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A B S T R A C T

The construction industry faces growing pressure to adopt sustainable materials that enhance both structural 
performance and environmental benefits. This study investigates the potential of bamboo biochar as a sustain
able filler to strengthen cement mortar while contributing to CO₂ sequestration. The primary objective is to 
evaluate the effects of bamboo biochar addition, alongside carbonation treatment, on the mechanical properties 
of cement mortar. The surface morphology of the biochar was characterized using scanning electron microscopy, 
while mortar mixes with varying water-to-cement (w/c) ratios (0.45–0.55) and biochar dosages (2 %–8 %) were 
prepared. Flowability, compressive, and flexural strength tests were conducted on samples cured for 7–56 days, 
with a control mix for comparison. Results revealed that a 6 % biochar addition with a w/c ratio of 0.45 yielded 
optimal performance, achieving compressive and flexural strengths of 46.98 MPa and 9.60 MPa, respectively. 
Carbonation further enhanced these strengths by up to 24 % and 9 %, while biochar incorporation increased CO₂ 
sequestration by 53 % compared to the control. These findings demonstrate that bamboo biochar not only im
proves mechanical strength through mechanisms such as internal curing, filler effect, nucleation, and improved 
interfacial bonding but also contributes to carbon capture. This dual benefit underscores its significance as a 
promising material for sustainable and resilient construction practices.

1. Introduction

Inert or low-reactivity waste biochar additions have drawn partic
ular attention in response to the growing need for alternative additives 
[1]. Mineral powders like fly ash and blast-furnace slag are often used as 
fillers in cementitious materials to alter the material’s rheology, enhance 
its physical characteristics, or lower production costs [2]. However, the 
restricted supply of fly ash and blast-furnace slag by the year 2050 will 
account for less than 20 % of the world’s cement needs [3]. It is antic
ipated that by 2050, the total yearly consumption of cement will have 
increased to 4.68 Gt from 4.13 Gt in 2016 [4]. As the demand for cement 
increases, the conventional carbon dioxide (CO2) emission reduction 
measures used by the cement sector will not be adequate to guarantee 
the requisite mitigation. Thus, professionals in the cement industry have 
concluded that using environmentally hazardous carbon capture and 
storage (CCS) is an inevitable solution [5]. Biochar has been discovered 

to possess a porous structure, a large specific surface area, and a strong 
attraction for nonpolar molecules, rendering it a novel CO2 adsorbent 
[6–8]. Biochar produced thorough biomass pyrolysis at anaerobic con
ditions or under low oxygen presence [9]. Because of its characteristics 
and effectiveness in storing carbon dioxide, biochar is now considered a 
potential material for use in the building sector [10]. Researchers have 
been exploring alternative filler materials with a smaller carbon foot
print and eco-friendliness over the past few years [11]. Significant in
terest focuses especially on the application of biochar as a filler in 
cementitious materials to improve the material’s durability and strength 
[2].

The composition of biochar, the size of the particles, and the water- 
to-cement ratio, is known to affect the material strength [12]. Rodier 
et al. [13] found that addition of 2 % sugarcane biochar as filler some
what reduced the mortar strength. The author further explained that 
after curing, the mortar’s high-water content increases porosity. Given 
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the inverse relationship between porosity and mechanical characteris
tics, the high porosity cementitious material has poor results. However, 
several authors with various types of biochar reported an increment in 
mortar’s mechanical properties at certain biochar addition (Table 1). 
For instance, the research on wood sawdust [2,14–16] showed an 
enhancement in mechanical properties with an addition of 0.5–2 %. 
Gupta and Kua [2] studied the effect of particle size when biochar used 
as fillers reported an improvement in compressive and flexural strength 
using 1–2 % of ground biochar. According to Danish et al. [11], owing to 
the greater capacity to absorb water, the propensity to lower the 
water-to-cement (w/c) ratio, and compaction impact, micro-sized bio
char particles are better than nano-sized ones. Furthermore, Dixit et al. 
[17] who studied different particle sizes of biochar concluded that the 
greatest effect was shown with fine biochar at 5 % addition. This may be 
due to the inhibition of macropores formation by the fine biochar 
resulting in a hardened mortar with greater compaction and improve
ment in the efficiency for stress transfer under load [15]. Apart from 
sawdust biochar, there are also other biochars like coffee powder [14], 
bamboo [18], and rice husk [19], which are reported as having an in
crease in mechanical strength when applied at the optimum dosage. It 
has to be noted that the amount of biochar addition that correspond to 
increase in mortar strength differs according to the type feedstock and 
the conditions of processing to produce the biochar [14]. Most of the 
researchers had stated to have an optimal dosage of < 5 % biochar 
addition yielded a better mechanical property, but addition of > 5 % 
biochar filler is seldom reported to increase the compressive and flexural 
strength of cement. For example, a study on corn stover biochar reported 
an optimum of 6 % dosage due to the particle size [20]. Praneeth et al. 
[20], explained that the particle size has a stronger strengthening effect 
than pozzolanic action which can function as a self-curing agent and 
nucleation site for C-S-H gels. Biochar’s filler impact is observed to be 
able to outweigh its pozzolanic effect [21].

