34].  Ethyl viologen radical (•EV+, Eh

0 ≈ −0.45 V vs SHE) and 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical (•ABTS−, Eh

0 ≈
+0.70 V vs  SHE)  are  used as  reductant  and oxidant,  respectively,  to
determine  sediment  EAC  and  EDC.  •EV+ is  prepared  via  Pd–H2

reduction  of  EV2+,  while  •ABTS− is  generated  through  persulfate
oxidation of ABTS2−[34]. This modified chemical probe method provides
a  simple  and  accurate  approach  for  assessing  the  redox  capacity  of
sediments, Fe/Mn minerals, and NOM. The detection limits of EAC and
EDC  are  0.6  and  0.4 μmol  e−/L,  respectively,  which  are  three  to  four
orders  of  magnitude  lower  than  those  of  traditional  chemical
probes[34].  The reaction is also time-efficient,  requiring only 15 min. In
addition,  relatively  large  sample  dosages  can  be  used,  making  the
method well-suited for heterogeneous sediments and soils. Using this
approach,  the  vertical  distribution  of  sediment  EAC  and  EDC  was
quantified  in  a  riparian  aquifer[34],  reflecting  redox  condition  changes
across the groundwater table.  A limitation of  this  method is  that EAC
and  EDC  can  only  be  measured  at  the  specified  redox  potentials
(i.e., −0.45  and  +0.70  V  vs  SHE).  The  fractions  of  EEC  at  other  redox
potentials,  which  correspond  to  different  reactivities,  cannot  be
determined due to the lack of suitable radical-based probes.

 Mediated electrochemical methods
 Generation I: GC-mediated electrochemical method
Electrochemical methods can measure the EEC of samples at a glassy
carbon  (GC)  working  electrode  under  defined  thermodynamic
boundary conditions (e.g., constant pH and Eh). The amount of electron
transfer  between  the  samples  and  the  GC  working  electrode  can  be
easily quantified using chronocoulometry. The GC electrode is chosen
for its  low background current and good chemical  stability.  However,
direct  electrochemical  analysis  is  limited  by  slow  electron  transfer
between  the  sample  and  the  electrode[30].  To  address  this  limitation,
Sander's  research  group  developed  a  novel  approach,  namely
mediated  electrochemical  reduction  (MER)  and  mediated
electrochemical  oxidation  (MEO)[30,32].  MER  and  MEO  enable  fast
(requiring  only  hours)  and  accurate  measurements  of  EAC  and  EDC,
respectively,  using  appropriate  electron  transfer  mediators[32].  These
mediators  undergo  rapid  and  reversible  electron  transfer  in  solution,
acting  as  electron  shuttles  between  the  sample  and  the  working
electrode[32].  The  most  commonly  used  mediators  are  2,2′-azino-bis

(3-ethylbenzothiazoline-6-sulfonic  acid)  (ABTS2−/ABTS•−,  +0.7  V)  and
ethylviologen  (EV2+/EV•+, −0.45  V),  which  are  employed  for  EDC  and
EAC  measurements,  respectively[56,57].  Other  mediators  with  lower
oxidizing or reducing potentials can also be applied to determine EEC,
thereby capturing its reactivity under different applied potentials. The
selection  of  mediators  and  corresponding  potentials  has  been
comprehensively summarized in previous studies[32,56]. Further studies
have  implemented  a  flow-injection  analysis  platform  for  mediated
electrochemical measurements, allowing low-concentration injections
and automated operation[58]. Mediated electrochemical methods have
been  widely  applied  to  measure  the  EEC  of  Fe-bearing  clay
minerals[41,59],  Fe  (oxyhydr)oxides[60],  NOM[30,61−63],  soils[35,64],  and
sediments[19,39,65].  Method  validation  was  supported  by  the
comparable  EEC  values  and  Fe  contents  in  standard  Fe-bearing
minerals[59,60]. Strictly speaking, mediated electrochemical methods are
best  suited  for  relatively  homogeneous  samples,  including  dissolved
species,  standard  minerals,  and  fine  fractions  of  soils  and  sediments,
due to the small sample injection volumes required.

 Generation II: MMO-mediated electrochemical method
In  recent  years,  a  key  focus  in  the  development  of  mediated
electrochemical  analysis  has  been  the  improvement  of  working
electrodes and reaction systems.  These advances aim to enhance the
method's applicability to heterogeneous samples,  such as whole soils
and  sediments.  Conventional  mediated  electrochemical  systems  use
GC  electrodes  as  both  the  working  electrode  and  the  reaction  cell,
allowing  only  milligram-level  or  lower  sample  injections.  However,
such  small  sample  amounts  are  often  insufficient  to  represent  the
average  redox  properties  of  bulk  soils  or  sediments.  To  address  this
limitation,  our  coworkers  introduced  mixed  metal  oxide  (MMO)
electrodes[66],  providing  a  new  approach  for  applying  mediated
electrochemical analysis to heterogeneous sediments. Compared with
conventional  GC  electrodes,  MMO  electrodes  exhibit  higher
electrochemical reactivity and a larger effective interfacial area, making
them more suitable for analyzing the EEC of heterogeneous sediments
(sample injection: 0.2–6 g)[66].  Similar to GC-mediated electrochemical
methods, MMO-mediated methods can quantify EEC over a range of Eh

values (−0.45 to +0.7 V)[66]. Therefore, MMO-mediated electrochemical
analysis  provides  more  accurate  and  reliable  EEC  measurements  for
heterogeneous  soils  and  sediments,  offering  improved  data  for
evaluating biogeochemical reactions in aquifers.

 EEC-driven natural attenuation of
contaminants in aquifers

The  transport  and  transformation  of  groundwater  contaminants  are
closely linked to redox reactions. These electron transfer processes are
governed  by  sediment  EEC,  which  can  influence  microbial  activity,
chemical  speciation,  mobility  of  toxic  elements,  and  both  direct  and
indirect  contaminant  transformation.  The  specific  roles  of  sediment
EEC  depend  on  its  composition,  the  prevailing  redox  conditions,  and
the properties of the contaminants.

 Sediment EAC as a terminal electron acceptor of
anaerobic microbial respiration
Many microorganisms can survive in contaminated environments and
play  important  roles  in  the  biotransformation  of  toxic  metals[67] and
organic  contaminants[68].  Under  anoxic  conditions,  sediment  EAC
serves  as  a  terminal  electron  acceptor  for  anaerobic  microbial
respiration,  with  organic  matter  acting  as  the  carbon  source.  EAC
derived  from  both  Fe(III)  and  solid  organic  matter  (SOM)  can  be
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bioavailable,  depending  on  the  physical  accessibility  and  redox
potential  of  the  contributing  species[19].  It  has  been  reported  that
EACFe(III) and  EACSOM in  sediments  can  be  microbially  reduced  to
generate  sediment  EDC[19,35,39,65],  with ΔEAC  values  ranging
from  0.001–0.088  mmol  e−/g  for  aquifer  sediments[19] and  ~0.02–
0.6 mmol e−/g for lake sediments[39]. The relative contributions of Fe(III)
and  SOM  to  the  overall  decrease  in  EAC  can  be  roughly  estimated
based on Fe(III)/Fe(II) variations[19,35]. In organic-rich environments such
as  peatlands,  the EAC of  peat  particulate  organic  matter  can serve as
the  terminal  electron  acceptor[69−71],  with  values  reaching  up  to  27  ×
106 mol  e−/(km2·yr)[69].  Thus,  sediment  EAC  can  stimulate  anaerobic
microbial  respiration,  as  reflected  in  the  correlation  between  CO2

production  and  initial  soil  or  sediment  EAC[35].  In  turn,  microbial
reduction of sediment EAC creates a more reduced environment[72,73],
which favors the reductive transformation of contaminants (Fig. 2).

 EAC reduction-driven mineral dissolution and
the release of associated contaminants
Abiotic and microbial reduction of sediment EAC associated with Fe(III)
minerals  may  induce  mineral  dissolution,  depending  on  the  mineral
type.  For expandable phyllosilicates (e.g.,  smectites)  in sediments,  the
entire EAC can be accessed at an EAC/Fe(III) ratio of 1:1[59]. Reduction of
smectite  EAC  generally  causes  limited  mineral  dissolution,  although
dissolution  can  reach  up  to  32%  in  highly  reduced  smectite[74,75].  In
contrast,  non-expandable  phyllosilicates  (e.g.,  chlorite  and  biotite)
exhibit low EAC reactivity[19], low microbial reducibility[76], and minimal
dissolution[77].  Compared  with  phyllosilicates,  Fe-(oxyhydr)oxides  are
more  susceptible  to  reductive  dissolution[78].  The  extent  of  EAC
reduction-induced  mineral  dissolution  decreases  with  increasing
thermodynamic  stability[60].  Low-crystallinity  minerals  such  as
ferrihydrite  can  be  almost  completely  reductively  dissolved,  whereas
highly  crystalline  minerals  such  as  goethite  and  hematite  are  only
partially  dissolved[60,79,80].  Therefore,  reduction  of  sediment  EAC  can
lead to substantial mineral dissolution, as indicated by the production
of  dissolved  Fe2+[81].  This  process  can  release  mineral-associated
contaminants  into  surrounding  aquatic  environments.  For  example,
reduction  of  lake  sediment  EAC  can  mobilize  mineral-bound
phosphorus,  increasing  phytoplankton  productivity  by  up  to  40%[65].
By extension, reduction of sediment EAC can also release toxic metals
associated  with  minerals,  such  as  arsenic  (As)[82,83].  Because  microbial

reduction  of  sediment  EAC  is  often  mediated  by  dissolved  electron
shuttles  such  as  dissolved  organic  matter  (DOM),  groundwater  As
concentrations  have  been  observed  to  correlate  with  the  EEC  of
DOM[84].  DOM with higher EEC promotes more extensive reduction of
As-bearing  Fe(III)  oxides,  resulting  in  greater  As  release  to
groundwater[84]. Therefore, sediment EAC and dissolved EEC can serve
as  useful  predictors  of  mineral-associated  contaminant  release  in
aquifers (Fig. 2).

