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ARTICLE INFO ABSTRACT

Keywords: This paper reviews the mechanisms of carbon sequestration, methods for testing carbon sequestration capacity,
Carbon _Sequemation and the performance of functional materials, including wollastonite, titanium dioxide nanoparticles (Nano-TiOy),
Nano-TiO, . graphene oxide (GO), biochar, and cellulose fibers (CS), as well as their performance in cement-based materials.
Graphene oxide i1 . . . .

Wollastonite A system boundary model has been developed to facilitate a comprehensive analysis of the environmental impact

associated with preparing these materials as concretes. It is demonstrated that wollastonite reacts with atmo-
spheric carbon dioxide (COy) to form carbonate minerals, contributing to carbon sequestration. Nano-TiO3 and
GO absorb and transform CO, through light-excited charge carriers to generate redox reactions and oxide
functional groups on their surfaces and edges, respectively. Biochar achieves carbon sequestration through
physical and chemical stability, while the carbon sequestration mechanism in cellulose fibers is related to their
structural properties as plant materials. In cement-based materials, wollastonite significantly enhances me-
chanical properties by filling pores and bridging microcracks. Nano-TiO2 and GO enhance mechanical properties
by providing nucleation sites and template effects, among other mechanisms. An appropriate amount of biochar
improves densification and strength, while cellulose fibers facilitate the cement hydration process, thus
enhancing mechanical properties. Additionally, Life Cycle Assessment (LCA) analyses demonstrate that wollas-
tonite and cellulose fibers offer sustainable environmental benefits in producing low-carbon concrete due to their
low Global Warming Potential (GWP) and minimal negative impacts on the environment and human health. This
review emphasizes the pivotal role of these functional construction materials in mitigating climate change.

Biochar, Cellulose fiber

1. Introduction

Amid global climate change, CO5 emissions stand as one of the pri-
mary drivers of the greenhouse effect. Its environmental impact is pro-
found, particularly in accelerating temperature rises across both marine
and terrestrial ecosystems [1], as depicted in Fig. 1(a). Furthermore, an
increasing body of evidence highlights the direct risks posed to human
health by elevated CO: concentrations in the environment [2], as illus-
trated in Fig. 1(b). Short-term exposure to high levels of CO:
(2000-4000 ppm) can result in chronic inflammation and cognitive
impairment, while prolonged exposure (above 3000 ppm) may lead to
systemic inflammation and conditions such as osteoporosis. The con-
struction industry, known for its high energy consumption and emis-
sions, is a significant contributor to global CO: output. It is estimated
that construction activities account for roughly 39 % of the world’s
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annual CO:z emissions [3], as shown in Fig. 1(c). In both developed and
developing countries, the sector’s energy consumption and carbon
emissions exceed one-third of the total. Notably, materials commonly
used in construction, including cement, steel, glass, and aluminium,
leave a substantial carbon footprint during production, as indicated in
Fig. 1(d), due to their high Global Warming Potential (GWP) [4-6]. In
addition to the large amount of energy consumed in their production,
the chemical processes involved directly emit COz, making them sig-
nificant sources of carbon emissions. In recent years, as the focus on
global sustainability intensifies, the development of technologies and
materials to reduce the construction sector’s carbon footprint has
become an urgent priority.

Carbon Capture and Storage (CCS) is regarded as one of the most
effective solutions to combat climate change. In the construction in-
dustry, researchers are focused on developing innovative cement-based
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materials that can capture and sequester atmospheric CO2, ultimately
achieving carbon-negative building materials. Recent advancements in
CCS materials include the modification of cement-based composites
with new additives such as wollastonite, titanium dioxide nanoparticles
(Nano-TiO2), and graphene oxide (GO). Recent studies have highlighted
the effectiveness of wollastonite when combined with cementitious
materials for carbon capture [7,8]. Wollastonite, a calcium silicate
mineral, reacts with atmospheric CO: after carbonation, forming stable
calcium carbonate (CaCOa). This reaction not only sequesters carbon but
also strengthens the cement matrix by filling pores and enhancing
durability. Wollastonite can achieve a high carbon sequestration rate,
with up to 70 % of the mineral transforming into CaCO3 under optimal
conditions in a short period [9]. Similarly, Nano-TiO> and GO show
promising potential in enhancing the carbon capture capabilities of
cementitious materials. Nano-TiO2, known for its photocatalytic prop-
erties, is highly effective in environmental applications such as carbon
sequestration. When incorporated into cement-based materials, Nano--
TiO: facilitates photocatalytic reactions under light exposure, capturing
CO: from the atmosphere and converting it into stable carbonates [10,
11]. This not only reduces carbon emissions but also significantly
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improves the performance of cementitious materials. Also, GO, a
two-dimensional material, exhibits excellent adsorption capabilities due
to its high surface area and abundant oxygen-containing functional
groups. These properties enable GO to effectively capture CO: when
integrated into cement. Additionally, GO enhances the mechanical
properties of the cement matrix by acting as nucleation sites during
hydration, strengthening the matrix and reducing porosity. GO-modified
cement composites have demonstrated higher CO: capture efficiency,
contributing to the production of more durable and functional building
materials [12].

On the other hand, recent studies [13,14] have shown that biochar
can be effectively used in cement-based materials to enhance carbon
capture, primarily through the process of mineral carbonation. Biochar
is produced by the pyrolysis of organic residues, such as agricultural
waste, and its highly porous structure allows it to capture and sequester
atmospheric CO2. This CO: reacts with calcium compounds in cement to
form stable CaCOs, thus storing carbon in a solid form. The addition of
biochar not only aids in carbon capture but also improves the mechan-
ical and thermal properties of the cement, making it more durable and
energy efficient.
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Fig. 1. Global Building Materials Industry Overview: CO, Emissions, Health Impacts and Market Trends [1-6].
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Similarly, cellulose fibers, another reinforcement for cement-based
materials, significantly enhance carbon capture efficiency through
mineral precipitation. These plant-derived fibers not only improve the
structural strength and crack resistance of the cement matrix but also
provide nucleation sites for carbonation reactions. In this process, at-
mospheric CO:z reacts with calcium hydroxide in cement to form CaCOs,
permanently sequestering carbon [15-17]. This process not only reduces
the carbon footprint of cement-based materials but also significantly
improves their durability and structural integrity, making cellulose fi-
bers a highly promising sustainable material for carbon capture in
construction [18-21].

This paper thoroughly examines the pivotal role of functional con-
struction materials in carbon sequestration technologies, offering an in-
depth analysis of materials suitable for carbon sequestration in cement-
based systems, including wollastonite, nano-TiO2, GO, biochar, and
cellulose fibers [22-24]. The potential of these materials to enhance
carbon sequestration efficiency, improve the structural properties of
cement-based materials, and boost environmental performance and
durability is assessed. Furthermore, their overall environmental impact
is analyzed through Life Cycle Assessment (LCA). This paper provides
researchers with practical guidelines and strategies for utilizing these
advanced materials to achieve sustainable development goals in the
construction industry, while also exploring their contribution to
reducing GWP, offering new research directions for sustainable devel-
opment in construction.

2. Wollastonite: a novel approach to carbon sequestration

2.1. Definition of wollastonite and mechanism of carbon sequestration
Wollastonite is a naturally occurring mineral that contains silicates,

including silicon, oxygen, calcium, and magnesium. It plays a crucial

role in carbon sequestration through mineral carbonation or mineral
sequestration, which involves the chemical reaction of CO3 in the
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environment to produce carbonate minerals [25-27]. The CaSiOs
structure of wollastonite was discovered in 1886 by WH Wollaston, a
British mineralogist and chemist. Wollastonite is formed through the
reaction of silica and limestone at high temperatures (400-450 °C), as
shown in Eq. (1) [28].

CaCO; + SiO,—CaSiO; + CO, (€D)]

Wollastonite’s needle-like crystal structure gives it a white appear-
ance, as shown in Fig. 2. This material contains 3-CaO-SiO,, which im-
parts excellent properties such as biocompatibility, low dielectric
constants and losses, low coefficient of thermal expansion, low thermal
conductivity, good thermal stability, and properties that facilitate
melting [29-31]. Wollastonite is a highly cost-effective material that can
be effortlessly ground into a fine powder. Its extensive use in various
fields, including agricultural carbon sequestration, soil improvement,
and concrete manufacturing [32-34], is a testament to its exceptional
properties.

Wollastonite is an excellent candidate for carbon sequestration due
to its natural origin and environmentally friendly mining and processing
methods. Its use results in significantly less pollution compared to syn-
thetic building materials. Wollastonite is a naturally occurring and
abundant material, making it an excellent sustainable building material.
Its use in cement and concrete allows for the absorption of CO2 through
carbonation, which sequesters atmospheric CO5 in the form of CaCO3
solids Eqgs. (2) to (4) [36]. This process is highly effective in reducing
atmospheric CO2 levels. Research has shown that wollastonite can
significantly reduce greenhouse gas emissions when used as a substitute
for cement [37]. By replacing 20 wt% of cement with wollastonite in the
production of 1 m® of COy-cured cement blocks, GWP can be reduced
from 419 kg CO, equivalent for Ordinary Portland Cement (OPC) to
292 kg COz-eq. It confidently demonstrates that wollastonite is an
effective material for reducing CO5 emissions and lowering its levels in
the environment when used as a partial replacement for cement.
Moreover, increasing the amount of wollastonite replacement is likely to

Fig. 2. Morphologies of wollastonite martials: (a) wollastonite ore; (b) wollastonite powder; (c) and (d) micrographs of coarse and fine wollastonite particles [35].
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further enhance its positive impact on the environment, underscoring
the significant advantages of wollastonite’s carbon sequestration ca-
pacity. Wollastonite not only serves as a green building material, but
also plays a crucial role in carbon sequestration and mitigating global
warming.

H,0 +C0,—~C02™ 4 2H* (2
Ca(OH), + CO%™ +2H"—CaCO; + 2H,0 3
Ca0 e SiO, +CO32™ + H* —»CaCO; + SiO, @ nH,0 @

In summary, wollastonite is a highly promising green building ma-
terial with significant potential for environmental protection and sus-
tainable development. Its unique ability to react with atmospheric CO5
to form carbonate minerals positions it as a key player in carbon
sequestration technology, which is essential for reducing greenhouse gas
emissions. Wollastonite is an ideal building material for enhancing the
durability and environmental resilience of structures due to its physical
and chemical properties. Its biocompatibility and low coefficient of
thermal expansion are particularly noteworthy.

2.2. Carbon sequestration capacity of wollastonite in cement-based
materials

Cement-based materials have been studied as a potential solution for
storing CO, [38-41], with their CO; storage capacity being dependent
on their chemical composition, specifically the oxide content [36]. The
Eq. (5) can be used to predict the maximum amount of CO, that can be
stored in a cement-based material based on its oxide content [42].

CO(%, Max) = 0.785(Ca0 — 0.7SOs) + 1.091MgO + 1.420Na,O

5
+0.935K,0 )

However, evaluating the ability of wollastonite to sequester carbon
in cement-based materials involves various methods. Wollastonite has
the potential to absorb CO,, and its carbon sequestration efficiency can
be confidently evaluated through surface area measurements, ther-
mogravimetric analysis (TGA), and X-ray diffraction (XRD) analysis.
These methods provide detailed and reliable information about the
structure of wollastonite, its surface activity, and its capacity to absorb
CO». Incorporating wollastonite into cement-based materials requires a
comprehensive assessment of its microstructure, physical properties,
and chemical composition to fully evaluate its potential for carbon
sequestration. This evaluation will aid in optimizing the formulation of
cement-based materials to maximize their efficiency in storing CO».

Huang et al. [43] conducted a study using the device shown in Fig. 3
to investigate the carbon fixation ability of wollastonite in cement-based
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(a) Huang et al [36]
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materials. The carbon sequestration performance of wollastonite was
evaluated by measuring the pressure difference and temperature change
in the surge chamber before and after the reaction. The carbon seques-
tration capabilities of these materials were found to be exceptional
under mild environmental conditions (0.5-2.5 MPa, 40 °C), with CO,
absorption reaching approximately 20 wt% after a 2-hour curing pro-
cess. The study confirms that cement-based materials containing
wollastonite minerals can significantly enhance the storage capacity of
cement samples for CO,, providing clear advantages over OPC. The
carbon sequestration of wollastonite in cement-based materials is
significantly higher than other composites, such as MgO-fly ash-OPC
paste (15.57 %) [44], OPC-limestone paste (14.22 %) [45], steel slag
block (6.60 %) [46], and waste concrete aggregate (3.88 %) [47]. Also,
Li et al. [48] explored the performance of low-calcium silicate materials
in carbon sequestration within cementitious materials, with a particular
focus on the significant role of wollastonite during the carbonation
process. The carbonation curing process (under conditions of 20 % CO:
concentration and high humidity) accelerated the reaction between
cementitious materials and CO,, generating stable products such as
CaCOj3 and silica gel, as shown in Fig. 3(b). Low-calcium silicate min-
erals like wollastonite exhibit high carbonation reactivity, effectively
capturing COy and forming CaCOs, which enhances the strength and
durability of the materials. The experimental results showed that the
maximum CO: absorption rate for the carbonated samples was 25.3 %,
demonstrating the considerable potential of wollastonite for carbon
sequestration in cementitious materials.

