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Abstract
The preparation of biochar (BC) as a useful substance generated from biomass valorization via pyrolysis has attracted much 
attention in recent years. Moreover, widespread worries about water pollution and the issues brought on by producing and 
releasing massive volumes of industrial effluents have sparked research initiatives to examine practical and affordable solu-
tions to these problems. Dyes, heavy metals, and pharmaceutical compounds are the main hazardous pollutants in industrial 
wastewater. As a result, biochar (BC)/biochar (BC)-based nanocomposites have been presented as a potential alternative to 
handle wastewater pollution with both adsorption and photocatalytic degradation processes. Such nanocomposite materials 
benefit from the synergistic effect of adsorption and photocatalysis to attain improved removal of pollutants from industrial 
wastewater. Therefore, this review aims to describe different preparation methods for biochar and biochar-based nanocom-
posites. Furthermore, the differences between the adsorption and photocatalytic degradation processes are discussed. BC-
based nanocomposites have emerged as promising adsorbents and photocatalysts for wastewater treatment applications. To 
maximize the efficiency of these processes, an overview of the parameters affecting pollutants removal from wastewater via 
adsorption and photocatalytic degradation processes is reviewed, where biochar dose, initial pollutant concentration, pH, 
temperature, time, the presence of different anions, and recycling are discovered to have a significant impact on their per-
formance. Finally, future recommendations and research directions are provided to help shape the applications of BC-based 
nanocomposites for wastewater treatment applications. This review offers a comprehensive evaluation of the use of biochar 
as a new environmental material capable of removing pollutants from wastewater.

Keywords Adsorption · Biochar-based nanocomposites · Biomass valorization · Photocatalytic degradation · Pyrolysis · 
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Abbreviations
AO  Ammonium oxalate
BC  Biochar
BET  Brunauer–Emmett–Teller
BJH  Barrett-Joyner-Halenda
BPA  Bisphenol A
BQ  1,4-Benzoquinone
CB  Conduction band
CNT  Carbon nanotubes
CR  Congo red

CTAB  Cetyl trimethyl ammonium bromide
DMSO  Dimethyl sulfoxide
DRS  Diffuse reflectance spectroscopy
EDS  Energy-dispersive spectroscopy
EDTA  Ethylenediaminetetraacetate
FTIR  Fourier-transform infrared spectroscopy
HRTEM  High-resolution transmission electron 

microscopy
HTC  Hydrothermal carbonization
IPA  Iso propanol
MB  Methylene Blue
MBC  Magnetic biochar
MC  Mancozeb
MO  Methyl orange
NCs  Nanocomposites
NPs  Nanoparticles
OCPs  Organochlorine pesticides
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pHPZC  pH at point of zero charge
PL  Photoluminescence
RhB  Rhodamine B
ROS  Reactive oxygen species
Saf  Safranin O
SEM  Scanning electron microscope
SSA  Specific surface area
TA  Terephthalic acid
TEM  Transmission electron microscope
UV-Vis  UV-visible
VB  Valence band
XPS  X-ray photoelectron spectroscopy
XRD  X-ray diffraction
π-π EDA  π-π electron donor-acceptor

1 Introduction

The capacity of industrial manufacturing worldwide rose 
from 1.2 to 2.3 billion tons between 2000 and 2017, respec-
tively, as a result of the fourth industrial revolution, increas-
ing consequently the industrial effluents that discharge into 
water sources. These wastes are responsible for the death of 
about 1.6 million people in 2018, according to the World 
Health Organization (WHO) [1, 2]. Heavy metals, organic 
dyes, pesticides, phenols, wastewater pollutants from petro-
leum refineries, and some other typical industrial chemicals 
are examples of wastewater pollutants that are hazardous, 
refractory, and nonbiodegradable (persistent). For dyes for 
example, an estimated 15% of the world’s total dye produc-
tion is wasted during the dyeing process and discharged in 
the effluents from the fabric industry. By 2030, as compared 
to 2017, the number of chemical industries and hence their 
produced wastes/pollutants are anticipated to double. As a 
result, increasing public awareness of the dangers that syn-
thetic chemicals pose to the environment and human health 
as well as improving waste management and pollution 
reduction are both necessary [3]. Moreover, by 2025, over 
one billion people will likely experience a water shortage, 
making the United Nations Sustainable Development Goal 
6 (UN-SDG:6); calls for access to clean water and adequate 
sanitation; a top priority [4, 5].

As a result, solid waste-based materials have been intro-
duced as a promising candidate to handle wastewater treat-
ment, i.e., removing waste by waste to achieve dual goals 
(solid waste management and wastewater treatment in one 
process). The solid wastes produced by people's activities 
can be divided into three categories: industrial, agricultural, 
and municipal solid wastes [6]. The industrial waste can 
include hazardous materials and is created throughout the 
manufacturing, construction, and mining processes. Animal 
dung and crop remnants are examples of agricultural waste 
produced by farming operations. Food waste, paper, plastic, 

and other household products are all included in municipal 
waste, which is produced by homes, businesses, and institu-
tions. According to some predictions, the world population 
will soon surpass 10 billion people, at which point there 
will be a significant increase in the requirement for food and 
other agricultural goods as well as the generation of agricul-
tural solid waste. Worldwide, 7–9 billion tons of waste are 
produced annually [7, 8]. These wastes, including munici-
pal, industrial, and hazardous wastes, have an impact on a 
variety of ecosystems, including soil (pH, texture, nutrient 
retention, and water holding capacity changes), water (pH, 
BOD, and COD that affect aquatic life), and air (decompo-
sition of waste releases greenhouse gases), which in turn 
has an impact on human life and health in various ways. 
Recent reports have extensively discussed the thermochemi-
cal techniques that are used to produce biochar (BC) from 
these solid wastes. With different functional groups, wide 
surface area, high cation exchange capacity, high porosity, 
reusability, and stability, biochar is regarded as a practical 
and environmentally friendly substance [9–13].

Biochar can be produced from biomass via carboniza-
tion in the absence of oxygen (or in the presence of only 
a small amount). The main components of biochar are H, 
O, N, S, and C. The composition of the biochar and its fea-
tures depend on the type of feedstock (lignocellulosic bio-
mass), as well as the circumstances of preparation, such as 
temperature, biomass load, pressure, solvent, and catalyst. 
These key variables specify how much and what kind of 
biochar the thermochemical conversion processes produce. 
Pyrolysis, hydrothermal carbonization, gasification, and tor-
refaction are all considered forms of carbonization [14, 15]. 
According to operating circumstances such as temperature, 
residence time, heating rate, and pressure, these methods 
differ in terms of their respective co-products and maximum 
yields. Low carbonization temperatures (300–400 °C) lead 
to low porosity biochar. The most porous biochar is pro-
duced by carbonization at medium temperatures (400–700 
°C), and it also has higher aromaticity, which encourages the 
interaction of electron donors. The oxygen and nitrogen sur-
face groups could enhance functionality and serve as elec-
tron acceptors on the biochar surface at moderate pyrolysis 
temperatures [16–18].

Due to its stable structure, substantial specific surface 
area and pore volume, and abundance of active functional 
groups, biochar offers a wide range of application prospects 
in environmental remediation, particularly for wastewater 
treatment. Biochar is commonly used as an adsorbent mate-
rial or catalyst in wastewater treatment for the removal of 
dyes, heavy metals, and other pollutants. It is essential to 
highlight that biochar's adsorption capacity is constrained, 
despite the fact that it may be manufactured from a range 
of easily accessible sources at a low cost. Due to their tiny 
surface areas and naturally negative surface charges, pristine 
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biochar often has a low capacity for adsorption, making it 
difficult to be used in highly concentrated effluent streams. 
Separating biochar from treated water is also challenging 
due to low density, tarry material leaching, and tiny particle 
size [19–21].

In order to get beyond biochar's limiting application, 
numerous experiments have been done to create innova-
tive biochar-based nanocomposites by loading the biochar 
with a range of functional nanoparticles. These studies use 
biochar as the supporting material to anchor various nano-
materials. The novel composite materials have better phys-
icochemical characteristics than pristine biochar, including 
more surface-active sites, a high specific surface area, higher 
porosity, stronger stability, and improved reusability. Dif-
ferent synthesis methods or altering the ratio and composi-
tion of the carbon matrix and nanomaterials can be used 
to create a range of composites. These innovative compos-
ites increase the potential to effectively adsorb and degrade 
various pollutants in wastewater by combining the superior 
catalytic characteristics of nanoparticles with the benefits 
of biochar's affordable price and reasonably high adsorption 
capacity [22, 23]. Furthermore, these composites provide a 
synergistic effect between the benefits of adsorptive biochar 
and the production of free radicals by the loaded nano-cata-
lysts. Doping photocatalysts with non-metals (biochar) can 
improve the absorption of visible light, which has additional 
benefits. One of the most effective ways to remove various 
pollutants from wastewater and gaseous streams is adsorp-
tion. The contaminants are removed from the effluent during 
the adsorption process by being adsorbed on the active sites 
of the adsorbent. The fundamental mechanisms by which 
pollutants are efficiently adsorbed onto biochar are pore-fill-
ing, electrostatic interaction, creation of H—bonds, and π-π 
interaction between the biochar and the pollutants [24, 25].

Since wastewater pollutants are complex, advanced oxida-
tion processes (AOPs), particularly photocatalytic degrada-
tion processes, are frequently used in wastewater treatment. 
Organic pollutants, nonbiodegradable chemicals, can be 
quickly degraded by AOPs into smaller or highly biodegrad-
able fragments via the generation of some reactive oxygen 
species (ROS) mainly hydroxyl radicals (•OH) and superoxide 
ions (•O2). Furthermore, because of its abundance of oxygen-
containing functional groups, strong activation capability, and 
affordable production, biochar exhibits unique benefits as a 
catalyst in AOPs. In order to remediate pollutants through these 
processes, there has been an increase in interest in the study 
of the application of BC and BC-based nanocomposites for 
adsorption and combined usage with AOPs. This is an excellent 
chance to switch from a linear, single-component method to a 
multi-component one for wastewater treatment [26].