 Direct reaction of sediment EDC with reducible
contaminants
Sediment  EDC  represents  electron  sources  that  can  be  transferred  to
reducible contaminants under favorable thermodynamic conditions. In
principle,  previously  reported  contaminant  reduction  reactions
mediated  by  sediments  and  their  components[6,25,85] can  be
quantitatively  described  by  EDC-based  reactions.  However,  such
quantitative studies remain scarce. For example, Lu et al. established a
linear  correlation  between  sediment  EDC  depletion  and  Cr(VI)
reduction[34].  A  slope  of  0.3  accurately  reflects  the  three-electron
transfer involved in the reduction of Cr(VI)  to Cr(III)  (Eq.  [1])[34].  Similar
correlations have been reported between sediment EDC and the rate
constants  of  nitrobenzene  reduction[86],  indicating  direct  electron
transfer  from  sediment  EDC  to  contaminants.  In  heterogeneous
aquifers, low-permeability lenses enriched in EDC can release dissolved
EDC into adjacent  transmissive zones,  where it  can directly  transform
reducible contaminants in groundwater, such as Cr(VI)[38,87]. It has also
been  reported  that  dissolved  EDC  derived  from  humic  acids  exhibits
a  linear  correlation  with  the  reduction  of  the  munition  compound
3-nitro-1,2,4-triazol-5-one  (NTO)[88].  The  slope  suggests  that
approximately half of the electrons stored in humic acids are accessible
to  NTO[88].  These  findings  indicate  that  sediment  EDC,  as  well  as  its
dissolved  fraction,  imposes  a  critical  stoichiometric  constraint  on  the
transformation of redox-active contaminants (Fig. 2).

Cr(VI)+3EDC→ Cr(III)+3EAC (1)

 Reactive oxygen species generation from
sediment EDC oxidation for contaminant
transformation
In  recent  years,  researchers  have  found  that  reactive  oxygen  species
(ROS),  including  superoxide  radical  (O2

•−),  hydrogen  peroxide  (H2O2),
and hydroxyl  radical  (•OH),  can be generated through O2 activation
at  aquifer  redox  interfaces[89,90].  Field  studies  have  increasingly
documented  the  generation  and  distribution  of  ROS  in  shallow
aquifers[91−94],  paddy  soils[95,96],  and  coastal  soils[72],  revealing  a
previously overlooked oxidizing force in subsurface redox-fluctuating
environments. Among these ROS, •OH (standard reduction potential:
2.8  V[97])  is  the  most  reactive  species  and  plays  a  key  role  in  the
degradation  of  refractory  organic  contaminants,  including  phenol[98],
polycyclic  aromatic  hydrocarbon[99],  petroleum  hydrocarbon[100],  and
antibiotics[57] in contaminated aquifers (Fig.  2).  The formation of  •OH
involves  three-electron  transfer  from  reduced  species  to  O2

[89].  Fe(II)-
bearing minerals and reduced organic matter have been recognized as
the  dominant  electron  donors  in  sediments[90,101].  Electron  transfer
from  various  Fe(II)  species  associated  with  sediments  to  O2 can  be
quantified by measuring changes in Fe(II) content[98,102,103]. In contrast,
quantifying the  contribution of  SOM to  sediment  oxygenation and
•OH  production  remains  challenging[104].  By  quantifying  the  EDC  of
SOM,  electron  transfer  pathways  from  interior  to  surface  sites  and
subsequently to O2 have been identified during oxygenation[104]. With
these  pathways  and  rates,  the  contributions  of  SOM  and  Fe(II)  to

 

Fig.  2  Contaminant  transport  and  transformation  driven  by  EEC
reactions in aquifers.
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total  •OH  production  were  evaluated,  revealing  a  threshold  at  a
molar  ratio  of  SOC/Fe(II)  of  39[104].  In  addition,  interfacial  electron
transfer results in dissolved EDC of DOM[105]. This EAC–EDC conversion
of  DOM  contributes  to  long-distance  electron  transfer  (e.g.,  at  the
decimeter  scale)  along  redox  gradients[20,106] and  drives  the  remote
production of •OH in subsurface environments[107].

The  generated  •OH  can  induce  oxidative  transformation  of  both
organic  contaminants  and  organic  matter  in  subsurface  environ-
ments.  A  correlation  between  sediment  EDC  and  •OH  production
has  been  established[34],  providing  a  quantitative  basis  for  evaluat-
ing the potential for ROS generation and contaminant oxidation by
aquifer  sediments.  Sediment  EDC  measurements  can  also  help
distinguish chemical and biotic contributions to contaminant degra-
dation.  Sediment  oxygenation  results  in  a  rapid  decrease  in  EDC
and  •OH-induced  contaminant  degradation[57],  whereas  biotic
oxidation  leads  to  minor  EDC  variation  and  slower  contaminant
transformation[108].  In  this  context,  a  recent  study showed that  •OH
oxidation  contributed  less  than  22.6%,  while  biotic  oxidation
accounted  for  77.4%  of  total  phenol  degradation  in  sediments[108].
Similar  to  the  oxidation  of  organic  contaminants,  •OH  oxidation  of
organic  matter  represents  a  dark  pathway  in  the  soil/sediment
carbon  cycle[109−113].  It  has  been  reported  that  soil  EDC  variation
correlates  well  with  CO2 production,  with  5%–20%  of  dissolved
organic matter (DOC) oxidized by •OH during soil oxygenation[114].

Overall,  the indirect  transformation of  contaminants and organic
matter mediated by •OH can be effectively predicted based on EDC
reactions.  This  suggests  that  EDC or  EAC quantification has  unique
value in elucidating electron transfer pathways, rates, and extents in
complex  biogeochemical  processes.  These  processes  typically
involve multiple electron donors and acceptors, chain reactions with
reactive  intermediates,  and  complex,  often  unpredictable  transfor-
mation  products  that  are  difficult  to  quantify  with  traditional
methods.

 Impact of EEC on in situ chemical
oxidation for contamination remediation

 EEC-related properties of aquifer media in
contaminated sites
Quantifying the heterogeneity  of  contaminated sites  is  a  prerequisite
for  successful  remediation.  A  statistical  survey  of  33  organic-
contaminated  sites  in  China  revealed  heterogeneous  soil  layers  in  all
sites,  with  low-permeability  media  such  as  clay  present  in  up  to  83%
of  cases[115].  Regarding  the  chemical  heterogeneity  of  contaminated
sites, the EEC values of contaminated soils/sediments have been rarely
reported[19,34].  Here,  we  collected  chemical  composition  data  for
sediments  from  21  contaminated  aquifers  in  China  with  varying
geological  types  and  contamination  characteristics  (Supplementary
Table  S1).  The  results  show  that  sediments  in  these  aquifers  widely
contain redox-active components such as Fe, Mn, S, and solid organic
carbon  (SOC)  (Fig.  3a).  Specifically,  Fe  ranges  from  2.8  to  99.49  g/kg,
SOC from 0.465 to 51.95 g C/kg, Mn from 0.057 to 1.06 g/kg, and S from
0.106  to  7.28  g/kg  (Supplementary  Table  S1).  These  redox-active
substances are the main contributors to sediment EEC[19].  Thus,  these
contaminated  aquifers  are  expected  to  exhibit  wide  EEC  ranges,
reflecting high chemical heterogeneity.

In  addition  to  the  distribution  of  chemical  compounds,  redox
potentials  are  also  critical  in  determining  the  extent  to  which
sediment  EEC  can  participate  in  redox  reactions.  Both  mediated
electrochemical analysis and modified chemical probe methods use
a potential range of −0.45 to +0.70 V (vs SHE) for EEC measurement.

This range falls within the thermodynamic stability region of water,
avoiding  interference  from  side  reactions  such  as  hydrogen  or
oxygen evolution (Fig.  3b).  To verify the environmental representa-
tiveness  of  this  potential  range,  we  conducted  a  statistical  analysis
of Eh-pH data from 161 groundwater samples collected from typical
contaminated  sites  in  China  (Supplementary  Table  S2).  The  results
show  that  pH  values  are  mainly  distributed  between  5.0  and  9.0,
with Eh values concentrated between −0.4 and +0.6 V. Most samples
are in reducing to neutral oxidizing environments (Eh < 0.2 V), while
a  small  number  fall  under  slightly  oxidizing conditions  (Eh >  0.3  V).
This distribution aligns well with the thermodynamic stability region
of water, indicating that the selected range of −0.45 to +0.70 V not
only meets theoretical requirements of EEC measurements but also
reflects  the  actual  redox  state  of  contaminated  aquifers.  At  these
applied  potentials,  all  Fe(III)  in  (oxyhydr)oxides  and  clays,  and
oxidized  quinone  groups  in  organic  matter  were  expected  to  be
reduced  in  EAC  measurements[35].  All  Fe(II),  sulfide,  and  reduced
quinone groups in organic matter  were expected to be oxidized in
EDC  measurements[35].  Therefore,  the  maximum  EEC  was  obtained
to infer the maximum extent of redox reactions in which a sediment
can participate.

 Influence of sediment EEC on ISCO
ISCO  involves  injecting  and  transporting  soluble  oxidants  (e.g.,
persulfate  and  H2O2)  to  contamination  plumes.  A  major  limitation  of
ISCO is the non-target consumption of oxidants before they reach the
contamination  plume[116].  Various  redox-active  substances,  including
Fe/Mn  minerals,  organic  matter,  and  S-containing  compounds,  can
consume oxidants through redox reactions. For example, persulfate is
highly stable in sand aquifers,  with a half-life of more than two years,
but its half-life decreases to less than one year in sediments containing
more than 2% Fe or Mn oxides[28].  By quantifying sediment EEC as an
indicator  of  chemical  heterogeneity,  researchers  established  a  linear
correlation  between  persulfate  consumption  and  sediment  EDC[34].
The slope of 1.8 from the linear fit is close to the theoretical value of 2,
indicating  that  this  quantitative  relationship  accurately  describes
oxidant  consumption  by  heterogeneous  sediments  (Eq.  [2])[34].  It  has
also  been proposed that  sediment  EAC may influence the  long-term,
slow consumption of oxidants (Eq. [3])[19].

