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A B S T R A C T

During the last decades, biochar (BC) has proven to be an innovative candidate in various environmental ap
plications. Nevertheless, the use of biochar in improving soil fertility, immobilizing contaminants and treating 
wastewater has presented many limitations. Nanomaterial technology has been used to improve the physico
chemical properties of biochars, including emerging methods such as chemical precipitation, direct pyrolysis and 
impregnation of biochars with metals (Fe, Zn, Ce, Cu, Zr, Ti etc) or their oxides. This review discusses recent 
advancements on the potential, limitations, and prospects of using metal-biochar composites for wastewater 
treatments and soil remediation. Functionalization of biochar with metal oxides can exacerbate the specific 
surface area up to 98 %, and diminish the porosity structure up to 89 %. The performance of these metal-biochar 
composites, which depends on the raw material/precursor of the biochar, the identity of the metal/guest ion, the 
preparation conditions and the activation method, has shown that the removal rates for inorganic and organic 
contaminants in the aqueous phase vary from 80.5 to 100 % and from 52.90 to 100 % respectively and that the 
immobilization rates for heavy metals in soils vary from 16 to 100 %. Remediation mechanisms for various 
adsorbates in aqueous media and soils generally include electrostatic attraction, oxidation/reduction, 
complexation and precipitation. Life cycle assessment (LCA), pilot-scale, cost analysis, potential environmental 
risks, and machine learning modelling studies are found to be lacking for metal-biochar composites and provide 
areas for future research.

1. Introduction

Access to clean and safe water at all times is a fundamental human 
right. The sustenance of life on earth is dependent on the quality and 
quantity of water, and it has been argued that water is life. However, the 
increased industrialization at the turn of the twentieth century has not 
only been beneficial to the human race but has also been accompanied 
by increased levels of pollution and stress in access to clean water. These 
industrial processes result in the release of effluents or wastewater laden 
with organic and inorganic chemicals that endanger human, animal, and 
aquatic life. In the developing world, where a large fraction of the 
population is not connected to centralized water treatment facilities and 
therefore depends on rivers, lakes, and groundwater, water pollution is a 
serious threat that requires immediate action [1]. Ad hoc and 

unscientific disposal of agro and industrial chemicals such as dyes, 
pharmaceutical compounds, detergents, personal care products, and 
emerging contaminants among others are among the main sources of 
water contamination. Because chemicals have been associated with 
various disorders and toxicological effects in both human and aquatic 
life, their occurrence in water resources is of great environmental 
concern, even at low concentrations [1,2]. Environmental and water 
resource management authorities around the world have passed 
increasingly strict drinking water quality regulations as a result of these 
concerns. Unfortunately, most emerging chemical pollutants are resis
tant to standard water treatment methods such as flocculation and 
coagulation [3]. Although emerging technologies such as membrane 
filtration and chemical treatment are effective in removing most con
taminants from water, they typically require large capital investments 
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and have significant operating costs, which prevents them from being 
broadly adopted, especially in emerging economies [4]. Scientists are 
continually researching low-cost, efficient, and sustainable technologies 
(materials and processes) to produce potable drinking water [3]. Some 
of the low-cost materials include geopolymers [5–9], natural zeolites 
[10], clays [11], activated carbons derived from biomass [12,13], dia
tomaceous earth [14] and biochars [15,16]. Biochars have received 
considerable attention because of the relatively low preparation costs 
and availability of a plethora of waste biomass that provides ready 
feedstock. Biochar is a carbonaceous biomaterial derived from the 
thermal degradation by pyrolysis of biomass waste in aerobic and 
anaerobic environments [17,18]. It is an excellent adsorbent for the 
remediation of contaminants in water and soil [19–22] due to its specific 
chemical properties, such as alkalinity, aromaticity and important 
textural properties [23]. Furthermore, the remediation mechanism by 
ion exchange and complexation between biochar and water or soil 
pollutants remains limited due to the low density of surface chemical 
functions. However, the functionalization of biochar can include treat
ment with acid, alkali, oxidizing agents and metal salts to increase the 
specific surface area and enrich the surface of the biochar with 
oxygenated groups in the composite compared with pristine biochar 
[24]. In recent decades, metal/biochar composites have been function
ally superior to pristine biochars due to the synergy between the prop
erties of guest and host materials and environmentally benign materials 
for water treatment. They have been applied as adsorbents for the 
sequestration of water pollutants and soil remediation. However, a 
synthesis of existing literature on the recent developments in the use of 
metal-biochar composites for environmental remediation is lacking. 
Therefore, this study will focus on the gaps in understanding the syn
thesis, characteristics and use of metal biochar composites in the 
remediation of pollutants in water and soil, by re-evaluating recently 
(2009–2023) peer-reviewed and published literature from different 
scientific databases (PubMed and Google Scholar), and literature re
positories (Research Gate). This review describes in detail the synthesis 
of metal/biochar composites and their application as adsorbents in the 
removal of toxic and recalcitrant heavy metals and organic micro
pollutants such as dyes from water. The interaction mechanisms be
tween this class of composite materials and various contaminants are 
also discussed in detail. The use of this category of materials for soil 
remediation is also presented. Metal/biochar composites, like other 
adsorbents, are not without limitations. The inherent limitations, gaps, 
and opportunities for further investigations are also presented. A concise 
synthesis and summary of recent literature on metal-biochar composites 
for water and soil remediation is the novelty of the present work.

