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Abstract: Biochar can alleviate several issues, and it should also be inexpensive to produce. Most
biochars have a high pore structure and diverse functional groups that assist in the adsorption process.
Due to the attributed properties of biochar, several studies have demonstrated that biochar is getting
more attention for its efficiency in facilitating wastewater treatment. However, to ensure the feasibility
of biochar in wastewater treatment, the factors involved in the preparation of biochar that influences its
characteristics and adsorption capacity must be understood. This study reviews the history,
characteristics, factors that influence its yield, production methods, application, and recent development
of biochar in wastewater treatment.
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1. Introduction

The Industrial Revolution resulted in a significant shift in the socio-economic
circumstances of people across the globe. Not only has the pace of life accelerated as a result
of scientific and technological advancement, but so has the quality of life [1]. The consequences
of this shift and development have now impacted human life at large. Unfortunate results
include global warming, soil pollution, water scarcity and pollution, resource depletion, and
food shortages [1]. Rapid industrialization and an increase in agrochemical production have
caused a significant increase in the levels of organic and inorganic pesticides and heavy metal
pollution in the food web, with consequences for the surrounding environment [2]. The disposal
of pollutants into the surrounding ecosystems from industrial, commercial, and residential
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sources disrupt nearby ecosystems. The vast majority of soil and water contamination occurs
from human and industrial activities [3]. This has stirred up serious public anxiety about
environmental pollution and public health concerns [4]. Many technological innovations are
being developed to deal with contaminated soil and water. Reducing contaminants’
bioavailability is critical to assuring that contaminants will not build up in plants and animals
and minimizing their toxic effects [3].

The most commonly used sorbent is activated carbon, an oxygen-treated carbon to
enhance microporosity and surface area [5]. The word “activated” is widely applied to charcoal
that has been heated to an elevated temperature or chemically; both produce an increase in the
surface area [5]. However, biochar is considered a comparatively inexpensive alternative and
an effective adsorbent [6]. Activated carbon requires more heat to produce with the additional
process. While it has been said that biochar production requires a lower overall energy input
than activated carbon, resulting in lower net energy consumption with a low net cost [6].
Biochar is an inexpensive carbonaceous material but shows some promising potential for
removing various organic and inorganic contaminants from the environment [7,8]. Biochar can
be distinguished from charcoal based on its commercial purpose [9]. Charcoal is an organic
matter used for fuel and energy production, whereas biochar can help to manage the
environment through carbon sequestration [9].

Biochar is a product that is high in carbon created by heating biomass like wood, dung,
or leaves in a tightly sealed container with little or no ventilation [9]. More precisely, biochar
can also be described as a porous carbonic solid formed through the thermochemical
conversion of organic material into an environment with low oxygen levels, with
physicochemical characteristics suitable for safer long-term storage of carbon [10]. As defined
by the International Biochar Initiative (IBI), biochar is a solid material that is derived from
biomass decomposition in an oxygen-depleted environment [11].

Biochar can alleviate many issues, and it should also be inexpensive to produce [12].
Most biochar is highly porous and has diverse functional groups that assist in metal adsorption
[13]. Previous studies have shown that biochar can significantly boost the long-term carbon
sequestration of soil [14-16]. As noted above, biochar has demonstrated potential for
bioavailability and intervention to mitigate climate change and improve soil fertility while also
addressing environmental contaminants [3]. The introduction of biochar into environmental
remediation techniques has recently been looked at as a promising subject because it seems to
work in many different ways [17].

There are numerous issues involving water pollution across the globe. About 80% of
industrial wastewater worldwide is discharged directly without treatment into the natural
environment, according to the United Nations Water Resources Development Agency [18].
These wastewaters contain harmful organic and inorganic pollutants such as pesticides,
herbicides, heavy metals, micropollutants, dyes, and other pollutants, which have a negative
environmental impact and threaten people’s health [19,20]. Biochar as a treatment for
wastewater has been the subject of some papers published in recent years. However, there are
still issues to contend with biochar production from agricultural by-products effectively and
how to successfully apply it to a particular environmental contamination circumstance [21].
While numerous studies have been conducted, the results have been inconclusive overall. The
studies of some compounds that are still in their early stages and have not received adequate
attention are particularly concerning. This paper reviews the history, characteristics, factors
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that influence its yield, and biochar production methods, including the application of biochar
in wastewater treatment and its recent development.