S2O2−
8 +2EDC→ SO2−

4 +SO4•−+2EAC (2)

S2O2−
8 +EAC→ S2O8•−+EDC (3)

In  addition  to  consuming  oxidants  upstream  of  the  contamina-
tion plume, sediment EEC can activate oxidants to generate reactive
oxidant  species  (e.g.,  SO4•− and  •OH)  for  contaminant  degradation.
For  example,  when  biochar  was  used  to  activate  persulfate  during
ISCO,  the  degradation  rate  of  pesticides  correlated  with  both  the
EDC  and  EAC  of  biochar[117].  This  indicates  that  EEC  effectively
reflects  the  redox properties  of  biochar  that  drive  both radical  and
non-radical pathways for groundwater contaminant degradation in
persulfate-based  ISCO.  Therefore,  conducting  EEC  surveys  at
contamination  sites  is  valuable  for  characterizing  the  ability  of
heterogeneous aquifers to consume and activate oxidants (Fig. 4).

 Influence of sediment EEC on bioremediation
Bioremediation  is  a  low-cost in  situ technology  for  soils  and  aquifers
contaminated  with  organic  compounds[118] and  redox-active
metals[119].  Microbial metabolism driven by electron transfer reactions
is a key factor determining remediation performance. For example, in
microbial reductive dechlorination, the dechlorination rate is positively
correlated with Fe(III)  concentration (i.e.,  EAC)[120].  Microbial  reduction
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of  Fe(III)  upregulates  genes  associated  with  extracellular  electron
transfer,  enhancing  dechlorination[120].  In  electrokinetically  enhanced
bioremediation  of  trichloroethylene-contaminated  soils[121],  the
reduction  of  Fe(III)  and  trichloroethylene  correlates  closely  with  the
formation  of  soil  EDC  (Supplementary  Fig.  S1).  Initially,  iron-reducing
bacteria  consume  EAC  to  create  a  suitable  reductive  environment,
which  is  subsequently  colonized  by  organohalide-respiring
bacteria[121].  In  these  studies,  microbial  oxidation  of  carbon  sources
(e.g.,  lactate)  was  the  dominant  energy  acquisition  pathway.  In
contrast,  recent  studies  reveal  that  electrons  stored  in  electron-
donating moieties (e.g., phenolic hydroxyl and amino groups) can also
support organohalide respiration[122].  This pathway is  reflected by the
correlation  between  dechlorination  rates  and  the  EDC  of  sediment
humin[122].  For  bioremediation  of  aquifers  contaminated  with
redox-active  metals  or  metalloids  such  as  As,  sediment  EEC  has
emerged  as  a  useful  parameter  for  performance  prediction.
Researchers  used  variations  in  aquifer  sediment  EDC  to  track  the

oxidation  of  As(III)  to  the  less  toxic  As(V)  during  biostimulation  and
bioaugmentation, based on observed correlations[123].  Thus, sediment
EEC  can  serve  as  a  simple  and  practical  indicator  for  evaluating
bioremediation  performance (Fig.  4),  without  the  need  to  explicitly
identify  complex  reaction  networks  involving  carbon  metabolism,
extracellular  electron  transfer,  and  redox  transformation  of
contaminants.

 Outlook for future research
Quantifying  sediment  chemical  heterogeneity  through  EEC  measure-
ments has increasingly been shown to effectively describe and predict
contaminant  transformation  and  remediation  in  aquifers.  Compared
with  characterizing  elemental,  mineral,  and  organic  matter
composition  in  sediments,  EEC  measurement  is  simpler  and  more
cost-effective.  Importantly,  EEC  can  be  directly  linked  to  the  rate  and
extent  of  biogeochemical  transformations  of  contaminants,  whereas

 

Fig.  3  EEC-related  compositions  in  contaminated  aquifers  in  China.  (a)  Contents  of  redox-active  elements  in  contaminated  aquifers.  (b) Eh values  of
groundwater in contaminated aquifers. The basemap of China was obtained from the Ministry of Natural Resources CNR2024), China (GS 2024 0650).
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bulk composition measurements often fail  to provide such predictive
power.  Nevertheless,  the  application  of  sediment  EEC  is  currently
limited by several factors: the need for wider adoption of measurement
methods, the lack of a clear mechanistic understanding of EEC-related
biogeochemical  processes,  and  the  limited  integration  of  EEC  into
data-driven  models  for  predicting  contaminant  transformation  and
remediation.  Addressing these challenges could significantly  advance
soil  and  groundwater  contamination  remediation,  shifting  practices
from  high-consumption,  low-efficiency  approaches  toward  low-
consumption, high-efficiency, and sustainable strategies.

 Method improvement for EEC measurement
A  suitable  method  for  EEC  measurements,  such  as  mediated
electrochemical  analysis,  has  been  established  for  more  than  a
decade[32].  However,  their  application  in  hydrogeochemistry  research
and  remediation  projects  remains  limited.  One  reason  is  that  these
methods require strict reaction conditions (e.g.,  anoxic environments)
and a basic understanding of chemical and electrochemical principles.
Therefore,  developing  portable  equipment  for  easy  on-site
measurement  is  urgently  needed.  A  recent  study  reported  an  EEC
measurement  device  that  integrates  improved  core  electrodes,  a
reaction cell that maintains an anaerobic microenvironment, and data
analysis  software[124].  This  device  can  be  used  both  in  the  laboratory
and directly  at  contaminated sites,  enabling accurate and convenient
quantification of EAC and EDC in sediments, soils, and porewater. Such
portable equipment is  highly valuable for geological  EEC surveys and
should  be  promoted  and  widely  applied  in  future  contamination
remediation efforts.

 Mechanistic understanding of the constitution of
sediment EEC and its environmental significance
Currently, the environmental significance of measured sediment EEC is
not  fully  understood.  First,  it  remains  unclear  whether  measured  EEC
accurately  represents  the  real  extent  of  redox  reactions  in  aquifers
under  natural  conditions.  Generally,  EEC  measured  using  highly
reactive probes or at extreme Eh values is considered to represent the
maximum  capacity  of  a  soil  or  sediment  to  exchange  electrons  in
biogeochemical  processes.  When measured at  different Eh potentials,

varied  EEC  values  can  be  obtained,  reflecting  different  reactivities.
For  example,  Aeppli  et  al.  reported  that  EAC  measured  at −0.14
and −0.36 V,  rather  than the commonly used ~−0.5 V,  represents  the
microbial-available  fraction  of  sediment  electrons[35].  Future  research
should  aim to  identify  and quantify  the  fractions  of  reactive  EEC that
are  relevant  to  specific  biogeochemical  processes  under  natural
thermodynamic  conditions.  Second,  current  EEC  measurement
methods  cannot  quantify  certain  key  electron  acceptors,  such  as  O2,
NO3

−,  and  SO4
2−,  nor  electrons  stored  within  the  carbon  bonds  of

organic  matter.  These  electron  donors  and  acceptors  play  important
roles  in  microbial  respiration  and  metabolism  but  are  often  not
considered  in  the  current  framework  of  aquifer  EEC.  Future  research
should  establish  a  unified  understanding  of  the  constitution  and
environmental  significance  of  aquifer  EEC,  encompassing  both
commonly  measured  EEC  and  other  important  components  (e.g.,  O2,
NO3

−,  SO4
2−,  and  organic  carbon).  Third,  the  long-term  stability  of

sediment  EEC  in  subsurface  environments  remains  unclear.
Considering  redox  couples  in  sediments  (e.g.,  Fe(II)/Fe(III)  and
quinone/hydroquinone), EDC and EAC can reversibly convert, resulting
in  a  constant  overall  EEC[19,61,125].  However,  during  long-term  water-
rock interactions and biogeochemical processes, a fraction of EEC may
be irreversibly lost or newly created. For example, enzymatic oxidation
of  NOM  by  laccase  significantly  decreases  EEC  due  to  irreversible
oxidation  of  phenols[62],  whereas  microbial  dissolution  and
transformation  of  redox-inert  clay  minerals  may  generate  new  EEC
sites[126].  Therefore,  sediment  EEC  is  not  a  fixed  value  but  a  dynamic
property  in  subsurface  environments.  This  temporal  evolution  of  EEC
may  have  profound  effects  on  the  long-term  remediation  of
contaminated  aquifers.  Overall,  further  studies  are  needed  to  gain  a
clearer  understanding of  the constitution and environmental  impacts
of sediment EEC in the dynamic context of contaminated aquifers.

 Incorporating EEC into numerical models for
process prediction in contaminated aquifers
Modeling  solute  transport,  particularly  reactive  transport,  remains
challenging[116,127] due to the chemical heterogeneity of contaminated
aquifers and the complexity of  biogeochemical  reaction networks.  To
better simulate the transport of redox-active solutes, it is necessary to

 

Fig. 4  Chemical controls of sediment EEC on contaminant remediation.
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integrate  coupled  hydro-biogeochemical  processes.  For  example,
recent  studies  have  incorporated  biogeochemical  reactions  into
reactive  transport  models  to  simulate  the  transport  of  contaminants
such as nitrate, Cr(VI), and Fe[128,129], as well as remediation oxidants[130].
In  more  recent  work,  researchers  have  incorporated  EEC  into  the
biogeochemical  reactions  within  reactive  transport  models,
successfully  describing  the  transport  of  H2O2,  dissolved  O2,  and
nitrate[37].  Using  EEC  as  a  modeling  parameter  offers  two  key
advantages.  First,  EEC  can  capture  the  chemical  heterogeneity  of
aquifers  without  requiring  detailed  input  of  the  concentrations  of
multiple  chemical  species.  Second,  EEC  can  represent  complex
biogeochemical  reaction  networks,  significantly  reducing  modeling
complexity. For instance, the reactive transport of dissolved O2 can be
predicted  based  on  the  reaction  of  EDC  with  O2,  without  accounting
for  the  numerous  O2-consumption  reactions  by  different  electron-
donating species[37,38]. Thus, incorporating EEC opens a new avenue for
developing  EEC-based  reactive  transport  models,  enabling  improved
prediction of  contaminant  and oxidant  transport  in  aquifers.  Building
on geological EEC surveys, future research should focus on simulating
EEC-incorporated  reactive  solute  transport  to  guide  green  and
sustainable remediation of contaminated aquifers.