The water-to-cement ratios may affect the strength of cement mortar. 
Cement mortar’s workability can be improved by increasing the amount 
of water addition with increasing amount of biochar use [22]. The ca
pacity of the added biochar to absorb water helps to maintain higher 
levels of free water in the mortar’s porous structure, which explicates 
the lessening in flowability [12]. Choi et al. [23] showed that flowability 
reduces as the percentage of biochar added to cement mortar increases. 
This is due to presence of carbon in the biochar which has a porous 
microstructure and ability to hold water. Cuthbertson et al. [22] sug
gested increasing the w/c ratio from 0.4 to 0.48 for 1.5 g of biochar 
added to 10 g of cement. However, Maljaee et al. [12] on the other hand 
stated that irrespective of the water-to-cement ratio, biochar addition as 
a filler in cement mortar has been linked to more pronounced effects on 
the mortar’s early strength. In conclusion, more investigation is needed 
attributing to the w/c ratio and mechanical properties by altering 
various parameters like type of feedstocks, size of pores, etc. [11].

The carbonation of concrete is beneficial as it functions as a form of 
carbon sequestration. Additionally, concrete carbonation may enhance 
its strength [24]. Carbon dioxide can diffuse into the porous structure of 
concrete, where it reacts with calcium hydroxide from cement hydration 
to form calcium carbonate [25]. The formation of calcium carbonate 

enhances concrete strength and hardness. Furthermore, carbonation 
improves the durability of concrete by reducing porosity, making it 
more resistant to freeze-thaw cycles and cracks [26].

Carbon-rich bamboo biochar may enhance concrete carbonation, 
leading to increased carbon dioxide uptake and improved concrete 
strength. This effect is realized through increased CO2 absorption ca
pacity, faster carbonation kinetics, and improved microstructure and 
durability. Biochar possesses high porosity and surface area, providing 
more sites for CO2 adsorption. The presence of micropores in biochar 
allows it to store and retain CO2 more effectively, facilitating more 
efficient CO2 diffusion into concrete [29]. These characteristics of bio
char may accelerate the carbonation process. However, excessive bio
char addition (>10 %) may reduce concrete strength due to its water 
absorption properties. In contrast, a small amount of biochar (<5 %) can 
aid in enhancing concrete carbonation.

Although various studies have investigated the incorporation of 
biochar in cementitious materials, research specifically focused on 
bamboo biochar remains limited. Notably, Ahmad et al. [18] and Liu 
et al. [30] examined the potential of bamboo biochar to enhance the 
mechanical performance of cement-based materials, reporting im
provements in flexural and compressive strength, respectively. Howev
er, neither study addressed the carbon dioxide sequestration potential of 
cement mortar containing bamboo biochar. Furthermore, essential 
properties such as density and water absorption of bamboo 
biochar-modified mortar have yet to be reported. These parameters are 
critical for determining concrete classification and understanding the 
influence of biochar on cement hydration and strength development. In 
this study, waste bamboo biochar derived from bamboo charcoal pro
duction is utilized as a filler in cement mortar. Bamboo is a fast-growing, 
renewable resource with mechanical properties comparable to conven
tional structural materials [31]. The aim is to enhance the mechanical 
properties of mortar while contributing to carbon capture, supporting 
the United Nations Sustainable Development Goals (SDGs), particularly 
SDG 13 (Climate Action) and SDG 11 (Sustainable Cities and Commu
nities). Given the limited application of bamboo biochar as a filler in 
cement mortar, this research further investigates its use, focusing on 
optimizing mix design through varying biochar dosages and 
water-to-cement (w/c) ratios. Additionally, carbonation studies are 
conducted to assess the CO₂ sequestration potential of bamboo biochar 
in cement mortar.

2. Materials and method

2.1. Biochar preparation

Bamboo, a by-product of building material from Tadom Hill Resort in 
Banting, Selangor, was used to produce biochar through a pyrolysis 
process, as illustrated in Fig. 1. The bamboo was subjected to pyrolysis 
for five hours at a temperature of up to 600 ◦C in a retort under restricted 
oxygen conditions. Subsequently, the resulting bamboo biochar was 
shredded using a shredding machine. The shredded biochar was then 
ground at 1500 rpm in a rotary ball mill containing 27 agate balls. To 
achieve a finer particle size, the biochar was sieved using a < 37 µm 
mesh sieve following the grinding process. The acid or alkaline nature of 
the bamboo biochar was analysed using a Hammett indicator.

2.2. Cement and sand

All mortar mixes in this study were prepared using Ordinary Portland 
Cement (OPC) Type I, in accordance with ASTM C150. The particle size 
of OPC typically ranges from 1 to 50 µm µm [31]. Locally available 
natural river sand was used as the fine aggregate, with a sand-to-cement 
ratio of 2.75:1 [7]. The sand was oven-dried at 110 ◦C for 24 h prior to 
casting to eliminate moisture and ensure accurate determination of the 
sand-to-cement ratio. The fine aggregate used consisted of natural river 
sand with a particle size distribution compliant with ASTM C33. The 

Table 1 
Different percentages of biochar used as filler.

