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With increasing population and rising demands for improved built environment, there is an expected increase
in greenhouse gas emission from the construction industry. Carbon dioxide emission levels are fast approaching a tipping point which could lead to irreversible climate change. The earth's capability to neutralise the CO2
emissions through the natural carbon cycle has been overstretched. Therefore it is imperative to adopt technologies that are able to capture and sequester CO2 in order to cancel out their release from industrial activities such as the construction and building industry. This is important so that cement-based material productions' carbon footprint can be reduced drastically for a positive change to take place in the climate. Biochar
holds great promise as an effective CO2 sorptive material in cement-based applications relatively similar to its
conventional use for soil amendment. Actually, fragmented researches on biochar as an admixture in cementitious materials have been conducted. Based on this logic, this review placed enormous emphasis on collating
information from recent studies on biochars from agro-sources used as an admixture in cement-based applications. Similarly, the review gave up-to-date knowledge about the sources of the biomass and the production
processes. Conclusively, the positive effects of biochar for carbon sequestration on some properties of the various cementitious applications were highlighted.

1. Introduction
Greenhouse gases composed of carbon dioxide (CO2) among other
deleterious gases are generated in large quantities by different humaninduced processes [1]. These anthropogenic processes range from the
use of fossil fuels for energy generation to several production
processes such as the production of Portland cement. One key material that is utilised for construction purposes is Portland cement which
studies have shown to contribute around 8% to worldwide CO2 emissions [2,3]. Cement-based applications have evolved over the years
into different building materials including but not limited to paste,
mortar and concrete that are currently being utilised because they are
durable, economical and possess high strength properties [4–6]. With
millions of tonnes of cementitious materials being produced and used
annually worldwide, it has become imperative to consider new alternatives that are green and have a low carbon signature [7–10]. Studies have proposed the use of supplementary cementitious materials
(SCMs) [11–16], recycling of construction and demolition wastes

*

[17,18] and industrial wastes [19,20] as major ways of mitigating the
negative effects of the carbon footprint of these cementitious materials on the environment. These recycled and waste materials can be
used as partial to total replacement of the binder and/or aggregate
components in cementitious composites. The use of SCMs as partial
replacement of Portland cement will result in a significant reduction
in the embodied carbon and energy of cementitious composites while
creating an effective waste management avenue [168,169]. The use of
recycled materials from various industries will also result in reduction
of the negative impact of cementitious composites as these recycled
materials can be incorporated as aggregates. For example, Akinyemi
et al. [170] were able to incorporate rice husk as a sustainable alternative aggregate in cementitious composites. In general, a low carbon
cementitious composite can be obtained by incorporating materials
with low embodied carbon materials such as waste and recycled materials. Most of the aforementioned alternative materials have proven
track records of outstanding performances as Portland cement replacement when used for construction purposes. Recent studies and
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discoveries have shown that another important unconventional material to fill this gap is the adoption of biochar as a natural admixture. It
could be used in cementitious applications most importantly because
of its capability to sequester atmospheric CO2 being an eco-friendly
adsorbent material [21–26]. The use of biochar has been found to result in approximately 900 kg CO2 reduction in the net greenhouse gas
emissions due to the storage and carbon capture of the biomass used
in producing the biochar [171]. Also, the use of biochar as low as 1%
replacement of the fine aggregate in cementitious composites has
been found to improve the compressive strength by approximately
10% [172]. Similarly, biochar has been found to be a sustainable and
effective admixture to improve the immobilization of noxious contaminants in sediment products [173,174]. Hence, biochar is a sustainable material that can be incorporated into cementitious composites
to improve performance.

Table 1

Some selected sources for biomass production.
S/N Agro- biomass

Production process

References

1

Pyrolysis

[38,39]

Pyrolysis
Pyrolysis
carbonization, pyrolysis

[40,41]
[42–44]
[45,46]

Pyrolysis
Pyrolysis

[47,48]
[49]

Pyrolysis
pyrolysis, slow pyrolysis, microwave- assisted
carbonation, vacuum pyrolysis
pyrolysis, gasification
fast pyrolysis, pyrolysis
slow pyrolysis, fast pyrolysis

[50]
[51–54]

Pyrolysis
slow pyrolysis, microwave pyrolysis
pyrolysis, steam gasification
slow pyrolysis, carbonization at low
temperature

[61,62]
[63,64]
[65,66]
[67,68]

2.
3
4
5.
6
7
8
9
10.
11.

2. Definition of biochar and distinction from other variants

12
13
14
15

Biochar can be explained to be the product of an organic substance
that had undergone combustion under very minimal oxygen levels resulting in a carbon-rich material [27–29]. It is used mostly for soil remediation and amendment to improve the health of the soil and reduce the greenhouse gas emission effect on it [30–32]. Biochar, activated carbon and charcoal are fundamentally like fraternal twins
which possess lots of similarities but are different from each other. A
common trait among them is that they are all products of biomass
thermochemical processes [33,34] while the basic difference among
them is their end-use or the intended applications. Biochar is produced in the same way as charcoal; however, the end-use is either for
the soil amendment or as an absorbent material [35]. As such, the
production process is adjusted to different sets of properties and
tagged as biochar, but if the goal is to utilise it for fuel, it is called
charcoal [36]. Nonetheless, biochar can be produced from various
processes such as pyrolysis, carbonization, microwave-assisted carbonation, steam gasification, etc. Activated carbon is usually utilised as a
sorbent to get rid of contaminants from liquids and gases. This was
further explained by Marsh and Reinoso [37] that it could be called a
sorption contaminant material without further demands pertaining to
the production sustainability and the quality of the carbon after its
utilization.

