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ABSTRACT

Biochar, a carbon-rich material, has been widely used to adsorb a range of pollutants because of its low cost, large
specific surface area (SSA), and high ion exchange capacity. The adsorption capacity of biochar, however, is lim-
ited by its small porosity and low content of surface functional groups. Nano-metal oxides have a large SSA and
high surface energy but tend to aggregate and passivate because of their fine-grained nature. In combining the
positive qualities of both biochar and nano-metal oxides, nano-metal oxide-biochar composites (NMOBCs)
have emerged as a group of effective and novel adsorbents. NMOBCs improve the dispersity and stability of
nano-metal oxides, rich in adsorption sites and surface functional groups, maximize the adsorption capacity of
biochar and nano-metal oxides respectively. Since the adsorption capacity and mechanisms of NMOBCs vary
greatly amongst different preparations and application conditions, there is a need for a review of NMOBCs. Herein
we firstly summarize the recent methods of preparing NMOBCs, the factors influencing their efficacy in the re-
moval of several pollutants, mechanisms underlying the adsorption of different pollutants, and their potential ap-
plications for pollution control. Recommendations and suggestions for future studies on NMOBCs are also
proposed.
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1. Introduction been produced and used for environmental remediation (Penke et al.,

Biochar is a carbon-rich material that was first discovered in the Am-
azon basin (Kim et al., 2007; Lehmann and Joseph, 2009). It is com-
monly produced by pyrolysis of agricultural and forestry wastes,
manure, and organic solid wastes under limited oxygen supply and at
moderate temperatures (<700 °C) (Lehmann and Joseph, 2009;
O'Connor et al., 2018; Wang et al., 2020c). Furthermore, biochar can
also be obtained by other means, such as gasification and hydrothermal
carbonization (Cha et al., 2016; Ok et al., 2020). Following early studies
on the roles of biochar in carbon sequestration, attention has been di-
rected at using biochar to control seedling growth, soil water release,
and as a soil amendment (Lehmann and Joseph, 2009; Mandal et al.,
2020a; Wang et al., 2020b; Wen et al., 2020). Interestingly, biochar
has been used as an effective adsorbent of environmental pollutants
(Qian et al., 2015).

Pristine biochar has unique surface chemical properties such as high
specific surface area (SSA), alkalinity, aromaticity, and multiple surface
functional groups (Mandal et al., 2020b; Shi et al., 2019). It shows vari-
able affinities and propensities for adsorbing pollutants (Ahmad et al.,
2014; Yao et al,, 2013a), pristine biochar has a relatively limited adsorp-
tion capacity of pollutants (Zhang et al., 2020a). A great deal of re-
searches have therefore been directed at modifying biochar by
biological, physical, and chemical means (Wang et al., 2017; Wang
et al.,, 2015a; Zhao et al., 2020). The chemical modification involves
treatment with acid, alkali, oxidizing agents, and metal salts (Wang
and Wang, 2019; Wang et al., 2018d). Acid-treated biochar has a larger
SSA and oxygen-containing functional groups than its pristine counter-
part (Ahmed et al., 2016). Similar changes occur in the physicochemical
properties of biochar that have been chemically modified by alkali, oxi-
dant, and a metal salt. These modifications, however, are challenging to
make routinely. They may also decrease pore volume (Ahmed et al.,
2016), and cause secondary pollution (Wang et al., 2018c).

Nano-metal oxides are a group of metal oxide materials with sizes
ranging from 1 to 100 nm. Due to their nanometer size, they have rela-
tively high SSA, active surface, diffusion activation energy, and strong
quantum effect (Wang et al., 2019d). Nano-metal oxides generally
have improved redox and adsorption capability, are inexpensive and
environmentally friendly. In recent years, nano-metal oxides have

2019; Yuan et al., 2020). Biochar modified with nano-metal oxides has
a larger SSA, cation exchange capacity, and porosity than the pristine
material as well as being enriched in surface functional groups. The ca-
pacity of modified biochar for adsorbing pollutants varies with the type
of nano-metal oxides (Dewage et al., 2018; Hu et al,, 2019; Oginni et al.,
2020). Because of their large SSA and high reactivity (Bhateria and
Singh, 2019), nano-metal oxides can effectively remove environmental
pollutants, especially heavy metals, from aqueous solutions (Dasgupta
etal.,, 2017). The following nano-metal oxides have been used to modify
biochar: (1) unary oxides such as MgO, ZnO, Fe,03, MnO, (Song et al.,
2014; Wang et al., 2019e; Xu et al., 2020a; Zhang et al., 2012; Zhu
et al., 2018); (2) binary oxides such as MnFe,0,4, MnAl,0,4 (Lai et al.,
2019; Peng et al., 2020; Yin et al., 2020); and (3) ternary oxides such
as CuZnFe,04, HA/Fe-Mn oxides (Guo et al., 2019; Heo et al., 2019).
Combining the advantages of biochar and nano-metal oxides respec-
tively, novel nano-metal oxide-biochar composites (NMOBCs) are more
dispersible, have a smaller crystallite size, and a higher electron transfer
capacity than unmodified biochar (Wang et al., 2019d). Unlike nano-
metal oxides, NMOBCs do not readily agglomerate and passivate (Liu
et al., 2020; Wang et al., 2019c). Besides, they are rich in adsorption
sites and surface functional groups. As such, NMOBCs can adsorb a vari-
ety of organic pollutants, including antibiotics, organic dyes, and
bisphenol A (BPA) (Li et al., 2018b; Luo et al., 2019; Zheng et al.,
2020), heavy metals, such as Cd, Cr, Cu, As, Pb (Saravanakumar et al.,
2019; Wan et al., 2020; Yu et al., 2018; Yu et al., 2017; Zhang et al.,
2020b; Zhou et al., 2018), phosphates (Tang et al., 2019), and nitrates
(Li et al., 2020b; Li et al.,, 2017). However, the physicochemical proper-
ties, adsorption performance and mechanisms for various pollutants of
NMOBCs have rarely been systematically summarized. Since NMOBCs
are obtained under different conditions and using different feedstocks,
the performance for adsorbing pollutants is variable. Differences in
physicochemical properties among NMOBCs also lead to variation in ad-
sorption mechanisms and data interpretations. For instance, the adsorp-
tion capacity of nano-MnO,-biochar composite for Pb(Il) reached
305.25 mg/g (Tan et al., 2018), while the adsorption capacity of that
by nano-NiO-biochar composite was only 28.0 mg/g (Saravanakumar
et al.,, 2019). The mechanisms of removing As(Ill) by nano-MnO,-
biochar composite were mainly ligand exchange and redox (Yu et al.,
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Fig. 1. Flowchart of NMOBCs' research methodology.