Type of biochar Percentage (%) Ref

Mixed wood sawdust 0.25,0.50,1,2 [2]
Sugarcane bagasse 2 [13]
Coffee powder and hazelnut shells 0.5,0.8,1 [14]
Mixed wood sawdust 1,2,5,8 [15]
Mixed wood sawdust 2 [16]
Rice husk 10,20,30,40. 

(+ cenosphere)
[19]

Woodchips 0.8,1,1.5,2,2.5 [27]
Softwood 0.8,1 [28]
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sand particles were smaller than 2.36 mm, with a fineness modulus of 
2.54 and a specific gravity of 2.65.

2.3. Water-to-cement cement ratio

The water-to-cement (w/c) ratios selected for this study were 0.45, 
0.50, and 0.55. These ratios were determined based on the results of a 
flowability test conducted in accordance with ASTM C1437. Trial mixes 
with w/c ratios of 0.35 and 0.40 exhibited flow percentages of 75 % and 
80 %, respectively. However, these mixes were found to be very stiff and 
difficult to cast. Therefore, the w/c ratio range was set between 0.45 and 
0.55 to ensure adequate workability.

2.4. Mix design

The specimens for the compressive strength test were prepared using 
cube-shaped moulds with dimensions of 50 mm × 50 mm × 50 mm, in 
accordance with ASTM C109. Similarly, specimens for the flexural 
strength test were prepared using prism-shaped moulds (40 mm ×
40 mm × 160 mm) following ASTM C348. Table 2 presents the mortar 
mix designs incorporating bamboo biochar as a filler, with biochar 
contents ranging from 0 % to 8 % and water-to-cement (w/c) ratios of 
0.45, 0.50, and 0.55, respectively.

The mortar samples were mixed using a Hobart mixer. The dry 

materials—cement, biochar, and sand—were mixed for approximately 
one minute before water was added. Mixing continued for an additional 
two minutes. The fresh mortar was then poured into the moulds placed 
on a vibrating table. Vibration continued for approximately one minute, 
or until surface bubbling diminished. The specimens were demoulded 
after 24 h and subsequently water-cured for 7, 14, 28, and 56 days prior 
to mechanical testing. A total of 216 cubes and 216 prisms were cast to 
ensure triplicate specimens for each mix design.

An initial screening was conducted to evaluate the influence of 
water-to-cement (w/c) ratio and biochar content on the compressive and 
flexural strength of the mortar. The results indicated that a w/c ratio of 
0.45 combined with 2 % biochar yielded the highest compressive and 
flexural strength. However, mortar samples incorporating 1–3 % bio
char also demonstrated promising mechanical performance. Conse
quently, these compositions, along with a control mix without biochar, 
were selected for further evaluation under accelerated carbonation 
conditions.

2.5. Flowability test

The water-to-cement ratio was evaluated using a flow table test in 
accordance with ASTM C1437. A mould with a thickness of 25 mm was 
placed at the center of the flow table, which had been cleaned and dried 
beforehand. The mortar was filled into the mould in three layers, with 
each layer tamped 25 times using a tamping rod, applying sufficient 
pressure to ensure uniform compaction. Excess mortar was then 
removed using a straight edge, leaving the surface flush with the top of 
the mould. The mould was carefully removed, and the tabletop was 
raised and dropped 25 times within 15 s from a height of 12.5 mm. The 
resulting spread diameter of the mortar was measured using a measuring 
tape.

2.6. Measurement of density and water absorption

The density and water absorption of the cement mortar was 
measured according to ASTM C642. Initially, the cement mortar was 
dried at 110 ◦C to remove moisture content then weighed with analytical 
balance for its dry weight. The specimen is then immersed in water 

Fig. 1. Bamboo biochar process flow using pyrolysis method.

Table 2 
Mix design of bamboo biochar as filler in mortar.

Percentages 
(%)

Cement 
(g)

Sand 
(g)

Water/cement 0.45, 
0.50, 0.55

Biochar 
(g)

0 2970 8200 1340, 1485, -
2 2970 8200 1635 59.4
4 2970 8200 1340, 1485, 118.8
6 2970 8200 1635 178.2
8 2970 8200 1340, 1485, 237.6
​ ​ ​ 1635 ​

1340, 1485, ​
1635 ​
1340, 1485, ​
1635 ​
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container that can measure changes in volume accurately up to 
±0.1 mL. The container is subjected to sonication to remove trapped 
bubble. The changes in the water volume are recorded for density 
calculation. For the case of water absorption, the sample is immersed in 
water until saturated for 48 h before weighed again. The weight of the 
dry and saturated sample was compared to determine the water 
absorption.

