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a b s t r a c t 

Nanotechnology-enabled water treatment is the most attractive approach to realizing advanced purification of 

contaminated waters that challenge the efficacy of traditional water treatment technologies. Confining nanoma- 

terials inside porous scaffolds or substrates is one of the most effective strategies to push nano-enabled water 

treatment technologies forward from laboratory to field application. As flourishingly reported, confinement ef- 

fects induce significantly improved decontamination efficiency, such as enhanced adsorption capacity, reaction 

kinetics, stability, and selectivity. In this review, first we provide an overview of the general fundamentals of 

nanoconfinement effects and their implications in environmental remediation. Next, we review confined Fe-based 

nanomaterials, such as different polymorphs of iron-oxides, oxyhydroxides, zero-valent iron, and single-atom iron 

as representative materials towards their applications in nanoconfinement systems for water decontamination. Fi- 

nally, we propose future studies based on the missing scientific fundamentals regarding nanoconfinement effects 

and challenges for translating unique and promising nanoconfinement observations to engineering applications 

of confined nanomaterials-driven water treatment technologies. 
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. Introduction 

Clean water supply is a global challenge. The conventional drinking

ater treatment process, consisting of coagulation, sedimentation, filtra-

ion, and disinfection, has been optimized and utilized through the 20th

entury and is considered as a robust system for decontamination. Al-

hough the conventional process enhanced public health and economic

evelopment, its efficacy is severely challenged by increasingly strin-

ent water quality standards and emerging contaminants. Carcinogenic

harmaceuticals and personal care products (PPCPs) and endocrine-

isrupting chemicals (EDCs) bypass traditional treatment processes that

re ineffective in removing trace and refractory contaminants, as they

re not designed to accommodate this need [1] . Trace amounts of emerg-

ng contaminants have been detected in both source waters and drinking

ater for several decades [2] . To address the current challenges, techno-

ogical innovations are necessary to upgrade aging drinking water and

astewater treatment facilities. 

Towards the end of the 20th century, two prominent advancements

n water treatment emerged – membrane filtration and advanced oxi-

ation processes (AOPs). Concurrently, the accompanying advances in

anotechnology offer promising solutions for water supplies contami-

ated by emerging and trace pollutants [3 , 4] . Specifically, nanomateri-

ls not only enhance the performance of existing treatment technologies

ncluding adsorption, coagulation, disinfection, and AOPs, but also ex-
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ibit properties that are not observed on a bulk scale, thus creating novel

echnologies [5] . Additionally, multifunctional nanomaterials may facil-

tate the integration of multiple treatment processes to simultaneously

arget a variety of pollutants that demand a chain of different removal

rocesses [3 , 6] . 

Among those multifunctional nanomaterials, iron-based environ-

ental functional materials have been one of the most remarkable cat-

gories, primarily owing to their high reactivity, environmental friend-

iness, and natural abundance on earth [7] . The presence of various va-

ences in iron, such as 0, + 2, and + 3, leads to the formation of diverse

ypes of iron-based nanomaterials, including iron single atoms, zero-

alent iron (ZVI), iron oxides (FeOOH, Fe2 O3 , Fe3 O4 ), iron sulfides, iron

imetals, and iron-doped composites. In particular, iron-based nanoma-

erials have demonstrated outstanding properties for the removal of di-

erse contaminants in water and wastewater treatment when served as

dsorbents, oxidants, reductants, coagulants, catalysts, and disinfectants

7] . Through the Web of Science, we searched 1,063 papers using the

eywords “iron ”, “nano ” and “water treatment ”. The literature review

hows that the application of iron-based nanomaterials in water and

astewater treatment is the lasting research focus ( Fig. 1a ). 

Although decades of research demonstrated exceptional catalytic,

dsorptive, and antimicrobial properties of iron-based nanomaterials,

he availability of commercially viable products that can be readily

eployed in packed beds for extended operation without metal leach-
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Fig. 1. Publication trends in the field of water and wastewater treatment 

by using (a) iron-based nanomaterials and (b) nanoconfinement tech- 

niques. Source: Web of Science. 
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ng or excessive head loss remained limited. The practical implemen-

ation of nanomaterials in water treatment faces several technical bot-

lenecks, including ease of agglomeration, difficulty in operation and

euse, risk of leaking to treated wastewater or finished drinking water,

nd potential hazards imposed on human health and ecosystems. Encap-

ulating nanoparticles in porous scaffolds or substrates with nanocon-

nement structure ( “confined nanomaterials ” or “nanocomposites ”) is

ne of the most effective strategies for addressing those challenges

hile maintaining the unique functionality of nanomaterials [8] . Com-

ared to those of free nanomaterials, the performance, stability, and

ase-operation of confined nanomaterials are significantly improved.

urthermore, the confinement in macroscopic structure enhances the

ompatibility of nanomaterials with existing infrastructure, facilitat-

ng the translation of nanomaterials from laboratory studies to prac-

ical applications [9] . More intriguingly, the nanoconfinement struc-

ure renders the confined nanomaterials remarkable properties for wa-

er treatment, i.e., confinement effects. This will be elaborated in

ection 2 . 

In recent years, there have been numerous review papers regard-

ng the applications of nanotechnology and nanomaterials in the water

reatment [10] , while few were focused on iron-based nanomaterials, in

articular, with nanoconfined structures. As a model, iron-based nano-

aterials are ubiquitously applied across all the stages of water treat-

ent processes, including coagulation, adsorption, disinfection, oxida-

ion, reduction, and AOPs [7] . This review will provide a brief introduc-

ion to nanoconfinement configurations and fundamental theories, and

hen focus on applications of various iron-based nanomaterials featuring

anoconfinement structures, such as confined iron (hydro)oxide, ZVI,

ron-doped composites, and iron single atoms used in water decontam-

nation. The characteristics of those nanomaterials will be summarized

nd their performance and mechanisms of decontamination are particu-

arly elaborated. Finally, this review summarizes the research advances

nd gives perspectives for future research regarding the missing funda-

entals of confinement effects and the barriers to full-scale applications.
613 
. General fundamentals of nanoconfinement 

The phenomena that chemicals confined in a nanoscale space exhibit

ubstantially different properties from their bulk phase counterparts are

eferred to as “nanoconfinement effect ”. The concept was first intro-

uced in 1989, when a change in reaction kinetics was found by the

patial confinement of reactants [11] . Over the years, numerous pro-

esses at the nanoscale have been studied in various fields, including

patial confinement, surface confinement, quantum confinement, and

lectron confinement. Nanoconfinement techniques in water treatment

ave attracted increasing attention, as evidenced by the increasing num-

er of publications in peer-reviewed journals, especially in the past two

ears (refer to Fig. 1b ). 

Nanoconfinement structure refers to the units fabricated by confin-

ng nanomaterials inside nanospaces of hosts. The structural configura-

ion and material composition are the most important factors impacting

he nanoconfinement effect. In confinement studies, hosts are generally

ategorized in terms of dimensions, including macro- and microscopic

anocomposites (i.e., porous membranes, resins), spatial confinement

ith 1D (i.e., nanotube), 2D (i.e., hexagonal boron nitride, graphene

xide nanosheet) and 3D nanomaterials (i.e., core-shell-like structure),

nd interfacial confinement of metal single atoms (i.e., iron single atom)

8] . Some of them are designed for exploring the scientific nature of the

anoconfinement effect rather than to promote practical applications.

pecifically, carbonaceous materials, natural minerals, mesoporous ma-

erials, polymers, and metal oxides have been commonly employed as

osts. 

Nanoconfined materials are typically achieved by immobilizing

anomaterials inside the natural or fabricated porous scaffolds, or by

ispersing pre-synthesized nanomaterials into the precursors of the

osts. Various preparation strategies have been reported, such as hy-

rothermal methods, impregnation, precipitation, deposition, and “two-

olvents ” method. Several reviews are available regarding the con-

truction of nanoconfined systems and materials, including the proce-

ures and materials [8 , 12–14] . For example, our group conducted a

eview that comprehensively discusses various methods used to estab-

ish nanoconfinement structures through physical, physicochemical, and

hemical routes. The review also presents the advantages, features, and

echanisms of confined synthesis strategies and outlines examples of

heir applications in the water decontamination [8] . 

In recent years, the study of nanoconfinement effects has emerged in

he environmental field, with unique phenomena related to water treat-

ent being reported such as adsorption, catalytic oxidation, and mem-

rane filtration [15–17] . Those phenomena offer additional features that

re beneficial to the objectives of water treatment. In this section, we

rovide a concise overview of the fundamental theories behind the con-

nement effects ( Fig. 2 ), including their impacts on the crystallization

f nanomaterials, water structures and properties, solution chemistry,

hemical reactions (e.g., adsorption and AOPs), and their interplays. 

Crystallization under nanoconfinement. Confined nanomaterials ex-

ibit unique properties that have not been found in the bulk phase, such

s emerging phase structures or crystalline forms, prolonged stability of

etastable polymorphs, and preferential crystal facets. Those proper-

ies improve the reactivity and lifespan of confined nanoparticles (NPs)

hen used in adsorption and AOPs. Nanoconfinement manipulates the

rowth of nanoparticles, governs the morphology of nanoparticles, and

esults in an exposure of specific crystal facets [18] . Thus, nanoconfine-

ent is expected to be an effective method to synthesize nanomaterials

ith desirable structures and properties for water treatment. Specifi-

ally, nanoconfinement is a potential strategy of facet engineering for

he nanocatalysts or adsorbents with an anisotropic affinity towards ox-

dants or target pollutants. 

Solution chemistry under nanoconfinement. Nanoconfined water ex-

ibits abnormal properties and behaviors (e.g., anomalously low dielec-

ric constant, water diffusion coefficient, and viscosity), which further

ffect the processes including the distribution, diffusion, and dynamics
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Fig. 2. Overview of fundamentals of confinement effects in the field of water decontamination. (1) Crystallization under nanoconfinement, (2) abnormal 

properties of confined water, (3) localized solution chemistry, (4) facilitated reaction kinetics, (5) improved selectivity via different activation pathways and size 

exclusion, and (6) host-guest interactions. 
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f ions, hydration and dehydration, adsorption and desorption, as well

s thermodynamics of chemical reactions [15 , 17] . Nevertheless, such

hanges in the properties of confined water inevitably affect the per-

ormance of decontamination processes. For example, overlapped elec-

ric double layers would be formed at the interface of confined spaces

hat can substantially change the charge environment and potential,

ffecting the selectivity and kinetics of chemical reactions [19] . How-

ver, sparse studies examine the relationships between the properties of

anoconfined solutions and pollutant removal, necessitating more re-

earch to shed light on the research gap. 