2015), but the mechanisms of removing As(IIl) by nano Fe-Mn oxide-
biochar composite were attributed to surface adsorption and redox
(Lin et al., 2019). Therefore, a review on the influencing factors, mecha-
nisms, and potential applications of NMOBCs is highly needed. Herein,
we assess the current information on the formation and mechanisms
of NMOBCs as adsorbents for environmental pollutants and provide
suggestions for further research into the potential applications of differ-
ent NMOBCs. The objectives of this review are to (1) summarize typical
preparation methods for NMOBCs; (2) analyze the influencing factors
on adsorption capacity and mechanisms of NMOBCs; (3) discuss the
possible removal mechanisms of different pollutants by NMOBCs;
(4) propose suggestions and perspectives for future studies. The meth-
odology flowchart of the research is shown in Fig. 1.

2. Synthesis of NMOOBCs

Fig. 2 shows the various methods of preparing NMOBCs including
impregnation, chemical coprecipitation, direct pyrolysis, and other
emerging methods.

2.1. Impregnation

Impregnation is the most common method of synthesizing NMOBCs.
It involves immersing the solid biochar powder in a solution containing
active ingredients, allowing the latter to adhere to the solid (Zhanget al,
2020d). The resultant NMOBCs have large SSA, cation exchange capac-
ity, and porosity as well as a high content of surface functional groups

Direct pyrolysis
\\‘0\% ¢ Nano metal oxide
? NMOBCs
Enrichment target _‘_ ‘

! Pyrolysis

Biochar

Metal oxide
particles

Pyrolysis
—_—

¢ Nano metal oxide

Metal ion solution NMOBCs

Other
methods:

-< Metal ion solution

(Wang et al., 2017). Solutions of KMnO4 (Lin et al.,, 2019; Yu et al,,
2015), MgCl, (Xiao et al., 2018), and FeSO,4-7H,0 (Lin et al., 2019) are
commonly used to impregnate biochar. For instance, Wang et al.
(2015b) obtained a Mn-oxide biochar composite by impregnating
peeled pine biochar with a 3.65% KMnQ, solution. The Mn content of
the composite product influenced its capacity for adsorbing Pb(II). The
removal efficiency of Pb(Il) reached 98.9% at pH 5.0, which was 5
times that of pristine biochar. Xiao et al. (2018) prepared biochar from
sugarcane residues and impregnated it with MgCl, solution to obtain a
nano-MgO-biochar composite. It was found that Cr(VI) could be
adsorbed directly by the composite through chemical interaction with
MgO on the surface. Lin et al. (2019) obtained a Fe/Mn oxide-biochar
composite by impregnating biochar from corn stalk with FeSO,4-7H,0
and KMnO4 solution. The composite contained more oxygen-
functional groups than the pristine biochar, showing a maximum ad-
sorption capacity of 8.8 mg/g for As in the pH range of 3-7. In general,
impregnation is one of the simplest methods for synthesizing NMOBCs,
and the NMOBCs prepared by impregnation have a relatively large ca-
pacity for adsorbing pollutants.

2.2. Chemical coprecipitation

In chemical coprecipitation, metal salts in solution are induced to
precipitate and adhere to the surface of the biochar by adjusting the
solution pH, chemical reduction, and other means (Luo et al., 2019).
The process is inexpensive and yields homogeneous nanoparticles of
high purity and accurate stoichiometry but under strict reaction

Chemical
coprecipitation or
impregnation 1

Coprecipitate
E——
Impregnate

¢ Nano metal oxide

NMOBCs

Ball milling

Ball milling

* Nano metal oxide

NMOBCs

Impregnation 2

Fig. 2. Description of various synthesis methods for NMOBCs preparation.
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conditions (Li et al., 2020a). It can control the relative growth rate of
nucleation nanoparticles, the shape and size of the resulting product
(Gharibshahian, 2020). For example, nano-MnO,-composite was
prepared by chemical coprecipitation with MnSO4-H,O and
KMnOy,. The self-assembled MnO, particles on the biochar were
spherical with diameters of 200-500 nm. Compared with the
pristine biochar, the adsorption capacity for oxytetracycline (OTC)
increased by 0.0151 mmol/g (Gao et al., 2018). Subsequently, a mag-
netic NiO-biochar composite was also prepared by chemical
coprecipitation with biochar derived from invasive plants and NiO
from a NiNOs solution. Due to the accumulation of NiO, the SSA and
pore volume of the composite are lower than those of pristine
biochar. The composite, however, appeared to have a large number
of active sites, capable of adsorbing Pb(Il) (28.0 mg/g)
(Saravanakumar et al., 2019). In addition, the nano-Cu,0/
biochar composite prepared by chemical coprecipitation of distiller
grains biochar and CuSO, also showed good antibacterial perfor-
mance against Escherichia coli (Yang et al., 2019). In general, impreg-
nation and chemical coprecipitation are the two most common
methods for preparing magnetic biochar composites (Yi et al.,
2020). Compared with impregnation, chemical coprecipitation is
more complicated to operate, while the physical properties of the
resulting NMOBC are more controllable (Li et al., 2020a).

2.3. Direct pyrolysis

Direct pyrolysis refers to the method of preparing biochar compos-
ites by pyrolysis metal-rich biomass in an anaerobic environment (Yao
etal, 2013b). Being enriched in metal oxide nanoparticles, the resultant
composites are effective in pollutants removal. Li et al. (2018a) directly
pyrolyzed Zn-contaminated corn stalk to produce nano-sized ZnO mod-
ified biochar. The ZnO nanoparticles were uniformly dispersed, creating
an open porous structure. As a result, the composite was more effective
in adsorbing pollutants than the pristine biochar. Yao et al. (2013b) di-
rectly pyrolyzed Mg-enriched tomato leaves to obtain a biochar com-
posite containing widely distributed nanoparticles of MgO (46.0 nm in
size) and Mg(OH), (6.3 nm in size). Thus, direct pyrolysis is simpler to
carry out than other preparation methods. Although this method is
easy to operate, two key factors need to be fully considered when they
were used, which are the selection of optimal pyrolysis temperature
and availability of target biomass for pyrolysis.

2.4. Other methods

In addition to the methods mentioned above, other methods for pre-
paring NMOBCs are also recently developed, such as ball milling and sol-
gel method (Liu et al,, 2019; Zheng et al., 2020).

Ball milling technology has been used to modify biochar because it is
environmentally friendly and cost saving (Qin et al., 2019; Wang et al.,
2018a; Wang et al.,, 2019a; Wang et al., 2018b). Zheng et al. (2020)
used ball milling to prepare nano-MgO-biochar composite for phos-
phate removal. The results showed that the surface of the composite
was coated with MgO nanoparticles of 20 nm diameters which were
helpful for phosphate removal. Similarly, Shang et al. (2016) obtained
a composite of biochar and magnetic Fe,05 particles by ball milling. X-
ray spectroscopy (EDS) analysis showed that the composite contained
a large amount of iron oxides. This could increase its adsorption sites,
which is favorable for chemisorption. In comparison with the corre-
sponding pristine biochar, the composites prepared by ball milling
have smaller particle sizes and larger SSA beneficial to the adsorption
of pollutants.