Sawdust
waste
Bamboo
Rice husk
Groundnut
shell waste
Peanut shell
Tomato plant
waste
Castor plant
Bagasse/sugar
cane
Food waste
Cow dung
Poultry
manure
Corn cob
Sludge
Grass
Straw

[55,56]
[57,58]
[59,60]

residence time leads to incomplete lignin depolymerisation because of
haphazard inter-reactions of macromolecule of the lignin and the
bond cleavage, however, prolonged residence time can lead to secondary cracks within the primary yield properties [74].
4.2. Slow pyrolysis
This is the traditional method of producing charcoal which has
been in existence for thousands of years [75]. In slow pyrolysis, the
feedstock is most times heated up to 500 °C in the absence of oxygen
at a heating rate of 10 °C/min [76]. Slow pyrolysis does not require
fine biomass particle size which is lesser than 1 mm, unlike the fast
pyrolysis. The end-products are dependent majorly on total time for
reaction, rate of heating, final temperature and particle size of biomass [77]. The main products of slow pyrolysis are char and tar. By
the end of the primary reactions, re-polymerization reactions usually
take place.

3. Agricultural sources for biochar production

4.3. Gasification

Studies on agricultural feedstocks as sources for the production of
biochar are in-exhaustible. However, some of these studies are outlined in Table 1.

This method involves the conversion of carbonaceous substances
into a gas fuel at a very high temperature without oxygen. The gas
fuel comprises hydrogen, carbon dioxide, carbon monoxide and
methane. It requires a medium for the reaction to take place such as
steam, air, oxygen, and/or a mixture of these media [78]. The three
by-products of gasification are char, syngas and heat [79]. The two
main types of gasification are the steam and hydrothermal gasification. The reaction of steam with carbonaceous biomass or carbon-rich
substances to produce syngas is known as steam gasification [80].
Drying, pyrolysis, reduction and combustion reactions are the four
main processes that take place during steam-gasification. The liberation of moisture takes place during the liberation phase; removal of
hydrocarbons, tar and volatile compounds such as carbon monoxide
and carbon dioxide in form of gases occurs during pyrolysis; some reactions between pyrolysis and dry products take place during reduction. Char decomposition to form more gaseous materials finally takes
place during the combustion phase [81,82]. Hydro-thermal gasification is another type of feedstock gasification using hot and compressed water. This system utilizes sub-critical liquid water or supercritical state water to gasify majorly wet biomass [83]. There is a very
fast degradation of the polymer structure of the biomass during the
fast pyrolysis, as a result of this, the reaction rate of polymerization to

4. Basic production processes of biochar from agro-sources
Biochar is produced by converting the biomass into char using several methods that include fast pyrolysis, slow pyrolysis and gasification.
4.1. Fast pyrolysis
It is a process involving the application of heat flux to feedstock
particles in the absence of oxygen, resulting in extreme heating conditions. It could also be defined as the disintegration of complex molecules that are large into small molecules using high temperatures
without oxygen [69,70]. The range is usually between 400 and 800 °C
with short residence time (less than 2 min) in the absence of oxygen
resulting in degrading of the feedstock into gases, vapours and
biochars [71]. The heating rate of 10 °C/s is used in fast pyrolysis in
comparison with slow pyrolysis. It is a sophisticated system in which
the process is controlled carefully to give many yields [72,73]. Short
2
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form coke and tar is reduced. Therefore, a high gas yield at very low
temperatures is produced [84].
To conclude this segment, the most common carbonation procedure for getting a high yield of biochar is through pyrolysis, but the
char produced from gasification most times does not fulfil the required standard to be termed as biochar.

5.2. Low thermal conductivity
It is well understood that the thermal conductivity of most cementbased materials is determined by the size, shape and orientation of
the pores [96,97]. For biochar, three different classes of pores have
been identified, these are micro-pores, mesopores and macro-pores
each with various sizes, shapes and orientations which affect their
performances differently [98]. The numerous pores in biochar have
diverse trends based on the temperature of biochar production. It has
been reported that the volume of the pores is usually on the increase
when the higher temperature of pyrolysis is used [99]. The normal
thermal conductivity of conventional concrete is between the ranges
of 0.62–3.3 W/mK [100] which is far higher than the reported results
of some studies involving biochar as an admixture. On the addition of
a higher mixing ratio of biochar into a cement-based material by Lee
et al. [101], a thermal conductivity of 0.138–0.155 W/mK was obtained which is 49.68–67.21% lesser than the conventional cement
bio-composite used as the control. In another study by Yun et al.
[102], a decrease in thermal conductivity up to 0.192 W/mK was
achieved when 1 and 2% wts of biochar were added to the cement
composite. This was achievable because the pores in the added
biochar were able to disrupt the thermal bridge in the cementitious
materials to improve the thermal insulation in the various applications. As such, it is expected that a decrease in energy costs from heating and cooling of structures would be accomplished.

5. Adoption of biochar in studies involving cementitious
materials
The use of biochar as a material in cement-based applications is an
emerging area of study with few authors already working on different
approaches. Different feedstocks with various production systems
were adopted in these studies with a singular goal of utilising the
biochar to improve some properties of the final product. Some were
done to enhance the quality of the biochar-modified cement composite against environmental or hazardous elements. The adoption of carbonation as a method of carbon sequestration in cement-based materials has been restricted to those without steel reinforcement owing to
the possibility of corrosion [85,86]. Such a method is best suited for
utilization in thin-shelled precast porous cementitious materials for
minimal and negligible penetration of CO2 into such systems [87].
The inclusion of carbon-rich biochar particles from an agro-based
feedstock for carbon sequestration in cement-based materials could
possibly have a better and more inclusive application in comparison
with carbonation. The main reason for this position is that, based on
some of the reviewed studies, biochar has some major promising attributes for its adoption as an admixture in cementitious materials.
These include enhanced chemical stability, low conductivity, limited
flammability [88] as an internal curing agent [89] and because of its
carbon capture and storage potential.