This review aims to summarize the synthesis methods 
of biochar and biochar-based nanocomposites from solid 
wastes, discussing the difference between these methods 

and their impact on the produced biochar. Also, to sum-
marize the application of biochar-based nanocomposites 
in wastewater treatment via adsorption and photocatalytic 
degradation processes for the removal purposes of the pre-
sent toxic pollutant. In addition, many factors that affect the 
mentioned wastewater treatment processes, e.g., biochar 
dose, pollutant concentration, pH, temperature, presence of 
anions, recycling etc., are discussed. The obstacles, as well 
as the future directions for BC-based nanocomposites for 
wastewater treatment applications, are mentioned.

2  Biochar

Biochar, which is distinguished by its rich carbon content, is 
produced by thermally processing biomass and agricultural 
wastes with little to no oxygen. It typically forms at tem-
peratures between 400 and 700 °C. The varied biomass feed-
stock, the pyrolysis type, and the processed temperature, as 
well as its rate, are all factors that affect the physicochemical 
properties of biochar [27]. Publications regarding biochar 
and its applications in adsorption and photocatalytic deg-
radation from 2017 up to 2021 have been growing rapidly 
(Fig. 1), which indicates that the application of biochar as 
promising adsorbents/ photocatalysts for wastewater treat-
ment has gained the intensive interest of scientific research-
ers around the world.

2.1  Preparation of biochar

Thermochemical techniques such as pyrolysis, hydrothermal 
carbonization, and gasification have all been developed in 
order to obtain biochar (BC) from biomass in addition to 
bio-oil and non-condensable gases as byproducts. Pyrolysis, 
sometimes referred to as the devolatilization process, is the 
thermal breakdown of organic material by the application 
of heat at temperatures ranging from 250 to 900 °C in an 
oxygen-restricted or inert environment. One of the biggest 
benefits of this process is that it turns the feedstock into bio-
char, a substance rich in carbon that can produce synthetic 
gas and biofuel at higher temperatures or energies [28]. The 
cellulose, hemicellulose, and lignin in the feedstock undergo 
cross-linking, fragmentation, and depolymerization during 
decomposition to produce biochar, bio-oil, and syn-gas. The 
temperature, residence time, heating rate, and the utilized 
feedstock during the pyrolysis process all affect how much 
biochar is produced and characterized. The improvement 
of BC production conditions, particularly for agricultural 
and environmental usages, is a current effort to increase the 
quality of the prepared BC. Both fast and slow (traditional) 
conditions can be used for pyrolysis. Charcoal has been cre-
ated by slow pyrolysis for countless years. The conversion 
of biomass into BC is typically referred to as slow pyrolysis 
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when a long residence period (> two hours) is used. This 
method produces BC, bio-oil, and gas in nearly the same 
amounts regardless of the type of biomass used, and it uses 
a variety of reactor types to operate at atmospheric pressure. 
In general, a high BC yield is produced at slow pyrolysis 
conditions. Lignin and ash are present in large quantities 
in BC. Consequently, the particle size of produced BC is 
somewhat huge [29, 30].

Fast pyrolysis, on the other hand, is the process of heat-
ing biomass to reasonably high temperatures (500–1000 °C) 
over a brief period of time. When compared to slow pyrolysis, 
this method produces excessive quantities of bio-oil and non-
condensable gases while producing comparatively little BC 
[31]. Biomass is typically pre-dried for quick pyrolysis (to less 
than 10 % water content) [32]. In general, plant tissues contain 
inorganics like S, P, and Cl as well as cations like  K+,  Na+, 
 Ca2+,  Mg2+,  Fe3+, and  Al3+. During the thermal processing of 
biomass, Al, Si, and P can hinder the biochar reactivity dur-
ing their interactions with metals, resulting in the creation of 
aluminates, silicates, and phosphates, respectively. By raising 
the pyrolysis temperature (to around 700 °C), heteroatoms are 
eliminated, and the reactions can cause the formation of the 
graphene layer. Additionally, sulfur is released from the char 
content at temperatures below 500 °C degrees due to protein 
degradation. However, some of these elements combine with 
metallic elements like K and Ca to generate  K2S and CaS, 
respectively, and this portion is what remains in the biochar 
[33]. At low temperatures, large molecules, such as heter-
oatoms, can prohibit the graphene-like layers from closing, 
which leads to the creation of micropores. Alkaline earth met-
als, on the other hand, inhibit the synthesis of such molecules, 
which reduces the porosity of the biochar.

The hydrothermal carbonization process (HTC) is 
regarded as a practical method for producing biochar since it 
can be carried out at low temperatures between 180 and 250 
°C. In order to set hydrothermal carbonization apart from 
other manufacturing methods, the name "hydrochar" is given 

to the final product. The feedstock and water are combined in 
this procedure, and the reactor is then sealed. In order to pre-
serve stability, the temperature is raised gradually. Hydroly-
sis, dehydration, decarboxylation (which releases  CO2), and 
aromatization are just a few of the processes that happen 
throughout the process. Since HTC does not require drying 
of the used biomass before the process, it can create biochar 
or hydrochar with a higher carbon content than other pro-
cesses because most biomass contains moisture and needs 
to be dried separately. By lowering the hydrogen to carbon 
(H/C) and oxygen to carbon (O/C) ratios, this process, which 
occurs at high temperatures and pressures, produces hydro-
char that is rich in carbon [11, 34].

Torrefaction is a thermal process for producing high-
quality solid biofuels in an oxygen-restricted environment 
under atmospheric pressure. It is a developing method for 
the manufacture of biochar. In fixed bed reactors, the torre-
faction process occurs. The end result is a stable, homoge-
neous, high-grade biofuel with greater energy and calorific 
value than the input feedstock. This allows for considerable 
logistical, handling, and storage advantages as well as a wide 
range of applications. When the temperature is between 200 
and 300 °C, the residence duration is shorter than 30 min, 
the heating rate is less than 50 °C/min, and there is no oxy-
gen present, torrefaction, a type of incomplete pyrolysis, 
takes place. The wastes from forestry and agriculture are 
more suitable for the torrefaction process, in which cellu-
lose decomposition occurs above 280 °C and hemicellulose 
decomposition occurs at 240 °C [35].

Another thermochemical process called gasification con-
verts organic material into small amounts of CO,  CO2,  H2 
gas, and methane  (CH4). Gasification takes place at high 
temperatures between 700 and 800 °C in a regulated oxygen 
environment. The majority of the products are gases, with 
BC coming in second place (around 10%) and liquid prod-
ucts coming in last (in very small amounts) [28]. According 
to Fig. 2, the type of process, synthesis circumstances, and 

Fig. 1  Evolution of the number of publications on the application of biochar for adsorption (a) and for photocatalytic degradation (b) between 
2017 and 2022 (data obtained from Scival on  6th July 2022, keywords used for the search were “biochar”, “adsorption”, and “photocatalysis")
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feedstock material are mostly responsible for the character-
istics and effectiveness of the biochar that is formed [36].

The pyrolysis temperature had an effect on the BC sam-
ples morphology. For this regard, Vieira et al. [30], studied 
the morphology of BC obtained from rice husk (RH) at dif-
ferent pyrolysis temperatures 300, 400, and 500 °C. It is 
possible to notice the morphological differences between 
RH and BC samples, and between BC samples obtained at 
different temperatures, Fig. 3. SEM of RH (Fig. 3a) shows 
peaks and globular forms distributed along a dense surface, 
without the existence of apparent superficial faults. If com-
pared to RH, Fig. 3b shows that the surface of BC obtained 
at 300 °C presented smaller peaks and more dispersed and 
irregular globular forms. Moreover, there were holes on the 
surfaces, which are possibly due to the removal of volatile 
matter and lignocellulosic content. The proximate analysis 
showed that there is a large amount of volatile matter in this 
BC sample. For the BC sample at 400 °C (Fig. 3c), there are 
no original peaks on the surface and there are not as many 
globular structures as before, but an increase in size and 
quantity of holes. For this BC sample, the proximate analysis 
indicated significant amounts of unextracted volatile matter, 
but in smaller quantities than in samples collected at 300 °C. 
Thus, pyrolysis at 400 °C has also been interrupted before a 
complete devolatilization of the biomass sample. For the BC 
sample at 500 °C (Fig. 3d), the original structures became 
non-existent, and a new morphology can be seen as channels 
along the entire surface. Possibly, these visible structures are 
mostly attributed to lignin [37]. The proximate analysis of 
these BC samples showed average volatile matter content of 
4.56%, thus indicating that the pyrolysis process was more 
effective than other BC collected at lower temperatures. 
Other authors presented similar results [37–39].

Table 1 lists some of the detected effects of pyrolysis tem-
perature on BC characteristics. The conversion of solid waste 
to BC frequently fulfils the sustainability criteria. For exam-
ple, a wastewater treatment facility produces sewage sludge, 
an organic waste with high levels of nitrogen, phosphorus, 

and micronutrients that requires an effective management 
approach to prevent further environmental problems [40].

2.2  Biochar‑based nanocomposites

Biochar-based nanocomposites with the best features of 
both materials could be prepared by nanomaterial engi-
neering. The limitations of employing pristine biochar 
when trying to remove contaminants from an aqueous 
solution are solved through the synthesis of biochar-
based nanocomposites. The following two techniques are 
primarily used to prepare biochar-based nanocomposites: 
(1) integrating nano-metal or their hydroxide; (2) pre-
treating biomass or post-treating the pyrolyzed biochar 
with the metal salt [49, 50]. The properties of biochar 
nanocomposite can be improved by merging the bene-
fits of nanomaterials with the presence of several func-
tional groups in pyrolyzed biochar, for example —OH, 
—COOH, and amino acids. These functional groups are 
crucial to the use of biochar, particularly when it comes 
to the removal of different pollutants from wastewater. 
Additionally, the nanocomposites are more effective 
due to their intrinsic large specific surface area, which 
results from the properties of both the nanomaterial and 
the biochar. Researchers have looked into adding nano-
particles to biochar, and they discovered that it improved 
its physicochemical characteristics. The research made it 
possible to address the problems associated with using 
pristine biochar for wastewater treatment by overcoming 
its basic limits [51]. Although some of the nanoparticles 
contained in the matrix could leak into treated water if 
not securely anchored, interests have been raised con-
cerning the stability of these biochar-based nanocom-
posites after being used. The usage of magnetic biochar 
nanocomposites has been investigated to address these 
issues. With the extra benefit of recycling the nanocom-
posites after being used, this method might make it sim-
ple to separate the magnetic nanocomposite, even with 

Fig. 2  Sustainable concept of biochar production with different techniques [36]
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a regular magnet. According to research, the magnetite/
biochar nanocomposite prepared by pre-treating biomass 
with  FeCl3 composites had exceptional ferromagnetism 
capabilities that allowed the composite to adsorb pollut-
ants containing arsenic [52]. Moreover, there have been 
reports of carbon nanotubes (CNT) being incorporated 
into BC. CNT-BC composites were able to possess a high 
surface area (359  m2/g) and a greater pollutant adsorp-
tion effectiveness due to the high surface area of BC 
and the CNTs. Similar outcomes were shown when gra-
phene was pre-treated with wheat straw biomass waste 
using a slow pyrolysis process, and the graphene coating 
on the surface of the BC upgraded the surface proper-
ties. In contrast to the limited adsorption characteristics 

displayed by the pristine biochar, additional functional 
groups were added, and excellent adsorption of phenan-
threne and mercury pollutants was observed [53].