2.7. Surface morphology, composition and mechanical test

The surface morphology of bamboo biochar was examined using a 
scanning electron microscope (SEM) (JSM-IT200, Jeol). Imaging was 
conducted at an accelerating voltage of 10 kV, with magnifications of 
100×, 500×, and 1000×. Elemental analysis of the bamboo biochar was 
carried out using X-ray fluorescence spectroscopy (XRF) (ZSX Primus II, 
Rigaku). The compressive strength test was conducted using a 
compression testing machine (CTM) in accordance with ASTM C109, 
while the flexural strength was measured following ASTM C348 using a 
manual flexural testing machine. Prior to mechanical testing, dust and 
debris were removed from the machine’s base plate. All tests were 
performed in triplicate, with the average values reported and the stan
dard deviations presented as error bars.

2.8. Sample carbonation and analysis

The carbonation of the specimens was carried out in a hermetically 
sealed Perspex box, similar to the setup described by Gupta et al. [7]. 
The samples were exposed to carbon dioxide in the carbonation chamber 
for 28 and 56 days. Fig. 2 illustrates the configuration of the carbonation 
chamber. The samples were placed inside the chamber, which was 
hermetically sealed after the introduction of pure CO₂. The pressure 
within the chamber was maintained at 15 kPa, monitored using a 
pressure gauge connected to both the CO₂ tank and the chamber, in 
accordance with ASTM C1910. Following carbonation, the samples were 
subjected to phenolphthalein testing and thermogravimetric analysis 
(TGA).

The phenolphthalein indicator was used to assess the carbonation 
depth in accordance with ASTM D1093. Upon completion of the desig
nated curing periods, the mortar cubes carbonated for 28 and 56 days 
were removed from the chamber. The cubes were then split in half, and 
phenolphthalein solution was sprayed onto the freshly exposed cross- 
sectional surfaces. A measuring tape was used to determine the 
carbonation depth. This method evaluates the extent of carbonation, 

defined as the reaction of CO₂ with calcium hydroxide (Ca(OH)₂) in the 
cement matrix to form calcium carbonate (CaCO₃). Understanding 
carbonation depth is essential for evaluating the durability and CO₂ 
sequestration potential of cementitious materials such as concrete and 
mortar. In addition, mortar samples before and after carbonation were 
subjected to thermogravimetric analysis (TGA) using a Hitachi STA7000 
series instrument. The prepared samples were placed in a crucible and 
heated from 20 ◦C to 1000 ◦C at a constant heating rate of 10 ◦C/min 
under a nitrogen gas atmosphere. Carbonated samples were also tested 
for compressive strength.

3. Results and discussion

3.1. Surface morphology and mineral compositions

The morphology and pore structure of biochar was analysed using 
SEM before and after size reduction (Fig. 3). Initially the most of the 
biochar particles has a size below 100 μm, however upon grinding and 
sieving most of the particles are below 3 μm. This shows that the biochar 
typically has a low particle size range after pyrolysis. However, there a 
few particles found to have more than 100 μm, which had been reduced 
through the grinding and sieving process. A similar result on bamboo 
biochar particles has also been reported by several other authors [30,32, 
33]. The irregular structure and rather smooth surface of the particles 
are reminiscent of other forms of biochar that are stated to function well 
as an interlocking agent in cement composites [34–36]. Additionally, 
the particles have visible honeycomb-like features and a porous micro
structure in the arrow shown in Fig. 3a. When organics and volatiles are 
produced during the pyrolysis process, pores and honeycomb-like 
structures are formed. These structures can absorb water and provide 
mortar and concrete a self-curing effect [30,36]. Besides that, the ma
terial’s textural and porous nature is said to be favourable for the cap
ture of CO2 [37,38].

Table 3 shows the elemental composition of bamboo biochar ob
tained from XRF analysis. The results showed the composition of the 
bamboo biochar is largely carbon (60.2 %), with oxygen accounting for 
the second-highest percentage (32.8 %), indicating a very stable bio
char. According to ASTM C618, a material must have at least 70 % sil
icon dioxide (SiO2), aluminium dioxide (Al2O3) and iron dioxide (Fe2O3) 
overall to be designated as class N pozzolan. Bamboo biochar is suitable 
to be used as filler in cementitious material owing to its lower content of 
oxides, according to Gunasekaran and Chin [39]. Several other authors 
who studied plant-based biochar also concluded that biochar is more 
suitable to be used as filler [40–42]. However, there are also some au
thors have said that plant-based biochar poses some pozzolanic activity 
[30,43]. It has to be noted that not all plant is rich in siliceous content, 
but there is exception for instance for the like of rice husk and bamboo 
leaves. High silica content in cementitious materials is generally asso
ciated with increased compressive strength of cement mortar [44,45]. 
The mineral composition of the plant material used for biochar pro
duction influences its behavior as either an inert filler or a reactive 
pozzolan. For bamboo biochar, the presence of SiO₂ and Fe₂O₃ indicates 
potential pozzolanic activity, suggesting it acts as a partially reactive 
filler within the cement matrix.

