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Abstract: The growth of the world population has increased the production of wastes. These are
generally incinerated or deposited in outdoor landfills, which impacts the environment and affects
human health. A technique that allows to reuse of wastes and diminishes adverse effects on the
environment is pyrolysis. Through this technique, a material known as Biochar (BC) is produced,
which has proven to have interesting physical-chemical properties for it to be used as an asphalt
modifier, and simultaneously, helps to mitigate negative impacts on the environment. The foregoing
article presents a bibliographical review on the use of BC as a modifier for asphalt binders and
asphalt mixes. This has the purpose of becoming a starting point for future research efforts. In the
reviewed literature, there was no review found on this topic. In general terms, BC increases the
performance of asphalt binders in high-temperature climates, and tends to reduce its performance in
low-temperature ones. Few studies have evaluated the performance of BC on asphalt mixes and the
long-term properties associated with durability. Based on the reviewed literature, at the end of the
article, recommendations are provided for future study topics.

Keywords: Biochar; asphalt binder; asphalt mixture; modified asphalt; review

1. Introduction
1.1. Biochar

Biochar (BC) is a material that is rich in carbon (C). It also contains nitrogen (N),
hydrogen (H), inorganic elements, and small traces of heavy metals. It is obtained by
pyrolysis (a process of thermal degradation in an inert atmosphere where oxygen is absent)
biomass at temperatures that vary between 300 ◦C and 900 ◦C in the absence of oxygen [1].
It can also be obtained through gasification (mainly with biomass of a ligneous origin,
it is a process involving heat, steam, and oxygen without combustion), torrefaction (the
process of thermal degradation of biomass at temperatures between 200 and 300 ◦C, under
atmospheric pressure and in the absence of biomass oxidizing agents) and hydrothermal
carbonization (biomass is treated under hot compressed water). Biomass can be obtained
from plants, animals, and industrial wastes [2,3]. In other words, industrial wasted, animal
or human manure, organic wastes, municipal sludge, and food residue, among others, can
be used as raw materials for producing BC [4–6]. The type of biomass bears an influence on
the physical-chemical properties of BC: surface area, capacity of exchanging cations, water
retention capacity as well as pore size and distribution [7]. Within the pyrolysis process,
temperature inversely affects the performance of BC, however, increases the content of
carbon [8] and porosity [9]. The H/C and O/C ratio bears an influence on the properties of
BC, and both ratios decrease with the increase of pyrolysis temperature. Low O/C ratios
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are indicators of high stability and durability [10] and low polarity [11], whilst low H/C
ratios are related to high aromaticity.

BC has a high specific surface area, porous structure with high carbon content, abun-
dant functional groups on the surface, it is less expensive than activated carbon and gener-
ates fewer negative environmental impacts [12–14]. Presents low thermal conductivity, high
chemical stability, and low flammability [7,15,16]. It is a renewable and environmentally
friendly material and could inhibit VOC (volatile organic compound) emissions [17–19].
Additionally, it displays a high resistance to chemical and biological degradation [10].

1.2. Problem Statement and Uses

Environmental issues are currently one of the matters that most concern the world.
The growth of industry and construction has increased CO2 emissions [14]. Likewise, the
growth of the world population has increased the number of residues and wastes (plastics,
agricultural, animal, forest, domestic, municipal or organic, residual water sludges, among
others) [6]. These wastes, on occasions, are incinerated or dumped in landfills, which
negatively impact the environment and human health. Because of this reason, climate
change, pollution, deforestation, energy consumption, and waste production, among others,
are matters that bear a high level of priority at the moment of allocating efforts and resources
in order to mitigate them.

Because of the above, several countries are driving the generation of energy and
fuels through renewable organic materials instead of fossil fuels [20]. These have also
opted for composting and anaerobically stabilizing wastes in order to produce biogas
or other material with the purpose of fulfilling the objectives of a circular economy [21].
Another way of treating biomass waste is using pyrolysis. This technique reduces the
emissions associated with the incineration process and avoids the use of landfills for the
elimination of waste [22]. Through this mechanism, a valuable product is generated:
BC. The conversion of biomass into BC could help the capture of carbon and reduce the
possibility of greenhouse gas emissions [14]. BC has a huge potential for climate change
mitigation [23–25]. According to Woolf et al. [23] and Robert et al. [26], this material is
capable of reducing 870 kg of CO2 equivalent to greenhouse effect gases (GEG) per ton
of dry raw material. It is also capable of capturing CO2 from the air and retaining it in its
pores for decades. Furthermore, wastes found in outdoor landfills can be used as biomass,
which helps to reduce environmental and social dilemmas that are inherent to this waste
disposal system [11].

The most important current uses of BC are in the agricultural sector. In the sector
of construction, these have been mainly studied for replacing cement in a mortar or in
concrete. Few studies have been carried out for asphalt modification. The above, despite
the broad knowledge that carbonaceous materials are highly compatible with asphalt
binders and can be used as modifiers, given that they are made of carbon [27]. Perhaps
some of the most studied ones are carbon fiber and carbon black. Vegetable carbons have
also been used [28]. These materials have demonstrated a good performance (mainly in
high-temperature service regions) as modifiers of asphalt mixes in different studies [29–31].
However, the main concern regarding these carbonaceous materials is still fatigue and
cracking resistance at low temperatures [27].

Some of the uses of BC are: (i) it helps to improve soil properties, promotes the growth
of vegetation (soil conditioning) [32], and water retention [33,34]. (ii) it can help to restore
contaminated soils [35]; (iii) treatment of residual waters, water purification, and capture or
direct extraction of carbon dioxide (CO2) in the air thanks to its pore absorption [15,36–38];
(iv) as mineral filler, substitute for cement in cementitious materials, or as a replacement
for light aggregates in construction materials [6,7,14,39–42]; (v) as a diet supplement in
animal feeding [43]; (vi) replacement for activated carbon; (vii) as absorbent material to
remove from wastewater, radioactive effluents in the nuclear industry [44–47]. Regarding
the construction sector, the most important application of BC is as a substitute for cement
in a mortar or in concrete. The addition of BC could help to reduce the capillary absorp-
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tion in paste, accelerating cement hydrating and reducing cracking due to retraction [7].
Additionally, this sustainable replacement technique helps to mitigate CO2 emissions by
reducing the production of cement and promoting the recycling of residual biomass [42].
In comparison to concrete, few studies have been carried out in the area of asphalt binders
and asphalt mixes.

