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ABSTRACT: This study explores how biochar with different
physicochemical properties affects its performance in cementitious
composites and therefore can help to formulate carbon-negative
cementitious composites. Eight types of biochar were produced
using three methods: (I) air exposure for varying durations, (II)
adding K2SiO3 during pyrolysis and exposing to air for different
durations, and (III) incorporating NaOH at different dosages
during pyrolysis. These functionalized biochar samples were added
at 30% by weight of the binder, containing slag cement and
Ordinary Portland Cement (OPC). Biochar exposed to air for 12
weeks captured more atmospheric CO2, which accelerated cement
hydration and improved compressive strength, achieving 26 MPa
after 28 days of sealed curing. The inclusion of K2SiO3 or NaOH
additives during the pyrolysis process enhanced the performance of biochar as concrete additives. Specifically, K2SiO3 improved the
performance by achieving a 33 MPa compressive strength, 44% higher than the biochar produced without any additives. The
addition of NaOH significantly improved workability and cement hydration by acting as an activator. The addition of 0.5% NaOH to
biochar was found to be the optimum dosage, providing a 27% higher compressive strength (29 MPa) compared to the air-exposed
biochar batch. The life cycle assessment revealed that all biochar batches had negative carbon footprints, reducing global warming
potential by 117%−133% compared to the control (mortar batch without biochar).
KEYWORDS: carbon-negative cement, biochar, CO2 sequestration, modified biochar, life cycle assessment

■ INTRODUCTION
Ordinary Portland Cement (OPC) is widely used in various
infrastructural applications due to its superior properties,
including high strength, cost-effectiveness, and reliability.
Globally, its production reaches approximately 4 billion metric
tons annually.1,2 However, its production contributes signifi-
cantly to CO2 emissions due to high energy consumption and
direct release of CO2 during manufacturing. Approximately 0.9
to 1.1 tons of CO2 is released into the atmosphere for every
ton of cement production.3,4 Additionally, the cement industry
heavily depends on natural resources.5 Various stages in the
cement lifecycle, such as raw material extraction, processing,
and transportation, significantly contribute to greenhouse gas
emissions, leading to major environmental concerns.6 There-
fore, there is a crucial need to develop and implement effective
strategies for reducing the carbon footprint of the cement and
concrete industry. A promising approach to mitigate the
growing problem regarding emissions involves the capture and
storage of carbon within cement-based materials. In this
regard, several studies have shown that biochar can serve as an
effective medium for storing carbon in soil.7,8

With the global expansion of urban areas and the
development of new cities, utilizing biochar as an additive in

cementitious materials presents an opportunity to sequester
carbon within the civil infrastructure.9 Biochar is prepared
through the thermal decomposition of organic materials in a
low-oxygen environment. It is a very stable and carbon-rich
material compared to the biomass feedstock it generates from,
making it less likely to release carbon back into the atmosphere
in the form of CO2.10,11 Although the stability of biochar is
largely determined by the feedstock characteristics and the
conditions of the pyrolysis process, the generation of stable
polycyclic aromatic carbon (SPAC) can be effectively achieved
through high-temperature pyrolysis.12 This SPAC remains
stable in biochar over a centennial time scale, thereby ensuring
carbon sequestration in biochar-based composites for several
hundred to thousands of years.12,13 Such long-term carbon
sequestration is not possible to achieve using other wood-
based or bio-based composites, as their degradation leads to
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the release of carbon as carbon dioxide or methane into the
atmosphere.14 Depending on the production process and
feedstock type, biochar can reduce net greenhouse gas
emissions by around 870 kg CO2 eq per ton of dry feedstock,
primarily through the carbon capture and storage capabilities
of biomass.15 Due to this high carbon sequestration capacity,
researchers are now focusing on using biochar in cementitious
materials to achieve carbon neutrality.