5.3. Flammability
Most cement-based constructions are carefully designed with fire
safety in mind. This is because biochar being a biomass material is
prone to inferno when incorporated into buildings. Therefore, extra
care has to be taken to ascertain that it is a non-flammable substance.
Zhao et al. [103], reported that when slow pyrolysis is conducted on
feedstock for biochar production, 80% of the biochars are less flammable. This is because fewer amount of carboxylic acids and alcohol
which are highly reactive volatiles were formed on the surface. Pyrolyzing at a slow level gives much reduced surface area with effectiveness in limiting the carbon-free radicals that ultimately translates
to lower flammability which would be imparted into the cement matrix by the biochar. The mechanisms responsible for this feat are the
absence of C–C covalent bonds between the aromatic carbon molecules and volatile compounds which make them inert and unreactive
towards heat [104,105]. It is believed that besides the chemical stability of biochar, they are thermally stable materials. They are able to
hinder fire propagation due to the existence of carbonaceous boundary which would delay the transportation of oxygen and fuel needed
for combustion to take place.

5.1. Chemical stability of biochars in cementitious materials
Some chemical reactions that attack cement-based materials are alkali-silica reactions and reactions with chloride and carbonation lead
to the deterioration of the cement matrix. However, it is desired that
there should be chemical stability so that no deleterious products are
produced from reactions of any type of admixtures with other contents of the concrete matrix. Such chemical stability can possibly be
achieved through the addition of biochars into cementitious materials
for various construction applications. The chemical stability of
biochar depends heavily on the stability of fixed carbon as well as the
existence and volume of groups of oxygen within the chemical composition [90]. Some findings have proposed that better chemical stability of biochar is accomplished when fast pyrolysis at a temperature of
800 °C is used. This is because at low pyrolysis with a temperature of
350 °C, low quantities of carbon nutrients having low sorptive capabilities that are needed for sequestration are produced [91,92]. But at
higher temperatures, higher carbon contents and aromaticity of the
feedstock are produced accompanied by increased surface area
needed for sorption while oxygen and hydrogen volume are reduced
which are the reactive zones [93,94]. Such reduction in the reactive
spots leads to better chemical stability and the produced biochar is
not likely to develop destructive chemical reactions when mixed with
cementitious materials. A study by Kambo et al. [95] revealed that the
use of biochar reduces alkali and alkaline base contents in soil amendment through biomass particle pulverization and thermal pretreatment. These help to enhance the fluidization process during combustion and also reduce the biomass polymer structure. Studies and
analyses could be conducted on this area by applying it to cementbased materials to possibly reduce the influence of chemical reactions
affecting the strength development.

5.4. Internal curing agent
The honeycomb-like pore arrangement of biochar is produced due
to the escape of organic substances and volatile materials during pyrolysis. This porous surface makes it to be an excellent candidate for
the internal curing of concrete because it can absorb and sustain water in its pores [106,107]. The degree of hydration can be increased
when adequate water is continuously provided to the hydrating paste
of Portland cement right from the mixing phase; this situation is
termed internal curing. This can only be achieved by utilising a watersaturated material that could hold its contents for a considerably
longer period of time. This material could play the role of a water
reservoir for the hydrating cement paste to draw from when needed
[108,109]. This is quite different from the normal curing in which after immersion of the cementitious materials in a water tank, only a
few millimetres from the surface is penetrated by it. Many observations have been made from experiments conducted to show the effi3
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cacy of internal curing in improving the shrinkage, durability, cracking [110] and mechanical strength of cement-based composites especially during the later phases [111–114]. The principal role of the additional water to be supplied by the porous biochars is to make up for
the vacant pore spaces of the cement matrix which were developed
during the chemical shrinkage reactions at the on-set of hydration
[115].

was incorporated as a replacement of Portland cement in cement
pastes. The fluidity of paste containing 2.5%, 5% and 10% swine
biochar as replacement of Portland cement is 20%, 33% and 36%
lower than the paste without biochar. The reduction in the flow of the
paste with the incorporation of biochar was associated with the negative charges generated by the biochar's carboxyl functional groups
and the higher absorption of the biochar. The high carbon content of
biochar has also been reported to result in higher demand for water to
achieve good workability [134]. Other studies have also shown that
the porous nature of biochar results in high water absorption and consequential low workability [38,132]. Nonetheless, Sirico et al. [132]
were able to use superplasticizer to overcome the detrimental effect of
the incorporation of biochar on the workability of cementitious composites.