 Supplementary information
It accompanies this paper at: https://doi.org/10.48130/ebp-0026-0013.

 Ethical statements
Not applicable.

 Author contributions
The  authors  confirm  their  contributions  to  the  paper  as  follows:
Chenglong Yu: writing – review, conceptualization and design, analysis
of  studies,  and  draft  manuscript  preparation;  Lijun  Fan:  writing –
research  collection,  analysis  of  studies,  and  draft  manuscript
preparation;  Peng  Zhang:  review  and  editing,  methodology;
Yanping  Cui:  review  and  editing,  methodology;  Shengyan  Pu:
conceptualization, review and editing. All authors reviewed the results
and approved the final version of the manuscript.

 Data availability
Data  sharing  not  applicable  to  this  article  as  no  datasets  were
generated or analyzed during the current study.

 Acknowledgments
We thank the reviewers whose input greatly improved the manuscript.

 Funding
This  research  was  supported  by  the  National  Key  R&D  Program  of
China  (Grant  No.  2023YFC3706502)  and  the  National  Natural  Science
Foundation of China (Grant Nos 42577089, U22A20591).

 Declarations

 Competing interests
The  authors  declare  that  they  have  no  known  competing  financial
interests  or  personal  relationships  that  could  have  appeared  to
influence the work reported in this paper.

Author details
1State  Key Laboratory  of  Geohazard Prevention and Geoenvironment
Protection, Chengdu  University  of  Technology,  Dongsanlu  1#,
Erxianqiao, Chengdu,  Sichuan 610059, China; 2International  Research
Center  for  Contaminant  Hydrogeology, Chengdu  University  of
Technology,  Dongsanlu  1#,  Erxianqiao, Chengdu,  Sichuan 610059,
China; 3State  Key  Laboratory  of  Geomicrobiology  and  Environmental
Changes, China  University  of  Geosciences, Wuhan,  Hubei 430078,
China; 4School  of  Environmental  Studies, China  University  of
Geosciences  (Wuhan), Wuhan,  Hubei 430078, China; 5State  Key
Laboratory  of  Environmental  Criteria  and  Risk  Assessment, Chinese
Research Academy of Environmental Sciences, Beijing 100012, China

References 

 Kuang X, Liu J, Scanlon BR, Jiao JJ, Jasechko S, et al. 2024. The chang-
ing  nature  of  groundwater  in  the  global  water  cycle. Science
383:eadf0630

[1]

 Zhou Q,  Zhang J,  Zhang S,  Chen Q,  Fan H,  et  al. 2025. Groundwater
quality evolution across China. Nature Communications 16:2522

[2]

 Xie X, Shi J, Pi K, Deng Y, Yan B, et al. 2023. Groundwater quality and
public  health. Annual  Review  of  Environment  and  Resources
48:395−418

[3]

 Gleeson  T,  Endo  T,  Taniguchi  M,  Di  Baldassarre  G. 2026. Natural
hazard susceptibilities and inequities reduced by short-term ground-
water use. Nature Geoscience 19:12−18

[4]

 Wang  Y,  Li  J,  Ma  T,  Xie  X,  Deng  Y,  et  al. 2021. Genesis  of  geogenic
contaminated  groundwater:  as,  F  and  I. Critical  Reviews  in  Environ-
mental Science and Technology 51:2895−2933

[5]

 Borch T, Kretzschmar R, Kappler A, Cappellen PV, Ginder-Vogel M, et
al. 2010. Biogeochemical  redox  processes  and  their  impact  on
contaminant dynamics. Environmental Science & Technology 44:15−23

[6]

 Janot N,  Lezama Pacheco JS,  Pham DQ, O'Brien TM, Hausladen D, et
al. 2016. Physico-chemical heterogeneity of organic-rich sediments in
the  rifle  aquifer,  CO:  impact  on  uranium  biogeochemistry. Environ-
mental Science & Technology 50:46−53

[7]

 Lacroix  EM,  Aeppli  M,  Boye  K,  Brodie  E,  Fendorf  S,  et  al. 2023.
Consider  the  anoxic  microsite:  acknowledging  and  appreciating
spatiotemporal  redox  heterogeneity  in  soils  and  sediments. ACS
Earth and Space Chemistry 7:1592−1609

[8]

 Yuan  SH,  Zhang  P,  Kang  XY,  Shi  XQ,  Zhang  BG,  et  al. 2024. Aquifer
heterogeneity  and  contamination  remediation. Earth  Science
49:375−378

[9]

 Guo  Z,  Ma  R,  Zhang  Y,  Zheng  C. 2021. Contaminant  transport  in
heterogeneous aquifers: a critical review of mechanisms and numeri-
cal  methods  of  non-Fickian  dispersion. Science  China  Earth  Sciences
64:1224−1241

[10]

 Aksoy A,  Culver  T  B. 2004. Impacts  of  physical  and chemical  hetero-
geneities  on  aquifer  remediation  design. Journal  of  Water  Resources
Planning and Management 130:311−320

[11]

 Yin M, Ma R, Zhang Y, Lin J, Guo Z, et al. 2023. Competitive control of
multiscale  aquifer  heterogeneity  on  solute  transport  in  an  alluvial
aquifer. Journal of Hydrology 616:128819

[12]

 Bowling  JC,  Zheng  C,  Rodriguez  AB,  Harry  DL. 2006. Geophysical
constraints  on contaminant  transport  modeling in  a  heterogeneous
fluvial aquifer. Journal of Contaminant Hydrology 85:72−88

[13]

 Domenico  PA,  Schwartz  FW.  1997. Physical  and  chemical  hydrogeol-
ogy.  USA:  John  wiley  &  sons. www.wiley.com/en-us/shop/general-
introductory-earth-sciences/physical-and-chemical-hydrogeology-
2nd-edition-p-9780471597629

[14]

 Ma  Z,  Qi  L,  Dai  Z,  Yang  Z,  Ma  Y,  et  al. 2025. Impact  of  multiscale
heterogeneous  sediments  and  boundary  conditions  on  dispersivity
spatial variations. Water Resources Research 61:e2024WR039151

[15]

 Yang M,  Annable  MD,  Jawitz  JW. 2015. Back  diffusion from thin  low
permeability zones. Environmental Science & Technology 49:415−422

[16]

 Liu  C,  Ball  WP. 2002. Back  diffusion  of  chlorinated  solvent  contami-
nants  from  a  natural  aquitard  to  a  remediated  aquifer  under
well-controlled  field  conditions:  predictions  and  measurements.
Groundwater 40:175−184

[17]

https://doi.org/10.48130/ebp-0026-0013

Yu et al.  |  Volume 2  |  2026  |  e018 page 9 of 12

https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.1126/science.adf0630
https://doi.org/10.1038/s41467-025-57853-z
https://doi.org/10.1146/annurev-environ-112321-114701
https://doi.org/10.1038/s41561-025-01884-0
https://doi.org/10.1080/10643389.2020.1807452
https://doi.org/10.1080/10643389.2020.1807452
https://doi.org/10.1080/10643389.2020.1807452
https://doi.org/10.1021/es9026248
https://doi.org/10.1021/acs.est.5b03208
https://doi.org/10.1021/acs.est.5b03208
https://doi.org/10.1021/acsearthspacechem.3c00032
https://doi.org/10.1021/acsearthspacechem.3c00032
https://doi.org/10.3799/dqkx.2023.217
https://doi.org/10.1007/s11430-020-9755-y
https://doi.org/10.1061/(ASCE)0733-9496(2004)130:4(311
https://doi.org/10.1061/(ASCE)0733-9496(2004)130:4(311
https://doi.org/10.1016/j.jhydrol.2022.128819
https://doi.org/10.1016/j.jconhyd.2006.01.006
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://www.wiley.com/en-us/shop/general-introductory-earth-sciences/physical-and-chemical-hydrogeology-2nd-edition-p-9780471597629
https://doi.org/10.1029/2024WR039151
https://doi.org/10.1021/es5045634
https://doi.org/10.1111/j.1745-6584.2002.tb02502.x
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013


 Peiffer S, Kappler A, Haderlein SB, Schmidt C, Byrne JM, et al. 2021. A
biogeochemical–hydrological framework for the role of redox-active
compounds in aquatic systems. Nature Geoscience 14:264−272

[18]

 Yu C, Pu S, Li B, Fan L, Zhang P, et al. 2026. Deciphering the origin of
electron  exchange  capacities  in  floodplain  sediments. Communica-
tions Earth & Environment 7:290

[19]

 Zhang Y, Tong M, Zhang P, Kappler A, Yuan S. 2025. Different scales
of  electron  transfer  processes  in  the  subsurface. Environmental  and
Biogeochemical Processes 1:e002

[20]

 Luan F, Gorski CA, Burgos WD. 2015. Linear free energy relationships
for  the  biotic  and  abiotic  reduction  of  nitroaromatic  compounds.
Environmental Science & Technology 49:3557−3565

[21]

 Dunnivant FM, Schwarzenbach RP,  Macalady DL. 1992. Reduction of
substituted  nitrobenzenes  in  aqueous  solutions  containing  natural
organic matter. Environmental Science & Technology 26:2133−2141

[22]

 Bishop ME, Dong H, Glasser P, Briggs BR, Pentrak M, et al. 2019. Reac-
tivity  of  redox  cycled  Fe-bearing  subsurface  sediments  towards
hexavalent  chromium  reduction. Geochimica  et  Cosmochimica  Acta
252:88−106