Several studies have explored the impact of biochar on the
mechanical and microstructural properties of cementitious
composites. Adding a small dosage of biochar (0.5%−2.5%)
can enhance the mechanical properties of mortar samples,16−18

which is insufficient to achieve carbon neutrality. As a result, it
is also important to assess the effects of a high biochar content
(more than 10%) on the properties of cement-based materials.
However, adding a high dosage of biochar drastically reduces
the mechanical performance of composites due to its high
porosity and water retention capacity.19,20 To address these
challenges, modification of biochar properties emerges as a
crucial strategy to enhance its compatibility with cementitious
materials.21 The majority of studies utilized ground biochar as
a filler material or used different pyrolysis temperatures to
modify the surface properties of biochar. For example, Tan et
al. investigated the effect of pyrolysis temperatures ranging
from 400 °C to 700 °C on the mechanical and microstructural
properties of cementitious composites, incorporating up to
10% biochar as a replacement for OPC.22 Similarly, Chen et al.
also examined the properties of composites after adding
biochar in the cementitious composites (up to 5% by wt. of
binder), which was pyrolyzed at different temperatures (300
°C to 550 °C).23 However, Gupta et al. used biochar-coated
polypropylene fibers to investigate the strength and perme-
ability of mortar samples.24 In these studies, biochar was
mainly used in the cementitious composites in three different
ways: (i) replacement of OPC, (ii) replacement of fine
aggregate, or (iii) addition of biochar (with respect to the
weight of binder) in the cementitious composites. However,
beyond adjusting pyrolysis conditions, recently, researchers
have explored other modification strategies to enhance the
adsorption capacity and surface characteristics of biochar, such
as alkaline treatment, steam treatment, physical activation, and
acidification of biomass feedstocks.25−28 For example, Chen et
al. investigated the influence of seven alkaline additives on the
biomass pyrolysis, revealing significant enhancements in char
formation and surface functionality.29 In addition to chemical
pretreatment, several studies have examined the aging behavior
of biochar under different atmospheric conditions. These
revealed that biochar’s surface chemistry and functional groups
evolve with long-term air exposure, which can influence its
performance.30,31 Most recently, Yan et al. investigated the
combined effect of pyrolysis temperature and alkaline pretreat-

ment of biochar with NaOH to enhance its effectiveness in
sustainable and efficient lead remediation.32 However, to date,
the combined effects of alkaline pretreatment and extended
aging of biochar on the performance of carbon-negative
cementitious composites remain unexplored.

The primary objective of this research work is to investigate
the impact of incorporating eight different types of engineered
biochar on the workability, hydration kinetics, and mechanical
and microstructural properties of carbon-negative cementitious
composites. For this, the biochar batches were divided into
three categories to evaluate: (I) the effect of air exposure
duration on biochar properties, (II) the combined effect of
K2SiO3 dosages under varying air exposure durations, and (III)
the influence of NaOH dosage on biochar properties. Overall,
this paper describes the endeavor to develop a multifunctional
additive for producing carbon-negative cementitious compo-
sites using biochar.

■ MATERIALS AND METHODS
Raw Materials. In this study, slag cement, OPC, river sand, and

biochar were used as raw materials. The chemical composition of slag
cement and OPC was determined through X-ray fluorescence (XRF)
analysis (Table S1). A blended binder was produced by mixing slag
cement and OPC in a 1:1 ratio.