The sol-gel method was used by Liu et al. (2019) to obtain a nano-
size Fe,05 rosin/biochar composite, in which rosin served as both a
phase-transfer material and biochar-based biomass. Earlier, Khataee
et al. (2017) used a modified sol-gel method to synthesize a nano-
Zr0,/biochar composite with a total pore volume of 5.951 cm®/g and a
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Table 1
Comparison of possible advantages and disadvantages of different methods commonly
used to prepare NMOBCs.

Synthesis Disadvantages

methods

Advantages

Impregnation Simple to operate; the May cause chemical pollution
composites have a large capacity

for adsorbing heavy metals

Low cost, high purity, accurate Harsh reaction conditions may
cause chemical pollution,
more complicated than
impregnation

Difficult to control the
proportion of nano-metal

oxides in the composites

Chemical

coprecipitation stoichiometry, homogeneous
nanoparticles

Direct pyrolysis ~ Biomass already enriched

with target heavy metals,

facilitating the preparation

process

Low cost, easy to operate, no

chemical pollution, effective

reduction of particle size of

metal oxides

Easy to disperse in water, and
move to surface runoff,
pollutants can migrate out of
the contaminated site, posing
potential risks to groundwater

Ball milling

SSA 0f 29.621 m?/g. The nano-metal oxides introduced into the material
were uniformly distributed in the porous bulk hydrogel, yielding a
product with a uniform pore structure, and high thermal stability, me-
chanical strength, and adsorption performance (Wu et al., 2020b). Re-
cently, Ali et al. (2019) prepared a nano-ZnO-biochar composite as a
foliar spray to decrease the Cd accumulation in the plant and found
that the accumulation of heavy metal in the plant decreased and im-
proved plant growth.

In this respect, due to the superiority of the novel preparation
methods as mentioned above, there may be more emerging and prom-
ising methods to prepare NMOBCs in the future. The advantages and
disadvantages of the various methods, commonly used to prepare
NMOBCs, are summarized in Table 1.

3. Factors influencing pollutants adsorption to NMIOBCs

The adsorption of various pollutants to NMOBCs is influenced by
several factors, maily including solution pH, dosage of composite, ionic
strength, and ambient temperature. The following will discuss each
influencing factor separately in detail (Fig. 3).

3.1. Solution pH

Solution pH has a predominant influence on the charge
characteristics of NMOBCs through the protonation and deprotonation
of oxygen-containing groups on the composite surface which, in turn,
affects pollutants adsorption (Tan et al., 2018). When the solution pH
is lower than the point of zero charge (pzc) of NMOBCs, that is
pH < pHy,., the composite surface is positively charged, and anion ad-
sorption is favored. On the contrary, when pH > pHp,, the surface
charge is negative, and hence conducive to cation adsorption (Wang
et al., 2020a). When the pH increases beyond a certain value (amino
groups are deprotonated), the contribution of the m*-m electron
donor-acceptor interaction is suppressed, and sulfathiazole adsorption
by biochar is decreased (Kim et al., 2018). Wang et al. (2015b) used a
MnO,-biochar composite (at pHp,. 3.2) and obtained a maximum re-
moval rate of Pb(II) at pH 5.0 when Pb mainly existed in the form of
Pb%* and PbOH™, and no precipitation occurred. Chaukura et al.
(2016) used a Fe,03-biochar nanocomposite and observed maximum
adsorption of methyl orange at pH 8.0 at which point the dye molecules
existed as anions in the solution. The ZrO,-biochar composite, prepared
by Khataee et al. (2017), had a pzc of 7.35 and showed maximum ad-
sorption of Reactive Yellow 39 at pH 6.0 when its surface was positively
charged. Positively charged ZrO,-biochar composite is also a good ad-
sorbent of anionic dyes which, however, may be degraded by hydroxyl
produced during the reaction. The adsorption of organic dyes by
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Fig. 3. Possible factors influencing the removal of pollutants by NMOBCs.

NMOBCs decreases as solution pH increases. Moreover, solution pH also
has a significant effect on the adsorption of phosphorus by NMOBCs,
reaching a maximum at about pH 3.0 (Peng et al., 2020). In summary,
the different charge of NMOBCs directly affects their adsorption capacity
on different types of pollutants.

3.2. Ambient temperature

The ambient temperature can also affect pollutants adsorption by
NMOBCs. The majority of adsorption experiments are conducted at
room temperature (25 °C) to simulate the temperature prevalent in pol-
luted environments (Gao et al., 2018; Xu et al., 2018; Xu et al., 2019).
Jung et al. (2018) reported that adsorption of Cu(Il) by MnO,-biochar,
over a range of 15-45 °C, has been increased with temperature, which
is regarded as an indicative of an endothermic process. On the other
hand, pollutant adsorption to the nano Fe-Mn oxide-biochar composite,
prepared by Zhou et al. (2018), was hardly affected by temperature be-
cause the heat was released during the process. Moreover, the pollutant
adsorption to the composite of nano-Fe,03 with mushroom waste bio-
char has been increased with a rise in temperature up to 30 °C (Wang
et al.,, 2019b). A rise in temperature (over a certain range) is conducive
to adsorption by lowering the Gibbs free energy (Zhu et al., 2020b), accel-
erating molecular movement, and promoting adsorbent-ion interaction
(Wang et al., 2019b). Therefore, higher ambient temperatures are more
favorable for the adsorption process of pollutants by most NMOBCs.

3.3. lonic strength

The ionic strength of solutions also affects the adsorption capacity of
NMOBCs. Coexisting ions in solution can compete with the pollutants

for adsorption sites on NMOBCs. Li et al. (2018b), for example, observed
that adsorption of fluoroquinolones (FQs) to magnetic MnO,-biochar
composite has been decreased with an increase in ionic strength. This
finding was ascribed to the binding of chloride in FQs to cations in solu-
tion, inhibiting effective contact between FQs and adsorbent surface. Sim-
ilarly, Guo et al. (2019) reported that the capacity of ternary HA/Fe-Mn
oxide/biochar composite for adsorbing Cd(II) decreased with an increase
in ionic strength. It is suggested that Cd(II) was adsorbed by electrostatic
interactions. By contrast, the adsorption of As(V) increased with ionic
strength, indicative of a covalent binding mechanism. Zhou et al. (2017)
also found that surface charge density and surface alkalinity influenced
the adsorption of Cu(Il) by pristine biochar. In the case of modified bio-
char, adsorption was controlled by electrostatic attraction between the
negatively charged surface sites and positively charged metal ions. Jung
et al. (2018) proposed that an increase of salt concentration at the solid-
liquid interface could significantly weaken electrostatic interactions be-
tween adsorbents and adsorbates, reducing competition between cations
in solution and heavy metals. Thus, a low ionic strength is generally con-
ducive to the adsorption of cationic pollutants.

