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In recent years, layered double hydroxide-biochar (LDH-BC) composites as adsorbents and catalysts for con-
taminants removal (inorganic anions, heavy metals, and organics) have received increasing attention and
became a new research point. It is because of the good chemical stability, abundant surface functional groups,
excellent anion exchange ability, and good electronic properties of LDH-BC composites. Hence, we offer an
overall review on the developments and processes in the synthesis of LDH-BC composites as adsorbents and
catalysts. Special attention is devoted to the strategies for enhancing the properties of LDH-BC composites,
including (1) magnetic treatment, (2) acid treatment, (3) alkali treatment, (4) controlling metal ion ratios, (5)
LDHs intercalation, and (6) calcination. In addition, further studies are called for LDH-BC composites and po-

tential areas for future application of LDH-BC composites are also proposed.

1. Introduction

Biochar (BC), a carbon-rich porous solid material, is produced by
pyrolysis of biomass at certain temperature under oxygen-limited con-
dition (Tan et al., 2015; Huang et al., 2017; Li et al., 2016). The source of
BC is abundant, such as municipal solid waste, agricultural residues, and
timber (X.F. Tan et al., 2016; X. Tan et al., 2016; Meyer et al., 2011; X.H.
Wang and Wang, 2019; M. Wang and Wang, 2019; J. Wang and Wang,
2019; Nguyen et al., 2017; Mukome et al., 2013). BC can be used for
carbon sequestration, soil fertility improvement and pollution remedi-
ation and so on, due to the properties of high surface area, abundant
pore structure, surface functional groups, and stable carbon matrix (J. Li
et al., 2016; R. Li et al., 2016; Ahmad et al., 2014; Mukherjee et al.,
2011; C. Zhang et al., 2020; M. Zhang et al., 2020; W. Zhang et al., 2020;
J. Wang et al., 2019; M. Wang et al., 2019; X.H. Wang et al., 2019; Zhang
et al., 2019). Among different applications of BC, wastewater treatment
has received wide attention because BC has the potential in removing a
wide range of pollutants, such as persistent organic compounds, agro-
chemicals, pharmaceuticals, heavy metals, and nutrients (Tan et al.,

2015; Zhang et al., 2020). It is worth emphasizing that BC is a kind of
renewable, low cost and sustainable catalyst and adsorbent in waste-
water treatment (Mohan et al., 2014). For instance, as an adsorbent, BC
has porous structure similar to activated carbon (AC), which is a
commonly employed and efficient adsorbent in the removal of con-
taminants from wastewater (Tan et al., 2015). In addition to adsorption,
the environmental persistent free radicals (EPFRs) of BC can react with
O, to generate hydroxyl radicals (¢OH), and BC can also activate per-
sulfate to produce eOH and sulfate radicals (SO4e) due to external
transition metals and surface functional groups (Lyu et al., 2020; Fang
et al.,, 2015, 2014). And these radicals can degrade organic contami-
nants efficiently. However, the development of BC also faces some
problems. For example, pristine BC has the limitation of adsorption
capacity to oxyanions (e.g., phosphate) in wastewater treatment (Wan
et al., 2017) and the limitation of dispersity in solution. Hence, the
modification and functionalization of pristine BC into the advanced
composite with novel structure and surface properties is imperative to
expand its applications (H. Zhang et al., 2018; L. Zhang et al., 2018).
Layered double hydroxides (LDHs) are regarded as a group of multi-
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functional anionic clay. The formula of LDHs is [M3+,M2"(OH)2*"(A™)
x/n-MH20, where M?2* is a divalent cation, M37 is a trivalent cation, A™ is
an interlayer anion and x is the molar ratio of M>*/(M2"+M>*), and the
layer charge is depended on the M2t/M3*ratio (X.F. Tan et al., 2016; X.
Tan et al., 2016; X. Yang et al., 2016; Z. Yang et al., 2016; Jing et al.,
2020; Zhang et al., 2016; Wang et al., 2018; K. Yang et al., 2021). LDHs
have wide applications in wastewater treatment (Ashekuzzaman and
Jiang, 2014; T. Zhang et al., 2017; B. Zhang et al., 2017). Because of the
properties of a layered structure, high porosity, high surface area and
interlayer anion mobility (X. Yang et al., 2016; Z. Yang et al., 2016),
LDHs show great potential in the field of advanced oxidation processes
(AOPs) (Yang et al., 2020). Moreover, LDHs are also a kind of excellent
and widely used adsorbent in wastewater treatment, which can be used
for the removal of various contaminants (e.g., nitrate, phosphate, ra-
dionuclides, heavy metals, and organic pollutants) (Zhao et al., 2011;
Goh et al., 2008; X. Li et al., 2020; S.B. Li et al., 2020; Ai et al., 2011; C.
Shan et al., 2014; R.-R. Shan et al., 2014; Li et al., 2021). However, the
development of LDHs is hindered by the problem of tight stacking and
high leaching rate during reaction process, which limit the applications
as adsorbent and catalyst for removal of contaminants. Therefore, how
to improve the deficiencies of LDHs is critical to its development and
expansion. According to the reported studies, the environmental appli-
cation of LDHs will be generally more effective provided that they are
dispersed on a matrix which is inexpensive, environmentally recalci-
trant, and has additional potential environmental benefits (Wang et al.,
2016a). Combined with the above-mentioned properties, BC is a kind of
material that meets these requirements.

BC can serve as an effective matrix which provides a large reactive
area for effective modification of LDHs and reduces the aggregation of
LDHs (X.F. Tan et al., 2016; X. Tan et al., 2016; Zhang et al., 2014;
Huang et al., 2019). On the other hand, the sorption efficiency of BC for
oxyanions is improved by loaded LDHs due to its interlayer anion
mobility and surface complexation (Yang et al., 2019). Besides, the
number of surface functional groups on BC also increases, compared
with pristine BC. And these surface functional groups may transfer
electrons to dissolved oxygen, persulfate, and Hy0,, forming reactive
oxygen radicals for degradation of organic pollutants. What’s more, the
negative charge features of BC may strengthen the interaction with LDHs
nanoparticles, resulting in good chemical stability of LDH-BC compos-
ites (H. Zhang et al., 2018; L. Zhang et al., 2018). Therefore, the com-
bination of LDHs with BC is a win-win strategy for both LDHs and BC, in
terms of improvement of properties.

Many studies had been reported on the applications of LDH-BC
composites in wastewater treatment. However, to our best of knowl-
edge, only a few reviews have summarized the applications of LDH-BC
composites, and these reviews are mainly focused on the application
of LDH-BC composites in adsorption of pollutants (Vithanage et al.,
2020; dos Santos et al., 2021; Zubair et al., 2021a). Therefore, this re-
view comprehensively introduces the applications of this material,
including synthesis methods, adsorption, catalysis, and modification
strategies. Special attention is devoted to the strategies for enhancing
the properties of LDH-BC composites. Although the application of
LDH-BC composites in catalysis is not wide enough, based on the
excellent catalytic performance of LDHs, we speculate that LDH-BC
composites have great potential in catalysis. We elaborate the cata-
lytic mechanisms of LDH-BC composites in detail and provide the
reference for future research. At the same time, this review is focused on
the modification strategies, and we will explain the specific measures
from the perspectives of BC and LDHs based on the existing research to
provide ideas for further improving the applications of LDH-BC com-
posites in wastewater treatment.

2. Synthesis methods

At present, there are many methods synthesizing LDH-BC compos-
ites. By comparing the specific operations in each experiment, we divide
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the main synthesis methods into hydrothermal method and co-
precipitation method, and the latter can be further divided into post-
pyrolysis method and pre-pyrolysis method. Besides, we summarize
the main synthetic methods, explain the role of each step from the
perspective of operational significance, summarize the general rules,
and compare the advantages and disadvantages of different methods to
lay the foundation for future research.