Chemical reactions under nanoconfinement. The nanoconfinement ef-

ect can alter the thermodynamics and kinetics of numerous chemical

eactions, such as the acceleration of reaction rate, enhancement of

eaction selectivity, and even development of new reaction pathways.

irst, the electronic structures of nanomaterials could be modified un-

er nanoconfinement, and thus the reactivity is changed. For instance,

he geometric and electronic structures of host materials can alter the

ntrinsic catalytic activity of confined NPs, which in turn affects the cat-

lytic performance of the host [14] . Second, the nanoconfinement could

oncentrate reactants to accelerate reaction kinetics, improve the selec-

ivity via specific adsorption, enhance the radical utilization efficiency

ia shortened diffusion distances, and prevent radical quenching via the

xclusion of competing substances. Researchers have put forward the

oncept of “nanoreactor ” which refers to the configurations that host

hemical reactions and alter reactivity under nanoconfinement. Finally,

he energy diagram, transition states, and pathways of chemical reac-

ions can be impacted by interactions between nanoconfinement and

ither reactants, intermediates, or products. Thus, the rational design

f confinement structure for water treatment processes can efficiently

mprove decontamination efficacy and minimize energy and chemical

onsumption. 

Several review papers have thoroughly outlined the current under-

tanding of nanoconfinement effects and technological innovation in

he field of nanoconfined materials for water decontamination [15 , 17] .

eaders are referred to those reviews for details regarding the connec-

ions between the nanoconfinement effect and its implication in environ-

ental processes. This review particularly covered the topic of nanocon-
614 
ned Fe-based nanomaterials for water treatment in the subsequent sec-

ion. 

. Confined iron-based nanomaterials for water treatment 

Iron-based nanomaterials have been widely applied in environmen-

al remediation. Previous reviews have provided a comprehensive sum-

ary of the synthesis and applications of the iron-based nanomaterials

20 , 21] . This review will focus on confined iron-based nanomaterials

nd their functions in water decontamination. 

.1. Confined iron (hydro)oxide 

Iron (hydro)oxides have various forms in the natural environ-

ent, including hematite ( 𝛼-Fe2 O3 ), maghemite ( 𝛾-Fe2 O3 ), magnetite

Fe3 O4 ), iron oxy-hydroxide (FeOOH), and hydrous ferric oxide (HFO),

hich have received considerable attention regarding scientific, techno-

ogical, and industrial applications [20] . Table 1 summarizes the typical

pplications of confined iron (hydro)oxide in water treatment. 

.1.1. Fe2 O3 

Hematite ( 𝛼-Fe2 O3 ) and maghemite ( 𝛾-Fe2 O3 ) are the most known

nd stable forms of iron(III) oxides and they are eco-friendly, biocom-

atible, and economically competitive. Fe2 O3 has received great atten-

ion as an earth-abundant adsorbent, photocatalyst, and electrocata-

yst. Despite that iron-based nanomaterials possess a high adsorption

apacity, their use as magnetic adsorbents is limited due to their ten-

ency to aggregate and low selectivity. Consequently, for use as an ad-

orbent, encapsulation is important during water decontamination. For

nstance, the inner lumen of halloysite nanotubes (HNTs) was used as

 nanoconfined reactor for the synthesis of 𝛼-Fe2 O3 nanomaterials via

 chelating ligand to direct adsorption and calcination [22] . The pro-

uced 𝛼-Fe2 O3 /HNTs nanocomposites exhibited solar light-induced en-

anced photocatalytic activity and achieved 88% removal of methylene

lue from simulated wastewater in 2 h under sunlight irradiation, fol-

owing the pseudo-first-order kinetic model. In another finding, Fe O
2 3 
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615 
anoparticles confined in g-C3 N4 were prepared via an impregnation-

oprecipitation method and applied to remove diclofenac from a sim-

lated wastewater [23] . Results showed that confined Fe2 O3 possessed

ow-spin FeIII , which boosted the generation of hydroxyl radicals and

uperoxide ions under solar light and promoted the degradation of di-

lofenac. The confined Fe2 O3 in g-C3 N4 also possessed a large surface

rea, adaptability to a wide range of pH, and ∼5 times higher kinetic

onstant than bulk g-C3 N4 . 

Yang et al. reported a singlet oxygen (1 O2 ) mediated Fenton-like

rocess catalyzed by Fe2 O3 confined within a carbon nanotube (CNT)

24] , which demonstrated adsorption-dependent selectivity, wide work-

ng pH range, and fast degradation of methylene blue, compared with

hose in unconfined Fe2 O3 /CNT ( Fig. 3a ). Using the similar strategy,

uo et al. incorporated a CNT filter loaded with Fe2 O3 nanoparticles as

he cathode material and designed an enhanced flow-through electro-

enton system for selective degradation of antibiotic tetracycline [25] .

he Fe2 O3 -in-CNT filter showed 1.65 times higher kinetics toward tetra-

ycline degradation than the surface-coated Fe2 O3 on the CNT filter.

ore importantly, the efficacy of tetracycline removal was maintained

t > 85% during a 3-day continuous experiment, and the co-existing in-

rganic anions and natural organic matters had negligible negative im-

acts on tetracycline degradation kinetics. 

.1.2. Fe3 O4 

Fe3 O4 nanomaterials have been widely used as adsorbents, Fenton

atalysts, and photocatalysts in water treatment processes due to their

igh stability, outstanding Fenton-like catalytic activity, and reusabil-

ty. The decrease in the size of nanoparticles results in magnetic Fe3 O4 

ecoming superparamagnetic and easy separation for recovery. 

As shown in Table 1 , a superparamagnetic graphene- Fe3 O4 

anocomposite synthesized by a one-pot solvothermal method was used

s an adsorbent to remove organic dye pararosaniline from wastewa-

er with a maximum adsorption capacity of 198 mg/g [26] . The ad-

orption equilibrium was achieved within 20 min and the kinetic data

ollowed a pseudo-second-order model. Furthermore, the graphene-

e3 O4 nanocomposite could be regenerated and used repeatedly. For

he adsorption of roxarsone [18] , the nanoconfinement provided by

D graphene modulated Fe3 O4 NPs (20–50 nm) with dominant (400)

lanes and showed enhanced removal efficiency than unconfined Fe3 O4 

Ps with commonly exposed (111) planes. The enhanced adsorption of

oxarsone from real wastewater was attributed to a synergetic interac-

ion of As–Fe coordination, strong hydrogen bonding between roxarsone

nd confined Fe3 O4 , and 𝜋–𝜋 interaction between roxarsone and the

raphene. 

As Fenton-like catalysts, a series of Fe3 O4 -loaded anode aluminum

xide (AAO) nanoreactors with different pore diameters were synthe-

ized to degrade para -chlorobenzoic acid ( p CBA). It was found that the

ore diameter below 25 nm is critical to avoid the limited diffusion of

hort-lived HO· ( Fig. 3b ), and the degradation kinetics of p CBA were in-

reased by 820 times that of bulk reaction [27] . Du et al. prepared the

olk-shell structured Fe3 O4 @void@TiO2 sphere through a sol-gel pro-

ess and an ultrasound etching method, and used it as a heterogeneous

atalyst for the photocatalytic degradation of tetracycline (TC) [28] . Al-

ost total removal of TC was achieved within 6 min at pH = 3 due to

he enrichment of TC and HO· under the confinement of the yolk-shell

tructure ( Fig. 3c ), as well as the efficient reduction of Fe3 + to Fe2 + by

he photo-generated electrons from the TiO2 shell. 

.1.3. Iron oxy-hydroxides 

Iron oxy-hydroxide (FeOOH) is an environmentally friendly, eco-

omical, and stable material with abundant hydroxyl groups on the sur-

ace. Its tunnel structure offers extra active sites to form complexes with

arious ions, such as phosphorus and arsenic oxyanions, and F− . Zhang

t al. prepared FeOOH/anion exchanger nanocomposites via a glycol-

olvothermal synthesis method for the phosphate adsorption [29] . The

anocomposites exhibited a high adsorption capacity of 19.05 mg P/g,
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Fig. 3. The enhancement mechanisms under nanoconfinement. (a) Nanoconfinement of CNT results in unprecedented singlet oxygen mediated Fenton-like 

reactions. Reproduced with permission from [19] . Copyright 2019 National Academy of Sciences of the United States of America. (b) Short-distance diffusion of 

radicals. Reproduced with permission from [22] . Copyright 2020, American Chemical Society. (c) Confinement of Fe3 O4 NPs inside TiO2 hollow space enables 

enrichment of reactants, facilitating the degradation of TC. Reproduced with permission from [23] . Copyright 2016 Elsevier. (d) Size exclusion of interferencing 

substances. Reproduced with permission from [54] . Copyright 2021, American Chemical Society. 
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igh selectivity, along with improved utilization of Fe sites and largely

educed metal leakage. Fe(III)-OH is the dominant efficient species

or phosphate adsorption. However, the synthesis reaction time is ex-

essively long. In another work, a FeOOH/BF composite that loads

orous basalt fiber (BF) with 𝛽-FeOOH was utilized to remove phosphate

rom an aqueous solution [30] . The FeOOH/BF adsorbent revealed a

igh selectivity for phosphate despite the presence of coexisting anions

e.g., Cl− , SO4 
2− , and NO3 

− ) in water. FeOOH/BF primarily relied on

nner-sphere complexation, electrostatic attraction, and ligand exchange

echanisms for phosphate removal. 

With respect to As removal, 𝛼-FeOOH was incorporated into

raphene oxide (GO)-carbon nanotubes (CNTs) aerogel via a facile

elf-assembly method of GO-CNTs induced by in-situ Fe2 + reduction.

his nanocomposite evinced exceptional As(V) adsorption capacity at

6.43 mg/g, which was higher than the pristine 𝛼-FeOOH adsorption

apacity of 25.71 mg/g [31] . The incorporation of 𝛼-FeOOH inside GO-

NTs prevented nanomaterial aggregation and enabled wide-ranging

H applicability for As species adsorption, high adsorption kinetics, and

utstanding reusability. To further promote the direct use of FeOOH NPs

n scaled-up water purification, Zhang et al. prepared millimeter-sized

olymer-based FeOOH with NPs sizes in a range of 2.0 to 7.3 nm via a

ash freezing method [32] . Compared to unconfined 𝛼-FeOOH NPs, the

esulting nanocomposites exhibited a 14.8-fold enhancement in adsorp-
616 
ion capacity, which can be attributed to the higher density of surface

ydroxyl groups and stronger affinity of the embedded NPs towards As.

