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A B S T R A C T

The carbon nanotubes (CNTs) as the emerging materials for organic pollutant removal have gradually
become a burgeoning research field. Herein, a mini-review of CNTs-based materials currently studies for
organic pollutant elimination is presented. This review summarizes the preparation methods of CNTs-
based materials. CNTs-based materials can be used as adsorbents to remove organic pollutants in
wastewater. The adsorptionmechanismsmainly include surface diffusion, pore diffusion and adsorption
reaction. Most importantly, an in-depth overview of CNTs-based materials currently available in
advanced oxidation processes (AOPs) applications for wastewater treatment is proposed. CNTs-based
materials can catalyze different oxidants (e.g., hydrogen peroxide (H2O2), persulfates (PMS/PDS), ozone
(O3) and ferrate/permanganate (Fe(VI)/Mn(VII)) to generate more reactive oxygen species (ROS) for
organic pollutant elimination. Moreover, the possible reaction mechanisms of removing organic
pollutants by CNTs-based materials are summarized systematically and discussed in detail. Finally,
application potential and future research directions of CNTs-based materials in the environmental
remediation field are proposed.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

With the rapid development of society, finding and utilizing
green renewable resources is an urgent task to achieve sustainable
development in the face of increasingly depleted natural resources
and environmental pollution problems. Carbon-based materials
have stimulated an immense impetus in promoting the develop-
ment of society due to their abundance on the earth and
environmental friendliness and other merits. Carbon nanotubes
(CNTs) are one of the carbon-based materials, discovered firstly by
Sumio Iijima in the early 1990s [1]. In recent years, CNTs have
become a research hotspot in the field of materials and focused on
many researchers. As shown in Fig. 1, a number of CNTs articles
have been published and increased every year according to search
engine of web of science and key word of carbon nanotubes.

Usually, CNTs are one-dimensional nanomaterials with nano-
meter diameter and micron axial length [2]. According to the
different number of layers, CNTs can divide into single-walled
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carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). SWCNTs are composed of a single graphite sheet curled
into a seamless cylindrical tube, and MWCNTs are simply
composed of multiple concentric SWCNTs [2]. The unique
structure of CNTs makes them have unusual physical and chemical
properties, including large specific surface area, superior thermal,
mechanical and electric properties [2]. Thus, CNTs have been used
widely in various applications, e.g., electromagnetic shielding,
sensors, catalysis, energy, environment and other fields [3–9].

Recently, organic pollutants are frequently detected in the
water environment and become an urgent problem worldwide
[10]. Thus, it is of great significance to develop effective treatment
technology to remove organic pollutants in the water environ-
ment. In the past few years, the application of the CNTs for organic
pollutant elimination from wastewater has been widely studied.
For example, Peng et al. first reported in 2003 that CNTs were
promising adsorbents to remove 1,2-dichlorobenzene from water
[11]. To date, CNTs-based materials have been used to adsorb
organic pollutants from wastewater based on their porous
structure and large specific surface area [12]. To broaden the
application range and improve the performance of CNTs, a variety
of approaches have been used to prepare different types of CNTs-
based materials. Besides, advanced oxidation processes (AOPs)
have been regarded as a promising technology for the organic
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig.1. Number of publications per year on carbon nanotubesmaterials from2010 to
2019 on dated 30 July 2020. Search engine: web of science; key word: carbon
nanotubes.
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pollutant removal. CNTs-based materials are also widely used in
AOPs, which involve different oxidation systems, such as O3,
Fenton, persulfates (PMS/PDS) and Fe(VI)/Mn(VII). For example, in
2008, Liu et al. first found that CNTs-basedmaterial was effective in
the catalytic ozonation of oxalic acid [13]. Nowadays, more and
more researchers begin to study the application of CNTs-based
materials in the field of AOPs.

Generally, these oxidation systems can produce reactive oxygen
species (ROS) to degrade organic pollutants effectively. For
instance, O3 (E0 = 2.07V) can degrade organic pollutants by direct
oxidation of ozone molecules or indirect oxidation of hydroxyl
radicals (

�
OH) produced. Hydrogen peroxide (H2O2, E0 = 1.8V) can

react with the catalyst to
�
OH (E0 = 2.8V) [14]. PMS (E0 = 1.82V) and

PDS (E0 = 2.01V) are strong oxidants, which can be activated by
various methods (i.e., ultraviolet (UV) [15], heat [16], transition
metals [17], microwave [18], ultrasound (US) [19] and carbon-
based materials [20]). Ferrate (Fe(VI), E0 = 2.2V, Hg/Hg2SO4/K2SO4

asreferenceelectrodeinacidcondition)andpermanganate(Mn(VII),
E0 = 0.558V–1.692V versus NHE) can oxidize organic pollutants
quickly under a wide operating pH range through a nonradical
mechanism [21,22]. The unique properties of CNTs-based
materials make them widely applied in AOPs for removing
organic pollutants from wastewater. Recently, a growing number
of publications on this topic indicate that CNTs-based materials
will play an important role in organic pollutant elimination.

Accordingly, the primary focus of this review is to undertake an
in-depth review of CNTs-based materials, currently available for
Table 1
Previous researches in the application of CNTs based adsorption systems for exclusion
L = Langmuir; F = Freundlich; PFO = pseudo first order; PSO = pseudo second order; GO=

Adsorbent Pollutants qmax (mg/g)

MWCNTs Ciprofloxacin Hydrochloride (4mg/L) 1.7446
MWCNTs Direct blue 53 (300mg/L) 409.4
MMWCNTs-ICN Direct red 23 (20mg/L) 66.1
MWCNTs Methyl orange (8�20mg/L) 52.89
MWCNTs Phenol (25,000mg/L) 32.23
MWCNTs Perfluoro octane sulfonate (0.05�50mg/L) 382.08
MWCNTs Methylene blue (10�32mg/L) 59.70
MWCNTs Rhodamine B Crystal violet (1000mg/L) 368.8 240.7
MWCNTs Isonicotinic acid (1234�6155mg/L) 413.5
Magnetic MWCNTs Isonicotinic acid (1234�6155mg/L) 1234
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organic pollutant removal in water treatment field. Firstly, we
summarize the research of CNTs-basedmaterials in the adsorption
field of organic pollutants. Besides, particular emphasis is placed
on the application of CNTs-based materials in AOPs (e.g., H2O2,
PMS/PS, O3 and Fe(VI)/Mn(VII). Special attention has been focused
on reaction mechanisms of organic pollutant degradation in
catalytic oxidation systems of CNTs-based materials. Finally, the
current challenges of CNTs-based materials current in the AOPs
field are pointed out and future research directions are proposed.