2.3  Preparation of biochar‑based nanocomposites

The sol-gel, hydrothermal, mechanical mixing, and sonica-
tion treatment processes are the most frequently used tech-
niques for preparing biochar-based nanocomposites. The 
best-recorded performances of biochar-based nanocom-
posites have also been achieved by the mechanical mixing 
technique. For example, Salvinia molesta-based biochar has 
been impregnated with  TiO2 using mechanical mixing. The 
resulting composite performed superior to one made using 

Fig. 3  SEM images (magnification x 1500) of husk rice (a) and samples of rice husk biochar obtained at 300 °C (b), 400 °C (c), and 500 °C (d) [30]
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the sol-gel approach. The ratio of BC and  TiO2 precursor 
materials may have a more significant impact on the com-
posite's photocatalytic performance than the impregnation 
process [54]. Innovative, practical, sustainable, and uncom-
plicated approaches must be used for the synthesis routes. 
As a result, depending on the precursor materials and the 
method employed to produce the composite, the properties 
of nanocomposites differ significantly. The surface areas of 
the BC-TiO2 nanocomposites are typically lower than those 
of pristine BC but substantially higher than those of  TiO2. 
For example, under identical experimental circumstances, 
the surface areas of  TiO2, BC-TiO2, and BC were 0.39, 102, 
and 1058  m2/g, respectively [55]. Due to the nanoparticles' 
adhesion to BC's active areas, the surface area of BC is 

decreasing. In addition, mesoporous surface structures of BC 
are more practical for  TiO2 composition than microporous 
ones in order to prevent the risk of pore structure blocking. 
Meanwhile, the adsorbents' cationic or anionic surface func-
tional groups encourage chemical interactions, particularly 
their ability to remove ions through ion exchange [56]. The 
illustration of the BC-TiO2 production process as a model 
for BC-based nanocomposites using the sol-gel, ultrasonic, 
and hydrothermal techniques is shown in Fig. 4. The hydro-
thermal method is a widespread solution-based reaction 
technique that operates in a wider temperature range, from 
ambient temperature to moderately high temperatures. This 
approach has the benefit of morphological control based 
on high or low temperatures. Additionally, this technology 

Table 1  Effects of BC production temperature on its properties

a ) CEC, cation exchange capacity; AEC, anion exchange capacity; PZSE, point of zero salt effect; PZNC, point of zero net charge

BC type Condition Main properties Ref.

White-wood BC High temperature No acidic functional groups as they are lost under high temperature. [41]
Corn-stover, red-oak BC Moderate temperature (500 °C)

High temperature (700 °C)
High CEC, but low AEC, PZSE and  PZNCa

Low CEC and high AEC, PZSE and  PZNCa
[42]

Coppiced wood-lands BC High temperature crop residue 
and manure BC

High ash content [43]

Sugarcane bagasse BC Pyrolysis at (300–600 °C) By increasing the used temperature, the BC’s average pore diameter 
is decreased.

[28]

Cow manure-loaded BC Low temperature There are volatile organic compounds (VOCs). [44]
Pitch pine BC Pyrolysis (300–500 °C) By increasing the used temperature, the BC yield is decreased from 

60.7% to 14.4%
[45]

Miscanthus BC Temperature > 360 °C High thermal and biological resistance to degradation [46]
Hardwood oak-based wood pellets Pyrolysis (400–600 °C) Increasing the used temperature, converting the labile C forms to 

aromatic C structures in BC
[47]

Boiled radix isatidis residue BC Pyrolysis (300–700 °C) Increasing temperature results in a reduction of VOCs, strengthens 
the carbon enrichment

[48]

Fig. 4  The preparation of BC-TiO2 nanocomposites using different methods [26]
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makes it simple to control the composition, size, and forms 
of a variety of high-quality crystalline nanomaterials. The 
main drawbacks of this approach are that it requires pricey 
autoclave equipment and that the chemical reaction occurs at 
a temperature and pressure that are relatively high. The sol-
gel technique (a wet chemical process) can prepare a range 
of high-quality BC-based nanomaterials. The benefits of this 
process include the ability to operate at a range of tempera-
tures, the fabrication of homogeneous and pure nanomateri-
als, and the simplicity with which complicated nanostruc-
tures and composites can be fabricated. Nevertheless, the 
drawbacks include a prolonged processing time and a high 
precursor cost [57]. Due to its easy-to-use, eco-friendly, and 
quick nature, as well as its ability to produce smaller-sized 
nanomaterials and a variety of different nanostructures, 
ultrasonic techniques have seen significant growth recently. 
The sonochemical reduction rate is governed by the ultra-
sonic frequency being used.

3  Wastewater treatment applications

For treatment of various wastewater pollutants, many pro-
cesses have been established such as precipitation, ion-
exchange processes, sedimentation, biological treatments, 
adsorption, and photodegradation using heterogeneous 
photocatalysts, etc. Among these mentioned techniques, the 
adsorption and the photocatalytic degradation stands out as 
promising processes due to their advantageous as mentioned 
below [58–60].

3.1  Adsorption process

One of the most significant processes for the removal of 
various environmental contaminants is adsorption, which is 
regarded as a sustainable, scalable, practical solution to com-
bat environmental pollution. Adsorption is a flexible process 
because of its distinct qualities, including energy concerns, 
cost-effectiveness, and simplicity. By means of physical or 
chemical forces, pollutants can move from the liquid phase 
to a solid phase in a process known as adsorption. Several 
adsorption mechanisms, including H—bonding, electro-
static, π–π interactions, and mixtures of these interactions, 
are required for the removal of hazardous pollutants. Due to 
its efficiency, economy, and environmental friendliness, the 
adsorption method has been widely employed in industrial 
wastewater treatment and soil remediation [61, 62]. Gen-
erally, researchers have given adsorption a lot of thought, 
and a number of materials have been prepared to help with 
the adsorption of pollutants from wastewater. Because they 
have specific adsorption properties on different pollutants, 
conventional adsorbents such as activated alumina and resin 
are widely used. To address the challenge that there are poor 

adsorption performances for some pollutants, finding novel 
forms of adsorbents with high performance, cheap cost, 
recyclability, and simple application is highly recommended. 
As a suitable loading matrix, biochar and nanocomposites 
based on it are currently one of the most important research 
topics [63].

3.2  Photocatalytic degradation process

Photocatalysis has been presented as one of the most effec-
tive methods for degrading organic pollutants. This is due 
to its being straightforward, has a high-efficiency rate, 
eliminate harmful organic compounds without spreading 
pollutants from one phase to another, reproducible, safe for 
the environment, and simple to handle [64–66]. Photocata-
lyst is the backbone of the photocatalysis process that is 
responsible for the process performance. As an alternative 
to pristine BC and photocatalysts, BC-based nanocompos-
ites have been developed. BC serves as an electron acceptor 
in nanocomposites and significantly improves photodeg-
radation performance. Particularly extensive applications 
in catalytic degradation can be found for photocatalytic 
BC-based nanocomposites. The preparation of these nano-
composites using metallic oxides and waste products can 
improve both the management of environmental wastes and 
the removal of contaminants. The surface area and active 
sites of BC nanocomposites are increased while stability 
and dispersion are improved [19, 67]. One advantage of BC 
nanocomposites that contain photocatalytic nanoparticles 
is a reduction in the energy band gap. Because of their 
light sensitivity, non-toxicity to the environment, chemical 
stability, abundance, and low cost, semiconductor materi-
als like  TiO2 nanoparticles make effective photocatalysts. 
The broadband gap and quick electron-hole pair recombi-
nation are a problem for this semiconductor. Although it 
is currently expensive and impractical to dope transition 
metals, combining them with BC in hybrid systems is a 
potential way to close such gaps. Metal doping has benefits 
like narrowing the band gap and enhancing the absorption 
of visible light, but it also has drawbacks like low thermal 
stability of composites, generation of secondary pollution, 
and photo-corrosion, and an increase in the rate of recom-
bination of electron-hole pairs when present in excess [68]. 
Before applying the nanocomposite on a pilot or indus-
trial scale, it is crucial to stabilize it to lessen its adverse 
effects. The synergetic photocatalytic degradation of pol-
lutants is now the preferred method over BC adsorption. 
This hybrid process provides a preferred way to deal with 
the complicated and varied types of polluted wastewater. 
With their diverse surface chemistry, BC nanocomposites 
have strong interaction capabilities to deal with a variety 
of pollutants that are present in different concentrations at 
the same time.
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The photocatalysis process is based on the reaction between 
pollutants and strong oxidizing and reducing agents  (h+ and  e—) 
produced by UV or visible light irradiation on photocatalyst 
surfaces. When exposed to light (UV, visible, or solar light), 
photocatalytic processes primarily use semiconductor catalysts 
like CuO,  SnO2,  TiO2,  Fe2O3,  Fe3O4, and ZnO to degrade pol-
lutants. When exposed to light, the photocatalyst is activated, 
causing photogenerated electrons to move from the valence 
band (VB) to the conduction band (CB), creating electron/hole 
pairs  (e— /h+) [69, 70]. After the production of the electron-
hole pair, the reduction at the surface of the photocatalyst is 
occurred by the photogenerated electron  (e—) and oxidation 
at the surface of the photocatalyst by the photogenerated hole 
 (h+). When the donor molecule is oxidized by the  h+ in the 
VB, reactive oxygen species (ROS), including hydroxyl radi-
cals (•OH), are created. The hydroxyl radical (•OH) is produced 
when the donor molecule reacts with the water molecules. 
Superoxide ions (•O2) are created by the reaction of oxygen 
species in the solution with  e— from the CB. The oxidizing and 
reducing agents,  h+ and  e—, are both effective. The oxidation 
and mineralization of pollutants by the  h+ in the VB leads to 
the production of  CO2 and water as the byproducts of the reac-
tion [71, 72]. In order to oxidize pollutants made of organic 
chemicals, the  h+ can also react with water to produce •OH. 
The below equations (Eq. (1)–Eq. (12)) and Fig. 5 provide a 
general overview of potential reactions that could take place 
during photocatalysis. Sometimes, a recombination between 
positive holes and negative electrons can occur (Eq. (2)), caus-
ing a release of energy in the form of excitons, by measur-
ing these excitons by photoluminescence technique (PL), the 
recombination rate can be measured. Whenever, the low the 
recombination rate the high the photocatalytic activity.