FeOOH is also used as a peroxymonosulfate (PMS) activator to de-

rade organic pollutants. However, the severe aggregation and difficult

eusability of FeOOH suspensions hinder practical applications. To ad-

ress this issue, Zhang et al. developed a catalytic membrane by confin-

ng 𝛽-FeOOH within a polyvinylidene fluoride (PVDF) membrane matrix

ia an in-situ mineralization method [33] . The resulting PVDF/ 𝛽-FeOOH

howed excellent separation capacity and catalytic oxidation perfor-

ance via activating PMS, resulting in over 98% fast degradation of

ecalcitrant pollutants in approximately 1 s and up to 99.1% rejections

f oil under low operating pressure. This favorable catalytic degradation

erformance was attributed to the confinement effect that induced en-

anced mass transfer and enrichment of radicals and pollutants within

embrane pores. 

.1.4. Hydrous ferric oxide 

Fe(III) has a high affinity for As species and selectively adsorbs As

rom aqueous solution via inner-sphere surface complexation. HFO is

articularly efficient in removing both As(III) and As(V) owing to its

igh specific surface area and point of zero charge. Anion-exchanger-

upported HFO nanoparticles have been shown to offer high arsenic re-

oval capacity, with less than 10% of influent arsenic broke through



W. Fu, Z. Liu, Z. Yang et al. Fundamental Research 5 (2025) 612–623 

a  

o  

t  

[  

c  

n  

e  

n

 

(  

t  

o  

t  

H  

t  

a  

e  

i  

c  

t  

m

 

fi  

p  

c  

p  

s  

a  

m  

s  

T

3

 

d  

o  

[  

o  

t  

c  

a  

c  

c  

a

 

e  

f  

b  

p  

p  

P  

c  

t  

e  

s  

r  

t  

a  

a  

s  

n  

i  

c  

p T
a
b

le
 
2
 

A
p

p
li

c
a
ti

o
n

s 
o
f 

c
o
n

fi
n

e
d
 
n

Z
V

I 
in

 
w

a
te

r 
tr

e
a
tm

e
n

t .
 

S
u
p
p
o
rt
 

S
y
n
th

e
si

s 
m

e
th

o
d
 

n
Z
V

I 
si

ze
 
(n

m
) 

F
e
 
co

n
te

n
t 

S
S
A

a
 

(m
2
 

/
g
) 

T
a
rg

e
t 

co
n
ta

m
in

a
n
ts
 

R
e
m

o
v
a
l 

ca
p
a
ci

ty
 

R
e
m

o
v
a
l 

m
e
ch

a
n
is

m
s 

O
x
id

a
n
ts
 

R
e
fs

. 

A
n
io

n
 
e
x
ch

a
n
g
e
 
re

si
n
 

In
 
si

tu
 
re

d
u
ct

io
n
 
a
n
d
 
d
e
p
o
si

ti
o
n
 

N
.A

. 
6
.1

8
%
 

N
.A

.b
 

P
h
o
sp

h
o
ru

s 
5
6
.2

7
 
m

g
 
P
/
g
 

A
d
so

rp
ti

o
n
 

/
 

[4
1
] 

C
la

y
 
(b

e
n
to

n
it

e
) 

C
h
e
m

ic
a
l 

re
d
u
ct

io
n
 

3
0
 

5
0
 
±
 
3
%
 

4
0
 

A
zo
 
d
y
e
s 

9
2
.7

0
%
 

C
a
ta

ly
ti

c 
d
e
g
ra

d
a
ti

o
n
 

H
2
 

O
2
 

[5
3
] 

K
a
o
li

n
 

In
-s

it
u
 
re

d
u
ct

io
n
 

4
4
 

2
0
 
w

t.
%
 

2
6
.1

1
 

P
b
(I

I)
, 
C

r 
9
8
.8

%
 
fo

r 
P
b
(I

I)
, 
9
9
.8

%
 
fo

r 
C

r 
A

d
so

rp
ti

o
n
 
a
n
d
 
re

d
u
ct

io
n
 

/
 

[7
8
] 

M
e
so

p
o
ro

u
s 

si
li

ca
 

“T
w

o
 
so

lv
e
n
ts
 ”

im
p
re

g
n
a
ti

o
n
 
a
n
d
 
H

2
 

re
d
u
ct

io
n
 

5
.8
 

1
5
 
a
t.

%
 

0
.5

6
 

N
it

ro
b
e
n
ze

n
e
 

9
4
%
 

R
e
d
u
ct

io
n
 

/
 

[4
6
] 

N
a
tu

ra
l 

re
ct

o
ri

te
 

Io
n
-e

x
ch

a
n
g
e
 
a
n
d
 
N

a
B

H
4
 

re
d
u
ct

io
n
 

1
0
.3
 

9
.9

4
 
w

t.
%
 

5
8
.1
 

O
ra

n
g
e
 
II
 

1
0
0
%
 

A
d
so

rp
ti

o
n
 
a
n
d
 
re

d
u
ct

io
n
 

/
 

[4
4
] 

A
ct

iv
a
te

d
 
ca

rb
o
n
 

C
h
e
m

ic
a
l 

re
d
u
ct

io
n
 

5
 

7
 
w

t.
%
 

8
2
6
.5

4
 

A
n
ti

b
io

ti
cs
 

1
0
0
%
 

C
a
ta

ly
ti

c 
d
e
g
ra

d
a
ti

o
n
 

P
e
rs

u
lf

a
te
 

[5
1
] 

G
ra

p
h
e
n
e
 

R
e
d
u
ct

io
n
 
o
f 

fe
rr

o
u
s 

sa
lt

s 
1
0
0
 

N
.A

. 
1
3
9
.8

2
 

M
e
th

y
le

n
e
 
B

lu
e
 

9
8
%
 

F
e
n
to

n
-l

ik
e
 
re

a
ct

io
n
 

H
2
 

O
2
 

[5
2
] 

3
D
 
g
ra

p
h
e
n
e
 
n
e
tw

o
rk
 

C
h
e
m

ic
a
l 

re
d
u
ct

io
n
 

1
2
0
–
2
0
0
 

N
.A

. 
2
0
.1
 

S
u
lf

a
d
ia

zi
n
e
 

9
8
%
 

F
e
n
to

n
-l

ik
e
 
re

a
ct

io
n
 

O
2
 

[4
9
] 

B
io

ch
a
r 

B
io

-a
ss

e
m

b
ly
 
a
n
d
 
in

-s
it

u
 
re

d
u
ct

io
n
 

5
0
–
1
0
0
 

N
.A

. 
N

.A
. 

U
ra

n
iu

m
 
(V

I)
 

7
2
0
.8
 
m

g
/
g
 

C
h
e
m

ic
a
l 

a
d
so

rp
ti

o
n
 

/
 

[7
9
] 

N
o
te

: 
a
. 
S
S
A

: 
sp

e
ci

fi
c 

su
rf

a
ce

 
a
re

a
; 
b
. 
N

.A
.:
 
N

o
t 

a
v
a
il

a
b
le

. 
fter 10,000 bed vol. [34] . Li et al. confined HFO NPs inside three kinds

f cross-linked anion exchangers with different pore size distributions

o investigate the confinement effect on the adsorption kinetics of As(V)

35] . The decrease in the pore size of the anion exchangers led to a de-

rease in the mean diameter of confined HFO NPs and an increase in the

umber of active sites. Furthermore, the nanocomposites demonstrated

nhanced adsorption of As(V) over a wide pH range from 3 to 10, with

egligible interferences from competing anions. 

Moreover, Yan et al. confined HFO inside hyper-cross-linked resins

NDA88) for selective adsorption of phosphonates [36] . The resul-

ant nanocomposite (HFO@NDA88) exhibits an adsorption capacity

f 15.0 mg P/g towards a model phosphonate, higher than that of

he NDA88 host (7.9 mg P/g) and the bare HFO (7.4 mg P/g).

FO@NDA88 demonstrates excellent resistance to various coexisting in-

erference substances, particularly the organic analogue nitrilotriacetic

cid and phosphate. Such superior selectivity is attributed to the syn-

rgetic effect of various interactions, including the formation of Fe-O-P

nner-sphere complexation, electrostatic interaction between positively

harged HFO@NDA88 and phosphonate anions, hydrophobic interac-

ion between the organic skeleton of phosphonates and the polymeric

atrix of NDA88, etc. 

The above works proved that nanocomposite adsorbents with con-

ned HFO are promising for highly selective removal of As and phos-

horus from the complex water matrix. It is well known that the poorly

rystalline HFO undergoes a transformation into more crystalline iron

olymorphs (e.g., hematite, goethite) over time, a process which sub-

tantially diminishes its superior reactivity with As [37] . As mentioned

bove, the nanoconfinement structure might enable the stabilization of

etastable polymorphs and nanoconfined HFO is expected to be more

table than free HFO NPs to maintain its high efficiency for As removal.

his ongoing study has been carried out in our research group. 

.2. Confined zero valence iron 

Investigations on the synthesis of ZVI and its application in the

econtamination of groundwater and wastewater polluted with vari-

us contaminants have received considerable attention from researchers

38] . Zero-valent iron NPs (nZVI) were usually applied for the removal

f nitrates, phosphates, heavy metals, and dyes from aqueous solutions

hrough various mechanisms, such as adsorption, reduction, and photo-

atalytic degradation [39] . However, the release of soluble iron ions is

 technical drawback of nZVI, which can be addressed through the en-

apsulation of nZVI in porous support to suppress iron leaching through

oordination formation and maintain activity. Table 2 summarizes the

pplications of confined nZVI in water treatment. 