5.5. Medium of carbon capture and storage
Sequestration of carbon can simply be understood to mean the
process of storing captured carbon in a carbon sink or reservoir; in
this case, the cementitious material would play this role. By so doing,
atmospheric carbon dioxide is removed leading to reduced climate
change. Two distinct ways have been identified as the appropriate
method of utilising biochar for carbon sequestration. Firstly, when
used as an admixture in cement-based materials, most especially if
mixed with other aggregates during matrix preparation, it is able to
store carbon because of its stability. This is made possible by its affinity for surface pores with high fraction and non-polar compounds
thereby adsorbing the CO2 [116]. In a study by Gupta [117] in which
biochar was used as an admixture in the cementitious material, the influence on greenhouse emissions was evaluated. It was observed that
cement mortars containing both unsaturated and saturated biochars
had lower net global warming potential and reduced CO2 emission
levels in comparison with mortars without biochar. Secondly, the
process of production of biochar leads to a reduction of CO2 from the
atmosphere because the process involves naturally degrading organic
matter by a carbon-neutral system to produce a carbon-negative material. Furthermore, if such created biochar is allowed to adsorb CO2 before it is used as a cement admixture, it is capable of adsorbing CO2 of
7 mmol per gramme of biochar which translates to a reduction of
emissions of 300 kg CO2-e per tonne of dry feedstock [118].
Table 2 gives a summary of the objectives of some selected studies
and the effect of biochar addition on the properties tested.

6.1.2. Setting times
The incorporation of biochar into mortar mixtures has been found
to reduce both the initial and final setting times [135]. The reduction
in the set times with the addition of biochar was attributed to the reduction in free water and filler effect of the biochar particles which
results in an increase in the cohesiveness of the mixture. The reduction in setting time can also be attributed to the accelerated hydration
reaction due to the incorporation of the biochar into the mortar mixtures. The incorporation of biochar into cement-based composites results in the biochar particles acting as nucleation sites for cement hydration resulting in the generation of additional hydration products
(i.e. calcium silicate hydrate and calcium hydroxide). Due to the accelerated generation of these additional products, there is a corresponding reduction in the times it takes the composites to set. These
findings are similar to the effects of nano and macro fillers on the setting times of cementitious composites [136–140]. Similarly, the reduction in the set times with the incorporation of biochar result in an
increase of the heat of hydration [135]. The study by Gupta et al.
[135] showed that the incorporation of unsaturated biochar and saturated biochar into cement paste resulted in approximately 27 and 7%
increase in the peak heat flow respectively. The introduction of the
biochar into the cement paste was also found to reduce the peak of
the heat flow by 2 h. This reduction in the time of the occurrence of
the peak heat flow indicates the occurrence of accelerated acceleration with the introduction of biochar and a corresponding reduction
in the setting time. This observation corresponds with that of Wang et
al. [172,173] where the introduction of biochar into cementitious
composites was found to increase the hydration heat. The increase in
the hydration heat with the incorporation of biochar was attributed to
the enhanced cement hydration due to the “moisture and dilution effect” [175,176].

6. Influence of biochar on properties of cementitious
applications
6.1. Physical properties
The addition of biochar to replace Portland cement in cementitious
composites is expected to result in lower fresh and hardened densities
as a result of the lower specific gravity of biochar. Gupta et al. [122]
reported a 7% reduction in the fresh density of mortar incorporating
rice waste biochar at 5% replacement of the Portland cement. A similar reduction in dry density was also reported when rice husk biochar
was used as filler in mortar [42]. The reduction in the dry and fresh
densities of cementitious composites can be associated with the lower
specific gravity of the biochar which yields a corresponding reduction
in the density. These observations correspond with that of Gupta et al.
[38] where the incorporation of biochar at the replacement of up to
8% cement in mortar resulted in a decrease in the dry density.

6.1.3. Air content
Gupta et al. [122] investigated the effect of biochar made up of
wood, food and rice wastes on the air content of mortar. The findings
from the study showed that the incorporation of biochar into the mortar mixtures resulted in an increase in the air content of the mixtures
as shown in Fig. 1. The increase in the air content of the mortar mixtures with the introduction of biochar was attributed to the porous nature of biochar in addition to the higher content of free water available in the matrix. The presence of higher free water in fresh cementitious mixtures has been found to result in a corresponding higher air
content [141].

6.1.1. Workability
The incorporation of food and wood wastes biochar into mortar
mixtures had been found to reduce the workability. Results from the
comprehensive investigation carried out by Gupta et al. [122] showed
that the incorporation of 3% wood and food wastes biochar resulted
in 13% and 10% reduction respectively, in the flow of mortar mixtures. The reduction in the workability of mortar mixtures with the incorporation of biochar as replacement of the Portland cement can be
associated with the higher water absorption of the biochar which resulted in limited water available for workability. Similarly, OforiBoadu et al. [133] reported a reduction in flow when swine biochar

6.2. Mechanical properties
6.2.1. Compressive strength
The incorporation of biochar made from wood wastes and food
wastes into mortar mixtures was found to increase the compressive
strength up to 1% replacement of the Portland cement with biochar
4
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Table 2

Selected studies on biochar- cement based applications.
Ref.

Objectives (in relation to
cementitious
applications)

Agro- material Production
process

Particle
sizes
(μm)

Properties
determined

Characterisation Observations
analysis

[119] Enhanced mechanical
strength and
electromagnetic
interference shielding
effectiveness
[120] Influence of biochar on
hydration, strength,
ductility, shrinkage,
permeability

Peanut and
hazel nut
shells

Pyrolysis at
850 °C for
1h

5–6

Fracture toughness,
Flexural strength
and shielding
effectiveness

Raman analyses
and FESEM

Increased toughness and flexural strength, 353% higher
shielding efficiency

Rice husk

Pyrolysis at
500 °C at a
rate of 1 °C/s

2–7

XRD, BET, MIP

17% improvement in compressive strength, reduced
shrinkage and enhanced durability

[121] Influence of three types
of biochar on concrete
strength properties

Papermill
sludge
Rice husk
Poultry litter

–

XRF, TGA

0.1% of pulp sludge and rice husk biochars enhanced
mechanical strength, Poultry litter improved water
absorption

[122] Effect of food- waste
biochar on fresh
concrete properties

Food wastes
from rice,
noodle, pasta,
meat and
vegetable

Slow
pyrolysis at
450 °C and
gasification
at 500 °C for
20 min
Pyrolysis at
500 °C for
45–60 min

Hydration kinetics,
compressive,
fracture toughness,
flexural strength,
water permeability
Water absorption,
compressive, split
and flexural strength

SEM, EDS, BET

Inclusion of 1–2% wt of biochar increases air content,
reduced flowability, improves mechanical strength

[123] Effect of grain size
distribution of biochar
on hydration,
permeability and
rheology
[124] Results of properties of
modified magnesium
phosphate cement with
biochar.