(1)Excitation ∶ Photocatalyst + hν → e−
CB

+ h+VB

(2)Recombination ∶ h+ + e− → energy

(3)Oxidation ∶ h+ + H
2
O → ∙OH + H+

In Eq. (6), oxygen is depicted as preventing electron 
recombination and promoting the generation of peroxide 
 (O2

•–) free radicals. The hydroperoxide radicals  (HO2
•) 

that are created from those radicals can then be protonated 
once again to create hydrogen peroxide, an extremely potent 
oxidizing agent [3].

3.3  Comparison between adsorption 
and photocatalytic processes

The removal of various chemical pollutants from wastewa-
ter using the adsorption and photocatalytic degradation pro-
cesses is quick and effective. In addition to addressing the 
drawback of adsorption, which is the transfer of pollutants 
from one phase to another resulting in the production of 
secondary waste by the end of the adsorption process, photo-
catalytic degradation is an environmentally friendly process 
because the photocatalysts are benign to the environment as 
this process eliminates the major concern of the used adsor-
bents’ disposal [74]. The chemical pollutant is either totally 

(4)h+ + OH−
→ ∙OH

(5)h+ + organic pollutant → oxidized pollutant

(6)Reduction of adsorbed O
2
∶ e− + O

2
→ ∙O−

2

(7)Reaction with H+ ∶ ∙O−
2
+ H+

→ ∙OOH

(8)2 ∙ OOH → O
2
+ H

2
O

2

(9)H
2
O

2
+ ∙O−

2
→ ∙OH + OH− + O

2

(10)H
2
O

2
+ hν → 2 ∙ OH

(11)pollutant + ∙OH → intermediates

(12)intermediates → CO
2
+ H

2
O

Fig. 5  General photocatalytic 
degradation mechanism [73]



 Biomass Conversion and Biorefinery

1 3

mineralized by the photocatalytic degradation process to 
produce  CO2 and  H2O as the end products or converted into 
less hazardous or toxic byproducts. By completely remov-
ing the pollutant, the photocatalytic degradation process has 
proven to be more effective than adsorption. The materi-
als used in wastewater treatment must have the ability to be 
stable and recyclable for sustainable engineering. Desorp-
tion has been recognized as a technique for regeneration in 
adsorption systems. It is crucial to choose an eluent that will 
not harm the adsorbent material and is both economical and 
environmentally benign [75]. Acid eluents had the highest 
desorption efficiency for regeneration, according to Vakili 
et al. [76], who included desorption agents like salts, alkalis, 
acids, and chelating acids.

Chemical, thermal, and biological processes are also 
available for regenerating the used adsorbents. The effi-
ciency of the adsorbent can be decreased by reusing the 
adsorbents multiple times because some of the pollutant 
molecules that were not desorbed into the solution can leak 
out, but this is not a problem with photocatalyst because 
the pollutant has already been degraded [77]. It is interest-
ing to note that in the majority of photocatalytic degrada-
tion processes, adsorption is crucial because pollutants are 
first adsorbed on the surface of the photocatalyst, where 
they are then exposed to light through the active species or 
hole. Since the surface area of the photocatalyst is crucial 
for the charge transfer, a lot of researchers have found that 
the adsorption accelerates photodegradation. Materials 
having potential for adsorptive and photocatalytic activity 
have been created in some research. Wei et al. [78] further 
demonstrated that adsorption improved the photocatalytic 
degradation of MB using  CeO2/g-C3N4 and that photodeg-
radation led to the regeneration of the adsorption sites on 
the photocatalyst. A further comparison between these two 
processes is shown in Table 2.

4  Biochar‑based nanocomposites 
as adsorbents

Biochar has attracted a lot of attention recently for its use in 
the removal of harmful pollutants from wastewater streams.

4.1  Adsorption of inorganic pollutants

When Khan et al. [84] employed biochar prepared from 
Japanese oak wood for their adsorption investigations on 
the arsenite As(III) and arsenate As(V), it was found that the 
pristine biochar exhibited reasonably performance for the 
removal process. In which, As(V) was more easily absorbed 
than As(III) (84 and 8%, respectively). The capacity of bio-
char has been expanded through modifications to deal with 
various pollutants. The source of biochar, its modifications, 
and the experimental settings are all related to the perfor-
mance of removing different pollutants. Khan et al. [85] pre-
pared perilla leaves-derived-BC at different temperatures; 
300 °C and 700 °C, and found that the BC prepared at 700 
°C was more successful than the BC prepared at 300 °C, par-
ticularly for the removal of As(III) compared to As(V). They 
came to a conclusion that when competed to BC synthesized 
at 300 °C; BC prepared at 700 °C had a larger specific sur-
face area favoring the adsorption of As. The most effective 
methods for increasing the ability for environmental pollut-
ants to be adsorbed have also been shown to be alkali treat-
ment and impregnation with nanomaterials.

Ahmed et al. [86] successfully prepared biochar from 
rice straw (BR) and subsequently fabricated hydroxyapatite 
(HAP) biochar nanocomposite (BR/HAP) through a co-pre-
cipitation method to be used as a new and efficient adsorbent 
for removing U(VI) from aqueous solution. Characterization 
of both raw biochar and the nanocomposite via BET, SEM, 

Table 2  Concise comparison between adsorption and photocatalytic degradation processes

Basis/factors Adsorption Photocatalysis Ref.

Cost Economical. Expensive (light sources, reactors and some of the semi-
conductors are costly).

[73]

Efficiency/Safety Efficient but has the defect of secondary waste generation. Highly efficient and ecofriendly. [79]
Ease of application Easy to operate and adaptable. Not too easy to operate when it comes to using a photore-

actor (requires expertise).
[80]

Duration Takes time (some reactions can last for days for optimum 
performance).

Very fast. [69]

Process
conditions

Affected by operational parameters like adsorbent dose, 
pH, contaminant concentration, ionic strength, tempera-
ture, etc.

Affected by the same operational parameters like adsorp-
tion process in addition to light intensity, and dissolved 
oxygen species.

[81]

Recycling Some adsorbents are not recyclable due to irreversible 
pore deformation.

Can be recycled mostly. [82]

Pollutants A wide range of contaminants from organic, inorganic 
and microbial can be treated.

Outstandingly for organic pollutants. [83]
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EDS, TEM, XRD, FTIR, and XPS techniques confirmed 
that BR/ HAP was successfully prepared. The results of the 
batch tests revealed that, in comparison to BR, the obtained 
BR/HAP had a superior ability for U(VI) removal with a 
higher adsorption rate which is less than 30 min. For BR 
and BR/HAP, the maximum adsorption capacities were, 
respectively, 101 mg/g and 423 mg/g. A pseudo-second-
order kinetic model that completely explained the adsorp-
tion kinetics gave the maximum U(VI) adsorption capacities 
 (qe) for BR and BR/HAP of 110 mg/g  (R2 = 0.98) and 428 
mg/g  (R2 = 0.99), respectively. This would imply that chemi-
cal adsorption via diffusion or surface complexation would 
control the adsorption of U(VI) by the BR/HAP composite 
as a single-layer process. The Langmuir isotherm model  (R2 
= 0.97–0.99) was fitted to the experimental data in order to 
accurately simulate the adsorption of U(VI) onto BR and 
BR/HAP. The thermodynamic data showed positive values 
for ΔH° and ΔS°, indicating the endothermic nature of U(VI) 
adsorption onto both adsorbents and an increase in molecu-
lar randomness, and negative values for ΔG°, unequivocally 
establishing the reaction was spontaneous. The fundamen-
tal mechanisms were ion exchange with  UO2

2+ and surface 
complexion by –OH and –COOH. Additionally, even after 
five adsorption-desorption studies, the BR/adsorption HAP's 
capacity still stands at >90%, demonstrating good reusabil-
ity and stability. Because of this, BR/HAP may be a strong 
candidate to be employed as an adsorbent for the removal 
and recovery of U(VI) ions from wastewater.

In order to prepare hydroxyapatite/biochar nanocompos-
ites (HAP/BC-NCs) for the adsorption of copper (Cu(II)) 
from aqueous media, Jung et al. [87] synthesized Undaria 
pinnatifida roots-derived-biochar (BC) by a hydrothermal 
method (Fig. 6a). The produced HAP/BC-NCs’ surfaces 
successfully incorporated rod-shaped HAP nanoparticles, 
as shown by the results of the characterization (Fig. 6b). 
Batch experiments demonstrated that two potential path-
ways for the removal of Cu(II) from aqueous solution, cation 

exchange between  Cu2+ in solution and  Ca2+ in the HAP, 
and the formation of inner-sphere surface complexes on the 
surfaces of the HAP/BC-NCs, are possible. The adsorp-
tion procedure adheres to a pseudo-second-order model, as 
shown by kinetic model. A higher effectiveness for Cu(II) 
adsorption than previously reported composite materials was 
determined to be 99 mg/g at 25 °C, which is the maximum 
adsorption capacity. A Langmuir isotherm model well rep-
resented adsorption isotherms. The thermodynamic analysis 
revealed that the process was spontaneously endothermic 
and thermodynamic.