A pH measurement of the biochar using a Hammett indicator 
revealed an alkaline nature, with pH values ranging from 8.2 to 10. 
Although accurately determining the pH of solid samples is challenging, 
the Hammett indicator provides a reliable qualitative assessment. The 
bamboo biochar was confirmed to be alkaline, which may promote 
cement hydration and, consequently, improve mortar strength. Cement 
hydration is the fundamental mechanism responsible for strength 
development in mortar, driven by the reaction of tricalcium silicate 
(C₃S) and dicalcium silicate (C₂S) in the cement with water to produce 
calcium silicate hydrate (C-S-H) gel.

Fig. 2. The carbonation chamber.
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3.2. Flowability test

Fig. 4 shows the flowability test graph of different w/c ratios (0.45, 
0.50, 0.55) for various percentages of biochar dosage in mortar. The 
overall result shows that the flowability of the fresh cement paste de
creases as the dosage increases. This is because the carbon in the biochar 
has a water-retention capability and a porous microstructure [23]. The 
flow trend is also noted to increase for each percentage as the w/c ratio 
increases. As shown in Table 4, the highest flow for 0.55 w/c ratio of 0 % 
and 2 % is 130 % and 129 % respectively. This comparison shows that 
there are very minimal differences between the control sample and the 
2 % dosage compared to the other dosages of biochar. As the w/c ratio 
decreases with the increased dosage percentages, the flow decreases. 
However, the overall flow is also observed to be within the standard 
range of 110 ± 5 % [46] from 2 % up to 8 %. Thus, a given dosage of 
biochar with an adequate w/c ratio did not affect the fluidity of the 

mixture.

3.3. Compressive strength

The results of the compressive strength tests for various percentages 
with 0.45 w/c ratio are presented in Fig. 5. The early strength of all 
percentages is slightly lower than the control sample (29.36 MPa). The 
highest early strength was contributed by 2 % (26.23 MPa) and 8 % 
(25.96 MPa). A similar result was denoted by Praneeth et al. [20] which 
also had the highest increment on early strength with 2 and 8 % corn 
stover biochar substitution. This indicates there is a slight improvement 
of early strength upon the addition of biochar. The biochar’s small 
particle size and water retention ability, which can have a filler effect 
and reduce the local water-cement ratio near biochar particles, respec
tively, are responsible for this increase in early strength. As for the 

Fig. 3. Surface morphology of bamboo biochar after the pyrolysis process. a) Before grinding, b) After grinding and sieving.

Table 3 
Elemental composition of bamboo biochar.

Element Weight (%)

C 60.2
O 32.8
K 2.41
Si 0.99
Fe 1.66

Fig. 4. Effect of biochar content on cement paste flowability.

Table 4 
Flowability of different w/c ratios of fresh cement paste.

Biochar content (%) Flowability (%)

0.45 w/c 0.50 w/c 0.55 w/c

0 125 128 130
2 124 127 129
4 117 120 125
6 113 116 121
8 105 114 117
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28-day strength, 6 % shows the highest strength followed by 4 % with 
40.79 MPa and 39.86 MPa respectively compared to the control sample 
(31 MPa). The strength seems to be reduced at 8 % which may be due to 
the diluting effect [47] as the addition of biochar increases. Liu et al. 
[30] stated that the addition of a high amount of biochar can lead to a 
significant decrease in hydration which causes it to lose strength. On 56 
days after curing, the overall trend increases for all percentages. A 
similar trend was reported by Gupta and Kashani [40] when investi
gating the compressive strength up to 56 days. The 4 % show slightly 
lower strength with 43.99 MPa compared to the control sample 
(46.15 MPa). This can be because of the addition of a small amount of 
biochar which causes fewer amounts of C-S-H gel formation. The highest 
percentage is also for 6 % dosage with 46.98 MPa which shows a slight 
increase of 1.8 % compared to the control sample.

The compressive strength for a w/c ratio of 0.5 is shown in Fig. 6. 
This graph also shows an upward trend in the majority of the dosage. 
The early strength is the same as the 0.45 w/c ratio with 2 and 8 % 
showing the highest. However, the strength for all percentages is slightly 
lower than the control sample. For 28-day and 56-day the trend of 
strength is similar. A small reduction in 2 % addition can be seen before 
increasing back to 4 %. The improvement of strength at 4 % is because 
the packing (or filling effect) is improved at this percentage compared to 
the earlier and later content of biochar [48]. The strength then continues 
declining at 8 % addition. The highest strength is noted to be on 56 days 
of curing for 6 % dosage with an improvement of 11.78 % compared to 

the control sample. The overall strength of this mixes with 0.5 w/c result 
however is lesser than 0.45 w/c ratio mixes. This occurs because of the 
increase in the w/c ratio which causes the reduction in strength [49].