2. Preparation of CNTs

CNTs can be synthesized using three main methods, such as
chemical vapor deposition, arc discharge and laser deposition
methods [23]. Compared with other methods, the low-tempera-
ture chemical vapor deposition technique is economical, feasible
and mass production [23,24]. Generally, carbon sources, including
methane, acetylene, benzene, xylene, and carbon monoxide
ethylene, etc., are utilized to prepare CNTs. MWCNTs are more
easily produced from most hydrocarbons by low-temperature
chemical vapor deposition, while SWCNTs are only generated by
high-temperature chemical vapor deposition technology (900–
1200 �C) from selective hydrocarbons (i.e., methane and carbon
monoxide) [24]. Arc discharge method uses high temperature
(> 3000 �C) to evaporate carbon atoms into plasma, which is
necessary to form MWCNTs [23]. The most common method for
the preparation of MWCNTs is to use two graphite electrodes
(usually water-cooled electrodes) in a chamber filled with helium
at sub-atmospheric pressure. SWCNTs are prepared by arc
discharge reaction in hydrogen or argon atmosphere by using
composite anode and adding catalyst such as Co, Y, Ni, Fe. But for
MWCNTs, the existence of catalyst is not mandatory [23]. Besides,
the principles of the laser ablation method are similar to the arc
discharge. But the difference is that the laser ablation method
involves graphite pellet containing catalystmaterials (usually Co or
Ni) and evaporating in an electric furnace heated at 1200 �C [25].

3. Organic pollutant removal

With the development of society, the pollution of organic
compound in water is an urgent problem to be solved [26]. The
common organic compounds in water include dye wastewater,
petroleumwastewater, antibiotics, drugs, etc., which have brought
a lot of adverse effects on human health and social development
[27,28]. The most commonly used method for removing organic
wastewater is biological method. However, some refractory
organic pollutants contained in wastewater are difficult to be
effectively removed by biological method due to their limitations
[17]. Therefore, some other methods have been developed to
remove refractory organic pollutants from wastewater such as
of organic pollutants in wastewater (qmax = maximum adsorption capacity (mg/g);
General-order; IPD= intra-particle diffusion).

Isotherm Reaction conditions Kinetic model Ref.

L & F w=2 g/L; t = 240min PSO [12]
L w=1.5 g/L; pH 2.0; t = 240min; T = 50 �C GO [33]
F w=0.2 g/L; pH 7; t = 340min; T = 30 �C PSO [34]
– w=0.2 g/L; T = 30 �C PSO [35]
L w=5 g/L; pH 7; t = 300min; T =25 �C; PSO [36]
F w=2.5 g/L; pH 2; t = 600min; T = 20 �C PSO [37]
L & F w=0.2 g/L; pH 6; t = 140min; T = 25 �C PSO [38]
– w=0.5 g/L; t = 240min; T = 25 �C; – [39]
L & F w=4 g/L; t = 120min PSO [40]
F w=4 g/L; t = 120min PSO [40]
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adsorption and AOPs [29,30]. Generally speaking, these methods
involve the use of environment-friendly materials, such as filter
materials, membrane separation materials, adsorption materials
and catalytic materials. Recently, CNTs-based materials have been
widely concerned by many researchers in organic wastewater
treatment. They can be employed as the adsorbents to remove
effectively organic pollutants fromwastewater due to their unique
physical and chemical properties. Besides, CNTs-based materials
can also be applied in AOPs to degrade organic pollutants. In a
word, the CNTs-based materials may have potential application
prospects in water treatment.

3.1. CNTs-adsorption systems

CNTs, with unique nano-sized structure, relatively large specific
surface areas and strong hydrophobicity, have beenwidely used to
absorb various organic pollutants, such as methylene blue [31],
crystal violet [32], direct blue 53 [33] and direct red 23 [34] and are
presented in Table 1 [12,33–40]. According toTable 1, the Langmuir
and Freundlich isotherms are the most common adsorption
models in CNTs-based materials adsorption processes.

The Langmuir isothermmodel is denoted as follows (Eq.1) [41]:

Ce

qe
¼ 1

KLqm
þ Ce

qm
ð1Þ

Freundlich isotherm model equation is described as follows
(Eq. 2) [41]:

lnqe¼ lnKF þ 1
nF
lnCe ð2Þ

where qe indicates mass of surfactant adsorbed at equilibrium
(mg/g) for organic pollutants, Ce respects equilibrium concentra-
tion of surfactant (mg/L), KL is adsorption equilibrium constant
related to energy of adsorption (L/mg), KF refers to Freundlich
[(Fig._2)TD$FIG]

Fig. 2. (a) Possible adsorption mechanisms during the adsorption of sulfamethoxazole o
The possible interactions between adsorbents and diquat dibromide. Reproduced with p
adsorption onMFe2O4/CNTs. Reproducedwith permission [50]. Copyright 2017, the Royal
Reproduced with permission [48]. Copyright 2018, Elsevier.
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parameter (mg/g), nF is Freundlich parameter related to surface
heterogeneity.

The twomain kinetic models namely the pseudo-first order and
pseudo-second order are applied in adsorption processes. CNTs
mixed with an organic binder could be extruded into strips with a
diameter of 3mm and a length of 20�30 cm [42]. The strips could
effectively remove different organic matters from wastewater.
Moreover, the strips exhibited excellent recycling capability [42].
Besides, CNTs could also be prepared into CNTs hybrid polymer
beads by the phase inversion method, which could effectively
remove p-chlorophenol [43]. Xu et al. reported that a core-shell
structural CNT-based composite adsorption material could be
synthesized to absorb 2-naphthol from water by a fixed-bed
column system [44]. The results showed that CNT-based composite
adsorption material had excellent adsorption properties for 2-
naphthol removal [44]. In addition, an adsorbent of sludge biochar
modified by CNT composite (CNT-SBC) could be synthesized to
remove lowconcentrations of sulfamethoxazole (SMX) fromwater.
The existence of CNTs significantly improved CNT-SBC adsorption
capacity. Classically, the interaction mechanisms of organic
pollutants with CNTs surface involve physisorption and chemi-
sorption, physisorption including valence forces, hydrogen bond-
ing and pore filling, and chemisorption including hydrophobic
effects, electrostatic interactions, p-p interaction and functional
groups complexation [45,46]. As shown in Fig. 2a, in CNT-SBC
adsorption system, the adsorption mechanism of the SMX onto
CNT-SBC mainly included pore filling in the physisorption process
and functional groups complexation and p-p interaction in the
chemisorption process [46].