Back to two decades ago, nZVI embedded inside resin was shown to

nhance the removal rates of Cr(VI) and Pb(II) from water by 5- and 18-

old, respectively [40] . Liu et al. confined nZVI in anion exchange resin

y in situ reduction and deposition [41] . The phosphate adsorption ca-

acity of the composite adsorbents was found to be high over a wide

H range (3.0–11.0), with a maximum adsorption capacity of 56.27 mg

/g at pH 7.2. More importantly, the confinement of nZVI in anion ex-

hange resins realized selective adsorption of phosphate through elec-

rostatic interaction and surface complexation, reducing the negative

ffects from interfering humic acid, sulfate and nitrate anions present in

imulated and real wastewater. Furthermore, supported nZVI on natu-

al minerals, such as kaolinite [42] , kaolin [43] , rectorite [44] and ben-

onite [45] have been used to reduce the extent of aggregation of nZVI

nd enhance its reactivity toward Cr(VI), Pb(II) and dyes via adsorption

nd reduction. Zhang et al. confined nZVI in the channels of mesoporous

ilica materials with different pore lengths via “two solvents ” impreg-

ation followed by the H2 reduction process [46] . The confined nZVI

n short channels exhibited enhanced reduction ability for nitrobenzene

ompared to that in long channels, favoring diffusion of reactants and

roducts with less pore blockage. 
617 
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With a standard redox potential of − 0.44 V, nZVI can effectively

emove pollutants via the interfacial electron transfer [47] . The direct

lectron transfer from the ZVI surface to pollutants could attack the lat-

er via a reductive removal [48] . nZVI could also transfer electrons to

2 O, dissolved oxygen, and dosed oxidants (PMS, H2 O2 ) to produce

ighly reactive species (e.g., HO·, SO4 
·− ) that would oxidatively remove

ontaminants [39 , 49–52] . Kerkez et al. synthesized clay-supported nZVI

or oxidative degradation of industrial azo dye [53] . The clays not only

ispersed and stabilized nZVI but also improved the adsorption and

egradation of dyes through enhanced heterogeneous Fenton oxidation,

hich was superior to reductive degradation. 

In general, nZVI mediated-decontamination processes are reduc-

ion/oxidation hybrid processes with uncontrolled interfacial electron

ransfer. Thus, it is crucial to control the pattern of interfacial electron

ransfer when designing nZVI catalysts to achieve optimal performance.

u et al. confined nZVI in CNTs with an inner diameter of 3–30 nm and

tudied the spatial effect on phenolics degradation by heterogeneous

enton process [54] . The findings suggested that spatial confinement

ad a crucial impact on reducing iron leaching, enriched generation,

nd enhanced utilization of HO· radicals, leading to up to a 2.13-fold

mprovement in the degradation of contaminants compared with the

omogeneous Fenton process. The enhancement was particularly signif-

cant in the range of 3–7 nm of the CNTs cavity, evincing the importance

f spatial confinement in electron transfer between Fe and CNTs via an

nternal-micro-electrolysis pathway. 

Recently, Chi et al. prepared a magnetic mesoporous SiO2 shell on

he nZVI surface to manipulate the electron transfer kinetics and reac-

ion pathway of nZVI via the magnetic spatial confinement effect and

electively cleave the carbon-halogen (C-X) bond of halogenated phe-

ols without forming highly toxic intermediates [55] . Therein, under

he magnetic confinement effects, Fe atoms orderly release electrons to

urface adsorbed H2 O molecule to generate H∗ as the reactive species

or selective cleavage of the C-X bond and switch the reaction pathway

rom reduction/oxidation reaction to hydrohalogenation. Meanwhile,

e atoms were transformed to penetrable 𝛾-FeOOH instead of a dense

eOx layer, allowing continuous inward diffusion of H2 O and outward

iffusion of H∗ . 

.3. Other confined iron-based nanomaterials 

.3.1. Iron oxychlorides 

In recent years, iron oxychlorides (FeOCl) have proven to be a

ighly effective and pH-intensive Fenton catalyst for environment re-

ediation [56 , 57] . In particular, FeOCl is composed of self-stacked iron

ayers and a linear configuration of [O-Fe-Cl], which contributes to

 high yield of hydroxyl radicals [57] . To improve the stability and

eusability of FeOCl, some researchers combined FeOCl with porous

upports [56 , 58 , 59] . Sun et al. fabricated PVDF/FeOCl ultrafiltration

embranes via a thermal-treatment method [58] , and the PVDF/FeOCl

ossessed long-term antifouling properties attributed to the in-situ gen-

ration of hydroxyl radicals and excellent regeneration ability. Kim’s

esearch group further designed a ceramic membrane reactor with con-

ned FeOCl nanocatalysts and investigated the confined Fenton reac-

ions in the membrane pores ( ∼20 nm) [59] . It was found the degrada-

ion rate of p CBA confined within the membrane reactors was increased

y 3 orders of magnitude compared with the batch suspension reaction.

he enhanced AOP kinetics is due to the nanoconfinement effect that

ugmented HO· radicals exposure to target emerging organic contami-

ants and excluded natural organic matters (NOM) to avoid the com-

etitive quenching of radicals ( Fig. 3d ). 

.3.2. Iron-doped nanomaterials 

Solid iron-based catalysts are limited by the low production rate of

e2 + and high oxidant consumption. Researchers have explored doping

hem with other metals or incorporating reducing agents to enhance the

edox cycle of Fe3 + /Fe2 + and promote catalytic efficiency. For example,
618 
onfined CuFe2 O4 in carbon hollow spheres was prepared by a hard-

emplating method to achieve the excellent performance of CuFe2 O4 -

ediated heterogeneous Fenton reaction, as the confinement structure

acilitates the redox cycle of Mn + 1 /Mn + [60] . Due to article length lim-

tation, the survey of this part is omitted in this review. 

.4. Single-atom Fe 

Recently, single-atoms (SAs), with the anchored NPs downsized to

n atomic level to form isolated single-atom (SA) metal sites in sup-

orting materials, have attracted increasing attention. In particular, SAs

re promising catalysts in AOPs for environmental remediation due

o the ultra-low metal loading, maximum utilization of metal atoms,

nd unique electronic features of the SA metal sites [61] . As shown

n Table 3 , various SA Fe catalysts have been reported with excellent

atalytic performances in activating different peroxides, such as H2 O2 ,

MS, and peroxodisulfate (PDS). The support served as an anchoring

ite that can effectively anchor and confine Fe atoms at the atomic level,

aking single-atom Fe a type of interfacially confined Fe-based nano-

aterials. 

Currently, the nitrogen-coordinated Fe single atoms on carbon-based

upports (Fe-N-C) have been extensively studied in the Fenton-like reac-

ions [62–64] . Ma et al. fabricated the SA Fe-based carbon composites

sing g-C3 N4 as the chelating agent [63] . The SA Fe sites anchored onto

he graphitized mesoporous carbon composite (GMC) in the Fe-N co-

rdination form, which facilitated the redox cycle of Fe(II)/Fe(III) and

he generation of HO· through the Fe(III)-initiated chain reactions. Thus,

arbon-based SA Fe catalysts demonstrated high activities for H2 O2 de-

omposition across a wide pH range (4–10), overcoming the universal

hallenge of narrow working pH for most iron-based Fenton catalysts.

i et al. deposited SA Fe catalysts on biochar for PMS-based degradation

f phenol [64] . Owing to its higher surface area and improved electrical

onductivity, SA Fe catalyst facilitated a non-radical electron-transfer

athway, resulting in a rate constant for phenol degradation that was

33 times higher than that of Fe NPs catalysts. 

Additionally, metal-organic framework (MOF) and covalent organic

ramework (COF) were used to confine SA Fe in porous carbon with

n situ coordinated Fe-Nx sites [65 , 66] . As shown in Fig. 4 , the SA Fe

atalyst confined in COF (Fe@COF) was prepared via the pyrolysis of a

ixture of Fe3 + ions and porous COFs under a N2 flow at 700 °C [66] .

e@COF showed prominent catalytic properties for PMS activation and
 O2 was identified as the primary ROS responsible for the decomposition

f Orange II in the Fe@COF/PMS system, rather than HO· and SO4 
− ·. In

nother work, Li et al. prepared SA Fe-based catalyst via one-step pyrol-

sis derived from a Fe-doped zeolite imidazole framework (ZIF) [61] .

tomically dispersed Fe-N-C structure was formed in the carbon frame-

orks with modified electronic structures, exhibiting remarkably higher

atalytic PMS activation for bisphenol A (BPA) degradation than that

f Fe NPs loaded N-doped carbon. Significantly, high-valent iron-oxo

pecies (e.g., Fe(V) = O and Fe(IV) = O) were determined as the dominant

OS instead of HO·, SO4 
− ·, or 1 O2 , for the BPA degradation. 

In addition to the construction of Fe-Nx sites, as-made mesoporous

ilica (SBA-15) was used as a support to accommodate SA Fe [67] . An

ron precursor of Fe(NO3 )3 was mixed with SBA-15 through grinding

nd then the mixture was calcinated at 500 °C to anchor SA Fe in the

anopores, wherein the confined space with substantial Si–OH groups

acilitated the dispersion of Fe at an atomic level and improved the ac-

ivity of Fe sites for H2 O2 decomposition to produce abundant hydroxyl

adicals for phenol degradation. 

Despite various strategies have been developed to achieve the atomic

istribution of Fe sites, large-scale synthesis of commercial SA Fe cata-

ysts remains a major challenge. The current synthesis of SA Fe catalysts

till relies on a trial-and-error process, which is time, chemical, and en-

rgy consuming. There is a need for universal design principles to pre-

isely control the structural configurations and catalytic performance of

A Fe catalysts. 
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Table 3 

Various single-atom Fe for AOP applications . 

Support Synthesis method Metal amount Target 

contaminants 

Reaction time Removal 

capacity 

AOP oxidants Refs. 

Carbon-based g-C3 N4 Hydrothermal 0.5–1.57 at.% Acid Red 73 40 min 99.4% H2 O2 [63] 

Biochar Pyrolysis 2.4 wt.% Phenol 6 min 100% PMS [64] 

g-C3 N4 Pyrolysis 3.46 wt.% P -chlorophenol 20 min 100% PMS [80] 

g-C3 N4 Pyrolysis 18.2 wt.% Methylene blue 11 min 98.9% H2 O2 [81] 

MOFs and COFs ZIF-8 Pyrolysis 0.24–0.57 wt.% Phenol 10 min 97% PDS [82] 

ZIF-8 Hydrothermal 0.93–2.09 mg/kg Bisphenol A 30 min > 99% PMS [61] 

COF Chemical 

reduction 

2.14 wt.% Orange II 90 min 100% PMS [66] 

Others SBA-15 Calcination / Phenol 120 min 100% H2 O2 [67] 

MoS2 Hydrothermal 

method 

/ Propranolol 30 min ∼90% Sulfite [83] 

Fig. 4. Schematic illustration of (a) the fabrication procedure of Fe@COF catalysts and (b) activation and reaction mechanisms in Fe@COF/PMS system. 