In Fig. 7, the compressive strength for 0.55 w/c ratio is depicted. The 
overall strength depicts the least values compared to 0.45 w/c and 0.50 
w/c ratio. As aforementioned, this graph also shows a majority of up
ward strength. It can also be noted that the strength for all percentages 
increases from 7 days of curing up to 56 days of curing. Even though all 
values up to 56 days are in increasing trend the results produced are 
slightly lower than the control sample. Also noticed that the early 
strength of 2 % is higher and tends to drop on day 14 before increasing 
back again on the following days. According to a study on the impact of 
admixture on strength, adding more admixture content slows down the 
reaction, increases workability, and decreases compressive strength 
[50]. In conclusion, after comparing all the results for strength and w/c 
ratio, 6 % dosage with 0.45 w/c ratio is observed to be the best result 
even though the enhancement in terms of compressive strength is not 
significant.

3.4. Flexural strength

The flexural strength of 0.45 w/c is presented in Fig. 8. The figures 
show an upward trend in all curing days for all percentages of biochar. 
As for the early strength, all percentages were lower higher than the 
control sample except 4 % dosage with 7.77 MPa. However, as the 
curing days increase, the strength also seems to increase. At 28 days, the 
highest strength was depicted by 6 % with 9.32 MPa compared to the 
control sample with 8.46 MPa. The trend is also similar at 56 days of 
curing. The strength of 6 % depicts the highest strength with 9.60 MPa 
compared to the control sample with 9.17 MPa on 56 days. An incre
ment of 2.3 % is observed. This shows that the biochar added has the 
filler effect which fills in the cement matrix for better packing upon 
adding up to 6 %. Gupta and Kua [19] also stated that biochar causes a 
micro-filler effect because of the smaller particle size inducing the 
micro-filler effect due to its fine particle size distribution. The strength 
starts reducing after adding 6 % which had been explained to be due to 
the formation of air voids and pores during the flexural test upon the 
addition of extra biochar which causes the tensile plane to open up and 
eventually reduces the energy required for crack propagation and the 
flexural load bearing capacity [50]. There is a slight drop in 4 % dosage 
before the strength gains back to 6 % dosage. This could be due to the 
effect of the type of biochar used in this study as the same slight 
reduction had been noticed in compressive strength as well. The 
reduction is observed to be not significant as it is in a very minimal 

Fig. 5. Compressive strength for 0.45 w/c ratio.

Fig. 6. Compressive strength for 0.50 w/c ratio.
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Fig. 7. Compressive strength for 0.55 w/c ratio.

Fig. 8. Flexural strength for 0.45 w/c ratio.

Fig. 9. Flexural strength for 0.50 w/c ratio.
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percentage difference. The overall strength comparing all days, how
ever, shows a reduction after 6 % dosage which shows that 6 % can be 
the optimum percentage of dosage to be added as filler.

The 0.5 w/c ratio for the flexural strength test is shown in Fig. 9. It 
can be seen that the overall early strength for all dosages is also slightly 
lower than the control sample. The strength shows an upward trend on 
28 days of curing. The highest dosage was 6 % (8.25 MPa) followed by 
8 % (8.21 MPa). There was a 0.5 % and 5.5 % increment respectively. 
On 56 days of curing, the highest strength dosage was 6 %. Even though 
6 % tends to record a reduction when compared to the control sample it 
is not a significant decrease as it is only 0.57 %.

The graph of 0.55 w/c ratio for flexural strength is shown in Fig. 10. 
The trend is typically the same with 0.45 w/c and 0.5 w/c with an up
ward trend from 7 days of curing until 56 days of curing for all per
centages. The highest percentage to be noted is 6 % with 8.74 MPa 
compared to the control sample with 7.51 MPa on 56 days. The strength 
was also noted to decrease after the addition of 6 % dosage which shows 
that the strength reduces upon the addition of biochar despite the w/c 
ratio used. The increase in strength for the 0.55w/c ratio is also not 
significant as it is slightly lower than the other w/c ratio. Overall, these 
w/c ratio shows a much lower strength compared to 0.45 and 0.50 w/c. 
This is due to the higher w/c ratio used which causes it to fall in the 
lower range [22]. To sum up, the strength is noted to decrease as the w/c 
ratio increases due to the increase in workability of the mortar which 
causes the reduction in strength. It is also not a significant increase in 
terms of flexural strength but still an optimal 6 % dosage of bamboo 
biochar with a 0.45w/c ratio can be used as filler in cement mortar. A 
higher strength of bamboo biochar is produced at a ratio of 0.45w/c, 
which ensures an efficient balance between cementitious materials and 
water content [51].

3.5. Mortar density and water absorption

The control cement mortar exhibited a density of 2416.5 kg/m³, 
whereas the mortar containing 8 % bamboo biochar had a reduced 
density of 2206.9 kg/m³ as shown in Fig. 11. A clear decreasing trend in 
mortar density was observed with increasing biochar content, attributed 
to the lower density of biochar compared to sand. Consequently, higher 
biochar content results in a lighter mortar; however, the mixes in this 
study do not meet the criteria for classification as lightweight concrete 
(< 1900 kg/m3).