Saw dust

Pyrolysis at
500 °C at
10 °C/min

0.92–100

Fresh density, air
content, flow,
permeability,
compressive, split
tensile and flexural
strength
Rheology,
compressive and
flexural strength,
permeability

SEM, XRD,
PIDS, BET, MIP

Milled and normal biochars positively influenced
workability, rheology, cement hydration

Wheat straw

Pyrolysis at
650 °C using
18 °C/min

2.05

XRD, SEM, EDS,
FTIR

0.5–1.5% biochar led to 4.1–17.3% higher compressive
strength. Reduced sorptivity and water absorption from 5.7
to 4.7%

[125] Importance of biochar
production processes
and features on the
enhancement of
mechanical properties
[126] Biochar effects on
fracture, flexural
strength and ductility
[127] Relevance of chitosan to
development of
mechanical strength
[128] Influence of inclusion of
pre- soaked biochar on
permeability and
strength

Softwood

Pyrolysis at
680 °for
12 min

<6

Compressive and
flexural strength,
sorptivity and water
absorption, water
resistance, porosity
Flexural strength,
fracture energy

SEM

Production parameters and features influenced the
formation of strong covalent carbon leading to improved
flexural strength and fracture energy

Bamboo

Pyrolyzed at
850 °C at a
rate of 1 °C/s
Pyrolyzed at
800 °C at a
rate of 5 °C/s
Pyrolysis
within 300–
500 °C at
10 °C/min

1–2

SEM, EDS, TGA

Micro- sized biochars of 0.05–0.2% improved flexural,
compressive strength and toughness

TGA, FTIR, SEM

Reduced flexural strength when compared with reference
cement paste. Negligible compressive strength but higher
toughness value than the control
Low mass loss, higher internal relative humidity than
control. Hydration degree improved by 10–12% resulting
in improved permeability and compressive strength

[38]

Influence of biochar on
permeability, elastic
modulus, strength and
drying shrinkage

Wood waste

Pyrolysis at
300 and
500 °C at
10 °C/min

10–18.90

[129] Evaluation of the effect
of two agro- wastes on
mechanical properties

Bagasse and
rice husk

–

[130] Effect of bio- mass
particles on mechanical
strength and
permeability

Woody
biomass

Pyrolysis at
700 °C for
2 h at
10 °C/min
Slow
pyrolysis at
500 °C for
1 h at
10 °C/min

Compressive and
flexural strength,
toughness index
Toughness,
compressive and
flexural strength
degree of hydration,
mass loss profile,
internal relative
humidity,
permeability,
mechanical strength
Compressive and
flexural strength,
drying shrinkage,
modulus of
elasticity, water
absorption
Compressive and
tensile strength
Compressive
strength, water
sorptivity and
penetration,
influence of elevated
heating

SEM, XRD, BET

Shell fish biowaste
Mixed
sawdust

5–200

–
500μ - 5

4–190

5

SEM, EDS, BET,
PIDS

SEM, BET

SEM, XRD, BET

1–2 wt% of biochar pyrolyzed at 300 and 500 °C enhanced
compressive strength. Negligible effect on modulus of
elasticity, flexural strength and drying shrinkage. Inclusion
of 1% w/w of biochar at both temperatures resulted in
58% and 66% decrease in water penetration depth and
absorption in comparison with control.
5 and 10% contents of pretreated and un- pretreated
biochars caused 36, 20.4, 54.8, 24.4, 21.1 and 23% better
compressive strength than control. 78% increase in tensile
strength more than control
0.50 and 2 wt% of biochar improved compressive strength
by 16% and 9% in comparison with control. 2 wt%
inclusions resulted in a decrease of permeability by 40%.
Inclusion of 1–
2 wt% reduced thermal damage with 20% and 11% higher
strength more than control

(continued on next page)
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Table 2 (continued)
Ref.

Objectives (in relation to
cementitious
applications)

[131] Evaluate the impact of
biochar on the CO2
adsorption potential of
cement composites and
the properties
[132] Assess the mechanical
performances of
different kinds of mortar
produced from varied
percentages of biochar

Agro- material Production
process

Particle
sizes
(μm)

Properties
determined

Characterisation Observations
analysis

Corn Stover

Pyrolysis at
550 °C for
25 min at
15 °C/min

4.65–144

Carbonation, postcarbonation,
compressive
strength

SEM, EDS, XRD,
FTIR

Better CO2 capturing after 3 days compressive strength
based on optimised biochar dosages at 4% and 6%. The
Increased content of biochar led to enhanced 28 days
compressive strength of un- carbonated bricks.

Wood chips

Pyrolyzed
between 200
and 500 °C
then gasified
at 900 °C

<38

Fresh properties,
mechanical
properties

XRPD, TGA,
XRF,
GC- MS

Increased dosages resulted in slight reduction in
compressive strength. A Slight increase in flexural strength
on the inclusion of 1% w/w of cement.