2. General characteristics of biochar

Biochar is a material made up mainly of carbon resulting from the 
pyrolysis of biomass in aerobic or anaerobic conditions [25]. BC is 
generally used in power generation and the treatment of contaminants 
(Fig. 1) due to these intrinsic and extrinsic characteristics [26]. The 
chemical composition of the biochar composite (BC) is controlled by the 
choice of the feedstock and the pyrolysis conditions such as pyrolysis 
temperatures, reaction intervals, and burning rate, thus conferring to the 
final product a large specific surface area, well-developed porosity 
structure, and various functional group that govern reaction mechanism 
and performance. For example, previous work (Table 1) shows that the 
hydrogen-to-carbon mass (H/C) and oxygen-to-carbon (O/C) ratios 
decrease with increasing pyrolysis temperatures, resulting in an increase 
in the aromatic compound content and good stability of the carbon 
skeleton. Mohammed et al. [27], Kameyama et al. [28] reported that the 
specific surface area and the porosity increased significantly with 
increasing heating rate and pyrolysis temperature. It has been shown 
that, at relatively low temperatures (200–400 ◦C), the developed bio
char has more oxygen-rich surface functional groups, including 
carboxyl-COOH, phenolic-OH, and –CHO groups due to dehydration 
accompanied by modification of the plant biomass, which improves 
immobilization and binding efficiency with pollutants. On the other 
hand, at higher temperatures (>400 ◦C), progressive polymerization, 
loss of functional groups, dehydrogenation, decreased ion exchange 
capacity, and pore closure were observed, making the biochar produced 
less effective in environmental remediation [29]. Over time, the asso
ciation of metal oxides/non-metals with biochar, resulting in 
metal-biochar composites, has emerged as a facile and techno-economic 
technique approach for improving the properties of pristine biochars 
and their composites [30].

3. Synthesis of metal-biochar composite

Metal-biochar composites have been developed because of the lim
itation of pure biochar in environmental remediation and to obtain new 
materials that exploit the properties of adjuvant and biochar. Table 2
gives a general overview of the various methods of preparing metal- 
biochar composites, together with their advantages. The synthesis of 
metal-biochar composite includes impregnation of biomass with metal 
salts, chemical precipitation, direct pyrolysis, and other emerging 
methods (Fig. 2). Depending on the reagents used and the preparation 
conditions, nano-scale magnetically responsive biochar composites be 
obtained.

Fig. 1. Application of biochar in environmental remediation.
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3.1. Synthesis of BC-magnetic composites

Table 3 summarizes the methods used to prepare magnetized bio
char. Common methods for preparing BC magnetic composites (MBC) 

are generally liquid phase precipitation, which requires preparing BC 
first, then mixing the BC with Fe3+/Fe2+ ions and the magnetic oxide 
precipitated by the dropwise addition of strong alkali NaOH/NH4OH 
into the mixture. This method provides a better distribution of nano
particles on the surface of the biochar but can generate impurities when 
the resulting material is applied [44]. Impregnation involves immersion 

Table 1 
Some physicochemical characteristics of biochars.

Feedstock T(◦C) Total pore volume cm3g− 1 Specific Surface area m2g− 1 H/C O/C References

Orange peel 200–500 0.01–0.02 7.75–42.40 1.14–0.38 0.45–0.21 [20]
Peanut shell 300–700 ND-0.20 3.14–448.20 0.67–0.25 0.29–0.12 [31]
Pineal shell 350–550 0.001–0.038 0.82–228.11 0.06–0.04 0.32–0.15 [27]
Alfalfa 350–650 ND 3.50–183.00 0.80–0.20 0.20–010 [28]
Domestic wastewater sludge 400 ND ND 0.08 0.19 [28]
Timothy grass 450 ND 179 0.03 0.42 [32]
Municipal sewage sludge 500–900 0.056–0.099 25.42–67.60 0.09–0.08 0.45–0.12 [33]
Turkey litter 700–800 ND 21.8 0.05 0.28 [34]
Walnut shell 900 ND 227.1 0.02 0.03 [34]

Table 2 
Various methods for obtaining metal-biochar composites.