Since magnetic BC has shown to be more effective than 
non-magnetic BC for removing different types of pollutants, 
the preparation of magnetic BC composites has attracted a 
lot of attention in recent years. According to Yi et al. [88], 
the effectiveness of BC against environmental pollutants can 
be significantly increased by using magnetic BC materials. 
According to Tan et al. [89], adding magnetic compartments 
 (Fe2+/  Fe3+) to rice straw prior to pyrolysis caused the pro-
duction of hematite (γ-Fe2O3) while keeping the original 
functional groups of biochar (–OH, –COOH, C=O, C=C, 
and C–O–C), which improved cadmium adsorption. The 
formation of γ-Fe2O3 during pyrolysis can also aid in the 
adsorption of heavy metals. Because oxygen-containing 
functional groups like  CO3

2– and  PO4
3- are formed under 

 CO2 pyrolysis conditions, the scientists claimed that BCs 
synthesized under these conditions have increased adsorp-
tion capacities for heavy metals. This behavior may be attrib-
uted to the presence of  CO2 that possess an excellent affinity 
to react with hydrogenated and oxygenated groups resulting 
in increasing the specific surface area and hence the adsorp-
tion performance [90].

Bai et al. [91] prepared bagasse biochar/ferrite (BB/FE) 
nanocomposite via microwave pyrolysis method, using sug-
arcane bagasse waste as raw material for the adsorption of 
As(V) from wastewater. Under the experimental conditions, 
the maximum As(V) adsorption capacity of 12.8 mg/g was 

Fig. 6  (a) Hydrothermal synthesis of HAP/BC-NCs; (b) SEM image of the HAP/BC-NCs [87]
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successfully achieved. The synergistic effect of bagasse bio-
char and ferrites on As(V) adsorption was comprehensively 
investigated by TEM, FTIR, XPS, adsorption thermodynam-
ics and kinetics analysis, and DFT calculations. The findings 
indicated that electrostatic attraction played a major role in 
the As(V) adsorption process. The iron arsenate floccules 
that were produced as a result of the reaction between the 
adsorbed arsenates and ferrites on the nanocomposite were 
entirely eliminated by magnetic separation after they had 
formed on the material. In addition, to create a new method 
for using bagasse wastes, this work offers theoretical recom-
mendations for the preparation of high-performance nano-
composite adsorbents.

4.2  Adsorption of organic pollutants

For the first time, Yao et al. [92] developed BW(Ni) mag-
netic wakame biochar nanocomposites for the adsorption 
of methylene blue (MB) dye. Magnetic biochar samples 
were prepared using the impregnation procedure, which 
involves loading nickel onto wakame charcoal through a 
single carbonization stage at 800 °C while using different 
concentrations of KOH as an activation agent. The high-
est MB adsorption capacity (479 mg/g) of the BW(Ni)0.5 
at 20 °C was observed under adsorption equilibrium. The 
pseudo-second-order model was more consistent with the 
kinetic data, and the Langmuir isotherm equation was a bet-
ter fit for the adsorption behavior. The adsorption reaction 
also included an endothermic, spontaneous mechanism. 
The magnetically activated biochar nanocomposite still has 
a high adsorption capacity (117 mg/g) for MB after five 
cycles, according to the recycling studies utilizing magnetic 
separation. This work suggests that large-scale industrial 
wastewater treatment in the future can be anticipated to the 
usage of BW(Ni)0.5 to MB’s strong adsorption performance.

Prajapati and Mondal [93] fabricated  Fe3O4-onion peel 
biochar nanocomposites  (Fe3O4-OPBC NCs) for the adsorp-
tion of Cr(VI), Congo red (CR) and Methylene blue (MB) 
dyes. These NCs were prepared using an environmentally 
friendly process that involved low-temperature pyrolysis in 
two inert atmospheres of  N2 and  CO2 gas. Surface func-
tionality, surface area, and pollutant removal capacity of 
the synthesized NCs were all impacted by the change in 
the inert gaseous atmosphere in the pyrolysis reactor. The 
O/C ratios for  Fe3O4-OPBC-(N2) and  Fe3O4-OPBC-(CO2) 
were found to be 2.05 and 1.89, respectively. This shows that 
the  CO2-treated atmosphere was more advantageous for the 
higher surface area and porosity but the content of active 
functional groups was reduced. The inert  N2 atmosphere 
was more advantageous for the higher content of oxygen 
and nitrogen-containing functional groups in the NCs but 
resulted in less porosity and less surface area in the NCs. 
At pH 2 in the solid adsorbent, Cr(VI) was reduced by 

 Fe3O4-OPBC-(N2) and  Fe3O4-OPBC-(CO2) NCs, produc-
ing more than 64 and 48% Cr(III), respectively. The quick 
reduction rate demonstrated by  Fe3O4-OPBC-(N2) NCs 
was brought on by the oxygenated functional and polycy-
clic aromatic groups, which are good at transferring elec-
trons. According to these results on the uptake of Cr(VI), 
CR, and MB dyes, the  Fe3O4-OPBC-NCs’ heterogeneous 
surface was a favorable environment for Freundlich mul-
tilayer chemisorption.  Fe3O4-OPBC-(N2) had a maximum 
adsorption capacity of 365 mg/g for Cr(VI), 469 mg/g for 
MB dye, and 317 mg/g for CR dye, respectively, while 
 Fe3O4-OPBC-(CO2) had a maximum adsorption capacity 
of 354 mg/g, 439 mg/g, and 299 mg/g, respectively. The 
excellent adsorption capacity for Cr(VI), MB, and CR dye 
was demonstrated by both  Fe3O4-OPBC-NCs, although 
 Fe3O4-OPBC-(N2) exhibits better adsorption capacity; it 
was 3.05, 6.91, and 5.84 % for Cr(VI), MB dye, and CR dye 
more, respectively, than  Fe3O4-OPBC-(CO2). The adsorp-
tion efficiency of both NCs was minimally impacted by the 
presence of anions like  PO4

3- ,  SO4
2- and  SiO3

2-. Moreover, 
after four cycles, the prepared NCs can exhibit high removal 
performance towards Cr(VI), CR, and MB dyes.

Batool et al. [94] synthesized zero-valent iron  (Fe0) sup-
ported on biochar nanocomposite and manufactured N. lap-
paceum (Rambutan) fruit peel waste-derived-biochar  (BRtP) 
for the removal of six specified organochlorine pesticides 
(OCPs) from an aqueous medium  (Fe0-BRtP). The simple 
synthesis of  Fe0-BRtP, which uses rambutan peel extract as 
the green reducing mediator to reduce  Fe2+ to zero-valent 
iron, was carried out in place of the hazardous  NaBH4 that 
was employed for the chemical synthesis of  Fe0-BChe, which 
is also synthesized for comparison purposes  (Fe0). Batch 
tests revealed that  Fe0-BRtP and  Fe0-BChe nanocomposites 
combine the benefits of adsorption and dechlorination of 
OCPs in the aqueous medium for OCPs (2 ppm) and 0.45 
g/L as an adsorbent dosage at starting pH 4. Within 120 and 
150 min, 83–91% and up to 96–99% elimination, respec-
tively, were completed. The OCPs’ adsorption isotherm 
closely matched the Langmuir isotherm, pointing to mon-
olayer adsorption. After five cycles, the removal efficiencies 
of the regenerating  Fe0-BChe and  Fe0-BRtP were respectively 
5–13% and 89–92%.

A biochar-based silver nanocomposite (Ag-nBC) was pre-
pared by Shaikh et al. [95] by combining (i) AgNPs synthe-
sized biochemically using S. robusta leaf extract and (ii) S. 
robusta leaf biochar produced through mild thermal pyroly-
sis (300 °C) for dye adsorption. The synthesized Ag-nBC 
was deemed to be stable, very porous, heterogeneous, and 
containing sizable amounts of the surface functional groups 
–OH, C–H, C=C, C=O, and C–O. AgNPs doping was found 
to considerably boost the dye adsorption capability of Ag-
nBC by increasing the pore volume, specific surface binding 
sites, and most crucially, the surface area, which increased 
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by approximately 14 times over S. robusta leaf biochar. 
With maximum adsorption capacities of approximately 
23.39 mg/g and 23.55 mg/g, respectively, removal percent-
ages of RhB and CR were 93.57% and 94.18%, respectively. 
Exothermic and spontaneous chemisorption took place on 
the Ag-nBC surface, and the adsorption process involved 
many layers (Freundlich isotherm). For RhB adsorption, 
electrostatic attraction was used alone, whereas electrostatic 
attraction and H-bonding were used for the CR adsorption 
procedure. The extraordinary Ag-nBC reusability (> 70% 
after the third cycle and > 62% after the fifth cycle) has also 
been observed, proving the material's viability and lowering 
the overall cost of the treatment process.

For the adsorption of ketamine (KET), Liu et al. [96] pre-
pared a nanocomposite comprising the metal-organic frame-
work ZIF-8 and biochar that had been magnetically modified 
(MZBC). ZIF-8 was employed as a sacrifice template, and 
magnetic biochar (MBC) was prepared from pomelo peels. 
Investigations were done into how the performance of adsorp-
tion was affected by various pyrolysis temperatures (400, 
500, 600, and 700 °C). For the production of MZBC, 600 °C 
was found to be the ideal pyrolysis temperature. The high-
est amount of KET that MZBC-600 could adsorb was 32.50 
mg/g, which was 24.8 times more than what single magnetic 
biochar could adsorb (MBC-600). Over a broad pH (3–12) 
range and even at high ionic strength in solution, MZBC-600 
demonstrated strong and stable adsorption capability for KET. 
The adsorption of KET on MZBC-600 was fitted to the Fre-
undlich isotherm and the pseudo-second-order kinetic mod-
els. Pore filling, H—bonding, π-π and chelation interactions 

accounted for the majority of the adsorption process, as seen 
in Fig. 7. Even after five adsorption cycles, the MZBC-600 
exhibited more than 90% of its initial adsorption capacity.

In some cases, changing the structure of BC might have 
an adverse effect on its characteristics (for example, lower-
ing SSA), but it might also boost the potential of BC for 
the intended applications. Some studies have demonstrated 
that adding clay to the structure of BC diminishes the BC’s 
accessible surface area, which is thought to be the key factor 
affecting the adsorbents' potential for pollutant adsorption 
capacity. The inclusion of clay may considerably boost the 
BC’s power to adsorb heavy metals since clay-based materi-
als (such as montmorillonite) have a high ion exchangeabil-
ity for various cations [28].