BC shows multiple advantages of use. Few disadvantages were found in the reference
literature. The restrictions attributed to the use of BC are mainly due to the lack of studies,
since this is a relatively new technique. Some studies highlight the need to: (i) deepen
the physical-chemical interactions of BC such as particle size, pore size, pore volume [48];
(ii) make comprehensive techno-economic analysis correlating BC properties for certain ap-
plications with feedstock, production processes, BC upgrading, and modification strategies,
economic impacts and recyclability [49–51]; (iii) assess and discuss the possible presence
of some toxic chemicals compounds (dioxins, chlorinated hydrocarbons, and polycyclic
aromatic hydrocarbons) [52,53]; (iv) investigate the reuse and disposal of spent BC [53,54];
make a life-cycle assessment of this technology [55].

1.3. Objective

No study was found that carried out a review on the use of BC in asphalts. This
study had the main objective of conducting a bibliographical review on the use of BC in
asphalt binders and/or asphalt mixes. This review will be taken by the authors as a starting
point for conducting future studies using BC in asphalts. Additionally, these will be a
source of consult and reference for undergraduate and postgraduate students, academics,
and researchers within the area of civil engineering, pavements, roadways, geotechnics,
materials, and related branches. Likewise, they can be consulted by entities that promote
the development of environmentally sustainable techniques in roadway projects.

2. Methods

The bibliographical review was carried out mainly in the Scopus, Web of Science,
ScienceDirect, Taylor and Francis, SpringerLink, American Society of Civil Engineering,
and MDPI Journals and scientific databases. Keywords such as “Biochar”, “Biochar +
asphalt”, “Biochar + asphalt binder”, “Biochar + asphalt modified”, “Biochar + asphalt
mix”, “Biochar + asphalt mixture” were used to search. Most of the studies conducted
using BC are in the area of agriculture. Few studies have been conducted using it as a
construction material (mainly as a replacement for cement in mortar and concrete). Very
few studies have been carried out using BC as an asphalt modifier. This is mainly due to
the fact that BC is a relatively new material (in scientific databases, approximately 98.7% of
the consultation documents on BC are from the last decade). Additionally, there are still
certain legal, economic, and environmental aspects of its use that must be deepened [56–61].
The few studies about BC in asphalts were read, described and analyzed. No literature
review was found in the literature consulted about BC in asphalts.

3. Biochar in Asphalts

Below is a summarized description of studies consulted in the referenced literature
regarding the use of BC in asphalt binders and asphalt mixes.

Just as was previously mentioned, the microstructural, chemical and physical proper-
ties of BC significantly vary according to the pyrolysis method, processing temperature,
pressure, and heating velocity, among others [62,63]. Because of this reason, Zhao et al. [63]
evaluated the pyrolysis treatment method as variables of interest. According to them,
the method of pyrolysis has a minor effect on the modification of asphalt binder, and its
best performance was obtained using the finer particles (<75 µm) of BC produced at a
lower heating rate (15 ◦C/min) and a lower maximum heating temperature (400 ◦C). The
following were other conclusions drawn from this study: (i) the addition of BC increased
viscosity and permanent deformation resistance of the asphalt binder at high service tem-
peratures, whilst it showed little effect at low service temperatures; (ii) BC could improve
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aging resistance; (iii) BC demonstrated to be more effective than activated carbon as a
modifier of asphalt binders. Zhao et al. [27] used the results presented in the previous
study for modifying a PG (performance grade) 64–22 asphalt binder with a content of
5 and 10% of BC (produced through slow pyrolysis at 400 ◦C during 60 min, with a heating
rate = 15 ◦C/min, Switchgrass as biomass and only particles smaller than 75 µm) were
used in relation to the mass of asphalt binder. These percentages of addition were chosen
based on a previous study conducted by the research group [63]. This modified asphalt was
used in order to manufacture six types of hot-mix asphalts (HMA). BC increased permanent
deformation resistance, especially with 10% de BC. According to the authors, BC increased
moisture damage resistance. However, the results are unclear in this regard, given that
indirect tensile strength values—ITS (dry and wet) and TSR (Tensile Strength Ratio) do not
show significant variations regarding the control mix. Additionally, it is possible to observe
a tendency to reduce moisture damage resistance when the content of BC is increased.
They also report an increase in cracking resistance in the asphalt mix when BC is used as
a modifier. However, in test results, it is unclear if the changes obtained are statistically
significant. The following can be reported as limitations of these studies: (i) they only
used two addition percentages in the binder; (ii) the process of mixing asphalt with BC is
unclear (temperatures, time, and mixing rate); (iii) the process of manufacturing HMA with
the modified asphalt is unclear in regards to the selection of mixing and manufacturing
temperatures; (iv) resilient modulus was only obtained at 25 ◦C; (v) no fatigue resistance
tests were conducted.

Walters et al. [64] used nanoclays (2 and 4% in weight) and BC (2, 5, and 10% in weight;
produced through swine manure) in order to modify a PG 64-22 asphalt binder. According
to them, BC could reduce thermal susceptibility and improving the dispersion of nanoclay
in the asphalt binder and to improve aging resistance. One year later, Walters et al. [65]
modified a PG 64-22 asphalt binder and a nano-modified asphalt binder with two per-
centages (3 and 6% in weight in relation to the asphalt binder) of BC sourced from swine
manure. In this study, BC did not have effects on aging susceptibility of the asphalt binder.
In both studies, the production process of BC is unclear. There is also a lack of clarity in
the way BC was added to the binder (does not show temperatures, mixing time, mixing
equipment, etc.). Furthermore, the effect of mixed nanoclay and BC is unclear. The effect of
nano-particles and BC separately is not clear. Conclusions are based on rheology tests and
chemical characterization of modified asphalt, however, properties in asphalt mixes were
not evaluated.

Çeloğlu et al. [66] used two types of BC (derived from walnut crust and apricot seed
shell) in order to modify (5%, 10%, and 15% per weight) an asphalt binder (penetration
of 190 mm/10). The modification of the asphalt binder was carried out at 180 ◦C. The
conclusion was that BC increases the stiffness of the asphalt binder and its performance
grade at high temperatures. This study only conducted the typical characterization and
rheology tests performed on binders. There was no study carried out on mixes. Modifica-
tion temperature of the binder with BC was high, and it is unclear if the asphalt’s stiffening
is due to this temperature or to the used BC [67,68]. There were also no tests carried out in
order to evaluate response at intermediate and low service temperatures.

Kumar et al. [69] used BC obtained through pyrolysis (at 450 ◦C with a heating rate
of 40 ◦C/min and nitrogen flow rate of 100 mL/min) of a Mesua ferrea seed cover as a
modifier of two asphalt binders (51.6 and 47.3 mm/10 penetration grade, sourced from
different refineries). Further details on the pyrolysis process can be found in [70]. BC was
added in 5, 10, 15, and 20% with relation to the weight of asphalt binders and was mixed
for 30 min at 160 ◦C using a high shear mechanical blender. Only physical and rheological
characterization tests were carried out on modified asphalt binders. There was no study
carried out on mixes. BC increased viscosity, improved permanent deformation resistance,
and reduced aging susceptibility of asphalt binders.