Moreover, to better separate the adsorption material from the
solution, magnetic CNTs-basedmaterials were usually synthesized
by loading magnetic materials on CNTs, such as Fe3O4 [40], Fe3C
[34,47], g-Fe2O3 [47] and iron metal-organic framework (MIL-
53(Fe)) [48]. The modified magnetic CNTs-based materials had not
n CNT/SBC surfaces. Reproduced with permission [46]. Copyright 2020, Elsevier. (b)
ermission [49]. Copyright 2018, Elsevier. (c) Possible adsorption mechanisms of BZF
Society of Chemistry. (d) Schematic illustration of theMWCNTmodifiedMIL-53(Fe).
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only excellent adsorption performance but also were easily to be
separated from aqueous solution by magnetism. Duman et al.
studied the structural and surface properties of non-magnetic
oxidized MWCNT (OMWCNT), magnetic OMWCNT-Fe3O4 and
OMWCNT-k-carrageenan-Fe3O4 composites, and their adsorptive
properties for the removal of diquat dibromide were determined
[49]. The results of this study showed that non-magnetic OMWCNT
have the highest adsorption capacity for diquat dibromide
compared to magnetic OMWCNT-Fe3O4 and OMWCNT-k-carra-
geenan-Fe3O4 composites. As shown in Fig. 2b,p-p interaction and
electrostatic interaction were the main interaction mechanism
between composites and diquat dibromide [49]. The p-electron
density, pore volume and specific surface area of these composites
played a very important role in diquat dibromide adsorption [49].
Wu et al. synthesized magnetic ferrite modified CNTs (MFe2O4/
CNTs, M: Mn or Co), which could be employed as adsorbents to
remove organic pollutants from wastewater [50]. The possible
adsorption mechanism was present in Fig. 2c [50]. More
specifically, adsorption mechanisms mainly included surface
diffusion, pore diffusion and adsorption reaction. Although the
introduced ferrite on MFe2O4/CNTs did not play a major role in the
bezafibrate (BZF) adsorption, MFe2O4/CNTs could be easy to be
separated magnetically and regenerated [50]. Additionally,
MWCNT loaded iron metal-organic framework nanocomposite
(MWCNT/MIL-53(Fe)) was successfully synthesized to adsorb
tetracycline antibiotics from aqueous solutions (Fig. 2d) [48].
MWCNT/MIL-53(Fe) showed excellent adsorption properties and
reusability for the adsorption of tetracycline antibiotics, indicating
the potential application of the adsorbent in tetracycline antibiotic
removal from aqueous solutions. These studies showed that CNTs-
based adsorption materials are potentially applicable for the
efficient removal of organic pollutants from wastewaters.

Some other modification methods are also used to improve the
adsorption properties of CNTs. CNTs were oxidized to ox-CNTs and
further modified by esterification of ox-CNTs with pentaerythritol
(PER) to ox-MWCNT-PER, which facilitated organic dyes removal
fromwastewater effectively [51]. Doping heteroatoms in CNTs is an
effective approach to enhance the electronic polarizability of CNTs
Table 2
Previous researches in the application of CNTs based O3 systems for exclusion of organ

Systems Catalyst/cathode Pollutants Reaction condit

O3 MWCNTs Sulphamethoxazole
(50mg/L)

[catalyst]0 = 0.14
concentration=

CNTs-COOH Indigo (100mg/L) [catalyst]0 = 8m
O3 concentratio

MWCNTs Oxalic acid (1mmol/L) [catalyst]0 = 0.1 g
rate =0.48 L/min

CNT Oxalic acid (40mg/L) [catalyst]0 = 5m

F-CNTs Oxalic acid (2mmol/L) [catalyst]0 = 0.05
concentration=

Zn-CNTs 4-Chloro-3-methyl phenol
(50mg/L)

[catalyst]0 = 2 g/
concentration=

CeO2-OCNT Phenol (20mg/L) [catalyst]0 = 0.10
pH 6.2

Electro-peroxone MFe2O4/CNTs
(M: Fe, Mn)

Diatrizoate (10mg/L) Cathodic curren
rate =0.2 L/min;
7.0; T =25 �C

CuFe2O4/CNTs Fluconazole (20mg/L) Applied cathodi
concentration=
[CuFe2O4/CNTs]

C3N4/CNT Oxalate (60mg/L) [Na2SO4]0 = 0.05
concentration=
applied current
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surface, which may be favorable for adsorptive interactions of
organic contaminants [52]. Yi et al. successfully synthesized
nitrogen-doped CNTs (N-CNTs) to adsorb the bisphenol A, tylosin,
and tetracycline [52]. Comparedwith the non-doped CNTs, N-CNTs
exhibited much stronger adsorption capacity, which attributed to
their higher electron-exhaustion and more evenly uniform
p-electron-acceptor sites [52]. Besides, some researchers studied
the adsorption of the binary system. The synergistic and
antagonistic adsorption effects could be observed in the simulta-
neous removal of crystal violet and rhodamine B [39]. There are
many pollutants in the actual wastewater. Thus, the interaction
between different organic pollutants should also be further studied
in multicomponent systems. The above researches show that CNTs
can be used as efficient adsorbents to remove organic pollutants in
aqueous solution, and modified CNTs-based materials may have
wider application prospects.

3.2. CNTs-ozone systems

The studies found that CNTs-based materials are effective
catalyst for catalytic ozonation of organic pollutants. As reported,
the CNTs-based materials catalytic ozonation process have been
successfully used to remove the organic pollutants fromwastewa-
ter, such as oxalic acid [53], sulphamethoxazole [54] and indigo
[55] in the aqueous solution and presented inTable 2. Furthermore,
the mineralization efficiency and effluent toxicity by MWCNTs
catalytic ozonation processwere also assessed in the literature, the
results showed a higher mineralization efficiency and a lower
toxicity of MWCNTs/O3 system compared with non-catalytic
ozonation process [56].

It is well known that there are many functional groups on the
surface of CNTs, which would affect catalytic activity in the
ozonation process. Liu et al. found that ozonation pretreatment
could affect surface functional groups of MWCNT, leading to the
change of catalytic activity [57]. Zhang et al. studied that CNTs
catalyzed ozonation to form ROS and the mechanisms mainly
involved two pathways: (i) Interphase “HO

�
zone” could be

generated in CNTs surface by directly attacking the active sites
ic pollutants in wastewater.

ions Degradation efficiency (%) Ref.

g/L; initial pH 4.8; O3

50mg/L; gas flow rate = 0.15 L/min
Sulphamethoxazole removal of
100%, TOC removal of 25.5%
(30min)

[54]

g/L; pH 6.25; gas flow rate =36mL/min;
n= 140.6mg/L; T =25 �C

TOC removal of 35.1% (120min) [55]

/L; T =20 �C; initial pH 3.0; gas flow
; O3 gas concentration= 20mg/min

oxalic acid removal is about 80%
(40min)

[57]

g/L; gas flow rate = 5 L/min; T =20 �C oxalic acid removal of 65%
(60min)

[58]

g/L; initial pH 2.8; O3 gas
4.0mg/min

oxalic acid removal of 83%
(90min)

[62]

L; gas flow rate = 400mL/min; O3

34mg/L; initial pH 6.2
4-chloro-3-methyl phenol
removal of 100%; TOC removal
of 92.7% (60min)