3.4. Other influencing factors

Besides the aforementioned factors, sorbent dosage (Gao et al.,
2018; Lian et al., 2019), contact time (Li et al., 2018b), and pyrolysis
temperature also influence pollutants adsorption (Feng et al., 2017;
Wang et al,, 2016). Using nano-MnO, modified biochar, Zhu et al.
(2020c) obtained the optimal removal of copper citrate from wastewa-
ter when the adsorbent dosage was 1.0 g/L. When this dosage was pro-
gressively raised, the total number of active sites available for pollutant
adsorption increased, as well as the rate of pollutant removal. However,
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when the adsorbent dosage exceeded the optimal level, the amount of
pollutants removed per unit adsorbent have been decreased (Shen
et al,, 2020). In consideration of saving cost, the proper sorbent dosage
of NMOBCs should be selected especially when they are applied on a
large scale.

The pyrolysis temperature of NMOBCs may affect the adsorption of
pollutants. The majority of studies show that pollutants adsorption by
biochar composites increases with pyrolysis temperature. It may be
due to the higher pH and SSA of biochar at higher pyrolysis tempera-
tures (Shen et al., 2019). Feng et al. (2017) found that pyrolysis at highly
elevated temperatures of biomass had a depressing effect on the ad-
sorption, probably because of the resultant decrease in the number of
functional groups on the composite surface, or even their elimination
(Qianetal., 2016). Furthermore, hydroxyl radicals are converted to con-
jugated aromatic structure-related functional groups with the rise in
pyrolysis temperature (Xu et al., 2020b). On the contrary, biochar pyro-
lyzed at lower temperatures has less porosity and SSA (Hassan et al.,
2020). However, it retains more functional groups (Li et al., 2017;
Zhao et al., 2018). Therefore, it is necessary to choose a suitable temper-
ature to pyrolyze NMOBCs according to different requirements.

The proportion of nano-metal oxides could also affect the number of
adsorption sites on NMOBCs, thereby affecting the adsorption capacity
of pollutants. Lin et al. (2019) divided biochar, FeSO4-7H,0 and
KMnOy, in different proportions to obtain the optimal ratio of nano-
metal oxides to biochar. For the same dosage and concentration of ad-
sorbent, the rate of pollutant removal reached a maximum (96.2%) for
the composite prepared at a ratio biochar: FeSO4: KMnO,4 of 18: 3: 1.
Similarly, the capacity of MgO-modified biochar for removing phospho-
rus increased with the Mg content of the composite, presumably be-
cause MgO served as the main adsorption sites. However, the removal
rate decreased when the Mg content exceeded a certain level, probably
because the formation of MgO nanoparticles on the surface limited the
SSA of the composite (Zhu et al., 2020a).

To evaluate the approximate contributions from different influencing
factors, we statistically analyzed the results from 78 studies on the
influencing factors and found that 82% of these are concerned with the
pH effect, 55% with composite dosage, 38.5% with ionic strength, and 9%
with ambient temperature. It would therefore appear that pH is the
most important factor influencing pollutants adsorption by NMOBCs
(Fig. 4).

4. Mechanisms of pollutants removal by NMOBCs

Generally, the removal of pollutants by NMOBCs depends on physi-
cal or chemical effects. Fig. 5 shows the variety of mechanisms that may
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Modification method
Initial concentration
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Pretreatment condition
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Ton strength
Temperature

pH
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be involved in the removal of pollutants by NMOBCs. The applications
and capacity of different NMOBCs for removing organic and inorganic
pollutants are shown in Fig. 6.

4.1. Organic pollutants

The preparation of different NMOBCs and their use as adsorbents of
various organic pollutants are summarized in Table 2, meanwhile, the
range of mechanisms underlying the adsorption of organic pollutants
by NMOBCs is shown in Fig. 5.

4.1.1. Antibiotics

Globally, the increase in antibiotic resistance is a threat to public
health in the world (Cheng et al., 2021). The presence of antibiotics in
wastewater effluents, discharging into rivers, is also of concern to
aquatic animals and living biota (Zhou et al., 2009). Antibiotic resistance
genes in soil have been shown to enter the food chain (Chen et al.,
2018), and multiple antibiotics have been detected in pork (Shao
et al, 2005). Pollution of the environment by antibiotics is seriously af-
fecting the health and safety of human beings and other organisms.
Common methods of removing antibiotics in water include adsorption
(Ahmed et al., 2015), membrane technology, photocatalytic degrada-
tion (Madikizela et al., 2020), uptake by constructed wetlands (Chen
et al., 2019), and advanced oxidation (Wang and Zhuan, 2020).

Because of its high efficiency, low cost, and simple operation, ad-
sorption is a widely used method for removing pollutants (Ahmad
et al., 2014). Common adsorbents include biochar, carbon nanotubes,
graphite, activated carbon, and bentonite (Ahmed et al., 2015). Thus,
nano-MnO, modified biochar (nMnO,-BC), prepared by improved
coprecipitation, can remove di-n-butyl phthalate (DBP) and OTC (Gao
et al., 2018). Similarly, magnetic biochar-based MnO, composite
(MMB), prepared by impregnation, is effective in removing FQs (Li
et al,, 2018b). Raising the MnO, content increases the concentration of
oxygen-containing functional groups on the composite surface. Simul-
taneously, the SSA of the composite decreases due to blockage of surface
pores by spherical nanoparticles of MnO,. X-ray photoelectron spec-
troscopy (XPS) analysis indicated that adsorption of DBP or OTC by
nMnO,-BC was accompanied by partial reduction of Mn(IV) to Mn(III)
and Mn(II), accelerating the oxidative degradation of DBP and OTC.
Being unsaturated, the molecules of DBP and OTC can act as
m-electron acceptors (Gao et al., 2018). At the same time, the biochar-
based graphite-like structure can function as a m donor, enabling -1 in-
teractions to occur. The maximum adsorption capacity of MMB for
norfloxacin, ciprofloxacin, and enrofloxacin of 6.94, 8.37, and 7.19 mg/
g was respectively 1.2, 1.5 and 1.6 times higher than those of pristine

40 50 70
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Fig. 4. Relative importance of different factors influencing pollutants adsorption by NMOBCs (data from 78 studies).
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biochar. The adsorption process was spontaneous and endothermic,
while adsorption decreased with an increase in solution pH (3.0-10.0)
and ionic strength (0.001-0.1) (Li et al., 2018b). Meanwhile, Shen
et al. (2020) also used nano-MnO,-biochar composite to remove tetra-
cycline and found that the adsorption capacity was 131.49 mg/g, greater
than that of FQs. Biochar loaded with nano-ZnO composites were also
used to remove antibiotics. Gholami et al. (2019) impregnated biochar
with nanoparticles of ZnO and used the composite to degrade
gemifloxacin. The rod-shaped ZnO particles of 20-40 nm diameters
were randomly distributed, giving rise to a composite with a high SSA
and porosity. Following 45 min of ultrasonic irradiation, the composite
could degrade 96.1% of gemifloxacin at a concentration of 20.0 mg/L,
pH 5.5, in the presence of 1.5 g/L ZnO-biochar. Gemifloxacin was first
decomposed into aromatic and aliphatic intermediates, and then miner-
alized into CO,, H,0, and inorganic ions.