[23]

 Qafoku O, Pearce CI, Neumann A, Kovarik L, Zhu M, et al. 2017. Tc(VII)
and  Cr(VI)  interaction  with  naturally  reduced  ferruginous  smectite
from  a  redox  transition  zone. Environmental  Science  &  Technology
51:9042−9052

[24]

 Yu  C,  Qian  A,  Lu  Y,  Liao  W,  Zhang  P,  et  al. 2024. Electron  transfer
processes  associated  with  structural  Fe  in  clay  minerals. Critical
Reviews in Environmental Science and Technology 54:13−38

[25]

 Neumann  A,  Hofstetter  TB,  Lüssi  M,  Cirpka  OA,  Petit  S,  et  al. 2008.
Assessing  the  redox  reactivity  of  structural  iron  in  smectites  using
nitroaromatic compounds as kinetic probes. Environmental Science &
Technology 42:8381−8387

[26]

 Joe-Wong  C,  Brown  GE  Jr,  Maher  K. 2017. Kinetics  and  products  of
chromium(VI)  reduction  by  iron(II/III)-bearing  clay  minerals. Environ-
mental Science & Technology 51:9817−9825

[27]

 Liu H,  Bruton TA,  Doyle FM, Sedlak DL. 2014. In situ chemical  oxida-
tion of  contaminated groundwater  by persulfate:  decomposition by
Fe(III)- and  Mn(IV)-containing  oxides  and  aquifer  materials. Environ-
mental Science & Technology 48:10330−10336

[28]

 Yang X, Duan Y, Wang J, Wang H, Liu H, et al. 2019. Impact of peroxy-
monocarbonate  on  the  transformation  of  organic  contaminants
during  hydrogen  peroxide in  situ chemical  oxidation. Environmental
Science & Technology Letters 6:781−786

[29]

 Aeschbacher  M,  Sander  M,  Schwarzenbach  RP. 2010. Novel  electro-
chemical  approach  to  assess  the  redox  properties  of  humic
substances. Environmental Science & Technology 44:87−93

[30]

 Barcelona  MJ,  Holm  TR. 1991. Oxidation-reduction  capacities  of
aquifer solids. Environmental Science & Technology 25:1565−1572

[31]

 Sander M, Hofstetter TB, Gorski CA. 2015. Electrochemical analyses of
redox-active  iron  minerals:  a  review  of  nonmediated  and  mediated
approaches. Environmental Science & Technology 49:5862−5878

[32]

 Li S, Kappler A, Zhu Y, Haderlein SB. 2020. Mediated electrochemical
analysis  as  emerging  tool  to  unravel  links  between  microbial  redox
cycling of natural organic matter and anoxic nitrogen cycling. Earth-
Science Reviews 208:103281

[33]

 Lu  Y,  Chen  R,  Zhao  W,  Zhang  P,  Zhu  S,  et  al. 2025. Accurate  and
simple  determination  of  sediment  redox  capacity  by  a  modified
chemical  probe  method:  Implications  to  contaminant  remediation.
Water Research 284:124014

[34]

 Aeppli  M, Thompson A,  Dewey C,  Fendorf S. 2022. Redox properties
of  solid phase electron acceptors  affect  anaerobic  microbial  respira-
tion under oxygen-limited conditions in floodplain soils. Environmen-
tal Science & Technology 56:17462−17470

[35]

 Fang G, Chen X, Wu W, Liu C, Dionysiou DD, et al. 2018. Mechanisms
of  interaction  between  persulfate  and  soil  constituents:  activation,
free  radical  formation,  conversion,  and  identification. Environmental
Science & Technology 52:14352−14361

[36]

 Bu X, Tong M, Zhang C, Dai H, Zhang P, et al. 2025. Reactive oxygen
species  production  in  riparian  zones  governed  by  a  flow-induced
chromatographic  separation  process. Environmental  Science  &  Tech-
nology 59:22599−22609

[37]

 Wang H, Zhu Y, Lu Y,  Bu X, Zhu Q, et al. 2024. Reduction capacity in
the  transmissive  zones  fueled  by  the  embedded  low-permeability

[38]

lenses:  implications  for  contaminant  transformation  in  heteroge-
neous aquifers. Water Research 260:121955
 Lau  MP,  Sander  M,  Gelbrecht  J,  Hupfer  M. 2015. Solid  phases  as
important  electron  acceptors  in  freshwater  organic  sediments.
Biogeochemistry 123:49−61

[39]

 Lau MP, Sander M, Gelbrecht J, Hupfer M. 2016. Spatiotemporal redox
dynamics  in  a  freshwater  lake  sediment  under  alternating  oxygen
availabilities:  combined  analyses  of  dissolved  and  particulate  elec-
tron acceptors. Environmental Chemistry 13:826−837

[40]

 Hoving AL, Sander M, Bruggeman C, Behrends T. 2017. Redox proper-
ties  of  clay-rich  sediments  as  assessed by  mediated electrochemical
analysis: separating pyrite, siderite and structural Fe in clay minerals.
Chemical Geology 457:149−161

[41]

 Xiao  J,  Shi  Z,  Liu  F,  Ye  Q,  Zhu  L,  et  al. 2025. The  molecular  weight-
dependent  redox  capacity  of  soil  dissolved  organic  matter:  roles  of
aromaticity  and  organic  sulfur. Geochimica  et  Cosmochimica  Acta
401:174−189

[42]

 Ji  W,  Dong  H,  Wang  Y,  Qiang  Z. 2024. Electron  donating  capacity:  a
promising surrogate indicator for the optimization of oxidative water
treatments. ACS ES& T Water 4:1220−1235

[43]

 Heron G, Christensen TH, Tjell JC. 1994. Oxidation capacity of aquifer
sediments. Environmental Science & Technology 28:153−158

[44]

 Helburn RS, MacCarthy P. 1994. Determination of some redox proper-
ties of humic acid by alkaline ferricyanide titration. Analytica Chimica
Acta 295:263−272

[45]

 Lee  W,  Batchelor  B. 2003. Reductive  capacity  of  natural  reductants.
Environmental Science & Technology 37:535−541

[46]

 Bauer M, Heitmann T, Macalady DL, Blodau C. 2007. Electron transfer
capacities  and  reaction  kinetics  of  peat  dissolved  organic  matter.
Environmental Science & Technology 41:139−145

[47]

 Kappler  A,  Benz  M,  Schink  B,  Brune  A. 2004. Electron  shuttling  via
humic acids in microbial iron(III) reduction in a freshwater sediment.
FEMS Microbiology Ecology 47:85−92

[48]

 Yang  Z,  Kappler  A,  Jiang  J. 2016. Reducing  capacities  and  distribu-
tion of  redox-active functional  groups in low molecular  weight frac-
tions  of  humic  acids. Environmental  Science  &  Technology
50:12105−12113

[49]

 Roden EE, Kappler A, Bauer I, Jiang J, Paul A, et al. 2010. Extracellular
electron  transfer  through  microbial  reduction  of  solid-phase  humic
substances. Nature Geoscience 3:417−421

[50]

 Bauer  I,  Kappler  A. 2009. Rates  and  extent  of  reduction  of  Fe(III)
compounds  and  O2 by  humic  substances. Environmental  Science  &
Technology 43:4902−4908

[51]

 Roden EE, Zachara JM. 1996. Microbial reduction of crystalline iron(III)
oxides: influence of oxide surface area and potential for cell growth.
Environmental Science & Technology 30:1618−1628

[52]

 Pullin  MJ,  Cabaniss  SE. 2003. The  effects  of  pH,  ionic  strength,  and
iron–fulvic  acid  interactions  on  the  kinetics  of  non-photochemical
iron  transformations.  II.  The  kinetics  of  thermal  reduction. Geo-
chimica et Cosmochimica Acta 67:4079−4089

[53]

 Pullin  MJ,  Cabaniss  SE. 2003. The  effects  of  pH,  ionic  strength,  and
iron–fulvic  acid  interactions  on  the  kinetics  of  non-photochemical
iron  transformations.  I.  Iron(II)  oxidation  and  iron(III)  colloid  forma-
tion. Geochimica et Cosmochimica Acta 67:4067−4077

[54]

 Everette  JD,  Bryant  QM,  Green  AM,  Abbey  YA,  Wangila  GW,  et  al.
2010. Thorough  study  of  reactivity  of  various  compound  classes
toward  the  folin-ciocalteu  reagent. Journal  of  Agricultural  and  Food
Chemistry 58:8139−8144

[55]

 Gorski CA, Klüpfel L, Voegelin A, Sander M, Hofstetter TB. 2012. Redox
properties  of  structural  Fe  in  clay  minerals.  2.  Electrochemical  and
spectroscopic  characterization  of  electron  transfer  irreversibility  in
ferruginous  smectite,  SWa-1. Environmental  Science  &  Technology
46:9369−9377

[56]

 Ji  W,  Yu  C,  Lin  X,  Liu  H,  Chen  Y,  et  al. 2026. Production  of  surface-
bound  hydroxyl  radicals  on  sediments  for  adsorbed  contaminant
transformation  at  oxic-anoxic  interfaces. Environmental  Science  &
Technology 60:7359−7369

[57]

 Walpen  N,  Schroth  MH,  Sander  M. 2016. Quantification  of  phenolic
antioxidant  moieties  in  dissolved  organic  matter  by  flow-injection
analysis  with  electrochemical  detection. Environmental  Science  &
Technology 50:6423−6432

