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A B S T R A C T   

Recently, persulfate-based advanced oxidation processes (persulfate-AOPs) are booming rapidly due to their 
promising potential in treating refractory contaminants. As a type of popular two-dimensional material, layered 
double hydroxides (LDHs) are widely used in energy conversion, medicine, environment remediation and other 
fields for the advantages of high specific surface area (SSA), good tunability, biocompatibility and facile fabri-
cation. These excellent physicochemical characteristics may enable LDH-based materials to be promising cata-
lysts in persulfate-AOPs. In this work, we make a summary of LDHs and their composites in persulfate-AOPs from 
different aspects. Firstly, we introduce different structure and important properties of LDH-based materials 
briefly. Secondly, various LDH-based materials are classified according to the type of foreign materials (metal or 
carbonaceous materials, mainly). Latterly, we discuss the mechanisms of persulfate activation (including radical 
pathway and nonradical pathway) by these catalysts in detail, which involve (i) bimetallic synergism for radical 
generation, (ii) the role of carbonaceous materials in radical generation, (iii) singlet oxygen (1O2) production and 
several special nonradical mechanisms. In addition, the catalytic performance of LDH-based catalysts for con-
taminants are also summarized. Finally, challenges and future prospects of LDH-based composites in environ-
mental remediation are proposed. We expect this review could bring new insights for the development of LDH- 
based catalyst and exploration of reaction mechanism.   

1. Introduction 

As the rapid progress of modern technologies, abundant chemical 
products have been manufactured, which greatly improve the living 
standard of people and promote progress of the society. But in the 
manufacture process of industrial products, numerous refractory con-
taminants such as pharmaceuticals, benzene derivatives, organic dyes 
and resin precursor have been discharged into environment. These 
contaminants tend to exhibit ecotoxicity, mutagenicity and even 

carcinogenicity and can cause irreversible damage to both human and 
the ecosystem (Zhou et al., 2019; Zeng et al., 2018; Lu et al., 2019; 
Gorini et al., 2020a; Singh et al., 2019). Traditional measures such as 
adsorption, flocculation and membrane treatment cannot solve the 
pollution by these contaminants fundamentally (Pan et al., 2020; Dai 
et al., 2020). Recently, AOPs have raised intensive concerns of re-
searchers because of their great potential for the effective decomposition 
of refractory pollutants. The activation process of some oxidants like 
ozone, hydrogen peroxide (H2O2) and persulfate can generate reactive 
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species with strong oxidation capacity, which can effectively degrade 
refractory contaminants into small molecule substances with low 
toxicity or even the nontoxic CO2 and H2O (M’Arimi et al., 2020; W. 
Wang et al., 2021; J. Wang et al., 2021; Li et al., 2019). Originally, 
hydrogen peroxide (H2O2) was selected as the precursor of ⋅OH to 
degrade organic contaminants. But H2O2-AOPs have some intrinsic 
drawbacks like short life and low selectivity of ⋅OH, narrow working pH 
range, and unfriendly cost. In order to overcome limitations of H2O2, 
persulfate-AOPs are developed for the following reasons: (i) strong 
oxidation potential, E0(SO4

•− /SO4
2-)= 2.6–3.1 VNHE (Oh et al., 2016), 

(ii) the higher generation rate of radical (Anipsitakis and Dionysiou, 
2004; Lee et al., 2020; Zhiyong et al., 2013; Ling et al., 2010), (iii) 
diverse activation methods for persulfate (Oh et al., 2016; Wang and 
Wang, 2018), (iv) lower requirements of reaction conditions (Ahn et al., 
2016; Luo et al., 2015; Zhang et al., 2016), (v) easy storage and 
convenient transportation. 

Persulfate, including peroxymonosulfate (PMS) and peroxydisulfate 
(PDS/PS), can be activated by external energy (e.g., thermal, ultraviolet, 
ultrasound), chemical activator (e.g., alkaline, phenol, quinone), tran-
sition metals (both metal ions and heterogeneous catalysts) and carbo-
naceous materials (such as biochar and graphene oxide) (Chen et al., 
2018; Wang and Wang, 2018). Among the aforementioned methods, 
transition metal-based heterogeneous catalysts are always given atten-
tion for satisfying catalytic effectiveness， low cost and easy recycla-
bility. However, single metal catalysts tend to lose their activity due to 
the ineffective conversion from M(n+1)+ to Mn+. Despite the coupling of 
different metals can effectively improve this problem (e.g., CuFe2O4, 
CuCo2O4), the toxic metal leaching caused by the unstable crystalline 
structure has become a huge roadblock to the practical application of 
these transition metal catalysts (Zhang et al., 2013; Feng et al., 2015). 
Thus, to meet requirements of actual application, catalysts must simul-
taneously have enough activation effectiveness, stability, low toxicity, 
and affordable cost. 

LDHs, also known as hydrotalcite-like compounds, are a type of 2D 
anionic clays with significant features such as resistance to thermal 
changes and pH variations, tunable interior architecture, high surface 
area, and great anion-exchange capacity. LDHs have been widely used as 
supercapacitors (Liu et al., 2017), batteries (Liu et al., 2016), drug 
carrier (Shahabadi et al., 2019), and catalysts of oxygen evaluation re-
action (OER) (Lv et al., 2019). In addition, LDHs were usually employed 
as effective adsorbent for the elimination of heavy metal (Ma et al., 
2016), radioactive element (Guo et al., 2020), and other toxic pollutants 
in wastewater (Zou et al., 2016). In recent years, as shown in Fig. 1, 
articles concerning applications of LDHs in persulfate-AOPs have grad-
ually increased in recent years, which indicates the potential of LDHs 
and their derivatives in persulfate-AOPs have raised the concentration of 

researchers. LDHs and their derivatives may become a promising acti-
vator of persulfate because of the following merits: (i) low cost and 
simple process of production; (ii) flexible chemical composition. A va-
riety of transition metals and functional anions could be employed to 
prepare LDHs to enhance the catalytic performance; (iii) favorable fix-
ation effect for toxic metal ions due to stabilized structure of LDHs 
(Jawad et al., 2015); (iv) diversity of morphology. The morphology of 
LDHs can be easily altered by calcination and other tailoring methods, 
which will expose more active sites and provide properties that can 
improve the catalytic performance (Boccalon et al., 2020; Hong et al., 
2020); (v) LDHs can be integrated with catalysts which possess different 
properties. The synergistic effect between “metal-metal” or “metal--
carbon” in composites can significantly improve the redox cycle, reduce 
metal leaching and strengthen stability (Boccalon et al., 2020; Ma et al., 
2020a). 

Certainly, LDH-based materials seem relatively unpopular in 
persulfate-AOPs when compared with some “hot materials” such as Fe/ 
Co/Cu/Mn oxides, nano zero-valent iron (nZVI) and biochar. But 
considering the excellent catalytic performance of LDH-based materials, 
we can believe that the exploration on them is quite promising despite 
there are some problems such as agglomeration and slight metal 
leaching. 

Accordingly, it is essential to make a timely review of the latest 
development of LDH-based catalysts in persulfate-AOPs to help re-
searchers understand the intrinsic relationship between characteristics 
of LDHs and catalytic performance, realize current challenges and pro-
mote further development of LDH-based materials. At present, some 
reviews tended to discuss the universal mechanism of persulfate acti-
vation while ignored the unique properties of LDHs ( Wang and Wang, 
2018). Other articles were more concentrated on synthesis, properties 
and various applications of LDHs but did not focus on persulfate-AOPs 
(Mallakpour et al., 2020a; Mishra et al., 2018). Among them, few 
works have paid special attention to application and catalytic mecha-
nism of LDH-based materials in persulfate-AOPs at the same time. Thus, 
we systematically summarize these catalysts from basic properties, 
classification and catalytic mechanisms in persulfate-AOPs. At the 
beginning, synthesis, structure and some important properties of LDHs 
are introduced. Secondly, we classify LDH-based composites into 
LDH-metal and LDH-carbonaceous catalysts. The unique advantages of 
coupling LDHs with different metallic and carbonaceous materials are 
discussed in this part. Moreover, mechanisms of persulfate activation 
catalyzed by LDH-based materials are summarized in detail. Finally, 
four types of representative refractory contaminants are selected to 
explain the catalytic performance of LDH-based materials in 
persulfate-AOPs. These contaminants are often used as target pollutants 
in the degradation experiments because they are widely presented in 
industrial production and human’s daily life. Some challenges as well as 
future perspectives are also discussed in brief in the end. It is hoped that 
this review could bring some different perspectives to researchers 
ploughing in persulfate-AOPs and raise concern to extend the applica-
tion of LDH-based materials in environmental remediation or wider 
fields concerning human health. 

2. Synthesis, structure and important properties of LDHs 

LDHs are a kind of ionic lamellar materials composed of positively 
charged brucite-like layers. There are charge compensating anions and 
solvation molecules inside the interlayer. The metal cations occupy the 
centers of edge sharing octahedra, whose vertexes contain hydroxide 
ions that connect to form 2D plates (Wang and O’Hare, 2012). Gener-
ally, the following formula can describe the composition of LDHs: 
[
M2+

1− xM
3+
x (OH)2

]x+⋅An−
x/n⋅mH2O 

In this formula, M2+ are divalent metals ions (e.g., Mg2+, Zn2+, Cu2+, 
Co2+, etc.) while M3+ are trivalent ions (e.g., Al3+, Fe3+, Mn3+, Cr3+, 

Fig. 1. Recent scientific publications using “Layered double hydroxide per-
sulfate”, “Persulfate advanced oxidation process” respectively as keywords 
based on the database to Web of science 
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etc.). A is an exchangeable interlayer gallery anion (including CO3
2− , 

NO3
2− , Cl− , etc.); x refers to the molar ratio of M2+/(M2++M3+) (Mal-

lakpour et al., 2020b). 

2.1. Synthesis of LDHs 

In general, researchers have developed a series of methods to syn-
thesize LDHs with different properties, involving co-precipitation, anion 
exchange, hydrothermal, reconstruction, calcination, etc. Mishra et al. 
(2018). Currently, co-precipitation and hydrothermal method are 
widely used in the synthesis of LDH-based materials due to their facile 
operation, low cost and reliability (Mallakpour et al., 2020c). In 
co-precipitation method, an alkaline solution (usually NaOH and 
Na2CO3) with guest anions is slowly added to a solution containing 
metal ions and stirred under the protection of inert gas. Finally, the 
mixed solution will be thermally aged (60–70 ◦C) to enhance the crys-
tallinity. In hydrothermal method, metal salts and urea are mixed in an 
autoclave and heated at high temperature and pressure. LDHs fabricated 
from this method have highly crystalline morphology than that prepared 
from co-precipitation (Mallakpour et al., 2020c; Yu et al., 2020). 
Notably, parameters such as pH, temperature, reaction time can greatly 
affect the crystallinity, morphology and surface area of LDHs. Thus, it is 
essential to choose proper synthesis conditions according to the specific 
situations. 

Except for the above-mentioned methods, there are various modifi-
cation methods which can improve the catalytic performance of pristine 
LDHs. For instance, the FeMgAl-MoS4 LDH prepared from FeMgAl-NO3

−

LDH via facile ion-exchange method can significantly improve the redox 
cycle and enhance the degradation performance of contaminants (Ali 
et al., 2020). In addition, layered double oxides (LDOs), which have 
larger surface area, uniformly dispersed compositions and more active 
sites, can be prepared by calcinating LDHs at 450–600 ◦C (Mallakpour 
et al., 2020b). Moreover, LDHs can form composites with other catalysts 
through hydrothermal method, ultrasonic-assisted method, electrostatic 
self-assembly and so on (Li et al., 2021; Shahzad et al., 2019). At present, 

efforts are still needed to realize facile, environment-friendly and highly 
controllable synthesis of LDH-based catalysts. (Fig. 2). 

2.2. Structure of LDHs 

According to different preparation strategies, LDHs can be made into 
products that have divergent structures (bulk form, exfoliated thin 
nanosheets and 3D form). The basic structure of LDHs can be depicted by  
Fig. 3. 

2.2.1. Bulk LDHs 
Because of the high charge density and numerous interlayer ions, 

there exist strong electrostatic interactions and hydrogen bonding be-
tween laminates, which will lead to aggregation of bulk LDHs (Wang 
and O’Hare, 2012). This stacking problem can hinder the exposure of 
active sites and cause low reactivity (Huang et al., 2010). 

2.2.2. Exfoliated thin nanosheets 
Due to the limitation of bulk LDHs, it is essential to exfoliate LDHs 

into single nanosheets so as to acquire higher specific surface area as 
well as expose more active sites (Liu et al., 2017; Yu et al., 2017). When 
the thickness of catalysts reduces to a molecular size, increased intrinsic 
electrocatalytic activities and rapid transportation of reactants will be 
achieved (Wan et al., 2020; Zhang, 2015). Researchers have committed 
numerous efforts to the synthetic methods of LDH nanosheets. Gener-
ally, two-dimensional LDH nanosheets can be prepared by “top-down” 
and “bottom-up” approaches. 

The “top-down” pathway utilizes physical shear force or chemical 
intercalation to break the interaction between adjacent layers so as to 
acquire mono- or few-layered nanosheets from bulk LDHs. Generally, 
“top-down” exfoliation follows two steps: (1) anionic organic guests are 
intercalated into the gallery to enlarge the interlayer space of LDHs 
(Fig. 4a), (2) using exfoliation method (e.g., ultrasonication) to acquire 
delaminated nanosheets (Fig. 4b). In contrast, “bottom-up” method 
prepares 2D nanofilms through chemical reactions/synthetization (Lu 

Fig. 2. Synthesis methods of LDH-based catalysts for persulfate-AOPs. (a) NiFe-LDH. Reproduced with permission from Yue et al. (2020). Copyright 2020 American 
Chemical Society. (b) CoMgFe-LDO. Reproduced with permission from Hong et al. (2020). Copyright 2020 Elsevier. (c) CoMn-LDH. Reproduced with permission 
from He et al. (2021). Copyright 2021 Elsevier. (d) FeMgAl-MoS4-LDH. Reproduced with permission from Ali et al. (2020). Copyright 2020 Elsevier. (e) Fe-rGO LDH. 
Reproduced with permission from Shahzad et al. (2019). Copyright 2019 Elsevier. 