[64]

g/L; O3 concentration=12mg/L; initial TOC removal of 92% (60min) [67]

t density = 20mA/cm2; gas flow
O3 concentration= 20mg/L; initial pH

diatrizoate removal of 71.9%
(10min)

[71]

c current density = 20mA/cm2; O3

14.5mg/L; gas flow rate =0.2 L/min;
0 =0.2 g/L; T = 24�2 �C

Fluconazole removal of 89%
(10min)

[72]

mol/L; pH9; O3

60mg/L; gas flow rate = 100mL/min;
= 20mA

Oxalate removal is about 80%
(120min)

[73]
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Fig. 3. (a) A schematic diagram describing the formation of the interphase “HO
�
[68_TD$DIFF] zone” via CNT-mediated catalytic ozonation. Reproduced with permission [58]. Copyright

2019, Elsevier. (b) Possible mechanism of organic pollutant elimination in the CeO2-OCNT/O3 system. Reproducedwith permission [67]. Copyright 2019, Elsevier. (c) Possible
mechanism of fluconazole elimination in CuFe2O4/CNTs catalytic electro-peroxone system. Reproduced with permission [72]. Copyright 2019, Elsevier.
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of CNTs surface with O3 and (ii) O3 could transform into O2
�� under

an efficient initiator of CNTs (Fig. 3a) [58]. The graphitic structure
of CNTs may be promising to optimize the density of surface
reactive sites responsible for the local concentration of HO

�
.

Although CNTs are considered to have great potential in
heterogeneous catalytic ozonation, their performance still needs to
be optimized. Some methods have been developed to modify the
surface properties and structure of CNTs. Soares et al. reported that
ball-milling could change CNTs’ structure andmorphology, leading
to larger specific surface area and smaller particle size [59]. The
modified CNTs are in favor of the catalytic oxidation process.
Besides, non-metallic heteroatoms (e.g., N, B, S, and F) doped
carbonmaterials have beenwidely studied due to better electronic
structure and electrochemical properties [60,61]. Fluorine-doped
CNTs (F-CNTs) have been synthesized to catalyze ozonation for the
degradation of oxalic acid and the result showed a higher
degradation rate of oxalic acid [62]. The high electronegativity
nature of F and positive charge density of C atoms adjacent to F
atoms had positive effects for F-CNTs in the catalytic ozonation
process, which was favourable to the generation of ROS for the
degradation of oxalic acid [62]. Some other non-metallic heter-
oatoms CNTs may have similar catalytic properties. Therefore, the
catalytic ozonation performance by doping carbon materials with
different non-metallic heteroatoms is worth further comparing in
the future.

Recently, metal catalysts have exhibited excellent catalytic
activity for catalytic ozonation [63]. However, most metals
catalysts may lead to secondary pollution due to the serious
leaching of metal ions. Thus, some researchers have focused on
loading transition metals catalysts on an environment-friendly
metal-free material to reduce metal ions leaching significantly.
CNTs are an ideal choice, which shows not only excellent catalytic
ability but also has unique properties of loadmaterial. As reported,
Zn-CNTs composite, Fe3O4-MWCNTs, MnOx/MWCNT and Pt/CNTs
were synthesized to enhance degradation and mineralization of
1630
organic pollutants [13,64–66]. Wang et al. prepared a highly
dispersed cerium oxide on oxidized carbon nanotubes (CeO2-
OCNT) for catalytic ozonation of phenol, the result shows that as-
synthesized CeO2-OCNT significantly accelerated the mineraliza-
tion of organic pollutants during catalytic ozonation process [67].
Specifically, CeO2-OCNT/O3 system showed 96% TOC removal,
while TOC removals were only 33% and 47% by OCNT/O3 and CeO2/
O3 systems, respectively [67]. The result demonstrates that there
was a synergic effect between OCNT and CeO2 for catalytic
ozonation. As seen in Fig. 3b, the abundant p-p electrons on OCNT
surfaces facilitated the reduction of Ce(IV) from Ce(III) by electron
transfer, promoting the production of HO

�
for the degradation of

organic pollutants [67]. In addition, some other metal oxides could
also be loaded on CNTs to enhance catalytic performance and the
enhancement may contribute to the generation of ROS (e.g., H2O2

and HO
�
) by catalytic ozonation process. For instance, in situ

generation of H2O2 played a significant role in catalytic ozonation
for the degradation of 4-chloro-3-methyl phenol in Zn-CNTs/O3

system [64], HO
�
was themain active species for the degradation of

organic pollutants in Fe3O4/MWCNTs/O3 and MnOx/MWCNT/O3

systems [65,66].
CNTs-based materials catalytic ozonation system can be

combined with other technologies as a couple system, whose
oxidation capacity is much stronger due to the synergistic effect.
Mahmoodi et al. reported that MWCNTs could be used as a
heterogeneous catalyst for the degradation of dye by the photo-
catalytic ozonation process [68]. Orge et al. studied the degrada-
tion of oxamic acid (OMA) by combining synthesis of TiO2-CNTs,
UV and O3, which presented the highest OMA removal rate than
other control systems [69]. In other sides, CNTs could be used as an
anode in electrochemical filtration (ECF). ECF process combined O3

showed the synergistic effect for phenol oxidation and completed
nearly mineralization of phenol and degradation products [70].
Moreover, the specific energy consumption and the operational
cost of the hybrid O3-ECF process were lower compared to the
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O3 process, which would be a promising technology inwastewater
treatment applications [70]. Besides, CNTs-based materials
were also used as the cathode electrode in O3-electrolysis
process. For example, CNTs-polytetrafluoroethylene (CNTs-PTFE)
and ferrite modified CNTs-PTFE (MFe2O4/CNTs, M: Fe, Mn)
were prepared into the cathode electrode [71,72], the mixture
of g-C3N4/CNT-polyvinylidene fluoride (PVDF) spread on the two-
sided graphite as the cathode electrode [73]. These electrodes
played an important role for catalytic ozonation process in O3-
electrolysis systems. According to the study reported by Wu et al.,
CNTs-PTFE and Pt plate were used as cathode and anode,
respectively, and the result suggested that electro-O3 process
was efficient for the degradation of fluconazole [72]. Additionally,
CuFe2O4/CNTs could be synthesized as adsorbents/catalysts in O3-
electrolysis system, and the introduce of CuFe2O4/CNTs signifi-
cantly improved the degradation of fluconazole [72]. As shown in
Fig. 3c, the synthetic CuFe2O4/CNTs could accelerate the decom-
position of ozone and H2O2 produced in situ by electrochemical
process to produce HO

�
, leading to the high degradation efficiency

of fluconazole [72]. In a word, CNTs-based materials are promising
catalysts and electrode materials in ozone and ozone coupling
systems. The above researches show that CNTs-based materials
have a positive effect on the degradation of organic pollutants and
they are a partner with great potential for catalytic ozonation
systems.