After loading nano-metal oxides, the surface charges of NMOBCs
change from negative to positive, thereby enhancing the adsorption of
anionic pollutants, and also provide oxygen-containing functional
groups (Krasucka et al., 2021). In general, the adsorption mechanisms
of NMOBCs for antibiotics can be mainly summarized as redox and m-
Tt interactions.

4.1.2. Organic dyes

The widespread use of dyes in many industries has led to serious
pollution of the associated wastewater, and hence affects human health
and the growth of aquatic plants and other living organisms (Adegoke
and Bello, 2015). Several methods were used for the removal of dyes,
such as adsorption (Bharathiraja et al., 2019), membrane technology
(Wu et al., 2020a), advanced oxidation, electrochemical process, and
biodegradation (Zhou et al., 2019). Among them, adsorption is the
most commonly used method due to its simplicity, low cost, and high
efficiency (Mu and Wang, 2016).

Due to the different surface charges of dye molecules, the adsorption
capacity of NMOBCs on dyes may be varied. Using pulp and pulp sludge
as feedstocks, Chaukura et al. (2016) prepared nano-Fe,0s-biochar
composite by impregnation for the adsorption of methyl orange. The
SSA of the composite was far lower than that of pristine biochar,

indicating that nano-Fe,03 occupied the interstitial pores of biochar.
FTIR analysis showed that cationic methyl orange may form ionic inter-
actions with hydroxyl, carboxyl functional groups and electron dense
double bonds in addition to dative bonds in the composite. The adsorp-
tion process was spontaneous, showing a maximum of 20.53 mg/g at a
contact time of 30 min and pH 8.0. Goncalves et al. (2020) also used
nano-ZnO-biochar composite to degrade methyl orange, but obtained
only 4.515 mg/g. Khataee et al. (2017) used biochar loaded with nano-
Zr0, particles (5-40 nm diameters) to degrade Reactive Yellow 39
dyes ultrasonically. The total pore volume and SSA of the composite
were higher than the corresponding values of pristine biochar. A degra-
dation rate of 96.8% was obtained at a composite dosage of 1.5 g/L,
pH 6.0, an initial dye concentration of Reactive Yellow 39 was
20.0 mg/L, and an ultrasonic power of 300 W. The degradation of Reac-
tive Yellow 39 involved the destruction of C-S, C-Br, C-N, N-N and C-C
bonds to yield amides and carboxylic acids with a low carbon content
which were then completely mineralized. Generally, both electrostatic
attraction and chelation could contribute to the adsorption of organic
dyes by NMOBCs (Jung et al., 2016; Zhang et al., 2020d).

4.1.3. Other organic pollutants

NMOBCs have not only been used to adsorb and remove organic pol-
lutants other than those mentioned above but also can activate persul-
fate (PS) to improve the removal rate of organic pollutants. For instance,
nano-CuO-biochar composite (CuO/BC), prepared by the hydrothermal
method, can degrade BPA in combination with PS (Luo et al., 2019). The
CuO/BC-PS system could completely degrade BPA by transferring elec-
trons from the pollutant to PS through an intermediate formed by the
combination reaction between CuO/BC and PS. Ouyang et al. (2017)
prepared a nano-Fe304-biochar composite by impregnation and used
it to activate PS and degrade 1,4-dioxane. The spherical nano-Fe30,4
particles were uniformly distributed on the biochar surface. At room
temperature and neutral pH, the composite could degrade 98% of 1,4-di-
oxane in polluted water. XPS analysis showed that the oxygen func-
tional groups on the surface of the biochar and the ferrous ions
activate the PS, which may improve the degradation efficiency of the
composite.



C. Zhao, B. Wang, B.K.G. Theng et al.

As Cd Cr CuPb
vy an (v an am ...

Heavy metals
removal

Phosphate <
. - Z .
Nitrate g < Nanopietaloxide =T
g a biochat & z
Ammonium, £ = cOmposites 22
&
-~
A
* Nano metal oxade
Other applications
Acd onange 7
400 4 b 382.00
390
£ 300
e
2250
S
]
£201
>
=
S 150+
£
g 100+
Ox cin
S0 4 Noeflovacin Cipeofiaaci Escoflonaci Phthalate 39.92 20 5‘\3
6.94 8.37 7.19 —
0~

Science of the Total Environment 767 (2021) 145305

Antibiotics

Organic
dyes

Emerging
pollutants

Ciprotioxace
135.00

MO MaO\ Mo, M Mol FeOn Fe Culaben THOMgO 70 Fe Make O, Maoke O
Nano metal oxide
ead C Cdrn Cr(VI) Cu(ll)
2160

£
£

2
g

.
g

¥
¢

Adsorption capacity (mp'g)
Adsorptica capacity (mg'g)

°

I Tns

Tovary HATeMa i  JOMRO,  Hydumed manganess onide FeMa Onades K e

Naso metal onide Nano msctal onide
o 00
204 4
=<1 PN -~ Phosphate =
$:0 t t
» i |
< 1% v -
-0
H g %
L
; i ]
< % <
o °
100708 Manganens ouide  Magats NO MO [ 0
N2no metal oxide Nano mctal oxide

RPN 0

Naoo metal oxide

M\

Nitrate

ofeO Yo

Mo
Nano metal avide

feO

Fig. 6. (a) Applications of NMOBCs for pollutants removal; (b) Comparison of adsorption capacity of different NMOBCs with respect to organic pollutants; (c) Comparison of adsorption

capacity of different NMOBCs with respect to inorganic pollutants.