2.1. Co-precipitation

2.1.1. Post-pyrolysis method

Post-pyrolysis method was also called the liquid-phase deposition
method. By comparing literatures, it could be found that this method
was referenced from the synthesis of linear low-density polyethylene
(LLDPE)/Zn-Al LDH-exfoliated nanocomposites (Zhang et al., 2013;
Chen and Qu, 2004). In general, the main steps of this method were as
follows (Fig. 1a). Firstly, after the physical process washing, smashing,
and sieving of biomass, the biomass was converted into BC through
pyrolysis in a furnace under Ny flow conditions, and the range of
dry-pyrolysis temperature was mainly from 300 °C to 700 °C (Table 1). It
needed to be emphasized that the dry-pyrolysis temperature had a great
influence on the properties of BC. With the increase of dry-pyrolysis
temperature, the production rate decreased but the specifical surface
area, carbon content, and thermal stability increased (Sun et al., 2014).
The pH values of the regular dry-pyrolysis BC suspensions ranged from
7.1 to 9.2, so most dry-pyrolysis BC suspensions are alkaline, and the
surface was positively charged, which might facilitate the integration of
BC and LDHs (Sun et al., 2014; Lehmann et al., 2011). Secondly, the pH
value of aqueous solution containing mixed metal solution and BC was
adjusted to approximately 10, which was the core of coprecipitation. In
more details, the BC was firstly suspended in deionized water, and then,
the metal solution and the alkaline solution were dripped simulta-
neously. The pH value of slurry was adjusted by controlling the droplet
acceleration of two solutions. pH control was treated as the most
important step in this process. The formed structure of LDHs might be
not complete in lower pH value, and the formed LDHs might re-dissolve
in higher pH value. Therefore, it was found that the synthesis of LDHs
was the most beneficial when pH was controlled at about 10 (J. Li et al.,
2016; R. Li et al., 2016; Zhang et al., 2013; Lee et al., 2019; Meili et al.,
2019). In this step, LDHs were synthesized and attached to the BC sur-
face. Thirdly, the obtained slurry needed to be aged. The aim of this step
was to make the structure and chemical properties of the initial LDHs
more stable and prevented it from being destroyed by the slight inter-
ference of external forces. The experimental conditions used in this
aging phase were shown in Table 1. In general, the experimental con-
ditions for this aging phase were various, which could be divided into
two categories: (1) traditional one that aged in the original reaction
vessel; and (2) hydrothermal treatment that needed to be transferred to
the reaction kettle (Zhang et al., 2014). It could be found that the
temperature was higher about the reaction conditions of the latter, but
the reaction time was often shorter, which indicated that the latter might
be more efficient.

2.1.2. Pre-pyrolysis method

In addition to post-pyrolysis method, pre-pyrolysis method has also
been used to synthesize the composite, which was shown in Fig. 1b. In
this method, LDHs pre-coated biomass was firstly synthesized, which
was the biggest difference from pre-pyrolysis method. And other pro-
cesses were like those steps of post-pyrolysis method. After aging, the
dried solids (LDH-biomass mixtures) were converted into layered double
oxide (LDO)-BC composites, which was a way to improve LDH-BC
composites performance (Yang et al., 2020). For example, LDO-BC
composites could reconstruct the original structure by adsorbing an-
ions and this might be conducive to the adsorption of anionic pollutants
(X.F. Tan et al., 2016; X. Tan et al., 2016; Jiang et al., 2019). Besides,
calcination converted the mixed metal hydroxide into the corresponding
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Fig. 1. (a) The schematic diagram of post-pyrolysis method; (b) Pre-pyrolysis method; and (c) Hydrothermal method.

metal oxides mixed with uniformed M2* and M3* distribution with high
surface areas, which improved the properties of LDH-BC composites in
the photocatalytic application (Zhang et al., 2019).

2.2. Hydrothermal method

In the above synthesis methods, the alkaline solution was used to
control the pH value of the reaction system. Urea used as the pH value
regulator was one of the most important characteristics of hydrothermal
method (Jiang et al., 2019; Wang et al., 2020a, 2020b; Luo et al., 2020;
7. Yang et al., 2021). Besides, urea and alkaline solution had different
influences on the structures of LDH-BC composites. In detail, the former
could be used to synthetize LDH-BC composites with a regular-shaped
(Gholami et al., 2020a). Therefore, we summarized the method on
urea as the pH regulator into another method called hydrothermal
method or the urea method. The flowchart of the urea method was
shown in Fig. lc. In contrast to other methods, the steps of the urea
method were the easiest to operate, which could be divided into two
main steps. The first step was to mix BC, metal ion solution and urea
solution. The second step was the hydrothermal treatment, which
mainly promoted the decomposition of urea and enhances the stability
of LDHs in the composite. When ordinary alkaline solution was used to
adjust pH, LDHs had been formed quickly and attached to the surface of
BC. However, when urea was used to regulate pH, the pH value of the
solution changed little due to the slow decomposition rate of urea at
room temperature. At this time, the mixture was only the suspension
formed by the solution and BC together. Subsequent hydrothermal
treatment would provide necessary conditions for the formation of
LDH-BC composites. In the hydrothermal treatment process, the
decomposition rate of urea was controlled by temperature during
heating, which gave the required increases in pH value (Geng et al.,
2013), and LDHs gradually grow on the BC matrix. Hence, compared
with co-precipitation, LDHs synthesized by urea method had a higher
crystallinity and larger average particle size (Geng et al., 2013). As
shown in Table 1, in addition to the above three methods, other methods
have also been applied, such as the two-step electro-assisted modifica-
tion method. However, the synthesis methods of LDH-BC composites
remained to be developed.

2.3. Advantages and disadvantages of different synthesis methods

The biomass is converted into BC before loading with LDH in post-
pyrolysis method and hydrothermal method. And their pyrolysis tem-
peratures are similar in this process (Table 1). However, the most aging
temperatures of post-pyrolysis method are lower than 90 °C, which are
lower than that of hydrothermal method (>100 °C) (Table 1). This in-
dicates that post-pyrolysis method is more energy-efficient than hy-
drothermal method. Besides, the reaction processes of post-pyrolysis
method are easily controllable than other methods, and post-pyrolysis
method is propitious to large-scale production of LDH-BC composites
(Zubair et al., 2021a; Bukhtiyarova, 2019). The most common alkaline
solution used in post-pyrolysis method is pure NaOH solution or the
mixture of NayCO3 and NaOH (Wang et al., 2016a; Meili et al., 2019; Y.
Wang et al., 2018; T. Wang et al., 2018; Wang and Wang, 2018; Huang
et al., 2019). Urea is the main alkaline solution used in hydrothermal
method and can promote formation of LDH with higher crystallinity in
comparison with LDH-BC composites obtained by post-pyrolysis method
with mixture solution of NapCO3s and NaOH (Luo et al., 2020; Wang
et al., 2020b; Bukhtiyarova, 2019; Gholami et al., 2020b). What’s more,
the particle size distribution of LDH loaded on BC is controllable in
hydrothermal method.

Compared with post-pyrolysis method and hydrothermal method,
pre-pyrolysis method reduces the number of preparation steps (Lee
et al., 2019). Besides, pre-pyrolysis method may enhance the adsorption
efficiency of LDH-BC composites. In detail, thermal treatment increases
the specific surface area and removes interlayer anions, leading to more
binding sites and easier intercalation of anions into interlayer regions
(Lee et al., 2019; Cai et al., 2012; Cheng et al., 2010). However, the
crystallinity of LDH-BC composites by pre-pyrolysis method is lower
than that of post-pyrolysis method and hydrothermal method (Zubair
et al., 2021a).