Kashim et al. [49] conducted carbonation experiments using an
autoclave reactor equipped with a piston-assisted high-pressure accu-
mulator (refer to Fig. 4). Following a period of 10 days, suspension
samples of wollastonite and water were collected, dried, and turned into
powder samples. These samples were then subjected to TGA. The study
unequivocally demonstrates that wollastonite has a remarkable capacity
for CO4 storage. Specifically, 10 g of wollastonite can sequester 3.42 g of
CO,. Importantly, there is a strong positive statistical correlation be-
tween the amount of wollastonite consumed and the amount of CO5
stored. For example, to sequester 1 metric ton of CO annually, 5.160
metric tons of wollastonite would be required.

Saxena et al. [50] explored the carbon sequestration potential of
wollastonite as a partial replacement (1-5 wt%) for limestone in cement
production. Using TGA, they found that wollastonite exhibited low
weight loss (4.67 %) due to chemical dissociation, indicating its stabil-
ity. Cement with 1 wt% wollastonite emitted 0.013 t CO2/t less COz than
conventional cement, demonstrating its ability to significantly reduce
emissions and offering a greener alternative for the cement industry.

In summary, Wollastonite shows significant potential for carbon
sequestration in cementitious materials. Under optimal conditions, its
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Fig. 3. Cement-based materials containing wollastonite carbon sequestration capacity test device.
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Fig. 4. Schematic of the rocking-batch experimental setup [49].

CO2 absorption rate can reach up to 25.3 %, and even in milder envi-
ronmental conditions, wollastonite remains a stable and effective CO2
absorbent, making it a valuable material for reducing carbon emissions
in cement production. Several research methods, including TGA, pres-
sure and temperature monitoring, and autoclave carbonation, have been
employed to evaluate its performance, each offering unique insights into
its carbon sequestration capabilities. TGA effectively quantifies CO-
absorption by tracking the weight changes of wollastonite as it reacts
with CO2. While TGA provides precise data on COz absorption, it is less
effective at capturing the detailed microstructural changes that occur
during carbonation. In contrast, pressure and temperature monitoring
allows real-time tracking of the carbonation process, offering a dynamic
view of carbon sequestration. However, this method requires specialized
equipment and strict environmental control, which limits its broader
application. Autoclave carbonation, on the other hand, provides valu-
able insights into large-scale carbon sequestration under industrial
conditions, though it may not fully replicate the milder conditions
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typical of cement applications. Each method has its strengths and limi-
tations: TGA is ideal for accurate CO: absorption measurements, pres-
sure monitoring captures real-time reaction kinetics, and autoclave
carbonation demonstrates scalability for industrial use.

2.3. Effect of wollastonite on the mechanical properties of cement-based
materials

The introduction of wollastonite as a supplementary cementitious
material in cement-based systems can effectively enhance microstruc-
tural optimization, significantly improving the mechanical properties of
the material. Table 1 lists several recent studies on the impact of
wollastonite-cement composite systems on mechanical properties. Yiicel
et al. [51] prepared green mortars using 3-15 wt% wollastonite as the
replacement of cement. This study showed that for the mechanical
strength of the mortar, both compressive and flexural strengths
increased with increasing wollastonite content, with an optimum sub-
stitution ratio of 9 wt%. The increase in compressive strength is mainly
attributed to the pore filling benefits of wollastonite, while the devel-
opment of flexural strength is attributed to the microfiber capacity of
wollastonite minerals, which helps to bridge microcracks by achieving a
higher load bearing capacity in the cement aggregate. Similarly, Zhu
et al. [52] found that the optimum replacement of cement by wollas-
tonite should not exceed 10 wt% and that a higher replacement would
have an unacceptable effect on the compressive strength of the mortar.
The compressive strength of the samples with 10 wt% wollastonite was
increased by 106.22 % compared to the compressive strength of con-
ventional cement mortar. Notably, this study also showed that the
wollastonite particle size (3pm-12um) had little effect on the compres-
sive strength, with samples containing 10 wt% wollastonite and 3 mm
particle size (D50) exhibiting the best mechanical properties. However,
the effect of wollastonite on flexural strength was slightly greater than
that of wollastonite on compressive strength; in particular, smaller sized
wollastonite microfibers act as both a bridging agent for the fibers and a
filler for the fine aggregates, while wollastonite of larger particle sizes
has similar properties to the coarser fibers and acts mainly as a bridging
agent for the fibers, effectively cushioning and absorbing the energy
generated by the matrix fracture, which effectively cushions and absorbs

Table 1
Contribution of wollastonite to the mechanical strength of cement-based materials.
Refs. Chemical composites of Control variable (replaced by wollastonite wt ~ Sample Mechanical properties
wollastonite ) types Compressive strength Flexural strengths (MPa)
(MPa)
[51] CaO (46.5 %) 3-15 wt% of cement Mortar 43-60 (7 days) 7-9 (7 days)
Si0,(50.1 %) 47-66 (28 days) 8-11 (28 days)
Al,03(0.7 %)
[52] CaO (45.1 %) 0-20 wt% of cement Mortar 52-58 (28 days) 8-12 (28 days)
Si0, (51.4 %)
Al,O3 (0.7 %)
[55] — 0-50 wt% of cement Mortar 25-47 (7 days) —
30-47 (28 days)
[56] — 2-8 wt% of cement Mortar 22-30 (7 days) 4-5 (7 days)
33-45 (28 days) 5-6 (28 days)
[57] — 0-25 wt% of cement Concrete w/b (0.55):34-38 (90 w/b (0.55):4.1-4.7 (90 days)
days) w/b (0.5):3.9-4.7 (90 days)
w/b (0.5):37-43 (90 days) w/b (0.45):4.3-4.7 (90 days)
w/b (0.45):43-50(90 days)
[58] Ca0(45.6 %); Si0,(48 %); A: 10 wt% of total cementitious materials Concrete A:26 (7 days) A:5 (28 days)
Al,03(1.4 %) B: 10 wt% of sand 37 (28 days) 6 (56 days)
B:40 (7 days) B:6 (28 days)
53 (28 days) 7 (56 days)
[59] — 0-8 wt% of cement Concrete 26-35 (7 days) 3.5-4.7 (7 days)
34-47 (28 days) 4.7-5.7 (28 days)
[60] — 0-0.5 wt% of mass Concrete 19-20 (7 days) 5-6.4 (7 days)
20-35 (28 days) 4.5-6.1 (28 days)
[61] CaO (48 %) 0-15 wt% of cement Concrete 23-24 (7 days) Split tensile strength: 2.6-3.2

SiO, (52 %)
Aly03 (3 %)

41-43 (28 days)

(7days)
3-3.5(28 days)
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the impact forces, thereby improving the brittleness and flexural
strength of the matrix [53,54]. Furthermore, Khan et al. [55] investi-
gated the effect of wollastonite particle size on cement hydration as well
as compressive strength, the results show the additional nucleation sites
and packing effect that wollastonite with a particle size of 3.5 pm can be
provided to the hydration products, which can accelerate the hydration
of cement; whereas the gain effect at later stages of the hydration pro-
cess is due to the dilution effect. In addition, it was found that wollas-
tonite, as an inert material, appears to have pozzolanic properties when
ground to a particle size of 3.5 um.

While incorporating wollastonite as a partial replacement for cement
and sand generally enhances strength development, research mentioned
above indicates there is an optimal dosage, typically around 10 wt%.
Beyond this level, the material’s strength starts to decline, and adverse
effects on its mechanical properties become noticeable. Therefore, pre-
cise dosage control is critical to achieving the desired improvements.
The use of wollastonite in concrete remains an area of ongoing study,
with particular focus on optimizing its dosage to achieve the best per-
formance outcomes. Mathur et al. [58] found a significant increase when
they combined wollastonite and concrete: compressive strength
(+28-35 %) and flexural strength (+36-42 %) after a detailed evalua-
tion. Firstly, it optimizes the pore size distribution of the concrete,
resulting in superior quality. Secondly, due to its impressive modulus of
elasticity (200 GPa), it significantly enhances the toughness and flexural
strength of the concrete. Wollastonite is highly beneficial for concrete in
two keyways. In fact, Saranyadevi et al. [61] demonstrated that
wollastonite can effectively increase the compressive and tensile
strength of concrete by an impressive 3.4 %-6.9 % at 28 days. Also, the
study conducted by Kogai et al. [59] unequivocally demonstrates that
the addition of wollastonite at a dosage of 6 wt% results in concrete
mixtures with optimal mechanical properties. This is due to the
improvement of internal defects and pore size distribution at the inter-
face of the cement and aggregates, leading to a higher density after
forming and a greater degree of interaction between the initial compo-
nents of the mixture. The addition of low dosages of wollastonite (less
than 0.5 wt%) can reduce the internal stress values of concrete, which
promotes strength development [60]. Furthermore, the study found that
adding 0.25 wt% wollastonite increased compressive strength by 57 %
and flexural strength by 12.5 %. These results demonstrate the signifi-
cant impact that wollastonite can have on the strength of concrete. A
recent study [57] demonstrated that replacing cement with wollastonite
in the range of 10-15 wt% significantly improves the tensile strength of
concrete. It is important to note that further increases in replacement
may lead to a slight decrease in strength, which can be attributed to
structural loosening.

Wollastonite has a significant impact on both the early-stage and
hardened properties of concrete, particularly in terms of shrinkage
resistance and durability. Its needle-like structure reduces drying
shrinkage by limiting capillary stress, resulting in a 47 % reduction in
shrinkage at higher replacement levels (around 30 %) [62]. Addition-
ally, the chemical inertness and needle-like structure of wollastonite
enhance the long-term performance of concrete, thereby improving
durability [63]. Regarding workability, due to the shape and surface
area of wollastonite, it tends to reduce the workability of concrete,
leading to an increased water demand. This can be mitigated by using
high-performance water-reducing agents. Under these conditions, the
optimal replacement level of wollastonite is approximately 10 wt%, at
which point the benefits in shrinkage resistance and durability are
maximized without significantly affecting workability or strength [63].

In summary, the addition of wollastonite as a partial replacement for
cement can significantly enhance the performance of cement-based
materials. Research has shown that a replacement ratio of 3-15 wt%
of wollastonite can improve the mechanical strength of mortar, with
9-10 wt% being the optimal ratio [51]. This enhancement is mainly due
to the pore-filling effect of wollastonite and the ability of its
micro-fibrous structure to bridge microcracks, thus increasing the
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load-bearing capacity of the material. Wollastonite particles have a
minor impact on compressive strength. However, using wollastonite
with a particle size of 3.5 pm accelerates the cement hydration process
by providing additional nucleation sites, thereby enhancing the material
properties[55]. This makes wollastonite an excellent choice for
improving the structural properties of cement-based materials and
preparing more environmentally friendly mortars. Wollastonite can be
used as a partial replacement for cement or sand in concrete systems,
resulting in a significant improvement in compressive, flexural, and
tensile strengths. This is due to wollastonite’s ability to enhance the pore
distribution and toughness of concrete. It is important to note that a
moderate addition of wollastonite (6 wt%) can optimize concrete per-
formance. Avoiding excessive substitution is key to maintaining struc-
tural performance. Exercising reasonable control over the use of
wollastonite admixture is essential to optimize the mechanical proper-
ties of concrete [59].

3. Nano-TiO: for carbon capture in cementitious materials
3.1. Properties and photocatalytic mechanism of nano-TiO>

Nano-TiO; is a versatile nanomaterial with a particle size distribu-
tion ranging from 1 to 100 nm. It exists in three crystal types: anatase,
rutile, and brookite, each with a distinct crystal structure. Specifically,
anatase-TiO5 has indirect bandgap properties, while rutile has direct
bandgap properties. Noted that the indirect bandgap structure out-
performs the direct bandgap in preventing electron-hole complexation
[64,65]. This is the reason why anatase-TiOy exhibits higher photo-
catalytic activity than rutile-TiOy [66,67]. Nanoscale TiOy exhibits
distinct physical and chemical properties in comparison to macroscopic
one owing to its smaller particle size. These properties comprise a higher
specific surface area, superior photocatalytic activity, and excellent
optical properties. As a result, nanoscale TiO finds extensive usage in
diverse applications, including environmental purification, coatings,
and self-cleaning materials [68-70].

Photocatalysis is a highly efficient and versatile technology that is
widely recognized as an environmentally friendly solution to address the
greenhouse gas problem. As shown in Fig. 5, the reaction mechanism of
TiO5 materials under photocatalysis is well-established. Solar radiation
interacting with titanium dioxide crystals can cause an electron in the
valence band to move to the conduction band, creating a photo-
generated electron (e”) -hole (hM pair. The hole on the surface of the
TiO; acts as an oxidizing agent, while the electron in the excited state
acts as a reducing agent, as shown in Eq. (6) to (8).