C. Zhao, B. Wang, B.K.G. Theng et al.

Science of the Total Environment 767 (2021) 145305

Table 2
Preparation and properties of some NMOBCs for adsorbing various organic pollutants.
Feedstocks Metal oxides  Pyrolysis Residence Solution  Adsorbates Adsorption capacity Adsorption References
temperature (°C) time (min) pH (mg/g) model
Potato stems and leaves MnOy 500 30 6.0 Norfloxacin 6.94 Langmuir (Li et al., 2018b)
Potato stems and leaves MnOy 500 30 6.0 Ciprofloxacin 8.37 Langmuir (Li et al., 2018b)
Potato stems and leaves MnOy 500 30 6.0 Enrofloxacin 7.19 Langmuir  (Liet al.,, 2018b)
Di-n-butyl .
Corn stalks MnO, 600 120 7.0 phthalate 10.13 Langmuir (Gao et al., 2018)
Corn stalks MnO, 600 120 7.0 Oxytetracycline 39.92 Langmuir (Gao et al., 2018)
W;if;g‘;“ks and paper Zno 500 20 55 Gemifloxacin 13.33 NA. (Gholami et al,, 2019)
Paper and pulp sludge Fe,05 750 30 8.0 Methyl orange 20.53 Freundlich  (Chaukura et al., 2016)
Brown marine macroalgae Fe304 600 60 5.0 Acid orange 7 382.00 Sips (Jung et al,, 2016)
Bamboo CuZnFe,04 550 60 3.0 Bisphenol A 263.20 Langmuir (Heo et al., 2019)
Bamboo TiO,/Mg0O/ZnO 700 60 N.S. Methylene blue 114.50 Langmuir (Zhai et al., 2019)
Pine needles MnFe,04 500 120 5.5 Tetracycline N.D. N.A. (Lai et al., 2019)
Peanut shell Fe,05 400 240 3.0 Methylene blue 46.20 N.A. (Qiu et al.,, 2020)
Peanut shell Fe,05 400 240 3.0 Acid orange 7 N.D. N.A. (Qiu et al., 2020)
Sewage sludge ZnO 450 180 7.0 Acid orange 7 N.D. N.A (Guan et al., 2020)
Vinasse MnFe,0,4 800 60 5.0 Pefloxacin 270.00 Freundlich ~ (Xiang et al., 2020)
Vinasse MnFe,0,4 800 60 5.0 Ciprofloxacin 135.00 Freundlich  (Xiang et al., 2020)
Wheat straw Co304 450 240 7.0 Chloramphenicols  600.00 N.A. (Xu et al., 2020a)

Notes: N.A. = not available; N.D. = not determined.

4.2. Inorganic pollutants

The various mechanisms underlying the adsorption and removal of
inorganic pollutants by NMOBCs are shown in Fig. 5.

4.2.1. Heavy metals

Industrial processes keep on discharging toxic heavy metals into the
environment, either directly or indirectly. Since heavy metals are not
degradable, they tend to accumulate in the environment affecting
human health and agricultural production (Beidokhti et al., 2019;
Foong et al., 2020). Common methods for removing heavy metals in-
clude adsorption (Bai et al., 2020), membrane technology (Foong
etal,, 2020), precipitation (Kurniawan et al., 2006), and electrochemical
methods (Heidmann and Calmano, 2008). In this regard, NMOBCs as

adsorbents have been the method of choice because of their low cost
and high efficiencies (Table 3).

More and more studies have been used nano-MnO, modified bio-
char to remove different heavy metals. Zhou et al. (2017) used a
nano-MnO,-biochar composite (NMBC), prepared by impregnation, to
remove Cu(Il) from aqueous solution. The spherical MnO, nanoparticles
formed dense clusters of about 30 nm diameters over the entire biochar
surface. The capacity of NMBC for adsorbing Cu(II) increased with pH
(3.0 to 6.0) but was not affected by solution ionic strength. Following
its adsorption to NMBC, Cu(Il) was transformed to CuO, Cu(C,H305)a,
and Cu(OH),, indicating that precipitation and chelation play an impor-
tant role in the adsorption process which is spontaneous and endother-
mic. Similarly, the MnO,-biochar composite (FMBC) of Zhou et al.
(2018), prepared by impregnation, could adsorb Cu(Il) and Cd(II) in
sewage. FMBC had a lower carbon content but higher surface oxygen,

Table 3
Preparation and properties of some NMOBCs for adsorbing various heavy metals.
Feedstocks Metal oxides Pyrolysis Residence Solution Adsorbates Adsorption capacity Adsorption References
temperature (°C) time (min) pH (mg/g) model
Corn straw Fe-Mn oxides 600 30 6.0 Cd(In 101.00 Langmuir  (Zhouet al., 2018)
Rice husks z;gs;y HA/Fe-Mn 500 180 8.0 cd(in 67.11 Freundlich  (Guo et al, 2019)
Rice husks 3D MnO, 500 120 6.0 Cd(In) 84.76 Langmuir (Wu et al., 2020b)
Peanut shell lc;[)z((jji ated manganese 60 50 cd(in 22.30 Freundlich  (Wan et al,, 2018)
Corn stover Zn0/ZnS 600 60 9.0 Cr(VI) 24.50 Freundlich  (Liet al.,, 2018a)
Corn stover Fe-Mn Oxides 400 120 2.0 Cr(VI) 118.03 Langmuir (Zhu et al., 2020b)
Pomelo peel K;FeO4 300 60 2.0 Cr(VI) 209.64 Langmuir (Yin et al., 2020)
Corn stover Zn0/ZnS 600 60 9.0 Cu(ln) 91.20 Freundlich  (Liet al., 2018a)
Waste pomelo peel Zn0 800 60 5.0 Cu(I) 216.37 Langmuir  (Wang et al., 2019e)
Corn straw MnOy 600 30 6.0 Cu(ln) 160.00 Langmuir (Song et al., 2014)
Corn straw MnO, 600 30 7.0 As(IIT) 14.36 Langmuir (Yuet al,, 2015)
Corn stem powder Fe-Mn Oxides 600 120 3.0 As(IIT) 8.80 Freundlich  (Lin et al, 2019)
Rice husks Eifé‘iiy HA/Fe-Mn 500 180 3.0 As(V) 3559 Freundlich  (Guo et al., 2019)
Corn stover Zn0/ZnS 600 60 9.0 Pb(II) 135.80 Freundlich  (Liet al., 2018a)
Rice straws Manganese oxide 420 240 5.0 Pb(II) 305.25 Langmuir (Tan et al., 2018)
Prosopis juliflorawood ot NiO 400 120 6.0 Ph(II) 28.00 Langmuir  (Saravanakumaret al,
pieces 2019)
Rice husks 3D MnO, 500 120 4.0 Pb(II) 70.90 Langmuir  (Wuet al., 2020b)
Rice husks MnOy 800 20 5.0 Pb(II) 86.50 Langmuir (Faheem et al., 2016)
Peanut shell Hydrated manganese 60 5.0 Ph(1I) 67.90 Freundlich ~ (Wan et al, 2018)