3. Application of LDH-BC composites in wastewater treatment
3.1. Application of LDH-BC composites in adsorption

Through relevant literature currently published, LDH-BC composites
were mainly used as adsorbent for the removal of heavy metals (H.
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Table 1
Application of LDH-BC composites for water pollution control.
Composites Biomass Temperature  Pollutants Adsorptive capacity Synthetic Aging References
(mg/g) methods? condition
Mg-Fe LDH/BC Kiwi branch 500°C Cd(1n 25.6 I 3d,80°C (Tan et al., 2019)
Mg-Fe LDH@BC Rice straw 600°C Cd(n 126.30 I 24h,70°C (H. Zhang et al., 2018; L. Zhang et al., 2018)
Mg-Al LDH/BC Wheat straw 600°C Cd(n 54.14 I 12h, 80°C (Lv et al., 2020)
Mg-Al LDH- Bamboo 480°C Cr(VD) 38 I 12h, 60°C (Z. Huang et al., 2019; D. Huang et al.,
EDTA/BC 2019)
Mg-Al LDH/BC Pinewood 350°C Cr(VD) 330.8 il 10h, 160°C (Wang et al., 2020a)
Mg-Al LDH/BC PSR® 500°C Cr(VI) No I 18h, 60°C (M. Li et al., 2019; G.W. Li et al., 2019)
Mn-Al LDH/BC ocs? powder 600 °C Cu(In) 74.07 1 1h,100°C (Y. Wang et al., 2018; C. Wang et al., 2018;
T. Wang et al., 2018)
Mg-Fe LDH@BC Rice straw 600 °C Cu(I) 295.80 I 24h,70°C (H. Zhang et al., 2018; L. Zhang et al., 2018)
Ni-Zn-Fe LDH/BC Banana peel 600 °C Cu(In) 58.48 1 80°C (Shafiq et al., 2020)
Mg-Al LDH/BC corn straw 350°C Cu(ID 75.4 I 12h, 55°C (Peng et al., 2021)
Mg-Al LDH/BC corn straw 550°C Cu(I) 78.2 I 12h, 55°C (Peng et al., 2021)
Mg-Al LDH/BC corn straw 750°C Cu(I) 92.5 I 12h, 55°C (Peng et al., 2021)
Mg-Al LDH/BC corn straw 950 °C Cu(In) 94.7 1 12h, 55°C (Peng et al., 2021)
Mg-Fe LDH@BC Rice straw 600 °C Ni(ID) 75.59 I 24h,70°C (H. Zhang et al., 2018; L. Zhang et al., 2018)
Mg-Al LDH/ Sludge 120°C Pb(II) 62.441 111 24h,120°C (Luo et al., 2020)
Hydrochar
Mg-Fe LDH/BC 0Cs® powder 600 °C Pb(ID) 476.25 I 6h, 120°C (Jia et al., 2019)
Mg-Al LDH/BC Pinewood 350°C Pb(I) 591.2 111 10h, 160°C (Wang et al., 2020a)
Mg-Fe LDH@BC Rice straw 600 °C Pb(ID) 1264.10 1 24h,70°C (H. Zhang et al., 2018; L. Zhang et al., 2018)
Zn-Fe LDH/BC Orange peel 800°C Pb(II) 69 1 15h, 70°C (Shafiq et al., 2021)
Mg-Fe LDH@BC Rice straw 600 °C Zn(1D) 141.70 I 24h,70°C (H. Zhang et al., 2018; L. Zhang et al., 2018)
Ca-Al LDH/BC scP 700°C Eu(IID) 120.482 I No (X. Li et al., 2020; S.B. Li et al., 2020)
Mg-Al LDH/PBC® bamboo 700°C U 274.15 I 8h,90°C (Lyu et al., 2021)
Mg-Al LDH/BC PSR® 500°C YAl Above 97% I 18h, 60°C (M. Li et al., 2019; G.W. Li et al., 2019)
Mg-Al CLDH/BC Bagasse 475°C Tetracycline 1118.12 I No (X.F. Tan et al., 2016; X. Tan et al., 2016)
Mg-Al CLDH/BC Ramie stem 500 °C cvPb 374.686 I 24h,100°C (X. Tan et al., 2016; X.F. Tan et al., 2016)
Mg-Al LDH/BC Bovine bone No MBP 406.47 I 2h (Meili et al., 2019)
Ca-Al LDH/BC Rice husk No MB® 32.535 I 3d,70°C (Lesbani et al., 2020)
Mg-Al LDH/BC Date palm 700°C MB® 302.75 I 24h, 90°C (Zubair et al., 2020)
Mg-Al LDH/BC Syagrus 400°C DsP 82% I 2h (de Souza dos Santos et al., 2020)
coronate
Ni-Al LDO/MBC Corncob 700 °C AOP 116.3 111 24h, 100°C (Wang et al., 2020b)
powder
Cu-Fe LDH/BC Date palm 700 °C EBT® 565.32 I 24h, 65°C (Zubair et al., 2021b)
40% Mg-Al LDH/ Bamboo 600 °C Phosphate > 95% I 3d,80°C (Wan et al., 2017)
BC
Mg-Al LDH/BC Sugarcane 550 °C Phosphate 81.83 I 3d,80°C (J. Li et al., 2016; R. Li et al., 2016)
leaves
Mg-Fe LDH/BC Pinecone 300°C Phosphate 17.46 1 24h,70°C (Bolbol et al., 2019)
flakes
Mg-Al LDH/ Cottonwood 180°C Phosphate 386 Others 12h, 180°C (Zhang et al., 2014)
Hydrochar
Mg-Al-CLDH/BC Rice husk 500 °C Phosphate 97.6% I 3d,50°C (Lee et al., 2019)
Mg-Al LDH/BC Cotton Wood 600 °C Phosphate 410 1 3d,80°C (Zhang et al., 2013)
Mg-Al LDOs/BC Cabbage 500°C Phosphate 127.2 I 6h, 60°C (W. Zhang et al., 2019; Z. Zhang et al.,
2019)
Mg-Al LDOs/BC rape 500 °C Phosphate 132.8 I 6h, 60°C (W. Zhang et al., 2019; Z. Zhang et al.,
2019)
Mg-Al LDH/BC Date-palm 700 °C Phosphate 177.97 1 24h,90°C (Alagha et al., 2020)
Mg-Al LDH/MBC CcKb 600°C Phosphate 252.88 Others 24h, 80°C (Cui et al., 2019)
Zn-Al LDO/BC Banana straw 500°C Phosphate 185.19 111 8h, 60°C (Jiang et al., 2019)
Zn-Al LDH/BC Corn stalks 600 °C Phosphate 64.9 LI 18h (Yang et al., 2019)
Ni-Fe LDH/BC Corn stalks 600 °C Phosphate 78.3 LI 18h (Yang et al., 2019)
Mg-Al LDH/BC Corn stalks 600°C Phosphate 152.1 L 1II 18h (Yang et al., 2019)
Mg-Fe LDH/BC Straw 600°C Phosphate 206.2 I 4h, 60°C (Rahman et al., 2021)
Mg-Fe LDH/BC Wheat-straw 600 °C Nitrate 24.8 1 3d,70°C (Xue et al., 2016)
Mg-Fe LDH@BC Rice straw 600 °C Nitrate 27.09 I 24h,70°C (H. Zhang et al., 2018; L. Zhang et al., 2018)
Mg-Al LDH/BC Date-palm 700 °C Nitrate 28.06 I 24h,90°C (Alagha et al., 2020)
Mg-Al LDH/BC Apple branch 500 °C Nitrate 156.84 I 4h,120°C (Wang et al., 2021)
Mg-Fe LDH@BC Rice straw 600 °C NHj 98.53 1 24h,70°C (H. Zhang et al., 2018; L. Zhang et al., 2018)
Ni-Fe LDH/BC Pine 600 °C As(V) 4.38 I 80°C, (Wang et al., 2016a)
overnight
Ni-Fe LDH/BC Pine 600 °C As(V) 1.56 I 80°C, (Wang et al., 2016a)
overnight
Ni-Mn LDH/BC Pine 600 °C As(V) 6.52 I 80°C, (Wang et al., 2016b)
overnight

(a) I, I and III represent post-pyrolysis method, pre-pyrolysis method and hydrothermal method respectively.
(b) SZ: Sulfamethoxa-zole, PSR: Pennisetum sinese roxb, CK: Caragana korshinskii, OCS: Oil-tea camellia shell, MB: Methylene blue, SC: Solidago canadensis
EDTA: Ethylenediaminetetraacetic acid, AO: Acridine orange, CV: Crystal violet, DS: Diclofenac sodium, PBC: phosphate-impregnation biochar, EBT: Eriochrome black

T.
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Zhang et al., 2018; L. Zhang et al., 2018; Z. Huang et al., 2019; D. Huang
et al., 2019; Y. Wang et al., 2018; C. Wang et al., 2018; T. Wang et al.,
2018; Tan et al., 2019; Jia et al., 2019), organic contaminant (X. Tan
et al., 2016; Meili et al., 2019; X.F. Tan et al., 2016; de Souza dos Santos
et al., 2020), inorganic anions which included phosphate (Zhang et al.,
2014; Yang et al., 2019) and nitrate (H. Zhang et al., 2018; L. Zhang
et al., 2018; Alagha et al., 2020; Xue et al., 2016), arsenic (Wang et al.,
2016a). As shown in Table 1, the maximum adsorption capacity for
organic pollutant (tetracycline) was 1118.12 mg/g by Mg-Al LDO-BC
composite, the maximum adsorption capacity for Pb(II) was
1264.10 mg/g by Mg-Fe LDH-BC composite, and the maximum
adsorption capacity for phosphate was 410 mg/g by Mg-Al LDH-BC
ultra-fine composites. All these reflected that LDH-BC composites were a
kind of effective adsorbent for the removal of pollutants. Currently, the
combination of LDHs and BC has been applied in Mg-Al LDH, Mg-Fe
LDH, Ni-Fe LDH, Ni-Al LDO, Zn-Al LDO, Mn-Al LDH. Among them,
Mg-Fe LDH-BC composite and Mg-Al LDH-BC composite were more
widely applied (Table 1). In general, when LDH-BC composites were
used as adsorbent, BC was regarded as a matrix mainly preventing the
agglomeration of LDHs, and LDHs were mainly responsible for the
adsorption of pollutants. Therefore, based on characteristics of target
pollutants, we divided the mechanism of adsorption into three
categories.