Biochar Production and Processing. Pine particles were used
as feedstock in this work. The proximate and elemental analyses of the
pine particle feedstock are listed in Table S2. Alkaline pretreatment of
the pinewood feedstock was accomplished via dry impregnation,
which was followed by a previously published work.32 This process
involved mixing potassium silicate (K2SiO3) or sodium hydroxide
(NaOH) solutions of varying concentrations with pine particles. The
liquid-to-solid mass ratio of 2.44:1 was optimized based on
preliminary tests. The mixture was stirred continuously for 30 min.
Following this initial mixing period, the feedstock was stirred gently at
regular intervals over the next 2 h, rather than being mixed
continuously. This periodic stirring was carried out to promote
uniform mixing and ensure that the alkaline solution was evenly
distributed throughout the feedstock before pyrolysis. To facilitate
deeper penetration of the K2SiO3 and NaOH solution into the pine
particles, a vacuum process was employed for 10 min. The mixture
was then stored in a dark condition for 24 h, starting from the initial
mixing. Subsequent air drying for 24 h, followed by oven drying at
105 °C for another 24 h, resulted in the preparation of materials with
1 wt % K−2 wt % SiO2 (K to Si ratio 1:2) and NaOH dosage of 0.2,
0.5, 1.0, and 2.0 wt % of pine particles. The dried pine particle
samples were pyrolyzed in a muffle furnace at 450 °C with a heating
rate of 20 °C/min under a nitrogen flow (0.2 SLPM) for 1 h. The
obtained biochar samples were labeled and are listed in Table 1.
According to Table 1, biochar samples were kept in the air for 1 or 12
weeks in a typical laboratory environment with a temperature of
around 70 °F and a humidity of around 60%. These selected time
intervals of 1 and 12 weeks enable us to observe both the short-term
and long-term stages of biochar aging under typical atmospheric
conditions. For example, a previous study found that sludge-derived
biochar aged in air for 30−120 days at different temperatures

Table 1. Modification of Different Biochar Batches

sample ID description of sample air exposure duration carbon content (%) BET surface area (m2/g) average pore diameter (Å)

GB_1wk blank biochar 1 week 77.9 290.03 10.27
GB_12wk blank biochar 12 weeks 77.1 290.03 10.27
K_Si_1wk promoted with 1 wt % K−2 wt % SiO2 1 week 87.2 295.65 11.02
K_Si_12wk promoted with 1 wt % K−2 wt % SiO2 12 weeks 86.4 295.65 11.02
0.2% Na promoted with 0.2 wt % NaOH 12 weeks 79.4 275.16 10.53
0.5% Na promoted with 0.5 wt % NaOH 12 weeks 80.7 273.85 10.95
1% Na promoted with 1 wt % NaOH 12 weeks 83.6 269.53 11.18
2% Na promoted with 2 wt % NaOH 12 weeks 86.3 263.32 11.22
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exhibited a higher cation exchange capacity (CEC), which was
attributed to the enriched surface density of carboxyl groups.33

Generally, fresh biochar has fewer oxygen-containing functional
groups, such as hydroxyl (−OH), carboxyl (−COOH), and carbonyl
(−C�O) on its surface, and it is more hydrophobic. However, when
the fresh biochar is aged in air, oxygen and moisture will penetrate its
porous structure and react with the surface carbon atoms to generate
oxygen-containing functional groups.30 The aged biochar is more
polar and hydrophilic due to the oxygen-containing functional groups.
This can significantly alter its interactions with water and metal
ions.31,34 Carboxyl and hydroxyl groups are acidic and can
deprotonate, creating negatively charged sites on the biochar surface.
This increases the cation exchange capacity (CEC), improving the
biochar’s ability to retain positively charged mineral ions (like Ca2+,
Al3+, Mg2+, K+).35 However, Table 1 also represents the carbon
content, BET surface area, and average pore diameter of different
biochar samples after pyrolysis. As shown in Table S2, the, the pine
feedstock contains approximately 51.3% elemental carbon. When
treated with K2SiO3 or NaOH and then pyrolyzed, the carbon content
of biochar increased up to 12% (Table 1) compared to the untreated
biochar (GB_1wk and GB_12wk). These treatments may increase
char formation and reduce the formation of volatile organic
compounds during pyrolysis, resulting in a higher retention of fixed
carbon.36 Furthermore, the alkali additives may reduce the
decomposition of carbonaceous material into gases and tar, increase
the catalytic effect of pyrolysis, thereby increasing biochar yield and its
fixed-carbon content.37 This enhanced carbon retention is necessary