Modification 
methods

Pyrolysis 
temperature 
(◦C)

Advantageous characteristics 
generated

References

KMnO4-modified 
biochar

550 Introduction of a large 
number of acid functional 
groups on the surface of the 
BC

[35]

Cu(NO3)2- 
modified 
biochar (Cu- 
BC)

450 Enhanced electrostatic and 
complexation interactions 
during adsorption

[36]

Biochar modified 
with Fe(III) 
(Fe-BC)

– Increased performance with 
the addition of FeOH sites 
and FeOH2

+ to the surface of 
the BC

[37]

MnOx-modified 
biochar 
(MnOx-BC)

400 Increased specific surface 
area of composites

[38]

MgO-modified 
biochar (MgO- 
BC)

600 Production of a highly 
mesoporous material

[39]

Biochar modified 
with TiO2 

(TiO2-BC)

ND Photogeneration of electrons 
due to interactions between 
BC and TiO2

[40]

Biochar modified 
with ZnO (ZnO- 
BC)

600 Surface enlargement and 
reinforcement of the positive 
charge of the resulting 
composite.

[41]

Biochar modified 
with ZrO2 

(ZrO2-BC)

ND Improving sonocatalytic 
activity by adding ZrO2 to the 
biochar matrix

[42]

Biochar modified 
with CeO2 

(CeO2-BC)

500 Improving sonocatalytic 
activity by adding CeO2 to 
the biochar matrix

[43]

Fig. 2. Different types of biochar modifications depending on their characteristics.

Table 3 
Magnetic biochar synthesis process.

Preparation methods type of 
synthesis

Types of biochar 
composites 
produced

References

1) Pyrolysis of feedstock 
pre-treated with FeCl3

Impregnation 
technique

ZVI-BC and ˠFe2O3- 
BC

[46]

2) Addition of the biomass 
to a solution containing 
ferrous chloride and 
ferric chloride, then 
addition of a NaOH 
solution to raise the pH 
to 10, centrifugation of 
the suspension and 
pyrolysis.

Co-precipitation 
technique

Fe2O3-BC [47]

3) The biochar and 
stainless steel bottles 
are agitated in a ball 
mill

Ball milling 
technique

[48]

4) Feedstock pre-treated 
with MgCl2, FeCl3 was 
treated by 
hydrothermal 
carbonization, and the 
pH was adjusted to 10 
with a NaOH solution.

Hydrothermal 
technique

MnFe2O4-BC [49]

5) BCs pretreated 
respectively with HCl, 
H2O2 and KOH 
introduced into a Fe(III) 
solution followed by 
reduction with NaBH4 

or KBH4

Reduction 
technique

nZVI-HCl-BC, 
nZVI–H2O2–BC and 
nZVI-KOH-BC,

[50]
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of the biomass powder in the Fe3+/Fe2+ solution or co-precipitating the 
Fe3+/Fe2+ with chemicals before pyrolysis and the composite resulting 
from this synthesis technique is highly effective at binding heavy metals, 
but can also cause secondary pollution if it leaches [45]. Liquid phase 
reduction, which involves injecting a sodium or potassium borohydride 
solution (NaBH4/KBH4) into a mixed solution of BC and Fe3+/Fe2+

under nitrogen purging to reduce Fe3+/Fe2+ to Fe0. It allows smaller 
metal particles to be distributed on the surface of the biochar but is 
limited by the toxicity and high cost of the chemical reducers used. Ball 
milling is a widely used method for producing MBC composites on a 
large scale, as it produces materials with a high specific surface area and 
rich acid functionality. However, this method requires a device with a 
large reservoir and a single function.

3.2. Synthesis of nano-metal oxide/hydroxide BC

The preparation of nano-metal oxide biochars (NMOBCs) is a 
promising process due to the incorporated nanomaterials that remark
ably improve surface functional groups, creating new adsorption and 
catalytically reactive sites [20]. The process of preparation of nanoscale 
oxide/hydroxide-based biochar composites can be done by bio
accumulation of target elements, so the goal is the enrichment of the soil 
with the target element contained in the fertilizers during the planting of 
biomass that will make BC, after pyrolysis, rich in the target element. By 
pretreatment of biomass with metallic salts followed by pyrolysis, the 
resulting BC consists of nano-scale metal oxides fixated on both the 
surface and inside the carbonaceous material. By insertion of metal 
oxide nanoparticles after BC pyrolysis into the surface and internal pores 
of BC [51]. Fig. 3 illustrates different methods for the preparation of 
biochar-metal oxide nanocomposites.

4. Physicochemical properties of a metal-biochar composite

4.1. Chemical properties

Chemical properties of metal-biochar composites are defined by the 
point of zero charge (PZC), the cation exchange capacity (CEC), and the 
surface functional group density and distribution. For example, Wang 
et al. [53] showed that the adsorption of pb2+ on a MnO2-biochar 
composite was maximal at pH (5.0) > pHpzc (3.2) due to the negative 
surface charge which favours electrostatic attraction and the cations 
Pb2+ or PbOH+. On the other hand, maximum adsorption of Reactive 
Yellow 39 on the ZrO2-biochar composite carrying a positive surface 

charge was favoured at pH (6.0) < PZC (7.35) [42]. Furthermore, it is 
reported in the literature [54] that the CEC of biochar ranges from 8 to 
40,000 mmol/kg. Moreover, this can increase considerably when the 
biochar is modified by metal oxides.