L. Ge et al.                                                                                                                                                                                                                                       



Journal of Hazardous Materials 424 (2022) 127612

4

et al., 2020). By introducing proper precursors as nanoreactor to confine 
space and nutrients, LDH nanosheets can be synthesized. Previous re-
views have discussed them in detail and we don’t have to repeat more 
details (Yu et al., 2017; Chubar et al., 2017). However, the exfoliated 
LDH nanosheets are mainly applied in supercapacitor and OER. At 
present, there are few articles reporting the application of exfoliated 
LDH nanosheets as heterogeneous catalysts in persulfate-AOPs. Even so, 

LDH nanosheets without exfoliation have shown higher catalytic per-
formance than many conventional catalysts. For instance, the NiFe LDH 
nanosheets exhibited higher efficiency than most Ni/Fe-based catalysts 
in PDS activation (Yue et al., 2020). Based on the numerous researches 
that proving LDH nanosheets could present significantly higher catalytic 
performance over their bulk counterparts. This difference is derived 
from the increased active sites and charge conductivity (Song and Hu, 

Fig. 3. Basic structure of LDHs (Mishra et al., 2018). Copyright 2018 Elsevier.  

Fig. 4. Illustration of (a) anion exchange process; (b) exfoliating LDH into monolayer nanosheets; (c) Synthesis of LDH nanosheets via “bottom-up” method. 
Reproduced with permission from Long et al. (2016). Copyright 2019 Elsevier. 
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2014). Thus, it is worthwhile to explore the catalytic performance of 
exfoliated LDH nanosheets in persulfate-AOPs. 

2.2.3. 3D LDHs 
Despite 2D LDHs nanosheets present good performance in different 

fields, there are still occasions, where a three-dimensional (3D) com-
pound, with its ragged architecture and almost casual particle disposi-
tion, can lead to some advantages in terms of material properties and 
potential applications. The 3D structure can influence aspects like 
adsorption, diffusion, thermal stability, mechanical resistance, conduc-
tivity, and surface capacity (Boccalon et al., 2020). By changing syn-
thetic process, the aggregation form of LDHs nanosheets could be 
controlled and 3D LDHs could be obtained. At present, the main pro-
cesses include exfoliation-recombination, in situ growth, and template 
method. 

Exfoliation-recombination usually follows two steps: firstly, peeling 
LDHs into monolayer nanosheets. Secondly, 3D-LDHs are formed via 
adjusting the pH of solution or adding electrical materials to make the 
monolayer attach to the surface of carrier. In situ growth method means 
that growing 3D-LDHs on the surface of matrix material by co- 
precipitation of metal cation and anion. This product is capable of 
maintaining the merits of both LDHs and matrix. The template method is 
the way to obtain 3D-LDHs by adding templates in the co-precipitation 
process to control and modify the morphology and structure of LDHs 
(Jenisha Barnabas et al., 2017; Nagendra et al., 2017; Jabeen et al., 
2017; Gao et al., 2020). While retaining characteristics of 2D LDHs, 3D 
LDHs possess larger SSA and abundant pore structure, which can 
strengthen their catalytic performance. 

The 3D LDHs have displayed great potential in different fields such as 
energy storage (Zhang et al., 2016), photocatalysis (Liang et al., 2019), 
biomedicine (Wang et al., 2018), etc. Liang et al. reported that the 3D 
NiAlFe LDH/rGO realized higher removal efficiency in 

photodegradation of ciprofloxacin than its 2D counterpart, which might 
be attributed to the increased active sites provided by the 3D structure 
(Liang et al., 2019) (Fig. 5c). However, no research has studied the 
performance of 3D LDHs in persulfate-AOPs. Some researchers reported 
that the 3D flower-like LDO could have larger SSA and more active sites. 
This structural change could also strengthen the interaction between 
persulfate and surface active sites, which is beneficial to persulfate 
activation (Hong et al., 2020). However, it is not entirely appropriate to 
discuss the influence of structure on catalytic performance of LDHs 
through using LDO as example. Because the conversion from LDH to 
LDO is not only a structural change but also a chemical transformation. 

SEM and TEM images of some LDHs with different structures are 
presented in Fig. 5. Until now, most researchers focus on adjusting the 
composition of LDHs, or combining LDHs with other materials to 
enhance the catalytic efficiency in persulfate-AOPs. However, there is no 
in-depth study on the effect of regulating morphology on the persulfate 
activation performance of LDHs. Therefore, it is advisable for re-
searchers to develop LDHs with different morphologies and explore the 
possible different catalytic performance induced by different structure. 

2.3. Important properties of LDHs 

2.3.1. Ability of Anion exchange 
One important property of LDHs is their excellent anion change 

ability. Due to the relatively weak electrostatic interaction in layers, it 
doesn’t take much effort to tune the interlayer anions of LDHs (Mishra 
et al., 2018; Mohapatra and Parida, 2016). The inside anions can simply 
substitute with the other negatively-charged molecules, and the favorite 
order of usual and public inorganic anions is as follows (Mallakpour 
et al., 2020b; Inayat et al., 2011). 

Fig. 5. (a) Tem image of NiFe-LDH nanosheets. Reproduced with permission from Yue et al. (2020). Copyright 2020 American Chemical Society. SEM images of (b) 
Bulk CuFe-LDH. Reproduced with permission from Ma et al. (2018a). Copyright 2018 Elsevier. (c) 3D NiAlFe LDH grown on rGO. Reproduced with permission from 
Liang et al. (2019). Copyright 2019 Elsevier. (d) Flower-like CuMgFe-LDH. Reproduced with permission from Yan et al. (2017). Copyright 2017 Elsevier. 
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NO−
3 < Br− < Cl− < F− < OH− < MoO2−

4 < SO2−
4 < CrO2−

4 < HPO2−
4

< CO2−
3 

It is difficult to exchange the CO3
2– because of its strong affinity with 

layers. In contrast, NO3
– is the preferable to be employed as a precursor 

to exchange with other anions (Gillman et al., 2008). Additionally, the 
general mechanism of anion exchange property can be indicated by the 
followed equation. 

LDH.Am− +Xn− →LDH.Xn− +Am− (1) 

A and X are the host and guest anions with negative charges of m and 
n, respectively (Rives et al., 2014). There exists the potential for the 
interlayer space to host additional amounts of aqueous anions, which 
will make LDHs a good type of anion exchanger (Chubar et al., 2017). 
Another unique advantage of LDHs is that both the elements of layers 
and interlayer anions are easily tunable. Besides, we can properly utilize 
the anion exchange property to synthesize or modify LDHs so as to ac-
quire the ideal materials. 

2.3.2. Thermal stability 
Thermal stability is one of the crucial properties of heterogeneous 

catalyst. Due to the firm covalent bond and electrostatic interaction, 
LDHs display thermal stability within a certain temperature range. To be 
specific, the physically adsorbed H2O of LDHs will lose when the tem-
perature rises to 170 ◦C without the change of bulk structure. In addi-
tion, a continuous increase in temperature can lead to a series of 
chemical processes and generate different products (mentioned in next 
part). When the temperature exceeds 500 ◦C, the structure of LDHs will 
be destroyed completely and form stable spinels (Valente et al., 2012). 
The specific temperature range will change according to the type of 
LDHs and different processing conditions. 

2.3.3. Memory effect 
The so-called “memory effect” means that when heated at high 

temperatures (450–600 ◦C), LDHs will lose their water molecules and 
other organic segments in their structure. As a result, they lose their 
layer structure and produce the metal oxides, which are known as LDOs 
(Mallakpour et al., 2020b). The formation of LDOs goes through four 
stages: dehydration, dehydroxylation, decomposition of anions and 
oxide reformation (Zou et al., 2017). Interestingly, when immersed in a 
solution containing anions, these samples will reconstruct their layer 
structure and produce LDHs again. Encouragingly, it is exactly due to 
this feature that pure LDHs can be produced (Costa et al., 2008; Deng 
et al., 2019). LDOs usually have larger SSA and more defects that pris-
tine LDHs, thus exhibit better catalytic performance. However, further 
calcination (>600 ◦C) at higher temperature can destroy the structure of 
LDHs irreversibly and form highly dispersed metal mixed oxides 
(MMOs) (Zou et al., 2017; Erickson et al., 2005). Of course, not all LDHs 
possess memory effect. For instance, if the divalent metal ion is Zn2+, 
there is no memory effect in LDHs structure; if the divalent metal ion is 
Mg2+, LDHs generally have memory effect. Besides, impregnation so-
lution, preparing procedure, and calcination temperature are all crucial 
factors (Hammoud et al., 2015; Rajamathi et al., 2000). Due to the 
similarity in crystalline structure between LDHs and MMO, it is possible 
to tune the exposed crystal plane and defect structure of the latter via 
adjusting the parameters of the topochemical conversion process ( 
Zhang et al., 2020Zhang et al., 2020). 

2.3.4. Acid-base bifunctionality 
Due to the plentiful hydroxyl groups on the laminates, LDHs usually 

present alkaline. The alkalinity of different LDHs depends on the type of 
divalent metal hydroxides (Kagunya et al., 1996). In addition, the 
alkalinity of LDHs will rise after calcination due to the increased SSA. 
Certainly, LDHs also have acidity because of the trivalent metal hy-
droxide and interlayer anions (Kagunya et al., 1996). According to the 
acid-base bifunctionality, LDHs can be coupled with other materials and 

form composites with higher catalytic efficiency. 

3. Composites of LDHs 

There exist some problems when pure LDHs act alone: (1) Due to the 
strong hydrophilicity of LDHs, the removal performance of hydrophobic 
molecules is not satisfying. (2) When used in water treatment, the 
powdery LDHs have recovering from the solution. The problems of 
reusability, as well as the potential secondary pollution cannot be well 
addressed. (3) It is often unable to achieve high efficiency because of the 
limitation of a single material. Recently, modification of LDHs has raised 
great attention of researchers due to the intrinsic drawbacks of pure 
LDHs. A variety of modified LDHs and LDHs composites have been 
synthesized for the solvation of problems in actual application. 

Substantial explorations about LDH-based materials have been 
committed to achieving better performance of persulfate activation 
(Huang et al., 2017). Herein, we will mainly focus on materials which 
are used for persulfate activation. As for the type of materials, we would 
like to divide these catalysts into metal/metal oxides introduced LDH 
composites, LDH-carbon materials and other complex composites. 

3.1. Metal/metal oxides introduced LDHs/LDOs 

3.1.1. LDHs modified by transition metals 
Previous studies have proved transition metal and metal oxides can 

active the persulfate (Devi et al., 2016; Ghanbari and Moradi, 2017; Hu 
and Long, 2016; Matzek and Carter, 2016; Wang and Wang, 2018). 
Transition metals are usually employed as components of cationic 
laminates of LDHs to activate persulfate. However, the ineffective redox 
from M(n+1)+ to Mn+ will cause a drop of catalytic performance. The 
introduction of another transition metal may accelerate the original 
cycle through electron transfer between different metals (Lu et al., 2019; 
Wu et al., 2018). Moreover, incorporation of foreign metals can also 
improve the stability of heterogeneous catalysts, reducing the leaching 
of toxic metal ions (Zhou et al., 2020). Huang et al. prepared Ni-doped 
MgAl-LDH for the activation of PDS (Huang et al., 2020a). As shown by 
the XRD spectra, the diffraction peaks of Ni-LDHs at 2θ = 10, 21, 35, 38, 
and 60◦ were consistent to that of MgAl-LDH, implying that Ni doping 
did not affect the structure of LDHs (Fig. 6a). The SEM images also 
confirmed that the typical polygonal laminate structure of LDH was 
successfully maintained (Fig. 6b). Under the same PDS dosage, Ni-doped 
LDH exhibited significantly higher decomposition efficiency towards 
phenol in comparison with MgAl-LDH. Similarly, the doping of Fe into 
the Ni-LDH could enlarge the interlayer space and expose more active 
sites for persulfate activation (Yue et al., 2020) (Fig. 6a). Compared with 
pristine Ni-LDH, the as-prepared sample could fulfill more efficient 
degradation of various pollutants. 

According to former studies (Liang et al., 2013; Lei et al., 2015a), 
oxidates as well as compounds of Cu and Co could activate persulfate 
effectively (Goh et al., 2008; Hong et al., 2019). Unfortunately, the 
leaching problem hinders the further application of these catalysts. 
CuMgFe-LDH (Yan et al., 2017), CuCoFe-LDH (Lu et al., 2019), 
CoFeNi-LDH (Zeng et al., 2018) were successfully synthesized to acti-
vate persulfate for contaminants decomposition. Except for the excellent 
removal efficiency, these modified LDHs could keep a low leaching level 
of metal ions during catalytic reactions. For one thing, the ample hy-
droxyl groups could create an alkaline condition, which has an inhibi-
tory effect to leaching of metal ions (Lei et al., 2015b). For another, the 
firm bond between active sites could also control the migration of toxic 
ions from LDHs to the solution. 

Besides the metal cations, some metallic acid anions can be incor-
porated into LDHs for enhancing catalytic performance. Fe-based cata-
lysts were widely used in persulfate-AOPs, but the activity of persulfate- 
AOPs systems will lose gradually due to the inefficient transformation 
between Fe3+ and Fe2+. Jawad et al. Ali et al. (2020) developed a stable 
and effective heterogeneous catalyst by enriching MoS4

2– into the 
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interlayer of FeMgAl-LDH (Fig. 7b). In order to make comparison, they 
also synthesized LDHs with different interlayer anions (CO3

2–, NO3
–, 

S5
2–). The peak position in the XRD pattern and changes in the d-spacing 

indicated the successful synthesis of five types of LDHs (Fig. 6c). 
Furthermore, the shifting band in FTIR also confirmed that MoS4

2– was 
intercalated into the interlayer of FeMgAl-LDH (Fig. 6d). The obtained 
material displayed excellent catalytic activity for parahydroxy benzoic 
acid (PHB) degradation than other nanomaterials as well as co-catalytic 
systems since the MoS4

2– incorporation improved the “Fe3+/Fe2+” cycle 
greatly. 

3.1.2. LDHs combined with metal oxide semiconductors 
Besides the common cycle of “Mn+/Mn+1” for persulfate activation, 

there are some materials that can be used to produce SO4
•− via photo- 

Fenton process (Ahmed and Chiron, 2014; Avetta et al., 2015). Former 
studies have reported photocatalytic activation of persulfate by LDHs 
(Ma et al., 2018b). But the inefficient transfer and inevitable recombi-
nation of “electron-hole” pairs in LDHs have been hindered their prac-
tical applications. 