5  Biochar‑based nanocomposites 
as photocatalysts

The development of multifunctional materials that can 
entirely degrade different pollutants in wastewater is still 
a big challenge [97]. Yu et  al. [98] used a simple ball-
milling method to synthesize novel ZnO/bamboo-derived-
biochar nanocomposites for MB dye removal. The weight 
ratio of ZnO is varied in the range of (0–75%). Ball milling 
broke down BC and ZnO, increasing the nanocomposites' 
mesopores and macropores. The photocatalytic and adsorp-
tion capacities of the nanocomposites for the removal of 
methylene blue (MB) were improved by adding 25% of ZnO 
to BC; when a composite is 1.8 g, the amount of ZnO is 0.45 

Fig. 7  Suggested adsorption mechanism for MZBC-600 towards KET [96]
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g. By combining adsorption and photocatalysis, the nano-
composites demonstrated high MB removal effectiveness (up 
to 95.19%) for (25% ZnO/BC) under visible light when the 
initial MB concentration was equivalent to 160 ppm. The 
primary method of MB removal by ZnO/BC nanocomposites 
is adsorption, which is controlled by an electrostatic attrac-
tion mechanism (Fig. 8). However, the removal of MB from 
water by the nanocomposites may also depend on photocata-
lytic degradation. ZnO nanoparticles can efficiently produce 
free radicals to break down highly concentrated MB in water 
when exposed to visible light with the help of BC.

Kamal et al. [99] optimized the photocatalysis technique 
to degrade organic and inorganic pollutants under visible 
light irradiation. In which biochar with distinctive phys-
icochemical properties was prepared from maize straw in 
a vacuum furnace. Also, ZnO-loaded maize biochar nano-
composite (MB-ZnO) for the photocatalytic degradation 
of Safranin O (Saf) and Mancozeb (MC) was synthesized 
by a solvent-free ball-milling method. The degradation of 
Saf by the MB-ZnO composite under visible light (83.5%), 
UV (81.0%), and darkness (78%) took place in one hour. 
The highest MC degradation by MB-ZnO nanocomposite 
was also observed by visible light (56.5 %), followed by 
UV radiation (27.5 %) and dark (25.2 %). The results of this 
investigation showed that, in both light and dark conditions, 
MB-ZnO nanocomposite might function as a superb catalyst 
to remove aqueous contaminants.

By using Caragana korshinskii biomass as the raw mate-
rial for the biochar, Wang et al. [100] generated activated 
biochar (ACB), which was then combined with  K+ doped 
g-C3N4 (K-gC3N4) to form a composite material called ACB-
K-gC3N4. There are different types of dye and antibiotic pol-
lutants that are photodegraded utilizing this (ACB-K-gC3N4) 
composite include rhodamine B (RhB), tetracycline (TC), 
norfloxacin (NOR), and chloramphenicol (CAP). The results 
showed that K-gC3N4 and ACB could be successfully cou-
pled, with the best results occurring at a loading mass ratio 
of 1:2. ACB-K-gC3N4 was superior than K-gC3N4 in terms 

of SSA, functional groups, band gap (2.29 eV), and vis-
ible light absorption (about 716 nm). With ACB-K-gC3N4, 
which had a degradation rate constant (0.0119  min−1) four 
times higher than K-gC3N4 (0.0029  min−1), RhB was elimi-
nated with a 93.26% efficiency. ·O2

−,  h+, and ·OH were the 
primary photodegradation catalysts. This was explained by 
enhanced photogenerated carrier adsorption and transfer, 
easier production of active species, faster photogenerated 
electron migration, and reduced heterojunction recombina-
tion of photogenerated carriers. The peculiar surface char-
acteristics (defects and lingering free radicals) and structure 
of ACB were attributed for these effects.

Fatimah et al. [101] prepared magnetic biochar photo-
catalyst (MBC) from snake fruit peel by immobilizing iron 
oxide precursors via co-precipitation followed by carboniza-
tion under  N2 gas at 400 °C for 2 h for photodegradation of 
rhodamine B (RhB). The obtained band gap energy is 2.23 
eV, particle size ranging is at 5–20 nm, and the BET-specific 
surface area is 126  m2/g which supports its photocatalytic 
activity for RhB photodegradation. Photodegradation of 
RhB followed second-order kinetics at the optimum pH 
of 7 and  H2O2 concentration of 0.5% with the degradation 
efficiency of 99.9% for 15 min under UV light. The mate-
rial exhibited good stability until the fifth cycle of usage, 
indicating that magnetic biochar with a low-cost feature has 
stability and the potential to be applied on a large scale.

In order to achieve synergistic adsorption and photoca-
talysis for MB and RhB, Cheng et al. [102] developed a new 
biochar/2Zn3In2S6/WO3 (BC/2ZIS/W) photocatalyst using 
the hydrothermal technique. The ZIS/W heterojunction had 
a large SSA (1161  m2/g), good electrical conductivity, and 
was uniformly distributed over the carrier, which consid-
erably improved the photocatalytic activity. The highest 
adsorption capacity of the BC/2ZIS/W for MB and RhB was 
found to be 120 and 466 mg/g, respectively, according to the 
adsorption isotherm. The removal of MB and RhB reached 
80.5% and 99%, under the synergistic impact of adsorption 

Fig. 8  Photocatalytic degrada-
tion of MB dye by ZnO/biochar 
under visible light [98]
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and photocatalysis, which were noticeably higher than that 
of the single heterojunction.

Kang et al. [103] prepared composites of biochar modi-
fied with CdS and sulfur (CdS/S-BC) using the impregna-
tion and calcination techniques. Due to the modification of 
S, biochar that has been treated with sulfur (S-BC) exhibits 
high porosity and a significant amount of SSA. For RhB 
dye, 1-CdS/S-BC (1 denotes the CdS molar amount) dem-
onstrates strong synergistic adsorption-photocatalytic deg-
radation (99.18%) after one hour under visible light. The 
exceptional RhB removal performance of 1-CdS/S-BC was 
not only attributed to the high SSA and plentiful reactive 
sites given by S-BC but may also greatly facilitate the migra-
tion and usage of photoinduced carriers. Superoxide radicals 
(·O2

-) are the primary active species in the photocatalytic 
degradation process, according to the CdS/S-BC adsorption 
mechanism investigations, which showed that H–bond and 
electrostatic interaction are the key actions of adsorption.

By pyrolyzing the waste biomass from lychee peels, Siara 
et  al. [104] prepared biochar-ZnAl2O4 composites for the 
adsorption and photocatalysis of ibuprofen as a model of phar-
maceutical pollutants. In two hours (one-hour adsorption + 
one-hour photocatalysis), at pH = 6.5, 25 °C, and 1 g/L of the 
composite, the composite achieved 100% removal efficiency of 
(20 ppm) ibuprofen. The composite adsorption performance 
was greatly improved by the  ZnAl2O4 support, and the bio-
char's mesoporous region, pore volume, and SSA (111  m2/g) 
all worked together to promote the photocatalytic activity of 
 ZnAl2O4, with k = 0.0093  min-1. The ibuprofen's aqueous solu-
tion is photo catalytically degraded by the radicals •OH and  O2

-•. 
Due to the presence of functional groups on the biochar surface, 
which contribute to the reaction and prevent the recombination 
of the electron-hole pairs, the biochar-ZnAl2O4 composite dem-
onstrated that the support of  ZnAl2O4 in the biochar is required 

to boost photoactivity. The composite is also robust and func-
tional even after six cycles, making it a suitable material for use 
in the removal of dangerous chemicals from wastewater.

6  Biochar‑based nanocomposites 
for treatment of real wastewater

Dye eff luents are a complex mixture of persistent 
organic pollutants (POPs), dissolved solids, wasted oil, 
and competitive ions, especially inorganic metal ions, 
which have a big impact on real effluent treatment [105]. 
Biochar-based nanocomposites are widely utilized in 
adsorption and photocatalytic degradation because of 
their excellent physical and chemical features, including 
improved porosity, high SSA, rich surface functional 
groups, and great reusability (including dyes, phenols, 
heavy metals, pharmaceuticals, and so on). These char-
acteristics have led to the usage of biochar-based nano-
composites to cope with and eliminate hazardous dyes 
through adsorption from synthetic solutions and real 
wastewater in various research.

Shaikh et al. [95] used the chemical co-precipitation 
method to dope AgNPs onto S. robusta leaf biochar (Ag-
nBC) for RhB and CR dyes adsorption, where the AgNPs 
were homogeneously distributed on the composite matrix. 
Maximum removal efficiencies of RhB and CR at equilib-
rium were attained using batch mode adsorption and were 
> 90%. At the optimum conditions (Ag-nBC dose 0.8 g/L, 
27 °C, 300 rpm as stirring rate, pH 7, and contact time 
= 50 min), real effluent samples, however, demonstrated 
7–12% lower efficiency (Fig. 9(a)). The inorganic met-
als in the effluents, which competed with dye molecules 
and/or blocked the available pores and binding sites on 

Fig. 9  Real treatment of dye textile wastewater using (a) Ag-nBC and (b) nAg-TC, where BC, S. robusta leaf biochar; TC, tea leaf biochar [95, 105]
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the composite surface, may be responsible for this loss in 
efficiency [106, 107].

Additionally, Shaikh et  al. [105] prepared ‘Tea leaf 
biochar’ (TC) from tea leaf waste and fabricated a hybrid 
nanocomposite (nAg-TC) with colloidal deposition of sil-
ver nanoparticles (nAg) via modified chemical co-precip-
itation. With dye concentrations of 72.9 mg/L (sample 1), 
66.7 mg/L (sample 2), 56.3 mg/L (sample 3), 71.1 mg/L 
(sample 4), and 63.2 mg/L (sample 5), the produced nAg-TC 
is examined for its practical implications for the treatment 
of five real textile effluents. These real textile effluents had 
adsorption efficiencies ranging from 21.2 to 39.6%, which 
was lower than the adsorption efficiency attained during the 
equilibrium adsorption of synthetic RhB and CR solutions 
(Fig. 9(b)). Due to the presence of competing ions, high con-
centrations of dissolved solids, and other persistent contami-
nants, which hindered the nAg-TC matrix’s active binding 
sites, the dye removal efficiencies may have been decreased 
[107]. But compared to other experiments utilizing conven-
tional bio-adsorbents, the dye removal efficiency was higher. 
The significant characteristics of the nAg-TC matrix were 
responsible for the study’s improved dye removal efficiency. 
The main benefit of nAg-TC is a result of the synergistic 
actions of nAg and TC, which led to increased porosity, a 
high SSA, and a rich active functional group content with 
outstanding reusability [105].