The work of Rajapaksha et al. [55] reported that the chemical 
oxidation of biochar induces acidic sites such as phenolic, carboxylic and 
lactonic groups on the biochar surface at relatively low temperatures. 
Lawrinenko et al. [56] showed that BC prepared from biomass pre
treated with iron aluminum trichloride exhibited Al–O–C and Fe–O–C 
bonds in its structure. This promoted an extra distribution of metal 
atoms on the resulting BC. As an outcome, the resulting iron-biochar 
composites were favourable for the retention and encapsulation of 
heavy metals and organic contaminants through enhanced surface 
complexation, precipitation, and electrostatic interactions. In addition, 
Yang et al. [57] synthesized a g-MoS2-coated biochar nanocomposite for 
ciprofloxacin (EDA) adsorption and the resulting composite provided 
more π-electrons compared to pristine biochar, thus enhancing the π-π 
EDA interactions. On the other hand, the ion exchange capacity can also 
increase with zero net charge point when the surface of the BC is coated 
with nanoscale oxide/hydroxide.

4.2. Physical properties

The physical properties of metal-biochar composites are directly 
related to biochar preparation conditions such as reactor temperature 
and residence time, the addition of oxygen-containing media in the 
process (air, pure oxygen, CO2, and steam) and/or post-production 
processing to modify the final product that more or less significantly 
affects the textural properties, bulk density, pore size, and pore volume 
distribution of the resulting material [58]. Li et al. [59] synthesized 
corn-derived biochar modified with ZnO/ZnS. The ZnO/ZnS treatment 
improved the BET surface area of the composite from 102.9 to 397.4 
m2/g compared with the unmodified biochar and allowed the nano 
ZnO/ZnS to be uniformly distributed over the surface of the BC. Shen 
et al.[60 [][][]synthesized an MgO-coated biochar for lead removal in 
the aqueous phase and reported that the specific surface area of the 
biochar was significantly improved from 0.07 to 26.56 m2/g with MgO 
coating inducing a significant increase in the Pb removal rate from 23 % 
to 74 %. However, the type of biomass used and certain metal incor
poration methods during the preparation of metal-biochar composites 
can critically affect their properties and structures. For example, 
co-precipitation, integrated adsorption-pyrolysis, and electric 
field-assisted pyrolysis are the commonly reported methods for 

Fig. 3. Different approaches in the synthesis of nano-scale metal oxide loaded biochars. Reproduced with permission from Zhao et al. [52].
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preparing oxide/hydroxide composites. Numerous studies have revealed 
that the integrated adsorption-pyrolysis approach method for the syn
thesis of Fe(III) oxide-biochar composite is significantly more beneficial 
than the post-precipitation approach of Fe(III) oxides in pristine biochar 
due to the distribution of the iron oxide particles in the carbon matrix, 
which results in a significant increase in surface area from 24.59 to 
92.54 m2/g [61]. On the other hand, the physical properties of the 
metal-biochar composite may decrease during the synthesis, because of 
the insertion of metal oxide nanoparticles within the pores, probably 
favouring an increase in the number of binding sites. Table 4 highlights 
the impact of the modification of the textural properties by various 
metal oxide nanoparticles on different biomass biochar. Unfortunately, 
there is no unified scientific theory for predicting trends in the textural 
properties of metal-biochar composites. Machine learning provides a 
powerful tool for the prediction of the textural properties of materials 
based on the characteristics of the feedstock and the synthesis conditions 
as input variables. However, machine learning-based research works for 
metal/biochar composites are lacking. As such, the textural properties of 
the metal/biochar properties must be determined experimentally.

5. Applications of metal oxide -biochar composite

The development of metallic oxide biochars has been subjected to 
research in areas such as environment, agriculture, and energy. Metal 
oxide-biochar composites are suitable, promising, and sustainable can
didates for a wide range of environmental applications, including soil 
fertility improvement, contaminant immobilization, wastewater treat
ment, and in situ carbon sequestration [30]. Organic or inorganic con
taminants are generally eliminated by adsorption or photocatalysis on 
biochar metal oxides and the retention mechanisms of these adsorbates 
include electrostatic attraction and complexation reactions, oxidative 
decomposition and reduction, etc. (Fig. 4). However, previous work 
(Tables 5 and 6) shows that the maximum adsorption capacities (Qm) of 
biochar metal oxide composites to inorganic and organic pollutants vary 
arbitrarily depending on the type of biomass and preparation conditions.