3.3. CNTs-Fenton-like systems

Recently, CNTs-based materials have been widely used to
remove organic pollutants by Fenton-like systems due to their
[(Fig._4)TD$FIG]

Fig. 4. (a) Fe(III)/Fe(II) cyclemechanism in Fe(III)/H2O2/FCNT-H. Reproducedwith permis
mechanism in the CNTs/Fh system. Reproduced with permission [83]. Copyright 2020, E
photo-Fenton system. Reproduced with permission [78]. Copyright 2019, Elsevier.
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excellent performances. CNTs/Fenton-like systems used for the
degradation of various organic pollutants (e.g., 17α-methyltestos-
terone [74], tetracycline [75], Orange II [76], bisphenol A [77], SMX
[78], acetylsalicylic acid [79] and atrazine [80]) were investigated.
Normally, the study shows that functionalized MWCNTs (FCNT-H)
could effectively improve the removal rate of atrazine in the Fe(III)-
mediated Fenton-like system [80]. H2O2 could effectively reduce
the surface-bound Fe(III) to achieve a fast Fe(III)/Fe(II) cycling. As
shown in Fig. 4a, 11% of Fe(II) was formed via classical reactions in
aqueous solution (Eqs. 3–7) [81]. Besides, 9% of Fe(II) was formed
via the direct reduction of Fe(III) by carbonyl groups and quinone
groups on the surface of FCNT-H. Above all, the faster reduction of
FCNT-H-Fe(III) complexes by H2O2 accounted 80% of the generated
Fe(II) [80]. The research suggests that FCNT-H could be well
utilized to Fe(III)/Fe(II) cycling, not only to the effective complexa-
tion of Fe(III) [80].

Fe(II) + H2O2 → Fe(III) + OH� + HO
�

(3)

Fe(II) + HO
�
→ Fe(III) + OH� (4)

H2O2 + HO
�
→ HO2

�
+ H2O (5)

Fe(III) + HO2
�
→ Fe(II) + O2 + H+ (6)

Fe(II) + HO2
�
→ Fe(III) + HO2

� (7)
sion from [80]. Copyright 2018, Elsevier. (b) Possible heterogeneous Fenton catalytic
lsevier. (c) The possible mechanism of SMX degradation by NiFe-CNT composite in
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On the other side, some loaded CNTs-based materials catalyst
have been obtained, such as metal (e.g., Fe3O4/CNTs, Fe2O3/CNTs,
CNTs/ferrihydrite (CNTs/Fh)) [74,77,82,83] or composite metal
(e.g., Si/Al@Fe-CNTs, ZnPOM@APIB-CNTs) [84,85], which could
enhance degradation of organic pollutants in Fenton-like systems.
In the heterogeneous Fenton reaction processes, the generation of
Fe(III) back to Fe(II) is the rate-limiting step [86]. Zhu et al.
synthesized heterogeneous Fenton catalysts by combining CNTs
with ferrihydrite (CNTs/Fh) [83]. As shown Fig. 4b, CNTs/Fh could
effectively enhance Fe(III)/Fe(II) cycling from both dynamic and
thermodynamic aspects in the heterogeneous Fenton reaction
system, which could accelerate the decomposition of H2O2 to
produce HO

�
[83]. On the one hand, the electron conductivity of

CNTs/Fh composites formed after combining CNTs was stronger
than that of ferrihydrite, significantly accelerating the electron
transfer fromH2O2 to Fh in dynamic aspect [83]. On the other hand,
the redox potential of Fe(III)/Fe(II) significantly decreased from
thermodynamic aspect when CNTs were coupled with ferrihydrite
[83]. Besides, Yang et al. synthesized two kinds of CNTs with
different structures, i.e., loading Fe2O3 nanoparticles on the outer
surface of CNT (Fe2O3/FCNT-L), Fe2O3 nanoparticles were anchored
inside the CNT (Fe2O3/FCNT-H), and the mechanisms of these two
kinds of materials in Fenton-like systems have been discussed in
detail [87]. In Fe2O3/FCNT-L/H2O2 system, HO

�
was the main active

species [87]. However, in Fe2O3/FCNT-H/H2O2 system, CNTs could
provide the confined space at a nanoscalenano confinement and
1O2 was the reactive intermediate. Remarkably, Fe2O3/FCNT-
H/H2O2 exhibited remarkably higher degradation kinetics of
methylene blue (22.5 times faster) compared with Fe2O3/FCNT-
L/H2O2.Moreover, Fe2O3/FCNT-H exhibited higher pH stability over
a wide pH range (pH 5.0–9.0), which broadened the application of
the Fenton-like system under alkaline conditions [87]. Besides, low
Table 3
Previous researches in the application of CNTs based H2O2 systems for exclusion of or

Systems Catalyst
/cathode

Pollutants Reaction conditio

Fenton-like Fe3O4/MWCNTs 17α-methyltestosterone
(212mg/L)

[Fe3O4/MWNTs]0
T = 20 �C

Fe3O4/MWCNT Bisphenol A (3mmol/L) [Catalyst]0 = 0.5 g

FCNT-H Atrazine (2.16mg/L) [Catalyst]0 = 20m
pH 5; T= 20 �C

Fe2O3/MWCNT Phenol (100mg/L) [Catalyst]0 = 0.5 g

CNTs/Fh Bisphenol A (30mg/L) [3%CNTs/Fh]0 = 10

Si/Al@Fe/MWCNT Methyl orange (18.5mg/L) [Catalyst]0 = 0.67

MWCNTs-COOH Triclosan (0.02mmol/L) [Catalyst]0 = 2.0m
[H2O2]0 =0.6mm

Electro-Fenton FeOCl-CNT filters Tetracycline
(0.04mmol/L)

Flow rate = 1.5mL
[Na2SO4]0 =10mm

CNT Acetylsalicylic acid [Catalyst]0 = 0.15 g
flow rate = 0.15 L/

AuNCs/CNT Hybrid
Filter

Tetracycline
(0.04mmol/L)

Flow rate = 1.5mL
[AuNCs]0 =1.0mm

Photo-Fenton α-FeOOH@GCA Orange II (100mg/L) [α-FeOOH@GCA]0
irradiation =100W

NiFe-CNT Sulfamethoxazole (5mg/L) [Catalyst]0 = 0.025
T=25 �C

NCNTs-FePO4 Rhodamine B (15mg/L) [Catalyst]0 = 2.0 g
FeCN/AV/CNT 2,4 dimethyl phenol

(0.1mmol/L)
[Catalyst]0 = 500m
Light intensity =

Photoelectro-
Fenton

CNT-PTFE C.I. Basic Red 46 (20mg/L) I = 100mA; [Na2S
[Fe3+]0 = 0.15mm
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concentration MWCNTs-COOH showed excellent catalytic perfor-
mance for the degradation of disinfectants by Fe3+/H2O2 system
[88]. The nanoconfined Fenton reaction may also be the direction
of future research.