[58]

https://doi.org/10.48130/ebp-0026-0013

page 10 of 12 Yu et al.  |  Volume 2  |  2026  |  e018

https://doi.org/10.1038/s41561-021-00742-z
https://doi.org/10.1038/s43247-026-03307-3
https://doi.org/10.1038/s43247-026-03307-3
https://doi.org/10.48130/ebp-0025-0003
https://doi.org/10.48130/ebp-0025-0003
https://doi.org/10.1021/es5060918
https://doi.org/10.1021/es00035a010
https://doi.org/10.1016/j.gca.2019.02.039
https://doi.org/10.1021/acs.est.7b02191
https://doi.org/10.1080/10643389.2023.2221154
https://doi.org/10.1080/10643389.2023.2221154
https://doi.org/10.1021/es801840x
https://doi.org/10.1021/es801840x
https://doi.org/10.1021/acs.est.7b02934
https://doi.org/10.1021/acs.est.7b02934
https://doi.org/10.1021/es502056d
https://doi.org/10.1021/es502056d
https://doi.org/10.1021/acs.estlett.9b00682
https://doi.org/10.1021/acs.estlett.9b00682
https://doi.org/10.1021/es902627p
https://doi.org/10.1021/es00021a006
https://doi.org/10.1021/acs.est.5b00006
https://doi.org/10.1016/j.earscirev.2020.103281
https://doi.org/10.1016/j.earscirev.2020.103281
https://doi.org/10.1016/j.earscirev.2020.103281
https://doi.org/10.1016/j.watres.2025.124014
https://doi.org/10.1021/acs.est.2c05797
https://doi.org/10.1021/acs.est.2c05797
https://doi.org/10.1021/acs.est.8b04766
https://doi.org/10.1021/acs.est.8b04766
https://doi.org/10.1021/acs.est.5c07921
https://doi.org/10.1021/acs.est.5c07921
https://doi.org/10.1021/acs.est.5c07921
https://doi.org/10.1016/j.watres.2024.121955
https://doi.org/10.1007/s10533-014-0052-5
https://doi.org/10.1071/EN15217
https://doi.org/10.1016/j.chemgeo.2017.03.022
https://doi.org/10.1016/j.gca.2025.05.018
https://doi.org/10.1021/acsestwater.3c00599
https://doi.org/10.1021/es00050a021
https://doi.org/10.1016/0003-2670(94)80231-9
https://doi.org/10.1016/0003-2670(94)80231-9
https://doi.org/10.1021/es025830m
https://doi.org/10.1021/es061323j
https://doi.org/10.1016/S0168-6496(03)00245-9
https://doi.org/10.1021/acs.est.6b02645
https://doi.org/10.1038/ngeo870
https://doi.org/10.1021/es900179s
https://doi.org/10.1021/es900179s
https://doi.org/10.1021/es9506216
https://doi.org/10.1016/S0016-7037(03)00367-3
https://doi.org/10.1016/S0016-7037(03)00367-3
https://doi.org/10.1016/S0016-7037(03)00367-3
https://doi.org/10.1016/S0016-7037(03)00366-1
https://doi.org/10.1021/jf1005935
https://doi.org/10.1021/jf1005935
https://doi.org/10.1021/es302014u
https://doi.org/10.1021/acs.est.5c12564
https://doi.org/10.1021/acs.est.5c12564
https://doi.org/10.1021/acs.est.6b01120
https://doi.org/10.1021/acs.est.6b01120
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013


 Gorski  CA,  Aeschbacher  M,  Soltermann D,  Voegelin  A,  Baeyens  B,  et
al. 2012. Redox properties of structural Fe in clay minerals. 1. Electro-
chemical  quantification of  electron-donating and -accepting capaci-
ties of smectites. Environmental Science & Technology 46:9360−9368

[59]

 Aeppli M, Voegelin A, Gorski CA, Hofstetter TB, Sander M. 2018. Medi-
ated  electrochemical  reduction  of  iron  (oxyhydr-)oxides  under
defined thermodynamic boundary conditions. Environmental Science
& Technology 52:560−570

[60]

 Klüpfel  L,  Piepenbrock  A,  Kappler  A,  Sander  M. 2014. Humic
substances  as  fully  regenerable  electron  acceptors  in  recurrently
anoxic environments. Nature Geoscience 7:195−200

[61]

 Walpen  N,  Getzinger  GJ,  Schroth  MH,  Sander  M. 2018. Electron-
donating phenolic  and electron-accepting quinone moieties in peat
dissolved organic matter: quantities and redox transformations in the
context  of  peat  biogeochemistry. Environmental  Science  &  Technol-
ogy 52:5236−5245

[62]

 Aeschbacher M, Graf C, Schwarzenbach RP, Sander M. 2012. Antioxi-
dant  properties  of  humic  substances. Environmental  Science  &  Tech-
nology 46:4916−4925

[63]

 Rincón-Rodríguez  JC,  Cárdenas-Hernández  PA,  Murillo-Gelvez  J,  di
Toro DM,  Allen HE,  et  al. 2024. Comparative evaluation of  mediated
electrochemical reduction and chemical redox titration for quantify-
ing  the  electron  accepting  capacities  of  soils  and  redox-active  soil
constituents. Environmental Science & Technology 58:17674−17684

[64]

 Aeppli  M,  Schladow  G,  Lezama  Pacheco  JS,  Fendorf  S. 2023. Iron
reduction  in  profundal  sediments  of  ultraoligotrophic  lake  tahoe
under  oxygen-limited  conditions. Environmental  Science  &  Technol-
ogy 57:1529−1537

[65]

 Tian Y, Zhang P, Lu Y, Cui Y, Xiao J, et al. 2026. Quantification of sedi-
ment  redox  capacities  under  different Eh conditions  by  a  modified
electrochemical method. Chemical Geology 715:123492

[66]

 Ding C, Ding Z, Liu Q, Liu W, Chai L. 2024. Advances in mechanism for
the microbial transformation of heavy metals: implications for biore-
mediation strategies. Chemical Communications 60:12315−12332

[67]

 Fenner K, Elsner M, Lueders T, McLachlan MS, Wackett LP, et al. 2021.
Methodological  advances  to  study  contaminant  biotransformation:
new  prospects  for  understanding  and  reducing  environmental
persistence? ACS ES& T Water 1:1541−1554

[68]

 Obradović N,  Schmitz RA,  Haffter  F,  Meier  DV,  Lever MA, et  al. 2024.
Peat particulate organic matter accepts electrons during in situ incu-
bation  in  the  anoxic  subsurface  of  ombrotrophic  bogs. Journal  of
Geophysical Research: Biogeosciences 129:e2024JG008223

[69]

 Joshi P, Schroth MH, Sander M. 2021. Redox properties of peat partic-
ulate  organic  matter:  quantification of  electron accepting capacities
and assessment of electron transfer reversibility. Journal of Geophysi-
cal Research: Biogeosciences 126:e2021JG006329

[70]

 Gao  C,  Sander  M,  Agethen  S,  Knorr  KH. 2019. Electron  accepting
capacity of dissolved and particulate organic matter control CO2 and
CH4 formation  in  peat  soils. Geochimica  et  Cosmochimica  Acta
245:266−277

[71]

 Zhao G, Wu B, Zheng X, Chen B, Kappler A, et al. 2022. Tide-triggered
production of reactive oxygen species in coastal soils. Environmental
Science & Technology 56:11888−11896

[72]

 Dai H, Wu B, Chen B, Ma B, Chu C. 2022. Diel fluctuation of extracellu-
lar  reactive  oxygen  species  production  in  the  rhizosphere  of  rice.
Environmental Science & Technology 56:9075−9082

[73]

 Jaisi  DP,  Dong  H,  Morton  JP. 2008. Partitioning  of  Fe(II)  in  reduced
nontronite  (NAu-2)  to  reactive  sites:  reactivity  in  terms  of  Tc(VII)
reduction. Clays and Clay Minerals 56:175−189

[74]

 Dong H, Jaisi DP, Kim J, Zhang G. 2009. Microbe-clay mineral interac-
tions. American Mineralogist 94:1505−1519

[75]

 Brookshaw  DR,  Coker  VS,  Lloyd  JR,  Vaughan  DJ,  Pattrick  RAD. 2014.
Redox  interactions  between  Cr(VI)  and  Fe(II)  in  bioreduced  biotite
and chlorite. Environmental Science & Technology 48:11337−11342

[76]

 Brookshaw  DR,  Lloyd  JR,  Vaughan  DJ,  Pattrick  RAD. 2014.
Bioreduction  of  biotite  and  chlorite  by  a  Shewanella  species.
American Mineralogist 99:1746−1754

[77]

 Melton ED,  Swanner ED,  Behrens S,  Schmidt C,  Kappler A. 2014. The
interplay of microbially mediated and abiotic reactions in the biogeo-
chemical Fe cycle. Nature Reviews Microbiology 12:797−808

[78]

 Aeppli  M,  Vranic  S,  Kaegi  R,  Kretzschmar  R,  Brown  AR,  et  al. 2019.
Decreases in iron oxide reducibility during microbial reductive disso-
lution  and  transformation  of  ferrihydrite. Environmental  Science  &
Technology 53:8736−8746

[79]

 Aeppli  M,  Kaegi  R,  Kretzschmar  R,  Voegelin  A,  Hofstetter  TB,  et  al.
2019. Electrochemical  analysis  of  changes  in  iron  oxide  reducibility
during  abiotic  ferrihydrite  transformation  into  goethite  and
magnetite. Environmental Science & Technology 53:3568−3578

[80]

 Aeppli M, Babey T, Engel M, Lacroix EM, Tolar BB, et al. 2022. Export of
organic  carbon  from  reduced  fine-grained  zones  governs  biogeo-
chemical  reactivity  in  a  simulated  aquifer. Environmental  Science  &
Technology 56:2738−2746

[81]

 Wang Y, Pi K,  Fendorf S,  Deng Y, Xie X. 2019. Sedimentogenesis and
hydrobiogeochemistry  of  high  arsenic  Late  Pleistocene-Holocene
aquifer systems. Earth-Science Reviews 189:79−98

[82]

 Fendorf S, Michael HA, Van Geen A. 2010. Spatial and temporal varia-
tions  of  groundwater  arsenic  in  south  and  southeast  Asia. Science
328:1123−1127

[83]