Reproduced with permission from [61] . Copyright 2019 Elsevier. 
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. Challenges and opportunities 

The increasing stringency of water quality standards, accompanied

y the emergence of refractory and trace organic contaminants, has

rought new scrutiny to the conventional water treatment and supply

ystems widely implemented in developing and developed countries.

anomaterials have emerged as the most promising candidates for the

evelopment of the next-generation water treatment technology, given

heir high capacity, fast kinetics, preferable selectivity, and enhanced

atalytic activity towards target contaminants. Iron-based nanomate-

ials have been proven to be highly efficient functional materials for

econtamination as adsorbents, catalysts, reductants, and disinfectants

20] . Confined nanomaterials tackled the challenges and improved the

tability, operation, and recycling of nanomaterials while leveraging

oth the host and the confined functional nanoparticles. Plenty of ex-

mples described in previous sections have evidenced the exciting ac-

omplishment of confined Fe-based nanomaterials in water decontam-

nation. However, considerable challenges and opportunities remain in

esearch related to confined nanomaterials from both fundamental and

ngineering aspects. 

.1. Understanding of nanoconfinement effects 

With the development of characterization methods and simulation

alculations, new theories and mechanistic hypotheses have emerged in

ecent years, but the fundamental processes under nanoconfinement are

till far from being well understood. Some future challenges are pro-

osed for the mechanistic recognition of nanoconfinement effects on
ater decontamination. 

619 
(1) Complexity of confined reaction systems. The design of nanoma-

erials with tunable activity and selectivity presents a significant chal-

enge, and it is a top priority to understand how the functional prop-

rties of nanomaterials are affected by their physicochemical charac-

eristics. The confined reaction system is complex, involving multiple

lements/variables that collectively impact the reactions thermodynam-

cally and kinetically, including active species, active sites, confined

tructures, reactants, and products. These variables interact and con-

ribute to the final decontamination performance, making it difficult to

dentify their precise contributions. In particular, active Fe species in-

olved in the heterogeneous AOPs are extremely complex, consisting

f free Fe2 + ions, Fe(III)/Fe(II), high-valent iron-oxo species, and redox

ransformation among them. Consequently, it is critical yet challenging

o enable precise control of the reaction process through rational de-

ign of materials simply from a structural aspect. Researchers need to

ake efforts to strictly control the variables and establish a structure-

erformance relationship based on systematic decontamination perfor-

ance enhancement. In addition, kinetic experiments and theoretical

imulations can be applied to quantify nanoconfinement effects on the

dsorptive and degradative removal of contaminants. 

(2) Gap between the model and functional materials. Currently, under-

tanding how structural changes of nanomaterials affect their functional

roperties under nanoconfinement is still a case-by-case endeavor. The

omplexity and heterogeneity of constructed nanomaterials, especially

hose for practical water treatment applications, make them unsuit-

ble for fundamental research on nanoconfinement effects. Meanwhile,

odel materials with uniform structures fail to simulate exact confine-

ent effects that occur in practical nanocomposites usually with random

anoconfined structures. More importantly, the unique structures and

roperties of confined water differ from those of bulk water, posing pro-
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ound effects on the adsorption and catalytic reactions occurring in con-

ned spaces. Despite this, current studies of confined water are limited

o ideal systems that exclude interferences from other molecules. Mak-

ng a direct connection between abnormal properties of nanoconfined

ater and decontamination performances in water treatment remains a

hallenge due to the complexity of reaction systems. Nevertheless, the

nique properties of confined water might subtly affect the decontami-

ation process, including proton transfer, charge distribution, diffusion

oefficient, and hydration process, especially for the adsorption of ions

hat are strongly hydrated, such as F− ions. 

(3) Lack of in-situ characterization tools. Early studies attributed the

onfinement effect to changes in surface properties and electronic struc-

ures of confined NPs, such as density of active sites, surface area ra-

io, and unsaturated coordination of atomic species, which could be

ell characterized now. The developments of real-time detection tech-

iques and state-of-the-art platforms facilitate increasing documenta-

ion of nanoconfinement effects. Advanced characterization techniques,

uch as environmental transmission electron microscope, tip-enhanced

aman spectroscopy, and density-functional theory (DFT) modeling,

rovide crucial tools for real-time observation of nanoscale reaction sys-

ems [68 , 69] . However, signal interferences from the host make it chal-

enging to observe details of metal-host interfacial interaction, transition

tate, active species, and real-time reactions inside nanospaces. A better

nderstanding of chemical reactions from thermodynamic and dynamic

erspectives would enable us to manipulate the structure and properties

f nanoparticles through nanoconfinement for water decontamination.

urther development in characterization science is required for advance-

ent in this area. 

.2. Rational and controllable design of confined Fe-based nanomaterials 

Though the synthesis of high-performance nanomaterials is the ob-

ective of researchers, the rational and controllable design of nanocon-

ned systems remains a challenge. 

(1) Controllable configuration of host and confined NPs. The encap-

ulation of NPs is not always beneficial for performance improvement

s it might hinder chemical reactions. It is important to develop effec-

ive methods to secure NPs into porous scaffolds to reduce the loss and

acilitate recycling without compromising their functions. Meanwhile,

hose scaffolds mentioned above feature a wide pore size distribution

rom < 1 to > 100 nm [70] , leading to a broad range of particle sizes

anging from several to dozens of nanometers for embedded iron-based

Ps. Thus, it is challenging to obtain confined NPs with uniform size

nd shape. Additionally, the configuration of both the host and con-

ned nanomaterials affects performances, with the former one affecting

ocal enrichment, mass transfer, and selective sieving. There is a need

o optimally modulate the configurations of the host and confined NPs

o maximize confinement effects. 

(2) Interactions between host and NPs. The electronic and geomet-

ic structures of nanomaterials primarily determine their decontamina-

ion performance, yet the interactions between the host and NPs have

ot been fully elucidated. Specifically, there is a need to investigate

he effects on nucleation, crystal growth, and electronic structure of

anoparticles and further on the decontamination performances. For

xample, it is crucial to investigate the confined crystallization of iron-

ased nanocrystals, including the crystal structure and exposed facets

hat directly affect catalytic activities and adsorption performances. Our

urrent understanding of the relationship between the preferred growth

ehavior of NPs and the physicochemical properties of scaffolds, such

s dimension and surface chemistry remains unclear. For another ex-

mple, the rational design of SA catalysts depends on a solid under-

tanding of the atomic structure of the metal atoms and the strong

etal− support interaction (SMSI) in SA catalysts. Tremendous efforts

ave been devoted to exploring SMSI in SA catalysts and identifying the

tomic structure via advanced characterization techniques [62] . How-
620 
ver, the influence of support/host on electronic properties/structure of

etal clusters and exact correlationships between the structural config-

rations of SA sites with the catalytic reactivity are far from being well

nderstood. 

(3) Manipulation of microenvironment for decontamination enhance-

ent. The microenvironment is increasingly recognized as a key variable

ffecting the adsorption and catalysis performances, as critical as active

ites in the heterogenous catalysis [71] . Interactions among the microen-

ironments, active sites, and reactants are weak individually but strong

ollectively, initiating significant confinement effects on chemical re-

ctions [72] . However, the synthesis of catalysts featuring desired mi-

roenvironments presents a significant challenge. Future research needs

o explore the pathways for microenvironment modulation, following a

omprehensive acknowledgement of its role in performance enhance-

ent. 

.3. Key considerations regarding novel nanoconfinement systems 

The development of heterogeneous Fenton/Fenton-like catalysts is

aining interest as a means of overcoming the limitations of conven-

ional Fenton catalysis. Recent research has reported highly efficient

enton-like heterogeneous catalysts, along with newly synthesized cata-

ysts, newly-found active species, activation and degradation pathways,

nd proposed mechanisms. 

(1) Newly-found active species and reaction pathways. It is exciting and

esirable to explore new treatment processes that improve reaction se-

ectivity towards priority pollutants. For example, in the nanoconfine-

ent system of Fe2 O3 -filled CNTs, singlet oxygen instead of hydroxyl

adical was found to be the reactive species during Fenton-like oxida-

ion, which also regulated the reaction selectivity towards various re-

ctants [24] . Confined Fenton-like reactions with newly-found active

pecies have also led to new treatment technologies, such as the selec-

ive cleavage of phenol via generated H∗ by the confined nZVI in mag-

etic mesoporous SiO2 shell [55] . However, the potential environmental

isk of newly-formed byproducts when promoting novel heterogeneous

enton processes has not been fully considered. 

(2) Novel decontamination strategy based on oxidative polymeriza-

ion. The degradation and transformation of toxic organic compounds

nto nontoxic species remain challenging in wastewater treatment. The

ntensive use of chemicals and mineralization with unknown safety

isks of by-products limit the wide application of oxidative degra-

ation processes. The use of nanomaterials offers a promising strat-

gy for enhancing the efficiency of treatment processes, reducing

osts, and enabling the design of novel treatment processes. Rather

han mineralization, polymerization under nanoconfinement is another

trategy for removing pollutants in an effective and economical way

73] , Nanoconfinement facilitates the polymerization process under

eal wastewater scenarios via enriching target pollutants and regulat-

ng the reactivities of iron-centered active species through host-guest

nteraction. This study has been an ongoing work in our research

roup. 

(3) Subnano-confinement configurations. An attractive direction for

uture research is exploring the nanoconfinement effects induced by

onfined dimensions further reduced to the angstrom scale. Layered

anomaterials with sub-nm interlayer spaces (e.g., MoS2 and Co-Ti

xide nanosheets) have been used as specific adsorbents or catalytic

lters [74 , 75] . Intriguingly, angstrom-scale confined space promoted

he spontaneous dissociation of PMS via S-O bond cleavage to pro-

uce more 1 O2 [74] . However, the significantly improved catalytic

erformance resulting from angstrom-scale confinement has been elu-

idated similarly to nanoscale configuration, including the enhanced

OS yield, short-distance diffusion of ROS, facilitated reaction kinet-

cs, and reduced matrix effect. It remains to be explored whether

he angstrom-scale confinement effects are the same as nanoscale

onfinement. 
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.4. Barriers to full-scale applications 

Nano-enabled technologies hold great potential in minimizing en-

rgy input, chemical consumption, and waste disposal in water decon-

amination. Though the above-mentioned technologies have demon-

trated proof of concept, few have been scaled up and applied in the

eld. To push forward practical applications of confined nanomaterials,

t is essential to realize the following goals. 