2. History of Biochar

The usage of biochar stretches back to 2000 years ago, at the very least [22]. In the mid-
nineteenth century, the first recognition of its application in Western agriculture, but biochar’s
exact utilization may extend even further in time [12]. The earliest origins of biochar are linked
to the American Indian communities of the Amazon Basin [9,19,23]. The exceptionally fertile
soils known as Terra preta, meaning “the black soils of the Indians”, were created by an ancient
indigenous culture, providing evidence of extensive biochar use [24,25]. In this soil, the
amounts of nutrients, i.e., potassium (K), phosphorus (P), and nitrogen (N) elements, were
extremely high [26]. Due to the dark, rich soil characteristics, this region continues to be
extremely productive despite hundreds of years of leaching caused by heavy tropical rain [22].

On the other hand, biochar should not be mistaken for Terra preta. Terra preta, also
known as “Amazonian dark earth” naturally occurs in nature. It can be artificially created by
combining low-temperature charcoal with biomass such as compost, manure plant residues,
feces, and bones, and many more [27]. Terra preta differs from biochar in terms of composition
and terms of carbon structure [28]. It is critical to consider that the discovery of Terra preta’s
nutritional value sparked an interest in biochar use [29]. Biochar can be found in soils
worldwide because of natural occurrences such as forest and grassland fires [30]. Soils known
to have very high levels of biochar concentrations, such as the North American Prairies, are
among the most productive soils in the world [22].

Biochar has been used for a long time in agriculture throughout Asia in many different
regions, especially in Japan and Korea. Scientists discovered from Terra preta research that
biochar had a promising future in absorbing carbon dioxide and reducing carbon emissions in
the mid-1990s, as part of the process of seeking to effectively reduce atmospheric carbon
dioxide emissions and concentrations to cope with climate change today [19]. Following the
first meeting of the International Biochar Advocacy Organization, which was held in Australia
in 2007, many countries established National Biochar Societies to initiate biochar research and
demonstration conferences and, since then, the amount of research being done on biochar has
increased progressively [19].

3. Characteristics of Biochar

Biochar is primarily composed of carbon compounds. There are also traces of
hydrogen, oxygen, ash, nitrogen, and sulfur [31]. The composition and characteristics of
biochar are influenced by the type of biomass used, the design of the reactor, and the conditions
under which it is produced [32]. The chemical structure, porosity, amounts of inorganic metals
present originally in the feedstock [33], and the process conditions [34] are the most prominent
parameters influencing the adsorption properties of biochar.

The surface heterogeneity of biochar is similar to activated carbon [34]. However,
biochar reportedly outperforms activated carbon in the removal of various contaminants such
as pathogenic organisms, organic matter, surfactants, nitrogen (N) [35,36], micropollutants
[37,38], heavy metals [39], and other pollutants because of its large surface area, higher carbon
content, high cation and anion exchange capacity, and stable structure [40-42]. Biochar has a
wide surface area and a pore network that is evenly dispersed with micropores as large as 2nm,
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mesopores ranging from 2-50 nm, and macrospores as small as 50nm [43]. Due to its large
specific surface area, it possesses a specific adsorption effect on heavy metals and organic
ammonia nitrogen in the water [19]. In some cases, the surface area of the biochar was
discovered to be lower than activated carbon, but the adsorption capacity was higher. This is
because the adsorption of water induces swelling within the biochar, expanding the internal
surface area and, due to this, the adsorption capacity will increase [34].

Several studies have been conducted to evaluate the adsorption properties of modified
biochar and the impact of functional groups on the adsorption process. Many functional groups
can react with one another, and some are also capable of forming hydrogen bonds [44].
Hydrogen bonds give them exceptionally strong bond energy, making it difficult to separate
them. Among the commonly used modification techniques are microwave treatments,
oxidation, reduction, and metal ion loading [45].