Zhang et al. [71] modified a PG 58-28 asphalt binder with BC (2%, 4%, and 8% in as-
phalt binder weight) produced from pyrolysis (500–650 ◦C and heating rate of 104–105 ◦C/s)
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of a waste wood resource. Particle sizes of BC ranging from 75–150 µm and less than 75 µm
were chosen. BC was mixed with the asphalt binder at 120 ◦C for one hour using a high-
speed shearing mixer. They carried out tests with Scanning Electron Microscopy and
rheological characterization on the modified asphalt binder. The conclusion was that BC
(particle size less than 75 µm and content less than 4%) could increase resistance to per-
manent deformation and aging of the asphalt binder, keeping a good low-temperature
crack resistance. A similar study was conducted by Zhang et al. [72] using the same type of
asphalt binder and modifier. They concluded that the adding of BC increased permanent
deformation resistance at high temperatures whilst maintaining a good fatigue resistance.
Additionally, they advised a content between 2 and 4% of BC as an asphalt binder modifier
and BC particle sizes smaller than 75 µm. Not having carried out tests on asphalt mixes is
the main limitation in both studies.

Dong et al. [73] modified an asphalt cement (penetration = 63 mm/10) using a BC
named DS-510F. BC was mixed with the asphalt binder at 145 ◦C for 45 min using a high-
speed shearing mixer. Five BC contents were used in relation to the asphalt binder mass
(5, 7.5, 10, 12.5 and 15%). Based on rheology tests carried out on the modified binder, the
conclusion was that BC improved aging resistance. However, low temperature performance
of biochar-modified asphalt binder tends to drop, but its impact was not significant. There
was no study carried out on mixes. Additionally, there is no knowledge regarding the BC
biomass, nor a description of the pyrolysis process.

Zhou and Adhikari [74] and Zhou et al. [17] modified a bio-asphalt (produced by
mixing at 120 ◦C for 30 min at 2000 rpm, a PG 58-28 or 60-80 penetration asphalt binder
with 10% of bio-oil), with BC derived from cypress waste wood (sawdust). Pyrolysis tem-
perature was 500 ◦C (at 2.0 g/s) and BC particle size was smaller than 75 µm. 2, 4, 6 and 8%
of BC was mixed with bio-asphalt at 135 ◦C forg one hour at 2000 rpm. Based on rheolog-
ical and chemical characterization tests, they concluded that BC improves flow-induced
crystallization ability, performance at high service temperatures and aging resistance of
bio-asphalt. Furthermore, BC produces SiO2 particles in a bio-asphalt system and does not
affect the low temperature hardening of its chemical components. The main limitation in
both studies was not conducting tests on asphalt mixes.

Saadeh et al. [75] mixed a PG 64-10 asphalt binder with crumb rubber (combining
18% rubber and 82% binder) with BC (addition percentages in relation to binder mass
of 5%). The biomass used was swine manure. The particle size of BC is unclear. They
conducted tests on asphalt mixes, mainly Semi-Circular Bending (SCB) test and Hamburg
Wheel Test (HWT). The results showed that BC decreased the fracture resistance of the
mixture but helped maintain it after aging. According to the authors, BC could improve
the performance and durability of HMA with time, especially because it increases aging
resistance. However, tests conducted were limited in order to be able to support this
statement. This study did not carry out a phase of physical-rheological and chemical
characterization of the modified asphalt.

Wu et al. [76] used BC from rice straw as filler in an asphalt mastic. However, it could
seem that BC was not obtained through pyrolysis. They describe its sourcing from ash that
is produced in the incineration process of rice straw in an oven at 500 ◦C for one hour. Mass
ratio of 58.5:41.5 of mineral filler to asphalt binder (asphalt cement—AC 60/70 penetration
grade) was used to prepare asphalt mastic. Natural mineral filler was replaced by BC with
a volume fraction of 40, 80, and 100%. Mineral filler and binder were blended at 150 ◦C for
3 min. According to them, BC can increase stiffness in the asphalt mastic. Low temperature
performance, moisture damage, cracking, and aging resistance were not measured. The
mechanical resistance of asphalt mixtures was not evaluated either.

Gan and Zhang [77] used BC sourced from crop straw in order to modify an AC with
penetration = 75.2 mm/10. This crop straw was subjected to 450 ◦C for two hours in a
muffle furnace, maintaining an oxygen-deficit environment. BC particle size used was
<0.075 mm. BC (2%, 4%, 6%, 8%, 10%, and 12%, percentage by mass of asphalt binder) was
mixed with AC at 150 ◦C for 30 min. The addition of BC significantly improved asphalt
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performance at high temperatures, but reduced its performance at low temperatures. Six
percent was the optimal BC quantity in the asphalt binder. No tests were carried out on
asphalt mixes. Additionally, the experimental phase was limited and did not conduct
rheology tests.

Zhou et al. [78] studied the effects of pyrolysis parameters (mainly temperature: 450,
500 and 550 ◦C) the on physical-chemical properties of two types of BC obtained from swine
manure and wood waste, when used as bio-asphalt modifiers. Chemical and physical-
rheological characterization tests were carried out. The emphasis of the study was the
chemical analysis of the modified bio-asphalt. In this study, BC notoriously changed the
parameters of the asphalt binder, such as, penetration, softening point, ductility, viscosity,
and the complex modulus. The general trend is to stiffen the binder. No tests were carried
out on asphalt mixes.

Liu et al. [79] studied the application of BC in the performance of runoff purification
of a porous asphalt mixture (PA). Three fillers made with different kinds of BC were used
(derived from rice straw, nut shell, and coconut shell) in order to manufacture the mix.
The mix used a styrenebutadiene-styrene (SBS) modified asphalt as binder (PG 76-22). BC
replaced the mineral filler of PA. The sourcing process of BC was not described. Addition-
ally, the influence of BC on mechanical properties of PA was not evaluated. According to
them, BC presents nitrogen and phosphorus pollutants which can be lixiviated. However,
in this study, lixiviation of these components was reduced when BC was used as a filler
in PA. They advise to take prior measures of cleaning BC in order to minimize possible
contamination due to lixiviation.

Ma et al. [80] modified an asphalt cement (penetration 60–80 mm/10) with BC (5,
7.5, 10, 12.5 and 15% in asphalt binder weight) obtained through thermal cracking of
commercially available straw stalk. BC and binder were blended using a high-speed
shearing machine (150–160 ◦C for one hour at 5000 rpm). BC was obtained under an N2
atmosphere at 450 ◦C with a residence time of 30 s and a feed rate of 5 kg/h (particle size of
BC = 150 mesh; carbon content = 76%). Chemical and physical-rheological characterization
tests were carried out. No tests were carried out on asphalt mixes. Moisture damage and
aging resistance were not evaluated. BC improved permanent deformation resistance and
properties of the asphalt binder at high temperatures. However, it reduced its resistance
at low temperatures. They advise applying BC as an asphalt modifier in subtropical and
tropical regions.