 Feng  X,  Li  Y,  Jin  J,  Qiao  W,  Gao  Z,  et  al. 2025. Electrochemistry  and
molecular  compositions  reflect  electron  shuttling  of  dissolved
organic matter in high arsenic groundwater. Environmental Science &
Technology 59:8591−8601

[84]

 Xu Z, Tsang DCW. 2022. Redox-induced transformation of potentially
toxic elements with organic carbon in soil. Carbon Research 1:9

[85]

 Zhang  H,  Li  X,  Yang  S,  He  J,  Lu  A,  et  al. 2025. Disentangling  the  Fe
species-dependent electron donating capacity and abiotic reduction
capacity  towards  nitrobenzene  of  the  sediment  cores. Environment
International 202:109674

[86]

 Wang H, Cai  Q,  Cao Z,  Lu Y,  Zhang P,  et  al. 2025. Interfacial  electron
transfer  from  low-permeability  lenses  to  transmissive  zones
enhanced by dissolved iron. Water Research 287:124426

[87]

 Murillo-Gelvez J, Di Toro DM, Allen HE, Carbonaro RF, Chiu PC. 2021.
Reductive  transformation  of  3-nitro-1,  2,  4-triazol-5-one  (NTO)  by
leonardite  humic  acid  and  anthraquinone-2,  6-disulfonate  (AQDS).
Environmental Science & Technology 55:12973−12983

[88]

 Zhang P,  Chu C,  Bu X,  Tong M,  Wang H,  et  al. 2025. Production and
significance  of  reactive  oxygen  species  in  the  subsurface. Earth-
Science Reviews 270:105230

[89]

 Tong M,  Yuan S,  Ma S,  Jin  M,  Liu D,  et  al. 2016. Production of  abun-
dant  hydroxyl  radicals  from  oxygenation  of  subsurface  sediments.
Environmental Science & Technology 50:214−221

[90]

 Zhang Y,  Zhang N,  Yu  C,  Liu  H,  Yuan S. 2023. ROS production upon
groundwater  oxygenation:  implications of  oxidative capacity  during
groundwater  abstraction  and  discharging. Journal  of  Hydrology
620:129551

[91]

 Zhang N, Bu X, Li Y, Zhang Y, Yuan S, et al. 2020. Water table fluctua-
tions  regulate  hydrogen  peroxide  production  and  distribution  in
unconfined  aquifers. Environmental  Science  &  Technology
54:4942−4951

[92]

 Yuan X, Liu T, Fox P, Bhattacharyya A, Dwivedi D, et al. 2022. Produc-
tion  of  hydrogen  peroxide  in  an  intra-meander  hyporheic  zone  at
East River, Colorado. Scientific Reports 12:712

[93]

 Yuan  X,  Nico  PS,  Huang  X,  Liu  T,  Ulrich  C,  et  al. 2017. Production  of
hydrogen peroxide in groundwater at Rifle, Colorado. Environmental
Science & Technology 51:7881−7891

[94]

 Liu  J,  Zhu  C,  Zhu  F,  Sun  H,  Wang  J,  et  al. 2024. Strong  substance
exchange at paddy soil-water interface promotes nonphotochemical
formation of reactive oxygen species in overlying water. Environmen-
tal Science & Technology 58:7403−7414

[95]

 Huang D, Chen N, Zhu C, Sun H, Fang G, et al. 2023. Dynamic produc-
tion  of  hydroxyl  radicals  during  the  flooding-drainage  process  of
paddy soil: an in situ column study. Environmental Science & Technol-
ogy 57:16340−16347

[96]

 Wardman  P. 1989. Reduction  potentials  of  one-electron  couples
involving  free  radicals  in  aqueous  solution. Journal  of  Physical  and
Chemical Reference Data 18:1637−1755

[97]

 Xie W, Yuan S, Tong M, Ma S, Liao W, et al. 2020. Contaminant degra-
dation  by  •OH  during  sediment  oxygenation:  dependence  on  Fe(II)
species. Environmental Science & Technology 54:2975−2984

[98]

 Chen N, Huang D, Liu G, Chu L, Fang G, et al. 2021. Active iron species
driven hydroxyl radicals formation in oxygenation of different paddy

[99]

https://doi.org/10.48130/ebp-0026-0013

Yu et al.  |  Volume 2  |  2026  |  e018 page 11 of 12

https://doi.org/10.1021/es3020138
https://doi.org/10.1021/acs.est.7b04411
https://doi.org/10.1021/acs.est.7b04411
https://doi.org/10.1038/ngeo2084
https://doi.org/10.1021/acs.est.8b00594
https://doi.org/10.1021/acs.est.8b00594
https://doi.org/10.1021/acs.est.8b00594
https://doi.org/10.1021/es300039h
https://doi.org/10.1021/es300039h
https://doi.org/10.1021/es300039h
https://doi.org/10.1021/acs.est.4c06514
https://doi.org/10.1021/acs.est.2c05714
https://doi.org/10.1021/acs.est.2c05714
https://doi.org/10.1021/acs.est.2c05714
https://doi.org/10.1016/j.chemgeo.2026.123492
https://doi.org/10.1039/D4CC03722G
https://doi.org/10.1021/acsestwater.1c00025
https://doi.org/10.1029/2024JG008223
https://doi.org/10.1029/2024JG008223
https://doi.org/10.1029/2021JG006329
https://doi.org/10.1029/2021JG006329
https://doi.org/10.1029/2021JG006329
https://doi.org/10.1016/j.gca.2018.11.004
https://doi.org/10.1021/acs.est.2c03142
https://doi.org/10.1021/acs.est.2c03142
https://doi.org/10.1021/acs.est.2c00005
https://doi.org/10.1346/CCMN.2008.0560204
https://doi.org/10.2138/am.2009.3246
https://doi.org/10.1021/es5031849
https://doi.org/10.2138/am.2014.4774CCBY
https://doi.org/10.1038/nrmicro3347
https://doi.org/10.1021/acs.est.9b01299
https://doi.org/10.1021/acs.est.9b01299
https://doi.org/10.1021/acs.est.8b07190
https://doi.org/10.1021/acs.est.1c04664
https://doi.org/10.1021/acs.est.1c04664
https://doi.org/10.1016/j.earscirev.2017.10.007
https://doi.org/10.1016/j.earscirev.2017.10.007
https://doi.org/10.1016/j.earscirev.2017.10.007
https://doi.org/10.1126/science.1172974
https://doi.org/10.1021/acs.est.4c13575
https://doi.org/10.1021/acs.est.4c13575
https://doi.org/10.1007/s44246-022-00010-8
https://doi.org/10.1016/j.envint.2025.109674
https://doi.org/10.1016/j.envint.2025.109674
https://doi.org/10.1016/j.watres.2025.124426
https://doi.org/10.1021/acs.est.1c03333
https://doi.org/10.1016/j.earscirev.2025.105230
https://doi.org/10.1016/j.earscirev.2025.105230
https://doi.org/10.1016/j.earscirev.2025.105230
https://doi.org/10.1021/acs.est.5b04323
https://doi.org/10.1016/j.jhydrol.2023.129551
https://doi.org/10.1021/acs.est.0c00487
https://doi.org/10.1038/s41598-021-04171-1
https://doi.org/10.1021/acs.est.6b04803
https://doi.org/10.1021/acs.est.6b04803
https://doi.org/10.1021/acs.est.3c10866
https://doi.org/10.1021/acs.est.3c10866
https://doi.org/10.1021/acs.est.3c04967
https://doi.org/10.1021/acs.est.3c04967
https://doi.org/10.1021/acs.est.3c04967
https://doi.org/10.1063/1.555843
https://doi.org/10.1063/1.555843
https://doi.org/10.1021/acs.est.9b04870
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013


soils:  implications  to  polycyclic  aromatic  hydrocarbons  degradation.
Water Research 203:117484
 Liu Y,  Zhang Y,  Chen G, Li  Y,  Zeng Q, et al. 2024. Molecular transfor-
mation  of  petroleum  compounds  by  hydroxyl  radicals  produced
upon  oxidation  of  reduced  nontronite. Geochimica  et  Cosmochimica
Acta 371:31−51

[100]

 Liao P, Yu K, Lu Y, Wang P, Liang Y, et al. 2019. Extensive dark produc-
tion  of  hydroxyl  radicals  from  oxygenation  of  polluted  river  sedi-
ments. Chemical Engineering Journal 368:700−709

[101]

 Zhang  P,  Liu  J,  Yu  H,  Cheng  D,  Liu  H,  et  al. 2023. Kinetic  models  for
hydroxyl  radical  production  and  contaminant  removal  during
soil/sediment oxygenation. Water Research 240:120071

[102]

 Yu C,  Ji  W,  Li  X,  Yuan S,  Zhang P,  et  al. 2024. Critical  role  of  mineral
Fe(IV)  formation  in  low  hydroxyl  radical  yields  during  Fe(II)-bearing
clay  mineral  oxygenation. Environmental  Science  &  Technology
58:9669−9678

[103]

 Yu C, Lu Y, Zhang Y, Qian A, Zhang P, et al. 2022. Significant contribu-
tion  of  solid  organic  matter  for  hydroxyl  radical  production  during
oxygenation. Environmental Science & Technology 56:11878−11887

[104]

 Yu C, Zhang Y, Lu Y, Qian A, Zhang P, et al. 2021. Mechanistic insight
into  humic  acid-enhanced  hydroxyl  radical  production  from  Fe(II)-
bearing  clay  mineral  oxygenation. Environmental  Science  &  Technol-
ogy 55:13366−13375

[105]

 Zhang Y, Tong M, Lu Y, Zhao F, Zhang P, et al. 2024. Directional long-
distance  electron  transfer  from  reduced  to  oxidized  zones  in  the
subsurface. Nature Communications 15:6576

[106]

 Wu W, Fu H, Ma H, Sun K,  Shi Z,  et al. 2025. New pathway mediated
by  humic  acid  facilitates  long-distance  hydroxyl  radical  production
during crystalline iron mineral  oxygenation. Environmental  Science &
Technology 59:11051−11062

[107]