Modified biochar typically contains numerous functional groups, such as -CHO
(aldehyde), -COOH (carboxyl group), -OH (alcohol or phenol). It exhibits remarkable results
in the disposal of toxic metals and organic pollutants from the environment [46]. In the course
of the adsorption processes, modified biochar works on both physical and chemical adsorption
[47]. However, the dominant adsorption mechanisms may differ depending on the type and
properties of the adsorbed pollutant. By expanding the volume of pores and the specific surface
area of biochar created by the addition of iron oxides, structural benefits can be achieved [48].

4. Factors Affecting Biochar Yield

The biochar yields depend on the categories of feedstocks, whether the pyrolysis was
conducted at a high or low temperature, and heating rate [49]. Biomass residue has been widely
used in the biochar industry due to its economic and food security privileges over other biomass
categories [50]. Waste biomass commonly used for biochar production includes animal feces,
plant residues, forest waste, food waste, municipal waste solids, and wastewater [51]. In
particular, biomass waste pyrolyzation (particularly sewage loops and animal manure) destroys
any existing bacteria and lowers the negative consequences on the environment [9]. Feedstocks
are classified into two groups: (i) primarily bio-energy and biochar resource biomass, and (ii)
waste biomass by-products [50]. For most feedstock types, animal and solid waste can produce
a higher yield of biochar than plant matter or biomass [49].

Biochar has different properties reliant on the pyrolysis temperature [32]. Biochar’s
morphology and surface structure are strongly linked to the pyrolysis temperature [52]. As
reported in previous studies, biochar’s adsorption capacity is strongly influenced by
temperature [34]. Biochar can be produced by pyrolysis at temperatures ranging from 200-
900°C, which occurs in the absence of much lower oxygen levels [53]. Generally, there are two
types of pyrolysis: fast and slow pyrolysis [54]. Fast pyrolysis that occurs in a very short period
of time (less than 2 seconds) is well known for producing bio-oil from biomass, yielding 75%
of bio-oil [54]. Most biochar is generated through slow pyrolysis processes that take several
hours to several days to produce biochar [55].

A previous study found a decrease in the amount of biochar when the heating rate
increased [56]. At higher pyrolysis temperatures, the surface area generally increases [57]. In
this process, it is believed that the aliphatic alkyl and ester groups are being destroyed, and the
exposed aromatic lignin component is contributing to the increase in the surface area [58]. The
relationship between micropore volume and surface area is directly proportional, and the
increase in surface area is primarily due to the increased pore size distribution of the biochar
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[59]. Biochar produced at higher temperatures is more effective at remedying soil and water
contamination due to the increased surface area and the biochar’s microporosity [32]. In
contrast, biochar produced with a low heating rate has a smaller surface area, owing to
deformation, cracking, or micropore blockage [52,60]. Thus, biochar ought to be produced
under well-defined pyrolysis circumstances in order to produce the highest quality yield
possible [32].

5. Production of Biochar

Noticeably, the availability of feedstock and its composition are two of the most
important variables influencing the economical and efficient production of biochar. For biochar
production, a variety of feedstock options are available. These include agricultural biomass,
urban waste, paper waste, and aquatic and woody biomass [61]. Agriculture wastes such as rice
straw [62], cotton stalk [63], and coconut shell [64] are the most commonly used agricultural
wastes in the production of biochar. In terms of municipal waste, papermill sludge [65] and
sewage sludge [66] are the most commonly used feedstocks for biochar production. Pine
sawdust [67] and waste wood chips [68] are examples of woody biomass, while aquatic
biomass such as Macroalgae sp. and seaweed [69] is commonly utilized as feedstock for
biochar production.

Traditional biochar production methods include piling it up in soil pits and allowing it
to burn slowly with little or no airflow [70]. A different method was to burn the biomass in an
open area and immediately cover the half-burned biomass with soil [71]. This process is known
as pyrolysis. Pyrolysis is a thermal degradation technique that uses heat to degrade biomass
while restricting the presence of oxygen [72]. Slow pyrolysis and fast pyrolysis are methods in
traditional approaches [61].