3.1.1. Adsorption mechanisms of heavy metals

3.1.1.1. Adsorption mechanisms of heavy metal cations. In general, the
adsorption mechanisms of LDH-BC composites to heavy metal cations
included isomorphic substitution, electrostatic interaction, complexa-
tion, and surface precipitation (Fig. 2). For instance, Mg-Fe LDH-Kiwi
branch BC composite was used to adsorb Cd(II) through the complexa-
tion of amino, hydroxyl and carboxyl group of composite with Cd(II), the

" >
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isomorphic substitution, and the surface precipitation (Tan et al., 2019).
And the isomorphic substitution and the surface precipitation were
regarded as main possible contribution to the removal of Cd(II). Besides,
Jia et al. Jia et al. (2019) synthetized Mg-Fe LDH-magnetic biochar
(MBC) composite as sorbent for Pb(II) removal. They concluded that
surface co-precipitation between Pb(II) and interlayer CO%, and surface
hydroxyl groups of hydrotalcite might be mainly conducive to the
adsorption of Pb(II) by the precipitation of Pb3(CO3)2(OH), and Pb
(OH), (Fig. 2b). However, H. Zhang et al. (2018) and L. Zhang et al.
(2018) summarized that the removal of Cd(II) and Pb(Il) by Mg-Fe
LDH@BC might be attributed to surface complexation and surface pre-
cipitation which seemed to dominate more than the former. Moreover,
they concluded that the isomorphic substitution might contribute little
to the removal of Pb(II) and Cd(II) because of their different ionic radius
of Pb(II) (0.119 nm), Cd(II) (0.095 nm), Mg(II) (0.072 nm) respectively.
Although they used Mg-Fe LDH/BC to adsorb Pb(II) and Cd(Il), the
concert mechanisms were controversial. On the one hand, because of the
different biomass, synthesis method and experiment conditions, all these
mechanisms might be valid. On the other hand, to the best of our
knowledge, there were no LDHs prepared with lead or cadmium because
of possible secondary pollution, and we didn’t judge the rationalities
and stabilities of Cd-Fe LDH and Pb-Fe LDH, and we also didn’t know the
specific effect of ionic radius on this isomorphic substitution. Therefore,
the specific adsorption mechanisms of the removal of Pb(II) and Cd(II)
were worth exploring. Except for the combinations of BC and Mg-Fe
LDH, Mg-Al LDH-BC composite was also used as sorbent to capture Pb
(I). Wang et al. (2020a) found that the main mechanism was com-
plexations with functional groups and attracted through electrostatic
force in the case of Pb(Il) adsorption from a single system (Fu et al.,
2021). Besides, Luo et al. (2020) concluded that the adsorption mech-
anism of Pb(II) by Mg-Al LDH-hydrochar composite might be mainly
attributed to electrostatic effect and surface coprecipitation, and
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physical adsorption was also a way to adsorb Pb(II) (Fig. 2c). Comparing
two carbon-based composites synthetized by Mg-Fe LDHs and Mg-Al
LDHs respectively, it could be found that the types of LDHs made a
difference to the adsorption mechanisms because LDHs dominated the
properties of LDH-BC composites (W. Zhang et al., 2019; Z. Zhang et al.,
2019). In addition to Pb(II) and Cd(II), the removal of Cu(II) could be
realized by Mn-Al LDH-BC composite. And the adsorption process
involved surface precipitation of Cups5(OH)3SO4 and the isomorphic
substitution of Mn(II) with Cu(Il) (Fig. 2a) (Y. Wang et al., 2018; C.
Wang et al., 2018; T. Wang et al., 2018). Besides, the removal of Cu(II)
could also be accomplished by surface complexation (H. Zhang et al.,
2018; L. Zhang et al., 2018). Finally, it could be found that the removal
mechanism of some metal ions has not been explored, such as Hg?* and
Ag", which is a research direction.

3.1.1.2. Adsorption mechanisms of metal oxide anions. At present, metal
oxide anions removed by LDH-BC composites were associated with Cr
(VD). The possible adsorption mechanisms of Cr(VI) were distinct from
other heavy metals due to the forms of Cr(VI) in water and different
reaction systems. In conclusion, the adsorption mechanisms of LDH-BC
composites to Cr(VI) included interlayer anion exchange, electrostatic
attraction, reduction, and isomorphic replacement. Z. Huang et al.
(2019) and D. Huang et al. (2019) applied calcined -ethyl-
enediaminetetraacetic acid (EDTA)-Mg/Al LDH-BC composite to adsorb
Crgog', which was the main form of Cr(VI) in water. They found that
electrostatic attraction and interlayer anion exchange dominated Cr(VI)
sorption process. The former was mainly attributed to anionic clay, and
the latter was caused by the memory effect. In other words, the surface
layered double oxides of this calcined composite could recover original
layered structure with anion embedded in the layered structure (X.F.
Tan et al., 2016; X. Tan et al., 2016; El Gaini et al., 2009; Zhu et al.,
2005). Moreover, M. Li et al. (2019) and G.W. Li et al. (2019) used Mg
Al-LDH-BC composites to remove sulfamethoxazole and Cr,0% simul-
taneously, and they also concluded that interlayer anion exchange
dominated the adsorption of Cr(VI). In addition to these mechanisms,
some different mechanisms about the removal of Cr(VI) were discov-
ered. Wang et al. (2020a) applied the engineered Mg-Al LDH-BC com-
posite to simultaneously capture Pb?* and CrO% from electroplating
wastewater. They found that Cr(VI) of CrO3 could be reduced to Cr** by
functional groups of this composite which included C-C, C-O and C-N.
And then the generated Cr®* could replace the AI** in Mg-Al LDH via the
isomorphic substitution due to their similar ionic radius (0.052 and
0.054 nm for Cr** and AI®+ ions, respectively) and closed surface charge
density, consequently forming an Mg-Cr LDH structure (Wang et al.,
2020a; Li et al., 2016). In the final analysis, we could draw the following
conclusions about the removal of Cr(VI). Firstly, Cr(VI) could be
removed in the forms of anions (CrO?{, Crzog') and trivalent cation
(Cr®*) which caused the isomorphic substitution from At to Cr®* to
reconstruct Mg-Al LDH in LDH-BC composite. Secondly, the synergetic
effect was propitious to the adsorption of Cr(VI). In details, Pb?* could
form complexations with carbonate species and this would let more CO%
release into solution from interlayer of LDH and led to forming more
vacancies which was highly attractive to CrO3 species (Wang et al.,
2020a).

3.1.1.3. Adsorption mechanisms of radionuclides. Some radionuclides in
wastewater posed threat to ecological environment and human health,
such as U(VI), Eu(III), Cs(I), Cm(III), Sr(II), Am(III), Np(IV) and Pu(IV)
(Liu et al., 2021a, 2021b; Pang et al., 2018; Dai et al., 2019; Zhong et al.,
2020; Qiu et al., 2021; Wang et al., 2020). At present, LDH-BC com-
posites have been used to remove radionuclides (e.g., Eu(Ill), U(VI)) in
wastewater treatment. In the whole, the adsorption mechanisms of
LDH-BC composites to radionuclides included ion exchange, complex-
ation, precipitation, and reduction reaction. For example, Mg-Al
LDH/phosphate-impregnation-BC (Mg-Al LDH/PBC) composite was
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used to adsorb U(VI) and the maximum adsorption capacity of U(VI) by
Mg-Al LDH/PBC composite was an improvement of ~17 times than that
of unmodified biochar (Lyu et al., 2021). As shown in Fig. 2d, the high
adsorption efficiency by Mg-Al LDH/PBC composite was attributed to
the following mechanisms: (1) the co-precipitation of polyhydroxy
aluminum cations removing U(VI), (2) the surface complexation with U
(VI) because of surface functional groups (P-O, Mg/Al-O-H, and -OH),
(3) the reduction of U(VI) to U(IV) due to the adequate electronic donors
(e.g., P-O, Mg-O-H). X. Li et al. (2020) and S.B. Li et al. (2020) achieved
the removal of Eu(IIl) from wastewater by Ca-Al LDH-BC composite and
the theoretical maximum adsorption amount of Eu(III) was up to
120.482 mg/g (Table 1). And three mechanisms were involved in the Eu
(III) sorption, including complexation with oxygen-containing func-
tional groups (e.g., C-O, C=0, -OH), ion exchange between Al(III) and
Eu(IIl) ions, and co-precipitation. In conclusion, LDH-BC composites
have high adsorption efficiency in the removal of radionuclides and
more studies should be paid to this aspect.