*Note: XRD- X-ray diffraction analysis, SEM-Scanning electron microscope, BET- Brunauer-Emmett-Teller, MIP- Mercury intrusion porosimetry, XRF- X-ray Fluorescence, TGA- Thermogravimetric analysis, EDS- Electron dispersive spectroscopy, PIDS- Polarized intensity differential scattering, FTIR- Fourier transform infrared spectroscopy, XRPD- X-Ray Powder Diffraction, GC-MS- Gas chromatography coupled to mass spectrometry.

Fig. 1. Effect of biochar on air content of mortar (adapted from Ref. [122]).

Fig. 2. Effect of various biochar on the compressive strength of concrete
(adapted from Ref. [107]).

[122]. However, when the biochar was incorporated at higher
dosages (i.e. greater than 1%); the compressive strength reduced. On
the other hand, there was no increase in the compressive strength of
mortar mixtures when biochar from rice waste was used as Portland
cement replacement of up to 5%. The increase in strength with the incorporation of biochar from wood and mortar waste was connected to
their higher absorption capacity which results in a lower binder ratio
and a corresponding densified microstructure. The pore-filling ability
of the biochar particles which also results in a corresponding refinement of the microstructure can also be connected to the higher
strength observed. The report from this study agree with other studies
where the incorporation of biochar at lower replacement levels has
been found to result in improved compressive strength [134,142,143].
Nonetheless, the compressive strength of all mortar mixtures incorporating biochar increased with age indicating the addition of the
biochar does not have any detrimental effect on the progression of the
hydration reaction. Akhtar and Sarmah [107] investigated the effect
of three types of biochar (i.e. poultry litter, pulp and paper sludge and
rice husk) on the compressive strength of concrete. The results from
the study show that the incorporation of the different types of biochar
as replacement of Portland cement in concrete resulted in a decrease
in the compressive strength as shown in Fig. 2. The reduction in
strength with the incorporation of biochar was attributed to the dilution effect of the biochar on the Portland cement which results in limited production of calcium silicate hydrate. However, as biochar possesses pozzolanic capabilities, more enhancements in compressive
strength are expected in the long term. Nonetheless, it can be seen
from Fig. 2 that the compressive strength of all mixtures are still
above 20 MPa regardless of the type or content of biochar. These findings indicate structural grade concrete incorporating biochar are still
suitable for structural applications. Zeidabadi et al. [129] used treated

and untreated biochar from rice husk and bagasse as replacement of
up to 10% cement in concrete mixtures. The results from the study indicate the use of biochar at 5% replacement of the Portland cement is
the optimum regardless of the source of the biochar or treatment.
Also, the chemical treatment of the biochar only enhanced the compressive strength at the optimum content (i.e. 5%) while no significant effect was observed at a higher content. The reduction in the
compressive strength at higher dosages was attributed to the higher
reduction of the cement content which results in a significant decrease
in the product formation. A similar observation has also been reported
where the incorporation of certain dosage of materials such as bagasse
ash, locust bean pod ash, wood bottom ash and rice husk ash have enhanced the compressive strength of cementitious composites whereas,
a reduction in strength is exhibited at lower content [144–148]. Dixit
et al. [149] incorporated various sizes of biochar as a replacement of
cement in ultra-high performance concrete (UHPC). The results for
the study also showed a slight reduction in the compressive strength
of the concrete with the incorporation of biochar. However, the reduction in the comprehensive strength becomes more significant with
an increase in the size of the biochar particles. The better performance of UHPC incorporating smaller particles of biochar can be attributed to its higher reactivity and pore-filling ability compared to
that with higher particle size. These findings are in agreement with
that of Restuccia and Ferro [150]. Fig. 3 presents the effect of biochar
size on the compressive strength of UHPC when it was used as an 8%
replacement of cement. It can be seen from Fig. 3 that more reduction
in the compressive strength is evident with the increasing size of the
biochar particles. Wang et al. [7] investigated the effect of biochar pyrolysis temperature on the compressive strength of carbon cured con6

B.A. Akinyemi and A. Adesina

Journal of Building Engineering 32 (2020) 101705

image that biochar possesses a porous structure that can be formed as
a result of the pyrolysis process and/or based on the source material
from which the biochar is produced. Hence, the porous nature of
biochar is responsible for their high absorption and ability to act as an
internal curing agent when used in cementitious composites. The presence of these pores in biochar also serves as space for the formation of
hydration products as seen in Fig. 5. However, it was reported by
Gupta et al. [117] that poor interfacial transition zone between the
biochar and the cementitious matrix is detrimental to both the mechanical and durability performance. Hence, the hydration products
formed (i.e. calcium silicate hydrate and calcium hydroxide) within
the pores of biochar might not contribute to the improvement of the
performance of the composite.
6.2.2. Tensile strength
Similar to the compressive strength, the incorporation of biochar
from wood wastes has been found to enhance the split tensile strength
of concrete up to a dosage of 0.5% [42,122,130]. The effect of
biochar content on the split tensile strength is presented in Fig. 6. It
can be seen from Fig. 6 that the split tensile strength of the concrete

Fig. 3. Effect of biochar size on the compressive strength (adapted from Ref.
[149]).