because it directly improves the biochar’s capacity to sequester carbon
in the cementitious matrix and lowers the global warming potential
(GWP) of the composites. It is important to note that the alkalis were
incorporated into the biomass feedstock prior to pyrolysis at dosages
of 0.2−2 wt % NaOH and 1 wt % K−2 wt % SiO2 relative to the
feedstock mass. During pyrolysis, substantial mass loss occurs due to
the release of volatile compounds. As a result, the actual amount of
alkali retained in the produced biochar differs from the initial amount
of alkali added in the feedstock, and the effective alkali content in the
biochar-modified batches cannot be considered equivalent to the
amount added on a feedstock basis. Determining the precise residual
alkali content after pyrolysis would require a detailed chemical
characterization, which was beyond the scope of this study. We
therefore recognize this as a limitation of the present work and a
valuable direction for future research. For clarity, the dosages and
sample names reported in Table 1 are based on the amounts of alkalis
added to the feedstock before pyrolysis.

Sample Preparation. In this experiment, eight different types of
biochars were used to prepare carbon-negative composites. The
biochar particles were finely ground for 1 h using a ball mill with a
rotational speed of 2520 rpm. The particle size distribution of the
blended binder and different ground biochar batches is given in
Figure 1a,b, and the d50 value is provided in Table S3. Our primary
objective was to produce carbon-negative cementitious composites
using different types of modified biochar; therefore, we aimed to
minimize the content of the OPC due to its high global warming
potential (GWP) value while ensuring that the mechanical properties

Figure 1. (a,b) Particle size distribution. (c) pH measurement of different biochar batches.
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remained acceptable. By blending slag cement and OPC in a 1:1 ratio
based on our previous study,21 we achieved a significant reduction in
GWP without compromising the overall strength of the composites.
30% biochar (by weight of binder) was added to this blended binder
to obtain the carbon-negative batch. As presented in Table S4, the
addition of biochar resulted in a reduction in both the binder (OPC +
Slag) and the fine aggregate content needed to produce 1 m3 mortar.
But the sand-to-binder ratio and the water-to-binder ratio of the
mortar mixes were kept constant. Thus, biochar acts as a partial
binder replacement, as well as a partial replacement for the fine
aggregate in the mixture. The ratio of the fine aggregate-to-binder was
2.75, and the water-to-binder ratio was 0.55. The detailed mix design
and mixing procedure for mortar and paste samples are described in
Table S4 and Section 1, respectively. All samples were removed from
their molds 24 h after casting and kept in sealed curing condition
using plastic wrap for 7 and 28 days.

Test Procedures. The workability of different mortar batches was
evaluated using a flow table test as per ASTM C1437.38 The
workability value was recorded immediately after the mixing process.

The compressive strengths of 50 mm cube mortar samples were
measured as per ASTM C10939 after 7 and 28 days of sealed curing.

An isothermal calorimeter test was carried out to investigate the
hydration kinetics of the paste samples. Around 5 g of dry mixtures
(slag, OPC, and biochar) from each batch were placed into the glass
ampoules, which were then inserted into the calorimeter chamber
(TAM AIR, TA Instruments). The heat flow signals of each chamber
were stabilized after 45 min and then water was injected into the
mixture using syringes, and the heat of the reaction began recording
instantly afterward. The test was carried out at 25 °C for 7 days.

The commercially available TGA 550 TA Instruments was used to
perform thermogravimetric analysis (TGA) of the raw biochar and
the 28 days of sealed cured paste samples in this study. This
instrument was calibrated for a sample size of 10 mg to 100 mg. To
obtain repeatable data, approximately 30 to 40 mg of the sample was
used for this study. A finely pulverized sample was put into a platinum
pan and subjected to an isothermal condition for 3 min at 25 °C. After
that, the temperature was increased to 980 °C at a rate of 15 °C per
minute. N2 was used throughout the process to confirm an inert
environment.