3.1.2. Adsorption mechanisms of organics

Organic pollutants were complex substances that usually contained
functional groups such as benzene ring, hydroxyl group and amino
group, which were closely related to the mechanism of pollutant
removal (X.F. Tan et al., 2016; X. Tan et al., 2016). In conclusion, the
main adsorption mechanism of these organic pollutants could be sum-
marized as four types: electrostatic attraction, anion exchange,
hydrogen bond and n-x interaction (Fig. 3a, b) (X. Tan et al., 2016; X.F.
Tan et al., 2016). For the first adsorption mechanism, taking acridine
orange (AO) and crystal violet (CV) as examples, Wang et al. (2020b)
used Ni-Al layered double oxides (LDOs)-MBC composite to remove AO.
It could be found that the electrostatic interaction was the main
adsorption driving force of Ni-Al LDOs-MBC composite for AO. AO was
an alkaline dye, which could dissociate cations by protonation, and the
surface of Ni-Al LDOs-MBC composite was negatively charged in an
alkaline environment (Wang et al., 2020b). Therefore, this composite
could adsorb AO by electrostatic interaction. X. Tan et al. (2016) and X.
F. Tan et al. (2016) applied Mg-Al calcined layered double hydroxide
(CLDH)-BC composite as sorbent for the removal of CV. The deproto-
nation of various surface functional groups and an increase in the pH of
the solution due to anion exchange might be propitious to make the
surface of Mg-Al CLDH-BC composite negatively charged, which
contributed to the electrostatic interaction between this composite and
CV cations (X. Tan et al., 2016; X.F. Tan et al., 2016). In addition, part of
CV could dissociate to CV anions in a specific pH range (near 8.8) and
embedded into the interlayer space in the reconstructed Mg-Al LDH,
which was the second mechanism (anion exchange) (X. Tan et al., 2016;
X.F. Tan et al., 2016; Chen et al., 2009). X.F. Tan et al. (2016) and X. Tan
etal. (2016) used Mg-Al LDO-BC composite to adsorb Tetracycline (TC),
mainly with the form of anionic species (TCH or TC%) in a certain
alkaline environment. And TCH™ or TC? could be intercalated into the
interlayer space to reconstruct Mg-Al LDH-BC composite from Mg-Al
LDO-BC composite (Fig. 3a). From the above, we knew that the
adsorption mechanisms were related to the form of contaminant in the
reaction solution, and the pH value of the reaction solution had a great
influence on the mechanism analysis. The third mechanism was
hydrogen bond, which was a special intermolecular or intramolecular
interaction between hydrogen atom and other atoms such as oxygen,
fluorine, and nitrogen. Specifically, organic contaminants consist of
hydroxyl and amino and other groups, and the surface of this composite
had many functional groups, (e.g., hydroxyl and alkoxy groups). These
functional groups between this composite and contaminant contributed
to the formation of hydrogen bond (Fig. 3a, b). The fourth mechanism
was n-7 interaction which was formed by conjugation between the C=C
of the composite materials and the benzene ring of pollutant (X.F. Tan
et al., 2016; X. Tan et al., 2016; Yu et al., 2017). In addition to these
main mechanisms, as shown in Fig. 3b, organic contaminants might be
adsorbed in the pore of composite through physical
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adsorption-pore-filling (Wang et al., 2020b).
3.1.3. Adsorption mechanisms of inorganic anions

3.1.3.1. Adsorption mechanisms of phosphate. Inorganic anions mainly
include phosphate, nitrate, ammonium, and arsenic. Among them, ni-
trogen, phosphorus, and arsenic belong to same main group in the pe-
riodic table, and there are many similarities in their properties.
Therefore, their adsorption mechanisms can be summarized and dis-
cussed together.

In conclusion, the main mechanism of phosphate removal could be
summarized as three points: the anion exchange or ion exchange, the
electrostatic attraction and complexation. Memory effect played an
important role in the phosphorus adsorption mechanism of LDOs-BC
composites (Lee et al., 2019; Zhang et al., 2019). The LDHs were
transformed into LDOs during calcination process while BC was being
prepared. Phosphate could be intercalated into the interlayer space to
reconstruct LDHs from LDOs and acted as a balance of charge because of
its electronegativity. Besides, it’s worth emphasizing that the result of
this mechanism was like that of anion exchange (Fig. 3c). For the un-
calcined LDH-BC composites, the interlaminar anions could generally be
chlorine ion, nitric acid and carbonate, and phosphate anions could
exchange with these interlaminar anions to enter the interlaminar
structure of LDHs during adsorption (Fig. 3d) (J. Li et al., 2016; R. Li
et al., 2016; Wan et al., 2017; Jiang et al., 2019; Bolbol et al., 2019; Cui
et al., 2019). Electrostatic attraction was another mechanism which
contributed to the fast adsorption of phosphate and it was affected by the
type of material and the reaction environment (Cui et al., 2019). In
details, when the pH value of reaction solution was lower than the iso-
electric point (pHzpc), the surface hydroxyl of this composite was pro-
tonated and was positively charged (Jiang et al., 2019; Bolbol et al.,

2019; Liu et al., 2008). So, phosphate, mainly in the form of anions (e.g.,
H,POj, HPO?), could interact with the surface hydroxyl of this com-
posite by electrostatic attraction (Fig. 3c, d). Another mechanism was
complexation, which was directly related to the two above-mentioned
mechanisms. The anion exchange and the electrostatic attraction
could attract phosphate anions to the surface or between the layers of
the composite, and then the phosphate would interact with the func-
tional groups via ligand exchange (J. Li et al., 2016; R. Liet al., 2016; Lee
etal., 2019; Cui et al., 2019). Though inner-sphere monodentate surface
complex and inner-sphere bidentate surface complex were shown in
Fig. 3c, these were just some of the complexes overall. And the
outer/inner-sphere surface complexes could be formed by the interac-
tion of phosphate with functional groups in CLDHs and BC, respectively
(Lee et al., 2019). The outer/inner-sphere surface complexes in CLDHs
could be divided into monodentate complex and bidentate complex that
was further divided into bidentate-mononuclear complex and
bidentate-binuclear complex (Fig. 3c). In addition to these above
mechanisms, intraparticle diffusion might also be a factor controlling
the adsorption process. In detail, phosphate could gradually diffuse to
the inner pore of BC when active sites on the surface LDH-BC composites
were gradually occupied (Fig. 3d) (Liu et al., 2021).

3.1.3.2. Adsorption mechanisms of nitrate and ammonium ion. The
existing forms of nitrogen in wastewater usually were nitrate (NO3) and
ammonium ion (NHZ). As shown in Fig. 4a, LDH of composites was the
dominated adsorption site. For the removal of NH{, the hydrogen
bonding might be the main mechanism. Although NH} was positively
charged, which might have a negative influence on the adsorption by
LDH-BC composites because of the electrostatic repulsion, the hydrogen
bond between NH{ and O—H was stronger than the electrostatic
repulsion (H. Zhang et al., 2018; L. Zhang et al., 2018). For the removal
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of NO3, LDHs in composite materials were mainly Mg-Fe LDHs and
Mg-Al LDHs, and the main mechanisms were the anion exchange
(Fig. 4a) (H. Zhang et al., 2018; L. Zhang et al., 2018; Alagha et al.,
2020). Because the anion exchange mainly took place in LDHs of
LDH-BC composites, different LDHs had different adsorption effects on
nitrate. It had been confirmed that Mg-Fe LDHs had relatively higher
selectivity for nitrate (0.29 nm) adsorption than Mg-Al LDHs because of
its suitable interlayer spacing for fixing NO3 (H. Zhang et al., 2018; L.
Zhang et al., 2018; Xue et al., 2016; Tezuka et al., 2004). Therefore,
Mg-Fe LDH-BC composites showed a high selectivity for nitrate. For the
other mechanism, the micropore filling by van der Waals force might
play an important role in NO3 adsorption because the molecular size of
NOj3 was close to the pore size of BC and Mg-Fe LDH composite (Fig. 4a)
(H. Zhang et al., 2018; L. Zhang et al., 2018; Lian et al., 2016). In
conclusion, these mechanisms could be summarized as three aspects: the
anion exchange, complexation and electrostatic attraction (Wang et al.,
2016a).

3.1.3.3. Adsorption mechanisms of arsenic. At present, As(V) (HASO?{)
could be removed by LDH-BC composites, and the adsorption mecha-
nisms included complexation, electrostatic attraction and anion ex-
change (Wang et al., 2016a, 2016b). As(V) could form specific
complexes with hydroxyl functional groups (-OH) of the part of LDH,
and mechanisms on forming complexes with HAsOF included mono-
dentate mononuclear, bidentate mononuclear and bidentate binuclear
(Fig. 4b). Although complexation could occur between HAsO3 and -OH
on BC surface, the adsorption capacity was low and might be negligible
compared to the part of LDH (Wang et al., 2016a, 2015). When the
experimental pH was higher than the point of zero charge, the LDH
surface was positively charged due to protonation of -OH, which could
adsorb HAsO% by electrostatic attraction (Fig. 4b). What’s more, anion
exchange was also involved in adsorption of HAsOZ (Goh et al., 2009;
Chetia et al., 2012). And HAsO3 could exchange with anions (e.g., CI’,
NO3, CO%) in the interlayer of LDH (Fig. 4b).