A summary of the studies consulted is shown in Tables 1–3.

Table 1. Summary of BC content and particle size, and biomass type.

Ref. BC Content * Biomass BC Particle Size

[27] 5, 10%

Switchgrass

<75 µm

[62] 5, 10, 15, 20% for MR BC and
10% for TF BC

150 > diameter > 75 µm for MR BC;
< 75 µm for TF-BC at 400 ◦C and
150 > diameter > 75 µm at 500 ◦C

[63] 5, 10% Passing No. 4 sieve

[64] 2, 5, 10% Waste of a thermochemical process to
convert swine manure into bio-oil

It is not clearly described

[65] 3, 6% It is not clearly described

[66] 5, 10, 15% Walnut crust and apricot seed shell Passing No. 200 sieve

[69] 5, 10, 15, 20% Mesua ferrea seed cover Passing 150-µm sieve

[71]
2, 4, 8% Waste wood resource 75 µm–150 µm and less than 75 µm

[72]
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Table 1. Cont.

Ref. BC Content * Biomass BC Particle Size

[73] 5, 7.5, 10, 12.5, 15% It is not clearly described (DS-510F) 150 mesh

[17]
2, 4, 6, 8% Cypress waste wood (sawdust) <75 µm

[74]

[75] 5% Swine manure It is not clearly described

[76]

Does not apply (BC was used
as filler in an asphalt

mastic)—Mass ratio of
58.5:41.5 of mineral filler to

asphalt binder

Rice straw
It is not clearly described. However, it
could be assumed that the filler was

made up of particles <75 µm

[77] 2, 4, 6, 8, 10, 12% Crop straw <0.075 mm

[78]

2% BC was added into AC
60 mm/10 (BC-modified

asphalt); 2% BC + 8% bio-oil
modified asphalt (BC and
bio-oil modified asphalt)

Swine manure and wood waste <2 mm

[79]
Does not apply (BC replaced
the mineral filler of porous

asphalt mixture—PA)

Rice straw, nut shell, and
coconut shell

<0.075 mm (filler), 1−2 mm and 3−5 mm
(filter layer under the pavement surface)

[80] 5, 7.5, 10, 12.5, 15% Straw stalk 150 mesh

* by weight of asphalt binder; MR: Microwave reactor; TF: Tube furnace.

Table 2. Summary of modified asphalt binder and BC pyrolysis process.

Ref. Asphalt Binder BC Pyrolysis Process

[27]

PG 64-22

TF pyrolysis method (slow pyrolysis); Starting temperature = 25 ◦C,
PT = 400 and 500 ◦C, HR = 15 ◦C/min, PD = 60 min

[62] MR BC (HR = 400–500 ◦C/min); TF BC (HR = 15 ◦C/min; 400–500 ◦C)

[63] MR pyrolysis method

[64]
PG 64-22 and Bio-binder It is not clearly described

[65]

[66] AC 190 mm/10 penetration BC pyrolysis process in compliance with ASTM E 897-83 standard

[69] AC 51.6 and 47.3 mm/10 penetration 450 ◦C with heating rate 40 ◦C/min and a nitrogen flow rate of
100 mL/min. More details in [70]

[71]
PG 58-28 500–650 ◦C and a heating rate of 104–105 ◦C/s

[72]

[73] AC 63 mm/10 penetration It is not clearly described

[17] Bio-asphalt (PG 58-28 or 60-80 penetration with 10%
of bio-oil)

500 ◦C with N2 (at 2.0 g/s)
[74]

[75] 18% crumb rubber + 82% PG 64-10 Hydrothermal liquefaction process (HTL)

[76] AC 60/70 penetration Not pyrolysis. Incineration process of rice straw in an oven at 500 ◦C for
one hour

[77] AC 75.2 mm/10 penetration 450 ◦C for 2 h in a muffle furnace, maintaining an
oxygen-deficit environment

[78] Bio-oil
Fast pyrolysis temperatures: 450, 500, and 550 ◦C. Heating speeds:
25–150, 150–300, and 300–450/500/550 ◦C at 3, 5, and 10 ◦C/min,
respectively; N2 flow velocities: 10, 20, and 30 L/min, respectively.

[79] SBS modified asphalt (PG 76-22) It is not described

[80] AC 60–80 mm/10 penetration Thermal cracking; N2 atmosphere at 450 ◦C with a residence time of
30 s and a feed rate of 5 kg/h

PT: Pyrolysis temperature; HR: Heating rate; PD: Pyrolysis duration; SBS: Styrenebutadiene-styrene.
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Table 3. Summary of most important tests or parameters measured and significant findings.

Ref. Most Important Tests or Parameters Most Significant Findings

[27] DSR; Resilient Modulus; APA (Rutting); TSR;
Superpave IDT; SCB

Pyrolysis method has a minor effect on the modification of asphalt binder; Best
performance is obtained using the finer particles (<75 µm) of BC; BC increased viscosity
and rutting resistance; Best performance is obtained using a BC produced at 15 ◦C/min
and heating temperature of 400 ◦C; BC showed little effect at low service temperatures;
BC demonstrated to be more effective than activated carbon as a modifier of asphalt
binders; BC increased moisture damage resistance; BC increased cracking resistance in
the asphalt mix

[62] DSR; SEM

[63]
Superpave Rutting and Fatigue Index (DSR);
G* at low temperature; APA Rutting; TSR;
Superpave IDT

[64] RV; XRD; Temperature and Shear
Susceptibility

BC could reduce thermal susceptibility and improving the dispersion of nanoclay in the
asphalt binder; BC improves aging resistance

[65]
DSR; Viscosity, Shear and Aging Temperature
Susceptibility; Sorption Procedure for
Chromium Removal

BC did not have effects on the aging susceptibility of the asphalt; BC improved
dispersion of the nano-clay in the asphalt binder; BC has the ability to remove about 75%
of Cr (VI) from the Cr(VI) contaminated surface runoff

[66] Rheological properties using DSR BC increases the stiffness of the asphalt binder and its performance grade at
high temperatures

[69] Rheological properties using DSR BC increased viscosity, improved permanent deformation resistance, and reduced aging
susceptibility of asphalt binders

[71] RV; Rheological properties using DSR; BBR;
Microscopic Morphology

BC (particle size < 75 µm and content < 4%) could increase resistance to permanent
deformation and aging of the asphalt binder, keeping a good low-temperature crack
resistance; BC-modified asphalt with 2–4% mixing amount and particle size < 75 µm
was recommended[72]