TiO, +hv—e™ +h" (6)
ht+OH  —eOH+H" ()
e +0, —e0; (8)

Fig. 5. Photocatalytic TiO, reaction mechanism.
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TiO4 acts as a safe photocatalyst. It converts CO; into environmen-
tally friendly and harmless substances, thereby safely cleaning the air.
This confident conversion process does not cause secondary pollution.
The confident application of photocatalytic technology to carbon
sequestration was confidently first reported by Fujishima and other re-
searchers in 1979 [71]. TiO, was used as a photocatalyst to successfully
reduce CO; to a substance with low environmental impact, as demon-
strated by the reaction in Egs. (9) to (13) [72]. The presence of water
during the photocatalytic reaction converts solar energy to chemical
energy by reducing CO; to hydrocarbons and oxygen. The conversion
process produces substances, such as methanol (CH3OH) and methane
(CH,), that have significant recycling and reuse value. These substances
can directly replace petrol and diesel in the non-fossil fuel resources field
[73,74].

H,0 +2h" —%02 +2H" 9

CO, +2e~ 4+ 2H" -HCOOH (10)
HCOOH + 2e~ + 2H*—-HCHO + H,0 a1
HCHO + 2e~ + 2H"—CH;0H a2)
CH5OH + 2e~ + 2H* -CH, + H,0 13)

In summary, the process of photocatalytic degradation of CO in-
volves the movement, reaction, and recombination of charge carriers
under light excitation. Highly active materials, such as TiOy or ZnO,
generate charge carriers when irradiated with light. Electrons fill the
valence band of the material, while the conduction band has very few or
no electronic ground states. To facilitate the oxidation reaction on the
adsorbed material with the aid of light energy, the conduction band
must have a negative potential greater than the desired potential [75,
76]. The material is then oxidized through surface-bound hydroxyl
radicals by the electrons in the valence band. This process requires a
sufficient buildup of charge in the conduction band. Electrons migrate
across the material’s surface and combine with free electrons and
charges in the trapping region. This region reacts with substances such
as COa, producing hydrocarbons [77], as shown in Fig. 6. To ensure
smooth progress, it is crucial to maintain a charge complexation rate
that is significantly lower than the reaction rate. The compounding
process can occur in a photocatalytic reaction when electrons migrate
within the material and search for a place to be trapped, or when
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materials with small band gap energies are used. Charge complexation
may result in a small energy release, which can reduce the efficiency of
the photocatalytic reaction [78-80]. To conclude, the process of pho-
tocatalytic conversion of CO3 comprises three main phases. Firstly, light
generates electron-hole pairs. Secondly, the catalyst surface separates
and converts these pairs. Finally, the photogenerated charges undergo a
redox reaction with surface adsorbates. It is important to note that this
process can occur in both the liquid and gas phases.

3.2. Carbon sequestration capacity of Nano-TiOz in cement-based
materials

This is of paramount importance considering the pressing global
need to reduce carbon emissions and promote environmental sustain-
ability [81-83]. Nano-TiO5 possess unique photocatalytic properties and
can facilitate CO, capture and conversion in cement-based materials
[84,85]. These studies aim to improve the environmentally friendly
properties of the materials and discover novel pathways for the sus-
tainable development of the cement industry. Then we thoroughly
examined the capacity of nano-TiO» to fix CO, in cement-based mate-
rials. In their study, Moro et al. [86] demonstrated the significant impact
of incorporating TiO, nanoparticles on the CO, sequestration capacity of
cement pastes. This study utilized TGA to evaluate the CO; sequestration
capacity of cement pastes. By comparing the difference in the CaCOg3
content of the samples under normal curing and CO; curing conditions,
these were able to accurately calculate the amount of CO5 uptake. The
study’s results, displayed in Fig. 7(a), clearly demonstrate that the
amount of CO, uptake increases significantly with increasing nanoTiO,
content during a 12-hour CO» curing process. These findings showcase
the effectiveness of incorporating nanoTiO3 in the mixture for CO2 up-
take. The samples containing 0.5 %, 1 %, and 2 % nanoparticles showed
an increase in CO5 uptake of 18.5 %, 20.5 %, and 38.4 %, respectively,
compared to the reference paste without added nano-TiO,. TiO2 nano-
particles have been proven to be an effective photocatalyst for pro-
moting carbon sequestration in cement-based materials. Moro et al. [87]
investigated the effect of Nano-TiO3 on the CO, sequestration capacity
of hardened cement pastes using water-cement ratio (w/c values of 0.45,
0.50, and 0.55, respectively) as an influencing factor. Fig. 7(b) demon-
strates a clear relationship between CO, uptake after 24 h and the
water-cement ratio and percentage of nano-TiO,. The results confidently
indicate that CO, uptake increases with an increase in the water-cement
ratio. This is due to the higher porosity resulting from the increased

n Fuel

0o

HCHO

- CH,OH \#%

H

Fig. 6. Photocatalytic promotion of CO, reaction and the products.
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Fig. 7. Effect of Nano-TiO, content and water-cement ratio of cement paste on carbon capture properties of cement-based materials [86,87].

water-cement ratio, which facilitates the carbon sequestration process
by allowing CO- to penetrate more easily into the cement stone. How-
ever, lower water-cement ratio conditions limit the growth space of the
material due to lower porosity, which affects the conversion process of
carbonate hydration products to CaCOs.

Xie et al. [88] demonstrated that incorporating TiO2 nanoparticles
into calcium sulphoaluminate cement significantly enhances carbon
sequestration (Fig. 8). Carbon sequestration in cement typically occurs
via three pathways [89-91]: (i) atmospheric CO: diffuses into the ma-
terial’s pore structure; (ii) CO: reacts with water in the pores to form
carbonic acid; and (iii) the carbonic acid reacts with calcium ions to
precipitate CaCOs. This process densifies the cement matrix, enhancing
both carbon capture and mechanical properties. In the case of TiO2
nanoparticle-enhanced cement, the material’s carbon sequestration ca-
pacity was further improved. The addition of 1 wt% TiO2 nanoparticles
boosted CO: capture by 34.8 %, compared to a control sample, by pro-
moting densification of the pore structure and improving CO2 adsorp-
tion. TiO2 nanoparticles create pore diameters of 6-25 nm, fostering
more efficient CO: diffusion and reaction. However, when the TiO:
content exceeds 1 wt%, the reduced porosity negatively impacts the
material’s sequestration efficiency, contrasting with the positive effects

seen at lower concentrations. This showcases how TiO: alters the
traditional carbonation mechanisms by enhancing pore structure uni-
formity, but only within optimal limits.

Lopez-Arias et al. [92] investigated the CO: sequestration capacity of
cement paste containing Nano-TiO: using two methods, as shown in
Fig. 9: CO2z detection and the gravimetric method. The CO: detection
results indicated that higher CO:2 concentrations significantly increased
the uptake rate. However, the formation of CaCO3 during carbonation
gradually clogged the pores, slowing further CO: penetration. The
addition of Nano-TiOz enhanced CO: absorption, increasing uptake by
36.99 % at 25 % CO2 concentration, 36.31 % at 50 %, and 1.16 % at
100 % CO2, compared to the control. The gravimetric method also
showed a substantial uptake increase (26.80 % at 25 % CO2, 105.60 % at
50 %, and 137.17 % at 100 %). However, due to water vapor loss during
measurement, the gravimetric method tended to underestimate CO:
uptake, making CO: detection the more reliable approach for higher
absorption levels.

The carbon fixation effect of TiO5 nanoparticles in cementitious
composites is influenced by several variables, including the incorpora-
tion of TiOy nanoparticles, the water-cement ratio, and the CO3 con-
centration. These variables play a crucial role in determining the
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Fig. 8. Effect of Nano-TiO, content on carbon capture properties of calcium
sulphoaluminate cement [88].

effectiveness of TiO, nanoparticles in carbon fixation. The incorporation
of nano-TiOj significantly enhances the CO, uptake capacity of cement-
based materials. The optimal CO5 capture efficiency is demonstrated at a
cut-off of 1 wt% incorporation. This effect is attributed to the
improvement of the material’s microstructure by TiO2 nanoparticles,
which promotes the homogenization and densification of the pores, thus
enhancing the CO, adsorption capacity. The water-cement ratio is a
crucial proportioning parameter of the cement paste that significantly
affects the performance of the nano-TiO,-modified cementitious system.
Higher porosity facilitates CO, penetration and further carbonation,
promoting the process of carbon sequestration. On the other hand, a
lower water-cement ratio impedes this process. The concentration of
CO4, has a significant impact on the CO5 capture capacity of the nano-
TiOz-cementitious system. It is worth noting that the results may vary
depending on the method used to assess carbon sequestration capacity,
with the CO2 monitoring method being the most reliable for higher CO,
uptake levels. To summarize, precise control of the key factors
mentioned above effectively enhances the performance of CO, fixation
in TiOs-modified cement-based materials. This contributes to the
reduction of carbon emissions and enhances the environmental friend-
liness of the materials.

TiO2 nanoparticles have proven to significantly improve the CO,
sequestration of cement-based materials, but their high cost limits their
widespread practical application, which has become a major challenge.
Currently, the production process for TiO» nanoparticles is complex,
typically requiring high-temperature calcination (exceeding 1000°C),
strict purity control, and high energy consumption (usually requiring
multiple refining steps to remove impurities, which increases energy
usage and adds to the complexity of the process). As a result, the price of
TiO2 nanoparticles is much higher than that of traditional building
materials [93,94]. However, with advancements in technology and
production processes, the cost of TiO2 nanoparticle production has been
significantly reduced. Many studies focus on scalable and green syn-
thesis methods, such as flame spray pyrolysis [95] and biologically
mediated processes using plant extracts or bacteria [96]. These methods
increase production speed and reduce costs through economies of scale.
Although the initial cost of TiO: nanoparticles is high, their long-term
benefits in building materials have been extensively studied.
Numerous studies [97-99] support the claim that adding TiO- to con-
crete can reduce maintenance costs and improve environmental out-
comes. For instance, TiO.-modified concrete, with its self-cleaning
properties and resistance to degradation, can reduce maintenance
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expenses by up to 20 % over its lifecycle [100,101].

3.3. Effect of nano-TiOz on mechanical properties of cement-based
materials

In recent years, researchers have explored the effects of various ad-
ditives on cement properties to enhance their mechanical properties.
Nanoparticles are a cement modifier that can significantly affect the
mechanical properties of cement-based materials due to their huge
surface area and activity. Their potential in the field of cement research
has gained much attention [102]. The physicochemical properties of
nano-TiO, make it a significant potential for improving cement-based
materials. Its effect on the cement matrix, early strength of cement,
and promotion of the hydration process of cement have been extensively
studied [103-107]. In recent years, studies have shown that nano-TiO5
has a significant impact on the compressive strength of cement-based
materials, as demonstrated in Table 2.

Meng et al. [108] found that nano-TiO: significantly improved the
early strength of cement mortar, but had little effect on late strength,
suggesting its impact is primarily in the initial stages. Yeon Lee et al.
[109] further explained this by highlighting that TiO: nanoparticles
accelerate early hydration and increase the degree of hydration, with the
particle size and dispersion being critical factors. Smaller and
well-dispersed nanoparticles provide more nucleation sites, which en-
hances hydration efficiency. Building on this, Wang et al. [110]
demonstrated that a 2 wt% nano-TiO2 content optimizes compressive
strength, as higher levels lead to agglomeration, creating weaker clus-
ters that disrupt the microstructure. This was corroborated by Kadhim
et al. [111], who noted that exceeding 2 wt% hampers strength devel-
opment due to these agglomeration effects. Liu et al. [112] also sup-
ported these findings by showing that nano-TiO: boosts early hydration
through nucleation effects, but excessive amounts accelerate hydration
too rapidly, resulting in lower overall hydration and reduced strength.
Thus, the optimal balance of nano-TiO: content is crucial for maximizing
early strength without compromising long-term performance.

In the field of concrete, Pathak et al. [113] found that adding 4 wt%
nano-TiOz improved the mechanical properties of concrete by 3.82 %,
largely due to the densification of the microstructure through the
nanoparticles’ filling effect. However, Selvasofiad et al. [114] identified
2 wt% nano-TiO: as the optimal content for achieving the highest
compressive strength, suggesting that beyond this level, the benefits
diminish. Ren et al. [115] confirmed that 3 wt% nano-TiO: significantly
enhanced compressive strength by 9 % after 28 days of curing, but
higher concentrations, such as 5 wt%, led to reduced strength. This
decrease was attributed to the formation of calcium titanate and nano-
particle agglomeration, which can weaken the concrete’s microstruc-
ture. Melo et al. [116] examined the influence of different TiO2 types on
concrete strength and found that anatase II at 6 wt% content provided
the best early strength gains, with a 16 % increase in performance. In
contrast, anatase I had a negative impact on strength development due
to poor dispersion, and rutile also showed less favorable results
compared to anatase II. These findings highlight the critical role of both
the type and dosage of nano-TiO2, where excessive amounts or the use of
less effective forms, such as anatase I, can impair the overall strength of
the concrete. Optimal use of anatase II, however, can significantly
enhance early and long-term strength.

