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ARTICLE INFO ABSTRACT

Keywords: Biochar, a carbonaceous material derived from organic waste, has recently been explored to mitigate the
CO, mineralization negative effects of accelerated carbon-di-oxide (CO,) curing (ACC) on concrete properties. This review catego-
Biochar

rizes the literature on biochar-amended cementitious composites and examines the key mechanisms governing
CO, mineralization. The influence of CO, phases (gaseous and liquid) on mineralization during curing is dis-
cussed, focusing on how altering CO, pressure and temperature can enhance the process. We explore the role of
biochar’s surface functional groups, aromaticity, porosity, and honeycomb structures in both carbonation and
hydration. Additionally, the properties of the cementitious matrix—such as saturation degree, porosity, and ideal
amorphous phases—are shown to improve carbonation. Despite these advancements, several gaps remain before
biochar-amended composites can be adopted as conventional construction materials. These include the devel-
opment of homogeneous biochar, standardization of ACC conditions, and the assessment of end-of-life leaching.
The review highlights that strength gains of up to 71 % and CO, uptake levels of up to 13 % are achievable in
biochar-amended cementitious composites. Furthermore, the knowledge from other hydrocarbon-based mate-
rials in the petroleum industry is discussed to better understand the complex interactions of gas-air-solid flow
during ACC.

Accelerated co2 curing
Low carbon cementitious composite

S. Baradaran et al. 2024). The European Union has set a target to achieve
“net zero” COz emissions by 2050 (L. Chen et al. 2022). Cutting existing

1. Introduction

In September 2023, the United Nations Environment Program
(UNEP) reported that the construction industry is by far the biggest
emitter (37 %) of all greenhouse gas emissions. In particular, the prep-
aration of Ordinary Portland cement (OPC), a globally used binder,
creates 0.8 to 1 ton of carbon dioxide (CO3) per ton of cement (Zhang
et al., 2023). Considerable work has been done to promote sustainable
construction practices (S. Baradaran et al. 2024, Nilimaa 2023, Khan M.
and McNally C. 2023, Abdullah M. Zeyad 2023, Sathiparan et al. 2023,

emission levels will have a significant role in reaching this goal. Addi-
tionally, new technologies and approaches are needed to systematically
capture CO5 from the environment and store it in a stable form.
Carbon capture, utilisation, and storage (CCUS) is an umbrella term
used to define technologies that sequester atmospheric CO; in a stable
form and ultimately reduce greenhouse gas emissions (Zhang et al.
2022). Fig. 1 shows the three primary phases of CCUS technology.
During the capture phase, CO: is separated from mixed industrial

Abbreviations: ACC, Accelerated carbonation curing; CaCO3, Calcium carbonate; CCUS, Carbon capture utilization and storage; CO,, Carbon dioxide; C,S,
Dicalcium silicate; C3S, Tricalcium silicate; C3A, Tricalcium aluminate; C4AF, Tetracalcium aluminoferrite; OPC, Ordinary Portland cement; SCMs, Supplementary
cementitious materials; AFm, Calcium aluminoferrite hydrate; AFt, Calcium aluminate trihydrate; CH, Calcium hydroxide; C-S-H, Calcium silicate hydrate; TGA,
Thermogravimetric analysis; DTG, Differential thermogravimetric analysis; CEC, Cation exchange capacity; scCO,, Supercritical CO5; RH, Relative humidity; UN,
United Nations.
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Fig. 1. Carbon capture utilization and storage strategies for sequestering COx.

emissions through processes like pre-combustion, post-combustion, or
oxy-fuel combustion, each offering unique benefits and drawbacks
(Kheirinik et al. 2021). The captured CO5 can be subsequently valorised
in a range of applications, including (1) supercritical CO; as a reactive
solvent, (2) mineralization of CO, in supplementary cementitious ma-
terials (SCMs) as inorganic carbonates, (3) catalytic reduction of COy
into organic fuel for transport, (4) transformation of CO to value-added
chemicals, and (5) biological CO; utilization; converting a waste prod-
uct into an important resource (Pan et al. 2018). Lastly, any COg that is
not needed is stored in geological formations like deep saline aquifers,
depleted oil and gas fields, or exhausted coal seams. However, this
process of underground carbon storage, also known as geological carbon
sequestration, is costly given the advanced technology, monitoring,
infrastructure development, and ensuring long-term containment to
prevent leakage (Xie and Economides 2009).

Biochar is a carbon-rich, eco-friendly adsorbent material made from
the pyrolysis of biomass, which can be used to improve CO5 sequestra-
tion in cementitious materials (Akinyemi and Adesina 2020). Because of
its high surface area and porous structure, biochar is a very useful me-
dium for absorbing CO», either directly through physical adsorption or
indirectly through chemical processes that result in the formation of
stable carbonates (Zhang et al. 2022). Accelerated carbonation curing

(ACC), an innovative method for curing pre-cast concrete, can signifi-
cantly reduce COz emissions in the cement industry. This process se-
questers CO», converting it into stable products within the concrete,
transforming the construction materials into a sink rather than emitters
(Sharma and Goyal 2018; Wang et al. 2021). However, there are road-
blocks of directly sequestering CO2 in concrete blocks as it does not
necessarily benefit the mechanical properties of the cement-based
composites with the carbonated materials. For instance, for a specific
material, a threshold may exist, after which there might be pore
blockage, resulting in partial hydration of concrete, which can be
deleterious for its mechanical properties (Li and Wu 2022). To improve
the overall CO; diffusion in concrete matrix, new materials are being
envisioned to enhance CO, diffusion in cementitious composites,
including options like carbon nanotubes, cellulose, and biochar (Escobar
etal. 2013; Reyes et al.2023; Song et al. 2023). Much emphasis has been
placed in recent years on utilising biochar as a carbon-negative material
and adding it to cementitious materials to enhance concrete’s mechan-
ical qualities by improving cement hydration, enabling COy minerali-
zation, and lowering the carbon impact on the construction industry
(Mishra et al. 2023). Studies have demonstrated the potential of
biochar-amended cementitious materials to absorb and retain CO,
during the carbonation and hydration processes. Further, biochar can
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Fig. 2. Flow chart of biochar amended cementitious composites.
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also be modified to increase its reactivity and CO2 sequestration capacity
with specific elements, such as doping it with calcium or magnesium
(Nan et al. 2020). However, challenges remain, such as optimizing the
conditions for CO, diffusion and creating standardized pyrolysis con-
ditions for preparing suitable biochar for widespread use in the con-
struction industry.

There have been four review articles on biochar usage in concrete in
the recent past (Tan et al., 2022; Senadheera et al., 2023; Singhal 2023;
Barbhuiya et al., 2024) that focussed more on biochar’s use as a filler or
as an agent that changes hydration products. In the current study, we
discuss the potential mechanisms by which CO5 mineralization can be
accelerated in cementitious construction materials with a CCUS strat-
egy. Unique concepts and mechanisms from petroleum industry-based

CO2 mineralization strategies have also been put forward to gauge a
scientific understanding of biochar as a catalyst for CO, capture in
cementitious materials.

2. Methodology

The literature on CO, mineralization in biochar-amended cementi-
tious composites is broad and interdisciplinary. We focus primarily on
the publications having keywords “biochar amended cement”, “biochar
amended concrete”, “accelerated CO, curing”, ‘“hydration”, “COq
diffusion”, “Carbonate formation”, “low carbon concrete”, “supple-
mentary cementitious materials”, “carbon amended concrete”, “bio-
char” and “CO5 mineralization”. More than >150 publications on the
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CO, permeability changes over time during the carbonation process.

keywords given above have been reviewed in this paper, considering
work not only in concrete but also in CO, sequestration in hydrocarbon
materials. The selection was based on their relevance to our study ob-
jectives, publication in peer-reviewed sources, and the novelty of their
contributions. We limit the review to peer-reviewed papers in science
citation-indexed scientific journals, technical conference proceedings,
and peer-reviewed books on relevant topics and exclude any grey
literature. The scientific databases used for relevant searches in this
reviewed work include primarily “Science Direct”, “Science Citation
Index Expanded”, “Google scholar”, “Mendeley” and “Scopus”.