In addition, there are some studies on the CNTs/Fenton-like
coupling process involving electron, UV irradiation, photoelec-
tron for degradation of organic pollutants and presented in
Table 3. Except for the systems with external addition of H2O2,
CNTs can be used as electrodematerial for the in situ generation of
H2O2 in the electro-Fenton process owing to their excellent
electrical conductivity. CNT filter functionalized with Au nano-
clusters (AuNCs) was designed to catalyze antibiotic tetracycline
degradation by electro-Fenton process [89]. Yang et al. prepared
the CNT-gas diffusion electrode (CNT-GDE) as a cathode by a
rolling method to degrade acetylsalicylic acid in the electro-
Fenton system [79]. Compared to some other cathode materials,
CNT-GDE was used as a cathode material to improve the yield of
H2O2 generation rate and current efficiency, which exhibited a
great application potential in the treatment of organic pollutants
[79]. The porous CNTswith FeOCl could be used as a functionalized
filter in the electro-Fenton process to efficiently oxidize tetracy-
cline [75]. FeOCl significantly promoted the cycling of Fe(III)/Fe(II)
for the generation of HO

�
, which had synergistic effects on

tetracycline oxidation [75]. In addition, the flow-through design,
limited pore size could effectively improve the reaction activity
[75].

Nawaz et al. synthesized a highly photoactive and magnetically
recyclable MWCNTs incorporated NiFe2O4 (NiFe-CNT) composite,
which could degrade SMXefficiently by photo-Fentonprocess [78].
The possible mechanism of the photo-Fenton system was
presented in Fig. 4c. H2O2 could react with Fe3+ and Fe2+ to
generate HO

�
. Then, ultraviolet-A illuminatedNiFe-CNT to generate
ganic pollutants in wastewater.

ns Degradation efficiency (%) Ref.

= 2 g/L; [H2O2]0 = 5.3mmol/L; initial pH 5.0; 17α-methyltestosterone
removal of 85.9% (8h)

[74]

/L; [H2O2]0 = 12mmol/L; pH 3; T = 50 �C Bisphenol A removal of 97%
(6h)

[77]

g/L; [H2O2]0 =170mg/L; [Fe(III)]0 = 2.0mg/L; Atrazine removal of 92%
(30min)

[80]

/L; [H2O2]0 = 237.5mmol/L; T =80 �C Phenol removal of 70%
(200min)

[82]

00mg/L; [H2O2]0 = 10mmol/L; initial pH 3 Bisphenol A removal of 96%
(30min)

[83]

g/L; [H2O2]0 = 30mmol/L Methyl orange removal of
100% (6min)

[84]

g/L; [Fe3+]0 = 0.04mmol/L;
ol/L; pH 4.0; T = 25 �C

Triclosan removal of 97.0%
(30min); TOC removal of
64.5%

[88]

/min; DO=38�1mg/L;
ol/L; pH 6.5

Oxidative flux of
5.32�0.41mmol h�1m-2

[75]

; [Fe2+]0 = 0.55mmol/L; Na2SO4 = 0.05mol/L;
min; current =100mA; pH 3

Acetylsalicylic acid removal
of 100% (10min); TOC
removal of 62% (1h)

[79]

/min; DO=37�1mg/L;
ol/L; [Na2SO4]0 =10mmol/L; pH 6.7

Tetracycline removal of
83.3%

[89]

= 250mg/L; [H2O2]0 =5.5mmol/L; applied
; radiation flux = 8.40mW/cm2

Orange II removal of 91.4%;
TOC removal of 52%
(60min)

[76]

g/L; [H2O2]0 = 1mL/mL; Xe Arc lamp=150W; Sulfamethoxazole removal
of 100%; TOC removal of
68% (120min)

[78]

/L; [H2O2]0 = 10mmol/L Rhodamine B of 98.14% [90]
g/L; [H2O2]0 = 0.1mol/L; initial pH 4.0;

750 lx
2,4 Dimethyl phenol
removal of 99% (140min)

[91]

O4]0 = 0.05mol/L;
ol/L; [oxalate]0 = 0.5mmol/L; pH 3.0

Basic Red 46 decolorization
of 93.8% (60min)

[93]
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electron/hole (e�/h+) pair on the NiFe-CNT surface. The photo-
generated electron eCB� can react directly with H2O2 to produce
HO

�
and the photogenerated holes hVB

+ can react with H2O or
OH� to generate HO

�
. The generation of HO

�
and h+ were the main

ROS for the removal of SMX. Furthermore, nitrogen-doped
carbon nanotubes-FePO4 (NCNTs-FePO4) [90], Z-scheme Fe doped
graphitic carbon nitride coupled Ag3VO4 compounded with
CNTs (FeCN/AV/CNT) [91] and hierarchical graphene oxide-
CNTs-α-FeOOH decorated composite aerogel (α-FeOOH@GCA)
[76] could be also synthesized to use as a photocatalyst for the
degradation of organic pollutants in photo-Fenton process [76]. In
these systems, involving HO

�
, h+, 1O2 and O2

�� would be mainly
ROS for the degradation of organic pollutants, i.e., HO

�
was mainly

ROS in NCNTs-FePO4/photo-Fenton and FeCN/AV/CNT/photo-
Fenton systems, and HO

�
, 1O2 and O2

�� played an important role
in α-FeOOH@GCA/photo-Fenton system. Furthermore, photoelec-
tron-Fenton processes were studied and the synergistic effect
could be strengthened due to the interaction of the various process,
leading to more ROS production. CNTs could be stabilized on
carbon paper to prepare the cathode, which exhibited an excellent
effect on the degradation of C.I. Direct Red 23 in the photoelectron-
Fenton system [92]. Carbon nanotube-polytetrafluoroethylene
(CNT-PTFE) could also be used as a cathode in the electro-Fenton
process by combining oxalate photocatalytic for the decolorization
of C.I. Basic Red 46 [93]. CoSP/CNTswere used as novel air-diffusion
cathodes because of their excellent electrocatalytic properties (i.e.,
large surface area, chemical stability and electroactivity), which
realized high mineralization efficiency of herbicide bentazon by
photoelectro-Fenton process [94]. In general, the H2O2 could be
generated by the reduction of O2 on CNTs cathode, and then the
generated H2O2 decomposed through UV irradiation to produce
HO

�
, which showed high degradation efficiency of organic

pollutants. The above is the analysis of the CNTs-based materials
applied in Fenton-like processes and they have a positive effect on
the degradation of organic pollutants. The mechanisms by which
CNTs/Fenton-like and several common CNTs/Fenton-like coupling
Table 4
Previous researches in the application of CNTs based persulfates systems for exclusion