Also, adding an appropriate amount of nano-TiO: can significantly
improve the workability of concrete, including its flowability,
shrinkage, and durability. Rawat et al. [118] found that the optimal
dosage is typically 1.5-2 wt% of cement, enhancing mechanical strength
and durability. This content also improves concrete’s density and crack
resistance by reducing air content. However, when the content exceeds
2 wt%, workability decreases, with slump loss reaching 54 % at 3 wt%.
Further studies [119] indicate that nano-TiOz can suppress belite re-
actions and slightly reduce calcium silicate precipitation, lowering early
shrinkage of cement metrix. Nano-TiO: also promotes the formation of
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Table 2
Effect of Nano-TiO» on compressive strength of cement-based materials.
Refs. Source materials Sample Curing regime 28 days
types Q) compressive
strength (MPa)
[108] Nano-TiO, (5-10 wt Mortar Ambient (20) 45-57
% of cement) + SP
[109] Nano-TiO, (5-15 wt Pastes Ambient 40-100
% of cement) (23+2)
Nano-TiO; (0-5 wt Mortar Temperature 24-67
(110] % of cement) (0—20)
[111] Nano-TiO, (0-3 wt Mortar In water 34-36
% of cement)
[112] Nano-TiO, (0-3 wt Pastes Ambient 60-67
% of cement)
[113] Nano-TiO, (0-5 wt Concrete Ambient 38-42
% of cement) + Fly
ash (20 wt% of
cement)
[114] Nano-TiO, (0-4 wt Concrete In water 60-78
% of cement)
[115] Nano-TiO, (0-5 wt Concrete Ambient (20 + 45-50
% of cement) 2)
[116] Nano-TiO, (0-10 wt Concrete humid Anatase I: 39-42
% of cement chamber Anatase II: 43-47
Rutile: 43-45
[117] Nano-TiO; (0-4 wt Concrete In water 26-30

% of cement)

ettringite, increasing the density and crack resistance of hardened con-
crete [120,121]. However, when the dosage exceeds 5 wt% of cement,
workability and mechanical properties may decline, with reduced
flowability, longer setting times, and decreased early strength [122].
Thus, 1.5-2 wt% of cement is considered the optimal range, enhancing
performance without negatively affecting early and long-term
durability.

In summary. nano-TiO: has been shown to improve the early strength
of cement as it accelerates the hydration process, particularly when its
particle size and dispersion are optimized. An optimal content of
1.5-2 wt% of nano-TiO2 provides the best balance, enhancing
compressive strength and workability without negative side effects like
agglomeration, which can weaken the microstructure of concrete.
However, higher concentrations (e.g., above 5wt%) reduce perfor-
mance due to decreased flowability.

Graphene
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4. GO as a sustainable material for carbon sequestration
4.1. Structure and carbon sequestration mechanism of GO

Graphene is a flat monolayer material with a two-dimensional hon-
eycomb lattice structure. The carbon atoms are connected to three other
carbon atoms through sp? hybridization orbitals, forming covalent
bonds in the plane [123,124]. This results in a regular hexagonal ring
structure, which in turn forms an expansive lamellar structure (see
Fig. 10) [125,126]. Graphene is a multidimensional carbon material
with unique physical and chemical properties that make it a hotspot for
emerging nanomaterials research. Its remarkable features include high
electrical and thermal conductivity, mechanical strength, and tough-
ness, making it highly suitable for applications in materials science,
nanotechnology, and energy storage and conversion [127-129]. In
1860, Brodie, an English chemist, improved upon the method described
by previous scholars and determined the molecular weight of graphite
by applying strong acids (such as sulphuric and nitric) and oxidizing
agents [130]. The method’s implementation resulted in an intercalation
reaction between the graphite layers and a chemical oxidation of the
graphite surface. This ultimately produced GO [131,130,132]. GO has
an abundance of oxygen-containing functional groups on its surface,
such as hydroxyl (-OH), epoxy (-O-), and carboxyl groups (-COOH).
These groups enhance GO’s affinity for water and allow it to strongly
adsorb various pollutants. This property makes GO an effective material
for pollution treatment [133,134].

GO differs significantly from graphene in terms of both structure and
properties. It is an oxidized form of graphene, with surfaces and edges
enriched with oxide functional groups [135]. These oxygen-containing
groups give GO excellent hydrophilicity and binding ability to a wide
range of pollutants, enabling it to exhibit high efficiency in removing
pollutants from water. In contrast, Graphene is a two-dimensional ma-
terial made up of a single layer of carbon atoms. It possesses exceptional
electrical and thermal conductivity, as well as mechanical strength.
However, its hydrophilicity is poor, and its ability to remove pollutants
may not be as effective as GO when used directly in water treatment
[136,137]. From a physical and chemical property perspective, GO’s
oxygen-containing groups can be improved through chemical modifi-
cation to increase hydrophilicity and reactivity. Meanwhile, graphene’s
high conductivity and strength make it ideal for electrochemical appli-
cations and composites. Overall, GO is more effective in water treatment
and pollutant removal, while graphene has greater potential in

COOH

. Carbon Atom ’ Oxygen Atom

Fig. 10. Molecular structure of graphene and GO.
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electronics, energy storage, and reinforced composites.

The principle of carbon sequestration in GO offers an effective
method for capturing and storing carbon due to its distinctive chemical
structure and high specific surface area. GO surfaces and edges are
enriched with oxide functional groups, such as -OH, -O-, and -COOH,
which can react with atmospheric CO, molecules to form stable chem-
ical bonds, as illustrated in Fig. 11. This process entails the chemisorp-
tion of COs. CO2 molecules react with oxygen-containing groups on the
surface of GO to form stable carbonates or other compounds, resulting in
efficient CO, capture and sequestration. Hoyos et al. [138] recently
conducted a study on the binding sites of CO; molecules with oxide
functional groups in GO. The study found that the first position is located
between the -OH bottoms, the second position is located at the top of the
-OH structure, and the last position is near the right side of the single
-OH structure, as shown in Fig. 11 (a) to (c). Research has demonstrated
[139,140] that the interlayer spacing of GO increases, providing more
sites for trapping CO,. Furthermore, the physical adsorption process is
significantly enhanced by GO’s high specific surface area and porous
structure, making it highly effective in capturing CO,. According to
Meng et al. [141], pore size is a crucial parameter in the development of
efficient carbon-based adsorbent materials for CO5 capture applications.
Eq. (14) shows the mechanism of solid physical adsorbent materials used
in the process of capturing CO; from combustion.

CO, + Surface & (CO;) e (Surface) 14

where the CO; adsorption process is mainly driven by van der Waals
forces between CO, molecules and the adsorbent surface, as well as
polar-ionic and polar-polar interactions between them and the adsor-
bent surface sites [142,143]. Thus, through both chemical and physical
mechanisms, GO offers a potentially efficient material solution for CO,
abatement and sequestration.

4.2. GO'’s carbon capture efficiency in cement-based systems

In recent years, researchers have explored the use of GO to improve
the performance of cement-based materials, particularly its potential for
carbon sequestration [144,145]. The aim of this section is to analyze the
interaction between GO and cement-based materials. The potential
benefits of this innovative material in revolutionizing the construction
industry and combating the challenges of global climate change will be
explored. Mishra et al. [144] conducted a pilot study that comprehen-
sively assessed the potential application of GO for CO5 sequestration in

000

Carbon dioxide
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cement-based materials. The analysis employed a comparable method to
that previously used for nano-TiO,, which samples were evaluated by
TGA. Fig. 12 illustrates the carbon sequestration potential of GO in
cement pastes. The experimental results indicate that cement paste
samples subjected to the carbonation process for 7 days exhibited
10.4 % CO, uptake. However, the introduction of graphene oxide
increased the CO2 uptake rate to 13.4 %, which is approximately 30 %
higher than the conventional cement’s CO» sequestration rate. The re-
searchers observed that when CO; diffuses through the cement matrix
containing GO, it reacts with calcium ions to produce carbonate ions.
The growth of GO lamellae may result in an increase in positive charge,
which attracts negatively charged carbonate ions, leading to more pre-
cipitation of CaCOs. As precipitation occurs successively, the cement
matrix becomes denser. However, the CO; uptake decreases when the
GO content is increased to a certain level. Therefore, it is recommended
that GO be mixed at no more than 0.1 wt% to avoid reducing the carbon
sequestration capacity of the cement samples due to excessive
precipitates.

Mohammed et al. [146] investigated the long-term anti-carbonation
performance of cementitious composites containing GO, as shown in
Fig. 13. By measuring carbonation depth, they found that adding GO

16
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Fig. 12. Carbon sequestration capacity of cement paste samples containing
GO [144].

Graphene dioxide

Fig. 11. Graphene oxide carbon sequestration mechanism [138].
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Fig. 13. Characterization of the carbonation resistance of the cement matrix containing GO [146].

significantly enhanced the material’s resistance to carbonation. After 15
months, the OPC control group exhibited a carbonation depth of 70 %,
while the GO-containing composite showed minimal carbonation
progress. TGA further demonstrated that the GO samples produced
fewer carbonation products, indicating reduced CO: penetration. GO
prevents carbonation by its “interlock effect” with calcium and car-
bonate ions, hindering the reaction and slowing CO: diffusion, thus
improving the material’s carbon sequestration potential.

In summary, GO shows great potential for enhancing carbon
sequestration in cementitious materials, as it significantly boosts CO-
capture and reduces carbonation. Compared to OPC, the addition of GO
can increase COz absorption by approximately 30 %. This is due to GO’s
interaction with calcium ions, which promotes the formation of CaCOs3,
densifying the cement matrix. This reaction mechanism effectively slows
the diffusion of CO2, improving the material’s ability to trap carbon.
Although these findings are promising, research in this field remains
quite limited. There is a clear need for further investigation to fully
understand the mechanisms, optimize the use of GO, and explore its
broader applications in carbon reduction strategies for construction
materials.

Although GO has demonstrated significant potential in enhancing
CO: capture in cementitious materials, its high production costs limit
widespread application. To address this, researchers have explored the
use of renewable resources to produce reduced GO, such as using
chestnut-derived bio-waste, which reduces costs and meets environ-
mental goals [147]. Additionally, the pretreatment of graphite with
piranha solution reduces oxidation temperature and time, saving energy
[148]. Abalonyx has developed a more cost-effective method, poten-
tially reducing the price to €20/kg [149]. Combining GO with lower-cost
materials such as fly ash or nano-silica further optimizes costs while
maintaining performance [150,151]. In high-performance or environ-
mentally demanding construction materials, such as self-compacting
and high-performance concrete, the initial cost increase due to GO can
yield higher long-term economic and environmental benefits by
improving durability and CO: capture.

4.3. Effect of graphene oxide on mechanical properties of cement-based
materials

GO, an emerging nanomaterial, is believed to be an ideal candidate
for this purpose due to its unique physicochemical properties, including
high specific surface area, excellent mechanical strength, and good
chemical stability [152-155]. Recent studies have confirmed that the
addition of GO to cement-based materials can significantly improve
their mechanical properties, particularly their compressive strength.
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Fig. 14 illustrates the relationship between GO dosage and the 28-day
compressive strength of cement-hardened bodies.

Qin et al. [156] demonstrated that the addition of GO significantly
enhances the compressive strength of cement even without any curing
process. When 0.5 wt% GO was added, the compressive strength
increased by 35.7 % after 28 days, reaching 19.4 MPa. The primary
mechanism behind this improvement is that GO acts as a template for
hydration products and accelerates the hydration process by providing
additional nucleation sites. Wang et al. [157] found that with a GO
content of 0.05 wt%, the compressive strength increased by 40.4 %,
while the heat of hydration was reduced by 54 %. Similarly, Lv et al.
[158] observed a 47.9 % increase in compressive strength at the same
dosage, attributing this to the abundant functional groups on the GO
surface interacting with cement components, forming nucleation sites
that promote the growth of hydration products (Fig. 15). However,
when the GO content exceeds 0.05 wt%, the overcrowded nucleation
sites lead to less dense local structures, which ultimately reduce the
overall strength of the material. Mokhtar et al. [159] further confirmed
that 0.02 wt% GO nanoplatelets can increase compressive strength by
approximately 13 %. However, exceeding this optimal dosage results in
a decrease in strength, as too many nucleation sites can hinder the
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Fig. 15. Sketch of GO-enhanced hydration processes in the cement matrix [158].

formation of a dense structure. Lee and Rashwan et al. [160,161]
reached similar conclusions, noting that when the GO content exceeds
0.03 wt%, agglomeration intensifies, leading to increased pore space
and weaker mechanical properties.