>

The research methodology adopted in this review is illustrated
schematically in Fig. 2. A thorough assessment is done on how biochar
can act as a catalyst for COy sequestration in cementitious materials,
focusing not only on its role as an aggregate for enhancing mechanical
and thermal properties but also on its potential to improve COj
sequestration in construction materials. Specifically, we explore the
mechanisms by which biochar contributes to the carbonation and hy-
dration processes in cementitious composites, highlighting its unique
structural properties such as high porosity, surface area, and functional
groups. The research conducted over the past six years on biochar-
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amended cementitious materials for CO5 sequestration is considered,
aiming to uncover the causes and factors that influence CO; diffusion
mechanisms in these materials (Table A1). Initially, we tried to under-
stand the hydration and carbonation curing processes that influence the
overall strength and the factors affecting CO, diffusion within the con-
crete matrix. Following this, we explored how biochar can impact the
CO, absorption mechanism in cementitious materials and identified
potential strategies for enhancing rapid CO» sequestration in biochar-
amended cementitious materials. Concepts such as the impact of
different CO5 phases on diffusion, internal CO5 curing, surface modifi-
cation, external CO; curing, and their effects on material properties,
including thermogravimetric and mechanical characteristics, are dis-
cussed thoroughly. Additionally, we compile a summary of research on
biochar-amended cementitious materials and examine how biochar in-
fluences strength and overall calcium carbonate (CaCO3) formation.
Based on the observed mechanical properties and CO5 sequestration
capabilities of these materials, we identify gaps for future research to
explore how these materials can be further improved and highlight areas
that need attention before they can be utilised for industrial application.

3. Hydration and carbonation-based curing in cementitious
composites

3.1. Cement hydration theory

Cement hydration involves chemical and physical processes associ-
ated with the interaction between cement particles and water, leading to
the formation of various cementitious phases (Fig. 3). These phases
finally undergo hardening and setting to form a solid mass called hy-
drated cement paste. A critical analysis of cement hydration along with
various proposed mechanisms, have been presented in an elaborate
manner elsewhere (John and Lothenbach 2023). Chemically, cement
particles consist of phases like dicalcium silicate (C2S), tricalcium sili-
cate (C3S), tricalcium aluminate (C3A), and tetra-calcium-aluminoferrite
(C4AF) etc. In the initial stage of hydration, the cement particles dissolve
in water, releasing ions into the solution. This leads to the formation of
new compounds as the ions interact. As dissolution continues, the con-
centration of ions in the solution increases until it reaches a state called
‘critical oversaturation’, where the solution contains more ions than can
remain dissolved, causing solid compounds to begin precipitating out.
Once this state has been achieved, the nucleation process will ensue,
wherein nuclei (of hydrated cementitious phases) start to grow, mainly
on the surface of cement particles. This process is influenced by several
factors like solubility differences among various phases, modifications of
the dissolving surface over time, variations in the concentration of dis-
solved ions in the solution over time, poisoning effect of chemical spe-
cials (present in the solution) on the nucleation of hydrated cementitious
phases, etc. (John and Lothenbach 2023). Over the past 100 years,
numerous mechanisms have been proposed to explain cement hydration
processes. Among them, the most prominent and widely accepted are
the crystalloid theory, colloid theory, thin film theory, and recrystalli-
zation theory, which are demonstrated in Fig. 3 (John and Lothenbach
2023).

3.2. Mechanism of carbonation in cementitious composites

The carbonation of concrete structures can be understood in a
simplified manner, focusing on the interplay between CO5 diffusion,
pore fluid interactions, and solid phase reactions (Fig. 4a). It starts with
the diffusion of CO5(g) from the environment into the concrete structure
(gas phase). The diffused CO2(g) permeates through the pores of the
concrete and interacts with the pore solution, leading to its aqueous
phase formation, followed by its hydration to form carbonic acid in the
pore fluid phase. Carbonic acid undergoes reactions that eventually
liberate carbonate ions, e.g., hydrogen ions (H") and bicarbonate
(HCO3), setting the stage for the critical reactions that lead to

Resources, Conservation & Recycling 215 (2025) 108141

carbonation. Carbonate ions interact with the cations (derived from the
decomposition of their hydrates) and eventually form carbonates. In the
solid phase, calcium hydroxide (Ca(OH),), a key hydration product in
cement, decomposes, releasing calcium ions (Ca3). These calcium ions
then react with carbonate ions (CO% "), precipitating CaCOs. This CaCOs
fills the pores in the concrete, progressively reducing the permeability of
CO; over time (Fig. 4b). The carbonation process is influenced by several
parameters like gas permeability, concrete water content, pH and RH of
pore fluid, pore fluid permeability, binder ratio, specific surface area of
binders, binder hydrated minerals/gels, atmospheric CO, concentration,
exposure time and pressure, etc.

All the carbonation reactions can be divided into two categories —
“early carbonation reactions” and “late carbonation reactions” (Kua and
Tan 2023). “Early carbonation reactions” involve combined hydration
and carbonation of C3S, p-CsS, y-C2S, and MgO. It has been reported that
C3S, B-C2S, and y-CaS exhibit similar reactivity for carbonation (Ashraf
and Olek 2016). “Late carbonation reactions” involve the carbonation of
hydrated products, calcium hydroxide, calcium silicate hydrate, calcium
aluminate hydrate, AFt, and brucite.

The CaCOj3 formed during the carbonation reactions is finer, which
results in better packing and densification of the cement matrix (Ali
et al., 2015). As the cement matrix becomes denser, there is greater
water retention, leading to improved cement hydration and, eventually,
accelerated hardening and higher early-age strength for the concrete
(Ali et al. 2015; Cao et al. 2019). There is an optimum extent of
carbonation beyond which carbonation is detrimental to the mechanical
and durability properties of concrete due to 1) increased carbonation
leading to excessive water consumption and, hence, less water available
for essential cement hydration reactions (Gupta et al. 2021; Papadakis
2000), 2) prolonged carbonation resulting in increased decalcification of
C—H and C-S-H (Li et al. 2019), and 3) excessive carbonation reducing
the pH of pore solution and causing corrosion of steel reinforcement
(Angst 2023).

3.3. Factors affecting CO> diffusion in a cementitious matrix

3.3.1. Cementitious matrix properties

The diffusion of CO, through the concrete pore structure signifi-
cantly influences carbonation, which begins at the surface and pro-
gresses inward, affecting concrete durability. Factors like matrix
porosity, tortuosity, water-to-binder ratio, and the interfacial transition
zone influence CO; diffusion (Cui et al. 2015; Yoon and Chang 2020).
Initially, as the CO, concentration increases, both diffusion rate and
carbonation rate increase, but excessive carbonation leads to pore
blockage, reducing diffusivity and carbonation depth due to the for-
mation of CaCO3 and calcium-modified silica gel (Cui et al. 2015). At
low CO, concentrations (natural carbonation), diffusion dominates,
while at high concentrations (accelerated carbonation), Ca ion release
from CH or C-S-H becomes critical (Garcia-Gonzalez et al. 2006). In
carbonated concrete, CO, diffusivity is initially lower than in uncarbo-
nated concrete due to early pore blockage (Yoon and Chang 2020).
Biochar inclusion likely alters CO2 ingress based on pore CO; concen-
tration, highlighting its potential for facilitating CO5 mineralization in
cementitious composites.