If it can be coupled with proper photocatalysts, the catalytic per-
formance of LDHs in persulfate activation will be significantly pro-
moted. Bi2O3, an attractive photocatalyst which is inexpensive and has 
favorable band gap ( Liu et al., 2019). However, pure Bi2O3 material 
shows relatively unsatisfying photocatalytic performance because of 
electron-hole recombination. Bi2O3 particles tend to agglomerate for the 
high surface energy (Ke et al., 2017; Sun et al., 2014). Luckily, the 
unique structure of LDHs is capable to facilitate electron transportation 
and prevent particles from aggregation to some extent (Paredes et al., 
2011). Inspired by these studies, Zhang et al. Zhang et al., 2020 

synthesized Bi2O3/CuNiFe LDHs as a PS activator for lomefloxacin 
(LOM) degradation. TEM and HRTEM founded that substantial Bi2O3 
nanoparticles were distributed on the plane of CuNiFe LDHs 
(Fig. 8a-8b). Bi2O3 could firmly couple with CuNiFe LDHs in a unique 
structure, which may effectively enhance catalytic performance. More-
over, Bi2O3/CuNiFe LDHs were proved to have large surface area and 
mesoporous structure which could expose more active sites (compared 
with Bi2O3). Furthermore, in comparison with Bi2O3 and CuNiFe-LDHs, 
Bi2O3/CuNiFe LDHs could achieve more efficient visible light (VL) 
adsorption which implies the potential of the composite in photo-
catalysis (Fig. 8c). Yang et al. Yang et al., 2021 synthesized a direct 
Z-scheme CeO2 @LDH heterojunction photocatalyst with a core-shell 
structure. As shown by TEM images (Fig. 8d-8e), the composite 
exhibited a three-dimensional structure, which was just like a flower and 
LDH nanosheets wrapped the CeO2 particles. The results of UV–vis dif-
fuses reflectance spectra (UV–vis DRS) suggested the CeO2 @LDH 
composite possesses stronger VL adsorption than pristine CeO2 
(<500 nm), indicating that LDHs were of great significance in 
enhancing VL absorption capacity of the CeO2 @LDH nanocomplex 
(Fig. 8f). 

3.1.3. LDOs coupled with transition metals 
In comparison with LDHs, LDOs display excellent properties, like 

large surface area, abundant active sites, and stable metals dispersion 
than original LDHs (Zou et al., 2016; Liu et al., 2014; Guo et al., 2018). 
These merits of LDOs can enhance the interaction of catalysts with 
persulfate, generating quantities of reactive oxygen species (ROS). 
Inspired by former works, Hong et al. Hong et al. (2019) synthesized 
ternary CoMgAl-LDOs with “flower-like” morphology through 

Fig. 6. (a) XRD pattern of MgAl-LDH and Ni-MgAl-LDHs. (b) SEM image of Ni-MgAl-LDH. Reproduced from Huang et al. (2020a). Copyright 2020 Elsevier. (c) XRD 
pattern and (d) FTIR spectrum of FeMgAl-LDH with different intercalated anions. Reproduced from Ali et al. (2020). Copyright 2020 Elsevier. 
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Fig. 7. (a) Incorporation of Fe into Ni-LDH. Reproduced from Yue et al. (2020). Copyright 2020 American Chemical Society. (b) Synthesis of FeMgAl-MoS4 LDH. 
Reproduced from Ali et al. (2020). Copyright 2020 Elsevier. (c) SEM image and persulfate activation of CoMgAl-LDO. Reproduced from Hong et al. (2019). Copyright 
2019 Elsevier. (d) Synthesis of CuO-MgMn-LDO. Reproduced from Chen et al., 2020 . Copyright 2020 Elsevier. 

Fig. 8. (a) TEM and (b) HRTEM images of Bi2O3/CuNiFe LDHs composite. (c) UV–vis DRS of Bi2O3, CuNiFe LDHs and Bi2O3/CuNiFe LDHs composite. Reproduced 
from Zhang et al., 2020. Copyright 2020 Elsevier. (d) TEM image and (e) HRTEM image of CeO2 @LDH. (f) UV–vis DRS of CeO2, LDH and CeO2 @LDH. Reproduced 
from Yang et al., 2021. Copyright 2020 Elsevier. 
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co-precipitation and calcination (Fig. 7c). The structure of Co1M-
g2Al1-LDO was not changed after the recycle experiments, which indi-
cated the stability of this material. The CoMgAl-LDO could reach higher 
catalytic performance by effective PMS activation than the situation in 
PMS self-degradation as well as MgAl-LDO catalyzed degradation. Due 
to the fast circulation between Co(II) and Co(III), PMS was efficiently 
activated to generate SO4

•− for atrazine (ATZ) removal. Chen et al. Chen 
et al., 2020 synthesized MgMn-LDH via a homogeneous co-precipitation 
method, then the precursor was calcined with CuCl2⋅2H2O. Finally, 
CuO-MgMn-LDO was obtained (Fig. 7d). Cu2+ was bonded on the ho-
mogeneous reactive sites of MgMn-LDH in the form of monolayer. This 
MgMn-LDH displayed excellent immobilization ability toward Cu2+ due 
to the generation of CuCO3/Cu(OH)2. According to the results of nitro-
gen adsorption/desorption technique, CuO-MgMn-LDO had a larger SSA 
than that of MgMn-LDO, indicating the former might have better cata-
lytic performance because of the increased active sites. In addition, the 
porous structure of CuO-MgMn-LDO could accelerate the diffusion of 
pollutants on the surface of catalyst. (Table 1). 

Through the combination of various metal elements and different 
preparation methods, LDH composites with high catalytic performance 
can be produced. The synergistic effects between different metals are 
complex. For instance, interactions between Cu and Mn could facilitate 
the activation and transportation of active oxygen species. The con-
struction of Z-scheme heterostructure realized rapid photogenerated 
electrons transfer as well as production of reactive electrons in PS 
activation. Since high-valent Ni cannot accumulate because of Fe 
introduction, the original circulation of Ni in different valent was 
significantly accelerated, thus the NiFe LDHs could present better cat-
alytic efficiency. Herein, we discussed metal/metal oxide modified LDH 
composites that are applied in persulfate-AOPs. Metal or metal oxides 
have great potential in the optimization of pure LDHs. Thus, the acti-
vation mechanisms by different materials undoubtedly deserve further 
exploration. 

3.2. LDH-carbon composites 

During the application of metal-based materials, their drawbacks 
like minerals shortage, excessive cost, biotoxicity have gradually raised 
concern. Since the effective persulfate activation by reduced graphene 
oxide (rGO) was reported by Sun et al. Sun et al. (2012a), an increasing 
number of carbonaceous catalysts such as carbon nanotubes (CNTs), 
graphene, carbon nitride, activated carbon (AC), biochar (BC) have been 
applied in persulfate-AOPs. These materials usually possess outstanding 
electron conductivity, which can promote the generation of ROS. 

Moreover, carbonaceous materials could act as good supporting carriers 
for LDHs to inhibit their aggregation. However, some carbonaceous 
materials such as AC and BC display relatively low catalytic performance 
for persulfate activation when they act alone. The combination of LDHs 
and carbonaceous materials may overcome the drawbacks of single 
material while retaining their advantages, then produce composites with 
higher metal dispersion, electron conductivity and improved 
morphology. 

3.2.1. Composite with 1D carbonaceous material 
CNTs are a kind of nanomaterials dominated by sp2 hybridization 

and exist in the form of rolled-up graphite sheets. Due to the advantages 
of low mass-transfer resistance, unique electrical conductivity and good 
efficient adsorption capacity, CNTs have been seen as potential catalysts 
in persulfate-AOPs (Chen et al., 2018). On the one hand, the highly 
delocalized π electrons on the surface of CNTs can facilitate the electron 
transfer via conductive carbon tunnel, thus promoting the efficiency of 
persulfate activation. On the other, the surface functional groups are 
also in favor of the generation of SO4

•− . Li et al. fabricated a 
CNTs@CoMnAl-LDH composite via self-assembly of CoMnAl-LDH on 
the surface of CNTs (Li et al., 2015). As shown in the SEM and TEM 
images, the composite presented a 3D hierarchical structure, which was 
similar to the honeycomb. After calcination, the composite was con-
verted to CNTs@CoMnAl-LDO while the honeycomb-like structure was 
maintained (Fig. 9). Compared with CoMnAl-LDO, CNTs@CoMnAl-LDO 
could reach high removal efficiency of BPA within a short time, which 
were mainly attributed to two reasons. Firstly, the morphology of LDHs 
was converted from 2D nanosheets converted to 3D hierarchical hon-
eycomb after the incorporation of CNTs. The unique structure could 
effectively inhibit the aggregation of LDH plates and CNTs, SSA of the 
composite was increased and more active sites were exposed. Secondly, 
calcination could increase the number of defect sites in CNTs, thus 
improving catalytic potential of CNTs@CoMnAl-LDO in persulfate 
activation (Li et al., 2015). 

3.2.2. Heterojunction with 2D carbonaceous materials 
By constructing layer-by-layer heterojunction between different 2D 

materials, charge transportation can be accelerated remarkably. Gra-
phene is a kind of 2D nanomaterial which consists of carbon atoms with 
sp2 hybridized atoms. Because of the big surface area and excellent 
adsorption capacity, it is often used as adsorbent for various contami-
nants. Additionally, GO could act as a good carrier for photocatalysts 
(Hu et al., 2021; Zhao et al., 2012). However, graphene which is 
perfectly sp2-hybridized could hardly activate persulfate which may be 

Table 1 
Composition and morphology of metal/metal oxides incorporated LDHs.  

Metal 
elements 

Anions Preparation methods Morphology Calcination Molar ratio of metals References 

Fe-Ni Hydrothermal Ultrathin nanosheet No 1.96 (Yue et al., 2020)  
Ni-Al-Mg NO3

– Hydrothermal A polygonal crystalline laminate No Ni-LDH-0.01 (Huang et al., 
2020a) 

Cu-Mg-Al CO3
2– Co-precipitation Flower shape and lamellar structure No (Cu2++Mg2+)/Fe3+ 3.0 (Yan et al., 

2017) 
Co-Mg-Al CO3

2– Aqueous miscible organic solvent 
treatment 

Typical “flower-like” morphology Yes 1:2:1 (Hong et al., 
2019) 

Co-Fe-Ni CO3
2– Co-precipitation Typical lamellar structure No 6:3.1:1.09 (Zeng et al., 

2018) 
Cu-Co-Fe CO3

2– Co-precipitation Thin nanosheet No 1:1:1 (Lu et al., 2019) 
Cu-Mg-Mn CO3

2– Co-precipitation and calcination Collapsed platelet-like shape with CuO 
nanoparticle adhered 

Yes Cu/Mn 0.6 Mg/Mn2.1  

Fe-Mg-Al MoS4
2– Hydrothermal and ion exchange 

method 
Typical lamellar structure No 0.09:0.61:0.30:0.19 (Ali et al., 2020) 

Bi2O3/ 
CuNiFe 

CO3
2– Co-precipitation sol–gel combustion Bi2O3: spherical nanoparticle 

CuNiFe LDHs: flower-shaped and 
layered structure 

No Bi2O3/CuNiFe1:1 
CuNiFe 

0.025:0.025:0.0625  
CeO2-CoAl CO3

2– Hydrothermal–calcination (CeO2) 
Co-precipitation (LDH) 

3D flower-like spherical structure No Co: Al 2.68 
Co: Ce 0.81   
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attributed to its insufficient electron giving ability by the settled 
π-conjugated system (Sun et al., 2012a; Oostinga et al., 2008; Kaiser and 
Skakalova, 2011). In fact, the graphene derivatives, including GO and 
rGO, usually display higher catalytic efficiency. 

Shahzad et al. (2019) incorporated rGO nanosheets into the layers of 
LDHs, the obtained Fe-rGO LDH composite solved the agglomeration of 
rGO. They used two different methods to synthesize LDH-rGO compos-
ites. Single-layer rGO was intercalated into the inner space of Fe-LDH to 
produce Fe-rGO-LDH (Fig. 10a), while a composite with Fe-LDHs grown 
on multilayer rGO was made to check the effect of intercalation 
(Fig. 10b). As shown in SEM images (Fig. 9c-9f), the primary hexagonal 
morphology of LDHs was partly destroyed and nanoplates of LDHs as 
well as rGO were stacking orderly, which was kind of like a sandwich. 
The large surface area and porous structure of the novel composite may 
enable it to display better catalytic performance since it possesses suf-
ficient active sites and enhanced capacity of mass transport. In their later 
research, Shahzad et al. (2020) synthesized a Cu-rGO LDH nanohybrid 
material by using similar routes and realized efficient PMS activation to 
decompose contaminants. 

Graphitic carbon nitride (g-C3N4) has been a rising star photocatalyst 
due to its proper band gap, good VL response, fine chemical durability, 
uncomplex production and economic expenses (Mamba and Mishra, 
2016; Liang et al., 2021a). But the inherent deficiencies such as small 
SSA, unsatisfying crystallinity, ineluctable recombination of 
electron-hole pairs and finite VL absorption range have restricted its 
photocatalytic activation efficiency towards persulfate. Interestingly, 
the unique oxo-bridges between metal ions in LDHs could effectively 
control the electron-hole recombination (Nakamura et al., 2007; Kim 
et al., 2014). Accordingly, LDH-g-C3N4 composites may possess great 
potential in photo-activation of persulfate. 

Zeng et al. (2020) synthesized a CoAl-LDH/g-C3N4 heterostructure 
with a layer-by-layer structure. As shown in TEM images (Fig. 11a), 
numerous CoAl-LDH nanocrystalline were orderly interspersed on the 
surface of C3N4. Because of the tight connection between different 
components in CoAl-LDH/g-C3N4, the excited electron could shuttle 
rapidly between heterojunction thus increase the generation of active 
species. The result of photoluminescence spectra indicated that 

CoAl-LDH/g-C3N4 exhibited lower weaker emission intensity, proving 
that the incorporation of CoAl-LDH could facilitate the electron transfer 
and restrain the recombination of electron-hole pairs. Additionally, ac-
cording to results of UV–vis DRS, the VL adsorption capacity of C3N4 was 
highly improved through its combination with CoAl-LDH 
(Fig. 11b-11d). On account of the synergistic effect in this hetero-
junction, sulfadiazine (SDZ) was effectively decomposed by active 
substances. 

3.2.3. Composite with 3D carbonaceous materials 
3D carbonaceous materials like BC and AC usually are featured with 

large surface area, unique pore structure and plentiful functional groups 
(White et al., 2009; Ren et al., 2020), which enable them to present good 
performance in persulfate activation. 

Biochar could be produced from thermal-treated biomass under an 
oxygen-limited atmosphere (Zubair et al., 2021; Ding et al., 2020). Due 
to its unique characteristics such as abundant micropore or mesopore 
structures, rich surface functional groups, abundant mineral ingredients 
and extraordinary absorbability, BC has attracted widespread concern in 
various fields (Xiao et al., 2018). More importantly, the abundant waste 
biomass and facile preparation of make BC in line with the concept of 
sustainable development. Recently, biochar-based catalysts produced by 
pyrolysis have been gradually applied in persulfate-AOPs (You et al., 
2021; Yang et al., 2021). However, the catalytic performance of BC was 
largely determined by original material and pyrolysis temperature. By 
optimizing the composition parameters or combining with metal cata-
lysts, BC may have enhanced catalytic activity than its original coun-
terpart (Qin et al., 2020). Gholami et al. (2020) incorporated the BC 
particles into Zn-Co-LDH nanostructures by the hydrothermal method 
and the composite was then used as a photocatalyst for the degradation 
of Gemifloxacin (GMF). From the result of UV–vis DRS, BC is of great 
significance in decreasing the band gap energy of this composite 
(Fig. 12d). As shown in SEM images, after the integration with 
ZnCo-LDH, BC presented a rougher surface where Zn and Co were 
dispersed regularly (Fig. 12a-12c). The LDH-BC/PMS system achieved 
high degradation efficiency towards GMF, which was higher than 
Co-LDH or pure BC. Due to the presence of LDH and BC, the separation 

Fig. 9. SEM images of (a) CoMnAl-LDH, (b) and (c) CNTs–CoMnAl-LDH, (d) CNTs–CoMnAl-LDO, TEM images of (e) CoMnAl-LDH (f) CNTs–CoMnAl-LDH. Repro-
duced from Li et al. (2015). Copyright 2015 The Royal Society of Chemistry. 