Table 3 demonstrates the effect of GO admixture on the compressive

Table 3
Compressive strengths of concrete with different GO content.
Refs. GO Content Types Curing conditions Compressive
(replacement Strength (MPa)
of cement%) -
7 28 Days
Days
[162] 0-0.1 wt% GO- In water 19-27 26-36
cement
concrete
[163]  0.02-0.08 wt GO- In water 24-30  33-38
% cement
concrete
[167] 0-0.2 wt% GO- — 15-17 24-26
cement
concrete
[164] 0-0.1 wt% GO- In a curing room 54-84
cement (temperature: 22 +
concrete 2 °C, relative
humidity: 98 %)
[168] 0-0.075 wt% GO- In a curing room — 156-182
UHPC (temperature:20 +
1°C, relative
humidity: >95 % )
[169] 0-0.03 wt% GO- In a curing room 90-94 117-122
UHPC (temperature:20 +
2 °C, relative
humidity: >95 % )
[170]  0-0.06 wt% GO- — 85-94  123-143
UHPC
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strength of conventional concrete as well as special categories of con-
crete in recent years. Reddy et al. [162] demonstrated that the addition
of GO can significantly improve the compressive strength of concrete.
When the GO dosage ranged between 0.025 and 0.1 wt%, the
compressive strength increased by 47 % at 7 days and by 38 % at 28
days. Devi et al. [163] further observed that GO concentrations between
0.02 wt% and 0.08 wt% led to a noticeable improvement in compressive
strength, with a 24 % increase observed after 28 days in a mixture
containing 0.08 wt% GO. Du et al. [164] confirmed this trend, showing
that GO additions in the range of 0.01-0.1 wt% improved compressive
strength by 6.8-55.8 %. Although concrete has a wider internal spatial
structure compared to cement paste, in fact, some studies have shown
[165,166] that GO should not be added at too high a level: around
0.05 wt% is the optimal dosage, while more than 0.1 wt% can adversely
affect the mechanical properties. Devi et al. [163] revealed that GO
enhances the structure of the interfacial transition zone (ITZ) by pro-
moting the formation of dense hydration products, especially when the
GO content reaches 0.06 wt%. However, when the GO content exceeds
0.08 %, the microstructure begins to degrade, hindering further im-
provements in mechanical strength.

For Ultra High-Performance Concrete (UHPC), Chu et al. [168] found
that GO helps improve the pore structure, but the compressive strength
does not increase linearly with increasing GO concentration. The
optimal GO dosage for UHPC was identified as 0.05 wt%. Yeke et al.
[170] also confirmed that adding 0.04 wt% GO increased the
compressive strength of UHPC by 15.8 % at 28 days and 14.5 % at 90
days. Yu et al. [171] further elucidated the mechanisms by which GO
enhances the mechanical properties of UHPC: 1) The nucleation effect of
GO promotes cement hydration and improves the microstructure; 2) GO
reduces porosity during crack formation; and 3) The chemical bonding
at the GO-matrix interface strengthens the bonding of gel products with
GO, enhancing the ductility and tensile strength of the structure. These
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mechanisms collectively enhance the overall performance of UHPC. In
addition, GO has a significant but complex impact on the workability
and durability of concrete. At low content (approximately 0.02-0.04 wt
%), GO can improve the workability of concrete by combining with
dispersants such as polycarboxylate ether; however, when the content of
GO exceeds 0.06 wt%, its large specific surface area increases water
demand, thereby reducing workability [172,173]. Also, GO helps reduce
shrinkage, especially within the range of 0.04-0.06 wt%. It achieves this
by refining the pore structure and improving the bond between the
cement matrix and aggregates, thereby controlling moisture loss and
shrinkage-related cracking [174]. In terms of durability, the optimal GO
content is 0.03-0.06 wt%, within which GO can significantly enhance
the crack resistance and corrosion resistance of concrete by refining the
pore structure, enhancing hydration reactions, and bridging cracks, with
particularly outstanding effects against chloride and sulfate attack
[175].

In summary, GO, as an emerging nanomaterial, significantly en-
hances the mechanical properties, workability, and durability of
cementitious materials due to its unique physicochemical properties,
particularly its role in nucleation, template effects, crystal growth, and
morphology control of hydration products. In cement-based materials,
the optimal GO dosage is 0.02-0.05 wt%, with 0.05 wt% showing the
most significant improvement in compressive strength. However,
exceeding this dosage can lead to overcrowded nucleation sites, limiting
the formation of a dense structure. In concrete, a 0.05 wt% GO dosage
can also increase compressive strength by up to 55 %. For UHPC, a GO
dosage of 0.04-0.05 wt% is ideal for improving pore structure and
durability. Regarding workability, GO at 0.02-0.04 wt% can improve
flowability when combined with dispersants, but exceeding 0.06 wt%
increases water demand and reduces workability. In terms of durability,
GO at 0.03-0.06 wt% effectively enhances crack resistance, corrosion
resistance, and reduces shrinkage-related cracking. However, higher GO
content may increase water demand, worsen pore structure, and nega-
tively affect both workability and long-term durability. While existing
studies have demonstrated GO’s significant benefits in enhancing
strength and structure, further investigation is needed into its specific
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effects on the morphology and growth space of cement hydration
products. In particular, the growth mechanisms of hydration products
and their impact on microstructure remain underexplored in current
research.

5. Biochar and cellulose fiber: physically adsorbed carbon
capture

5.1. Defining biochar and cellulose fiber as carbon adsorbents

Biochar obtained by pyrolysis (i.e., heating biomass such as wood
[176,177], crop residues [178], and food waste [179] under anaerobic
conditions, as shown in Fig. 16) exhibits remarkable structural stability
and resistance to decomposition, allowing it to persist in a wide range of
media. Biochar is an excellent CO5 adsorbent due to the alkaline func-
tional groups on its surface and its high microporous surface area [180,
181]. The carbon sequestration potential of biochar varies significantly
depending on factors such as the type of feedstock used, its elemental
composition, the pyrolysis method applied, and the carbon emission
factor used in calculations. While some estimates suggest biochar can
sequester around 589 kg of carbon per ton of CO, this value is highly
dependent on these variables and can vary across different types of
biochar[182]; meanwhile, data suggests that sustainable biochar pro-
duction contributes to annual emission reductions of around 8 % [183].
This property gives biochar an environmental advantage in the con-
struction industry. Structurally, biochar is a highly porous material with
a high specific surface area. The pore structure of the biochar is mainly
caused by the pyrolysis process. These pores are mainly formed by the
release of volatile organic compounds (VOCs) during the pyrolysis
process, and the more VOCs released, the larger pores formed in the
biochar. The study has shown [184] that increasing the pyrolysis tem-
perature significantly alters its pore structure, leading to an increase in
the number of pores, a denser structure, enhanced integrity and a sig-
nificant increase in porosity as shown in Fig. 16. The pore structure and
morphology of biochar, inherited from the characteristics of its raw
materials, are the key factors determining its adsorption capacity. This

| Porosity of
biochar

Atmospheric Carbon

I B

n| Adsorption of
! .

" organic

nf compounds

i'| High surface

' I volume
h
h
& + Long-term
1 yOl I
I Soil stability
L improvement

Fig. 16. Biochar preparation process and carbon sequestration mechanism [184,185].
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structural characterization provides a basis for a deeper understanding
of the role of biochar in carbon capture mechanisms and the exploration
of its potential in climate change mitigation.

The mechanism of biochar in carbon sequestration is illustrated in
Fig. 16. Firstly, the robust and stable structure of biochar can act as a
physical barrier to prevent microbial decomposition of unstable carbon,
thus slowing down the process of carbon mineralization. At the same
time, its porous nature provides a protective environment for the un-
stable carbon and effectively maintains its existence in different media
for a long period of time. In addition, biochar has a high surface area,
which can effectively adsorb unstable carbon molecules and make them
adhere to the surface of biochar. Through this adsorption mechanism,
the biochar was able to effectively immobilize these carbon molecules in
the pores and prevented their rapid decomposition[185,186]. Studies
have shown [183] that during the preparation of biochar, about
62-66 % of the CO4 emission reduction is achieved through sequestra-
tion, while the remaining emission reduction is attributed to the
adsorption of CO, by the microporous structure on the surface of bio-
char. In summary, biochar contributes to the stable uptake and
long-term sequestration of CO, in the air through a combination of
physical protection, chemical adsorption, and the effects of biological
and chemical processes. The combined effect of these mechanisms
makes biochar an effective carbon sequestration tool.

Cellulose fiber, as a renewable resource and a sustainable carbon-
sequestering material, has significant advantages in terms of large sur-
face area, abundance of storage sites [187]. Fig. 17 illustrates the pro-
duction process of cellulosic fibers and their carbon sequestration
mechanism. The production of cellulosic fibers starts with biomass raw
materials such as bark, cotton, bamboo and agricultural by-products,
which are first subjected to pre-treatment steps such as acidification,
enzyme treatment or microwave heating acidification, and then the
production of cellulosic fibers is completed by steps such as alkali
treatment and etiolation. The porous structure of cellulose not only
provides a large surface area, but also facilitates the adsorption and
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storage of CO,. The hydroxyl groups on the cellulose chains act as
adsorption sites for COy, improving the efficiency of carbon capture
[188]. As cellulose is derived from plant biomass, its environmentally
friendly nature promotes sustainable development. In addition, cellu-
lose fibers can be synthesized with different types of materials, resulting
in porous cellulosic materials with increased surface area and pore
structure, further facilitating CO4 adsorption and storage [189,190].

In summary, both biochar and cellulose fibers are effective materials
for implementing ’carbon negative emission’ technology for long-term
carbon sequestration. However, there are significant differences be-
tween the two materials in terms of preparation methods, carbon
sequestration mechanisms and sequestration times. Biochar is produced
from a variety of biomasses through a pyrolysis process, whereas
cellulosic fibers are derived directly from plant biomass. Biochar relies
on its physical and chemical stability to sequester carbon, whereas the
carbon sequestration mechanism of cellulose fibers is related to the
structure of the plant itself. In addition, on the timescale of carbon
sequestration, biochar typically has a longer sequestration potential.

5.2. Carbon sequestration capacity of biochar/cellulose fiber in cement-
based materials

The use of biochar in combination with cement-based materials
represents an environmentally friendly waste management and carbon
sequestration strategy with positive implications for both environmental
protection and industrial development. Although this approach may
result in a partial loss of material strength, the benefits of significantly
reducing the COz emissions associated with the building and its con-
struction make the addition of biochar an option worth considering[192,
193]. The mechanism of carbon fixation in cement-based materials by
biochar is mainly based on its porous structure, which provides a large
surface area and promotes efficient adsorption of CO: in these micro-
pores. In addition, biochar can promote carbonation reactions in the
cement matrix. It has been shown that the incorporation of biochar not

Microscopic characterisation

Chemical formula

Fig. 17. Cellulose fiber preparation process and carbon sequestration mechanism [191].
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only reduces the carbonate mineralization process of C-S-H, but also
enhances the mineralization process associated with the carbonation of
calcium hydroxide (CH) [194]. This finding indicates that the porous
structure and high specific surface area of biochar provide more active
sites for the carbonation reaction of CO2 with CH, thus facilitating more
efficient uptake of CO: and its conversion to a more stable carbonate
form.

The methodology for assessing the carbon sequestration capacity of
biochar in cement-based materials is illustrated in Fig. 18. Gupta et al.
[195] partially saturated a biochar containing sample by passing pure
CO through a sealed glass jar and monitored the COy concentration
over a period of three days using two CO2 sensors. The amount of COy
absorbed by the biochar-containing sample was measured using thermal
desorption by observing the decrease in CO3 concentration every two
hours and determining the saturation point. This experiment showed
that the average adsorption capacity of the sample was 1.67 mmol/g,
effectively demonstrating its potential for use in carbon sequestration.
Also, in a study by Praneeth et al. [196], they investigated the efficacy of
biochar in carbon sequestration by carbonating pre-treated cement paste
samples containing biochar in pure CO; at a pressure of 1 MPa for 2 h in
a controlled environment. The study documented changes in the mass of
the samples before and after treatment and found that CO2 uptake
increased significantly with increasing doses of biochar. Particularly in
mixtures containing high levels of biochar, the high surface area of
biochar provided many adsorption sites for COo, significantly increasing
its carbon sequestration capacity.