Apparent and effective diffusivity is essential to comprehend CO,
diffusion in concrete. Apparent diffusivity reflects the bulk material’s
diffusion behaviour under varying environmental conditions, while
effective diffusivity focuses on the intrinsic pore network’s impact on
diffusion (Yoon and Chang 2020; Jang and Yang 2023). Both parameters
are influenced by porosity, tortuosity, and water/cement ratio, with
excessive carbonation reducing effective diffusivity through pore
network changes. When calculating apparent diffusivity, one must
consider the qualities of the bulk material as well as the surrounding
conditions to determine the total rate at which CO, diffuses through
concrete (Yoon and Chang, 2020). Conversely, effective diffusivity is a
more intrinsic metric parameter that considers the pore structure of the
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Fig. 5. Conceptual figure showcasing the various phases of CO, for diffusing CO, in a porous medium.

concrete as well as the pathways that allow CO; to diffuse (Jang and
Yang, 2023). Since effective diffusivity ignores the impact of bulk
characteristics and concentrates on diffusion via the actual pore
network, it is usually lower than apparent diffusivity (Yoon and Chang,
2020).

3.3.2. CO2 phases and effects on diffusion

CO; can be introduced into concrete in both gaseous and dissolved
forms, with its diffusion influenced by the interaction between solutes
and the porous cementitious matrix (Rezk et al. 2021). Unlike bulk
liquid diffusion, molecular diffusion in porous media is constrained by
the heterogeneous structure, which lengthens the travel path of solute
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molecules and reduces the effective diffusion coefficient (Lou et al.
2020).

CO; exists in four phases—solid, liquid, gas, and supercritical flu-
id—depending on temperature and pressure conditions (Clifford and
Williams 2000). Fig. 5 shows a schematic representation of these phases
and the diffusion in a porous medium with the variation in temperature
and pressure, comparing findings from different studies. Among these,
supercritical CO3 (scCO-), achieved at 30.85 °C and 74 bar, combines
properties of both gas and liquid, offering unique diffusion character-
istics (Rezk and Foroozesh 2019). Nikolai et al. 2019, conducted a
thorough analysis of the thermodynamic and transport characteristics of
scCO, containing binary mixtures, scCOy+solute. It was observed that
the thermodynamic state of CO3 has a major impact on the mass transfer
rate of CO,. Rezk and Foroozesh (2019) found that in
hydrocarbon-saturated porous media, scCO; exhibited higher diffusion
coefficients (D) and mass transfer rates (K) than gaseous COj. For
instance, oil swelling reached 30 % in 2 h with scCO versus 10 h with
gaseous CO», while viscosity reductions were 58 % and 25 %, respec-
tively, over comparable durations. Li et al. (2016) also reported an
order-of-magnitude increase in diffusion coefficients for scCO;
compared to other phases. Jia et al. (2019) highlighted that the mo-
lecular diffusion coefficient depends heavily on the pressure and tem-
perature of the medium. In heterogeneous systems, the porous matrix

structure and composition significantly lower the diffusion coefficient
relative to bulk liquid diffusion, adding complexity to CO5 transport.

4. Biochar effects on carbon sequestration
4.1. CO:z adsorption mechanism and effects of biochar

There are mainly two categories of adsorption. The first category is
the physical adsorption of CO, molecules by the van der Waals force,
which generally has a bond energy of 8-41 kcal/mol. Physical adsorp-
tion accounts for the majority of CO, adsorption in biochar. This in-
cludes interactions between adsorbed molecules, the biochar’s abundant
functional group arrangement, the traction effect created by the net
charge exchange between the molecules and the metal ions, and the van
der Waals force between the molecules (Zhang et al., 2022). Biochar
typically contains oxygen-containing functional groups, such as hy-
droxyl (-OH), carboxyl (-COOH), and carbonyl (C = O) groups, distrib-
uted across its surface. These functional groups are primarily located on
the edges and defects of the aromatic carbon structure and play a critical
role in adsorptive interactions by providing active sites for chemical
bonding and charge exchange. The second category is chemical
adsorption, which predominantly relies on intermolecular compound
interaction (Sharma et al., 2021). Many mechanisms have been brought



S. Roy et al.

Selection criteria of materials used to develop CO,
sequestered biochar amended cementitious mix

Biochar 01
production

» Soaking biochar in liquified CO2
* Chemical treatment 02
* Mechanical grinding of biochar

» Ca/Mg/Al oxide ratio
03 *  pHof SCMs

Biochar to binder ratio,
PC/SCM ratio, aggregate 04
type/rate

External
CO2 curing of
cast samples

Feedstock type, Feedstock
ratio, Pyrolysis conditions

Resources, Conservation & Recycling 215 (2025) 108141

Effects on cementitious mixes

Surface area, pore size distribution, surface
functional groups and alkalinity of biochar are
affected by selected pyrolysis criterion. This
affects CO, affinity of biochar.

Early CO2 mineralization occurs in the
cementitious mixes if biochar is soaked with
CO,. Chemical treatment allows for higher
surface CO, adsorption. Pore filling effect of
biochar in mixes is enhanced through grinding.

Higher oxides of these elements results in
higher mineralization of carbonates.
Higher pH helps both in hydration and
carbonation.

Hydration process through available hydrates
for CO2 mineralization is dependent on
biochar and binder ratios. Aggregate type
affects the pore sizes of the cementitious mix.

1111

Gas diffusion gradient and pore saturation of cast
samples are dependent on the CO2 concentration,
pressure and time of curing.

Fig. 7. Selection criteria for aiding carbonation and hydration curing in biochar-aided cementitious composites.

up to govern the process of CO, adsorption by biochar. Fig. A1 shows a
schematic representation of the general CO, capture mechanism of
biochar, such as cation exchange, precipitation, electrostatic attraction,
reduction, and complexation (Shafawi et al., 2021). As per Zhang et al.
2020, the primary processes of CO5 adsorption are complexation with
functional groups; cation exchange with the surface of biochar; precip-
itation and formation of insoluble species; electrostatic attraction on the
surface of biochar; reduction and further sorption of reduced com-
pounds. These processes are generally dependent on the feedstock type,
as biochar with different feedstock will likely show relatively different
adsorption mechanisms. For example, large concentrations of phosphate
and carbonate can be seen in manure biochar (Poucke et al. 2019). When
biochar has a high concentration of calcium, potassium, magnesium,
and sodium along with a reasonably high cation exchange capacity
(CEQ), cation exchange can be the predominant mechanism for CO»
adsorption (Ngo et al., 2023). When it comes to biochar with low CEC
(which most likely occurs due to a significant degree of organic matter
decomposition), other mechanisms also tend to be crucial, such as spe-
cific surface area and porosity (Tomczyk et al. 2020).

The presence of biochar can influence the hydration of cement. Due
to the high pH and high water-absorption characteristics of biochar, it
can absorb water during concrete mixing (Gupta and Kua, 2018). Usu-
ally, the excess water present in the mixed concrete promotes the for-
mation of pores/voids through evaporation/bleeding, thereby resulting
in poor mechanical and durability properties of concrete (Gupta, Kua,
and Tan Cynthia 2017; Kim et al. 2019). If biochar is present in the
system, the saturated biochar particles function as “reservoirs,”
releasing some of the absorbed moisture into the matrix, which serves as
nucleation sites for hydration reactions (Gupta and Kua, 2018; Praneeth
et al. 2020). The enhanced hydration promotes more hydration prod-
ucts, which fill pores and densify the matrix, thereby improving the
mechanical and durability performance of concrete. The water (absor-
bed by biochar) can be released during the hardening stage, leading to
secondary hydration (and internal curing), which can also improve the
performance of concrete as well as carbon sequestration (Choi, Yun, and
Lee 2012). Replacement of cement with up to 2 % biochar did not
significantly affect the hydration, but further substitution affected the
hydration of cement as indicated by lower heat of hydration (Sikora
et al. 2022).