To produce biochar, the selected biomass is dried thoroughly before being pulverized.
Then, the pulverized particles were milled down to the next lower limit of 40 mesh size [73].
To achieve slow pyrolysis, biomass must be heated at a temperature in the range of 300-600°C
at a rate of 5 to 7°C per minute for at least > 24 hours [68]. The slow pyrolysis process is
generally performed with a continuous auger/screw pyrolyzer reactor [74]. As a result, biochar
is produced as a major product (35-45%) alongside bio-oil (25-35%) and syngas (20—-30%)
[74]. The operation of fast pyrolysis is carried out at a temperature greater than 500°C and a
heating rate greater than 300°C per minute in the absence of oxygen [75]. Within a few seconds,
the yield of fast pyrolysis is reported to be 60% bio-oil, 20% biochar, and 20% syngas [75].
The summary of slow and fast pyrolysis is shown in Table 1. Fast pyrolysis is primarily used

to produce biochar on a large scale.
Table 1. The summary of slow and fast pyrolysis

Temperature Heating rate Duration . References
Method °C) min’ (°C) (s/h/min/days) Yields (%)
5-7 Min to days 35-45 biochar [55,68,74]
Slow pyrolysis 300-600 25-35 bio-oil
20-30 syngas
>300 ~1s 60 bio-oil [54,75]
Fast pyrolysis >500 20 biochar
20 syngas
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6. Application of Biochar in Wastewater Treatment

As our demand on the environment continues to grow, many pollutants with low
concentrations but significant environmental harm are gradually gaining attention [47]. Sewage
from industrial processes released into the environment may cause humans' carcinogenicity,
toxicity, mutagenicity, and teratogenicity [76].

While many techniques exist for wastewater treatment, five, in particular, are
commonly used: adsorption [34,77], chemical precipitation, membrane separation, constructed
wetlands, and ion exchange [78]. However, some of these technologies have a number of
drawbacks, including inefficiency in removing pollutants at low concentrations, being unable
to convert contaminants into biodegradable or less harmful by-products, excessive use of
energy and chemicals, the difficulty of the process, and high costs of operation and maintenance
[79,80].

The adsorption method is adaptable and effective, making it the primary treatment
method. Due to its massive specific surface area and functional divisions, researchers are
paying special attention to biochar in the study of adsorption [81]. The surface properties of
biochar can be altered to improve adsorption efficiency. The inexpensive cost of biochar is
another major feature contributing to its appeal. Biochar is made primarily from solid waste
and agricultural waste, which is one aspect that contributes to its low cost. In other research,
the price of modified biochar was found to be nearly half that of activated carbon, and its
adsorption capability was shown to be nearly equal [82].

Previous experiments have proven that biochar is effective at removing organic matter,
surfactants, and nitrogen (N) from wastewater [35,36]. Biochar can be used successfully as a
phosphorus (P) sorbent in the wastewater treatment process [83]. Then, the sorbent produced
different types of products (phosphorous fertilizers) using the method of recycling, which is
widely recognized for having the ability to improve the soil condition [83]. Micropollutants are
a type of chemical pollution that can endanger human well-being and the environment.
Micropollutants are extremely complicated organic compounds found mostly in water [84].
Pharmaceuticals, antibiotics, cosmetics and toiletries, endocrines, organic contaminants with a
long-life cycle, disinfection by-products, and other industrial chemicals are the most common
sources of micropollutants [47,84]. Environmentally persistent and long-lasting, these
micropollutants can be found in a wide variety of environments. Despite the fact that most
micropollutants are present in extremely low amounts in water, they still have the potential to
cause detrimental consequences for human health and the environment due to their
accumulation by organisms throughout the food chain [85]. One of the micropollutants that can
be found in water bodies is antibiotics such as tetracycline, doxycycline, and clindamycin [86-
88], personal care products such as triclosan [89], analgesics such as ibuprofen and
carbamazepine [90], and psychoactive drugs such as caffeine [88]. Research into the utilization
of modified biochar to remove tetracycline and other micropollutants from water has been
ongoing for quite some time [37,38].