He et al. [197] employed two techniques, the mass gain method and
the mass curve method, to assess the carbon sequestration capacity of
cellulose fibers in cement-based materials, in Fig. 19 (a). In the mass
gain method, CO, uptake was quantified by comparing the change in
mass of the sample before and after carbonation. However, it is essential
to consider the loss of moisture due to the carbonation reaction, as this
may affect the accuracy of the results. Furthermore, the CO, uptake rate
is calculated as the percentage of CO, uptake after deducting the
pre-carbonation mass and moisture loss from the mass of the sample

Sealed hole through which CO, was injected

CO; sensors

Biochar kept
for saturation

SEM pore size images of carbon dioxide
adsorption on biochar samples containing C-S-
H gels, ettringite and carbonated crystals

=
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after carbonation, based on the mass of the dry cement. On the other
hand, in the mass profiling method, where the change in mass of the
sample is monitored in real time and a gas supply is maintained to sta-
bilize the ambient pressure, an increase in mass indicates that the
sample has absorbed CO,. At the end of the experiment, the gas is
released, and the final mass of the system is recorded, which is the sum
of the CO4 absorbed by the sample and the residual gas. To accurately
calculate the amount of CO5 absorbed, the experiment is repeated using
a substitute material that does not absorb CO, and the mass of residual
gas in the container is determined. The carbon sequestration capacity of
the sample can be quantified by comparing the difference between the
total mass and the residual gas mass. This data is comparable to that
obtained by the mass gain method and is independent of the carbon
content prior to carbonation. It is worth noting that the authors point out
that TGA of the samples for carbonate content was not carried out due to
the presence of carbon-rich cellulose fibers. This is since water and COy
from cellulose decomposition may be mixed with CO; released from
carbonate decomposition, making it impossible to accurately differen-
tiate between their sources and thus affecting the accurate determina-
tion of carbonate content. The results of the study show that absorption
values measured by the mass curve method are usually higher than those
measured by the mass gain method, which may be biased lower by vapor
loss. The CO5 uptake of the samples ranged from about 14.3-19.5 %
during the 2-hour carbonation period and up to 24.4 % during the
8-hour carbonation period. Micrographs showed the growth of large,
dense carbonate crystals with a particle size of 5 pm on the fiber surface,
while the cement slurry penetrated the fiber cell walls and voids, with
carbonate crystals protruding from the thin cement layer. Different
combinations of drying and carbonation were also investigated, such as
150 min oven drying followed by 8 h carbonation and 18 h fan drying
followed by 0.5 h carbonation, the latter with CO; uptake efficiencies of
up to 20 %, demonstrating the potential of cellulose fibers for carbon
sequestration in cement-based materials. Also, in a study by Wu et al.
[198], natural fibers and activated magnesium cement were used to
prepare green building materials for the purpose of CO, sequestration in
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Fig. 18. Methods for characterizing the carbon sequestration capacity of biochar in cement-based materials:
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Fig. 19. Methods for characterizing the carbon sequestration capacity of cellulose fiber in cement-based materials: (a) He et al [197]; (b) Wu et al [198].

the air environment. The sequestration capacity of the prepared mortar
specimens is illustrated in Fig. 19 (b). During this study, the specimens
were placed in closed containers with real-time COz concentration
monitoring. This enabled the CO2 concentration to be maintained at an
atmospheric level throughout the experiment, thus allowing the
measured data to be used to simulate the CO: sequestration effect of the
specimens in an indoor environment. The results demonstrate that
samples containing natural fibers exhibit an excellent CO5 sequestration
capacity. Furthermore, it was observed that the humidity within the
samples exerts a significant influence on the CO5 sequestration capacity,
with higher humidity levels being detrimental to CO, sequestration.
Both biochar and cellulose fibers demonstrated considerable carbon

sequestration potential in cement-based materials. The CO, adsorption
capacity of biochar was validated by pyrolysis adsorption, with an
average adsorption capacity of 1.67 mmol/g. Cellulosic fibers, in
contrast, exhibited good CO; uptake as evidenced by the mass gain
method and mass curve method for carbon sequestration. Nevertheless,
the assessment of the carbon sequestration capacity of cellulose fibers
using TGA is challenging due to the potential for inaccurate analysis of
carbonate content resulting from their richness in carbon. Biochar ex-
hibits an advantage in terms of carbon sequestration efficiency due to its
high surface area, which provides many adsorption sites. In contrast,
although cellulose fibers show a similar carbon sequestration capacity,
they may differ due to the complexity of the measurement method and

Table 4
Compressive strengths of concrete with biochar and Cellulose fiber.
Biochar content Curing condition Sample Biochar Preparation Temperature Compressive strength (MPa) Refs.
types 7 days 28 days

0-5 wt% of cement In water paste Nitrogen with 500 °C 9-15 23-43 [203]

0-1.5 wt% of cement In a curing room (temperature: 23 °C, Mortar 21-24 24-31 [204]
relative humidity: 95 %)

0-0.15 wt% of cement In water Mortar Nitrogen with 500 °C 57-70 [206]

(Nano-Biochar)

0.1-1 wt% of cement In the moist environment Concrete PL: 450 °C (slow pyrolysis); RH 500 °C PL: 20-27; PL: 28-33; RH: [207]

(slow pyrolysis); PP (500 °C) RH:19-30; 20-34; PP:28-35
PP:25-30
0-8 wt% of cement Concrete 550°C 17-23 23-34 [208]
Cellulose fiber Curing condition Sample Characteristics of fiber types Compressive strength (MPa) Refs.
types 7 days 28 days

0-0.7 wt% of cement In a curing room (temperature: 30 °C, Paste bamboo fibers 23-30 27-35 [209]
relative humidity: 100 %)

0-0.35 wt% of cement In a curing room (temperature: 23 °C, Mortar Waste cellulose fibers 40-45 44-49 [210]
relative humidity: > 95 %)

0-2 wt% of cement water bath maintained at 20 + 1 °C Mortar Abaca fiber 25-35 27-42 [211]

0.5 wt% of cement In a curing chamber maintained at 23 Concrete Cellulose fiber 29-31 35-37 [212]
+2°

0.5-3 wt% of cement In a curing room (temperature: 25 °C, Concrete Jute, sisal, coconut, and sugarcane fiber [213]

relative humidity: 65 %)
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the different sample treatments. In conclusion, both materials have the
potential to enhance the carbon sequestration capacity of cement-based
materials. However, the selection of materials and methods should
consider the specific application context and objectives.

5.3. Effect of biochar/cellulose fiber on mechanical properties of cement-
based materials

As a carbon-negative material, there is a growing interest in the
potential use of biochar and its application in cementitious composites,
as shown in Table 4. Biochar is increasingly adopted as an additive or as
a replacement for cement due to its low thermal conductivity, high
chemical stability, and low flammability [199-202]. Ali et al. [203]
prepared biochar in a muffle furnace at 500 °C under nitrogen and
pressure and used it to investigate its mechanical properties and
microstructural changes in cement-based materials. The compressive
strength of the cement pastes containing biochar was found to increase
significantly at 28 days of curing age compared to the control group. The
optimum strength value of 43 MPa was achieved at 3 wt% incorporation
at 28 days of curing. This is mainly attributed to the filler effect of the
biochar, which can be used to provide nucleation sites for the hydration
products, leading to the production of C-S-H gel products used to fill the
pores. However, when 5 wt% biochar is added to the cement paste, the
accumulation of biochar particles in the cement system occurs due to
van der Waals gravity, which leads to a reduction in the formation of
hydration products in the mixture and the development of large pores
and cracks around the ITZs, thus reducing the macroscopic mechanical
properties. Consequently, it is inadvisable to exceed a 5 wt% biochar
addition to the cement paste system. Mishra et al. [204] have deter-
mined that the optimal biochar content in a cement system is 1 wt%. The
addition of 1 wt% biochar resulted in a slight increase in compressive
strength of OPC mortar, with values ranging from 5 % to 7.5 %. Given
that the biochar did not exhibit any water-hardening properties, the
observed increase in strength can be attributed to the filler effect and the
fine grain size of the biochar. However, when the biochar dosage was
increased to 1.5 wt%, a 26 % reduction in the compressive strength of
the specimens was observed at 28 days of age. This reduction was
attributed to the mesoporous structure of the biochar, which resulted in
the addition of biochar concentrations higher than 1.0 wt% reducing the
compressive strength of the OPC mixtures [205].

To gain further insight into the effect of biochar fines on cement
pastes, Sisman et al. [206] prepared biochar using two different raw
materials: waste sludge (industrial and municipal) and lignocellulose
(almond shells). After undergoing pyrolysis at 500 °C, the material was
ball-milled and ground to an average particle size of 200 nm. The
findings indicate that 0.12 wt% nano-biochar can enhance the
compressive strength of cement paste, because of its pore-filling effect.
However, above this value, the compressive strength is reduced due to
the formation of agglomerates. Indeed, the literature [214,215] in-
dicates that if the quantity of nano-biochar is considerable, biochar
agglomerates are formed due to the strong van der Waals forces between
the atoms on the surface of the nanoparticles and the electrostatic forces
between the nanoparticles. This can result in the formation of weak
zones in the cementitious composites. In their study, Akhtar et al. [207]
prepared novel biochar-concrete composites using three different types
of biochar: poultry litter (PL) biochar, rice husk (RH) biochar, and pulp
and paper mill sludge (PP) biochar. The mechanical properties of
different specimens were observed, and it was found that the addition of
PL, RH, and PP biochar negatively affects the 28-day compressive
strength of concrete. The results indicated that the addition of PL bio-
char resulted in a reduction in the 28-day compressive strength of
concrete by between —13 % and —37 %. Similarly, the addition of RH
biochar resulted in a reduction in the 28-day compressive strength of
concrete by between —9 % and —46 %. Finally, the addition of PP bio-
char resulted in a reduction in the 28-day compressive strength of
concrete by between —7 % and —25 %. In the biochar-concrete system,
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the filler effect of biochar is more dominant than the volcanic ash effect,
yet it contributes little to the hydration products. In fact, it forms a dense
structure during the early development, while inhibiting the production
of C-S-H gel due to the higher volume occupancy. Aneja et al. [208] also
demonstrated that the amount of biochar used to replace the cement
fraction should not exceed 4 wt%, as otherwise it will negatively affect
the mechanical strength of concrete. Furthermore, excess biochar re-
duces the formation of C-S-H compounds.

Biochar, due to its porous structure, tends to absorb water and in-
crease the water demand of the mixture, thereby reducing the work-
ability of cementitious materials. The water-to-binder ratio is typically
maintained around 0.5 to ensure adequate hydration, but as the biochar
content increases, the mixture may become stiffer and require adjust-
ments. If the biochar content exceeds 2 wt%, the mixture may become
difficult to handle, and plasticizers are often needed to improve flow-
ability [216,217]. Also, biochar’s internal structure can effectively
reduce autogenous shrinkage. Its porous nature allows it to store water,
which is gradually released during hydration, thereby reducing
shrinkage and minimizing cracking in the hardened state. Studies [216,
217] have shown that mixtures containing 1-2 wt% biochar can opti-
mize shrinkage control while maintaining structural integrity. In terms
of durability, biochar helps increase the electrical resistivity of concrete,
reducing the risk of corrosion in reinforced concrete structures. Typi-
cally, 1-2 wt% biochar can enhance durability while maintaining good
workability and strength. However, biochar content higher than 5 wt%
may lead to increased chloride diffusivity, posing long-term durability
challenges, especially in corrosive environments [216,218,219]. The
appropriate incorporation of biochar enhances the sustainability of
cementitious materials and provides significant advantages in reducing
shrinkage and improving durability. The optimal biochar content is
usually between 1 and 2 wt%, balancing environmental benefits with
optimized structural performance.

In conclusion, the optimal value of biochar for concrete strength is
contingent upon the nature of the raw material of biochar. Biochar
produced from different raw materials exhibits variations in chemical
composition, pore structure, and specific surface area, which collec-
tively influence the efficacy of biochar in concrete. For instance, biochar
produced from woody materials typically exhibits a high carbon content
and porous structure, which can enhance the compactness and
compressive strength of concrete [220-222]. Nevertheless, biochar
produced from inferior raw materials, such as biomass waste, may
contain a greater quantity of impurities and a lower degree of porosity,
which reduces its efficacy in enhancing concrete strength [223].
Furthermore, there is a non-linear relationship between the quantity of
biochar admixture and the strength of the concrete. A moderate quantity
of biochar can fill the voids within concrete, thereby improving its
densification and enhancing its strength. However, when the dosage
exceeds a certain level, it will begin to hinder the formation of the
cement matrix, thus reducing the strength of the concrete. Furthermore,
the high porosity of biochar may lead to a weak interface between
biochar and cement paste [224]. Consequently, further experiments are
required to ascertain the impact of biochar prepared from specific raw
materials on the strength of concrete at varying admixtures, with the
objective of selecting the optimal admixture to ensure the maintenance
or even enhancement of concrete strength while guaranteeing the car-
bon sequestration effect.