The specific reactivity of the phases and the availability of COy

determine the reaction products in the mortar, which are dependent on
the interaction of carbonation and hydration at any given time (Zajac
et al. 2020). Kua and Tan 2023, proposed a mechanism that demon-
strated how the presence of biochar can impact hydration as well as the
carbonation of cement. Fig. 7 shows a graphical illustration indicating
the role of biochar in carbonation curing under high and low atmo-
spheric CO2 concentrations. In the beginning, “early carbonation” is
initiated, during which early phases present in cement react with CO4
adsorbed in biochar pores. Cement hydration occurs simultaneously,
and it is enhanced by the diffusion of free water out of the pores of
biochar. With the passage of time: 1) “Confined carbonation” is initiated
in biochar pores, leading to the formation of CaCOs, C-S-Hj,y, and
aluminosilicate gel: 2) Hydration reactions result in the formation of
C-S-Hpjgh, CH, Af; and AF; phases: 3) “Late carbonation reactions”
which results in conversion of a fraction of C-S-Hpigh to C-S-Hiow -
Carbonation barriers may be formed during this period, which restricts
the flow of internal CO5 as well as the flow of CO, from outside (Kua and
Tan 2023). For instance, Zuo et al. 2024, observed that ACC up to 72 h
resulted in higher values of carbon sequestration in concrete, but pro-
longed treatment exceeding 72 h affected carbon sequestration nega-
tively. This is mainly attributed to two main factors. Firstly, prolonged
exposure to CO, reduces the amount of reactive chemicals available for
controlled COy conditioning, which in turn reduces the specimens’
ability to sequester CO,. Secondly, to create carbonic acid (which is an
essential step for the production of CaC0O3), CO2 must dissolve in pore
water. Even though biochar helps in depleting excess pore water during
late hydration, extended carbonation depletes the free water, leaving
insufficient water to facilitate further carbonation reaction.

4.2. Strategies for biochar development

Apart from the discussed mechanisms of biochar itself for CO,
curing, the possible strategies by which biochar can affect carbonation
and hydration curing in cementitious materials is discussed in this sec-
tion. Overall, these strategies include biochar production methods, in-
ternal CO» doping in biochar, carbonation conditions, etc. All these
strategies are likely to enhance either hydration curing or CO3 curing.
Fig. 6 shows a simplistic selection criterion for biochar usage in affecting
hydration and carbonation in cementitious materials.
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4.2.1. Biochar production and internal modifications

The feedstock used to produce biochar can impact its properties and
CO4, capture ability. The distribution of pores in biochar is influenced by
the feedstock (Brewer et al. 2014). A higher carbon content in the
feedstock suggests an increased potential for CO: sequestration (Gupta
and Kua, 2017). The quality of biochar blocks is influenced by the type
of feedstock used. Cross and Sohi (2013) discovered that, even at similar
temperatures, biochar blocks made from sugarcane trash exhibited high
stability, whereas those made from chicken manure were the least sta-
ble. Biochar with high stability has less tendency to be involved in
harmful chemical reactions during cement hydration (Brewer et al.
2014). Pyrolysis conditions like temperature, pressure, and heating rate
can significantly influence the surface area of the biochar formed
(Brownsort 2009; Munroe 2009; Sohi et al. 2010). Pyrolysis temperature
can influence many properties of biochar, including its stability,
elemental composition, surface area, surface functional groups, etc. (Sun
et al. 2014; Yuan et al. 2014). As pyrolysis temperature increases, the
carbon content of biochar increases while its oxygen, nitrogen, and
hydrogen contents decrease (Zhang, Liu, and Liu 2015). In the case of
rubber wood saw dust, increasing the pyrolysis temperature from 300 to
500 °C did not increase surface area, whereas raising the temperature to
700 °C led to significant increases in surface area (Shaaban et al. 2013).
In the case of safflower seed press cake, there was an increase in surface
area as the temperature was increased up to 500 °C, while surface area
decreased as temperature exceeded 500 °C, possibly due to pore
widening, neighbouring pore coalescence, softening, and melting
(Angin 2013). At high pyrolysis temperatures, secondary reactions occur
in biochar, leading to a reduction in the final amount of biochar pro-
duced (while proportions of biogas and bio-oil increase) (Antal and
Grgnli 2003; Boateng 2007). When the pyrolysis temperature is high, it
leads to less reactive sites and, hence, higher biochar stability (Gupta
and Kua 2017). Fast pyrolysis (heating rate = 100-1000 °C/s & shorter
residence time) leads to a lower amount of biochar, while slow pyrolysis
(heating rate = 10 °C/s & longer residence time) leads to a higher
amount of biochar as vapor production during secondary reactions de-
creases (Gupta and Kua 2017). Fast pyrolysis has been reported to
produce biochar with high surface area, higher oxygen, and lower car-
bon content when compared to slow pyrolysis (Bruun et al. 2012). The
size of biochar particles produced during fast pyrolysis is roughly five
times smaller when compared to slow pyrolysis. Lower residence time
can lead to reduced micropore volume and surface area (Gupta and Kua
2017). The influence of residence time on biochar properties is not
straightforward, as biochar properties are often dominated by other
synthesis parameters (Fassinou et al. 2009). Biochar produced at 30 bar
pressure exhibited less cavity and denser structure when compared to
biochar produced at 1 bar pressure (Okumura, Hanaoka, and Sakanishi
2009). The surface area of biochar is reduced as pressure is raised from 5
to 10 bar, while it increases with an increase in pressure from 10 to 20
bar (Newalkar et al. 2014). As the pressure is increased, biochar parti-
cles are more spherical in shape (Newalkar et al. 2014).

It was reported that the surface area of biochar may not correlate
with its CO5 capture ability (Brewer et al. 2014) as the surface area is
also affected by macropores and mesopores. Knowledge of pore size
distribution is needed because CO5 capture is optimized when pores are
in a certain range (<2 nm) (Brewer et al. 2014). To increase the selective
adsorption of COo, the isosteric heat of adsorption of CO5 on the pores
must be higher than that of other gases (Park and Suh 2013). Isosteric
heat of CO4 adsorption will be high when the pore size distribution is
close to the diameter of CO5 molecules. Higher CO2 adsorption is ob-
tained when the pore size is between 0.33 and 0.82 nm (Hu et al. 2011;
Presser et al. 2011; Sevilla and Fuertes 2011).

Biochar has a CO4 reduction potential of around 870 kg CO5 equiv-
alent per ton of dry feedstock (Roberts et al. 2010). However, if biochar
is pre-exposed to CO3 before its use for construction, it can additionally
capture 300 kg CO; equivalent per ton of dry feedstock (Wei et al. 2012).
This is called pre-cured CO5 sequestration in biochar. Biochar can be
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activated physically or chemically to improve its CO, absorption ca-
pacity as it increases its pore volume and surface area (Schroder et al.
2007). Physical activation involves oxidizing agents like CO, steam, or
both (Rodriguez-Reinoso et al., 1995). The CO, activation is accom-
plished by the carbon-CO, reaction, leading to burn off carbon atoms,
thereby opening closed pores as well as widening existing pores
(Rodriguez-Reinoso and Molina-Sabio 1992).

Activation of biochar with steam leads to the release of volatile
components and enhanced formation of crystalline carbon components
(Alaya, Girgis, and Mourad 2000). Chemical activation involves the
treatment of biochar with chemicals like NaOH, KOH, ZnCl, etc.
(Pimentel et al., 2023). During chemical activation, chemicals dehydrate
biochar and then wash off volatile compounds, leading to higher
carbonization yield (Williams and Reed 2004). Overall pore volume and
surface area increase with an increase in activation temperature and
chemical agent (KOH) to biochar ratio (Sevilla and Fuertes 2011).
Temperature and duration of activation must be optimized to maximize
the CO, adsorption (Wei et al. 2012). At higher temperatures, the
adsorption of CO; can decrease due to reduced pore filling (Wei et al.
2012). Internal CO, doping of dry biochar may lead to mortar (which
incorporated it) possessing high mechanical strength as well as high CO4
absorption when compared to the mortar produced with dry biochar
without internal COy doping (Kua and Tan 2023). Internal curing of
biochar improved the carbonation of steel slag-based artificial light-
weight aggregates by providing additional channels for diffusion as well
as biochar acting as a temporary CO; storage tank (Xu et al. 2023),
resulting in improved performance of concrete. The activation of bio-
char with low oxygen concentration has been found to result in the
formation of micropores capable of capturing CO5 in ambient conditions
(Plaza et al. 2014).