5.1. Removal of inorganic pollutants

The non-biodegradability of heavy metals leads to their accumula
tion in living beings through the food cycle. This accumulation can 
trigger serious health diseases such as cancer, endocrine disorders, etc. 
There exist different methods for ion exchange, precipitation, adsorp
tion, complexation, electrostatic interaction, etc. which can be used for 
the efficient removal of heavy metals by metal-biochar [70]. For lead 
removal, the addition of 3.65 % Mn into a biochar matrix increased the 
Pb elimination percentage from 6.4 % to 98.9 % [53]. This was 

attributed to an increased degree of the hydroxyl group density and 
change in surface charge (pHPZC). Furthermore, the Pb retention per
centage and maximum adsorption density following the incorporation of 
Mn increased fivefold relative to the unmodified biochar. Furthermore, 
for the removal of U(VI), Li et al. [62] prepared KMnO4 modified BC. 
The adsorption capacity of U (VI) increased via coordination and Lewis 
acid-base interaction, which is a result of the increase in functional 
groups containing oxygen. Tan et al. [71] for Hg (II) adsorption fabri
cated BC by modifying it with Na2S and KOH. They showed that the 
modifications were responsible for the increased BET surface area from 
32.85 to 55.58 m2/g for the Na2S BC treatment and to 59.23 m2/g 
following KOH treatment with concomitant Hg (II) retention efficiencies 
of 32.12 % and 76.95 %, respectively. The improvement of the mercury 
removal rate by Na2S BC could be due to the precipitation reaction be
tween Na2S on the surface of BC and Hg (II). Table 5 highlights the 
adsorption capacities of metal-biochar composites compared to un
modified biochar toward heavy metals. For example, for Cr (VI) 
removal, Zhang et al. [72] used magnetized biochar (MBC) and 
chitosan-modified biochar (CMBC). An increase in chromium retention 
capacities from 75.8 to 127 mg/g was observed for MBC and CMBC, 
respectively. The Cr (VI) adsorption performance of CMBC resulted 
respectively from electrostatic attraction (Fig. 5a), direct and indirect 
reduction (Fig. 5b and c), ion exchange (Fig. 5d and e), and chelation 
(Fig. 5f) between Cr (VI) and the C––C, OH, C–O, NH groups on the 
surface of CMBC.

5.2. Removal of organic contaminants

Organic compounds are often found in wastewater. Among these 
organic compounds dyes, pesticides, phenol, and antibiotics, because of 
their toxicity, complex aromatic structure, and non-biodegrability, are 
being given more attention. Table 6 is an illustration of the relative 
adsorption densities of metal-biochar composites reported for the 
remediation of organic pollutants. For example, Liu et al. [82] removed 
tetracycline (TC) using BC modified by chitosan and FeSx. This 
pre-treatment increased the maximum adsorption capacity for TC from 
51.78 to 193.01 mg/g. The mechanism entailed pore filling, electrostatic 
interactions, chelation and π-π stacking as shown in Fig. 6. Elsewhere, 
Eltaweil et al. [63] have prepared a magnetic biochar (nZVI/BC) for the 
abatement of Malachite green. They found that magnetising the biochar 
resulted in an 82 % increase in specific surface area for a maximum 
sequestration capacity of 515 mg/g induced by the oxidation and 
reduction of nZVI.

To remove phenol by photocatalytic degradation in water, Lisowski 
et al. [83] used ultrasound-assisted methodology to prepare TiO2-BC. 
The phenol degradation rate by UV-coupled TiO2-BC reached 64.1 % 

Table 4 
Physical properties of Biochar (BC) and metal-biochar composites.

Biomass Modification method Specific Surface area 
(BC) m2g− 1

Specific surface area 
(Modified BC) m2g− 1

Total pore volume 
(BC) cm3g− 1

Total pore volume 
(ModifiedBC) cm3g− 1

References

Ficus microcarpa 
aerial root

MnO2 686 284 0.95 0.35 [62]

Corn straw nZVI 44 80.10 0.13 ND [63]
Corn straw MnFe2O4 2.68 38.05 ND ND [64]
Corncob MgO 0.07 26.56 ND ND [60]
Leaf litter CeO2, MoS2 and 

magnetic
89.4 127.6 0.032 0.087 [65]

Peanut hull Zero valent iron 359.80 8.81 0.45 0.05 [66]
sugarcane harvest 

residue (SHR)
Fe(III) oxides 24.59 92.54 0.038 0.101 [67]

Pinus massoniana Manganese-oxide 369 361 0.200 0.194 [53]
corn stover ZnO/ZnS 102.9 397.4 ND ND [59]
Corn straw Ferromanganese binary 

oxide
61.90 71.64 0.036 0.114 [68]

Rice husk MnOx 234.8 430.2 0.101 0.092 [69]

ND: not determined.
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and 33.6 %, respectively, which, exceeded the performance of pristine 
biochar consistent with the increased BET surface area following 
impregnation with TiO2 and expanded porosity structure. Additionally, 
the inclusion of TiO2 ameliorated the visible light absorption capacity 
necessary for photocatalytic degradation. The composite was recyclable 
with reuse of up to 5 cycles before substantial loss of reactivity. Thus, the 
TiO2-BC prepared by this method had good cycle stability and high 
photocatalytic efficiency. Fig. 7 describes the mechanisms for the 
removal of phenol using a zinc oxide-modified biochar composite [84]. 
The paper, printing, and textile industries make extensive use of dyes, 
which are a group of organic contaminants. Recently, Rubangakene 
et al. [85] prepared green pea biochar (GPBC) and nano ferromagnetic 
green pea biochar (NFGPBC) by the ferrous/ferric coprecipitation 