[73] Rheological properties using DSR; BBR; FTIR BC improved aging resistance; BC tends to reduce low temperature performance of
biochar modified asphalt binder

[17] Rheological properties using DSR; X-ray
scattering; Molecular dynamic simulation;
FTIR; Microscope experiments; TLC–FID

BC improves flow-induced crystallization ability, performance at high service
temperatures, and aging resistance of bio-asphalt; BC produces SiO2 particles in a
bio-asphalt system and does not affect the low temperature hardening of its chemical
components[74]

[75] SCB; HWT
BC decreased the fracture resistance of the mixture but helped maintain it after aging.
BC could improve the performance and durability of asphalt mixtures because it
increases aging resistance

[76] SEM; Rheological properties using DSR BC can increase stiffness in the asphalt mastic, which would contribute to the rutting
performance of asphalt pavement

[77] SEM; Laser particle size analysis; penetration,
softening point, ductility

BC improved asphalt performance at high temperatures, but reduced its performance at
low temperatures. Six percent was the optimal BC content. BC has properties similar to
commercial coal

[78] XRF; HPLC; XRD; MLRS; FTIR; DSR BC and bio-oil can be co-used for asphalt modification and replacement. BC tends to
stiffen the binder

[79] Leachate contamination; Pavement infiltration;
Water quality

Lixiviation of nitrogen and phosphorus pollutants was reduced when BC was used as a
filler in PA

[80] Rheological properties using DSR; BBR; FTIR
BC improved permanent deformation resistance. BC reduced resistance at low
temperatures. They advise applying BC as an asphalt modifier in subtropical and
tropical regions

DSR: Dynamic Shear Rheometer; APA: Asphalt Pavement Analyzer; IDT: Indirect Tensile Test; SCB: Semicircular
Bending Notched Fracture; SEM: Scanning Electron Microscope; G*: complex modulus; RV: Rotational Viscosity;
XRD: X-Ray Diffraction; BBR: Bending Beam Rheometer; FTIR: Fourier-transform infrared spectroscopy; TLC–FID:
Thin-layer chromatography-flame ion detector; HWT: Hamburg Wheel Test; XRF: X-ray fluorescence; HPLC:
High-pressure liquid chromatography; MLRS: micro-confocal laser Raman spectrometer.

4. Conclusions

Based on the bibliographical review, the following is concluded:

1. BC is a material that offers use advantages from an environmental standpoint.



Sustainability 2022, 14, 4745 9 of 12

2. The greater part of studies conducted on BC is related to the agricultural sector. In
the construction sector, the greater part of studies has evaluated the use of BC as a
cement substitute in mortar or concrete.

3. Most studies carried out on BC as an asphalt modifier belong to this last decade.
4. As an asphalt modifier, BC tends to increase the viscosity and stiffness of asphalt

binders, increasing their resistance to permanent deformation (rutting). It also tends
to increase aging resistance. However, more studies are needed in order to validate
this last statement.

5. The majority of studies agree that it reduces binder performance in low temperature
climates. Because of this, several studies recommend the use of BC in tropical climates.

6. No study evaluated the performance of BC-modified binders at intermediate ser-
vice temperatures.

7. Generally, the use of particles with less size is advised (smaller than 0.075 mm). Its use
has been studied as an asphalt binder modifier via the wet process and as a substitute
of mineral filler in asphalt mixes.

8. BC content ranged from 2 to 20% (percentage by mass of asphalt binder). Optimal BC
contents were found below 10%.

9. During the last years, the interest of using BC as a modifier of bio-asphalts has increased.
10. It is unclear if the increase in binder viscosity is because of the BC or the modification

process (e.g., high mixing temperatures with the binder). Likewise, greater viscosity
is equivalent to higher mixing temperatures, hindering the process of manufacturing
and construction, and impacting negatively the environment. This last aspect has not
been analyzed.

11. BC’s long-term performance is unclear in terms of durability. Very few studies have
conducted tests on asphalt mixes and no study was carried out using Full-Scale
Accelerated Pavement Testing (FS/APT). Few studies evaluated long-term aging
resistance, moisture damage resistance, and fatigue resistance. Also, there are no
studies conducted on environmental and economic impact.

12. Future studies must focus on evaluating: (i) the effect of using different types of
biomass for producing BC; (ii) the influence of the pyrolysis process; (iii) the influence
of asphalt type and content; (iv) the influence of the binder-BC-aggregate interac-
tion and asphalt mix gradation; (v) long-term performance of binders and mixes
(aging, moisture damage resistance, etc.); (vi) performance grade at intermediate
temperatures of service; (vii) in situ and/or FS/APT tests; (viii) environmental and
socio-economic impacts; (ix) physical-chemical and micro-structural performance.

Author Contributions: Conceptualization, H.A.R.-Q., F.A.R.-L., S.B.C.-P., J.G.B.-M. and C.A.Z.-M.;
methodology, H.A.R.-Q.; validation and formal analysis, H.A.R.-Q., F.A.R.-L., S.B.C.-P., J.G.B.-M. and
C.A.Z.-M.; resources, H.A.R.-Q., F.A.R.-L., S.B.C.-P., J.G.B.-M. and C.A.Z.-M.; writing—original draft
preparation, H.A.R.-Q.; writing—review and editing, S.B.C.-P., J.G.B.-M. and C.A.Z.-M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the participating institutions (Universidad Distrital Francisco José
de Caldas, Pontificia Universidad Javeriana, Universidad Militar Nueva Granada, and Universi-
dad Piloto de Colombia) for the support granted to researchers. In the case of the author Saieth
Baudilio Chaves-Pabón it is mentioned that it is a product of his academic work as a professor at the
Universidad Militar Nueva Granada.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2022, 14, 4745 10 of 12

References
1. Kochanek, J.; Soo, R.M.; Martinez, C.; Dakuidreketi, A.; Mudge, A.M. Biochar for intensification of plant-related industries to

meet productivity, sustainability and economic goals: A review. Resour. Conserv. Recycl. 2022, 179, 106109. [CrossRef]
2. Wong, J.T.F.; Chen, Z.; Chen, X.; Ng, C.W.W.; Wong, M.H. Soil-water retention behavior of compacted biochar-amended clay: A

novel landfill final cover material. J. Soils Sediment. 2017, 17, 590–598. [CrossRef]
3. Wani, I.; Kumar, H.; Rangappa, S.M.; Peng, L.; Siengchin, S.; Kushvaha, V. Multiple regression model for predicting cracks in soil

amended with pig manure biochar and wood biochar. J. Hazard. Toxic Radioact. Waste 2021, 25, 04020007. [CrossRef]
4. Liu, Y.; Lonappan, L.; Brar, S.K.; Yang, S. Impact of biochar amendment in agricultural soils on the sorption, desorption, and

degradation of pesticides: A review. Sci. Total Environ. 2018, 645, 60–70. [CrossRef]
5. Deng, Y.; Huang, Q.; Gu, W.; Li, S. Application of sludgebased biochar generated by pyrolysis: A mini review. Energy Sources Part

A Recovery Util. Environ. Eff. 2022. [CrossRef]
6. Legan, M.; Gotvajn, A.Z.; Zupan, K. Potential of biochar use in building materials. J. Environ. Manag. 2022, 309, 114704. [CrossRef]
7. Maljaee, H.; Madadi, R.; Paiva, H.; Tarelho, L.; Ferreira, V.M. Incorporation of biochar in cementitious materials: A roadmap of

biochar selection. Constr. Build. Mater. 2021, 283, 122757. [CrossRef]
8. Choi, W.C.; Yun, H.; Lee, J.Y. Mechanical properties of mortar containing bio-char from pyrolysis. J. Korea Inst. Struct. Maint. Insp.