oxide
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iron and manganese content than pristine biochar, indicating the pres-
ence of a large number of highly polar oxygen-containing functional
groups. An increase in pH (4.0-6.0) and a high humic acid concentration
were conducive to Cu(Il) and Cd(II) adsorption during which carboxyl
groups were consumed and strong monodentate or multidentate
inner balls of Mn-O-M were formed. XPS analysis showed that Cu(lI),
adsorbed on the surface of FMBC, formed CuO, CuCO5, and Cu(OH).,
while Cd(II) existed in the form of Cd(OH), and CdO. Cation- interac-
tions might also be involved in the adsorption of Cu(Il) and Cd(II). Hier-
archical birnessite-type MnO,-biochar composite, synthesized by a
hydrothermal process, could remove Cu(Il) from polluted water (Jung
et al., 2018). Adsorption kinetics and isotherms indicated that diffusion
into membranes and pores, physical adsorption, and endothermic
mechanisms were involved in the removal of Cu(Il) from solution. The
nano-MnO, modified biochar composite that Yu et al. (2015) prepared,
was a good adsorbent of As(1lI) in red soil. The deposition of nano-MnO,
particles in the pores of biochar led to a sharp decrease in the SSA of the
composite. Fourier transform infrared spectrometry (FTIR) and XPS
analysis showed that As(III) interacted with oxygen-containing func-
tional groups forming Mn-O/As and Fe-O/As bonds. Adsorbed As(III)
was also partially oxidized to As(V) by MnO, and Fe-Mn oxide.

Biochar loaded with nano-Fe,O, showed high removal efficiency for
Cr(VI). Liu et al. (2019) used nano-Fe,03-biochar composite to remove
Cr(VI). The a-Fe,03 nanoparticles, with diameters of 20-50 nm, were
uniformly distributed on the biochar surface. The adsorption of Cr(VI)
(reaching 90% within 1 min) led to the conversion of a-Fe,03 into
spherical particles of 100-200 nm diameters, which may be attributed
to the formation of (CryFe;_x)(OH)s precipitates. And Cr(VI) adsorption
was controlled by the amount of a-Fe,03 through electrostatic attrac-
tion. Subsequently, the maximum removal rate of Cr(VI) for the nano-
Fe304-biochar composite, prepared by Wang et al. (2019b), reached
99.44%, while the removal efficiency was maintained at 78.56% after
7 cycles of regeneration. The high affinity of this composite's nanostruc-
tures for Cr(VI) is conducive to adsorption. Furthermore, Fe30,4 could
reduce Cr(VI), while the formation of surface complexes between -CH,
-OH, -COOH, and FeO also contributed to Cr(VI) adsorption.

Nano Fe-Mn polynary oxides modified biochar is also used to immo-
bilize heavy metals. Fe-Mn oxide-biochar, prepared by impregnation,
was used by Lin et al. (2019) to adsorb As from aqueous solutions.
FTIR and XPS analysis showed that As(IIl) was oxidized to As(V) on
the surface of Fe- and Mn-oxide particles. As(V) was preferentially
adsorbed to As(III), forming As-O bonds on the Fe-Mn oxide surface. Fol-
lowing adsorption, the surface of the composite became concave and
uneven due to the filling of the micropores by Fe- or Mn- oxide, leading
to a reduction in SSA. The maximum adsorption capacity for As(Ill) was
8.8 mg/g. However, nano Fe-Mn binary oxide-biochar produced by
Zhou et al. (2018) showed better adsorption capacity for Cd(II), which
was 101.0 mg/g, about 11 times higher than that of Lin et al. (2019). A
new composite of biochar with ternary HA/Fe-Mn oxide (HFMB), pre-
pared by impregnation, was used by Guo et al. (2019) to adsorb Cd(II)
and As(V). HFMB had a flower-like structure composed of MnO,, expos-
ing a high SSA and a large number of sites to which Cd(Il) and As
(V) could adsorb. Compared with the unmodified biochar, the compos-
ite had a highly enlarged pore volume, enabling Cd(II) and As(V) to
enter the internal pore system. XPS and FTIR indicated the chelation of
Cd(II) to HFMB, and the formation of CdO, CdCOs3, and Cd(OH), while
in the case of As(V), ligand exchange was the controlling mechanism.

At the same time, biochar loaded with nano-ZnO was used to re-
move heavy metals. Li et al. (2018a) used nano-ZnO/ZnS modified
biochar, prepared by direct pyrolysis, to remove Pb(II), Cu(Il), and Cr
(VI) from solution. The ZnO/ZnS-modified biochar had a larger SSA
(397.4 m?/g) and porosity (total pore volumes 0.43 cm’/g)
than the pristine biochar (SSA = 102.9 m?/g; total pore volumes =
0.2 cm®/g). The carbon matrix played an important role in the adsorp-
tion process. The hydroxyl groups on the nano-ZnO/ZnS surface could
complex heavy metals, while the cations could exchange with their
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heavy metal counterparts. Similarly, Yu et al. (2018) were able to
remove Cr(VI) in an aqueous solution, using biochar impregnated
with ZnO nanoparticles. The ZnO particles with diameters of
13-60 nm were uniformly distributed on the biochar surface. The com-
posite with a 30 wt% loading of ZnO could remove up to 95% of Cr(VI),
showing a 70% removal rate at the fifth cycle. The impregnated ZnO
could catalyze the formation of hydrated Zn-Cr oxide complexes as
well as the reduction of Cr(VI) to Cr(III).

In general, both physisorption and chemisorption affect the adsorp-
tion process of heavy metals by NMOBCs. Physisorption mainly includes
pore filling and electrostatic attraction. Meanwhile, chemisorption
mainly includes chelation, complexation, deposition, ion and ligand ex-
change, redox and surface precipitation. Among them, chemisorption
predominates the adsorption process. The relative importance of these
processes is dependent on the type and valency of the targeted heavy
metals. Due to the good performance and universal applicability, there
will be more studies on using nano-MnO,, ZnO and Fe,O, to modified
biochar in the future.

4.2.2. Nutrients

Excess nutrients can lead to eutrophication of water (Alzeyadi et al.,
2019). A large number of NMOBCs have been used to adsorb nutrients
(Table 4), such as phosphate, nitrate, and ammonium, biochar compos-
ites with nano-MgO and Fe,05 have taken center stage. This is because
nano-MgO modified biochar is positively charged, and hence capable of
taking up anionic species through electrostatic attraction and surface
precipitation. For example, Xu et al. (2018, 2019) used composites of
wood waste biochar with nano-MgO, prepared by impregnation, to re-
move (and recover) phosphate and ammonium from human urine.
Phosphate was removed through electrostatic attraction supplemented
by surface adsorption and precipitation. On the other hand, ammonium
was removed through the formation and precipitation of struvite on the
biochar surface. Subsequently, Zheng et al. (2020) reported the removal
of phosphate and methylene blue, using a composite of biochar with
ball-milled MgO. The MgO nanoparticles of about 20 nm were evenly
and uniformly dispersed in the biochar, increasing its SSA and adsorp-
tion capacity. And phosphate adsorption can be attributed to the surface
precipitation and electrostatic attraction between anionic phosphate
and positively charged MgO surface. Similarly, Zhang et al. (2012)
were able to remove phosphate and nitrate in aqueous solutions using
porous MgO-biochar nanocomposites. The composite derived from
beet pulp and peanut shells and nano-MgO flakes gave the best
performance in terms of nutrient adsorption. This observation was
ascribed to the even distribution on the biochar surface of MgO flakes
of ~ 10-25 nm in thickness and ~ 0.2-1 um in length. These nanostruc-
tures were randomly oriented and grew from the surface of the biochar,
giving rise to a nanoporous composite with a large adsorbing surface.
Using similar nano-MgO-biochar composites, the phosphorus adsorp-
tion capacity of Xu et al. (2018) was 116.4 mg/g, as that of Zhang et al.
(2012) reached 835.0 mg/g, about 7 times higher than the former.