Cellulose fibers are regarded as an optimal reinforcing material due
to their distinctive properties, including low density, low cost, a vast
range of applications, remarkable specific strength and high specific
modulus, particularly their renewability and biodegradability [225,
226]. Consequently, numerous researchers have endeavored to utilize
cellulose fibers as reinforcement in cementitious composites, including
sisal [227], cellulose nanofibers [228], olive pruning fibers [229] and
bamboo [230]. These materials have been documented in the literature
for their application in cement-based materials. Cellulose fiber cement
composites exhibit excellent properties and have the potential to be used
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as building materials. However, the cell walls of plant fibers exhibit a
high degree of hydrophilicity due to the presence of chemical compo-
nents such as hydroxyl groups, which may lead to dimensional insta-
bility under varying humidity conditions. Consequently, the application
of cellulosic fibers in cement-based materials faces a number of chal-
lenges, including low interfacial bonding between the fibers and the
cement [231], highly porous cellulosic fibers leading to a decrease in the
mechanical properties of the cement-based materials [232], and a
cement hydration reaction delay [233].

Lee et al. [211] observed that the mechanical strength of banana
hemp fiber cement paste exhibited a decreasing trend with increasing
fiber content at all curing ages. Samples containing 0.25 wt% exhibited
the highest compressive strengths, which were approximately 1-2.5 wt
% higher than the control at all ages. The incorporation of natural fibers
typically results in an increase in porosity and a concomitant decrease in
density, which consequently reduces the compressive strength of the
material. Nevertheless, it is important to note that samples containing
higher levels of plantain fibers exhibited higher long-term strength
growth rates due to the internal curing effect induced by the high-water
absorption of plantain fibers. Jaberizadeh et al. [210] found that the
addition of low concentrations (0.25 wt%) of waste cellulose fibers to
the cementitious system increased the mechanical strength of the sam-
ples, with flexural strength increasing by approximately 15-24 % and
compressive strength increasing by 3-10 %. However, exceeding this
incorporation level negatively affects the mechanical properties of the
samples. Conversely, since natural fibers lack a natural affinity with
cement, chemical methods (e.g. alkali treatment) can be employed to
enhance the interfacial interactions between natural fibers and the
cement matrix, thereby improving the mechanical properties of
cement-based materials [234,235]. Nevertheless, Li et al. [209]
discovered that, despite alkali treatment of bamboo fibers using sodium
hydroxide solution, the compressive strength of the samples decreased
as the fibre content increased from 0 to 0.7 wt% in the cement paste
system. This decrease in strength was attributed to the lower modulus of
the bamboo fibers in comparison to the cement matrix. Consequently,
the content of cellulose fibers should be kept to a minimum in a cellulose
fiber-cement slurry system.

In their study, Singh et al. [212] observed a reduction in the
compressive strength of concrete systems by 37.39 % and 25.59 % after
14 and 28 days of curing, respectively, when cellulose fibers were
incorporated into the concrete matrix at a concentration of 0.5 wt%.
This reduction in strength was attributed to the reduction in compaction
that resulted from the addition of cellulose fibers. Conversely, as pre-
viously mentioned, cellulose fibers can act as a water storage layer
during long-term curing of the concrete samples, thus improving the
hydration of unreacted cement particles. This, in turn, allows for further
development of strength during the curing period. Similarly, Jamshaid
et al. [213] investigated the effect of different types of cellulosic fibers
(jute, sisal, coconut and bagasse) on the mechanical properties of con-
crete. The results demonstrated a non-linear correlation between the
mechanical properties of the specimens and the amount of fiber
incorporated.

Cellulose fibers, due to their hydrophilicity, reduce the workability
of concrete when added in amounts exceeding 0.3 wt%, mainly because
the fibers absorb the free water in the mixture. Therefore, to maintain
workability, superplasticizer (1 wt%) is typically added to compensate
for the decrease in flowability [236,237]. In terms of reducing autoge-
nous shrinkage, cellulose fibers act as internal curing agents, effectively
mitigating shrinkage cracking during the early hydration process. The
cellulose fibers absorb moisture and gradually release it, providing in-
ternal water supply to the concrete, thereby reducing the risk of early
cracking caused by autogenous shrinkage. The study has shown [236]
that adding 0.5% to 1.5wt% of cellulose fibers, especially in
high-strength concrete with a low water-to-cement ratio, can signifi-
cantly reduce autogenous shrinkage. In addition to autogenous
shrinkage, cellulose fibers also perform exceptionally well in reducing
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drying shrinkage. Their sponge-like structure can store moisture and
release it slowly during the drying process, maintaining internal hu-
midity and thus reducing the risk of shrinkage cracking. Research has
shown [237] that adding approximately 1 wt% of cellulose fibers can
effectively control drying shrinkage, helping to maintain internal rela-
tive humidity and prevent early cracking. Furthermore, cellulose fibers
significantly enhance the crack resistance of concrete. By bridging
microcracks, the fibers delay crack propagation and improve the mate-
rial’s crack resistance. Barabanshchikov et al. [238] demonstrated that
adding 0.5 % to 1.0 wt% of cellulose fibers can effectively enhance crack
resistance.

In conclusion, it is important to exercise caution when incorporating
cellulose fibers into cement-based materials, as an excessively high
content may lead to a loss of workability, which in turn may result in a
deterioration of the mechanical properties [239]. This phenomenon is
often attributed to uneven fiber distribution, agglomeration or clogging.
It is important to note that the impact of cellulose fibers on the me-
chanical properties of cement-based materials is inconclusive, with both
positive and negative effects. Untreated plant fibers may have a detri-
mental effect on the mechanical properties due to the presence of in-
ternal cavities, high moisture absorption and dimensional instability,
and poor adaptation to different matrices. Despite the application of
chemical treatments (e.g. alkali treatment), the desired results are
difficult to achieve, which is attributed to the low strength and modulus
of plant fibers compared to cement particles. Conversely, the use of plant
fibers promotes the hydration process of cement and improves the me-
chanical strength of cement-based materials. This is due to the ability of
cellulose fibers to form a water-locking layer, which releases water
adsorbed during mixing and enhances continuous internal curing during
cement hydration, contributing to prolonged hydration [240,241].

6. Comparative analysis of materials for cement-based carbon
sequestration

Wollastonite, Nano-TiO2, GO, biochar, and cellulose fibers each
possess unique carbon sequestration mechanisms and performance
enhancement capabilities. In terms of carbon sequestration, these ma-
terials have their individual strengths, but a comparison of their per-
formance reveals that some exhibit stronger carbon fixation abilities
when used alone, while their effects differ when combined with
cementitious materials.

From the perspective of carbon sequestration mechanisms, these
materials capture and store CO, in cementitious materials through
different processes (Fig. 20). Wollastonite sequesters carbon via mineral
carbonation, where CO: reacts with calcium silicate to form stable
CaCOs. This process transforms atmospheric CO:z into a solid form,
providing long-term stability. Nano-TiO: utilizes its photocatalytic ac-
tivity under light exposure to convert CO2 into CaCOs and store it within
the cement matrix, driven by the electron-hole pairs generated in the
titanium dioxide matrix. Similarly, graphene oxide sequesters carbon
through chemical adsorption, where CO2 molecules react with oxygen-
containing functional groups (such as hydroxyl and carboxyl groups),
forming stable CaCOs on the surface. Biochar captures CO: through its
highly porous structure, which adsorbs carbon molecules within its
micropores. Additionally, biochar reacts with CO: via alkaline func-
tional groups, forming stable CaCOs and contributing to the carbon
sequestration process in cementitious materials. Finally, cellulose fibers
sequester carbon by adsorbing CO: on their large surface area, thanks to
their porous structure and hydroxyl groups, which facilitate physical
adsorption and weak chemical bonding with CO.. The unique mecha-
nisms of each material determine its effectiveness in carbon sequestra-
tion, offering distinct advantages in cement applications.

The performance of these materials in enhancing carbon sequestra-
tion varies based on their ability to capture CO,. Wollastonite demon-
strates an impressive CO2 absorption rate of up to 25.3 %, outperforming
other composites such as MgO-fly ash-OPC paste. The incorporation of
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Mechanism: Chemical adsorption of CO, on oxygen-
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Mechanism: Physical adsorption of CO, in micropores, and
reaction with alkaline groups to form CaCOs;.

Performance: Adsorbs CO, due to its high surface area
(short term).

Stable structure, retains carbon over extended periods with
minimal degradation (long term).
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though performance may vary with
environmental factors(long term).

Fig. 20. Mechanisms and performance of carbon sequestration functional materials in cementitious systems.

nano-TiO: into cementitious materials can increase CO2 absorption by
38.4 %, especially during short-term curing processes. GO can boost the
carbon sequestration rate by approximately 30 %, interacting with cal-
cium ions to promote the formation of CaCOgs, thereby densifying the
cement matrix. Biochar, with an average adsorption capacity of 1.67
mmol/g, further enhances the carbon sequestration capability of cement
systems by increasing the active surface area available for CO: capture.
Cellulose fibers exhibit a CO: absorption efficiency of up to 24.4 %
during prolonged carbonation. Collectively, these materials enhance the
carbon capture capacity of cement-based products, with nano-TiOz and
GO excelling in short-term sequestration, while wollastonite and biochar
show strong long-term stability.

On the other hand, the long-term and short-term behaviors of these
materials vary significantly. Wollastonite undergoes mineral carbon-
ation to form highly stable CaCOs, ensuring that the sequestered CO: is
stored for the long term without significant release, making it ideal for
applications where durability is critical. Nano-TiO, although highly
effective in the short term, reaches a saturation point where further
additions can reduce porosity and lower sequestration efficiency, thus
requiring careful optimization. Similarly, GO can deliver significant
carbon capture in the short term, but its dosage must be balanced to
avoid clogging the matrix and limiting long-term effectiveness. Biochar,
due to its stable structure and high surface area, excels in long-term
carbon storage, retaining captured carbon for extended periods with
minimal degradation. Cellulose fibers also provide stable long-term CO2
storage, though their effectiveness can be influenced by environmental
factors such as humidity.

To maximize the carbon sequestration rate and mechanical proper-
ties of cementitious materials, it is essential to balance the synergies
between wollastonite, TiO2, GO, biochar, and cellulose fibers within the
cement matrix. Wollastonite, as a calcium silicate mineral, sequesters
CO3 by converting it into stable CaCOs. This process captures CO, and
enhances in densifying the cement matrix, improving both compressive
and flexural strength. The needle-like structure of wollastonite further
acts as a filler, reducing porosity and bridging microcracks, which en-
hances the material’s durability and load-bearing capacity.

Nano-TiO: (particularly in the anatase phase) contributes additional
synergy through the photocatalytic reduction of COs, resulting in its
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transformation into carbonate compounds. TiO: also plays a crucial role
in enhancing early hydration due to its high surface area, promoting
nucleation and densification of the matrix. GO introduces another layer
of synergy. Due to its high specific surface area and oxygen-containing
functional groups, GO provides nucleation sites for CaCO3 formation,
enhancing CO: absorption and further densifying the matrix.

Biochar, with its porous structure and large surface area, greatly
enhances carbon sequestration by providing numerous adsorption sites
for CO.. It also improves the pore structure of cementitious materials,
promoting better carbonation and densification. Similarly, cellulose fi-
bers reinforce the material by bridging cracks and increasing toughness.
Their hydroxyl groups chemically bind with CO., while their porous
structure aids in additional CO: adsorption, further contributing to
carbon sequestration. To optimize the combination of these materials, a
balanced mixture would include approximately 10 wt% wollastonite,
1-2 wt% TiOz, 0.05 wt% GO, 1 wt% biochar, and 0.5 wt% cellulose fi-
bers in cementitious materials. These formulations leverage their carbon
sequestration capabilities while enhancing mechanical properties
through their synergies with cementitious materials, making them
suitable for sustainable construction applications.

7. LCA of carbon-sequestering cementitious materials

It is important to analyze the LCA of wollastonite, TiO3, GO, biochar
and cellulose fibers used in the production of green concrete to fully
evaluate the environmental impact of the production process of these
materials, including energy consumption, greenhouse gas emissions and
potential pollution. The LCA analysis will identify and quantify the
contribution of these innovative materials to reducing the environ-
mental footprint throughout the life cycle, while improving the perfor-
mance of the concrete, thus supporting more sustainable strategies for
the selection and use of construction materials and advancing the goals
of green building and sustainable development. This analysis focuses on
both the production and preparation processes. The system boundaries
are shown in Fig. 21 and include the extraction of raw materials, their
transport, and the process of manufacturing into the different categories
of concrete. In addition, we have included the energy required for
concrete mixing in the analysis to ensure the comprehensiveness of the
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Noted: W-Concrete ( Concrete samples mixing with Wollastonite); T-Concrete (Concrete samples mixing
with Ti0;); GO-Concrete (Concrete samples mixing with Graphene Oxide); BC-Concrete (Concrete

samples mixing with Biochar); CS-Concrete (Concrete samples mixing with Cellulose fiber)
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Fig. 21. Boundaries of different categories of green concrete systems.

system boundary. Our aim is to improve overall environmental effi-
ciency and reduce the lifecycle environmental footprint through in-
depth analysis and optimization of these key steps. During the analysis
process, we looked at the inputs and outputs of each stage of the life
cycle. We collected Life Cycle Inventory (LCI) data [242-245] for
various elements required to produce concrete, including wollastonite,
TiOs, GO, biochar, cellulose fibers aggregates, cement, as well as con-
crete production and transport, as shown in Table 5; Table 6 shows the
mixing ratios for the different categories of concrete, as well as for the
control group (C30 concrete). Also, to ensure comparability, the same
transport distances were assumed when comparing the environmental
impacts of the different mixes.