Water absorption in cement mortar incorporating bamboo biochar 
was higher than that of the control mix (6.76 %) as shown in Fig. 11. The 
highest water absorption was observed from the mortar containing 8 % 
biochar (10.21 %). This increase is primarily due to the porous structure 
of biochar, which introduces additional internal surface area and 
capillary pathways, promoting water retention and absorption. The 
enhanced water absorption may contribute to improved hydration 
processes, particularly the formation of calcium silicate hydrate (C-S-H) 

gel, which likely explains the observed improvement in compressive 
strength in biochar-modified mortars. However, it should be noted that, 
at higher biochar content (>6 %) the mortar strength is negatively 
affected due to increase in porosity, reduction in matrix continuity and 
dilution effect.

3.6. Carbon sequestration and cement mortar strengthening

The carbonation depth can be easily assessed using the phenol
phthalein test, which allows for a simple observation of the depth and 
rate of qualitative carbonation. The phenolphthalein solution indicates 
the degree of carbonation by turning the uncarbonated part of the 
mortar bright pink (pH > 12), the semi-carbonated part light pink, and 
the completely carbonated part colourless (pH < 9). The carbonation 
process lowers the pH of the cement mortar, creating a distinct colour 
gradient. As carbonation starts at the surface of the mortar specimens 
and gradually progresses toward the centre of the cubes, the outermost 
layer becomes colourless. As additional calcium carbonates form on the 
surface of the mortar, it becomes more difficult for CO2 to penetrate 
deeper into the material [52,53]. The result in Fig. 12 shows that 
addition of bamboo biochar increased the carbonation depth by about 
53 % from 21.1 % to 32.2 % for the sample without biochar and with 
3 % biochar, respectively after 56 days. The carbonation depth is 
directly proportional to the CO2 sequestration by the mortar sample. The 
result from this work implies that addition of 3 % bamboo biochar 
significantly increases the CO2 sequestration potential of the cement 
mortar. The biochar addition was capped at 3 % for carbonation test, 
since the sample containing 3 % biochar become nearly colourless after 
56 days, indicating that it has reached full carbonation.

The results of the carbonation depth calculations for 28 days and 56 
days demonstrate a clear trend, whereby the carbonation depth in
creases over time for all samples. The greatest carbonation depth was 
achieved from the sample containing higher biochar addition. This is 
consistent with the natural progression of carbonation in cementitious 
materials, where CO₂ continues to penetrate deeper into the material as 
time passes, a well-documented phenomenon in cement-based materials 
[11]. The control sample without biochar addition had no measurable 
carbonation at 28 days, which is common for early carbonation stages, 
while the biochar samples started showing noticeable carbonation 
depths. The sample containing 3 % biochar showed the highest 
carbonation depth (12.47 mm) at 28 days, suggesting that a higher 
biochar content enhances the carbonation process due to its increased 
surface area and ability to absorb CO₂. Biochar has a porous structure 
that provides more surface area for CO₂ to interact with, which accel
erates the carbonation process [7]. Bamboo biochar, in particular, can 
absorb CO₂, making it an effective material for carbon sequestration in 
construction [54]. This ability of biochar to absorb CO₂ contributes to 
the sustainability of cementitious materials by reducing their overall 
carbon footprint [55].

At 56 days, the carbonation depths increased significantly, as shown 
in Fig. 12. The carbonation depth continued to increase over time, with 
control sample (0 % biochar) showing a carbonation depth of 16.2 mm, 
reflecting the continued absorption of CO₂ into the material. This result 
shows that cement on its own contains ample porous structure that 
enable CO2 adsorption to reach with calcium hydroxide to form calcium 
carbonate. However, presence of bamboo biochar enhanced the 
carbonation by having a greater CO2 absorption capacity and faster 
carbonation kinetics. Biochar possesses high porosity and surface area, 
providing more sites for CO2 adsorption. The presence of micropores in 
biochar allows it to store and retain CO2 more effectively, facilitating 
more efficient CO2 diffusion into concrete [29], resulting in a faster 
carbonation process. It can be observed from the carbonation depth, that 
the sample containing 3 % biochar exhibited the highest carbonation 
depth (32.2 mm) at 56 days. The sample containing 1 and 2.1 % of 
biochar showed higher carbonation depth compared to the control 
sample, but ultimately lower than the sample with 3 % biochar. This Fig. 10. Flexural strength for 0.55 w/c ratio.

S.C. Chin et al.                                                                                                                                                                                                                                  Next Materials 9 (2025) 100959 

8 



suggests that 3 % biochar is the most effective in promoting carbonation 
over time, owing to its ability to provide more reactive sites for CO₂ 
absorption, which is similar to the trend observed in other studies 
involving biochar in concrete [20].