L. Ge et al.                                                                                                                                                                                                                                       



Journal of Hazardous Materials 424 (2022) 127612

11

efficiency of electron-hole pairs was improved. Meanwhile, the 
agglomeration of LDHs was availably controlled. The synergistic effect 
of LDH with biochar exhibited significant improvement in physico-
chemical characteristics such as SSA, surface functional groups, struc-
tural heterogeneity, stability and adsorption characteristics of BC/LDH 
composite (Zubair et al., 2021). 

Activated carbon is quite suitable for wastewater treatment due to its 
excellent adsorptive capability and catalytic activity (Chen et al., 2016). 
Despite AC have shown potential in persulfate activation (Yang et al., 
2011; Saputra et al., 2013), the pure AC is still faced with problems such 
as relatively low catalytic activity as well as poor stability compared 
with carbon nanomaterials (CNTs, rGO). In most cases, AC was used as 
carrier in combination with metal catalytic materials (Ma et al., 2020b). 

Ma et al. (2020a) synthesized the AC-supported CoFe-LDH compos-
ites (AC@CoFe-LDH) through a co-participate method and the 
as-prepared sample was used as a PS activator for the removal of LOM. 
XRD analysis confirmed the crystal structure of AC@CoFe-LDH nano-
composites. According to the SEM images, the rougher surface of 
AC@CoFe-LDH compared with pristine AC indicated the improvement 
of SSA, which might increase the active sites and therefore facilitate the 
catalytic efficiency (Fig. 12e-12f). Deeper characterization clearly pre-
sented the LDH plates were uniformly covered on AC surface and it was 
also proved to have a mesoporous structure (Fig. 12g-12h). Compared to 

other single catalysts (AC, AC-HCl or CoFe-LDH alone), the composite 
displayed higher activity for PS activation. 

Moreover, 3D graphene aerogel (GA), a novel member of graphene 
fabricated by the self-assembly graphene nanosheets, can significantly 
enhance the electron transfer efficiency in catalytic process (He et al., 
2021). Accordingly, it seems promising to couple graphene aerogel with 
LDHs to realize effective activation of persulfate. He et al. (2021) pre-
pared a novel LDH-carbon composite (CoMn-LDH/rGA) via coupling 
CoMn-LDH with rGO aerogel. As shown by the SEM and TEM images, 
CoMn-LDH were dispersed on the 3D rGA networks which have abun-
dant nano-scaled pores (Fig. 13a-13b). The CoMn-LDH/rGA was then 
used as an activator of PMS to degrade metronidazole (MTZ) under 
visible light irradiation. Compared with CoMn-LDH and 2D 
CoMn-LDH/rGO, 3D CoMn-LDH/rGA showed higher removal efficiency 
of MTZ. According to the results of UV–vis DRS and transient photo-
current responses (Fig. 13c-13d), the light adsorption and photocurrent 
response were evidently enhanced, implying that the combination of 
CoMn-LDH with rGA significantly improved the light response. It was 
the unique electron transfer channel in 3D rGA that lead to this 
improvement. As a result, the photogenerated electrons could effectively 
activate PMS to generate more ROS and realize the effective degradation 
of MTZ. 

Besides the carbonaceous materials mentioned above, some 

Fig. 10. Illustration of synthesis route for Fe-rGO LDH (a); Fe-LDH/rGO (b); SEM images of Fe-LDH/rGO (c); Fe-rGO LDH (d); TEM image (e); HRTEM images of Fe- 
rGO LDH (f). Reproduced with permission from (Shahzad et al., 2019). Copyright 2019 Elsevier. 
((.) 
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materials such as fullerene, nano-diamond and ordered mesoporous 
carbon have been reported to activate persulfate. However, fullerene 
displayed low catalytic activity in persulfate-AOPs because its highly 
conjugated electron system is unfavorable for the capability of electron- 
donating and electron conductivity (Goldshleger, 2001). In addition, 
pristine nano-diamond with sp3-hybridized structure also exhibits 
confined efficiency of persulfate activation. Annealing could tune the 
surface functional groups and degree of graphitization, improving cat-
alytic performance of nano-diamonds (Yu et al., 2020). But the excessive 
cost has severely limited its development in persulfate-AOPs. Moreover, 
the 3D ordered mesoporous carbon is also an effective catalyst which has 
highly stagger, controllable and mesoporous structures. These proper-
ties are favorable for mass transfer and exposure of more active sites, 
thus improving the catalytic performance in persulfate-AOPs (Wang 
et al., 2017; Duan et al., 2015a). At present, there are only a few articles 
reporting the combination of LDHs with carbonaceous materials in 
persulfate-AOPs. Therefore, it is of potential to develop more novel 
LDH-carbonaceous catalysts. 

3.3. Other composites 

LDHs were usually used in the form of nanosheets for water envi-
ronment remediation. Thus, the material may face the problem of 
recyclability as well as second pollution. It is essential to develop fixing 
methods for the production of LDH composites with higher catalytic 
performance and stability. Polyacrylonitrile (PAN), is a typical mem-
brane basic material obtained via organic substances (Jhaveri and 
Murthy, 2016). The extraordinary characteristics like excellent physi-
cochemical stability, big surface area, great flexibility and mechanical 
strength, the property of cost-effective make it an ideal material 

nanoparticles immobilization. Guo et al., 2020 synthesized LDH@fibers 
catalytic membrane (Cu1Co1LDH@PAN), which was utilized to activate 
PMS for sulfamethoxazole (SMX) degradation. The microscopic 
morphology of Cu1Co1LDH@PAN was a shuttle type composed of only a 
few layers of nanosheets. Compared with the SEM image of PAN, some 
LDH particles were attached to the PAN surface evenly, making the 
surface of the fiber turned to be rough (Fig. 14a-14b). Besides, a 3D 
hierarchical structure of shuttle-like LDH nanosheets was found, which 
possessed a more rounded edge compared with pristine Cu1Co1-LDH 
sample. In comparison with Cu1Co1-LDH powder samples, 
Cu1Co1LDH@PAN showed higher SMX removal efficiency. More 
importantly, the metal (e.g., cobalt and copper) leaching amounts were 
lower than that of Cu1Co1LDH powder. 

Recently, Li et al. fabricated an efficient and stable modular LDH- 
composite via in-situ growing CoFe-LDH nanoarrays on PVDF frame-
work with assistance of NH4F (Li et al., 2021). As shown in Fig. 14c-14d, 
SEM images of CoFeLDH(F)/PVDF showed that CoFe-LDH nanosheets 
were uniformly grown on the surface of PVDF in the form of nanoneedle. 
The F doping could lead to the generation of metal fluoride, thus pro-
moting the conversion of LDH from nanosheet to nanoneedle. Due to the 
3D porous structure, superhydrophilicity, and unique wire-like nano-
structure, the composite could provide more active sites and higher mass 
transfer efficiency. As a result, the CoFeLDH(F)/PVDF composite 
exhibited higher persulfate activation efficiency to degrade various 
organic contaminants. More importantly, this composite could keep 
good catalytic stability after 10 cycles of degradation tests, which was 
higher than the powdery catalysts, indicating that the combination with 
PVDF significantly improves the stability of LDHs. (Table 2). 

Due to the property of flexible modification, LDHs could be inte-
grated with other metal or non-metal materials. Methods for LDH-based 

Fig. 11. (a) TEM image of 0.8CoAl-LDH/CN; (b) UV–vis DRS; (c) PL spectra; (d) EIS Nyquist plots of CN and CoAl-LDH/CN. 
Reproduced with permission from (Zeng et al., 2020). Copyright 2020 Elsevier. 
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composite construction can mainly be divided into in situ synthesis 
method, anion exchange method, layer upon layer self-assembly method 
and calcining-annealing method,etc. LDHs can act not only as carriers 
but also as active substances. By changing the metallic cation and 
interlayer anion, adjusting pH condition, controlling atom-sphere and 
applying different fabrication methods, composites with various prop-
erties as well as structures could be produced. The combination between 
LDHs and other materials may overcome the intrinsic drawbacks of 
every single material, which could achieve the effect of “1 + 1 > 2”. 

4. Mechanism of persulfate activation by LDH-based Catalysts 

In persulfate-based AOPs, ROS are mainly SO4
•− , ⋅OH and ∙O2‾. By 

splitting the persulfate bond through energy and electron transfer re-
actions, sulfate radical can be in situ generated (Lee et al., 2020; Liu 
et al., 2020). Usually, the production process of SO4

•− is accompanied by 
the generation of other free radicals. However, no SO4

•− or ⋅OH was 
found in some persulfate-AOPs, which indicated the existence of non-
radical mechanisms. Herein, we discussed radical and nonradical 

mechanisms in persulfate activation for the elimination of contami-
nants, respectively. 

4.1. Radical pathway 

LDHs/LDOs and their composites can provide sufficient active sites 
to facilitate the cleavage of peroxide bond and generation of radicals. 
Generally, active sites involve metal species, surface hydroxyl groups, 
carbonyl group (C––O), defective structure, sp2-hybridized carbon and 
free-flowing electrons (Fig. 16). 

4.1.1. Bimetallic synergism for radical generation 
According to former researches, transition metals and their oxides 

are able to effectively active persulfate. The activation mechanism of PS 
and PMS by transition metals/metal oxides can be described as 
following equations (Eqs. (2)–(3)) (Wang and Wang, 2018; Yue et al., 
2018). 

S2O8
2− +Mn+→M(n+1)+ + SO4

∙− + SO4
2− (2) 

Fig. 12. Copyright 2020 Elsevier. (e) SEM image of AC; (f) SEM image of AC@CoFe-LDH; (g) HRTEM image of AC@CoFe-LDH; (h) Nitrogen adsorption-desorption 
isotherm of AC@CoFe-LDH. 
(a) SEM images of (a) pure BC; (b) Zn-Co-LDH; (c) ZnCo-LDH@BC; (d) (Ahυ)2–hv curves of samples; Reproduced with permission from (Gholami et al., 2020). (b) Reproduced with 
permission from (Ma et al., 2020a). Copyright 2020 Elsevier. 
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HSO5
− +Mn+→M(n+1)+ + SO4

∙− +OH− (3) 

M refers to transition metals such as (Fe, Mn, Cu, Ce, Ni, Co, Ru). 
Besides, H2O2 would be generated through hydrolytic process of PS 

as well as recombination of ∙OH (Monteagudo et al., 2019; Su et al., 
2019). 

S2O8
2− + 2H2O→2HSO4

− +H2O2 (4)  

∙OH+ ∙OH→H2O2 (5) 

In persulfate-AOPs, the process from M(n+1)+ to Mn+ usually de-
termines the reaction rate (Yue et al., 2020). But the accumulation of 
metal ions in high valence state will lead to low catalytic performance. 
Fortunately, the combination of different metals may help to solve this 
problem (Zhou et al., 2020; Feng et al., 2016; Ren et al., 2015). Previous 
studies have proved the synergistic effects between metals could 
significantly improve the catalytic performance of materials. Thanks to 
the tunable composition of LDH composites, transition metal or metal 
oxides can be introduced to activate PMS/PDS with a lower leaching 
rate. 

In CuO-MgMn-LDO/PS system, the synergistic effect between Cu and 
Mn greatly improved the charge transfer of this system and facilitated 
the activation and transportation of active oxygen species. S2O8

2−

initially reduced –––Mn(IV)/–––Cu(II) to be –––Mn(III)/–––Cu(I) and 
generated S2O8

•− . Besides, the –––Mn(III)/–––Cu(I) on the catalyst could 
also promote the decomposition of PS to generate SO4

•− and –––Mn(IV)/ 
–––Cu(II). The reduction of –––Mn(IV) using –––Cu(I) to generate –––Mn(III) 
could promote electron transfer in the cycle reaction of producing 
SO4

•− . Subsequently, ⋅OH would be generated from the reaction 

between SO4
•− and H2O. Relative reaction processes are listed in the 

following equations (Eqs. (6)–(10)) (Zhou et al., 2020). 

≡ Mn(IV)+ S2O8
2− → ≡ Mn(III)+ S2O8

∙− (6)  

≡ Cu(II)+ S2O8
2− → ≡ Cu(I)+ S2O8

∙− (7)  

≡ Mn(III)+ S2O8
2− → ≡ Mn(IV)+ SO4

∙− + SO4
2− (8)  

≡ Cu(I)+ S2O8
2− → ≡ Cu(II)+ SO4

∙− + SO4
2− (9)  

SO4
∙− +H2O→SO4

2− +H+ + ∙OH (10) 

The incorporated Fe could boost the reduction conversion of Ni3+ or 
Ni4+ and keep Ni2+ in low-valent (Yue et al., 2020). In addition, the 
high-valent Fe would be reduced by S2O8

2− , which made the 
NiFe-LDH@PS system work continuously. Due to the presence of a new 
charge transfer bridge-builder (Fe), a rapider redox cycle of Ni could be 
realized, which results in higher catalytic performance (Fig. 15a). Be-
sides the reactions between Ni and S2O8

2− (just like other transition 
metals), there also exist the following processes. 

Fe(II)+Ni(III)→Ni(II)+Fe(III) (11)  

Fe(III)+ S2O8
2− →Fe(II)+ S2O8

∙− (12)  

Fe(III)+ S2O8
∙− +H2O→Fe(II)+ 2HSO5

− + 2H+ (13) 

In fact, there is also similar progress in transition metal pairs like 
“Co-Cu” (Lu et al., 2019; Zhou et al., 2020), “Co-Fe” (Wu et al., 2020a), 
“Co-Mn” (Ma et al., 2018b). We can conclude that the original redox 

Fig. 13. (a) HRSEM (b) TEM images of CoMn-LDH/rGA. (c) UV–vis DRS of CoMn-LDH and CoMn-LDH/rGA. (d) Photocurrent response curves of different CoMn-LDH 
composites. Reproduced with permission from Ref. He et al. (2021). Copyright 2021 Elsevier. 
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cycle will be changed after the introduction of another transition metal. 
The rapid charge transfer between different metal ions will significantly 
boost the redox process thus enhance the catalytic performance for 
persulfate activation. What is more, incorporation of extra metal may 
increase the number of hydroxyl groups on the surface of LDHs, which 
could react with HSO5

− to generate SO4
•− (Zhou et al., 2020). 