In recent studies, biochar has been shown to be effective in removing inorganic
pollutants from wastewater, such as heavy metals [39]. Heavy metals are among the
contaminants that can be found in wastewater. It can accumulate in organisms, posing a threat
to the quality of life of other food chain members, especially humans [6]. In aqueous solutions,
the primary concern of organic contaminants is dyes [39]. Research into biochar produced from
bio-oil for the removal of chromium (Cr) has already been done [91]. Hexavalent chromium
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Cr(VI) compounds are commonly used as dye pigments in the industry [92]. The biochar-based
adsorbents have been proven to have a high adsorption capacity for this compound [92].
Biochar has been touted as a good way to remove methyl violet from wastewater, which has
been anticipated to be a possible adsorbent [93].

7. Recent Development

Although biochar has a large adsorption capacity for numerous contaminants, a detailed
understanding of the methods regulating the adsorption process is still lacking [39]. New
problems and challenges will inevitably arise due to the advancement of biochar research and
development [47]. To stay ahead of modern treatment technology, more methods should be
developed to make full use of biochar and remove pollutants from the environment, especially
in the application of wastewater. Integration of biochar into current and advanced wastewater
treatment systems might be considered and explored.

Biochar modification is an important area that must be discussed further to improve
biochar's capacity to remove specific contaminants from the environment. A larger number of
studies are required to pinpoint how the modification process may be altered and the various
mechanisms involved, which vary depending on the modification agents utilized [39,94]. The
study of biochar modification is still in its infancy, but the application potential of biochar is
enormous. Accelerating the advancement of biochar research technology will aid in the
expansion of the scope of biochar’s application [19]. Recent advancements in nanotechnology
offer a wide array of opportunities to improve water treatment technologies in the future [95].
Combining biochar with other treatment strategies, for example, mixing biochar with a
biofilter, can improve biochar’s excellent adsorption capability for environmental remediation
[96-103].

Biochar has already shown itself to be widely applicable in wastewater treatment
applications, but scientists should remain mindful of its possible environmental effects
[104-110]. The potential carbon release from biochar during wastewater decontamination may
increase the carbon content of the treated water. Because biochar is a biomass pyrolysis product
produced at low temperatures (300-800°C) and without the use of an activation process, it is
not completely carbonized. It also includes toxic elements and nanoparticle pollution in
biochar-based materials [19]. The discharge of heavy metals from biochar derived from sludge
is a possibility, particularly for biochar derived from sludge [39]. Thus, more research should
be done to find ways to maximize the process of making biochar and reduce pollution [19].

8. Conclusions

Biochar is a useful material and has a high potential to substitute activated carbon. It is
an effective and cheaper adsorbent that can be created from a wide range of biomass materials,
including agricultural waste, sewage sludge, crop residues, manures, forestry residues, and
other solid waste. As discussed, biochar could be utilized as an amendment for soil
improvement, a sorbent to eliminate contamination from soil and water, reduce the emission
of various greenhouse gases and store carbon dioxide or hydrogen. The growing number of
pollutants with low concentrations but significant environmental harm is gradually gaining
attention as human demands on the environment continue to grow. Wastewater from industrial
processes that are released into the environment has the potential to cause detrimental effects
on the environment and also on humans. Even though there are many different wastewater
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treatment techniques available, the adsorption method is the most adaptable and effective,
making it the primary treatment method. Due to its wide range of surface area and functional
divisions, biochar is receiving particular attention in the study of adsorption in wastewater.
Looking at things from a sustainable perspective, biochar may have a bright future in the long
term. To enhance the physiochemical and adsorption qualities of biochar, surface modification
techniques can be employed. The research into biochar modification, on the other hand, is still
in its infancy, even though biochar has immense application potential. It will take a larger
number of studies to identify all of the different ways in which the modification process can be
manipulated. A wide range of opportunities for the development of water treatment
technologies has opened up as a result of recent advances in nanotechnology.
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