3.2. Application of LDH-BC composites in catalysis

3.2.1. Photocatalysis and sonocatalysis

Only a few studies were about the application of LDH-BC composites
in photocatalysis and sonocatalysis. Gholami et al. (2020b) successfully
synthesized Fe-Cu LDH-BC composite with enhanced sonocatalytic

activity for 97.6% degradation rate of cefazolin sodium, and
Zn-Co-LDH@BC nanocomposite exhibited 92.7% degradation rate for
gemifloxacin through photocatalysis (Gholami et al., 2020a). What’s
more, Mn-Fe LDO-BC composite was used to remove tetracycline (TC)
and the degradation rate of TC reached 98% within 240 min upon
exposure to a UV light (Azalok et al., 2021a). The high degradation rate
of cefazolin sodium in the sonocatalysis could be attributed to the
sonoluminescence phenomena which referred to light emission through
the recombination of free radicals that result from cavitation bubbles
(Gholami et al., 2020b; Khataee et al., 2018a, 2018b). And this light was
in the ultraviolet range and was capable of exciting the Fe-Cu LDH-BC
composite as photocatalyst during the ultrasonication. Therefore, the
degradation mechanisms of cefazolin sodium and gemifloxacin (GMF),
and TC were similar. In details, the UV irradiation could create hole (h™)
and photogenerated electron (e”) on surface of LDH-BC composites
(Fig. 5¢) (Gholami et al., 2020a, 2020b; Azalok et al., 2021a, 2021b).
The h™ could react with H,O to produce ¢OH or could oxidize organic
pollutants directly (Fig. 5d). Whereas, the photogenerated e could
capture dissolved oxygen to yield O3~ which was subsequently proton-
ated to produce H202 and further form ¢OH (Fig. 5¢). Finally, pollutants
could be oxidated by those generated radicals. What’s more, in the
presence of K»S50g, the degradation efficiency of contaminants could be
improved because the photogenerated e~ can react with S,03” to pro-
duce the highly selective ¢SOy radicals (Fig. 5¢) (Gholami et al., 2020b;
Azalok et al., 2021a, 2021b; Golshan et al., 2018; Wang et al., 2017;
Shao et al., 2017).

In this process, active reaction sites are mainly distributed in LDHs,
and BC particles can reduce the agglomeration of LDHs and expose more
active reaction sites to react with active substances, thus improving the
removal efficiency of pollutants. What’s more, BC can also block the
recombination of h* and e, enhancing the photocatalytic activity
(Gholami et al., 2020a, 2020b).

3.2.2. Fenton reaction

At present, LDH-BC composites had a few applications in Fenton or
Fenton-like reaction. For instance, Fe-Al LDH-BC was used to remove
phenol by the activation of HyO and the degradation efficiency could be
up to 85.28% (Fan et al., 2021). In the degradation process, HyO, could
accept the electron from the redox of Fe (II) to produce Fe (III) on the
surface of LDHs to produce ¢OH which would oxidate pollutants directly
and realized the degradation effectively (Fig. 5b). Besides, ¢OH could
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further react with HyO5 to generate O3~ (Fan et al., 2021; Q. Yang et al.,
2021). In addition to Hy05, peroxymonosulfate (PMS) could also be
activated by LDH-BC composites to produce reactive oxygen species. For
example, 100% of dimethyl phthalate (DMP) degradation efficiency was
achieved in Co-Fe LDH-BC composite/PMS system within 60 min, while
only 62% in Co-Fe LDH/PMS system (Ye et al., 2021). In the degradation
process of DMP, PMS was activated to produce reactive oxygen species
(ROS) (persistent free radicals, eOH, SOge™, 10,5, Oze7) when its
peroxide bond (-O-0O-) was cleaved by accepting one electron from Fe(II)
or Co(Il) (Fig. 5a) (H. Qin et al., 2020; J. Qin et al., 2020; F. Qin et al.,
2020). Although the catalytic process was mainly on the surface of the
LDHs part, BC also played an important role in all process. Firstly, BC
could act as an electron carrier (D. Huang et al., 2019; Z. Huang et al.,
2019; Kappler et al., 2014; Ye et al., 2020). Secondly, LDHs were
attached to the surface of BC and BC could reduce the leaching of metal
ions, which was propitious to the repeatability of LDH-BC composites.

LDH-BC composites or LDO-BC composites were regarded as the
potential catalysts in wastewater treatment by advanced oxidation
processes (photocatalysis, Fenton reaction methods, and sulfate radical-
mediated oxidations) due to their porous structure, large surface area,
wide tunability of the types of metal cations, and the nature of interlayer
compensating anions. However, LDH-BC composites or LDO-BC com-
posites are not widely used in catalysis. More attempts are needed in
designing and fabricating high catalytic activities LDH-BC based cata-
lysts with superior physicochemical properties and synergistic effects.
And LDH-BC composites should be used to degrade a wider range of
organic contaminants and the degradation mechanisms of pollutants
need to be further studied.

3.3. Other applications of LDH-BC composites in wastewater treatment

Based on the excellent adsorption efficiency, LDH-BC composites
could be used as a kind of filler in fixed-bed column for simulated

wastewater treatment (Wang et al., 2020a; Rahman et al., 2021). For
instance, wang et al. Wang et al. (2020a) concluded that 1 kg of Mg-Al
LDH-BC composite could treat 3.8 and 3.1 tons of Pb*" and CrO3~
wastewater after the fixed-bed column studies. This indicated that
LDH-BC composites were a kind of cost-effective and efficient material
on wastewater purification and had a good prospect in commercial
application. What’s more, LDH-BC composites could also be prepared as
an immobilized carrier for microorganism. For example, Mg-Al LDH-BC
composite combined with sodium alginate was successfully used as an
immobilized carrier for Acinetobacter sp. FYF8 to increase the removal
efficiency of phosphorus and nitrogen in the bioreactor (Zheng et al.,
2021). This material was convenient for recycling and would not cause
secondary pollution (Xiao et al., 2019; Zheng et al., 2021). It indicated
that LDH-BC composites had potential as immobilized carrier in bio-
logical method for wastewater treatment. And more studies should be
focused on this aspect.

Compared with traditional materials (e.g., activated carbon, silica
gel and organic materials (Su et al., 2019)), LDH-BC composites have
many advantages in commercial applications when they are used as
filler or as carrier for microbial immobilization. Firstly, LDH-BC com-
posites have a high removal efficiency for various pollutants (e.g., heavy
metals, organic contaminants, nitrate and phosphate), which indicates
that LDH-BC composites have a wide range of applicability in com-
mercial applications. Secondly, the LDH-BC composites have an
advantage in reusability, which is helpful to reduce the frequency of
changing packing in fixed-bed column and reduce the operating cost (X.
Tan et al., 2016; Meili et al., 2019; X.F. Tan et al., 2016). Thirdly, BC is a
kind of sustainable material with a wide range of sources and low price
(Tan et al., 2015). So LDH-BC composites can provide a circular econ-
omy way to realize the recycling of agricultural waste and greatly reduce
the production cost in commercial applications (Rahman et al., 2021). In
addition, some LDH-BC composites adsorbing phosphate can be used as
good slow-release fertilizer in some alkaline soils (Rahman et al., 2021).
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To sum up, the high-performance sorbent LDH-BC composites have
potential market value, which can be packaged into like-activated car-
bon products in supermarkets and realize its economic value (Wang
et al., 2021). We think that LDH-BC composites have great potential in
commercial application, and more research should be developed in this
aspect.

4. Strategies for enhancing the properties of LDH-BC composites

According to the existing literatures, some modification strategies for
enhancing the properties of LDH-BC composites had been used in the
synthesis of LDH-BC composites. We will discuss these from two per-
spectives of biochar and LDH, including magnetic treatment, acid
treatment, alkali treatment, modification of LDHs, controlling metal ion
ratios, and calcination (Fig. 6). In addition to these strategies, other
modification methods are also used in the synthesis of LDH-BC com-
posites (e.g., ternary LDHs; Shafiq et al., 2020), phosphate-impregnation
biochar (Lyu et al., 2021)). However, there is less research about these
modification measures and further investigations are needed. Therefore,
we will be focus on the following six modification measures based on the
publication time and quantities of relevant literatures.