 Li C, Zhang Y, Zheng Y, Shi C, Lu Y, et al. 2024. Contaminant transfor-
mation  during  sediment  oxygenation:  Temporal  variation  of  oxida-
tion  mechanisms  mediated  by  hydroxyl  radicals  and  aerobic
microbes. Science of the Total Environment 919:170855

[108]

 Liu  F,  Zhu  K,  Wang  Z,  Yang  H,  Ni  Z,  et  al. 2025. Abiotic  processes
dominate  short-term  carbon  emissions  in  sandy  soils  following
rewetting. Communications Earth & Environment 6:733

[109]

 Liu F, Wang Z, Liu J, Latif J, Qin J, et al. 2024. Seasonal and spatial fluc-
tuations of  reactive oxygen species in riparian soils  and their  contri-
butions  on  organic  carbon  mineralization. Environmental  Science  &
Technology 58:7066−7077

[110]

 Liu F, Ding Y, Liu J, Latif J, Qin J, et al. 2024. The effect of redox fluctu-
ation  on  carbon  mineralization  in  riparian  soil:  an  analysis  of  the
hotspot zone of reactive oxygen species production. Water Research
265:122294

[111]

 Liu ZY, Liu H, Zhang SY, Feng Y, Wei LL, et al. 2026. Abiotic methane
production  driven  by  soil  reactive  oxygen  species. Environmental
Science & Technology 60:15821−15829

[112]

 Zheng Y, Tan Y, Wan Z, Zhang P, Li X, et al. 2025. Carbon isotope frac-
tionation  of  dissolved  organic  matter  due  to  •OH-based  oxidation.
Environmental Science & Technology 59:9104−9112

[113]

 Merino C, Jofré I, Nájera F, Matus F, Aburto F, et al. 2025. The dark side
of  the  soil  carbon  cycle:  Hydroxyl  radicals  and  abiotic  CO2 produc-
tion. Soil Biology and Biochemistry 211:109951

[114]

 Zhu  H,  Ye  S,  Wu  J,  Xu  H. 2021. Characteristics  of  soil  lithology  and
pollutants  in  typical  contamination  sites  in  China. Earth  Science
Frontiers 28:26−34 (in Chinese)

[115]

 Wang  P,  Li  J,  An  P,  Yang  B,  Hou  D,  et  al. 2024. Understanding  the
dilemmas  and  breakdown  of  the  reactive  migration  of in  situ

[116]

groundwater  injection  reagents  from  an  environmental  geology
perspective. Critical  Reviews in Environmental Science and Technology
54:747−770
 Zhu H, Ma H, Zhao Z, Xu L, Li M, et al. 2025. Electron transfer tuning
for  persulfate  activation  via  the  radical  and  non-radical  pathways
with biochar mediator. Journal of Hazardous Materials 486:136825

[117]

 Du  LL,  Yang  YM,  Yuan  SY,  Wen  JP. 2025. Effective  strategies  for
enhancing  microbial  remediation  of  polycyclic  aromatic  hydrocar-
bons in soil. ACS Agricultural Science & Technology 5:2308−2325

[118]

 Zhang B, Zhang H, He J, Zhou S, Dong H, et al. 2023. Vanadium in the
environment:  biogeochemistry  and  bioremediation. Environmental
Science & Technology 57:14770−14786

[119]

 Zu Y,  Li  Z,  Zhang Z,  Chen X,  Wu B,  et  al. 2025. Iron-reduction driven
extracellular  electron  transfer  widely  promotes  microbial  reductive
dechlorination metabolism. Water Research 281:123592

[120]

 Shi  C,  Tong  M,  Cai  Q,  Li  Z,  Li  P,  et  al. 2023. Electrokinetic-enhanced
bioremediation  of  trichloroethylene-contaminated  low-permeability
soils:  mechanistic  insight  from  spatio-temporal  variations  of  indige-
nous microbial  community  and biodehalogenation activity. Environ-
mental Science & Technology 57:5046−5055

[121]

 Zhang Z, Liu X, Li Z, Chen X, Zu Y, et al. 2025. Humin oxidation drives
microbial  dehalogenation  in  oligotrophic  environments. The  ISME
Journal 19:wraf207

[122]

 Geng R, Wen X, Wang S, Zhang X, Zhang B. 2026. Constraints of elec-
tron  exchange  capacity  on  biostimulation  and  bioaugmentation  for
arsenic  detoxification  in  aquifers. Journal  of  Cleaner  Production
539:147450

[123]

 Yuqing Q, Bo L, He J,  Mengdan Z, Xin L, et al. 2026. Development of
an electrochemical analytical device for measuring the redox capac-
ity  of  environmental  media. Safety  and  Environmental  Engineering
accepted

[124]

 Byrne JM, Klueglein N, Pearce C, Rosso KM, Appel E, et al. 2015. Redox
cycling of Fe(II)  and Fe(III)  in magnetite by Fe-metabolizing bacteria.
Science 347:1473−1476

[125]

 Dong  H,  Zeng  Q,  Sheng  Y,  Chen  C,  Yu  G,  et  al. 2023. Coupled  iron
cycling  and  organic  matter  transformation  across  redox  interfaces.
Nature Reviews Earth & Environment 4:659−673

[126]

 Samborska-Goik  K,  Pogrzeba  M. 2024. A  critical  review  of  the
modelling tools for the reactive transport of organic contaminants. In
Applied Sciences 14(9):3675

[127]

 Liu  Y,  Xu  F,  Liu  C. 2017. Coupled  hydro-biogeochemical  processes
controlling Cr reductive immobilization in Columbia River hyporheic
zone. Environmental Science & Technology 51:1508−1517

[128]

 Yang C, Zhang YK, Liu Y, Yang X, Liu C. 2018. Model-based analysis of
the effects of dam-induced river water and groundwater interactions
on hydro-biogeochemical transformation of redox sensitive contami-
nants in a hyporheic zone. Water Resources Research 54:5973−5985

[129]

 Han Z, Kang X, Singha K, Wu J, Shi X. 2024. Real-time monitoring of in
situ chemical oxidation (ISCO) of dissolved TCE by integrating electri-
cal  resistivity  tomography  and  reactive  transport  modeling. Water
Research 252:121195

[130]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

https://doi.org/10.48130/ebp-0026-0013

page 12 of 12 Yu et al.  |  Volume 2  |  2026  |  e018

https://doi.org/10.1016/j.watres.2021.117484
https://doi.org/10.1016/j.gca.2024.02.019
https://doi.org/10.1016/j.gca.2024.02.019
https://doi.org/10.1016/j.cej.2019.03.018
https://doi.org/10.1016/j.watres.2023.120071
https://doi.org/10.1021/acs.est.3c09986
https://doi.org/10.1021/acs.est.2c02766
https://doi.org/10.1021/acs.est.1c02461
https://doi.org/10.1021/acs.est.1c02461
https://doi.org/10.1021/acs.est.1c02461
https://doi.org/10.1038/s41467-024-50974-x
https://doi.org/10.1021/acs.est.5c03076
https://doi.org/10.1021/acs.est.5c03076
https://doi.org/10.1016/j.scitotenv.2024.170855
https://doi.org/10.1038/s43247-025-02733-z
https://doi.org/10.1021/acs.est.3c10756
https://doi.org/10.1021/acs.est.3c10756
https://doi.org/10.1016/j.watres.2024.122294
https://doi.org/10.1021/acs.est.6c01306
https://doi.org/10.1021/acs.est.6c01306
https://doi.org/10.1021/acs.est.5c01310
https://doi.org/10.1016/j.soilbio.2025.109951
https://doi.org/10.13745/j.esf.sf.2021.2.15
https://doi.org/10.13745/j.esf.sf.2021.2.15
https://doi.org/10.1080/10643389.2023.2277649
https://doi.org/10.1016/j.jhazmat.2024.136825
https://doi.org/10.1021/acsagscitech.5c00533
https://doi.org/10.1021/acs.est.3c04508
https://doi.org/10.1021/acs.est.3c04508
https://doi.org/10.1016/j.watres.2025.123592
https://doi.org/10.1021/acs.est.3c00278
https://doi.org/10.1021/acs.est.3c00278
https://doi.org/10.1093/ismejo/wraf207
https://doi.org/10.1093/ismejo/wraf207
https://doi.org/10.1016/j.jclepro.2025.147450
https://doi.org/10.1126/science.aaa483
https://doi.org/10.1038/s43017-023-00470-5
https://doi.org/10.3390/app14093675
https://doi.org/10.3390/app14093675
https://doi.org/10.1021/acs.est.6b05099
https://doi.org/10.1029/2018WR023286
https://doi.org/10.1016/j.watres.2024.121195
https://doi.org/10.1016/j.watres.2024.121195
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013
https://doi.org/10.48130/ebp-0026-0013

	Introduction
	Sources of sediment EEC
	EEC analytical methods
	Chemical probe methods
	Generation I: traditional chemical probe methods
	Generation II: modified chemical probe methods

	Mediated electrochemical methods
	Generation I: GC-mediated electrochemical method
	Generation II: MMO-mediated electrochemical method


	EEC-driven natural attenuation of contaminants in aquifers
	Sediment EAC as a terminal electron acceptor of anaerobic microbial respiration
	EAC reduction-driven mineral dissolution and the release of associated contaminants
	Direct reaction of sediment EDC with reducible contaminants
	Reactive oxygen species generation from sediment EDC oxidation for contaminant transformation

	Impact of EEC on in situ chemical oxidation for contamination remediation
	EEC-related properties of aquifer media in contaminated sites
	Influence of sediment EEC on ISCO
	Influence of sediment EEC on bioremediation
	Outlook for future research
	Method improvement for EEC measurement
	Mechanistic understanding of the constitution of sediment EEC and its environmental significance
	Incorporating EEC into numerical models for process prediction in contaminated aquifers

	Supplementary information
	Ethical statements
	Author contributions
	Data availability
	Acknowledgments
	Funding
	Declarations
	Competing interests

	References