The Fourier transform infrared (FTIR) spectra of raw biochar and
28 day sealed cured paste samples were collected using a Nicolet iS5
FTIR instrument fitted with an attenuated total reflectance (ATR)
accessory. The spectra were recorded over a frequency range of 400−
4000 cm−1 with a resolution of 4 cm−1 and 32 scans per sample.

Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) analysis of various unground biochar samples
and 28 days sealed cured paste samples was done to observe the
interaction between the biochar particles and the addition of Na, K,
and Si (Table 1) using the HITACHI 3000 N SEM. Before taking the
SEM images, the samples were coated with Gold (Au)−platinum
(Pt). The instrument was operated in a high vacuum mode with an
accelerated voltage of 25 kV and a working distance of around 10−15
mm. The same working distance was used to collect the EDS data
point.

Global Warming Potential (GWP). SimaPro software was
utilized to calculate the GWP of mortar mixes with various engineered
biochar, and the analysis was conducted using the TRACI (The Tool
for the Reduction and Assessment of Chemical and Other
Environmental Impacts) method. The emission data for all raw
ingredients, except biochar, including OPC, slag, sand, water, NaOH,
KOH, and SiO2, were obtained from the Ecoinvent 3 database
(Section 2 and Table S5). The carbon content in various engineered
biochar samples was analyzed, ranging from 77% to 87%, as shown in
Table 1. The equivalent CO2 captured in their structure was
calculated based on eq 1, which resulted in a carbon sequestration
capacity of different biochar-containing batches from −3.20 to −2.83
kg CO2 equiv/kg of biochar. However, to calculate the net GWP value
of biochar samples, the biochar production emission should also be
considered. There are two main steps involved in producing biochar:
pretreatment of the feedstock and preparation of the biochar.

Feedstock pretreatment typically involves processes such as drying,
storage, grinding, chipping, or pelletizing,40 whereas the carbon
footprint of biochar production is mainly determined by the energy
sources used to operate the pyrolysis process. For example,
Puettmann et al.41 used three different types of portable systems,
such as the Oregon kiln, biochar solutions incorporated (BSI), and an
air-curtain burner. In the BSI system, different energy sources were
applied depending on the location, including grid electricity for urban
settings and diesel- or gasifier-based generators for near-forest
sites,41,42 while another study utilized natural gas to pyrolyze wood
sawdust.9 Depending on the energy system employed, such as a
gasifier- or diesel-powered generator, CO2 emissions associated with
biochar production were estimated to range from 0.2 to 0.8 kg CO2
equiv/kg of biochar.41 In this study, we considered the production
emission of biochar to be 0.7 kg CO2 equiv/kg of biochar.43 The net
GWP values of different biochar batches were calculated based on eq
2 after considering carbon sequestration capacity, production
emission of different biochar samples, and the addition of NaOH/
KOH + SiO2 in the biochar samples in the samples, which resulted in
a net GWP ranging from −2.39 to −2.13 kg CO2 equiv/kg (Section 2
and Table S6). The CO2 captured by the binder matrix was also
assessed by using TGA and deducted from the total CO2 emissions of
the mortar mixes. Equation 3 is used to calculate the total mortar
GWP in kg of CO2 equiv/m3 of mortar for the control and all biochar-
containing batches. In this equation, first, the CO2 emission from raw
materials, except biochar, was calculated by multiplying the values
from Tables S4 and S5. Second, multiplying Table S4 (kg/m3 of
mortar) by Table S6 (kg CO2 equiv/kg) provided the CO2
sequestration of different biochar samples in mortar (kg CO2
equiv/m3 of mortar), and third, CO2 sequestration in mortar (kg
CO2 equiv/m3 of mortar) is obtained from the TGA�Figure 7. Table
S7 represents the total mortar GWP values of different batches in kg
CO2 equiv/m3 of mortar, obtained from eq 3.