4.2.2. Surface modifications

The introduction of functional groups on the biochar surface can
improve its CO5 adsorption capacity. Modifications with ammonia have
been found to increase the surface alkalinity of biochar through the
incorporation of compounds containing nitrogen, and this has resulted
in an enhanced affinity of biochar for CO, (Xiong et al. 2013). However,
if the modifying temperature is high, ammonia modification is not
efficient, possibly because of the decomposition of the attached
nitrogen-containing groups and the collapse of the porous structure
(Han et al., 2021). It is reported that biochar modified with CO4
exhibited higher CO, adsorption capacity at ambient temperatures,
while biochar modified with ammonia performed well at high temper-
atures (Jansen and van Bekkum 1994; Shafeeyan et al. 2011). In the case
of the performance of biochar treated with ammonia and biochar sub-
jected to peroxidation before ammonia treatment, CO5 adsorption was
observed to be higher in the former than in the latter (Shafeeyan et al.
2011). The presence of amine and pyridine groups on the surface of
biochar can improve its CO5 adsorption capacity (Shafeeyan et al. 2011);
however, regeneration of adsorbed CO; may be difficult because
chemical bonding between adsorbed CO, and the functional group is
stronger (Raganati et al. 2021). In the case of low-temperature adsorp-
tion, it is possible that amine groups block the micropores of biochar
and, hence, lower the surface area and CO, adsorption capacity
(Madzaki and KarimGhani, 2016).

4.3. Application of biochar in curing processes

Hydration curing of biochar depends on various factors like biochar
to binder ratio, OPC/SCM ratio, SCM type, aggregate type, etc. It can be
observed from Table A2 that by adding other binders like Fly ash, slag,
sand, superplasticizers, etc., with biochar, the CO, uptake can be further
enhanced (Praneeth et al. 2020; Liu et al. 2023; Mishra et al. 2023a).
Mishra et al. (2023a) found that after 3 days of CO» curing, 1 % biochar
concrete was able to uptake 5.3 % CO- by mass, while just by adding 1 %
class C fly ash to the mix 6 % CO, uptake was seen. And further, by
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adding 1 % nanosilica instead of fly ash, the CO, uptake was 7.2 % by
mass. On the other hand, Praneeth et al. 2020, didn’t find any significant
increase in CO, uptake after 3 days of CO; curing when comparing 2 %,
4 %, 6 %, and 8 % biochar mixed with different percentages of fly ash. It
was also seen that mixing more biochar doesn’t always increase the CO,
uptake, as is evident from Table A3. By mixing 4 % biochar, Praneeth
et al. (2020) demonstrated that the CO5 uptake increased up to 13 %, but
when 6 % and 8 % biochar were mixed, CO, uptake was only 11.3 % in
both cases (Praneeth et al. 2020). Nevertheless, it is evident from these
studies that it is possible to increase the amount of CO, mineralisation
by optimizing the hydration process with the help of SCMs.

Table A3 indicates how adding biochar during accelerated carbon-
ation can greatly improve CO, uptake, especially when using larger
amounts of biochar. For instance, Agarwal et al. (2023) found that just
by adding 5 % biochar, the CO, uptake after 4 h curing was increased by
4.5 percentage points when compared to normal concrete. The time of
exposure, desaturation of blocks, CO, concentration, and pressure all
play an important role in external CO5 curing, which affects the overall
CO, mineralisation. As the CO5 concentration increases, CO, diffusion in
the concrete matrix also increases initially, but as more and more pore
spaces on the surface get filled, the rate of diffusion decreases with time
(Cui et al. 2015). Agarwal et al. (2023) found that just after 4 h of
accelerated CO, curing, the maximum CO; uptake for 5 % biochar
concrete went up to 11 %, but in the case of Praneeth et al. 2020 with 4
% biochar concrete, the maximum CO» uptake even after 3-days of CO,
curing was only 13 %.

4.4. Impact on material properties

4.4.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential thermogravi-
metric analysis (DTG) have been emplyed to study the carbonation
behaviour biochar amended cementitious composites. Literature in
Table Al indicate that biochar addition significantly impacts weight loss
patterns, indicating changes in hydration and carbonation products.
Five intervals can be identified in the decomposition of cementitious
composites: I (40-100 °C) is associated with C-S-H and ettringite; II
(100-200 °C) is associated with AF,; III (350-500 °C) is associated with
the portlandite; and IV (600-700 °C) and V (700-800 °C) are associated
with carbonates, (predominantly by CaCOs). Because of its porous
structure and large surface area, biochar facilitates the hydration reac-
tion and improves the efficiency of the CO3 reaction. This increases the
decomposition peaks in intervals I, II, and III for samples blended with
biochar (Liu et al. 2023).

The TGA/DTGA analysis also indicates that especially after 28 days
curing, carbonation of biochar-blended composites causes a decrease in
hydration product decomposition peaks and an increase in carbonate
decomposition peaks (Liu et al., 2023; Mishra et al. 2023). Yang and
Wang (2021) discovered that mortar blended with biochar displayed a
higher degree of carbonation and increased CaCOs3 content, which
facilitated ACC. While Agarwal et al. (2023) observed that
biochar-enriched mixes accelerated the carbonation process and
increased mineralization of CaCO3 compared to plain OPC mixes, Wang
et al. (2021) reported that biochar-modified samples exhibited larger
peaks of CH, suggesting a significant promotion of cement hydration.
The combination of fly ash and biochar has a synergistic impact that
increases the degree of internal carbonation, modifies the polymorph
composition of CaCOs, and increases the overall carbonation efficiency.

4.4.2. Mechanical properties

Table A2. compiles recent studies done on biochar usage in concrete
or cementitious rigid bodies. The table catalogues the Portland cement
percentage used, the biochar (whether treated or untreated) application
rate, ACC conditions, the SCM types and rate, and the observed long and
short-term compressive strength of the composites. It is observed that
the effect of biochar on mechanical properties in cementitious
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composites is largely dependent on the OPC amount, biochar amount
used, and curing conditions. For instance, when OPC was used >50 %,
the short-term strength (i.e., 7 days) increased up to 3 % and 22 %
(Praneeth et al. 2020). The improvement in early-age strength is
attributed to the porous structure and large surface area of biochar,
which enhance the hydration reactions. Similar observations have been
reported in Agarwal et al. (2023), with reported short-term (7 days) and
long-term (28 days) strength increasing by up to 40 % and 32 %,
respectively. It was noticed that adding as little as 1 % biochar to con-
crete blocks that were cured with 100 % CO, at 1.1 bar for 24 h
increased the short-term compressive strength of the concrete blocks by
71 % (Wang et al. 2020). The favourable positive strength results for
Agarwal et al. (2023) are attributed to continuous ACC for the entire
curing period, while Praneeth et al. (2020) only applied for 2 h. Mishra
et al. (2023a) and Wang et al. (2021) did not find considerable increase
in compressive strength at higher OPC usage (> 50 %). Nevertheless, the
benefits of biochar and ACC are reflected at lower OPC addition with
other SCMs being used (T. Chen et al. 2022; Yang and Wang 2021; Kua
and Tan 2023).