synthesis method to remove methylene blue in aqueous solution. They 
showed that GPBC and NFGPBC had BET surface areas of 372.54, and 
147.88 m2g-1, and the corresponding maximum adsorption capacities 
(Qm) of 217.40, and 175.44 mg/g, respectively. The decrease in 
NFGPBC adsorption performance was attributed to the agglomeration of 
iron particles on the biochar surface. On the other hand, recycling and 
reuse of the synthesized GPBC and NFGPBC materials performed over 
five adsorption cycles revealed that NFGPBC demonstrated excellent 
cyclic performance by achieving a minimum loss of 8.9 % of capacity 
due to paramagnetic properties. Lu et al. [86] fabricated TiO2-biochar 
for the removal of methyl orange (MO). They revealed that TiO2-BC 
possessed a high degradation catalytic activity in MO (98.88 % of the 
percentage of decolourization and 83.23 % of the mineralization rate). 

Fig. 4. Degradation processes of organic and inorganic adsorbates on the surface of metal-oxide-biochar composites. Reproduced with permission from Weidner 
et al. [19].

Table 5 
Adsorption capacities of biochar-metal composites for the elimination of inorganic pollutants in aqueous solution.

Biomass Modification method Adsorbates Qe (mg/g) Qm (mg/g) % Removal References

bamboo residues Magnetic and Chitosan Cr(VI) ND 75.80 and 127 90.0 [72]
Peanut hull Zero valent iron Cr (VI) ND 223.20 100.0 [66]
Water hyacinth Graphene oxide Cr (VI) 47.80 150.00 95.6 [73]
Pinus massoniana Manganese-oxide Pb (II) 91.70 121.80 98.9 [53]
Carbonaceous biomass ZnS and magnetic Pb (II) 262.40 367.70 100.0 [74]
Corn straw MnFe2O4 Pb (II) 80.40 154.94 99.0 [64]
Leaf litter CeO2, MoS2 and magnetic Pb (II) 24.90 263.60 99.6 [65]
Rice husk MnOx Pb (II) 60.70 86.50 ND [69]
Rice husk 3D MnO2 Pb (II) 16.02 70.90 80.5 [75]
Rice husk hydroxyapatite Pb (II) ND 110.20 ≥99.5 [76]
Ficus microcarpa aerial root MnO2 U (VI) ND 24.60 82.0 [62]
Lufa cylindrical fiber MnO2 U (VI) ND 904.00 100.0 [67]
Corn straw Ferromanganese binary oxide Cd (II) 100.0 101.00 ND [68]
Straw Fe–Mn oxide Cd (II) ND 131.03 ND [77]
Rice husk 3D MnO2 Cd (II) 8.84 84.76 92.1 [75]
Rice husk hydroxyapatite Cd (II) ND 88.10 ≥99.5 [76]
Raw corn TiO2 Cd (II) ND 72.6 70 [78]
Corn straw Na2S Hg (II) 3.23 5.11 76.95 [71]
Straw Fe–Mn oxide Hg (II) ND 86.82 ND [77]
Corn stover ZnO/ZnS Cu (II) 27.05 91.20 38.98 [59]
Corn straw Ferromanganese binary oxide Cu (II) 71.40 64.90 ND [68]
Corn straw MnOx Cu (II) 19.60 160.00 ND [38]
Municipal solid waste KOH As (V) 33.20 31.0 100.0 [79]
Rice husk Ternary HA/Fe–Mn oxides As (V) 0.00 35.59 ND [80]
Rice residue Zr(OH)4–Fe3O4-Biochar As (V) ND 40.80 ND [81]

ND: not determined, Qe: equilibrium adsorption capacity, Qm: maximum adsorption capacity.
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After 5 cycles of repeated use, the TiO2-BC catalyst still exhibited a high 
activity towards MO degradation, where the decolourization efficiency 
and the MO mineralization efficiency reached 92.45 % and 76.56 % for a 
negligible loss of activity. Khataee et al. [87] also described the ultra
sonically catalytic mineralization of reactive blue 69 (RB69) by TiO2-
loaded biochar. They showed that the retention rate of RB69 by 
ultrasound/TiO2-BC was higher than that of ultrasound/BC (that is, 

98.1 % and 63.8 %, respectively). The presence of TiO2 increased the 
density of potential reactive sites on the solid surface and promoted the 
obtaining of –OH, radicals associated with the cracking of water mole
cules. In addition, the degradation efficiency of TiO2-BC was still 92.1 % 
after 5 cycles of reuse.

Table 6 
Adsorption capacities of biochar-metal composites for the elimination of organic pollutants in aqueous solution.