(1) Risk assessment of confined nanomaterials. It is crucial to pay to the

ewly-formed byproducts and evaluate their toxicity, especially those

nknown byproducts generated by the application of confined nanoma-

erials in actual environments. Current studies in the laboratory primar-

ly focus on the impact of individual ions or organics on the performance

f iron-based adsorption or catalytic oxidation, whereas the synergistic

nterplay of organic matters and inorganic ionic species in real water and

astewater is much more complicated but scarcely studied. Though ex-

ensive studies on nanomaterial toxicity have been implemented, risks

ssociated with the release of nanomaterials into the environment dur-

ng the applications as a composite are nuanced. Hence there is a need to

stablish evaluation protocols to quantify the release of nanomaterials

uring infrastructure application. 

(2) Development of green and cost-effective synthesis methods of nano-

aterials. Some studies propose that the fabrication of engineered nano-

aterials has a higher environmental burden due to the use of resources

nd energy required for synthesis, outweighing the direct impacts of

heir exposure by several orders of magnitude [76] . While iron-based

anomaterials are generally more cost-effective than other metal-based

nes, most iron-based nanomaterials are still somewhat expensive, and

t is difficult to verify their techno-economic feasibility in real scenar-

os. Constructing nanoconfined materials usually requires synthesis pro-

esses (e.g., chemical vapor deposition) that are relatively costly and

ifficult to scale up. For instance, carbon-based materials, such as CNTs

nd GO, are commonly used as host/substrate for nanoconfinement, but

he challenge of overcoming cost barriers to technology adoption per-

ists. Alternatively, natural minerals should be further explored as host

lternatives in practical applications. Similarly, many synthesis meth-

ds have been proposed to realize the atomic distribution of Fe sites,

ut commercialization of SA Fe catalysts remains the bottleneck in en-

ineering applications. Therefore, developing green synthesis methods

or functional nanomaterials is crucial to scaling up the production and

eakening or even diminishing the environmental impact. Given the

omplexity and high cost associated with nanomaterials, there is a grow-

ng demand for designing multifunctional nanomaterials that are com-

atible with the existing water treatment infrastructure. Fortunately,

e-based nanomaterials show promise in fulfilling diverse demands with

ultifunctionality and enhancing the performance of existing treatment

echnologies, prompting further exploration in future studies. 

(3) The need for pilot-scale studies in real scenarios. The demonstra-

ion of promising technologies on a larger scale is necessary to make a

eal impact. Particularly, drinking water, municipal wastewater, and in-

ustrial wastewater at centralized treatment plants are usually of large

cale, and nanotechnologies need to be both scalable and affordable.

ilot-scale operation is a critical step to evaluate the structural and re-

ctivity stability, mechanical strength, hydraulic properties, and eco-

omic efficiency of target nanomaterials for practical applications. Fur-

hermore, cost-effective protocols are needed to regenerate passivated

anomaterials. For instance, functional nanocomposites encapsulated

n millimeter-sized resin are designed to advance the practical appli-

ations of confined nanomaterials. In this regard, our research group

onducted scaled-up manufacturing and long-term field assays of vari-

us nanocomposites for real wastewater and river water. Notably, the

ZO@D201 nanocomposite showed promising efficacy in the ground-

ater defluoridation [77] , while the La@201 nanocomposite effectively

emoved phosphorous from river water and real wastewater with high

tability during long-term operation [9] . The demonstrated robustness

f these pilot-scale adsorption systems over extended operation periods
621 
ighlights their potential for practical applications. More importantly

ut always neglected, academia’s work should be geared towards prac-

ical application, rather than merely developing new technology or ma-

erials and subsequently finding applications. To achieve practical appli-

ations, process-specific conditions and compatibility with the existing

nfrastructure must be considered much more heavily when designing

ew nanomaterials. It would be beneficial to design nanomaterials for

econtamination that function with high stability in complex real-world

ater environments, rather than under optimized conditions. 

. Summary 

The flourishing research on confined nanomaterials in recent years

as provided a mechanistic understanding of nanoconfinement effects,

ltimately leading to revolutionary upgrades to traditional water treat-

ent technologies. This review briefly introduces the general fundamen-

als of nanoconfinement effects and methods for constructing confined

ystems. With a particular focus on confined iron species, this review

rovides inspiring perspectives on the connection of nanoconfinement

nd high-performance water treatment processes. However, there is a

ong way to integrating nanoconfinement effects into water treatment

rocesses in a cost-efficient and scalable approach. Thus, we propose

ome challenges and opportunities for nanoconfinement research and

pplications in terms of mechanistic recognition, rational design, envi-

onmental impacts, and economic issues. The insights afforded by this

eview are expected to stimulate future interest and breakthroughs for

ational design and practical applications of confined nanomaterials in

ater decontamination, making the best use of nanoconfinement effects.

eclaration of competing interest 

The authors declare that they have no conflicts of interest in this

ork. 

cknowledgments 

This study was supported by National Key R&D Program

 2022YFA1205601 and 2022YFA1205602 ) and National Natural Sci-

nce Foundation of China ( 21925602 and 22236003 ) 

eferences 

[1] L. Chen , W. Fu , Y. Tan , et al. , Emerging organic contaminants and odorous com-

pounds in secondary effluent wastewater: Identification and advanced treatment, J.

Hazard. Mater. 408 (2021) 124817 . 

[2] M. Petrovi ć, S. Gonzalez , D. Barceló, Analysis and removal of emerging contaminants

in wastewater and drinking water, TrAC, Trends Anal. Chem. 22 (2003) 685–696 . 

[3] X. Qu , P.J. Alvarez , Q. Li , Applications of nanotechnology in water and wastewater

treatment, Water Res. 47 (12) (2013) 3931–3946 . 

[4] D. Guo , S. You , F. Li , et al. , Engineering carbon nanocatalysts towards efficient degra-

dation of emerging organic contaminants via persulfate activation: A review, Chin.

Chem. Lett. 33 (1) (2022) 1–10 . 

[5] Y. Zhang , B. Wu , H. Xu , et al. , Nanomaterials-enabled water and wastewater treat-

ment, NanoImpact 3 (2016) 22–39 . 

[6] Y. Liu , G. Gao , C.D. Vecitis , Prospects of an electroactive carbon nanotube membrane

toward environmental applications, Acc. Chem. Res. 53 (12) (2020) 2892–2902 . 

[7] B.I. Kharisov , H.R. Dias , O.V. Kharissova , et al. , Iron-containing nanomaterials: Syn-

thesis, properties, and environmental applications, RSC Adv. 2 (2012) 9325–9358 . 

[8] X. Wang , H. Li , C. Shan , et al. , Construction of model platforms to probe the con-

finement effect of nanocomposite-enabled water treatment, Chem. Eng. J. Adv. 9

(2022) 100229 . 

[9] Y. Zhang , S. Ahmed , Z. Zheng , et al. , Validation of pilot-scale phosphate polishing

removal from surface water by lanthanum-based polymeric nanocomposite, Chem.

Eng. J. 412 (2021) 128630 . 

10] X. Qu , J. Brame , Q. Li , et al. , Nanotechnology for a safe and sustainable water supply:

Enabling integrated water treatment and reuse, Acc. Chem. Res. 46 (2013) 834–843 .

11] G. Rothenberger , M. Grätzel , Effects of spatial confinement on the rate of bimolecular

reactions in organized liquid media, Chem. Phys. Lett. 154 (1989) 165–171 . 

12] X. Fei , P. Wang , D. Zhang , et al. , Confined catalysts application in environmental

catalysis: Current research progress and future prospects, ChemCatChem 13 (2021)

2313–2336 . 

13] Z. Yu , N. Ji , X. Li , et al. , Kinetics driven by hollow nanoreactors: An opportunity for

controllable catalysis, Angew. Chem. Int. Ed. 62 (2023) e202213612 . 

http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0001
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0001
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0001
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0001
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0001
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0002
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0002
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0002
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0002
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0003
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0003
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0003
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0003
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0004
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0004
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0004
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0004
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0004
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0005
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0005
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0005
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0005
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0005
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0006
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0006
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0006
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0006
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0007
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0007
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0007
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0007
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0007
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0008
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0008
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0008
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0008
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0008
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0009
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0009
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0009
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0009
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0009
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0010
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0010
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0010
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0010
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0010
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0011
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0011
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0011
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0012
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0012
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0012
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0012
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0012
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0013
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0013
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0013
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0013
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0013


W. Fu, Z. Liu, Z. Yang et al. Fundamental Research 5 (2025) 612–623 

[  

 

[  

[  

[  

[  

 

[  

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

[  

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

[  

 

[  

[  

[  

 

[  

 

[  

[  

[  

 

[  
14] Y. Wang , J. Mao , X. Meng , et al. , Catalysis with two-dimensional materials confining

single atoms: Concept, design, and applications, Chem. Rev. 119 (2018) 1806–1854 .

15] J. Qian , X. Gao , B. Pan , Nanoconfinement-mediated water treatment: From funda-

mental to application, Environ. Sci. Technol. 54 (2020) 8509–8526 . 

16] Q.V. Ly , L. Cui , M.B. Asif , et al. , Membrane-based nanoconfined heterogeneous catal-

ysis for water purification: A critical review, Water Res. (2023) 119577 . 

17] S. Zhang , T. Hedtke , X. Zhou , et al. , Environmental applications of engineered ma-

terials with nanoconfinement, ACS ES&T Eng. 1 (2021) 706–724 . 

18] C. Tian , J. Zhao , J. Zhang , et al. , Enhanced removal of roxarsone by Fe3 O4 @3D

graphene nanocomposites: Synergistic adsorption and mechanism, Environ. Sci.

Nano 4 (2017) 2134–2143 . 

19] A.G. Ilgen , K. Leung , L.J. Criscenti , et al. , Adsorption at nanoconfined solid–water

interfaces, Annu. Rev. Phys. Chem. 74 (2022) 169–191 . 

20] T.A. Aragaw , F.M. Bogale , B.A. Aragaw , Iron-based nanoparticles in wastewater

treatment: A review on synthesis methods, applications, and removal mechanisms,

J. Saudi Chem. Soc. 25 (2021) 101280 . 

21] H. Luo , Y. Zeng , D. He , et al. , Application of iron-based materials in heterogeneous

advanced oxidation processes for wastewater treatment: A review, Chem. Eng. J.

407 (2021) 127191 . 

22] S. Das , S. Jana , A tubular nanoreactor directing the formation of in situ iron ox-

ide nanorods with superior photocatalytic activity, Environ. Sci. Nano 4 (2017)

596–603 . 