The particle size of biochar significantly influences the mechanical
properties of cementitious materials. A mix of 1:1 ratio of coarse-grained
and fine-grained biochar works better than single-size particles. Since
finer and coarser biochar have a synergistic impact and a higher surface
area, the combination of the two can improve the degree of hydration of
cement by 6-12 % compared to using only coarse biochar (Gupta et al.
2021). Biochar made from plant-based feedstocks (at 450 °C slow py-
rolysis rate) increased the 28-day compressive strength of OPC com-
posites by 3-13 % (Z. Zhao et al. 2024). Compressive strength is further
increased by 2-7 % by adding biochar with smaller particle sizes (added
at <2.5 % of the binder weight). It does, however, also point out that the
addition of fine and coarse materials, such as sand and gravel, might
counteract these positive benefits, sometimes making the impact of the
biochar on compressive strength insignificant (L. Zhao et al. 2024).
However, the optimal combination of curing conditions and the quantity
of biochar impacts the strength significantly. While biochar additions
increased compressive strength in some mixtures, the outcomes differed
based on the conditions and materials employed. For instance, adding 5
% biochar to a cement mixture containing 40 % fly ash and curing it in
COq resulted in a 40 % increase in compressive strength (Xu et al. 2023).
At higher biochar content (above 5 %), a trend in decreasing strength
was observed (Praneeth et al. 2020; Agarwal et al. 2023). This is mainly
due to the accumulation of biochar particles hindering the formation of
a dense and continuous matrix, which leads to the formation of micro-
pores and microcracks within the concrete matrix. The foregoing dis-
cussion reveals that there is no direct established methodology that
showcases optimum biochar and OPC ratio that would give higher
strength. Nevertheless, if CO, mineralization is of priority and strength
requirements are low, these kinds of rigid cementitious materials can
still be used as Low-Strength Concrete Blocks (Category C3) as per
Eurocode 6 (EN 1996) provisions (Liu et al. 2023).

5. Present gap areas for future research

The future research areas, based on the current gaps discussed in the
previous sections, are detailed below in four categories.

5.1. Conditions for CO; diffusion in biochar-amended cementitious
materials

A promising area for faster COy sequestration in biochar-amended
cementitious materials lies in exploring different phases of COs,
particularly scCO,, as opposed to traditional gaseous CO3. While scCO2
has demonstrated a faster diffusion rate in the case of hydrocarbon-
based porous materials, similar evidence is lacking in cementitious
composites. Additionally, there is scope for utilizing negative pressure,
that can facilitate rapid CO; diffusion into the cementitious pore matrix
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Fig. 8. Value chain of industries that would be impacted by the mainstream commercialization of biochar in CO,-sequestered cementitious composites.

(Dixit et al. 2021). Another alternative is to reduce moisture before
carbonation like those observed by Hanafi et al. (2024). Utilization of
cold bonded aggregates (Tajra et al. 2019) in concrete blocks may offer a
more efficient approach to CO, sequestration without pore blockage
problems.

5.2. Design of specialised biochar for CO2 mineralization

The use of different pyrolysis conditions, such as temperature and
residence time, can greatly alter the surface morphology, honeycomb
structure, and aromaticity, which alters CO5 mineralization and hy-
dration kinetics (Pariyar et al. 2020). Alternatively, to reduce the het-
erogeneity of the feedstock observed in the literature (Das et al. 2021),
one can adopt gas pyrolysis, such as methane, to produce homogenous
biochar-like materials. Another promising strategy involves pre-soaking
biochar in different forms of CO,, such as carbonic acid or chemically
absorbed COs, to further improve its effectiveness in the CO2 minerali-
zation processes (Kua and Tan 2023). Adding calcium or magnesium
nanoparticles to biochar could potentially improve their ability to
mineralize COs.

5.3. Engineering assessment of durability characteristic

As Table A2 illustrates, most recent studies have been on evaluating
the short-term compressive strength of cementitious materials treated
with biochar. However, these materials’ anticipated lifespan in the
building industry varies from 10 to 100 years; thus, a thorough assess-
ment of their long-term durability is required. The existing literature
noticeably lacks important evaluations, including leaching behaviour
and freeze-thaw resistance. The leaching potential of metals at the end of
the life cycle of these materials is hitherto neglected in current literature
emphasising the need to investigate the aspect. It is most likely that as
biochar has high adsorption potential, the demolished waste can still be
used as an adsorbent and would not leach out harmful contaminants
from leachable SCMs such as fly ash, slag, and tailings (Jhatial et al.
2023). A proper leaching assessment should consider conditions of
extreme pH and liquid-to-solid ratio as per USEPA regulations (L. Zhao
et al. 2024). Freeze-thaw resistance is of particular concern in cold re-
gions such as the Nordics, Canada, and parts of Northern America. As
biochar is highly hydrophilic, it is probable that it may retain moisture
and exacerbate the freezing-thawing-related damages in cementitious
material.

5.4. Development of compatible SCMs

To reduce overall CO5 emission in biochar-amended cementitious
composites, the relevance of utilizing SCMs can be seen in Table A2 and
A3. The SCMs can be further improved in such a way that the utilization
of cement can be further reduced and the SCMs on itself can help in CO,

mineralization as well as the hydration reaction. Fig. A2 gives a visual
representation of different treatments that can enhance the hydration
and CO, mineralization of SCMs. For instance, after segregation, the
finer fractions of mine tailing or slag seem to get more evenly distributed
in the concrete matrix, which results in better reactivity, ensuring
consistent hydration and carbonation (Power et al. 2021). SCMs like
natural pozzolans and ferrous slag can be grounded to a specific surface
area, which enhances their reactivity during hydration and carbonation
(Lemonis et al. 2015). In the case of incineration ash, recycled concrete,
bio-fibers, etc., wet chemical treatment can potentially change the sur-
face oxide distributions, remove impurities, and increase the reactivity
of the materials (Langley et al. 2007). Some SCMs, like calcined clays,
can have higher reactivity towards CO-. This activation increases their
reactivity when mixed with cement, improving the strength and dura-
bility of the resulting concrete (Bullerjahn et al. 2020).

6. Concluding remarks

Recent efforts to reduce CO, emissions in the concrete sector have
focused on biochar-amended cementitious materials. This review em-
phasises how, when properly managed and integrated, biochar has a
significant potential to lower total COy emissions in the built environ-
ment. However, as mentioned throughout the review, many gap areas
still need to be addressed before they can be utilised as a conventional
construction material. Some salient concluding statements are made
below.

e There is a need to develop uniform biochar so that these materials
can be utilized in a standardised form in the construction sector.

e It is observed that the mechanisms to improve CO5 diffusion are
relatively lacking, at least from the point of view of use in cementi-
tious material. The knowledge that exists from other hydrocarbon-
based materials for CO, diffusion can be incorporated to better un-
derstand the diffusion mechanism in biochar-amended SCMs.

e As a value chain, there is still scope for optimization of various
stakeholders that need to work together to develop the next gener-
ation of biochar-stabilized cementitious composites. A conceptual
value chain map for the stakeholders, starting from the raw material
providers to the end users, is presented in Fig.8. The organic feed-
stock from the pulp industry, forest industry, municipal waste, etc.,
can be fractionated and used for biochar production. The produced
biochar can then be utilized in both binder manufacturing and pre-
cast concrete manufacturing.
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Appendix

Table Al

Properties measured on biochar-amended cementitious mixtures with accelerated CO; curing.
Reference Location of research ~ Biochar (%by CS FS TP WA F- Leaching  COy UPV  Chloride Heat of

wt.) T uptake diffusion Hydration
Praneeth et al. 2020 New Zealand-China 0-8 Vv X \/ \/ X X \/ X X X
Wang et al. 2020 Hong Kong 0-1 \/ X \/ X X X X X X X
Yang and Wang.2021 Korea 0-5 \/ X \/ X X X X \/ \/ X
Wang et al. 2021 Korea-Hong Kong 0-2 \/ X \/ X X X X X X X
T. Chen et al. 2022 China 0-5 % Vv X v Vv X X \/ X X X
Liu et al. 2023 China 0-15 Vv X Vv \/ X X \/ X X X
Mishra et al. 2023a United States of 0-1.5 Vv v vV X X X Vv X X Vv
America
Mishra et al. 2023b United States of 0-5 \/ \/ \/ X X X \/ X X X
America
Kua and Tan 2023 Singapore 0-2 \/ \/ \/ X X X \/ X X X
Xu et al. 2023 China 0-3 \/ X \/ \/ X X \/ X X X
Agarwal et al. 2023 India 0-10 \/ X \/ \/ X X \/ X X X
Wyrzykowski et al. Switzerland 0-8.5 \/ X X X X X X X X X
2024

*CS: Compressive strength; FS: Flexural strength; TP: Thermogravimetric properties; WA: Water absorption; F-T: Freeze-Thaw; UPV: Ultrasonic Pulse Velocity.