Nano-Fe,0, modified biochar also showed a good adsorption effect
on nutrients. He et al. (2017) loaded a Fe304-biochar nanocomposite
with photosynthetic bacteria (PSB) by chemical coprecipitation and
used the material for the bioremediation of wastewater. The Fe;04
nanoparticles were evenly distributed on the biochar matrix, providing
extensive SSA and active sites for PSB attachment (5.45 x 10° cells/g).
The composite was capable of removing 83.1% chemical oxygen de-
mand, 87.5% NHZ, and 92.1% PO~ from wastewater. Phosphate was re-
moved by ligand exchange and electrostatic attraction to the positively
charged Fe;0,. On the other hand, NHZ would be repelled by Fe;04
nanoparticles, limiting uptake. Subsequently, Zhu et al. (2018) obtained
a porous composite by impregnating nanoparticles of a-Fe,03/Fe304
into bamboo biochar. The resultant material (HPA-Fe/C-B) was then
used to remove phosphorus in sewage. At an initial phosphorus concen-
tration of 2.0-50.0 mg/L, the amount of P adsorbed increased from 0.20
t02.46,2.62,and 2.81 mg/g at 25, 35 and 45 °C, respectively. At an initial
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Table 4
Preparation and properties of some NMOBCs for adsorbing various nutrients.
Feedstocks Metal oxides  Pyrolysis Residence Solution  Adsorbates Adsorption capacity Adsorption model References
temperature (°C) time (min) pH (mg/g)

Populus X Canadensis
Moench and Sophora MgO 600 N.S. 7.0 Phosphate  118.00 Langmuir (Xu et al., 2019)
Jjaponica Linn
Populus X Canadensis

Moench MgO 600 N.S. 8.45 Phosphate  116.40 Langmuir (Xu et al., 2018)
and Sophora japonica Linn
Sugarcane bagasse, peanut .y 600 60 NS. Phosphate  835.00 Langmuir (Zhang et al,, 2012)

shells mixture
Sugarcane harvest residue ~ MgO 550 60 4.0 Phosphate  398.00 Langmuir (Liet al., 2017)
Corn straw MgO 550 30 6.7 Phosphate  60.95 Langmuir-Freundlich (Zhu et al., 2020a)
Dewatered sludge MnAl,O4 180 720 3.0 Phosphate  28.20 Langmuir (Peng et al., 2020)
Maize straw Ce0, 300 100 10.0 Phosphate  78.00 Langmuir (Feng et al., 2017)
Wheat straw Cao 600 120 11.0 Phosphate  213.22 Langmuir-Freundlich (Li et al., 2020c)
Bamboo a-Fe,05/Fe;04 600 180 3.0 Phosphate 2.81 Langmuir (Zhu et al., 2018)
Douglas fir «o-Fe,03/Fes04 600 60 2.0 Nitrate 15.00 Langmuir (Dewage et al., 2018)
Corn straw Fe,053 550 30 N.S. Nitrate 15.409 Langmuir (Li et al., 2020b)
Sugarcane bagasse, peanut .y 600 60 NS. Nitrate 95.00 Langmuir (Zhang et al,, 2012)

shells mixture

Notes: N.S. = not specified.

phosphorus concentration of 2.0, 5.0, and 10.0 mg/L, the maximum re-
moval rate of phosphorus was 99.2%, 97.5%, and 84.4%, respectively. Ac-
cording to the results mentioned above, the maximum removal rate of
phosphorus reached >90%, indicating that nano-Fe,O, modified biochar
has a good phosphorus removal efficiency.

Nano-Ce,0 functionalized biochar (Ce-MSB), prepared by impreg-
nation, was used by Feng et al. (2017) to remove, or retain phosphorus
in soil. Application of Ce-MSB to a paddy soil column reduced the total P
concentration of surface water by 27.33% while increasing the total P
content of the surface soil by 7.22%. Based on the assumption of Ho's
pseudo-second kinetic model, the adsorption of phosphate by Ce-MSB
was attributed to chemisorption.

Generally, the results from the above studies on different NMOBCs
suggest that electrostatic attraction, surface precipitation and ligand ex-
change are the potential mechanisms of nutrients adsorption by
NMOBCs. Further studies are needed to identify the main mechanisms.

5. Conclusions and future perspectives

The present review is concerned with the preparation of NMOBCs,
the factors influencing the adsorption of environmental pollutants to
NMOBCs, and the underlying adsorption mechanisms. NMOBCs not
only have effective performance on removing various pollutants from
solution, but also are economical to produce and are recyclable.
NMOBCs will receive more attention in the future due to its superiority.
However, the following issues need to be considered before their large-
scale application.

Firstly, due to nano-metal oxides contain metal elements, it is neces-
sary to assess the stability, recyclability comprehensively, and environ-
mental risks of NMOBCs. Secondly, because of their small particle sizes,
NMOBCs are readily dispersible in, also difficult to separate from pol-
luted water. Future researches should, therefore, focus on developing
effective methods of isolating NMOBCs from the reaction mixture for
subsequent processing. In this regard, the magnetization of the compos-
ites is worth investigating as does embedding, crosslinking, or loading
the composites with other nanoparticulate reagents (Wang et al.,
2018c). Thirdly, most of the work on pollutants removal by NMOBCs
has been done using aqueous solutions and batch experiments. The lat-
ter approach needs to be extended to the pilot scale before applying
NMOBCs for the remediation of actual contaminated sites, such as
discharged industrial wastewater. Equally important is to develop
large-scale, cost-effective, environmentally friendly methods of prepar-
ing NMOBCs for the removal of emerging and complex compound pol-
lutants (Liu et al., 2020; Zhang et al., 2020c). Finally, the risk to the
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environment, and associated hazards to organisms, posed by the
application of NMOBCs to clean up polluted water and soil, need to be
kept in mind.
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