Catalyst Persulfates Pollutants Reaction c

MWCNTs PMS Phenol (20mg/L) [MWNTs]0
[Oxone]0 =PDS

N-doped CNTs PMS Phenol (20mg/L) [MWNTs]0
T =25 �C

NS-CNT-COOH PMS Benzophenone-4 [Catalyst]0
pH 7.0�0.

polyhydroquinone-
coated magnetite/
multi-walled carbon
nanotubes

PDS Flumequine (76.34mmol/
L)

[Catalyst]0
pH 7.0; T =

Fe/S-CNTs (Fe/S modified) PDS 2,4-dichlorophenol
(31mmol/L)

[Catalyst]0
pH 6.5

Fe@N-CNTs PMS Orange II (20mg/L) [Catalyst]0
Ni@NCNTs PDS Sulfachloropyridazine [Catalyst]0

T =25 �C
MWCNT cathode PDS Acyclovir (0.45mmol/L) Voltage =
MWCNT anode PDS Acyclovir (0.45mmol/L) Voltage= 1
MWCNTs PDS 2,4-dichlorophenol

(31mmol/L)
[Catalyst]0
pH 6.50�

CNTs (nitic acid/annealing
modification)

PDS Phenol (100mmol/L) [Catalyst]0
pH 7.0; An

dMWCNTs (defective,
oxygen-functionalized)

PMS 4-chlorophenol
(100mmol/L)

[Catalyst]0
Without p

Co3O4@NCNTs PDS Orange G (200mmol/L) [Catalyst]0
pH7.0; T =
temperatu
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systems degrade pollutants have been analyzed and summarized
in recent years.

3.4. CNTs-persulfates systems

Recently, AOPs based peroxydisulfate (PDS) and peroxymo-
nosulfate (PMS) have attracted considerable attention due to
their potential application in situ chemical oxidation (ISCO) and
water/wastewater decontamination [95–97]. SO4

�� can be gener-
ated by cleaving of peroxide bond in PDS and PMS (persulfates).
Compared with HO

�
, SO4

�� has many superiorities such as longer
half-life, higher oxidation potential and wider suitable pH range,
etc. [95]. Therefore, how to activate persulfates with lower cost
and less secondary contamination is a hot research field of
environmental researchers. Metal-based catalysts can catalyse
persulfates effectively for SO4

�� generation thus have been
investigated extensively in recent years [98,99]. However, the
trade-off between enhancement of persulfates activation efficien-
cy and accompanying secondary contamination problem has to be
carefully evaluated due to the potential risk of metal leaching.
Interestingly, CNTs as metal-free carbonaceous materials have
proved excellent persulfates activators with no need for energy
input and no problem of metal leaching, which initiate a new
research direction [100].

Sun et al. reported that pristine MWCNTs were able to catalyze
persulfates effectively to generate sulfate radicals for the
degradation of phenol [101]. It was suggested that sp2 carbon
and oxygen-containing groups as active sites on MWCNTs played
an essential role in persulfates activation. In order to enhance the
activation efficiency of CNTs, heteroatom doping have been
proposed and proved as a promising strategy for the degradation
of organic pollutants enhancement in persulfates based AOPs. Sun
et al. used nitrogen modified CNTs for persulfates activation [101].
After surface nitrogen modification, the ability of MWCNTs to
activate PMSwas improved but the activation of PDSwas inhibited.
It was suggested that pyridinic and pyrrolic N dopants were highly
of organic pollutants in wastewater.

onditions Degradation efficiency (%) Ref.

= 0.2 g/L; [PDS]0 = 1.48 g/L;
2.0 g/L; T = 25 �C

Phenol removal of 76% (150min) [101]
Phenol removal of about 100%
(90min)

= 50mg/L; [PMS]0 =6.5mmol/L; Phenol removal of about 100%
(20min)

[102]

= 100mg/L; [PMS]0 = 1.0 g/L;
2; T =25 �C

Benzophenone-4 removal of about
100% (30min)

[103]

= 20mg/L; [PDS]0 = 76.34mmol/L;
25 �C

Flumequine removal of about 78%
(6h)

[104]

= 100mg/L; [PDS]0 =31mmol/L; 2,4-Dichlorophenol removal of
94.8% (30min)

[105]

= 20mg/L; [PMS]0 = 0.1 g/L; T = 25 �C Orange II removal of 94.5% (60min) [106]
= 200mg/L; [PDS]0 = 2.0 g/L; pH 7.0; Sulfachloropyridazine removal of

about 100% (60min)
[107]

0.6V; [PDS]0 = 5.55mmol/L Acyclovir removal of 77% (240min) [108]
.2 V; [PDS]0 = 11.1mmol/L Acyclovir removal of 97% (240min) [109]
= 100mg/L; [PDS]0 =31mmol/L;
0.05

2,4-Dichlorophenol removal of
95.9% (30min)

[112]

= 100mg/L; [PDS]0 =1.0mmol/L;
nealing temperature = 600 �C

Phenol removal of 100% (60min) [116]

= 200mg/L; [PMS]0 = 1.0mmol/L;
H adjustment

4-Chlorophenol removal of about
100% (40min).

[117]

= 100mg/L; [PDS]0 =4mmol/L;
25 �C; carbonization
re =700 �C.

Orange G removal of about 100%
(30min)

[118]
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active sites for PMS activation but not effective regarded to the PS
activation. However, the stability and reusability of N-CNTs were
not satisfactory. Soon after, N-doped carbon nanotubes (NoCNTs)
were synthesized and used for PMS activation [102]. It was found
that NoCNTs presented an extraordinary catalytic performance for
the degradation of phenol by PMS activation. Interestingly,
incorporation of N atom into SWCNTs enabled NoCNTs to present
excellent stability due to the presence of nonradical processes.
That was, graphitic N played a key role in this process. N and sulfur
(S) co-doped multi-walled CNTs also had excellent PMS activation
performance [103]. It was proved that the activity level of N and
S-doped CNT-COOH (NS-CNT-COOH) exhibited approximately
five-fold higher than N and S-doped CNT and N-doped CNT-COOH
for the degradation of benzophenone-4 (BP-4) by PMS activation.
After that, various methods that improve the catalytic activity of
CNTs, for example, load and modification have applied for the
degradation of various organic pollutants by persulfates activation
[104–107]. Table 4 summarized a variety of CNTs-based materials
combined with persulfates systems for enhanced the degradation
of organic pollutants. Interestingly, in most situations the
activation efficiency of CNTs-based materials shows superior
efficacy than that of pristine CNTs [108,109]. However, how to
guarantee that the benefits obtained by introduction of metal
outweigh the potential metal leaching risk of this approach should
be carefully assessed.