Precursor Pre-treatment method Adsorbates Qe (mg/g) Qm (mg/g) % Removal References

municipal waste sludge Chitosan and Fe/S Tetracycline 51.78 193.01 ND [82]
Hazelnut shell zero-valent iron Tetracycline ND 39.10 96.6 [88]
Orange peels LaCl3 Tetracycline ND 143.20 ND [89]
Camphor tree leaves ZnO Ciprofloxacin ND 449.4 ND [90]
Potato haulm MnOx Ciprofloxacin ND 8.37 ND [91]
Palm kernel Magnetic Phenol 3.20 10.84 52.9 [92]
Rice husk S-nZVI Nitrobenzene 550.00 588.20 100.0 [93]
Corn straw nZVI Malachite green ND 515.77 99.9 [63]
Bamboo TiO2/MgO/ZnO Methylene blue 15.80 62.50 ND [94]
Green pea peels Nano-ferromagnetic Methylene blue 217.40 175.44 ND [85]
Waste walnut shell TiO2 Methyl orange 77.5 ND 98.88 [86]
Paper and pulp sludge Fe2O3 Methyl orange 22.00 46.60 52.79 [45]
Macroalgae Fe2O3 Acid orange 7 ND 382 ND [95]

ND: not determined, Qe: equilibrium adsorption capacity, Qm: maximum adsorption capacity.

Fig. 5. Mechanisms of Cr (VI) sequestration onto metal-biochar composite. Reproduced with permission from Zhang et al. [72].

Fig. 6. The tetracycline binding mechanism onto metal-biochar composite. Reproduced with permission from Liu et al. [82].
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6. Remediation of contaminants from soil

The soil due to its versatility makes it more prone to pollution. A 
large variety of pollutants can be found in the soil. Heavy metals such as 
lead, arsenic, nickel, chromium, and organic contaminants are among 
the pollutants found in the soil. For the protection of animals and human 
health in contaminated soils, immobilization measures are essential. The 
efficiency of immobilization and elimination of heavy metal and toxic 
pollutants in the soil are driven by multiple mechanisms.

6.1. Remediation of heavy metals in soils

The efficiency of the metal-biochar composite in soil restoration is 
widely reported. This efficiency results from the high adsorption of 
inorganic pollutants by the metal-biochar composite, which restores 
nutrients, and controls the bacterial activity, and soil biota. For example, 
Fan et al. [96] fabricated sawdust-derived biochar-loaded nano-scale 
zero-valent iron (nZVI) and a Fe2O3 mixture to boost the immobiliza
tion ability of As. As mobility in the soil decreased compared to pristine 
BC treatment. This may be because of the co-precipitation and adsorp
tion as a result of amorphous FeOOH of nZVI on the BC surface. Gao 
et al. [97] then as well co-pyrolyzed rape straw and KH2PO4 mixture and 
synthesized a biochar composite that exhibited stupendous binding 
capability for three toxic heavy metals (Pb, Cu and Cd). Table 7 illus
trates the performance of metal-biochar composites in soil remediation. 
For example, Shen et al. [60] prepared MgO-recovered biochar for lead 
immobilization and recorded an immobilization rate of 50.71 % related 
to cation-π interactions enhanced by precipitation reactions on the 
surface of the biochar composite. Qiao et al. [98] prepared an iron 
phosphate nanoparticle-modified biochar (CMC@BC@ Fe3 (PO4)2) for 
cadmium reduction in soil and reported that Cd bioaccessibility was 
reduced by 80 %. Lyu et al. [99] synthesized an iron-based biochar 
composite for the immobilization of hexavalent chromium in soil. They 
showed that reduction/precipitation are the main mechanisms linked to 
Cr (VI) immobilization. Su et al. [100] developed a nanoscale 
iron-modified biochar (nZVI@BC) for Cr (VI) immobilization and re
ported that the zero-valent iron in the biochar reduced Cr (VI) in the soil 
to Cr (OH) 3 for a removal rate of 100 %.

The immobilization mechanisms were postulated to include direct 
precipitation and complexation reactions between the heavy metals, 
phosphate, and –OH on the surface of the metal-biochar composite or 
could be indirectly related to the enhanced encapsulation of metal ions 
with an increase in pH and available soil phosphorus.

6.2. Remediation of organic and other pollutants in soils

Adsorption, plaque formation and microbial stimulation are the 
main mechanisms by which metal-biochar composites immobilize 
organic adsorbates in soils. For example, Tan et al. [104] showed that 
the use of iron oxide-based biochar in soils leads to the formation of an 
iron plaque, which is responsible for the reduction of the pesticide 
chlorpyrifos. Heo et al. [105] reported that hydrogen bonding and π-π 
interactions controlled the binding of bisphenol and sulfamethoxazole to 
CuZnFe2O4-loaded biochar in soil. Furthermore, Fen et al. [106] showed 
that Nano-Ce2O functionalized biochar (Ce-MSB) can retain 22.33 % of 
phosphate in soil via chemisorption. Riddle et al. [107] reported the 
efficiency of a magnesium (hydrous) oxide-coated biochar to bind 75 % 
of phosphate in soil. Oleszczuk et al. [108] prepared a zero iron 
nanoparticle-modified biochar for the degradation of polycyclic aro
matic hydrocarbons (PAHs) in soil. They reported that nZVI-BC had the 
same sequestration properties as pristine BC for a degradation rate of 82 
% of PAHs. Fig. 8 is a pictorial representation of a detailed mechanism 

Fig. 7. Photocatalytic degradation process of phenol by ZnO-BC. Reproduced with permission from Zhang et al. [84].