The 3 % biochar sample consistently showed the best results in both 
28-day and 56-day carbonation depth measurements, demonstrating 
that higher biochar content enhances the carbonation process. Bamboo 
biochar, in particular, has the potential to absorb significant amounts of 
CO₂, contributing to the carbon sequestration potential of cementitious 
materials [54,56]. This finding is comparable to the work by Mishra 
et al. [29], which emphasized the role of biochar in accelerating 
carbonation and CO₂ sequestration in cement-based materials. Biochar 
not only improves the material’s sustainability by enhancing its CO₂ 
absorption capacity but also contributes to long-term environmental 
benefits through carbon sequestration.

The thermogravimetric analysis can somehow reveal the level of 
carbonation in cement mortar as carbonates loss mass during heating, as 
the CO2 is released. During heating calcium carbonates starts to 
decompose into calcium oxide and carbon dioxide at around 600 ◦C and 
the decomposition is complete at about 750 ◦C [57]. It can be observed 
from the TGA result in Fig. 13 that, the sample with 3 % biochar has a 
greater weight loss compared to the control sample. This indicates a 
significant formation of carbonate in the cement mortar with 3 % bio
char. The result from the thermogravimetric analysis confirmed the 
finding from the phenolphthalein test, which shows a significantly 
higher level of carbonation for the mortar containing 3 % biochar.

In addition to CO₂ sequestration, carbonation enhances both the 
flexural and compressive strength of cement mortar. The strength 
improvement is primarily attributed to the formation of calcium 

carbonate (CaCO₃), which contributes to increased hardness and 
densification of the mortar matrix. During the hydration process, the 
high calcium content in cement leads to the generation of calcium hy
droxide (Ca(OH)₂), which subsequently reacts with CO₂ to form calcium 
carbonate. Furthermore, the incorporation of bamboo biochar increases 
water absorption, as illustrated in Fig. 11, promoting additional cement 
hydration. The increased availability of hydration products, particularly 
Ca(OH)₂, facilitates greater carbonate formation during carbonation. 
This mechanism explains the higher strength gain observed in cement 
mortar containing bamboo biochar following carbonation. Comparison 
was made after 56 days of carbonation between the control sample and 
the sample containing 3 % biochar. In term of flexural strength, the 
sample containing 3 % bamboo biochar has a strength of 8.3 MPa, while 
the control sample (0 % biochar) has 7.6 MPa. This corresponds to about 
9 % increase in flexural strength upon carbonation with presence of 3 % 
biochar. Meanwhile, for compressive strength, the sample containing 
3 % biochar has a strength of 31.4 MPa, while the control sample has the 
strength of 25.4 MPa. The gain in compressive strength is quite 
remarkable at about 24 % after carbonation with presence of 3 % bio
char. The findings suggest that bamboo biochar addition to cementitious 
materials may have a greater potential for CO2 sequestration, while at 
the same time improving cement mortar strength, making it an ideal 
candidate for use in sustainable construction practices.

Fig. 14 showed the tested mortar sample for both the flexural and 
compressive strength. It was observed that the control sample without 
biochar is brighter in colour compared to the ones containing biochar. 
The crack pattern for the mortar containing biochar and control is not 
significantly different, although the former has a greater mechanical 

Fig. 11. Density and water absorption of cement mortar.

Fig. 12. Qualitative CO2 sequestration from phenolphthalein test. Fig. 13. Thermogravimetric analysis of sample containing 0 % biochar (con
trol) and 3 % biochar after 56 days of carbonation.

S.C. Chin et al.                                                                                                                                                                                                                                  Next Materials 9 (2025) 100959 

9 



strength. The crack pattern may differ in other test such as those of 
strengthened concrete beam, but it was not in the scope of this work.

It is important to note that while the addition of bamboo biochar to 
the cement matrix enhances both mechanical strength and CO₂ seques
tration capacity, incorporating more than 3 % bamboo biochar is not 
recommended. Exceeding this limit results in a significant reduction in 
the compressive and flexural strength of the cement mortar.

4. Conclusion

The bamboo biochar used in this study primarily consists of carbon, 
with minor amounts of iron, potassium, and silica, indicating its po
tential as a partially reactive filler. Mortar mixes with a water-to-cement 
(w/c) ratio below 0.45 were found to be too stiff for proper casting, 
while a w/c ratio of 0.55 improved flowability but reduced strength. The 
optimal mechanical performance was achieved at a 0.45 w/c ratio with 
6 % biochar addition, yielding compressive and flexural strengths of 
46.98 MPa and 9.60 MPa, respectively. Strength gains were most pro
nounced after 28 days of curing. The incorporation of bamboo biochar 
enhanced both compressive and flexural strength by approximately 5 % 
and contributed to CO₂ sequestration, as confirmed by phenolphthalein 
tests and thermogravimetric analysis. The highest carbonation level 
occurred with 3 % biochar addition, which further improved compres
sive and flexural strength by up to 24 % and 9 %, respectively. However, 
biochar contents exceeding 3 % negatively impacted mechanical per
formance. These findings highlight the potential of bamboo biochar to 
enhance strength and carbon capture in cementitious materials, sup
porting its use in sustainable construction. Future research should 
investigate the long-term durability and weathering performance of 
bamboo biochar-modified mortars.
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