4.1.2. Surface hydroxyl groups 
It has been confirmed that surface hydroxyl groups (SHGs) can be 

formed via the interaction of Lewis acid sites with H2O molecules on the 
surface of catalysts (Khan et al., 2018). The abundant metal composition 
in LDH-based composites can evidently increase the L-acid sites for the 
generation of hydroxyl groups (Zhou et al., 2020; Wu et al., 2020a). 
These groups can react with the adsorbed persulfate molecules and 
cleave the O─O bond to produce radicals. Wu et al. Wu et al. (2020a) 

discovered that SHGs in FeCo-LDH could enhance the adaptability in 
wider pH range and become dominant persulfate activator under alka-
line condition through offering abundant active sites complexation with 
persulfate. 

4.1.3. Carbonaceous materials in the generation of SO4
•−

Carbonaceous materials could act as the electron donor or mediator 
for persulfate activation. After accepting electrons, PMS or PDS will then 
generate free radicals. Generally, carbonaceous materials which possess 
relatively stronger electron giving and conduction ability but weak 
adsorbability tend to produce radicals (Yu et al., 2020). 

It is believed that CNTs could realize effective persulfate activation 
to generate SO4

•− (Sun et al., 2014). The surface ketonic group on CNTs 
might undergo electron transfer reactions with persulfate to produce 
free radicals (Sun et al., 2014). (Fig. 15b). 

Fig. 14. SEM images of (a) PAN; (b) CuCo-LDH@PAN. (Inset, SEM image under 100 nm); Reproduced with permission from Guo et al. (2020). Copyright 2020 
Elsevier. (c-d) SEM images of CoFeLDH(F)/PVDF. Reproduced with permission from Li et al. (2021). Copyright 2021 Elsevier. 

Table 2 
Composition and morphology of LDH-carbon composites and others.  

Metal 
elements 

Anions Non-metal 
ingredient 

Preparation methods Morphology Calcination References 

Co-Mn-Al CO3
2- MWCNTs Co-precipitation 3D hierarchical honeycomb Yes (Li et al., 2015) 

Cu-Mg-Al NO3
- rGO Hydrothermal method Exfoliation- 

resembling 
rGO intercalated nanosheet with highly 

mesoporous structure 
No (Shahzad et al., 

2020) 
Fe-Mg-Al NO3

- rGO Hydrothermal method Exfoliation- 
resembling 

Porous nanosheet No (Shahzad et al., 
2019) 

Co-Al NO3
- g-C3N4 Co-precipitation and self-assembly 

method 
multi-layered nanosheet No (Zeng et al., 2020) 

Zn-Co NO3
- Biochar Hydrothermal method LDH nanosheets dispersed on BC No (Gholami et al., 

2020) 
Co-Fe CO3

2- Activated carbon Co-precipitation method, 
ultrasonication, stirring 

plate-like slices covered or wrapped with the AC 
surface 

No (Ma et al., 2020a) 

CoMn CO3
2- rGA Co-precipitation and hydrothermal 

method 
LDH nanosheets dispersed on 3D rGA No (He et al., 2021) 

Cu-Co CO3
2- PAN Co-precipitation method 3D LDH nanosheets attached to PAN No  

Co-Fe CO3
2- PVDF Hydrothermal method Nanoneedle array No (Li et al., 2021)  
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CNT − C = O+ S2O8
2− →CNT − C − O∗ + SO4

∙− + SO4
2− (14)  

CNT − C = O+HSO5
− →CNT − C − O∗ + SO4

∙− +OH − (15) 

Li et al. (2015) integrated MWCNTs (multi-walled CNTs) with 
CoMnAl-LDO and the composite possessed a 3D hierarchical honeycomb 
nano-structure. The incorporation of MWCNTs significantly activated 

the PMS to generate SO4
•− , which might be attributed to distinctive 

structure and defects of MWCNTs. 
Besides, there exist similar processes in rGO/persulfate system (Duan 

et al., 2016). (Fig. 15c). 

C = C = O+HSO5
− →SO4

∙− +C = C − O+ +OH− (16) 

Fig. 15. (a) Synergism of Fe-Ni for PDS activation. Reproduced with permission from Yue et al. (2020). Copyright 2020 American Chemical Society. (b) N-CNT for 
activation of PMS/PDS. Reproduced with permission from (Sun et al., 2014). Copyright 2014 Elsevier. (c) radical generation on rGO. Reproduced with permission 
from Duan et al. (2016). Copyright 2016 Elsevier. (d) PDS activation by AC@CoFe-LDH. Reproduced with permission from Ma et al. (2020a). Copyright 
2020 Elsevier. 

Fig. 16. Radical pathway in LDH/persulfate system.  
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C = C − O+ +HSO5
− →C = C = O+ SO5

∙− +H+ (17) 

In rGO/LDH-PDS system, PDS inside LDH was successfully activated 
to produce SO4

•− at the interface of rGO/LDH. The edge sites of rGO 
with delocalizedπelectrons could act as active sites to accelerate the 
generation of SO4

•− through rapid electron transfer and the weak O─O 
bond. Duan et al. (2016); Huang et al. (2020b). 

AC could act as a carrier for metal catalysts and its extraordinary 
adsorption capacity as well as rich surface functional groups may 
strengthen the efficiency of persulfate activation (Oh et al., 2016). In the 
AC@CoFe-LDH system, the sp2 carbon and functional oxidation groups 
belonging to AC might participate in the PS activation reaction (Ma 
et al., 2020a). (Fig. 15d). Moreover, the functional groups of AC could 
recover through the reaction between the components of AC and H2O 
(Eqs. (18)–(20)). Moreover, delocalized π-electrons of AC also play an 
indispensable role in SO4

•− generation (Eqs. (21)–(22)) (Oh et al., 
2016). 

AC surface − COOH + S2O8
2− →AC surface − COO⋅+ SO4

∙− +HSO4
−

(18)  

AC surface − OH + S2O8
2− →AC surface − O⋅+ SO4

∙− +HSO4
−

(19)  

AC surface − C = O+ S2O8
2− →AC surface − CO⋅+ SO4

∙− +HSO4
−

(20)  

AC − π +HSO5
− →AC − π+ +OH − + SO4

∙− (21)  

AC − π +HSO5
− →AC − π+ +H+ + SO5

∙− (22) 

A proper level of oxygenous functional groups on the surface of 
carbonaceous materials could accelerate the production of radicals (Ren 
et al., 2020; Duan et al., 2016; Sun et al., 2012b). In addition, defects 
generated from the breakage of C─C σ bonds also have significant in-
fluence on the catalytic performance (Duan et al., 2016). Even until 
now, the mechanism of persulfate activation involving carbon materials 
remains controversial and substantial further investigations are needed 
to unveil the mystery in persulfate activation concerning carbonaceous 
catalysts. 

4.2. Nonradical pathway 

Recently, researchers have found that SO4
•− and ⋅OH were not the 

main active substances in some persulfate-based AOPs, which raised 
extensive discussions of nonradical mechanisms for persulfate activa-
tion. According to former researches, nonradical mechanisms mainly 
include 1O2 (Shahzad et al., 2020; Zhu et al., 2019), mediated 
electron-transfer (Lee et al., 2016), generation of surface metal complex 
with pollutants (Chen et al., 2020) and direct oxidation (Huang et al., 
2017). Unlike H2O2-based AOPs, persulfate-AOPs tend to present 
complicated mechanisms due to the variation of catalysts and substrates. 
What’s more, there may exist both radial and nonradical mechanism in a 
system, especially those persulfate-AOPs catalyzed by composites 
(Huang et al., 2020a). 

4.2.1. Singlet oxygen (1O2) 
1O2 is an important non-radical active specie and it can be produced 

by self-decay of PMS (Eq. (23)). But the process is relatively inefficient, 
which could not be the main pathway. 

HSO5
− + SO5

2− →HSO4
− + SO4

2− +1O2 (23) 

It has been reported that 1O2 could be generated in photochemical 
process. For instance, photo-induced electron could react with dissolved 
oxygen to generate ∙O2‾, which would then react with ⋅OH and produce 
1O2 through Eq. (24) (Zeng et al., 2020; Li et al., 2013). 

⋅O2
− + ⋅OH→1O2 (24) 

Meanwhile, photo-induced hole (h+) could react with ∙O2‾ to pro-
duce 1O2. The presence of 1O2 was also proved in degradation of SMX 
which used CuCo-LDH@PAN as PMS activator. According to scavenging 
experiments and detection of intermediate products, a degradation 
pathway induced by 1O2 was proved but the generation approach of 1O2 
was unclear (Guo et al., 2020). 

What is more, various carbonaceous materials (e.g., CNTs, N-doped 
graphene, sludge-derived biochar) could catalyze PS/PMS to produce 
1O2 (Duan et al., 2016; Cheng et al., 2017; Ma et al., 2019; Yin et al., 
2019). Interestingly, when these carbonaceous materials are integrated 
with LDH-based samples, the reaction mechanism may become 
different. For instance, in the research of Li et al. (2015), the nonradical 
pathway induced by MWCNTs was not found in CNTs–LDO/PS system. 
Despite ∙O2‾ was detected in Zn-Co-LDH@BC/Persulfate system, they 
did not report the reaction pathway induced by 1O2 (Gholami et al., 
2020). Ma et al. (2020a) briefly mentioned that PS could be in-situ 
activated by AC@CoFe-LDH which leads to nonradical degradation of 
LMF. But the specific route was not proposed. 

Certainly, there also exists 1O2 dominated persulfate activation by 
hybrids of carbon-based materials and LDH. The electron-deficient 
copper (e.g., Cu2+) in Cu-rGO-LDH can react with PMS to produce sta-
ble intermediates [Cu2+-O-O-SO3], which will subsequently be reduced 
after receiving an electron from HSO5

− to produce⋅O2‾ (Shahzad et al., 
2020). 
[
Cu2+ − OH

]+
+H − O − O − SO3

− →
[
Cu2+ − O − O − SO3

−
]
+H2O (25)  

2
[
Cu2+ − O − O − SO3

−
]
+ 3H2O+HSO5

− →2
[
Cu2+ − OH

]+
+ 3SO4

2−

+ 2⋅O2
− + 5H+

(26) 

Besides, 1O2 would be produced through two different pathways 
(Eqs. (27)–(28)). 
[
Cu2+ − O − O − SO3

−
]
+ ⋅O2

− +OH− →
[
Cu2+ − OH

]+
+ SO4

2− + 31O2

(27)  

2⋅O2
− + 2H2O→21O2 +H2O2 + 2OH− (28) 

The route depicted by Eqs. (24)–(28) is the dominant process 
(Fig. 17a). Since rGO was confined in Cu-LDH layers, it wouldn’t react 
with PMS directly, which was proved by a control experiment using rGO 
alone. 

4.2.2. Mediated electron-transfer 
In some persulfate-AOPs, SO4

•− and 1O2 are not dominant reactive 
species and another persulfate activation mechanism has been proposed. 
In these activation processes, catalysts usually act as the electron 
transfer conductor, facilitating electron transfer from organic contami-
nants (donor) to persulfate (acceptor) (Fig. 17b). This mechanism has 
been proved in former studies (CuO (Zhang et al., 2014), N-CNTs (Duan 
et al., 2015b), N-doped graphene (Li et al., 2017)). These catalysts 
usually possess excellent electrical conductivity and can form charge 
transfer complex with persulfate for organics oxidation via electron 
abstraction. In the research of Zhang et al. Zhang et al. (2014), a com-
plex of PDS with surface CuO was formed via outer-sphere interaction, 
then two electrons were abstracted from 2,4-DCP, resulting in the 
degradation of the latter. Similar nonradical process was observed in 
N-doped CNTs/PMS system. The activated carbon atoms could form 
strong interactions with PMS, forming a reactive complex and degrading 
phenol through electron abstraction (Duan et al., 2015b). Recently, 
there are studies reporting that Ni-based catalysts can induce nonradical 
PDS activation via generation complex with PDS molecules (Kim et al., 
2020; Liu et al., 2019). The surface Ni-PDS complex can oxidize organic 
pollutants by electron transfer. It seems that the electron transfer usually 
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is accompanied by surface complexation of persulfate. But some re-
searchers believed that it was not the prerequisite for this nonradical 
pathway (Yun et al., 2018). Until now, only a few studies point out the 
surface complex formation in LDHs-based catalysts/persulfate. Huang 
et al. mentioned a nonradical degradation pathway of phenol in 
Ni-LDH/PS system (Huang et al., 2020a), which could be attributed to 
direct oxidation by Ni(III). However, it is not clear whether the nickel on 
LDH surface forms a complex with phenol or with PDS. Shahzad et al. 
Shahzad et al. (2020) reported the existence of Cu-PMS complex in 
Cu-rGO LDH, but it led to the generation of 1O2, instead of direct elec-
tron transfer to PMS. In addition, the interlayered rGO played the role of 
electron mediator which accelerated the shuttling from BPA to PMS. 
Thus, more studies are required to figure out mediated electron transfer 
mechanism for nonradical persulfate activation by LDH-based catalysts. 

4.2.3. Surface metal complex with pollutants 
Unlike the complex mentioned above, active sites can react with 

pollutants rather than persulfate molecules to generate complex. It has 
been reported that CuO could form a complex with phenolic group of 
aromatic compounds and realize nonradical degradation of these con-
taminants in the presence of H2O2 (Lyu et al., 2015). Considering the 
similarity of H2O2 and persulfate, this mechanism might also exist in 
persulfate-AOPs. Chen et al. Chen et al., 2020 observed that the 
decomposition performance of monochlorobenzene (MCB) was lower 
than 4-Chlorophenol (4-CP) in a CuMgFe-LDO/PDS system. According 
to further experiments, they proposed the following mechanism: 
Initially, the surface Cu(II) could react with phenolic hydroxyl groups 
and a complex was formed on the surface of catalyst, where the orbital 
electron transfer fromπto Cu2+ would enhance the electronic polariz-
ability of the aromatic ring (Lagutschenkov et al., 2010). Then, after 
accepting one electron of persulfate from Cu(II)-complex, SO4

•− and 
chelated radical cations were produced. The latter would transfer one 
electron to Cu(II), resulting in Cu(I) production and 4-CP elimination 
(Fig. 17c). The formation of surface metal complex could facilitate the 

redox cycle of Cu2+/Cu+ and promote the catalytic performance. 
However, this mechanism is not observed in all copper-containing 
LDH@persulfate systems and the formation situation as well as degra-
dation pathway are still worth further exploration. 