4.1. Modification of BC

4.1.1. Magnetic treatment

For the LDH-MBC composites, magnetization processes applied in
the synthesis were related to FeCl, solution, FeCls solution or iron
electrodes (Wang et al., 2020b; Jia et al., 2019; Cui et al., 2019).
Although these magnetization processes were different, they all used a
reagent or material related to iron, which was also the core of the
preparation of LDH-MBC composite. In addition to iron, the magnetic
species applied to the magnetic BC mainly included nickel chloride
(NiCly), manganese chloride (MnCly), cobalt chloride (CoCly) (Vi et al.,
2020). With the advantages of low cost and environmental harmless-
ness, iron salts were widely used (Yi et al., 2019; L. Zhang et al., 2018; H.
Zhang et al., 2018; Li et al., 2019). Compared with LDH-BC composites,
some advantages made LDH-MBC composites more competitive. Firstly,
LDH-MBC composites could be centrally recovered by magnetic field.
The recovery process was simple, no secondary pollution (Yi et al., 2020;

Modification
strategies
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Fig. 6. The summary diagram of modification strategies.
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G.W. Lietal., 2019; M. Li et al., 2019; Yap et al., 2017; Son et al., 2018).
Secondly, higher surface area and pore volume of LDH-MBC composites
were contributed to remove contaminant by the mechanism of
pore-filling (Vi et al., 2020; G.W. Li et al., 2019; M. Li et al., 2019; Zhao
and Lang, 2018). Thirdly, ¢OH and SO4~ radicals might be generated by
active sites such as Mn?" and Fe?" on the catalyst surface in the Fenton
and Fenton-like systems. And Fe?" in other materials doped with Fe3O4
was proved as an active site for catalysis (F. Qin et al., 2020; J. Qin et al.,
2020; H. Qin et al., 2020; C. Chen et al., 2019; C.R. Chen et al., 2019; G.
Chen et al., 2019; Zhu et al., 2019; Duan et al., 2020; Wang et al., 2020).
What’s more, the mechanisms of activation of HyOy and perox-
ymonosulfate (PMS) by Mn?" and Fe?" to generate free radicals were
similar. In the process of metal transformation from divalent state to
trivalent state, electrons were transferred to PMS or Hy0», thus gener-
ating free radicals to degrade pollutants (C. Chen et al., 2019; C.R. Chen
et al., 2019; G. Chen et al., 2019). Therefore, it could be speculated the
catalytic effect of LDH-BC composites could be improved after using
manganese salt or iron salt to synthesize LDH-MBC composites.
Although magnetization processes for the synthesis of magnetic BC used
in the synthesis of LDH-MBC composites were related to iron salts, the
essence of these magnetization processes were the conversion from iron
ions to Fe3O4 and the combination of Fe304 and BC (Wang et al., 2020b;
Jia et al., 2019; Cui et al., 2019; G.W. Li et al., 2019; M. Li et al., 2019;
Son et al., 2018; Shan et al., 2014). In the synthetic methods, calcina-
tion, co-precipitation and pyrolysis were often used to synthetize mag-
netic BC (S.B. Li et al., 2020; X. Li et al., 2020; Thines et al., 2017).

4.1.2. Acid treatment

During the synthesis process of LDH-BC composites, BC could be
oxidized by acid treatment, such as a mixture containing sulfuric acid
and nitric acid (3:1 v:v), which was an effective modified strategy for
improvement of properties of LDH-BC composites (Gholami et al.,
2020b). With acid treatment, carboxyl and hydroxyl groups were
introduced onto BC surface. Besides, acid treatment could affect the
surface negative charge of the BC because of increased functional groups
(Tan et al., 2020). Although most BC were alkaline and the surfaces of
BC were mainly negatively charged (F. Qin et al., 2020; H. Qin et al.,
2020; J. Qin et al., 2020), the surface of the BC treated with acid
treatment was more electronegative. Therefore, the electrostatic inter-
action between BC and LDHs was more stable, which indirectly
increased the stability of the LDH-BC composites. In details, the surface
of LDHs was positively charged and had a strong attraction to electro-
negative materials. BC treated with acid was negatively charged and
could combine with LDHs by electrostatic interaction, which might also
increase the dispersion of LDHs on BC matrix. Finally, impurities (e.g.,
metallic residues) on the surface of BC could be removed by acid
treatment (Zoroufchi Benis et al., 2020). At present, LDH-BC composites
synthesized from the negatively charged BC only had application in
catalysis, and had no relevant application in the field of adsorption. The
feasibility of application in adsorption was worth exploring because the
negative BC might be propitious to improve the adsorption efficiency of
LDH-BC composites for some cations by electrostatic attraction (W.
Zhang et al., 2020; C. Zhang et al., 2020; M. Zhang et al., 2020), such as
ammonium and heavy metal cations. Of course, the actual effect of
LDH-BC composites with acid treatment depended on the practical
studies, so this remained to be studied experimentally.

4.1.3. Alkali treatment

Based on published papers, some alkaline chemical reagents could be
used to modify the BC, such as KOH, NaOH, Na;CO3 and K,CO3 (H.
Zhang et al., 2018; L. Zhang et al., 2018Xiao et al., 2018; Cha et al.,
2016; Wang et al., 2019). It could be found that these alkaline chemical
reagents had similar effects on BC. Firstly, the alkali pretreatment could
increase the porosity and specific surface area of BC (Zoroufchi Benis
et al., 2020; Xiao et al., 2018). Taking sludge BC with thermal-alkaline
pretreatment for example, the surface area, total pore volume,
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micro-pore volume and average pore diameter of the solids of
thermal-alkaline pretreated sewage sludge (RSTAS)-BC increased by
43.5%, 33.3%, 23.1%, and 6.2% respectively (Xiao et al., 2018).
Regarding the mechanism of activation of BC by alkaline chemicals,
taking KOH as example, K5O or KoCO3 produced by KOH increased the
surface area and porosity by separating the carbon layer on the surface
of BC (Zoroufchi Benis et al., 2020; Cha et al., 2016), which could also
significantly improve the BC’s crystallinity (Z. Yang et al., 2016; X. Yang
etal., 2016). On the one hand, this measure was conducive to increasing
the contact area between BC and LDHs, so more LDH particles could
combine with BC, and the yield of LDH-BC composites could be
improved. On the other hand, the development of porosity might
contribute to the adsorption effect in pore-filling. Secondly, the
alkali-treated BC had a lower C content and a higher O/C ratio than raw
BC, which indicated that the alkali-treated BC might be more hydro-
philic and might increase adsorption amount for hydrophilic contami-
nants (Xiao et al., 2018; J. Wang et al., 2019; X.H. Wang et al., 2019; M.
Wang et al., 2019; Chen et al., 2011; Dong et al., 2011; Han et al., 2016).
Third, the alkali treatment would increase the functional groups on the
surface of BC, such as -OH, -COOH, -C=O (Fan et al., 2010; Jin et al.,
2014). And OH and -COOH on the surface of BC would increase the
hydrophilicity of LDH-BC composites and -C—O was propitious to the
PDS decomposition in catalysis.

4.2. Modification of LDHs

4.2.1. Controlling metal ion ratios

In LDH-BC composites, LDHs with different metal ion ratios might
have an influence on the adsorption efficiency of pollutants. Meili et al.
(2019) used Mg-Al LDH-BC composites with different molar ratios of
Mg/Al (2:1, 3:1 and 4:1) to remove methylene blue (MB) by adsorption.
The results showed that there was almost no difference among three
proportion materials on the kinetic tests. Mg-Al CLDH-BC composites
(the metal ion ratio were 2:1 and 5:1) were synthesized by Lee et al.
(2019) to adsorb phosphate, and composite with metal ion ratio (2:1)
showed higher phosphorus removal efficiency. However, J. Li et al.
(2016) and R. Li et al. (2016) applied Mg-Al LDH-BC with different
Mg/Al ratios (2:1, 3:1, 4:1) to adsorb phosphate and found that 4:1
Mg/Al LDH-BC had the maximum adsorption capacity. The properties of
LDH-BC composites were affected by different ion ratios. Firstly, the
surface area increased, and the volume and diameter of the pores
decreased with the increasing of the Mg/Al molar ratio, which could be
attributed to the nanoparticles of LDH being supported on the pores of
the BC (Meili et al., 2019; Valletregi, 2004). Secondly, the charge den-
sity of Mg-Al LDH-BC became weaker as the Mg/Al ratio increases. On
the one hand, the weaker charge density might make phosphate ions
easier to access the increased interlayer space (J. Li et al., 2016; R. Li
et al., 2016; Wan et al., 2012), which could be used to explain why the
composite with 4:1 metal ion ratio showed best adsorption capacity. On
the other hand, the decrease of the charge density might affect anion
exchange and further decrease the phosphate adsorption efficiency,
because the anion exchange in LDH of LDH-BC composites was mainly
based on the magnitude of electrostatic attraction between the posi-
tively charged LDH layers and the exchangeable anions in the interlayer
region and bulk solution (Lee et al., 2019; Oestreicher et al., 2014; Khan
et al., 2018). Although both interlayer distance and charge density could
affect phosphate adsorption, it was difficult for us to compare the two
factors according to the existing literature due to the different experi-
mental conditions. According to the research about LDH-BC composites
with different metal ion ratio used in the adsorption of contaminants, it
could be deduced that LDH-BC composites with different metal ion ra-
tios had selective adsorption efficiency for pollutants. Therefore, the
selection of LDH-BC composites with appropriate metal ion ratios would
broaden application of LDH-BC composites in wastewater treatment.
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4.2.2. LDHs intercalation