Identification of ROS in AOPs is very critical because it is related
to the organic pollutant degradation characteristic and the
oxidation/disinfection by-products generation. At first, it was
[(Fig._5)TD$FIG]

Fig. 5. (a) Selective oxidation of various organic pollutants and proposed nonradical me
2014, Elsevier. (b) Proposed nonradical mechanism in CNTs/PS system. Reproduced with
PDS system. Reproduced with permission [120]. Copyright 2019, American Chemical S
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suggested that SO4
�� and HO

�
were the main ROS in CNT/

persulfates systems [101,110]. But in Lee et al.’s study, it was
found that the CNT/persulfates systems selectively oxidized
organic pollutants, which mean nonradical oxidation played a
significant role in this process [111]. Use of linear sweep
voltammetry with CNTs as electrode further explore nonradical
mechanism. As shown Fig. 5a, they proposed that the adsorption of
persulfates to the surface of CNTs and the formation of reactive
complexes were the prerequisite to the degradation of organic
pollutants.

Their subsequent study further comprehensively investigated
the CNTs/PMS system, where mediated electron transfer mecha-
nism was suggested a plausible nonradical mechanism. Cheng
et al. proposed a different nonradical mechanism in CNTs/PDS
[112]. They suggested 1O2 was generated by this non-photochemi-
cal system and played an important role in the degradation of 2,4-
dichlorophenol. Subsequently, as shown in Fig. 5b, they further
proved that carbonyl and CNTs defects were the main active
sites for direct electron transfer oxidation and 1O2 generation,
respectively [113]. 1O2 generally considered as the important ROS
were frequently reported in some CNTs-based materials/persul-
fates systems [114–118]. However, there are some researchers
questioned the 1O2 oxidation in nonradical mechanism for the
degradation of organic pollutants from the reactivity of 1O2 and
the defects of 1O2 identification methods [119]. Meanwhile,
recent studies have reinvestigated the CNTs/PDS system in
detail. The electron transfer regime was also suggested the
reactionmechanism rather than 1O2 oxygenation process [20,120].
chanism in CNTs/persulfates system. Reproduced with permission [111]. Copyright
permission [113]. Copyright 2019, Elsevier. (c) Electron-transfer mechanism in CNT/
ociety.
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To be more specific, PDS was catalyzed by CNTs to form activated
PDS nearby CNTs surface (CNT-PDS*) with high redox potential
(Fig. 5c) [120]. Then, co-adsorbed organic pollutants were
degraded by transfer of electron from organic pollutants to
CNT-PDS*. The study is of significance to exploring the elimination
of organic pollutants with activated persulfate. More importantly,
the nonradical system could be used for selective removal of
target organic pollutants in complicated water matrix. Based on
the above discussion, CNTs-based materials become an activator
to promote the degradation of organic pollutants in persulfates
activation systems. The possible mechanisms have been studied
continuously by the researchers. A unified and detailed reaction
mechanism may require further efforts by researchers in future.

3.5. CNTs-ferrate/permanganate systems

CNTs have the reductive properties due to their reduction
groups, which can accelerate ferrate/permanganate (Fe(VI)/
Mn(VII)) activation for the degradation of organic pollutants.
Sun et al. found that CNTs could activate Fe(VI) to accelerate the
degradation of bromophenols [121]. The reduction groups on
CNTs surface could react with Fe(VI) to generate high-valent
metal-oxo intermediates (Fe(V)/Fe(IV)), which showed 2–5 orders
higher reactivity compare to Fe(VI). On the other hand, by-
products produced from the reaction process could be absorbed
by CNTs’ surface and thereby reducing the potential risks of by-
products in the effluent. Besides, Zhao et al. discovered that CNTs
also could significantly accelerate the degradation of phenols by
Mn(VII). In CNTs/Mn(VII) system, the reducing ability of CNTs
could reduce Mn(VII) to form MnO2, which could catalyze Mn(VII)
oxidation of phenols. Compared to CNTs, Tian et al. reported that
biochar could enhance Mn(VII) to form high-valent intermediate
manganese species due to the reduction property of biochar,
which resulted in significant improvement of SMX removal [122].
CNTs and biochar are rich in the reductive functional group, high-
valent intermediate manganese species could also play an
essential role in the degradation of organic pollutants by CNTs/
Mn(VII) system. The intermediate manganese species (i.e., Mn(III),
Mn(V) and Mn(VI)) may also be involved in CNTs/Mn(VII) system
and their contribution to the degradation of pollutants deserves
further study. In a word, introducing CNTs for the activation of Fe
(VI)/Mn(VII) may have great application potential in wastewater
treatment.

4. Conclusions and perspectives

In this article, we provide a review of recent developments in
CNTs-based materials for the application of organic pollutant
removal. CNTs with special nano-sized structure, relatively large
specific surface areas and electrical conductivity characteristics
could be rationally designed to different types of CNTs-based
materials for organic pollutant removal in adsorption process and
AOPs.We summarized the adsorptionperformances of CNTs-based
materials as the adsorbent for the organic pollutants and
comprehensive analysis of the adsorption mechanism is con-
ducted. The CNTs/O3 and CNTs/Fenton-like systems were intro-
duced to remove various organic pollutants and the generation of
ROS play a dominant effect for organic pollutant removal.
Interestingly, a nonradical oxidation mechanism in CNTs/persul-
fates systems was proposed through continuous research, which
was different from the traditional PDS activation system. It is
noteworthy that CNTs could also be used to reduce Fe(VI)/Mn(VII)
to form the intermediate metal-oxo species because of their
reductive functional groups, accelerating the organic pollutant
removal.
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Despite advances, the application of CNTs-based materials in
organic pollutant removal still requires further in-depth investi-
gation. Therefore, the following aspects might be paid more
attention in future research.
(1)
 The poor separability limits CNTs practical application and the
release of CNTs in the wastewater treatment process causes
secondary pollution.Modification of CNTswithmagneticmetal
nanomaterials may be an effective way to overcome the
faultiness. However, the stability of CNTs-based materials
should be intensified to avoid the leaching of metals into
solution. Besides, the design of CNTs filter could also be a
promising research direction to improve stability.
(2)
 At present, most of the CNTs-based materials studies are only
used to deal with single organic pollutants. However, the
composition of practical wastewater is often complex, usually
contains multiple components, i.e., metal ions, anions, humic
acid and organic solvents. Hence, attentive research is required
to evaluate the practical application potential of CNTs-based
materials in wastewater treatment.
(3)
 The ultimate objective of CNTs-based materials in wastewater
treatment is industrialization. In practical applications, more
attention should be paid to economic and operational
feasibility to meet commercial requirements.
In conclusion, this review not only summarizes in-depth
insights into the characteristics and mechanisms of CNTs-based
materials applied in wastewater treatment, but also provides
reference and guidance for the development ofmore environment-
friendly, efficient and stable CNTs-based materials.
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