2012, 16, 67–74.
9. Rehrah, D.; Bansode, R.R.; Hassan, O.; Ahmedna, M. Physico-chemical characterization of biochars from solid municipal waste

for use in soil amendment. J. Anal. Appl. Pyrolysis 2016, 118, 42–53. [CrossRef]
10. Spokas, K.A. Review of the stability of biochar in soils: Predictability of O: C molar ratios. Carbon Manag. 2010, 1, 289–303.

[CrossRef]
11. Vithanage, M.; Rajapaksha, A.U.; Ahmad, M.; Shinogi, Y.; Kim, K.H.; Kim, G.; Ok, Y.S. Biochar for waste management and

environmental sustainability. In Sustainable Solid Waste Management; American Society of Civil Engineers (ASCE): Reston, VA,
USA, 2016; pp. 273–292. [CrossRef]

12. Alhashimi, H.A.; Aktas, C.B. Life cycle environmental and economic performance of biochar compared with activated carbon: A
meta-analysis. Resour. Conserv. Recycl. 2017, 118, 13–26. [CrossRef]

13. Deng, J.; Liu, Y.; Liu, S.; Zeng, G.; Tan, X.; Huang, B.; Tang, X.; Wang, S.; Hua, Q.; Yan, Z. Competitive adsorption of Pb(II), Cd(II)
and Cu(II) onto chitosan-pyromellitic dianhydride modified biochar. J. Colloid Interface Sci. 2017, 506, 355–364. [CrossRef]

14. Mensah, R.A.; Shanmugam, V.; Narayanan, S.; Razavi, S.M.J.; Ulfberg, A.; Blanksvärd, T.; Sayahi, F.; Simonsson, P.; Reinke,
B.; Försth, M.; et al. Biochar-Added cementitious materials—A review on mechanical, thermal, and environmental properties.
Sustainability 2021, 13, 9336. [CrossRef]

15. Gupta, S.; Kua, H.W. Factors determining the potential of biochar as a carbon capturing and sequestering construction material:
Critical review. J. Mater. Civil Eng. 2017, 29, 04017086. [CrossRef]

16. Restuccia, L.; Ferro, G.A.; Suarez-Riera, D.; Sirico, A.; Bernardi, P.; Belletti, B.; Malcevschi, A. Mechanical characterisation of
different biochar-based cement composites. Procedia Struct. Integr. 2020, 25, 226–233. [CrossRef]

17. Zhou, X.; Zhao, G.; Wu, S.; Tighe, S.; Pickel, D.; Chen, M.; Adhikari, S.; Gao, Y. Effects of biochar on the chemical changes and
phase separation of bio-asphalt under different aging conditions. J. Clean. Prod. 2020, 263, 121532. [CrossRef]

18. Zhou, X.; Moghaddam, T.B.; Chen, M.; Wu, S.; Adhikari, S.; Xu, S.; Yang, C. Life cycle assessment of biochar modified bioasphalt
derived from biomass. ACS Sustain. Chem. Eng. 2020, 8, 14568–14575. [CrossRef]

19. Zhou, X.; Moghaddam, T.B.; Chen, M.; Wu, S.; Adhikari, S. Biochar removes volatile organic compounds generated from asphalt.
Sci. Total Environ. 2020, 745, 141096. [CrossRef]

20. Demirbas, M.F.; Balat, M. Recent advances on the production and utilization trends of bio-fuels: A global perspective. Energy
Conserv. Manag. 2006, 47, 2371–2381. [CrossRef]

21. Lim, S.L.; Lee, L.H.; Wu, T.Y. Sustainability of using composting and vermicomposting technologies for organic solid waste
biotransformation: Recent overview, greenhouse gases emissions and economic analysis. J. Clean. Prod. 2016, 111, 262–278.
[CrossRef]

22. Gupta, S.; Kua, H.W.; Low, C.Y. Use of biochar as carbon sequestering additive in cement mortar. Cem. Concr. Compos. 2018, 87,
110–129. [CrossRef]

23. Woolf, D.; Amonette, J.E.; Street-Perrott, F.A.; Lehmann, J.; Joseph, S. Sustainable biochar to mitigate global climate change. Nat.
Commun. 2010, 1, 56. [CrossRef]

24. Creamer, A.E.; Gao, B.; Zhang, M. Carbon dioxide capture using biochar produced from sugarcane bagasse and hickory wood.
Chem. Eng. J. 2014, 249, 174–179. [CrossRef]

25. Marzeddu, S.; Cappelli, A.; Ambrosio, A.; D’ecima, M.A.; Viotti, P.; Boni, M.R. A life cycle assessment of an energy-biochar chain
involving a gasification plant in Italy. Land 2021, 10, 1256. [CrossRef]

26. Roberts, K.G.; Gloy, B.A.; Joseph, S.; Scott, N.R.; Lehmann, J. Life cycle assessment of biochar systems: Estimating the energetic,
economic, and climate change potential. Environ. Sci. Technol. 2010, 44, 827–833. [CrossRef]

27. Zhao, S.; Huang, B.; Shu, X.; Ye, P. Laboratory investigation of biochar-modified asphalt mixture. Transp. Res. Rec. 2014, 2445,
56–63. [CrossRef]

28. Chebil, S.; Chaala, A.; Roy, C. Use of softwood bark charcoal as a modifier for road bitumen. Fuel 2000, 79, 671–683. [CrossRef]
29. Khosla, N.P. Effect of the use of modifiers on performance of asphaltic pavements. Transp. Res. Rec. 1991, 1317, 10–22.