4.2.4. Direct oxidation 
According to former studies (Zhu and Ford, 1991), PMS (mainly) and 

PDS could cause the hydroxylation of phenols via Elbs oxidation. In Elbs 
oxidation, the nucleophile (phenolate anion or a tautomer) will attack 
the peroxide oxygen of PDS and generate aromatic sulfates which will 
further hydrolyze to hydroxyl aromatics accompanying with S─O bond 
cleavage and resultant SO4

2− release (Behrman, 2006). The mechanism 
is shown in Fig. 6(d). This phenomenon was observed in the research of 
Huang et al. Huang et al. (2017). Due to the “intercalation effect” 
(latterly mentioned), the interlayer PDS will react with phenol which is 
adsorbed by LDH through Elbs oxidation (Fig. 17d). 

4.3. Interesting effects in LDH-based composites/persulfate system 

4.3.1. Synergistic effect in photo-activation of persulfate 
For the past few decades, photocatalytic technologies have become 

increasingly popular because of their low energy consumption, prom-
ising catalytic performance in energy conversion and environment 
remediation (Liang et al., 2021b; Liu et al., 2019; Luo et al., 2020; Pan 
et al., 2020; Shao et al., 2020a). Recently, photo-activation of persulfate 
has raised the concentration of researchers since photo-induced elec-
trons can facilitate the process of persulfate activation. 

Under visible light irradiation, some LDH-based catalysts will be 
motivated to produce photo-induced electrons and holes. Meanwhile, 
persulfate could act as an electron acceptor to inhibit the recombination 
of electron-hole pairs (Ma et al., 2018b). The electron will react with 
dissolved oxygen and produce ⋅O2

– while holes combine with OH− and 
generate ⋅OH. Different metal ions in LDHs are connected via the me-
dium of O and this special linkage is called oxo-bridge (Nakamura et al., 

Fig. 17. Non-radical pathway in LDH/Persulfate system: (a) 1O2 generation and mediated electron transfer. Reproduced with permission from Shahzad et al. (2020). 
Copyright 2020 Elsevier. (b) Mediated electron transfer. Reproduced with permission from Huang et al. (2020a). Copyright 2020 Elsevier. (c) Formation of surface 
complex with pollutants. Reproduced with permission from Chen et al., 2020. Copyright 2020 Elsevier. (d) Illustration of Elbs oxidation and PhOH oxidation in 
LDH-PDS. Reproduced with permission from (Huang et al., 2017; Behrman, 2006. Copyright 2017 Elsevier and 2006 Beilstein-Institut. 
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2007). The special connection can restrain the recombination of 
electron-hole by metal-to-metal charge transfer (Kim et al., 2014). Thus, 
the catalytic performance of photocatalysts for persulfate activation will 
be further improved by constructing heterostructures with LDHs (Zeng 
et al., 2020). A built-in electric field was established in the direct 
Z-scheme CeO2 @LDH and the novel electric field could availably boost 
the migration of photogenerated carriers, restrain the recombination of 
electron-hole pairs and produce an increasing number of ROS ( Yang 
et al., 2021) (Fig. 18a). In Bi2O3/CuNiFe LDHs, motivated e– of Bi2O3 
migrated to the CuNiFe LDHs via the interface and high-valent metal 
ions were reduced. Meanwhile, ⋅OH would be generated through the 
reaction between holes and H2O/⋅OH on LDHs. Thus, effective separa-
tion of electron-hole was realized (Fig. 18b). Furthermore, Cu+, Fe2+, 
and Ni2+ would then be re-oxidized to high-valent ions by PS. In the 
redox cycle, a large number of reactive substances would be produced, 
resulting in the effective decomposition of LOM. From the above dis-
cussion, we can expect that persulfate activation by photocatalysts may 
possess a brighter prospect compared with using other AOPs alone. 

4.3.2. Intercalation effect 
Because of the adjustable interior architecture, a variety of reactants 

could be intercalated into the inner gallery of LDH. The catalytic per-
formance of the system will be improved evidently. 

4.3.2.1. PDS intercalation. Huang et al. Huang et al. (2017) intercalated 
PDS into Mg/Al-LDH and the LDH-PDS composite exhibited high 
removal efficiency towards phenol. The proposed molecular structure of 
LDH-PDS was presented in Fig. 19a. By interacting with basic sites of 
LDHs, the S─O bond strength of peroxydisulfate would be weakened 
(Furman et al., 2010). Furthermore, molecular structure of intercalary 
PDS might be changed, possibly causing the adjustment of electrons as 
well as oxidation potential of PDS. In addition, the limited inner space of 
LDH protects the S─O bond from splitting then the succeeding formation 
of free radicals would be evaded (Zhang et al., 2014). Thus, the degra-
dation process mainly followed a non-radical pathway (Elbs reaction). In 
their later researches, they utilized auxiliary activation methods (e.g., 
thermal activation (Huang et al., 2019)) and foreign catalysts compos-
iting such as transition metal (Huang et al., 2020a) and rGO (Huang 
et al., 2020b)) to improve catalytic efficiency of persulfate-intercalated 
LDH. For instance, the intercalated PDS in rGO/LDH-PDS system was 
easier to be activated by defective edges of rGO and acquire better 
degradation performance of organic pollutants (Duan et al., 2016; 
Huang et al., 2020b). It is worthwhile that this special activation way 
only exists in the situation when using PDS but not PMS as the oxidant, 

which may be attributed to the structural differences between PMS and 
PDS. 

4.3.2.2. Reduced graphene oxide intercalation. Abundant free electrons 
and unconfined ketone in rGO enable it to display remarkable electrical 
conductivity (Sun et al., 2012b). If the problem of aggregation could be 
avoided, the ultrathin or monolayers of rGO would significantly accel-
erate electron transfer to promote catalytic performance since more 
energy gaps were kept (Ghanbari and Moloudi, 2016). Coincidently, the 
inner space of LDHs could keep rGO in the form of single layer and 
inhibit its agglomeration. Two LDH-rGO composites with different 
structures were applied in PMS activation to degrade phenol (Shahzad 
et al., 2019). Compared with Fe-LDH/rGO composite, the Fe-rGO LDH 
showed higher degradation efficiency towards phenol (100% removal 
efficiency in 30 min) than the former (63%), which might be because the 
existence of monolayered rGO inside LDHs significantly accelerate the 
FeIII/FeII cycle. This improvement in catalytic performance by rGO 
intercalation was also observed in OER (Ma et al., 2015) and electro-
chemical biosensing (Asif et al., 2019). Accordingly, the periodically 
stacking superlattice structure of LDH nanosheets and monolayered rGO 
could strengthen the contact between transition metal and rGO on 
molecular level, thus promoting charge shuttling and substance diffu-
sion Fig. 19b. 

The excellent property of rGO-LDH credits the intercalated rGO 
might proceed a synergistic effect with transition metals (such as Fe, Cu) 
in charge transfer and redox process. Notably, the rGO-mediated specific 
charge transfer route of “organic pollutants-LDHs-rGO-persulfate” is still 
worth further investigation. 

4.3.2.3. MoS4
2- intercalation. Generally, metal elements usually act as 

basic units of LDH laminates. But Ali et al. Ali et al. (2020) improved the 
Fe(III)/Fe(II) redox cycle via introducing MoS4

2– into inner space of 
Fe-LDH. According to XPS analysis, the binding energy of Fe 2p for 
FeMgAl-NO3

– was higher than that in MoS4
2– intercalated LDH, 

implying that MoS4
2– intercalation could retain Fe in low oxidation state 

(Fig. 19c-19d). The intercalated MoS4
2– established a new redox center, 

which remarkably accelerated the transformation of inactive –––Fe 
(III)/Mo(VI) into active –––Fe(II)/Mo(IV) via constant electron transfer. 
Additionally, there may exist the formation of surface complexes that 
promote the generation of SO4

•− . Moreover, this material could keep 
good catalytic performance under variation of adverse environmental 
conditions like pH, inorganic anions as well as organic substances, 
which implies its prospects in real application. 

Fig. 18. (a) The electrons transfer process in CeO2 @LDH. Reproduced with permission from Yang et al., 2021. Copyright 2020 Elsevier. (b) Photocatalytic activation 
of persulfate by Bi2O3/CuNiFe LDHs for LOM degradation. Reproduced with permission from Zhang et al., 2020 . Copyright 2020 Elsevier. 
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Base on the discussions above, whether the interlayer content was 
persulfate or catalyst, the magic inner space will give full play to these 
intercalated contents’ potential. The intercalation is usually accompa-
nied by nonradical reactions in LDH@persulfate system, which enables 
the LDH composites to remain effective in complex solution conditions. 
Of course, the intercalated LDH could also facilitate the generation of 
SO4

•− (e.g., the MoS4
2- intercalated LDH). Moreover, the intercalated 

LDH exhibits a lower ion leaching rate as well as increased persulfate 
utilization efficiency, which makes the composite, a promising catalyst 
for wastewater treatment. We can consume that with the variation of 
intercalated matters, the reaction mechanism will present different 
features. Thus, it is important to figure out the reactive species and re-
action pathways by combining advanced characterization and theoret-
ical calculation. 

5. Effect of different factors on catalytic performance 

5.1. Intrinsic properties of catalysts 

The species of metal elements, intercalated anions, structure and 
doped materials all have an influence on the catalytic efficiency of LDH- 
based materials. Catalysts containing cobalt usually have higher acti-
vation efficiency while the carcinogenic potential of cobalt is trouble-
some. Thus, researchers have developed various strategies to improve 
the activation efficiency of other metal elements. For instance, intro-
ducing new redox center (Ali et al., 2020; Yue et al., 2020), preparing 3D 
LDO with more active sites ( Chen et al., 2020), and coupling with 
carbonaceous materials are all conducive to enhance the catalytic per-
formance of LDHs (Shahzad et al., 2020). In fact, the intrinsic properties 

like type of components, the ratio between different elements in com-
posites and morphology of LDH-based catalysts are the decisive factors 
in persulfate activation. 

5.2. Dosage of catalysts and persulfate 

In general, increasing the concentration of LDH-based catalysts can 
improve the removal efficiency of contaminants since there will be more 
active sites for ROS production. For example, the degradation efficiency 
of CBZ reached 100% as the concentration of CoMgFe-LDO rose from 
5 mg/L to 20 mg/L (Hong et al., 2020). However, higher concentration 
led to the degradation rate drop down to 92.6%, which might be 
attributed to the scavenger effect of the excessive metallic sites to rad-
icals (Feng et al., 2015; Hammouda et al., 2017). In addition, the 
overmuch catalysts could also cause diffusion limitation and result in 
decreased elimination efficiency (Zhang et al., 2013; Jawad et al., 
2018). Similarly, the removal efficiency is not always positively corre-
lated with the concentration of persulfate. A moderate increase in per-
sulfate dosage can facilitate the generation of ROS. The excessive 
persulfate may have slight promoting effect or even adverse effect on the 
catalytic performance. This phenomenon may result from the 
self-quenching of persulfate and the competition of persulfate and pol-
lutants to radicals (Wu et al., 2020b; Jiang et al., 2018). Therefore, the 
dosage of catalysts and persulfate is not the more the better. On the one 
hand, adding more catalysts and persulfate means higher cost. On the 
other, the excessive addition may have little attributive effect or even 
have a negative influence on the degradation efficiency of contaminants. 

Fig. 19. (a) Proposed molecular structure of LDH-PDS. Reproduced with permission from Huang et al. (2017). Copyright 2017 Elsevier. (b) Different pathways of 
PMS activation by Fe-rGO. Reproduced with permission from Shahzad et al. (2019). Copyright 2019 Elsevier. XPS pattern showing the oxidation states of Fe (c) Fe in 
FeMgAl-NO3

– (d) Fe in virgin FeMgAl-MoS4
2–. Reproduced with permission from Ali et al. (2020). Copyright 2020 Elsevier. 
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5.3. Type of persulfate 

Despite both PMS and PDS can be used to produce SO4
•− , there are 

differences in catalytic process due to their differences in molecular 
structure. PMS possesses an asymmetrical structure with a shorter 
peroxide bond while PDS is symmetrical with longer peroxide bond 
(Wang and Wang, 2018). As a result, PMS is more vulnerable to be 
attacked by nucleophiles such as halide ions, azide ion and bicarbonate 
(Lou et al., 2017; Jiang et al., 2017). Thus, PMS can be activated by some 
anions like Cl− , CO3

2− , HCO3
− while PDS cannot be activated by these 

ions. Moreover, the mechanisms of alkaline activation and phe-
nol/quinones activation by PDS/PMS are also different. Activation of 
PDS by alkaline/ phenol/quinones undergoes reduction while PMS is 
activated through nucleophilic addition (Lee et al., 2020; Furman et al., 
2010; Ahmad et al., 2013; Zhou et al., 2015). In addition, despite the 
dissociation energy of O─O bond in PDS is lower than that in PMS, the 
latter is easier to be activated by heterogeneous catalysts than the former 
because of the molecular asymmetry (Gao et al., 2020). 

Due to the weaker O─O bond in PDS, it can be activated more 
effectively by external energy input (e.g., ultraviolet radiation, heating) 
(Luo et al., 2015; He et al., 2013; Yang et al., 2010). For instance, Huang 
et al. reported that the intercalation effect could decrease the activation 
energy of PDS and realize effective PDS activation at a relatively low 
temperature (Huang et al., 2019). 

So far, researchers have utilized LDH-based catalysts to effectively 
activate PMS or PDS. But hardly has a study discussed the possible dif-
ferences between PDS and PMS in activation mechanism and degrada-
tion performance when using the same kind of LDH-based catalyst. 

5.4. pH 

The influence of pH value on the degradation efficiency can be 
divided into three aspects. Firstly, free radicals generated from persul-
fates can be affected by different pH values. The excessive H+ in acid 
solution can form strong hydrogen bonds with O─O bond in PMS, thus 
restraining the interaction between catalysts and PMS (Du et al., 2016). 
Moreover, H+ can scavenge SO4

•− and ⋅OH under highly acid condition 
(Wang and Wang, 2018). Under overly basic condition (pH>9), there 
will be a large number of⋅OH generated from the reaction between OH−

and SO4
•− (Hong et al., 2020, 2019). Additionally, the alkaline condi-

tion can also lead to the hydrolysis and self-decompose of PMS (Rastogi 
et al., 2009). Notably, it seems that PDS displays higher stability than 
PMS with the variation of pH value. It might be because that the much 
lower pKa value makes PDS less prone to protonation (Wu et al., 2020a). 

Secondly, the pH value has some impact on the properties of LDH- 
based catalysts. It is generally known that the structure of LDHs would 
be destroyed under low pH condition and cause metal leaching (Yue 
et al., 2020). At higher pH, the metal ions on LDHs might turn into 
metallic hydroxide complexes, resulting in the decreased oxidation ca-
pacity (Hong et al., 2020, 2019; Hu and Long, 2016). Moreover, when 
the pH of solution exceeds the pHzpc, there will be more negative charge 
on the surface of LDH, which may cause electrostatic repulsion between 
catalysts and persulfate. 