EDTA intercalated LDH was a method to modify LDH-BC composites
(Z. Huang et al., 2019; D. Huang et al., 2019; Wang and Wang, 2018).
However, due to the different synthesis methods, the specific effects of
EDTA in changing properties and affecting adsorption effect of LDH-BC
composites were different. For the LDH-BC composites which had not
been calcined at high temperature, EDTA functionalized LDHs signifi-
cantly improved the adsorption efficiency of heavy metal cations, which
could be attributed to the chelation between heavy metal cations and
EDTA anions in the interlayer of LDHs (Y. Wang and Y. Wang, 2018; T.
Wang and T. Wang, 2018; C. Wang and C. Wang, 2018; Kameda et al.,
2005; Rojas et al., 2009). For the CLDH-BC composites or LDO-BC
composites, Z. Huang et al. (2019) and D. Huang et al. (2019) used BC
modified with Mg-Al LDH intercalated with EDTA composite to remove
Cr(VI). They found that the calcination products of EDTA were present
in the composites after calcination, which increased the number of
functional groups (e.g., N-H) of LDH-BC composites. It could be seen that
modification of LDHs in the composite with EDTA could improve the
overall properties of the composite material, no matter for the calcined
composite material or the non-calcined material. Therefore, using EDTA
to intercalate LDHs was an effective measure to improve the perfor-
mance of LDH-BC composites. Other chelating agents could be interca-
lated in pure LDHs, such as mercaptocarboxylic acids (Nakayama et al.,
2007), tartrate (Kameda et al., 2008), diethylenetriaminepentaacetate
(DTPA) (Pavlovic et al., 2009). But whether these chelators can be used
to synthesize LDH-BC composites remains to be explored.

4.2.3. Calcination

Combining the research on LDH-BC composites and LDHs applica-
tion, it could be found that the properties of composites produced by the
modified liquid-phase deposition method had been significantly
improved. In details, LDHs on composite could be converted into cor-
responding mixed metal oxide (MMO) or LDO after calcination, which
might be propitious to the adsorption effect of LDH-BC composites.
Besides, Zhang et al. concluded that MMO with uniform distribution
(M?* and M®*) showed the higher surface area after calcination which
was a very promising candidate in the photocatalytic application (Yang
et al., 2020; Zhang et al., 2019). It could be attributed to the efficient
electron transfer of the unsaturated metals, the new formation of pho-
tocatalytic nanocrystals (X. Yang et al., 2016; Z. Yang et al., 2016; Yang
etal., 2020; Y. Wu et al., 2018; M.J. Wu et al., 2018; G. Chen et al., 2019;
C.R. Chen et al., 2019; C. Chen et al., 2019; Lan et al., 2013). Therefore,
LDO-BC composites may also be a good catalyst in the photocatalytic
application which is worth exploring.

We mainly discuss modification measures of LDH-BC composites
from six aspects (Fig. 6). However, other measures have the potential to
improve the properties of LDH-BC composites (e.g., ternary LDHs and
phosphate-impregnation biochar), and more studies should be focused
on these. What’s more, some modification measures have been applied
to improve the properties of LDH (e.g., noble metal modified LDHs and
semiconductors/LDHs (G. Chen et al., 2019; C. Chen et al., 2019; C.R.
Chen et al., 2019; Tonda and Jo, 2018; Seftel et al., 2015)), and whether
these measures can be used to the modification of LDH-BC composites
remains to be explored.

5. Conclusions and perspectives

This paper summarized the advances in LDH-BC composites from the
synthetic methods, the application in adsorption and catalysis, and the
underlying mechanisms, aiming at facilitating future research. By
magnetic treatment, acid treatment, alkali treatment, controlling metal
ion ratios, LDHs intercalation and calcination, LDH-BC composites with
excellent physicochemical properties, showing good adsorption and
catalytic effects, are designed and fabricated. LDH-BC composites will be
more competitive in adsorption and catalysis by the modification of
biochar and LDHs. However, there are still some directions of LDH-BC
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composites need to be explored.

(1) Most of BC used in LDH-BC composites are prepared by conven-

(2

3

(4

5

—

)

)

-

tional slow pyrolysis. Hydrochar prepared by hydrothermal
carbonization has many advantages, such as low heating tem-
perature (Meyer et al., 2011), less polluting gas in the pyrolysis
process (Kang et al., 2012), a lower ash content, higher carbon
retention, and more surface oxygen-containing groups (Kang
et al., 2012; Liu et al., 2010). In addition, hydrothermal method
can also be used to synthesize LDHs. Therefore, LDH-BC com-
posites can be produced in “one-step” by hydrothermal carbon-
ization of biomass in metal ion solution and urea solution. There
are few studies about this synthesis process and application of
LDH-hydrochar composites, more attention is needed. In addition
to the synthesis of BC, mass ratio of LDHs to BC in synthesis and
the metal ion leaching rate of LDH-BC composites during the
reaction were merely studied. Therefore, more attention should
be paid to these aspects to achieve better results in terms of
removing contaminants.

In adsorption mechanisms of Cr(VI), a study showed that Cr(VI)
of CrO7 could be reduced to Cr®* by functional groups of LDH-BC
composite which included C-C, C-O and C-N (Wang et al., 2020a).
However, the specific reduction processes have not been
explained. For example, how did the group of C-C affect the Cr
(VI) reduction? or which type of C-C groups played the role in this
process? What’s more, as described in the article, the specific
adsorption mechanisms of the removal of Pb(II) and Cd(II) are
controversial. Therefore, more studies should be paid to these
aspects.

To date, most applications in adsorption on the performance of
LDH-BC composites have mainly been carried out in the labora-
tory in a short-term ranging from several minutes to several
hours. There are no field or pilot scale test yet. In addition, the
stability and reusability of LDH-BC in real water matrices remains
unknown. It is imperative to consider the long-term performance
of LDH-BC before this technology is recommended for waste-
water treatment.

Recent AOP catalysis performance of LDH-BC composites has
been mainly focused on removal efficiency of the target pollut-
ants. However, the mineralization percent of the target pollutants
as well as the toxicity of reaction intermediates in the AOPs are
merely studied yet. Some of these intermediates in degradation
processes are even more toxic than their parent compounds in
some cases. Hence, more studies should be paid to this field to
minimize the risks.

Recently, the persulfate ion can be intercalated into LDHs by an
ion exchange procedure. The activation of PDS only happened
when the accommodation of ‘guest” PDS into the interlayers of
LDHs occurred. The reactivity of PDS can be enhanced by the
basic sites on the LDHs laminate, which provide -OH to weaken
the S-O bond of the PDS molecule and initiated the activation
(Yang et al., 2020). In addition, the PDS-intercalated reduced
graphene oxide (RGO)/LDH showed a better phenol catalytic
performance than that of LDH-PDS counterpart. As the defective
RGO sites activated the PDS on the surface or edges of LDHs
layers, the breaking of the O-O bond in PDS generated SO
radicals from intercalated peroxydisulfate (Huang et al., 2020). It
could be found that BC also have defective structure and
oxygen-containing functional groups (e.g., -OH, -COOH), which
can activate peroxydisulfate (B. Wang and Wang, 2020; X. Wang
and Wang, 2020; S. Wang and Wang, 2020; Wu et al., 2018).
Therefore, we deduce that PDS-intercalated LDH-BC composites
may have a good degradation efficiency to organic pollutants.
And more studies should focus on this aspect.

(6) At present, BC could be used the disinfection via visible light

assisted heterogeneous photo-Fenton reaction or persulfate
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activation (Basu et al., 2021; Ho et al., 2019). And Lysozyme-LDH
composites also showed excellent bactericidal effectiveness
against Staphylococcus aureus (Yang et al., 2013). These applica-
tions belong to green disinfection technology and don’t produce
disinfection by-products. However, LDH-BC composites were
mainly used to the degradation of pollutants in catalysis, and had
no application in disinfection. Disinfection of LDH-BC composites
via catalysis is worth exploring.
(7) Apart from the application in adsorption and catalysis, few
studies have explored the applicability and efficiency of LDH-BC
in agriculture. For example, P-loaded LDH-BC composites after
adsorbing phosphate from wastewater could be recyclable as the
slow-release fertilizer to promote growth of vegetation, or LDH-
BC composite is used as a soil amendment preventing the leach-
ing of soil nitrate. These indicate that LDH-BC composites have
potential in agriculture. However, there are no further studies to
verify and expand its effect in agriculture. Thus, innovative
research should be focused on the development of agricultural
applications, including the effect of different LDH-BC composites,
stability under realistic conditions in agriculture, mechanisms in
agriculture application.
LDH-BC composites are mainly applied in the wastewater reme-
diation. Although LDH-BC composites have a good removal effi-
ciency on heavy metals and organics in wastewater treatment,
LDH-BC composites have not been studied in the remediation of
soil contaminated by heavy metals and organic pollutants.
Therefore, new studies could explore the feasibility of LDH-BC
composites in soil remediation.
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