crete blocks. The outcome of the study showed that there is no significant difference in the compressive strength of blocks incorporating
biochar that has undergone pyrolysis at 500 °C and 700 °C at all
dosages of the biochar. Nonetheless, the compressive strength of the
carbon cured blocks increased approximately by 10% when 1% of
biochar was incorporated as partial replacement of the Portland cement. The enhancement of the compressive strength with the addition
of 1% biochar by weight of the cement was attributed to the biochar
acting as an accelerator for the hydration reaction in the presence of
the carbon dioxide curing [151,152]. The decrease in the compressive
strength at higher dosage was attributed to the brittleness of the
biochar which makes it easy for cracks to form within the composites
[153]. Gupta and Kua [128] recommended pre-soaking the biochar
and moist curing of the corresponding composites in order to achieve
an enhanced compressive strength.
The improvement in the compressive strength when biochar are
pre-soaked can be attributed to the biochar acting as an internal curing agent in the composite thereby supplying additional water for the
hydration process. As mentioned earlier, the ability of the biochar to
act as an internal curing agent can be ascribed to its porous nature
which embodied it with space to store water. The scanning electron
microscope (SEM) image of biochar obtained from the pyrolysis of
wood sawdust is presented in Fig. 4. It can be observed from the SEM

Fig. 4. SEM of biochar obtained from wood saw dust (reused with permission
from Ref. [117]).

Fig. 5. Hydration product formation in biochar pores (a) external view (b) internal; view (reused with permission from Refs. [117]).
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[162] when biochar was used as a nanomaterial as shown in Fig. 7.
Gupta and Kua [123] recommended moist curing for cementitious
composites incorporating biochar as a slight decrease in the flexural
strength was observed when mortar incorporating biochar was cured
in the air. A similar study by the authors [128] also reported that
moist curing the composites incorporating biochar is more effective
than air curing. The effect of the type of curing on the flexural
strength of mortar is presented in Fig. 8.
6.3. Durability properties
6.3.1. Water absorption
Gupta et al. [122] investigated the effect of biochar obtained from
wood, food and rice wastes on the performance of mortars. The results from the study showed that the incorporation of the biochar up
to a dosage of 2% resulted in a decrease in the water absorption in
terms of the depth of water penetration of the mortar mixtures. The
water penetration depth of mortar mixtures incorporating wood
wastes at 1% and 2% replacement of the Portland cement is 64% and
57% lower than that of the control mixture with only Portland cement
as the binder. The reduction in the absorption with the incorporation
of biochar can be attributed to the reduction in the porosity of the
mixtures which impedes the ease with which water penetrates the
mortar. A correlation between the porosity and water absorption of
the mortar mixtures were made and presented in Fig. 9. It can be seen
from Fig. 9 that there is a good linear relationship between the water
absorption and porosity of the mortar mixtures incorporating biochar.

Fig. 6. Effect of biochar content on split tensile strength of concrete (adapted
from Ref. [130]).

reduced at biochar content higher than 0.5% as replacement of the
Portland cement. Nevertheless, biochar from sources such as wood
can be used up to 2% as there is only a slight reduction in the split
tensile strength compared to the control without biochar. A similar
observation was reported by Akhtar and Sarmah [107] where the incorporation of biochar from three different sources was found to result in a slight decrease in the split tensile strength when the biochar
was used up to 1% as replacement of the Portland cement. The reduction in the flexural strength with the incorporation of biochar was
also attributed to the reduction in the amount of calcium silicate hydrate formed due to the reduction in the cement content. In contrast,
Zeidabadi et al. [129] reported an increase in the tensile strength of
concrete mixtures incorporation rice husk biochar up to 10% replacement of the cement. The enhancement of the tensile strength with the
addition of the biochar can be associated with the possible refinement
of the interfacial transition zone. This result somewhat agrees with
similar studies where rice husk ash was incorporated into cementitious composites [154–157].
6.2.3. Flexural strength
In contrast to the compressive strength reported by Gupta et al.
[122], the incorporation of 5% biochar based on food and rice wastes
resulted in 14 and 18% reduction in the flexural strength respectively.
The reduction in the compressive strength can be attributed to the dilution effect on the cement and also the accumulation of the biochar
particles. These findings are similar to that of Khushnood et al. [119],
Ahmad et al. [126] and Falliano et al. [158] where the incorporation
of a higher content of biochar was reported to have a consequential
effect on the flexural strength. However, in contrast to the conventional supplementary cementitious materials such as silica fume, no
significant effect was found when rice husk biochar was incorporated
into mortar mixtures due to its lower pozzolanic reactivity [42].
Rather the rice husk biochar acts as pore filler which results in the refinement of the microstructure. The study by Muthukrishnan et al.
[43] also showed that the use of rice husk biochar can be used to
slightly increase the flexural strength of mortar mixtures incorporating 20% rick husk ash as replacement of the Portland cement. This
observation contradicts that of Akhtar and Sarmah [107] where the
incorporation of biochar obtained from rice husk, paper and pulp
sludge, and poultry litter resulted in a decrease in the compressive
strength. The enhancement of the flexural strength with the incorporation of biochar observed by Muthukrishnan et al. [120] was attributed to the pore filling effect of the biochar which creates a link between the components in the concrete and increases the flexibility of
the composite. The reduction of the pores in concrete has been found
to result in a corresponding improvement in the flexural strength
[159–161]. This observation corresponds to that of Cosentino et al.

Fig. 7. Effect of biochar content on flexural strength of mortar (adapted from
Ref. [162]).