Fig. 22 (a) illustrates the GWP performance of the four different types
of concrete. The results of the analyses demonstrate that GO-Concrete
has the highest GWP in terms of carbon emissions and impact on land
due to the use of several chemicals in its production process, including
sulphuric acid and sodium nitrate. Furthermore, the high energy con-
sumption of the process contributes to its elevated GWP [246,247].
Secondly, T-Concrete also exhibits high GWP values, primarily because
the production of titanium dioxide is an energy-intensive process that
involves a sulphate process and several chemical and thermal treatment

steps [248,249]. Conversely, CS-Concrete and W-Concrete exhibit lower
GWP values, primarily due to the relative simplicity and energy intensity
of the extraction and processing of these materials, which do not involve
significant land changes during production and extraction. It is note-
worthy that BC-Concrete exhibits the highest GWP in terms of
bio-emissions. The process of bio-carbon preparation, while capable of
locking carbon in solid matter and thus reducing the amount of CO,
released directly into the atmosphere, is itself a high-energy consump-
tion process accompanied by significant CO, emissions. Furthermore,
concrete incorporating wollastonite, titanium dioxide, graphene oxide,
cellulose fibers and biocarbon demonstrated superior CO. capture
compared to conventional C30 concrete. This is attributed to the fact
that these materials enhance the density, surface area and reactivity of
the concrete, with biocarbon concrete exhibiting high stability and
excellent adsorption properties, thereby excelling in CO2 sequestration.

Conversely, Fig. 22 (b) illustrates the combined environmental and
human health impacts of the different types of concrete over a 100-year
period. The results of the analysis indicate that GO-Concrete and T-
Concrete have a more detrimental impact on the environment and
human health than C30 concrete. Conversely, W-Concrete has a
comparatively lower environmental impact.

Table 5
LCI data for original material as well as transport.
Production of Production of Production of ~ Production of  Production of Production Production of Production of Transport
cement (kg) natural water (1 m®) TiO2 (kg) Wollastonite of GO (kg) biochar (kg) cellulose fiber (tkm)
aggregate (kg) (kg) (kg)
Energy (MJ)
Coal 3.370140
Natural gas 0.083178 8.9 0.00031 0.0641
Diesel 0.024369 0.014780 9.3 0.00372 0.641 1.54090
Electricity 0.507672 0.48 1.83 0.111 8.31 3.336 0.133
(kwh)
Emissions
to air (g)
Cco 4.203224 0.003475 159 3.46 0.31885
NOy 2.279068 0.015579 1.44 200 9.73 0.98438
SO 3.646948 0.005447 1.28 0.157 0.43094
CH4 1.002748 0.001296 0.753 0.12386
CO, 861.2028 1.377926 923 9490 110.770
N2O 0.000756 0.000055 0.00295
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Table 6
C30 concrete and carbon negative concrete ratios.
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Types of concrete Water/cement ratio

Mix proportions (by weight of cement)

Cement Coarse Fine Water Wollastonite TiOy GO BC CS
C30 0.65 1 3.5 3 0.65
W-Concrete 0.65 0.95 3.5 3 0.65 0.05
T-Concrete 0.65 0.95 3.5 3 0.65 0.05
GO-Concrete 0.65 0.95 3.5 3 0.65 0.05
BC-Concrete 0.65 0.95 3.5 3 0.65 0.05
CS-Concrete 0.65 0.95 3.5 3 0.65 0.05
120 120
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Fig. 22. Life cycle analysis for different types of concrete.

In terms of mineral resources, the production of TiO,, GO and cel-
lulose fibers consumes a considerable quantity of raw materials. The
extraction of TiO», in particular, frequently involves large-scale mining
activities, which directly results in ecological damage, land degradation
and biodiversity loss. Mining not only occupies a considerable amount of
land resources, but also permanently alters the original land use and has
a long-term impact on the local ecosystem. Regarding environmental
pollution, it can be observed that GO-Concrete, T-Concrete and BC-
Concrete have a higher environmental impact than C30 concrete, CS-
Concrete and W-Concrete. Furthermore, the production of TiO5 and
GO emits hazardous chemicals and wastewater, which react with inor-
ganic ions and molecules in the water. Once discharged into a water
body, these wastewaters react with inorganic ions and molecules in the
water, thereby affecting the ecosystem. Previous studies have indicated
that nanoparticles can accumulate in aquatic environments and interfere
with aquatic ecosystems and food chains [250]. Furthermore, the pro-
duction of biochar is an energy-intensive process, and its pyrolysis
generates a variety of pollutants, including hydrocarbons, phenols, and
a range of organic compounds [251,252]. Recent studies have revealed
that a considerable quantity of phenols was identified in biochar pro-
duced from diverse feedstocks, representing approximately 27 % of all
hydrocarbons produced [253]. These substances have the potential to
cause harm to the environment due to their capacity to induce toxicity
through a range of mechanisms, which can affect biological populations
and potentially result in carcinogenic and mutagenic effects [254].

Long-term exposure to GO has been demonstrated to reduce mito-
chondrial function and disrupt cell membranes, resulting in toxicity to
skin cells. This is in accordance with the findings of studies on the effects
of GO on human health [255]. Meanwhile, TiO5 nanoparticles have been
demonstrated to cause cellular damage, genotoxicity, inflammation and
immune responses, primarily by inducing an oxidative stress response.
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The International Agency for Research on Cancer (IARC) has classified
TiO2 nanoparticles as "possibly carcinogenic to humans" [256].
Furthermore, the potential hazards of biochar and cellulosic fibers must
be acknowledged, as studies have demonstrated that inhalation of bio-
char particles or cellulosic fibers during preparation and incorporation
can result in serious respiratory diseases such as inflammatory reactions
in the lungs or pneumoconiosis [257,258]. In addition, the potential
contaminants in biochar may enter groundwater through soil leaching,
accumulate in the soil and biomagnify through the food web, thus
posing a threat to human health [259,260].

In conclusion, the life cycle assessment of wollastonite, titanium
dioxide, graphene oxide, cellulosic fibers and biochar used to produce
green concrete revealed significant differences in the contribution of
each material to the GWP. While GO-Concrete and T-Concrete exhibited
higher values in terms of GWP, this was mainly due to their energy-
intensive production processes and the use of hazardous chemicals.
However, they demonstrated superior performance in enhancing the
CO4, capture capacity of concrete. BC-Concrete has a significant effect in
reducing atmospheric CO, concentrations due to its excellent CO,
sequestration capacity. On the other hand, W-Concrete and CS-Concrete
exhibit lower GWP values due to their lower energy consumption and
less land impact during production. This suggests that W-Concrete and
CS-Concrete are prioritized green materials due to their significant ad-
vantages in reducing environmental hazards and promoting the devel-
opment of green building materials. Nevertheless, although these
materials offer the potential to enhance concrete performance and
environmental benefits, their production and use also pose significant
environmental and health risks. For instance, the production of GO and
TiO4 generates hazardous wastewater that may have long-term impacts
on aquatic ecosystems, while the energy-intensive production process of
biochar is accompanied by significant CO, emissions. Furthermore,
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these materials may pose a direct threat to human health during use,
including causing lung inflammation and potential carcinogenic risks.
Consequently, when advocating the utilization of these eco-friendly
materials in concrete, it is imperative to balance their environmental
advantages against the potential hazards to ensure that technological
advancements are accompanied by the protection of ecosystems and
human health [261,262].

8. Conclusions

The construction industry has a key role to play in addressing the
challenge of climate change. This study looks at the development of
novels, popular building materials and summarizes progress to date.
Through the research and application of these materials, we can expect
to significantly reduce the environmental impact of construction,
encourage the development of sustainable construction materials, and
facilitate the formation of greener building standards and policies. In
addition, the LCA analyses provide us with an understanding of the
importance of sustainable building materials and explore CO, seques-
tration technologies, which provide useful guidance for mitigating
global climate change. The conclusions of the paper are as follows:

(1) Wollastonite is highly efficient at carbon sequestration, particu-
larly due to its reaction with CO2 to form CaCOs. Wollastonite can
achieve a carbon sequestration rate of up to 25.3 % in cementi-
tious materials under optimal carbonation conditions. Specif-
ically, replacing 10 wt% of cement with wollastonite reduces the
GWP by up to 30 %, cutting COz emissions by 127 kg CO--
equivalent per cubic meter of concrete. Wollastonite enhances
the compressive and flexural strength of cementitious materials,
particularly at 9-10 wt% replacement, higher ratios may begin to
negatively impact these mechanical properties.
Nano-TiO: facilitates carbon sequestration through photo-
catalytic processes, converting CO: into carbonate ions that bond
with calcium to form CaCOas. Incorporating 1-2 wt% nano-TiO2
into cementitious materials can improve CO: uptake by
18.5-38.4 %. The optimal dosage is 1.5-2 wt%, which enhances
both carbon capture and the mechanical properties of the mate-
rial without causing particle agglomeration. Nano-TiO: also im-
proves the density and pore structure of cement, which aids in the
carbonation process and boosts CO2 capture.
(3) GO’s high surface area and functional groups provide excellent
carbon capture potential, increasing CO- uptake in cementitious
materials by approximately 30 % compared to conventional
cement. When used in optimal doses of 0.02-0.05 wt%, GO en-
hances compressive strength, while also promoting carbonation
reactions that improve CO: sequestration. However, exceeding
0.05 wt% may lead to the creation of too many nucleation sites,
hindering the formation of dense hydration products and
reducing material strength.
Biochar has a high surface area and porous structure, making it
highly effective for carbon capture in cementitious materials,
with an average CO: adsorption capacity of 1.67 mmol/g. An
optimal dosage of 1-5wt% significantly enhances carbon
sequestration efficiency and improves the material’s mechanical
properties. Above 5 wt%, biochar particles tend to aggregate,
reducing hydration efficiency and weakening the microstructure.
Biochar also promotes carbonation in cementitious materials,
facilitating the formation of stable carbonates and long-term
carbon storage
(5) As a renewable resource, cellulose fibers provide effective path-
ways for CO2 adsorption through hydroxyl groups in their struc-
ture. Adding 0.02-0.05 wt% cellulose fibers to cementitious
materials can increase COz uptake by up to 20 %, significantly
enhancing carbon capture. These fibers also improve the
compressive strength and crack resistance of the materials,

(2

—

(C))
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although excessive fiber content can negatively affect workability
and strength.

(6) A comprehensive examination of the various materials utilized in
the fabrication of green concrete has revealed that W-Concrete
and CS-Concrete exhibit considerable environmental benefits.
Both materials require less energy and have a lower impact on the
land during production, resulting in relatively low GWP values.
Furthermore, they offer significant advantages in reducing envi-
ronmental hazards and promoting the development of green
building materials, and thus should be prioritized as green ma-
terials. Although the production of GO and TiO:= concretes en-
hances the CO: capture capacity of the materials, the high energy
consumption and use of chemicals in their production results in
higher GWP values and potentially greater environmental and
health risks. Similarly, although BC-Concrete exhibits a high CO,
sequestration capacity, its production process is energy-intensive
and is accompanied by higher carbon emissions.

9. Future research discussion

Although materials such as biochar, nano-TiO2, GO, and wollastonite
have shown significant potential in cementitious materials, future
research needs to further explore current challenges and promote the
development of new composite materials. Based on the limitations of
existing studies, future research directions can focus on the following
aspects:

(1) Future research should delve deeper into the synergistic effects
when using different materials in combination. For instance,
combining biochar with nano-TiO2 or GO to investigate their
combined effects on carbon capture efficiency, strength, and
durability. By optimizing the ratios of these materials, it is
possible to develop new composites with both high strength and
low carbon emissions.

Regarding the optimal dosage of different materials, current
studies mainly focus on the individual application of a single
material. Future studies could further explore the impact of
dosage on the microstructure and pore distribution of concrete.
The focus should be on how to finely control the material dosage
to regulate the formation of hydration products and porosity,
thereby maximizing mechanical performance and carbon
sequestration capacity.

(3) Although materials such as nano-TiO2> and GO exhibit excellent
performance, their high production costs limit large-scale appli-
cations. Therefore, future research should focus on developing
green, sustainable material preparation technologies, such as
utilizing industrial by-products or renewable resources to pro-
duce low-cost, high-performance carbon sequestration materials.
Current research mainly focuses on the short-term performance
of materials. Future studies should strengthen the evaluation of
the long-term durability of these materials in complex environ-
ments, especially their stability under conditions such as high
temperatures and humidity changes. Additionally, their long-
term carbon sequestration capacity in practical engineering ap-
plications should be investigated.
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