Table A2
Tabulated effect of biochar and accelerated carbonation on compressive strength of concrete blocks.
Reference OPC (%by total Biochar (BC) (% CO; BCE (% ACC procedure SCMs or aggregates Short-term (ST) Final term

solid wt.) by wt.) by wt.) (in MPa) (FT) (in MPa)

32 at 3 days * NA

Praneeth et al. 80 0 0 NC, AC 20 % FA 32 at 3 days # NA

2020

79 2 0 19 % FA 33 at 3 days NA

78 4 0 18 % FA 33.5 at 3 days NA

77 6 0 17 % FA 29 at 3 days NA

76 8 0 16 % FA 25.5 at 3 days NA

80 0 0 100 % CO, 1 MPa, 2hr 20 % FA 33.5 at 3 days NA

79 2 0 19 % FA 35.3 at 3 days NA

78 4 0 18 % FA 40 at 3 days NA

77 6 0 17 % FA 39 at 3 days NA

76 8 0 16 % FA 35.5 at 3 days NA

60 0 0 NC, AC 40 %FA 12.7 at 3 days # NA

59 2 0 39 % FA 14.5 at 3 days NA

58 4 0 38 % FA 14.4 at 3 days NA

57 6 0 37 % FA 13.7 at 3 days NA

56 8 0 36 % FA 14 at 3 days NA

60 0 0 100 % CO, 1 MPa, 2hr 40 %FA 13 at 3 days NA

59 2 0 39 % FA 15.5 at 3 days NA

58 4 0 38 % FA 15.4 at 3 days NA

57 6 0 37 % FA 14.4 at 3 days NA

56 8 0 36 % FA 14.3 at 3 days NA

50 0 0 NC, AC 50 % FA 12.5 at 3 days # NA

49 2 0 49 % FA 13.2 at 3 days NA

48 4 0 48 % FA 13.5 at 3 days NA

47 6 0 47 % FA 11.6 at 3 days NA

46 8 0 46 % FA 13.8 at 3 days NA

50 0 0 100 % CO, 1 MPa, 2hr 50 % FA 15.4 at 3 days NA

49 2 0 49 % FA 17.5 at 3 days NA

48 4 0 48 % FA 17.5 at 3 days NA

47 6 0 47 % FA 15.4 at 3 days NA

46 8 0 46 % FA 17.6 at 3 days NA

(continued on next page)
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Table A2 (continued)
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Reference OPC (%by total Biochar (BC) (% CO2 BCE (% ACC procedure SCMs or aggregates Short-term (ST) Final term
solid wt.) by wt.) by wt.) (in MPa) (FT) (in MPa)
32 at 3 days * NA
Wang et al. 2020 50 0 0 NC, AC 50 % sand 45 at 7 days * NA
50 1 0 NG, AC 49 % sand 48.5 at 7 days NA
50 0 1 100 % CO,,1.1 bar, 24 49 % sand 51 at 7 days NA
h
50 1 0 100 % COy,1.1 bar, 24 49 % sand 77 at 7 days NA
h
Yang and 100 0 0 60 % RH; 5 % COo, NA 31.76 at 3 days # 47.59 at 28
Wang.2021 0.1 MPa, 7 and 28 days days *
98 2 0 NA 31.34 at 3 days 44.76 at 28
days
95 5 0 NA 25.8 at 3 days 41.77 at 28
days
40 0 0 60 % Sand 32.87 at 3 days 60.83 at 28
days
38.8 2 0 60 % Sand 32.1 at 3 days 58.23 at 28
days
37.2 5 0 Sand 31.03 at 3 days 54.37 at 28
days
Wang et al. 2021 0 0 0 75 % RH;10 % COa, 100 % Magnesia cement 25.5 at 7 days # 26 at 28 days
1.1 MPa, 7 and 28 days #
0 2 0 100 % Magnesia cement 20 at 7 days 27 at 28 days
0 0 2 100 % Magnesia cement 24 at 7 days 28.5 at 28 days
50 0 0 Magnesia cement 26 at 7 days 30.5 at 28 days
49 2 0 Magnesia cement 28.5 at 7 days 32 at 28 days
49 0 2 Magnesia cement 30 at 7 days 46.5 at 28 days
T. Chen et al. 40 0 NC, AC 60 % Sand 19 at 3 days 30 at 28 days
2022
39 1 0 70 % RH @ 20 °C, 60 % Sand 27.5 at 3 days 36.8 at 28
20 % CO3, 1 MPa, 24h
37 3 0 60 % Sand 30 at 3 days 42 at 28 days
35 5 60 % Sand 31 at 3 days 43.8 at 28
Liu et al. 2023 10 0 0 NG, AC 20 % GGBFS, 70 % BOFS 8.46 at 7 days * 8.67 at 28
days *
10 5 0 15 % GGBFS, 70 % BOFS 6.03 at 7 days 7.29 at 28 days
10 10 0 10 % GGBFS, 70 % BOFS 4.77 at 7 days 6.41 at 28 days
10 15 0 5 % GGBFS, 70 % BOFS 4.24 at 7 days 5.20 at 28 days
10 0 0 CO, under 1 atm, 72 h 20 % GGBFS, 70 % BOFS 7.67 at 7 days 7.58 at 28 days
10 5 0 15 % GGBFS, 70 % BOFS 5.72 at 7 days 6.55 at 28 days
10 10 0 10 % GGBFS, 70 % BOFS 5.92 at 7 days 6 at 28 days
10 15 0 5 % GGBFS, 70 % BOFS 8.49 at 7 days 6.87* at 28
days
Mishra et al. 100 0 0 3 days AC, 12 % COa, NA 25.81 at 7 days # NA
(2023a) 65 %RH,
1.02 atm, 7 days
99 1 0 NA 25.97 at 7 days NA
88.9 1 0 1 % Class C FA 25.14 at 7 days NA
98 1 0 1 % Nano Silica 26.03 at 7 days NA
Mishra et al. 100 0 0 3 days AC, 12 % CO», 0 26.47 at 7 days 29.52 at 28
(2023b) 65 %RH, days
1.02 atm, 7 days
90 0 0 10 %FA 24 at 7 days 27.5 at 28 days
87.5 2.5 0 10 %FA 26 at 7 days 27 at 28 days
85 5 0 10 %FA 20 at 7 days 28 at 28 days
75 0 0 25 %FA 23 at 7 days 33 at 28 days
72.5 2.5 0 25 %FA 22 at 7 days 29 at 28 days
70 5 0 25 %FA 21 at 7 days 29 at 28 days
60 0 0 40 %FA 26.9 at 7 days 38 at 28 days
57.5 2.5 0 40 %FA 24 at 7 days 32 at 28 days
55 5 0 40 %FA 20 at 7 days 30 at 28 days
Kua and Tan 29.2 0 0 NC, AC 70.5 % Sand, 0.3 % super NA 50 at 28 days
(2023) plasticizer #
29.2 0 0 0.5 % COs, 1 atm, 70.5 % Sand, 0.3 % super NA 53 at 28 days
48 h, AC plasticizer
29.2 1 0 70.5 % Sand, 0.3 % super NA 58.5 at 28 days
plasticizer
29.2 0 1 99.9 % COs, 48 h, EC 70.5 % Sand, 0.3 % super NA 55.5 at 28 days
plasticizer
29.2 1 0 EC 70.5 % Sand, 0.3 % super NA 46 at 28 days
plasticizer
29.2 0 1 BC, EC 70.5 % Sand, 0.3 % super NA 46 at 28 days
plasticizer
29.2 1 (PS) 0 NC, AC 70.5 % Sand, 0.3 % super NA 48 at 28 days
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Reference OPC (%by total Biochar (BC) (% CO2 BCE (% ACC procedure SCMs or aggregates Short-term (ST) Final term
solid wt.) by wt.) by wt.) (in MPa) (FT) (in MPa)
32 at 3 days * NA
29.2 0 1 (PS) BC, NC 70.5 % Sand, 0.3 % super NA 48.2 at 28 days
plasticizer
29.2 1 (PS) 0 EC 70.5 % Sand, 0.3 % super NA 53 at 28 days
plasticizer
29.2 1 1 (PS) BC, EC 70.5 % Sand, 0.3 % super NA 48 at 28 days
plasticizer
Xu et al. (2023) 18.8 0 0 60 % RH; 99.9 % CO», Natural limestone 30 at 3 days # 43 at 28 days
0.2MPa, 4 h aggregate #
18 0 0 39 % SS, 7.3 % FA, CA 23 at 3 days 30 at 28 days
18.75 0.45 0 37.5 % SS, 7 %FA, CA 27.5 at 3 days 36 at 28 days
19.2 1 0 36.3 % SS, 6.8 % FA, CA 29 at 3 days 38.5at 28 days
19.7 2 0 35.1 % SS, 6.6 % FA, CA 23 at 3 days 32.5at 28 days
20.3 2.96 0 33.8 % SS, 6.3 % FA, CA 21.5 at 3 days 28 at 28 days
Agarwal et al. 100 0 0 75 % RH;10 % COa, NA 30 at 7 days # 34 at 28 days
2023 7 and 28 days #
97 3 0 NA 33 at 7 days 43 at 28 days
95 5 0 NA 42 at 7 days 45 at 28 days
90 10 0 NA 23 at 7 days 26.5 at 28 days