http://doi.org/10.1016/j.resconrec.2021.106109
http://doi.org/10.1007/s11368-016-1401-x
http://doi.org/10.1061/(ASCE)HZ.2153-5515.0000561
http://doi.org/10.1016/j.scitotenv.2018.07.099
http://doi.org/10.1080/15567036.2020.1826602
http://doi.org/10.1016/j.jenvman.2022.114704
http://doi.org/10.1016/j.conbuildmat.2021.122757
http://doi.org/10.1016/j.jaap.2015.12.022
http://doi.org/10.4155/cmt.10.32
http://doi.org/10.1061/9780784414101.ch10
http://doi.org/10.1016/j.resconrec.2016.11.016
http://doi.org/10.1016/j.jcis.2017.07.069
http://doi.org/10.3390/su13169336
http://doi.org/10.1061/(ASCE)MT.1943-5533.0001924
http://doi.org/10.1016/j.prostr.2020.04.027
http://doi.org/10.1016/j.jclepro.2020.121532
http://doi.org/10.1021/acssuschemeng.0c05355
http://doi.org/10.1016/j.scitotenv.2020.141096
http://doi.org/10.1016/j.enconman.2005.11.014
http://doi.org/10.1016/j.jclepro.2015.08.083
http://doi.org/10.1016/j.cemconcomp.2017.12.009
http://doi.org/10.1038/ncomms1053
http://doi.org/10.1016/j.cej.2014.03.105
http://doi.org/10.3390/land10111256
http://doi.org/10.1021/es902266r
http://doi.org/10.3141/2445-07
http://doi.org/10.1016/S0016-2361(99)00196-9


Sustainability 2022, 14, 4745 11 of 12

30. Chaala, A.; Roy, C.; Ait-Kadi, A. Rheological properties of bitumen modified with pyrolytic carbon black. Fuel 1996, 75, 1575–1583.
[CrossRef]

31. Jahromi, S.G.; Khodai, A. Carbon fiber reinforced asphalt concrete. Arab. J. Sci. Eng. 2008, 33, 355–364.
32. Igalavithana, A.D.; Mandal, S.; Niazi, N.K.; Vithanage, M.; Parikh, S.J.; Mukome, F.; Rizwan, M.; Oleszczuk, P.; Al-Wabel, M.;

Bolan, N.; et al. Advances and future directions of biochar characterization methods and applications. Crit. Rev. Environ. Sci.
Technol. 2017, 47, 2275–2330. [CrossRef]

33. Bandara, T.; Franks, A.; Xu, J.; Bolan, N.; Wang, H.; Tang, C. Chemical and biological immobilization mechanisms of potentially
toxic elements in biochar-amended soils. Crit. Rev. Environ. Sci. Technol. 2020, 50, 903–938. [CrossRef]

34. Carvalho, M.L.; de Moraes, M.T.; Cerri, C.E.; Cherubin, M.R. Biochar amendment enhances water retention in a tropical sandy
soil. Agriculture 2020, 10, 62. [CrossRef]

35. Bora, M.; Bordoloi, S.; Kumar, H.; Gogoi, N.; Zhu, H.-H.; Sarmah, A.K.; Sreeja, P.; Sreedeep, S.; Mei, G. Influence of biochar from
animal and plant origin on the compressive strength characteristics of degraded landfill surface soils. Int. J. Damage Mech. 2020,
30, 484–501. [CrossRef]

36. Akinyemi, B.A.; Adesina, A. Recent advancements in the use of biochar for cementitious applications: A review. J. Build. Eng.
2020, 32, 101705. [CrossRef]

37. Xie, C.; Yuan, L.; Tan, H.; Zhang, Y.; Zhao, M.; Jia, Y. Experimental study on the water purification performance of biochar-modified
pervious concrete. Constr. Build. Mater. 2021, 285, 122767. [CrossRef]

38. Yin, J.; Zhao, L.; Xu, X.; Li, D.; Qiu, H.; Cao, X. Evaluation of long-term carbon sequestration of biochar in soil with biogeochemical
field model. Sci. Total Environ. 2022, 822, 153576. [CrossRef]

39. Wang, L.; Chen, L.; Poon, C.S.; Wang, C.H.; Ok, Y.S.; Mechtcherine, V.; Tsang, D. Roles of biochar and CO2 curing in sustainable
magnesia cement-based composites. ACS Sustain. Chem. Eng. 2021, 9, 8603–8610. [CrossRef]

40. Danish, A.; Mosaberpanah, M.A.; Salim, M.U.; Ahmad, N.; Ahmad, F.; Ahmad, A. Reusing biochar as a filler or cement
replacement material in cementitious composites: A review. Constr. Build. Mater. 2021, 300, 124295. [CrossRef]

41. Maljaee, H.; Paiva, H.; Madadi, R.; Tarelho, L.; Morais, M.; Ferreira, V.M. Effect of cement partial substitution by waste-based
biochar in mortars properties. Constr. Build. Mater. 2021, 301, 124074. [CrossRef]

42. Tan, K.; Qin, Y.; Wang, J. Evaluation of the properties and carbon sequestration potential of biochar-modified pervious concrete.
Constr. Build. Mater. 2022, 314, 125648. [CrossRef]

43. Schmidt, H.P.; Hagemann, N.; Draper, K.; Kammann, C. The use of biochar in animal feeding. PeerJ 2019, 7, e7373. [CrossRef]
[PubMed]

44. Li, X.; Pan, H.; Yu, M.; Wakeel, M.; Luo, J.; Alharbi, N.S.; Liao, Q.; Liu, J. Macroscopic and molecular investigations of
immobilization mechanism of uranium on biochar: EXAFS spectroscopy and static batch. J. Mol. Liq. 2018, 269, 64–71. [CrossRef]

45. Hu, H.; Sun, L.; Gao, Y.; Wang, T.; Huang, Y.; Lv, C.; Zhang, Y.; Huang, Q.; Chen, X.; Wu, H. Synthesis of ZnO nanoparticle-
anchored biochar composites for the selective removal of perrhenate, a surrogate for pertechnetate, from radioactive effluents.
J. Hazard. Mater. 2020, 387, 121670. [CrossRef]

46. Lingamdinne, L.K.; Choi, J.; Angaru, G.K.; Karri, R.R.; Yang, J.; Chang, Y.; Koduru, J. Magnetic-watermelon rinds biochar for
uranium-contaminated water treatment using an electromagnetic semi-batch column with removal mechanistic investigations.
Chemosphere 2022, 286, 131776. [CrossRef] [PubMed]

47. Ojovan, M.; Lee, W.; Kalmykov, S. An Introduction to Nuclear Waste Immobilisation, 3rd ed.; Elsevier: Amsterdam, The Netherlands,
2019; p. 512.