23] F. Li , T. Huang , F. Sun , et al. , Ferric oxide nanoclusters with low-spin FeIII anchored

g-C3 N4 rod for boosting photocatalytic activity and degradation of diclofenac in

water under solar light, Appl. Catal. B 317 (2022) 121725 . 

24] Z. Yang , J. Qian , A. Yu , et al. , Singlet oxygen mediated iron-based Fenton-like catal-

ysis under nanoconfinement, Proc. Natl. Acad. Sci. U.S.A. 116 (2019) 6659–6664 . 

25] D. Guo , Y. Liu , H. Ji , et al. , Silicate-enhanced heterogeneous flow-through elec-

tro-Fenton system using iron oxides under nanoconfinement, Environ. Sci. Technol.

55 (2021) 4045–4053 . 

26] Q. Wu , C. Feng , C. Wang , et al. , A facile one-pot solvothermal method to produce su-

perparamagnetic graphene–Fe3 O4 nanocomposite and its application in the removal

of dye from aqueous solution, Colloids Surf. B 101 (2013) 210–214 . 

27] S. Zhang , M. Sun , T. Hedtke , et al. , Mechanism of heterogeneous Fenton reaction

kinetics enhancement under nanoscale spatial confinement, Environ. Sci. Technol.

54 (2020) 10868–10875 . 

28] D. Du , W. Shi , L. Wang , et al. , Yolk-shell structured Fe3 O4 @ void@ TiO2 as a pho-

to-Fenton-like catalyst for the extremely efficient elimination of tetracycline, Appl.

Catal. B 200 (2017) 484–492 . 

29] Y. Zhang , Q. Tang , Y. Sun , et al. , Improved utilization of active sites for phosphorus

adsorption in FeOOH/anion exchanger nanocomposites via a glycol-solvothermal

synthesis strategy, J. Environ. Sci. 111 (2022) 313–323 . 

30] H. Ai , X. Li , C. Chen , et al. , Immobilization of 𝛽-FeOOH nanomaterials on the basalt

fiber as a novel porous composite to effectively remove phosphate from aqueous

solution, Colloids Surf. A: Physicochem. Eng. Asp. 632 (2022) 127815 . 

31] D. Fu , Z. He , S. Su , et al. , Fabrication of 𝛼-FeOOH decorated graphene oxide-carbon

nanotubes aerogel and its application in adsorption of arsenic species, J. Colloid

Interface Sci. 505 (2017) 105–114 . 

32] X. Zhang , C. Cheng , J. Qian , et al. , Highly efficient water decontamination by using

sub-10nm FeOOH confined within millimeter-sized mesoporous polystyrene beads,

Environ. Sci. Technol. 51 (2017) 9210–9218 . 

33] L. Zhang , N. Yang , Y. Han , et al. , Highly dispersed 𝛽-FeOOH nanocatalysts anchored

in confined membrane pores for simultaneously improving catalytic and separation

performance, Sep. Purif. Technol. 279 (2021) 119684 . 

34] L. Cumbal , A.K. SenGupta , Arsenic removal using polymer-supported hydrated iron

(III) oxide nanoparticles: Role of Donnan membrane effect, Environ. Sci. Technol.

39 (2005) 6508–6515 . 

35] H. Li , C. Shan , Y. Zhang , et al. , Arsenate adsorption by hydrous ferric oxide nanopar-

ticles embedded in cross-linked anion exchanger: Effect of the host pore structure,

ACS Appl. Mater. Interfaces 8 (2016) 3012–3020 . 

36] X. Yan , J. Qian , S. Wang , et al. , Selective removal of organic phosphonates via cou-

pling hyper-cross-linked resin with nanoconfined hydrated oxides, Chem. Eng. J.

428 (2022) 132620 . 

37] S. Dixit , J.G. Hering , Comparison of arsenic (V) and arsenic (III) sorption onto iron

oxide minerals: Implications for arsenic mobility, Environ. Sci. Technol. 37 (2003)

4182–4189 . 

38] X. Guan , Y. Sun , H. Qin , et al. , The limitations of applying zero-valent iron tech-

nology in contaminants sequestration and the corresponding countermeasures: The

development in zero-valent iron technology in the last two decades (1994–2014),

Water Res. 75 (2015) 224–248 . 

39] X. Wu , X. Wang , I. Lynch , et al. , Strategies to improve photocatalytic activity

of nanoscale zero valent iron decorated MoS2 : Construction of novel S-scheme

nanoflower heterojunction with advanced visible-light degradation of tetracycline,

J. Clean. Prod. (2023) 135865 . 

40] S.M. Ponder , J.G. Darab , T.E. Mallouk , Remediation of Cr (VI) and Pb (II) aque-

ous solutions using supported, nanoscale zero-valent iron, Environ. Sci. Technol. 34

(2000) 2564–2569 . 

41] G. Liu , C. Han , M. Kong , et al. , Nanoscale zero-valent iron confined in anion ex-

change resins to enhance selective adsorption of phosphate from wastewater, ACS

ES&T Eng. 2 (2022) 1454–1464 . 

42] X. Zhang , S. Lin , X. Lu , et al. , Removal of Pb (II) from water using natural kaolin

loaded with synthesized nanoscale zero-valent iron, Chem. Eng. J. 163 (2010)

243–248 . 

43] Z.X. Chen , Y. Cheng , Z. Chen , et al. , Kaolin-supported nanoscale zero-valent iron

for removing cationic dye–crystal violet in aqueous solution, J. Nanopart. Res. 14

(2012) 1–8 . 
622 
44] S. Luo , P. Qin , J. Shao , et al. , Synthesis of reactive nanoscale zero valent iron us-

ing rectorite supports and its application for Orange II removal, Chem. Eng. J. 223

(2013) 1–7 . 

45] L. Shi , X. Zhang , Z. Chen , Bentonite-supported nanoscale zero-valent iron used to

remove Cr(VI) from wastewater, Water Res. 45 (2010) 886–892 . 

46] R. Zhang , J. Li , C. Liu , et al. , Reduction of nitrobenzene using nanoscale zero-valent

iron confined in channels of ordered mesoporous silica, Colloids Surf. A: Physic-

ochem. Eng. Asp. 425 (2013) 108–114 . 

47] F. Fu , D.D. Dionysiou , H. Liu , The use of zero-valent iron for groundwater reme-

diation and wastewater treatment: A review, J. Hazard. Mater. 267 (2014) 194–

205 . 

48] T. Suzuki , M. Moribe , Y. Oyama , et al. , Mechanism of nitrate reduction by ze-

ro-valent iron: Equilibrium and kinetics studies, Chem. Eng. J. 183 (2012) 271–

277 . 

49] Y. Yang , L. Xu , W. Li , et al. , Adsorption and degradation of sulfadiazine over

nanoscale zero-valent iron encapsulated in three-dimensional graphene network

through oxygen-driven heterogeneous Fenton-like reactions, Appl. Catal. B 259

(2019) 118057 . 

50] W. Wang , M. Zhou , Q. Mao , et al. , Novel NaY zeolite-supported nanoscale zero-va-

lent iron as an efficient heterogeneous Fenton catalyst, Catal. Commun. 11 (2010)

937–941 . 

51] Y. Zhang , B.T. Zhang , Y. Teng , et al. , Activated carbon supported nanoscale zero

valent iron for cooperative adsorption and persulfate-driven oxidation of ampicillin,

Environ. Technol. Innov. 19 (2020) 100956 . 

52] B. Yang , Z. Tian , L. Zhang , et al. , Enhanced heterogeneous Fenton degradation

of Methylene Blue by nanoscale zero valent iron (nZVI) assembled on magnetic

Fe3 O4 /reduced graphene oxide, J. Water Process Eng. 5 (2015) 101–111 . 

53] D.V. Kerkez , D.D. Toma š evi ć, G. Kozma , et al. , Three different clay-supported

nanoscale zero-valent iron materials for industrial azo dye degradation: A compar-

ative study, J. Taiwan Inst. Chem. Eng. 45 (2014) 2451–2461 . 

54] P. Su , W. Fu , X. Du , et al. , Nanoscale confinement in carbon nanotubes encapsulated

zero-valent iron for phenolics degradation by heterogeneous Fenton: Spatial effect

and structure–activity relationship, Sep. Purif. Technol. 276 (2021) 119232 . 

55] H.Y. Chi , X.X. Zhou , M.R. Wu , et al. , Regulating the reaction pathway of nZVI to

improve the decontamination performance through magnetic spatial confinement

effect, J. Hazard. Mater. (2023) 130799 . 

56] X.J. Yang , P.F. Tian , X.M. Zhang , et al. , The generation of hydroxyl radicals by hy-

drogen peroxide decomposition on FeOCl/SBA-15 catalysts for phenol degradation,

AlChE J. 61 (2015) 166–176 . 

57] X.J. Yang , X.M. Xu , J. Xu , et al. , Iron oxychloride (FeOCl): An efficient Fenton-like

catalyst for producing hydroxyl radicals in degradation of organic contaminants, J.

Am. Chem. Soc. 135 (2013) 16058–16061 . 

58] M. Sun , I. Zucker , D.M. Davenport , et al. , Reactive, self-cleaning ultrafiltration mem-

brane functionalized with iron oxychloride nanocatalysts, Environ. Sci. Technol. 52

(2018) 8674–8683 . 

59] S. Zhang , T. Hedtke , Q. Zhu , et al. , Membrane-confined iron oxychloride nanocata-

lysts for highly efficient heterogeneous Fenton water treatment, Environ. Sci. Tech-

nol. 55 (2021) 9266–9275 . 

60] R.R. Ding , W.Q. Li , C.S. He , et al. , Oxygen vacancy on hollow sphere CuFe2 O4 as

an efficient Fenton-like catalysis for organic pollutant degradation over a wide pH

range, Appl. Catal. B 291 (2021) 120069 . 

61] Y. Li , T. Yang , S. Qiu , et al. , Uniform N-coordinated single-atomic iron sites dis-

persed in porous carbon framework to activate PMS for efficient BPA degradation

via high-valent iron-oxo species, Chem. Eng. J. 389 (2020) 124382 . 

62] Y. Xiong , H. Li , C. Liu , et al. , Single-atom Fe catalysts for fenton-like reactions: Roles

of different N species, Adv. Mater. 34 (2022) 2110653 . 

63] J. Ma , Q. Yang , Y. Wen , et al. , Fe-g-C3 N4 /graphitized mesoporous carbon composite

as an effective Fenton-like catalyst in a wide pH range, Appl. Catal. B 201 (2017)

232–240 . 