*PS: Pre-soaked, SS: Steel slag, FA: Fly ash, CA: Cement aggregate, AC: Air curing, BC: Biochar curing, EC: External curing, NC: No curing, RH: Relative humidity,
GGBFS: Ground Granular Blast Furnace Slag, BOFS: Blast Oxygen Furnace Slag.

Table A3

Tabulated effect of biochar and accelerated carbonation on CO; uptake.

Reference OPC (%by total solid Biochar (BC) (%by CO; BCE (%by Other major binders CO; uptake at any
wt.) wt.) wt.) time
Praneeth et al. 80 0 0 20 % FA 12.4 % in mass (3
2020 days)
79 2 0 19 % FA 12.8 % in mass (3
days)
78 4 0 18 % FA 13 % in mass (3 days)
77 6 0 17 % FA 11.3 % in mass (3
days)
76 8 0 16 % FA 11.3 % in mass (3
days)
60 0 0 40 %FA 8.5 % in mass (3 days)
59 2 0 39 % FA 9 % in mass (3 days)
58 4 0 38 % FA 9 % in mass (3 days)
57 6 0 37 % FA 10.3 % in mass (3
days)
56 8 0 36 % FA 9.3 % in mass (3 days)
50 0 0 50 % FA 8.8 % in mass (3 days)
49 2 0 49 % FA 8.8 % in mass (3 days)
48 4 0 48 % FA 9.3 % in mass (3 days)
47 6 0 47 % FA 8.3 % in mass (3 days)
46 8 0 46 % FA 8.8 % in mass (3 days)
Liu et al. 2023 10 0 0 20 % GGBFS, 70 % BOFS 0.64 g (28 days)
10 5 0 15 % GGBFS, 70 % BOFS 1.01 g (28 days)
10 10 0 10 % GGBFS, 70 % BOFS 1.48 g (28 days)
10 15 0 5 % GGBFS, 70 % BOFS 2.64 g (28 days)
Mishra et al. 100 0 0 NA 4 % in mass (3 days)
(2023a) 99 1 0 NA 5.3 % in mass (3 days)
88.9 1 0 1 % Class C FA 6 % in mass (3 days)
98 1 0 1 % Nano Silica 7.2 % in mass (3 days)
Kua and Tan 29.2 0 0 70.5 % Sand, 0.3 % super plasticizer NA
(2023) 29.2 0 0 70.5 % Sand, 0.3 % super plasticizer 0.46 % (28 days)
29.2 1 0 70.5 % Sand, 0.3 % super plasticizer 0.91 % (28 days)
29.2 0 1 70.5 % Sand, 0.3 % super plasticizer 1.33 % (28 days)
29.2 1 0 70.5 % Sand, 0.3 % super plasticizer 1.64 % (28 days)
29.2 0 1 70.5 % Sand, 0.3 % super plasticizer 2.36 % (28 days)
29.2 1 (PS) 0 70.5 % Sand, 0.3 % super plasticizer 1.93 % (28 days)
29.2 0 1 (PS) 70.5 % Sand, 0.3 % super plasticizer 2 % (28 days)
29.2 1 (PS) 0 70.5 % Sand, 0.3 % super plasticizer 1.576 % (28 days)
29.2 1 1 (PS) 70.5 % Sand, 0.3 % super plasticizer 2.94 % (28 days)
Xu et al. (2023) 18.8 0 0 Natural limestone aggregate NA
18 0 0 39 % Steel Slag (SS), 7.3 % Fly ash (FA), Cement 6.51 % (Sample Day
aggregate (CA) NA)
18.75 0.45 0 37.5 % SS, 7 %FA, CA 6.65 % (Sample Day
NA)
19.2 1 0 36.3 % SS, 6.8 % FA, CA 8.09 % (4 h)
19.7 2 0 35.1 % SS, 6.6 % FA, CA 8.30 % (4 h)
20.3 2.96 0 33.8% SS, 6.3 % FA, CA 8.65 % (4 h)
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Table A3 (continued)

Reference OPC (%by total solid Biochar (BC) (%by CO; BCE (%by Other major binders CO, uptake at any
wt.) wt.) wt.) time
Agarwal et al. 2023 100 0 0 NA 6.5 % (4 h)
97 3 0 NA 9.7 % (4 h)
95 5 0 NA 11 % (4 h)
90 10 0 NA 4.8 % (4 h)

NA: Not available.

Complexation Cation exchange

Reduction

Electrostatic
attraction
Exchangeable @ Ele]c3t(l;0n donors
metal ions on
. Ions in BC Reduced form of

metal ions
Fig. Al. Schematics showing CO, capture mechanisms of BC via different mechanisms (after Shafawi et al., 2021).

o Vitrification
Calcination
- Clays - Non-Ferrous slags
Wet-Treatment . -Bauxite Residue
- Bauxite
- Recycled Concrete  residue -CCR
-MSWI ash -Dredging
_Bio- sediments
Comminution/Grinding Bio-fibers
- Natural pozzolans

-Ferrous Slag
® -Recycled silica
Drying/Segregation

- CCR CCR: Coal Combustion Residue

-Slag MSWI- Municipal Solid Waste Incineration
-Mine tailings

Fig. A2. Treatments for secondary cementitious materials for enhancing hydrate dissociation for carbonate precipitation.
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