Fig. 8. Effect of curing and biochar state on flexural strength of mortar
(adapted from Ref. [128]).
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biochar acting as an internal curing agent as the hydration reaction
progresses.
6.3.3. Resistance to elevated temperature
Concrete mixtures incorporating wood waste biochar up to 2% replacement of the Portland cement in the concrete mixture was found
to improve the resistance of the concrete to elevated temperature
[130]. Concrete mixtures incorporating biochar exhibited a mass loss
of approximately 4% at a temperature of 550 °C, while the concrete
mixture with only PC as binder lost approximately 6% mass at the
same temperature. A similar observation was also reported in the
change in compressive strength and flexural strength of the concrete
mixtures incorporating biochar. The flexural strength of the concrete
incorporating various percentages of biochar at normal and elevated
temperature is presented in Fig. 11. The enhancement of the elevated
temperature resistance with the incorporation of the biochar was attributed to the higher pores in concrete incorporating biochar which
prevented the accumulation of pressure within the composites. Concrete mixture incorporating biochar was also reported to have no severe cracking compared to those made with only Portland cement as a
binder.

Fig. 9. Correlation between water absorption and porosity of mortar incorporating biochar (adapted from Ref. [122]).

The findings from the study also indicate that the use of biochar from
wood wastes and food wastes are more effective in reducing the depth
of water penetration compared with that obtained from rice wastes. A
similar observation was reported by Yazicioglu [163] and Sarmah
[107] where silica fume and biochar from different sources respectively, were used as a replacement of cement in concrete.

7. Future outlook for biochar in cement-based construction
The use of biochar in cement-based construction is emerging and
the prospects are promising. Based on the current trend and research
on the use of biochar in cementitious composites, future developments and applications are anticipated:

6.3.2. Shrinkage properties
There is limited study on the shrinkage properties of cementitious
composites incorporating biochar. Nonetheless, the incorporation of
biochar obtained from the pyrolysis of sawdust into the mortar as replacement of the cement was found out to increase the drying shrinkage at an early age [38]. However, at later ages, the incorporation of
1% biochar was found to reduce the drying shrinkage of mortar while
the drying shrinkage of mortar containing 2% is higher than the control. These findings correspond to other studies where the use of wood
ash has been reported to increase the early age drying shrinkage and
reduce the later age shrinkage [164]. The effect of biochar on drying
shrinkage at different ages is presented in Fig. 10. Biochar can be used
as an internal curing agent to reduce the shrinkage of cementitious
composites due to its stable porous structure [125,128,165,166]. Mo
et al. [167] used biochar as internal curing alongside magnesium oxide to reduce autogenous shrinkage in cement pastes. Results from the
study showed that the incorporation of biochar as 2% replacement of
cement resulted in an approximately 16% reduction in the autogenous
shrinkage. The significant reduction observed was attributed to the

a) Regulated pyrolysis conditions: The influence of biochar on the
properties of cementitious composites is strongly dependent on
the thermo-chemical conversion utilised in terms of the
temperature, time, the pressure used in producing the biochar.
Currently, the production of biochar varies greatly which can also
be associated with the varying effects reported by various studies.
However, with more emerging researches on the development of
biochar applications in cementitious composites, regulated
pyrolysis will be developed in the nearest future.
b) Development of biochar aggregates: The porous and
lightweight nature of biochar show that it can be used as
lightweight aggregate in cementitious composites. A similar
development has been carried out for fly ash where the particles
are agglomerated and developed into lightweight aggregate. The
lightweight aggregates developed from biochar can be used in
cementitious composites to reduce its relieve its dead load.

Fig. 10. Correlation between water absorption and porosity of mortar incorporating biochar (adapted from Ref. [38]).

Fig. 11. Effect of biochar content on concrete resistance to elevated temperature (adapted from Ref. [42]).
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c) Development of nano biochar: Similar to the evolution of
supplementary cementitious materials such as rice husk ash, silica
fume, limestone; more understanding of biochar will result in the
more development of nano biochars. The development of more
nano biochar will open a pathway for the modification and
refinement of the microstructure of cementitious composites at a
nano-level. The availability of nano biochar will also create an
avenue to enhance the performance of cement-based materials by
replacing Portland cement with a very small volume of biochar.
This will also result in Portland cement savings and a
corresponding decrease in the embodied carbon of cementitious
composites as a lower quantity of cement will be needed to
achieve a specific performance when nano biochars are
incorporated.
d) Understanding of the durability performance: Currently, most
of the evaluations on the performance of cementitious composites
incorporating biochar are mostly focused on mechanical
performance whereas there is limited study on the corresponding
durability performance. With the interest and application of
cementitious composites incorporating biochar growing, more
evaluation of the durability performance of such composite is
anticipated. More research exploring the durability performance
of cement-based materials incorporating biochar will provide
more understanding of the performance of the composites and
will encourage more applications of biochar in cementitious
composites.
e) Use of biochar for accelerated carbonation: Currents studies on
the use of biochar have shown that it can be incorporated as a
green material that can be incorporated as an admixture in
cementitious composites. However, biochar being a carbonaceous
material can also be incorporated into cementitious composites
for carbon dioxide sequestration due to its porous morphology.
Hence, it is anticipated that the ongoing rapid evolution in the
use of biochar in cementitious composites will result in the
application of biochar to improve the carbon dioxide
sequestration of construction materials.

and combined effect of the variation of these factors on the resulting
performance of cementitious composites.
It is also recommended that more studies should be carried out to
fully understand the physical and chemical interaction between
biochar obtained from various sources and the components in cementitious composites. Limited studies have also been carried in areas
such as the use of biochar as carbon dioxide sequestration material in
cementitious composites. Hence, there is a need for more research, development and application of biochar to improve the sustainability of
cementitious composites. Evaluation of the long-term performance of
cementitious composites incorporating biochar and subjected to various environments is also important in order to encourage and propel
more applications of such composites.
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