Wang et al. [100] investigated the applicability of ACB-
K-gC3N4 for real wastewater treatment. Five samples from 
the Yellow River, Weihe River, wastewater A (from textile 
factory), wastewater B (from rabbit breeding factory), and 
wastewater C (from chicken factory) were used. By using 
ACB-K-gC3N4, the complete degradation of RhB for sam-
ples taken from the Weihe River and the Yellow River is 
achieved after 5 min, while for Wastewater A only 79 % is 
degraded at 180 min (Fig. 10a). This is because the concen-
tration of RhB in the sample from the Yellow River was very 

low and was not found in the sample from the Weihe River, 
allowing ACB-K-gC3N4 to quickly and entirely eliminate 
RhB. Wastewater A has a high BOD and COD together with 
poor biodegradability [108]. The promise of ACB-K-gC3N4 
for advanced oxidation treatment can be shown despite the 
fact that the photocatalytic activity of ACB-K-gC3N4 was 
somewhat hindered by the potential existence of interfer-
ing ions in wastewater A. ACB-K-gC3N4 also completely 
degraded the TC of two surface water samples from the 
Weihe River and Yellow River at 10 min, while degraded 
only 72% and 76% from wastewater B and wastewater C 
samples, respectively, at 180 min (Fig. 10b). The BOD and 
COD concentrations of wastewater B and wastewater C were 
both very high, and wastewater B also had very low biodeg-
radability. Furthermore, wastewater B and C samples con-
tained NOR and CAP pollutants. Unexpectedly, it was dis-
covered that ACB-K-gC3N4 achieved removal efficiencies of 
56 and 51 % for NOR and CAP in wastewater B and 61 and 
65 % for NOR and CAP in wastewater C, respectively. This 
suggested that ACB-KgC3N4 may manage several antibiot-
ics concurrently in a complex contaminated environment. 
Fortunately, the investigation showed that the real wastewa-
ter was successfully treated, which positively illustrated the 
viability of using ACB-K-gC3N4 to treat a high amount of 
real wastewater.

7  Parameters affecting the adsorption 
and photocatalytic degradation processes

This section looked into a variety of parameters, including 
the adsorbent/photocatalyst dose, the initial pollutant con-
centration, temperature, the pH of the solution, the pres-
ence of scavengers and anions, etc. (Fig. 11). Practically, 
it is essential to understand the effect of these parameters 
on the adsorption and photocatalytic degradation processes 

Fig. 10  Real industrial wastewater tests of photocatalytic degradation for RhB (a) and TC (b). (dose = 1 g/L, 500 W xenon lamp) [100]
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in order to design an effective economic adsorption/pho-
toreactor system.

7.1  Effect of adsorbent/photocatalyst dose

The most significant parameter influencing the adsorption/
photocatalytic activity is thought to be the adsorbent/pho-
tocatalyst dose. To prevent any additional dose, it is crucial 
to maximize the adsorbent/photocatalyst dose during the 
removal process. The reaction must be as efficient as pos-
sible while using the least amount of adsorbent/photocatalyst 
possible in order to be economically viable. The removal 
efficiency rises together with increasing the adsorbent/pho-
tocatalyst dose due to the presence of more active sites on its 
surface. As a result, a large quantity of •OH and other ROS 
will be produced, which is what actually degrades organic 
contaminants. In contrast, using too much photocatalyst will 
limit the photocatalytic degradation activity and cause the 
reactor to become hazy, which lowers light passing through 
the solution [109, 110].

According to Sun et al. [111], the decrease in photoactive 
surface area and rise in nanoparticle aggregation caused by 
a photocatalyst dose increase over the optimal value will 
decrease the degradation efficiency. According to Riga 
et al. [112], increasing the photocatalyst dose increases the 
amount of dye adsorbed on  TiO2. The impact of the photo-
catalyst dose on the photocatalytic degradation performance 
using several photocatalysts is shown in Fig. 12. By applying 
different doses (0.5–1.5 g/L) of  Fe3O4@SiO2@PTSiMo12 
photocatalyst, Fig. 12 a demonstrates the photocatalytic 
oxidative desulfurization (ODS) in the gasoline fuel [113].

After 45 minutes of illumination, Jabbar and Ebrahim 
[114] showed that increasing the dose of  SiO2/Fe3O4/
Ag2WO4 from 0.5 to 1 g/L resulted in a 75–88% increase 
in the photocatalytic degradation efficiency of MB dye. The 
rise in the generation of the photogenerated electron-hole 
pairs is responsible for this (Fig. 12b).

Nadeem et al. [115] carried out a different experiment 
employing different doses of CFA/ZnFe2O4 (coal fly ash-
based zinc ferrite) composite as a photocatalyst for MB dye 
(20–200 mg/L). Due to the photocatalyst agglomeration and 
the release of  Fe2+ that scavenge the generated •OH, they 
found that raising the photocatalyst dose over 110 mg/L 
decreases removal efficiency (Fig. 12c).

7.2  Effect of pollutant concentration

Another significant parameter that affects the removal of 
harmful chemicals and dyes is the pollutant concentration in 
the solution. Most removal studies chose the pollutant con-
centration between 10 and 200 ppm to simulate the concen-
trations of these pollutants that are released into discharged 
industrial effluent. When colored substances like dyes are 
present at higher concentrations, photocatalytic degrada-
tion efficacy against them improves; nevertheless, once a 
certain concentration is reached, it starts to decline. This is 
explained by the fact that before reaching the photocatalyst 
surface, the dye molecules will screen the UV-visible light 
that has been exposed [116].

According to Liu et al. [117], raising the bisphenol 
A (BPA) concentration from 5 to 20 ppm resulted in 
a reduction in the photocatalytic degradation activity 

Fig. 11  Parameters affecting the 
removal of pollutants [18]
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of PS/g-C3N4 nanosheets from 100% to 70%, respec-
tively. This decrease in the photocatalytic degradation 
efficiency is due to the competition between BPA mol-
ecules for active sites on the PS/g-C3N4 nanosheet sur-
face. When Zheng et al. [118] employed the flower-like 
MgO as a photocatalyst for MB degradation under UV 
light irradiation, a similar result was observed. It was 
discovered that the degradation efficiency could reach 
99% when 100 mg/L of MB is irradiated for 24 min. With 
500 mg/L MB concentration, this degradation efficiency 
was drastically decreased over the course of 315 minutes 
to 18.74% (Fig. 13a). Additionally, the absence of appro-
priate active species (•OH, •O2

—,  H2O2,  hVB
+), which are 

required to react with the high pollutant concentration, 
may also be the cause of the decreased degradation rate. 
Chu et al. [119], who evaluated the impact of the initial 
BPA concentration (5–30 mg/L) on the BPA degrada-
tion activity using  Bi2O3/SnO2 photocatalyst under solar 
light irradiation, observed this outcome. At low initial 
concentrations (5 mg/L), higher degradation rates were 
observed in a shorter amount of time (Fig. 13b). This is 
due to the high rate of light penetration, which causes a 

significant number of active species to be generated at a 
low pollutant concentration.

7.3  Effect of pH

pH value is quite important as it seems to have a signifi-
cant impact on the surface charge of adsorbents, the mor-
phologies of metal species, and the degree of protonation 
of surface functional groups. When pH falls below  pHpzc 
(point of zero charge), a lot of  H+ or  H3O+ ions fill the active 
sites and form positively charged adsorbents, which reduce 
the removal efficiency by weakening the functional groups 
and producing electric repulsion to divalent metal ions with 
positive charges. When pH was greater than  pHpzc, heavy 
metal species with positive charges in water were clearly 
attracted by electrostatic forces to biochar with negatively 
charged surfaces [120]. Additionally, as pH increased, the 
protonation degree of the materials dropped, enabling a high 
amount of oxygen- and nitrogen-containing adsorption sites 
to easily fill in the empty orbits of heavy metal ions and 
significantly enhancing (magnetic biochar) MBC adsorption 
ability. For instance, Cr (VI) typically appears as  HCrO4

- and 

Fig. 12  (a) Effect of  Fe3O4@SiO2@PT\SiMo12 dose on the photocat-
alytic degradation of ODS (40 °C, sulfur conc. = 250 ppm, time = 60 
min) [113], (b) Photodegradation of MB with different doses of  SiO2/

Fe3O4/Ag2WO4 (pH 11, [MB] = 30 ppm) [114], (c) MB dye degrada-
tion at different doses (20–200 mg/L) of CFA/ZnFe2O4 [115]
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 Cr2O7
2- between pH 1.0 and 6.0, and  CrO4

2- above pH 6. 
Because more  HCrO4

- and  Cr2O7
2- were formed at low pH 

levels, the interaction between the positively charged func-
tional groups of the adsorbent and the negatively charged 
chromate ions was strengthened. As a result, the greater 
Cr(VI) adsorption performances were significant. Due to the 
competitive adsorption of Cr(VI) with hydroxide complexes, 
Cr(VI) removal capacity reduced as pH increased [121].

Taking into account, increasing pH may cause precipi-
tation of metal ions which depends on the specific metal 
ion and the solution conditions. Generally, the formation 
of insoluble hydroxide or oxide precipitates, can decrease 
the solubility of metal ions with increasing pH. As the pH 
increases, the concentration of hydroxide ions in the solution 
also increases, and if the concentration of metal ions exceeds 
their solubility limit, insoluble hydroxide precipitates can 
form and settle out of solution. For instance, some metal 
ions such as aluminum, chromium, iron, and zinc can form 
hydroxide precipitates at high pH values.