64] Z. Li , K. Li , S. Ma , et al. , Activation of peroxymonosulfate by iron-biochar composites:

Comparison of nanoscale Fe with single-atom Fe, J. Colloid Interface Sci. 582 (2021)

598–609 . 

65] Y.S. Wei , M. Zhang , R. Zou , et al. , Metal–organic framework-based catalysts with

single metal sites, Chem. Rev. 120 (2020) 12089–12174 . 

66] Y. Yao , H. Yin , M. Gao , et al. , Electronic structure modulation of covalent organic

frameworks by single-atom Fe doping for enhanced oxidation of aqueous contami-

nants, Chem. Eng. Sci. 209 (2019) 115211 . 

67] Y. Yin , L. Shi , W. Li , et al. , Boosting Fenton-like reactions via single atom Fe catalysis,

Environ. Sci. Technol. 53 (2019) 11391–11400 . 

68] B.M. Weckhuysen , Preface: Recent advances in the in-situ characterization of het-

erogeneous catalysts, Chem. Soc. Rev. 39 (2010) 4557–4559 . 

69] H. Kim , K.M. Kosuda , R.P. Van Duyne , et al. , Resonance Raman and surface-and

tip-enhanced Raman spectroscopy methods to study solid catalysts and heteroge-

neous catalytic reactions, Chem. Soc. Rev. 39 (2010) 4820–4844 . 

70] B. Pan , J. Xu , B. Wu , et al. , Enhanced removal of fluoride by polystyrene anion

exchanger supported hydrous zirconium oxide nanoparticles, Environ. Sci. Technol.

47 (2013) 9347–9354 . 

71] H. Li , J. Xiao , Q. Fu , et al. , Confined catalysis under two-dimensional materials, Proc.

Natl. Acad. Sci. U.S.A. 114 (2017) 5930–5934 . 

72] Q. Fu , X. Bao , Confined microenvironment for catalysis control, Nat. Catal. 2 (2019)

834–836 . 

73] Q. Wang , Z. Guan , Y. Xiong , et al. , Nanoconfinement-enhanced Fenton-like poly-

merization via hollow hetero-shell carbon for reducing carbon emissions in organic

wastewater purification, J. Colloid Interface Sci. 634 (2023) 231–242 . 

74] C. Meng , B. Ding , S. Zhang , et al. , Angstrom-confined catalytic water purification

within Co-TiOx laminar membrane nanochannels, Nat. Commun. 13 (2022) 4010 . 

http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0014
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0014
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0014
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0014
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0014
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0015
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0015
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0015
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0015
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0016
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0016
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0016
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0016
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0016
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0017
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0017
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0017
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0017
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0017
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0018
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0018
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0018
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0018
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0018
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0019
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0019
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0019
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0019
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0019
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0020
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0020
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0020
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0020
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0021
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0021
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0021
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0021
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0021
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0022
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0022
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0022
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0023
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0023
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0023
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0023
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0023
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0024
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0024
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0024
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0024
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0024
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0025
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0025
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0025
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0025
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0025
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0026
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0026
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0026
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0026
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0026
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0027
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0027
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0027
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0027
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0027
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0028
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0028
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0028
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0028
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0028
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0029
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0029
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0029
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0029
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0029
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0030
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0030
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0030
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0030
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0030
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0031
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0031
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0031
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0031
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0031
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0032
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0032
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0032
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0032
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0032
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0033
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0033
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0033
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0033
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0033
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0034
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0034
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0034
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0035
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0035
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0035
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0035
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0035
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0036
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0036
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0036
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0036
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0036
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0037
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0037
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0037
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0038
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0038
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0038
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0038
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0038
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0039
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0039
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0039
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0039
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0039
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0040
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0040
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0040
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0040
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0041
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0041
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0041
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0041
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0041
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0042
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0042
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0042
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0042
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0042
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0043
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0043
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0043
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0043
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0043
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0044
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0044
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0044
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0044
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0044
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0045
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0045
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0045
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0045
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0046
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0046
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0046
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0046
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0046
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0047
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0047
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0047
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0047
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0048
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0048
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0048
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0048
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0048
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0049
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0049
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0049
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0049
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0049
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0050
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0050
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0050
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0050
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0050
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0051
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0051
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0051
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0051
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0051
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0052
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0052
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0052
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0052
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0052
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0053
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0053
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0053
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0053
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0053
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0054
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0054
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0054
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0054
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0054
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0055
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0055
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0055
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0055
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0055
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0056
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0056
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0056
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0056
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0056
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0057
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0057
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0057
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0057
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0057
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0058
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0058
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0058
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0058
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0058
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0059
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0059
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0059
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0059
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0059
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0060
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0060
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0060
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0060
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0060
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0061
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0061
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0061
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0061
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0061
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0062
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0062
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0062
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0062
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0062
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0063
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0063
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0063
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0063
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0063
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0064
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0064
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0064
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0064
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0064
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0065
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0065
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0065
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0065
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0065
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0066
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0066
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0066
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0066
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0066
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0067
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0067
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0067
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0067
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0067
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0068
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0068
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0069
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0069
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0069
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0069
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0069
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0070
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0070
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0070
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0070
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0070
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0071
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0071
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0071
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0071
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0071
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0072
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0072
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0072
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0073
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0073
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0073
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0073
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0073
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0074
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0074
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0074
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0074
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0074


W. Fu, Z. Liu, Z. Yang et al. Fundamental Research 5 (2025) 612–623 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

[  

 

[

 

A

W  

o  

S  

g  

s  

v  

a  

m

B  

d  

v  

w  

t  

n  

c

75] Y. Chen , G. Zhang , H. Liu , et al. , Confining free radicals in close vicinity to contami-

nants enables ultrafast Fenton-like processes in the interspacing of MoS2 membranes,

Angew. Chem. Int. Ed. 58 (2019) 8134–8138 . 

76] M.J. Eckelman , M.S. Mauter , J.A. Isaacs , et al. , New perspectives on nanomaterial

aquatic ecotoxicity: Production impacts exceed direct exposure impacts for carbon

nanotubes, Environ. Sci. Technol. 46 (2012) 2902–2910 . 

77] Z. Deng , S. Cheng , N. Xu , et al. , Pilot-scale field demonstration of environmental

nanotechnology for groundwater defluoridation, ACS ES&T Eng. 3 (2023) 226–235 .

78] X. Zhang , S. Lin , X.Q. Lu , et al. , Removal of Pb(II) from water using synthesized

kaolin supported nanoscale zero-valent iron, Chem. Eng. J. 163 (2010) 243–248 . 

79] R. Wang , M. Li , T. Liu , et al. , Encapsulating carbon-coated nano zero-valent iron

particles with biomass-derived carbon aerogel for efficient uranium extraction from

uranium-containing wastewater, J. Clean. Prod. 364 (2022) 132654 . 

80] H. Li , C. Shan , B. Pan , Fe(III)-doped g-C3 N4 mediated peroxymonosulfate activation

for selective degradation of phenolic compounds via high-valent iron-oxo species,

Environ. Sci. Technol. 52 (2018) 2197–2205 . 

81] S. An , G. Zhang , T. Wang , et al. , High-density ultra-small clusters and single-atom

Fe sites embedded in graphitic carbon nitride (g-C3 N4 ) for highly efficient catalytic

advanced oxidation processes, ACS Nano 12 (2018) 9441–9450 . 

82] J. He , Y. Wan , W. Zhou , ZIF-8 derived Fe ‒N coordination moieties anchored carbon

nanocubes for efficient peroxymonosulfate activation via non-radical pathways: Role

of FeNx sites, J. Hazard. Mater. 405 (2021) 124199 . 
623 
83] L.Z. Huang , X. Wei , E. Gao , et al. , Single Fe atoms confined in two-dimensional MoS2 

for sulfite activation: A biomimetic approach towards efficient radical generation,

Appl. Catal. B 268 (2020) 118459 . 

uthor profile 

anyi Fu (BRID: 07576.00.05831) is currently an associate researcher in the School

f Environment at Nanjing University. Wanyi received her B.S degree from Central

outh University in 2011, M.S. degree from Tsinghua University in 2014 and Ph.D. de-

ree from New Jersey Institute of Technology in 2019. Before joining Nanjing Univer-

ity, she was a postdoc fellow at Tsinghua-Berkeley Shenzhen Institute, Tsinghua Uni-

ersity. Her research interests include advanced water/wastewater treatment by cat-

lytic ceramic membrane filtration and nanoscale characterization using atomic force

icroscopy. 

ingcai Pan (BRID: 09261.00.09038) is a professor at Nanjing University (China) and

irects the Research Center for Environmental Nanotechnology (ReCENT) of Nanjing Uni-

ersity. He received his environmental chemistry degree from Nanjing University in 1997

here he also obtained his Ph.D. in environmental engineering in 2003. His research in-

erest focuses on advanced water and wastewater treatment based on the development of

anomaterials and nanotechnology, polymeric adsorbents, and advanced oxidation pro-

esses (AOPs). 

http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0075
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0075
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0075
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0075
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0075
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0076
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0076
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0076
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0076
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0076
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0077
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0077
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0077
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0077
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0077
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0078
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0078
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0078
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0078
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0078
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0079
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0079
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0079
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0079
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0079
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0080
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0080
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0080
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0080
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0081
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0081
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0081
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0081
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0081
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0082
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0082
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0082
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0082
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0083
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0083
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0083
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0083
http://refhub.elsevier.com/S2667-3258(23)00286-8/sbref0083
https://cstr.cn/BRID-07576.00.05831
https://cstr.cn/BRID-09261.00.09038

	Confined iron-based nanomaterials for water decontamination: Fundamentals, applications, and challenges
	1 Introduction
	2 General fundamentals of nanoconfinement
	3 Confined iron-based nanomaterials for water treatment
	3.1 Confined iron (hydro)oxide
	3.1.1 Fe2O3
	3.1.2 Fe3O4
	3.1.3 Iron oxy-hydroxides
	3.1.4 Hydrous ferric oxide

	3.2 Confined zero valence iron
	3.3 Other confined iron-based nanomaterials
	3.3.1 Iron oxychlorides
	3.3.2 Iron-doped nanomaterials

	3.4 Single-atom Fe

	4 Challenges and opportunities
	4.1 Understanding of nanoconfinement effects
	4.2 Rational and controllable design of confined Fe-based nanomaterials
	4.3 Key considerations regarding novel nanoconfinement systems
	4.4 Barriers to full-scale applications

	5 Summary
	Declaration of competing interest
	Acknowledgments
	References
	Author profile