Finally, the pH value can influence the degradation efficiency by 
affecting the existing state of pollutants. The degree of deprotonation of 
contaminants is usually positively correlated with their reactivity (Wang 
and Wang, 2018). For instance, the deprotonated SMX was easier to be 
attacked by SO4

•− (Qi et al., 2014). Certainly, pH value may have less 
influence on the morphology of some pollutants (e.g., CBZ) since they 
can keep electroneutral within a wide pH range (Hong et al., 2020). 

5.5. Inorganic ions and natural organic matter (NOM) 

In natural water environment, there are a mass of anions and NOM, 
which can affect the reaction of ROS with contaminants. It has been 
widely reported that inorganic ions like Cl− , CO3

2− , HCO3
− , H2PO4

– and 

NO3
− can act as the quencher of SO4

•− and⋅OH (Ghanbari and Moradi, 
2017). Notably, some anions also have positive effect on persulfate 
activation. For example, Hong et al.Hong et al. (2019) observed that the 
addition of Cl− could slightly increase the degradation efficiency of ATZ, 
which might be attributed to the formation of reactive chlorine species 
(e.g., HOCl and Cl2•− ). In addition, there are also studies reporting the 
PMS activation by HCO3

− and HPO4
− via nucleophilic attack (Lou et al., 

2017; Jiang et al., 2017). Besides the quenching effect to ROS, some 
inorganic ions can occupy the active sites on the surface of catalysts and 
cause the decrease of catalytic performance (Shahzad et al., 2020). 
Despite the presence of inorganic ions can facilitate persulfate activation 
in some specific cases, these ions often usually act as inhibitors. 

Similarly, NOM in water also has inhibiting and promoting effects on 
the activation of persulfate. It has been confirmed that NOM can play the 
role of scavenger for ROS thus inhibit the degradation of pollutants. 
Besides, NOM may be adsorbed by LDH-based catalysts and occupy the 
active sites, restraining the adsorption of contaminants (Shah et al., 
2019). However, some functional groups in NOM are proved to have the 
ability to activate persulfate. For instance, quinone, hydroquinone and 
phenol can form semiquinone radicals which can facilitate the activation 
of persulfate and generate SO4

•− (Fang et al., 2013; Guan et al., 2013). 
Until now, the inhibiting and promoting effects of inorganic ions and 

NOM on persulfate activation are still complicated and needing more in- 
depth studies. 

5.6. Temperature 

As is well known that heating can effectively accelerate the cleavage 
of O─O bond in persulfate and generate SO4

•− . In addition, the increase 
of temperature can boost the reaction kinetic according to the thermo-
dynamic principle (Hori et al., 2008). For instance, the degradation ef-
ficiency of phenol was 69% in CuOx@Co-LDH/PS system at 25 ◦C while 
it came to 100% at 40 ◦C (Jawad et al., 2018). However, the high energy 
consumption makes it difficult to promote thermal activation in prac-
tical wastewater treatment. Furthermore, the overly high temperature 
can cause the recombination of free radicals and decrease the stability of 
catalyst (Johnson et al., 2008). Therefore, it is essential to critically 
evaluate the pros and cons of different temperature in persulfate/LDH 
system. 

6. Application in contaminant decomposition 

6.1. Pharmaceuticals 

In recent years, various antibiotics have been developed to fight 
against pathogenic microorganisms. Despite these antibiotics have 
saved numerous lives, the consequent problem of resistance to antibi-
otics raised growing concern. As a matter of fact, only a small fraction 
was utilized and large quantities of antibiotics were released to the 
environment. Generally, the unused antibiotics can be easily detected in 
wastewater of hospitals, animal husbandry, agriculture and aquacul-
ture. However, traditional biological processes could not degrade anti-
biotics efficiently. The persulfate-based AOPs with strong oxidation 
capacity are seen as a promising method for treating antibiotics (Ji et al., 
2014). 

Chen et al. Chen et al. Chen et al., 2020 prepared CuO-MgMn-LDO 
with excellent catalytic performance, which removed nearly 97% of 
SMX in 30 min. The outstanding performance of persulfate activation for 
SMX degradation could be attributed to the synergistic effect (Cu-Mn) as 
well as numerous oxygen vacancies. Under the attack of 1O2 and SO4

•− , 
SMX was degraded to hydroxylamine derivative and other intermediates 
with simpler molecular structure. In the end, these intermediates would 
be oxidized to CO2 and H2O. Moreover, the composite also displayed 
high removal efficiency towards other antibiotics such as ciprofloxacin 
(CIP), tetracycline (TC) and sulfadiazine (SDZ), indicating 
CuO-MgMn-LDO possesses wide adaptability for the degradation of 
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antibiotics. Encouragingly, the composite could keep a low level of Cu 
dissolution as well as sustained activity under varying pH condition. 
Despite the SMX degradation performance decreased slightly in the so-
lution prepared from natural water, which may be related to the influ-
ence of humic acid and anion in natural water. This composite is still 
worth expectancy in the actual treatment of antibiotics. Zhang et al. 
fabricated a new Bi2O3/CuNiFe LDH composite which could degrade 
84.6% of LOM under simulated sunlight ( Zhang et al., 2020). The 
degradation of LOM was achieved via a series of processes like hy-
droxylation, defluorination, decarboxylation and other complex re-
actions. Finally, intermediates would transform to CO2, H2O and 
inorganic substances. 

Besides antibiotics, residues of other pharmaceuticals in wastewater 
have raised great concern because of the potential threat to human as 
well as aquatic creatures. Carbamazepine (CBZ), a typical anticonvul-
sant medication mainly applied in the treatment of epilepsy and 
neuropathic pain (Jelic et al., 2012). It has been reported that CBZ could 
cause great harm to aquatic organisms (Moztahida et al., 2019; Ferrari 
et al., 2003). A CoMgFe-LDO composite with 3D flower morphology (as 
shown in Fig. 20a) exhibited excellent catalytic performance to activate 
persulfate for CBZ decomposition (Huang et al., 2020c). Due to the 
synergistic effect of Co/Fe, surface redox cycle was accelerated and 
produced highly reactive SO4

•− and ⋅OH, which would degrade CBZ to 
transformation products through epoxidation, hydrolysis, heterocyclic 
ring-opening and other processes. In addition, the ZnFe-LDH/GO com-
posite could realize elimination of phenazopyridine hydrochloride (PhP) 
(Motlagh et al., 2020), which is an analgesic that can relieve pain in 
urinary tract inflammation but may induce cancer in organisms (Kha-
taee et al., 2016; Green et al., 1979). LDH-based catalysts usually possess 
flexible tunability, good adsorption capacity as well as high catalytic 
performance in persulfate-AOPs, which makes them display encour-
aging removal efficiency towards various pharmaceuticals. For dealing 
with the huge amount of pharmaceutical wastewater in factories, we 

still need more efforts to address problems of LDH-based catalysts like 
recyclability, stability, continuous catalytic performance and minerali-
zation efficiency. 

6.2. Benzene derivatives 

Benzene derivatives like BTEX, nitrobenzene (NB), phenol, chloro-
benzene and chlorophenol have been widely used industrial products, 
intermediates and solvents. Most of the benzene derivatives are difficult 
to degrade due to their stable structures ( Chen et al., 2020Chen et al., 
2020). When exposed to these derivates in environment, the health of 
human and other organisms will be damaged seriously. Some benzene 
derivatives could increase the risk of mutagenicity and carcinogenicity 
even in low concentration. Huang et al. Huang et al. (2020a) employed 
Ni-doped MgAl-LDH to activate PDS for the treatment of phenol and 
4-bromophenol. The degradation rate was nearly 100% and 74.3%, 
respectively. Lu et al. (2019) prepared a CuCoFe-LDH which realized 
complete elimination of NB in 6 min. Hydroxyl radical was produced via 
the reaction between PMS and metal ions on the catalyst. Latterly, NB 
was attacked by ∙OH and formed nitrophenol, p-di-produce nitrophenol, 
p-diphenol and other intermediates. These products would then convert 
to short-chain carboxylic acids and some would transform to CO2 and 
H2O finally. 

Based on these literatures, it can be concluded that LDH-based 
composites have the potential for degradation of benzene derivatives 
via effective persulfate activation. But notably, the degradation rate of 
some benzene derivatives was unsatisfactory relatively. For instance, 
compared with the high decomposition rate of phenol, 4-CP and p- 
nitrophenol (almost 100%), NB and MCB displayed a low elimination 
rate in Cu-LDO/PS system (0.7% and 31.7%) (Chen et al., 2020). It was 
believed benzene derivatives which have hydroxyl groups could be 
decomposed more rapidly in Cu-LDO/PS system, which might be 
attributed to the different reaction pathways (Chen et al., 2020). In 

Fig. 20. Degradation mechanism of different organic contaminants (a) CBZ. Reproduced with permission from Huang et al. (2020c). Copyright 2020 Elsevier. (b) 
benzene derivatives. Reproduced with permission from Ali et al. (2020). Copyright 2020 Elsevier. (c). CR/RhB. Reproduced with permission from Zeng et al. (2018). 
Copyright 2020 Elsevier. (d) Copyright 2018 Elsevier. BPA Reproduced with permission from Wu et al. (2020a). 
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Table 3 
Catalytic performance of LDH-based composites applied in contaminants degradation.  

Catalyst Contaminant Reaction Conditions Removal 
efficiency 

Main ROS Metal leaching Recyclability Ref 

Metal/metal oxide doped LDHs  
NiFe-LDH TC [PDS]= 0.4 g/L 

[TC]= 50 mg/L 
[TCP]= 50 mg/L 

[BPA]= 100 mg/L 
[Cat]= 0.5 g/L 

100% in 
10 min 

SO4
•− – 100% after 4 

cycles 
(Yue et al., 2020) 

2,4,6- 
trichlorophenol 

(TCP) 

100% in 
20 min 

BPA 100% in 
10 min 

NiMgAl-LDH Phenol [PS]= 0.74 mM 
[LOM]= 10 mg/L 

[Cat]= 0.4 g/L 

84.6% in 
40 min 

⋅OH, SO4
•−

⋅O2
‾, h+

Ni: 0.098 mg⋅L− 1 – (Huang et al., 2020a) 
4-bromophenol 

2-methylisoborneol 
CuMgFe-LDH Ethylbenzene [PDS] = 4 mM 

[Cat]= 0.2 g/L 
[Ethylbenzene] 
= 0.08 mM 

93.7% in 
25 min 

⋅OH, SO4
•− Cu: 0.095 mg/L 

Fe: 0.064 mg/L 
Mg: 0.125 mg/L 

83.9% after 5 
cycles 

(Yan et al., 2017) 

CoFeNi-LDH Congo red(CR) [PMS]= 0.15 mg/L 
[Cat]= 0.2 g/L 
[CR]= 20 mg/L 
[RhB]= 20 mg/L 

nearly 100% 
in 6 min 

SO4
•− Co: 0.68 mg/L 95% after 4 cycle (Zeng et al., 2018) 

Rhodamine B(RhB) nearly 100% 
in10 min 

CuCoFe-LDH NB [PS]= 0.5 mM 
[NB]= 16 μM 
[Cat]= 0.1 g/L 

over 99% 
within 
6 min 

⋅OH Co: 34 μg/L 
Cu: 92 μg/L 

85% after 5 cycles (Lu et al., 2019) 

MnFe-LDH Acid Orange 7 [PMS]= 0.20 g/L 
[AO7]= 20 mg/L 
[Cat]= 0.20 g/L 

97.56% in 
30 min 

SO4
•− ,⋅OH Mn: 0.54 mg/L 

Fe: not detected 
over 90% after 5 

runs 
(Hou et al., 2019) 

FeCo-LDH BPA [PS] = 4 mM 
[BPA]= 30.0 mg/L 

[Cat] = 0.5 g/L 

99.38% in 
60 min 

SO4
•− ,⋅OH 

⋅O2
‾,1O2 

– 71.27% after 5 
cycles 

(Wu et al., 2020a) 

FeMgAl- 
MoS4LDH 

PHB [PMS]= 5 mM 
[Pollutant]= 10 ppm 

[Cat]= 0.25 g/L 

100% in 1 h SO4
•− ,⋅OH – 77% after 5 cycles 

(PHB) 
(Ali et al., 2020) 

4-CP 100% in 1 h 
2,4-DCP 100% in 1 h 

BA 100% in 1 h 
Phenol 60%− 70% in 

1 h 
NB 60%− 70% in 

1 h 
LDHs with metal oxide semiconductor  

Bi2O3/CuNiFe LOM [PS]= 0.74 mM 
[LOM]= 10 mg/L 

[Cat]= 0.4 g/L 

84.6% in 
40 min 

⋅OH, SO4
•−

⋅O2
‾, h+

– 74.3% after 4 
cycles 

(H. Zhang et al., 2020, 
W. Zhang et al., 2020) 

Z-scheme CeO2 

@LDH 
Rhodamine B [PMS]= 6 mM [Cat]=

0.4 g/L 
[RhB]= 10 mg/L 
[MB]= 5 mg/L 

[MO]= 10 mg/L 
[TC]= 10 mg/L 

96.9% in 
30 min 

SO4
•− ,⋅OH 

⋅O2
‾ 

– 91.6% after 4 
cycles 

(Yang et. al., 2021) 

Methylene blue 91.7% in 
30 min 

Methyl orange 91.2% in 
30 min TC 

LDOs with transition metals      
CoMgAl-LDO ATZ [PMS]= 0.4Mm 

[ATZ]= 10 mg/L 
[Cat]= 75 mg/L 

98.7% in 
15 min 

SO4
•− Co: 0.15 mg/L 81.1% after 4 

cycles 
(Hong et al., 2019) 

CuO-MgMn- 
LDO 

SMX [PS]= 1.0 mM 
[SMX]= 0.02 mM 

[Cat]= 0.4 g/L 

97% in 
30 min 

1O2, SO4
•− Cu< 1.0 mg⋅L− 1 

Mn< 1.0 mg⋅L− 1 
88% after 5 cycles (Y. Chen et al., 2020; 

M. Chen et al., 2020) 

CoMgFe-LDO CBZ [PS]= 0.2 g/L 
[CBZ]= 5 mg/L 
[Cat]= 20 mg/L 

100% in 
20 min 

SO4
•− ,⋅OH Co:0.04 mg/L 

Fe 0.27 mg⋅L− 1 
80.9% after 3 

cycles 
(Hong et al., 2020) 

CuOx@Co-LDH Phenol [PDS] = 2 mM 
[Cat] = 0.3 g/L 

[phenol] = 0.1 mM 

100% in 
40 min 

⋅OH, 
SO4

•− ,⋅O2
‾ 

Co: not detected 
Cu: 0.08 mg/L 

– (Jawad et al., 2018) 

MgAl-Cu-LDO Phenol [PDS]= 0.5 g/L 
[ Phenol]= 10 mg/L 

[Cat]= 0.3/L 

100% in 
20 min 

SO4
•− ,⋅OH Cu< 0.4 mg/L – (Guo et al., 2018) 

LDH-carbonaceous composites  
CNTs-CoMnAl- 

LDO 
BPA [PMS]= 0.15 g/L 

[ Phenol]= 20 mg/L 
[Cat]= 0.02/L 

100% in 
10 min 

SO4
•− Mn: < 0.005 mg /L 

Co: < 0.1 mg /L 
Nearly 100% after 

3 cycles 
(Li et al., 2015) 

FeMgAl-rGO 
LDH 

Phenol [PMS]= 5 mM 
[ Phenol]= 0.2 mM 

[Cat]= 0.15 g/L 

100% in 
10 min 

1O2 – 88% after 3 cycles (Shahzad et al., 2019) 

Cu-rGO LDH BPA [PMS]= 3 mM 
[BPA]= 0.09 mM 
[Cat]= 0.25 g/L 

Over 99% in 
40 min 

1O2 – 84% after 3 runs (Shahzad et al., 2020) 

MgAl-LDH/rGO Phenol – 50% after 4 cycles (Huang et al., 2020b) 

(continued on next page) 
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addition, some benzene derivatives such as BA and NB are seen as 
chemical scavengers for reactive radicals, which could result in a 
decrease of decomposition efficiency (Ali et al., 2020). This evident 
difference in degradation performance was also observed in the research 
of Ali et al. (2020). The degradation rate of 4-CP was much higher than 
NB, which might be attributed to the selectivity of SO4

•− . 