48. Nguyen, M.K.; Lin, C.; Hoang, H.G.; Sanderson, P.; Dang, B.T.; Bui, X.T.; Nguyen, N.S.; Vo, D.N.; Tran, H.T. Evaluate the role of
biochar during the organic waste composting process: A critical review. Chemosphere 2022, 299, 134488. [CrossRef] [PubMed]

49. Amalina, F.; Abd Razak, A.S.; Krishnan, S.; Zularisam, A.W.; Nasrullah, M. A comprehensive assessment of the method for
producing biochar, its characterization, stability, and potential applications in regenerative economic sustainability—A review.
Clean. Mat. 2022, 3, 100045. [CrossRef]

50. Jellali, S.; El-Bassi, L.; Charabi, Y.; Usman, M.; Khiari, B.; Al-Wardy, M.; Jeguirim, M. Recent advancements on biochars enrichment
with ammonium and nitrates from wastewaters: A critical review on benefits for environment and agriculture. J. Environ. Manag.
2022, 305, 114368. [CrossRef]

51. Yaashikaa, P.R.; Kumar, P.S.; Varjani, S.; Saravanan, A. A critical review on the biochar production techniques, characterization,
stability and applications for circular bioeconomy. Biotechnol. Rep. 2020, 28, e00570. [CrossRef]

52. Xie, Y.; Wang, L.; Li, H.; Westholm, J.; Carvalho, L.; Thorin, E.; Yu, Z.; Yu, X.; Skreiberg, Ø. A critical review on production,
modification and utilization of biochar. J. Anal. Appl. Pyrolysis. 2022, 161, 105405. [CrossRef]

53. Liu, M.; Almatrafi, E.; Zhang, Y.; Xu, P.; Song, B.; Zhou, C.; Zeng, G.; Zhu, Y. A critical review of biochar-based materials for the
remediation of heavy metal contaminated environment: Applications and practical evaluations. Sci. Total Environ. 2022, 806,
150531. [CrossRef]

54. da Silva Medeiros, D.C.; Nzediegwu, C.; Benally, C.; Messele, S.A.; Kwak, J.; Naeth, M.A.; Ok, Y.S.; Chang, S.X.; El-Din, M.G.
Pristine and engineered biochar for the removal of contaminants co-existing in several types of industrial wastewaters: A critical
review. Sci. Total Environ. 2022, 809, 151120. [CrossRef]

55. Li, J.; Li, L.; Suvarna, M.; Pan, L.; Tabatabaei, M.; Ok, Y.S.; Wang, X. Wet wastes to bioenergy and biochar: A critical review with
future perspectives. Sci. Total Environ. 2022, 817, 152921. [CrossRef]

http://doi.org/10.1016/0016-2361(96)00143-3
http://doi.org/10.1080/10643389.2017.1421844
http://doi.org/10.1080/10643389.2019.1642832
http://doi.org/10.3390/agriculture10030062
http://doi.org/10.1177/1056789520925524
http://doi.org/10.1016/j.jobe.2020.101705
http://doi.org/10.1016/j.conbuildmat.2021.122767
http://doi.org/10.1016/j.scitotenv.2022.153576
http://doi.org/10.1021/acssuschemeng.1c02008
http://doi.org/10.1016/j.conbuildmat.2021.124295
http://doi.org/10.1016/j.conbuildmat.2021.124074
http://doi.org/10.1016/j.conbuildmat.2021.125648
http://doi.org/10.7717/peerj.7373
http://www.ncbi.nlm.nih.gov/pubmed/31396445
http://doi.org/10.1016/j.molliq.2018.08.039
http://doi.org/10.1016/j.jhazmat.2019.121670
http://doi.org/10.1016/j.chemosphere.2021.131776
http://www.ncbi.nlm.nih.gov/pubmed/34371355
http://doi.org/10.1016/j.chemosphere.2022.134488
http://www.ncbi.nlm.nih.gov/pubmed/35385764
http://doi.org/10.1016/j.clema.2022.100045
http://doi.org/10.1016/j.jenvman.2021.114368
http://doi.org/10.1016/j.btre.2020.e00570
http://doi.org/10.1016/j.jaap.2021.105405
http://doi.org/10.1016/j.scitotenv.2021.150531
http://doi.org/10.1016/j.scitotenv.2021.151120
http://doi.org/10.1016/j.scitotenv.2022.152921


Sustainability 2022, 14, 4745 12 of 12

56. Clare, A.; Barnes, A.; McDonagh, J.; Shackley, S. From rhetoric to reality: Farmer perspectives on the economic potential of biochar
in China. Int. J. Agric. Sustain. 2014, 12, 440–458. [CrossRef]

57. Bach, M.; Wilske, B.; Breuer, L. Current economic obstacles to biochar use in agriculture and climate change mitigation. Carbon
Manag. 2016, 7, 183–190. [CrossRef]

58. Hilber, I.; Bastos, A.C.; Loureiro, S.; Soja, G.; Marsz, A.; Cornelissen, G.; Bucheli, T.D. The different faces of biochar: Contamination
risk versus remediation tool. J. Environ. Eng. Landsc. Manag. 2017, 25, 86–104. [CrossRef]

59. Meyer, S.; Genesio, L.; Vogel, I.; Schmidt, H.; Soja, G.; Someus, E.; Someus, E.; Shackley, S.; Verheijen, F.; Glaser, B. Biochar
standardization and legislation harmonization. J. Environ. Eng. Landsc. Manag. 2017, 25, 175–191. [CrossRef]

60. Brewer, C.E.; Schmidt-Rohr, K.; Satrio, J.A.; Brown, R.C. Characterization of biochar from fast pyrolysis and gasification systems.
Environ. Prog. Sustain. Energy 2009, 28, 386–396. [CrossRef]

61. Zahed, M.A.; Salehi, S.; Madadi, R.; Hejabi, F. Biochar as a sustainable product for remediation of petroleum contaminated soil.
Curr. Opin. Green Sustain. Chem. 2021, 4, 100055. [CrossRef]

62. Zhao, S.; Huang, B.; Ye, X.P.; Shu, X.; Jia, X. Utilizing bio-char as a bio-modifier for asphalt cement: A sustainable application of
bio-fuel by-product. Fuel 2014, 133, 52–62. [CrossRef]

63. Zhao, S.; Huang, B.; Ye, P. Laboratory evaluation of asphalt cement and mixture modified by bio-char produced through fast
pyrolysis. Pavement Materials. In Proceedings of the Structures, and Performance, GSP 239, ASCE, Shanghai, China, 26–28 May
2014; pp. 140–149.

64. Walters, R.C.; Fini, E.H.; Abu-Lebdeh, T. Enhancing asphalt rheological behavior and aging susceptibility using biochar and
Nano-clay. Am. J. Appl. Sci. 2014, 7, 66–76. [CrossRef]

65. Walters, R.C.; Begum, S.A.; Fini, E.H.; Abu-Lebdeh, T. Investigating bio-char as flow modifier and water treatment agent for
sustainable pavement design. Am. J. Appl. Sci. 2015, 8, 138–146. [CrossRef]
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