Table 7 
Efficiency of metal-biochar composites in soil remediation.

Biochar composite Studies % 
Removal

References

MgO-Biochar Lead immobilization in 
soil

50.71 [60]

CMC@BC@Fe3(PO4)2 Cadmium reduction in 
soil

80.00 [98]

CMC-FeS@ Chromium 
immobilization in soil

94.70 [99]
nZVI@BC 100 [100]
nZVI/BC Arsenic immobilization in 

soil
93 [96]

Hydroxyapatite-Biochar Immobilization of 
Cadmium and Lead in soil

87.80 and 
92.90

[76]

Immobilization of 
Cadmium and Lead the 
Chinese cabbage shoots

95.40 and 
97.20

Fe(II)-Biochar Immobilization of 
Cadmium in wheat and 
rice grains

16 and 54 [101]

Fe(II)-Biochar Immobilization of Arsenic 
in wheat and rice grains

48 and 44

Iron-biochar composite Immobilization of 
Cadmium and Arsenic in 
soil

36.40 and 
24.80

[102]

Ferromanganese oxide 
biochar composites

Reduction in the 
concentration of arsenic 
in rice grains

78.30 [103]
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for the sequestration of toxic pollutants using a metal biochar composite.

7. Limitation of the metal-biochar composite

Metal-biochar composites, because of their combined properties, are 
novel materials for solving environmental pollution. Nevertheless, these 
composites are not without inherent limitations and challenges, which 
include.

i The synthesis method, regeneration method and identity of the 
metal and biochar source all affect the textural properties, surface 
functions, and efficiency in immobilizing pollutants and pres
ently may be difficult to determine a priori. Machine learning may 
be employed to better predict the dependence of the properties on 
the aforementioned variables.

ii Applications of metal-biochar composites can lead to leaching of 
metals present on the surface of biochar into the environment and 
consequently cause secondary pollution and toxicity to wildlife 
[40,64,109]. Thus, the innovation of more "green" synthesis and 
manufacturing methods is necessary. The use of more toxic metal 
ions should be discouraged.

iii The utilization of metal-biochar amalgam to ameliorate soil 
properties and for immobilization contaminants can have a sig
nificant short- and long-term influence on the aggregation, sur
face potential, pH and density of soils. Control of these 
physicochemical characteristics should be monitored during 
application.

iv The production of metal-biochar composite requires kilns where 
the temperatures need to be maintained at 400–700 ◦C for several 
hours, generating carbon gases and a lot of thermal energy. Re
covery of gas emissions is necessary to reduce carbon footprint in 
the environment.

vii The use of metal biochar composites in soil can generate geno
toxicity in ground glass due to the increase in pH at high metal 
concentrations in the soil.

Although the advantageous properties and durability of these 
biochar-based composites have already been addressed and discussed, 

the cost of production of these must also be taken into account before 
implementation at an industrial scale.

8. Future perspectives

This review paper noted the need for extended research on the 
development of improved and green synthetic routes for metal-biochar- 
loaded waste and their use in the fight against pollution. Studies on life 
cycle assessment (LCA) of metal-biochar composites, cost analysis, pilot- 
scale studies, and health and environmental risks are also critically 
needed for a comprehensive view of the subject for practical application. 
LCA allows for assessment of the feasibility and sustainability of metal- 
biochar composites for application in industrial scale or field applica
tion, and unforeseen challenges unpredicted from laboratory-scale 
studies. Machine learning studies are required to predict and optimize 
the properties of metal-biochar composites and their performance to 
save on synthesis costs and to better understand their chemistry using 
the existing literature. A similar approach has been used for other ad
sorbents [110].

9. Conclusions

This review provides a succinct critique and summary of the prepa
ration and utilization of metal and metal oxide decorated biochar 
composites for the effective sequestration of various environmental 
contaminants from soil and wastewater and the interaction mechanisms 
involved. The role of metal-biochar composite is to provide reliable and 
sustainable approaches for dealing with traditional and emerging con
taminants. Metal-biochar composites are promising novel materials for 
the efficient sequestration of noxious contaminants from environmental 
compartments such as soil and water. The known problem is the po
tential release of fine particles into the environment during the appli
cation of metal-biochar composites, causing biological toxicity among 
other human health risks. Therefore, it is important to explore the 
development of more green synthesis and fabrication methods and 
monitor the fate of the metal ions. Although biomass or feedstock for 
biochar is readily available, the overall cost of production could be 
relatively high, because of factors such as synthesis materials and energy 

Fig. 8. Properties and removal processes of toxic pollutants from soils using metal-biochar composites. Reproduced with permission from Mandal et al. [22].
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for pyrolysis.
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