6.3. Synthetic organic dyes 

With the rapid development of contemporary industry involving 
textile industry, leather tanning industry, paper manufacturing industry, 
food production photoelectrochemical cells, pharmaceutical industry, 
etc., masses of synthetic organic dyes were discharged in effluents 
(Martínez-Huitle and Brillas, 2009; Brillas and Martínez-Huitle, 2015). 
Due to the environmental threat and wide existence, organic dyes have 
become hot target contaminants in AOP researches. Generally, 
LDH-based materials exhibit good performance in decomposition for 
organic dyes despite there is a little slight difference in degradation ef-
ficiency because of the structure of dyes as well as the type of catalysts. 
Due to the strong oxidation power of LDH/persulfate system, the orig-
inal molecule of organic dyes will be destroyed and turn into small 
compounds. Sulfonate group, azo-group, ethyl group and other func-
tional groups could be cleaved by ROS, forming low-molecular-weight 
intermediates. After a series of ring-opening and oxidation processes, 
some of the intermediates are converted to CO2 and H2O (Hou et al., 
2019; Gong et al., 2017). (Fig. 20c). 

6.4. Bisphenol A 

Recently, the threat of endocrine disrupting chemicals (EDCs) has 
raised great concern for their negative effects on organisms. Bisphenol A 
is a typical EDC for the manufacture of epoxy resin and polycarbonate 
(Gorini et al., 2020b). BPA could interact with human estrogen receptors 

and influence estrogen-target organs (Welshons et al., 2006). Chrono 
exposure to BPA may cause adverse effects such as reproductive disor-
ders (Mínguez-Alarcón et al., 2016), cardiovascular disease (Han and 
Hong, 2016), obesity (Carwile and Michels, 2011) and a series of human 
diseases. Accordingly, BPA is often employed as a target pollutant for 
evaluating the catalytic capability of LDH-based catalysts. BPA could be 
effectively decomposed by SO4

•− and ⋅OH generated by LDH@persulfate 
system (Fig. 20d). Both aliphatic-ring opening products and aromatics 
were discovered in the degradation reaction. In addition, the molecular 
structure of degradation products became increasingly simpler with the 
reaction proceeding. Finally, these compounds were degraded to CO2 
and H2O (Wu et al., 2020a). (Table 3). 

7. Conclusion and outlooking 

Due to the advantages of highly tunable composition, affordable 
cost, low toxicity and simple synthesis, the potential in persulfate-AOPs 
of LDH-based composites has gradually attracted concerns. Raw LDHs 
usually clump in bulk form and display limited catalytic performance. 
Thus, exfoliating bulk LDHs into mono-/few-layer nanosheets and 
growing 3D LDHs are of great significance to promote their catalytic 
efficiency since larger surface area and more active sites are exposed. In 
addition, calcinating LDHs to LDOs can further enhance catalytic ac-
tivity. Persulfate activation mechanisms, involving radical pathway 
(SO4

•− ,⋅OH) and non-radical pathway (1O2, mediated electron transfer, 
etc.) were summarized in detail. We also paid attention to some 
encouraging effects such as photocatalytic activation of persulfate and 
intercalation effect, which enable LDH-based materials to realize effec-
tive persulfate activation. 

Despite the prospects of LDH-based catalysts in persulfate-AOPs 
seem bright, there are still roadblocks on the way to further industrial 
applications. And researchers should make more efforts to address tricky 
problems like toxicity, recyclability and long-term stability. 

Table 3 (continued ) 

Catalyst Contaminant Reaction Conditions Removal 
efficiency 

Main ROS Metal leaching Recyclability Ref 

[PDS]= 0.4 mM 
[phenol]=

0.032 mmol/L 
[BPA]= 0.022 mM 

[Cat]= 1 g/L 

92.4% in 
15 min 

SO4
•−

Intercalated- 
PDS BPA 100% in 

60 min 

ZnFe-LDH/GO PhP [PS]= 1 mM 
[PhP]=
15 mg/L 

[Cat]= 1 mg/ 
mL 

93.95% in 
150 min 

SO4
•− ,⋅O2

‾ 

⋅OH, h+
Zn:1.249 mg⋅L− 1 

Fe 0.2759 mg⋅L− 1 
Nearly 82% after 5 

cycles 

(Motlagh et al., 
2020) 

CoAl-LDH/g- 
C3N4 

Sulfadiazine (SDZ) [PS]= 0.5 g/L 
[SDZ]= 10 μM 
[Cat]= 0.1 g/L 

87.1% in 
15 min 

h+,⋅OH,⋅O2
‾, 

SO4
•− ,1O2 

Co< 0.2 mg⋅L− 1 80.2% after 4 
cycles 

(Zeng et al., 2020) 

Zn-Co-LDH- 
Biochar 

GMF [PS]= 3 mM 
[GMF]= 15–35 mg/L 
[Cat]= 0.15–0.75 g/L 

97.7% in 
130 min 

⋅OH, h+,⋅O2
‾ – > 87.7% after 5 

cycles 
(Gholami et al., 2020) 

AC@CoFe-LDH LOM [PS]= 1 g/L 
[LOM]= 5 mg/L 
[Cat]= 0.2 g/L 

93.2% in 
60 min 

SO4
•− ,⋅OH – 80.9% after 4 

cycles 
(Ma et al., 2020a) 

CoMn- LDH/ 
rGA 

MTZ [PMS] = 0.15 g/L 
[MTZ]= 0.02 g/L [Cat] 

= 0.5 g/L 

93.7% in 
10 min 

SO4
•− ,1O2 

⋅OH 
Co:0.60 mg/L 
Mn:0.45 mg/L 

86% after 10 
cycles 

(He et al., 2021) 

Other LDH composites  
CuCo- 

LDH@PAN 
SMX [PMS] = 0.24 mM 

[SMX]= 0.032 mM 
[Cat] = 60 mg/L 

95.2% in 
30 min 

SO4
•− – 95% after 10 

cycles  

CoFe- 
LDHs@PVDF 

MB [PMS] = 0.5 mM 
[MB]= 0.032 mM 
[TC]= 20 mg/L 

[BPA]= 20 mg/L 

100% in 
6 min 

SO4
•− ,1O2 Co:4.628 mg/L 

Fe:0.036 mg/L 
99.56% after 10 

cycles(MB) 
(Li et al., 2021) 

TC 98.59% in 
10 min 

BPA 86.65% in 
10 min  
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(1) Optimization of synthesis process 
Structure, chemical composition, and the proportion of 

different ingredients will have great influence on the physical and 
chemical characteristics of catalysts. Since properties of catalysts 
and pollutants can affect the catalytic performance, researchers 
should design and synthesize LDH-based composites according to 
specific situations. In addition, the current synthesis routes have 
different drawbacks. The preparation methods and reaction 
conditions could have a significant impact on the characteristics 
of LDHs, which is unfavorable for industrial application. More-
over, some routes are too tedious to achieve large-scale synthesis 
and some may cause serious pollution. Thus, researchers still 
have to commit efforts to develop novel synthesis methods which 
are facile, efficient, economical and eco-friendly. Furthermore, 
except for exploring optimized design in practical experiments, 
computational chemistry and artificial intelligence algorithms 
are also advisable for researchers to confirm the structure and 
composition of LDHs to design catalysts with higher performance 
(Roberts et al., 2020).  

(2) Combination with other novel materials 
Because of the intrinsic drawbacks of single LDHs, the combi-

nation of LDHs with other novel materials may become the main 
trend in the future. We have discussed some LDH-based com-
posites applied in persulfate-AOPs in this review. Actually, there 
are still various functional materials which deserve further 
exploration such as CNTs (Li et al., 2015; Ghasemi et al., 2020), 
MOFs (Ramachandran et al., 2020; Zhang et al., 2021; Wang 
et al., 2021), covalent organic frameworks (COFs) (Fan et al., 
2020; Huang et al., 2021), Mxenes (Shao et al., 2021, 2020b), 
organic polymers (Guo et al., 2020; Liu et al., 2020), quantum 
dots (Wu et al., 2020). In the process of developing novel 
LDH-based composites, catalytic performance should never be 
the only evaluation principle. On the contrary, the facile fabri-
cation and the potential for industrial applications need to be 
carefully considered. In fact, synthesis processes of some com-
posites are overly complex and expensive, which makes it hard to 
apply them in industrial water treatment. Thus, later researches 
are recommended to design and synthesize LDH-based compos-
ites in a systematic mind rather than just focus on the catalytic 
performance. Some important characteristics including cost, 
chronic stability, toxicity, recyclability should be important 
evaluation criteria for novel catalysts.  

(3) Deeper exploration of reaction mechanisms 
With the rapid development of persulfate-AOPs, illustration of 

activation mechanism is increasingly important. Besides the 
familiar free radicals and 1O2. There are some complicated 
pathways (e.g., surface complex and mediated electron transfer). 
The reaction pathways in LDH-carbon hybrids are particularly 
complicated and require further exploration. Notably, the 
persulfate-AOPs display evident substrate specificity (Lee et al., 
2020), which means more organic contaminants should be 
checked to identify the reaction pathway. Furthermore, there 
exist both radical-based and nonradical pathways in some 
LDH-composites/persulfate systems. As generally known, the free 
radical pathway usually exhibits higher mineralization efficiency 
toward organic pollutants, while nonradical dominated system 
displays better resistance to the interference impurities in 
aqueous solutions. Current studies mainly concentrate on the 
identification of reaction pathways, but control of these pathways 
is still difficult. Thus, more innovative and insightful studies 
should be designed to recognize active species in 
LDH-composites/persulfate system and find ways to regulate the 
process of the reaction pathway. Finally, even in one system, 
there may exist differences in catalytic performance between 
PMS and PDS, which is worthy of particular concern.  

(4) Extension of application fields 
Compared with the widespread application in energy, medi-

cine and adsorption of pollutants, the application of LDH-based 
composites in persulfate-AOPs seems fewer. Meanwhile, con-
taminants used in many studies are limited to several kinds such 
as organic dyes, phenols and antibiotics. It is expected that a 
wider variety of pollutants which are difficult to deal with will be 
employed in LDH composites/persulfate system. Moreover, pre-
sent studies mainly focused on treatment of wastewater and 
contaminants in air and soil are overlooked. Despite a few re-
searchers have made some progress, further efforts are still 
required to promote the wider application. In addition, to contact 
with the COVID-19 ranging around the world, the antimicrobial 
application of LDH-based materials also deserves great concern 
and exploration (Chen et al., 2012, 2021). Finally, no matter how 
fancy performance the novel material exhibits in laboratory, it 
must be examined by complicated conditions in field 
experiments.  

(5) Ecological risk assessment of novel catalysts 
With the rise of the concept of “Green Chemistry”, the negative 

environmental effects caused by the production and application 
of new catalysts have raised widespread attention (Lowry et al., 
2012; Raja et al., 2021; Zhang et al., 2020). Presently, composites 
with higher catalytic performance usually contain toxic compo-
nents such as Co/Cu. Besides, some poisonous reagents may be 
employed in the production process of LDH-based material. 
Furthermore, the recycle of nanomaterials remains a tricky 
problem (Peng et al., 2020). Hence, to drive practical application 
of LDH-based composites, several efforts are indispensable: 
Firstly, use less or no toxic ingredients in the synthesis process. If 
these components are necessary, keeping the lowest leaching rate 
is essential. Secondly, find innocuous substitutes for toxic mate-
rials and improve the catalytic performance through tailoring 
engineering methods. Last but not least, plenty of in vivo and in 
vitro experiments are needed to assess the potential hazards of 
new materials to living organisms. Moreover, the migration and 
transformation of these materials in the natural environment are 
also worthy of deeper investigations. 
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Zhang, T., Zhu, H., Croué, J.-P., 2013. Production of sulfate radical from 
peroxymonosulfate induced by a magnetically separable CuFe2O4 spinel in water: 
efficiency, stability, and mechanism. Environ. Sci. Technol. 47 (6), 2784–2791. 

Zhang, H., Nengzi, L.C., Wang, Z., Zhang, X., Li, B., Cheng, X., 2020. Construction of 
Bi2O3/CuNiFe LDHs composite and its enhanced photocatalytic degradation of 
lomefloxacin with persulfate under simulated sunlight. J. Hazard Mater. 383, 
121236. 

Zhang, H., 2015. Ultrathin Two-Dimensional Nanomaterials. ACS Nano 9 (10), 
9451–9469. 

Gao, J., Liu, M., Song, H., Zhang, S., Qian, Y., Li, A., 2016. High-performance hybrid 
supercapacitor with 3D hierarchical porous flower-like layered double hydroxide 
grown on nickel foam as binder-free electrode. J. Power Sources 318, 76–85. 

Zhang, Q., Peng, W., Li, Y., Zhang, F., Fan, X., 2020. Topochemical synthesis of low- 
dimensional nanomaterials. Nanoscale 12 (43), 21971–21987. 

Zhang, T., Chen, Y., Wang, Y., Le Roux, J., Yang, Y., Croué, J.P., 2014. Efficient 
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