Furthermore, because industrial wastewater has a range 
of pHs, it is important to investigate how pH affects the 
response of the removal processes. The photocatalyst surface 
characteristics and the structure of the target pollutants are 
all affected by the solution pH, which can have an impact 
on the catalytic performance. As a result, by regulating the 
surface charges of the adsorbent/photocatalyst and the con-
taminant, the pH of the reaction influences the photocatalytic 
reaction and, consequently, the adsorption of the pollutants 
on the photocatalyst's surface. The point of zero charge of 
the photocatalyst  (pHpzc) should be determined in order to 
evaluate the impact of pH on the surface charge. Because of 
this, the photocatalyst has a (+) charge at pH levels below 
 pHpzc and a (-) charge at pH levels above  pHpzc [122].

ZVZ-g-C3N4 (zero-valent zinc immobilized g-C3N4) was 
used to catalyze the ozonation process in the atrazine (ATZ) 
degradation, and Yuan et al. [123] investigated the impact 
of pH on this process. The  pHpzc of the ZVZ-g-C3N4 was 
found to be 5.96. Due to its negative charge in the pH range 
(7 – 9), the ZVZ-g-C3N4 catalyst demonstrated better ATZ 
degradation efficacy.

Li et  al. [124] made another contribution by using 
 FeCo2S4/g-C3N4 for the degradation of sulfamethoxazole 
(SMX).  FeCo2S4/g-C3N4 has a  pHpzc value of 5.9, meaning 
that the surface charge is positive between 3.5 and 5.0 and 
negative between 6.5 and 9.5. Since the SMX persisted as an 
anionic species at a high pH range, improving the adsorption 
between the SMX and  FeCo2S4/g-C3N4 and promoting the 
degradation performance, the perforable degradation was 
discovered at an initial pH value of (3.5–5.0).

7.4  Effect of interfering ions

Generally, wastewater contains large amounts of salts, and 
the water body is recognized to be a complicated system 
[125]. In order to effectively remove pollutants from waste-
water, it is important to consider the ionic strength of the 
solution. According to Sun et al. [126] anions have an impact 
on how well Cr(VI) is adsorbed in wastewater. Adsorption 
tests showed that the presence of  Cl-,  NO3

-,  H2PO4
- and 

 HPO4
2- slightly decreased the adsorption efficiency. At 150 

and 300 ppm co-existing anion concentrations, respectively, 
the efficiency losses were smaller than 2.6% and 7.3%. How-
ever, the presence of  SO4

2- significantly reduced the ability 
of Cr(VI) adsorption, with efficiency losses of up to 18.5 and 
23.7 % at the same two concentrations.

Fig. 13  (a) The photocatalytic behavior of MgO for degradation of MB dye (25–500 mg/L) [118], (b) The degradation activity of  Bi2O3/SnO2 
for degradation of BPA (5–50 mg/L) under solar light [119]
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Qu et al. [127] also examined the effects of co-existing 
anions, such as  SO4

2-,  NO3
-,  CO3

2-,  HCO3
- and  Cl- on P 

adsorption by La-Fe-BC at low (0.01 M) as well as high (0.1 
M) concentrations. The decrease in adsorption performance 
implied that  CO3

2- and  HCO3
- had significant effects on P 

adsorption. As a result, competing ions in the solution have 
the ability to alter the surface characteristics of adsorbents in 
addition to limiting activated adsorption sites. Additionally, 
as ionic strength rises, the electrostatic attraction between 
the pollutants that have been adsorbed weakens, lowering 
the ability of contaminants to be removed.

7.5  Effect of contact time

The evaluation of the adsorption/photodegradation of bio-
char must take the impact of contact time into account. 
According to published research, the removal capacity rap-
idly increases at the start of the treatment before gradually 
decreasing until adsorption equilibrium is reached, at which 
point the sorption sites are completely filled. This can be 
explained by the gradual saturation of active sites by adsorp-
tion on biochar and the gradual decline in the differential 
concentration between the surface of the adsorbent and the 
bulk phase of the solution [128]. Similar outcomes were 
observed by Sayin et al. [129] in their study on the elimina-
tion of ciprofloxacin by  H3PO4 modified biochar. They stated 

that the rate of antibiotic molecule adsorption decreased 
with increasing treatment time and that this continued until 
the point of equilibrium. For the purpose of removing the 
Congo red dye, Nguyen et al. [130] investigated various 
metal salt-modified biochars made from various agricultural 
wastes. The outcomes showed that various biochars applied 
at the same initial dye concentration required various equi-
librium times (Fig. 14).

7.6  Effect of reaction temperature

The adsorption/photocatalytic degradation process of con-
taminants is clearly associated with raising the reaction tem-
perature. The adsorption/photocatalytic activity is enhanced 
as a result of the increase in reaction temperature, which 
increases the creation of reactive radicals brought on by 
the formation of bubbles during the photoreaction process. 
Additionally, a rise in temperature can accelerate degrada-
tion by slowing the recombination of  e–/h+ pairs. Further-
more, the interface can acquire a substantial deterioration 
rate [131].

Batool et al. [94] prepared N. lappaceum (Rambutan) 
fruit peel waste-derived-biochar  (BRtP) and synthesized 
zero-valent iron  (Fe0) supported on biochar nanocomposite 
 (Fe0-BRtP) for the removal process of organochlorine pesti-
cides (OCPs). They studied the effect of different parameters 

Fig. 14  Effect of reaction time on CR removal in terms of percentage and adsorption capacity at initial concentration of 40–60 mg/L of 
 AlCl3-biochar (a, d),  CaCl2- biochar (b, c), and  FeCl3-biochar (c, f) [130]
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such as pH, adsorbent dose, initial pollutant concentration, 
time and temperature on the removal of OCPs using the pre-
pared  Fe0-BRtP. it is found that the optimum parameters are 
pH = 4, 0.45 g/L as adsorbent dose, 2 mg/L as initial pesti-
cides concentration, and the equilibrium time is in the range 
(120–150 min). Besides, it is mentioned that increasing the 
temperature from 25 °C up to 45 °C accelerates the removal 
of pollutants may be due to the increased movement of the 
OCPs molecules from a liquid medium to a nano-adsorbent 
surface.

7.7  Effect of running cycles

In order to determine the practical applicability and check 
the stability during adsorption/photocatalytic degradation 
processes, it is crucial to analyze the adsorption/photocata-
lytic activity in numerous subsequent running cycles. The 
stability test is vital to prevent the subsequent contamina-
tion of treated water caused by metals released during the 
adsorption/photocatalytic reactions. It is possible to conduct 
the stability and reusability tests three, four, or five times in 
succession. The adsorbent/photocatalyst is separated, repeat-
edly rinsed with ethanol or deionized  H2O, and dried at 105 
°C for the subsequent application after each cycle [132]. 
For instance, BC-TiO2 nanocomposites may be reused and 
recycled up to five or six times with a high removal effi-
ciency. In some cases, even after the fifth cycle, substantial 
photocatalytic efficiencies have been seen for the degrada-
tion of pollutants, as in the case of Zhang et al. [133], who 
found photocatalytic efficiencies of more than 85% after five 
successive cycles.

8  Conclusion

In recent years, there has been a lot of interest in BC and 
BC-based nanocomposites for a variety of applications, 
particularly for pollutants removal. With growing concerns 
about the practical application of BC-based nanocompos-
ites for wastewater treatment by various processes, this 
review sheds light on these nanocomposites, their prepara-
tion methods, and their critical role in wastewater treatment 
via adsorption and photocatalytic degradation processes. 
The fabrication of BC and BC-based nanocomposites from 
biomass was summarized in this review. To prepare BC, 
pyrolysis, hydrothermal carbonization, torrefaction, and 
gasification are used, whereas sol-gel, ultrasonication, 
and hydrothermal are used for BC-based nanocomposites. 
These BC-based nanocomposites have inherent properties 
that help to overcome the practical limitations of pristine 
BC and photocatalysts. High adsorption and photocatalytic 
activity, improved reusability, and simplified recovery were 
achieved by the BC-based nanocomposites. Furthermore, the 

band gap energies and recombination rates of electron-hole 
pairs in BC-based nanocomposites were reduced, which is 
desirable for photocatalytic applications. The surface areas 
of the composites, on the other hand, are typically smaller 
than those of the pristine BC but greater than those of the 
pristine photocatalysts. In practice, these nanocomposites 
outperform their pristine counterparts. The presence of bio-
char as an adsorbent and supportive material on the com-
posite surface improves the adsorption of pollutants on the 
composite surface, which in turn improves the photocatalytic 
degradation of the pollutant, resulting in improved removal 
efficiency using these composites. Furthermore, in these 
composites, the photocatalytic part (e.g., metal oxide) acts 
as an electron donor, while the biochar part acts as an elec-
tron acceptor, promoting the separation of the electron-hole 
pairs. By using BC-based nanocomposites, various pollut-
ant groups such as dyes, pharmaceutical compounds, and 
phenols were significantly degraded. Following that, the 
parameters affecting the performance of the removal pro-
cesses, such as biochar dose, initial pollutant concentration, 
pH, time, temperature, the presence of various interfering 
anions, and recycling, were discussed and discovered to have 
a significant impact on the mentioned processes. This review 
provided a thorough understanding of the use of BC-based 
nanocomposites as effective adsorbents/photocatalysts with 
low-cost and high-performance properties for wastewater 
pollution remediation.

9  Challenges and future directions

For large-scale environmental applications, the scientific 
community is currently focusing on the development of 
sustainable materials that are effective, affordable, ecologi-
cally friendly, and socially acceptable. In this context, BC 
was mostly generated from waste biomass, which during 
the heating process could release harmful chemicals. As a 
result, in order to achieve effective recovery and large-scale 
commercial production of BC, the material preparation pro-
cess needs to be improved. In order to increase the usage of 
BC-based nanocomposites for wastewater treatment applica-
tions, future research should concentrate on increasing the 
surface stability of the metal in the composites to decrease 
metal leaching as well as exploring affordable, effective, 
and environmentally friendly batch preparation technologies 
for these composites. The majority of research focused on 
the degradation or adsorption of just one pollutant, as this 
review has shown. The treatment of wastewater containing 
numerous pollutants through adsorption and photocatalysis 
should be studied in the future, as well as how organic mat-
ter from the environment affects photocatalytic processes in 
actual wastewater samples. Moreover, the large-scale manu-
facture of BC/BC-based nanocomposites and their useful 
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applications for wastewater treatment in developing nations 
worldwide are particularly promising.
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