= ×

Carbon sequestration of biochar (kgCO equiv/kg of biochar)
44
12

carbon content (%) in biochar

2

(1)

= +
+

+

Net GWP (kgCO equiv/kg of biochar)

carbon sequestration of biochar production emission of

biochar emission from the addition of NaOH/KOH

SiO

2

2 (2)

= +
+ +

+

Total mortar GWP (kgCO equiv/m )

CO emission from raw material (binder fine

aggregate water) production CO sequestration by

biochar CO sequestration in binder (calculated from

TGA Figure7)

2
3

2

2

2

(3)

■ RESULTS AND DISCUSSION
Raw Biochar Characterization. The pH measurements of

different biochar batches, as illustrated in Figure 1c, indicate
that both GB_12wk and K_Si_12wk batches exhibited pH
values lower than those of their respective 1 week batch. This
reduction in pH is attributed to prolonged exposure to air,
which facilitates increased CO2 adsorption by biochar.9,44 The
dissolved CO2 reacts with water to form carbonic acid
(H2CO3), which decreases the pH. In contrast, the pH values
of the Na-containing biochar batches increased as the Na
dosage increased, demonstrating its alkalinizing effect.

This observed difference can be attributed to the adsorption
of atmospheric CO2 by the biochar over time. Biochar, due to
its high surface area and porosity, is capable of capturing CO2
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from the surrounding environment.9 Since CO2 is captured
primarily by adsorption onto the pore structure, there is no
significant alteration of the biochar’s morphology or its
physical and chemical properties, even when its pores become
saturated with CO2.45,46 This is further supported by the FTIR
results (Figure 2d) and SEM/EDS analysis (Figure 3a), which
showed no significant differences between the GB_1wk and
GB_12wk batches. The GB_12wk batch, which was exposed
to air for 12 weeks, experienced a longer duration for CO2
adsorption, resulting in a higher accumulation of CO2 within
its pores. As shown in Figure 2a, the weight loss after
approximately 300 °C in the GB_1wk batch can be attributed
mainly to the thermal decomposition of biomass,32 assuming
no substantial CO2 adsorption within this time period.
However, greater weight loss was observed in the GB_12wk
batch. Considering that both these batches are expected to
have the same biomass content, the increased weight loss in
the GB_12wk batch is attributed to the release of adsorbed
CO2.9

Mass losses in the range of 550 °C to 900 °C can be
attributed to the decomposition of the carbonate in the
sample.21,47 The biochar decomposition also starts from
around 300 °C.32 Therefore, in Figure 2b,c, mass losses after
700 °C range are especially linked to the decomposition of
K2CO3 and Na2CO3 as well as biomass itself.47,48 In Figure 2b,

the K_Si_12wk batch also exhibited higher weight loss after
550 °C than the K_Si_1wk batch, confirming that extended
exposure to atmospheric air promotes further carbonate
formation. The additional formation of K2CO3 in the
K_Si_12wk batch was further validated through FTIR analysis
(Figure 2d), which revealed an additional peak around 1420
cm−1 after 12 weeks of air exposure�corresponding to the
stretching vibration of the carbonate ion (CO3

2−).
Figure 2c represents the thermal analysis plot of biochar

with varying NaOH dosages. The mass loss after 600 °C was
notably higher for the 2% Na batch than for the other batches.
The 2% Na batch, due to its higher NaOH content, likely
converted to Na2CO3 while being exposed to air for 12 weeks.
Therefore, the increased weight loss can be attributed to the
decomposition of Na2CO3. This observation is also supported
by FTIR and SEM/EDS analysis later in this section, which
further confirms the formation of carbonate compounds in the
Na-containing biochar.

The FTIR spectra of the raw biochar are shown in Figure 2d.
The absorbance bands observed in GB_1wk and GB_12wk,
located around 1160−1170 cm−1, correspond to the stretching
vibrations of the C−O−C bond in undecomposed cellulose.49

Additionally, the band at around 1600 cm−1 is associated with
carbon−carbon (C�C) bonds linked to carboxylic groups,
and the peak at 1693 cm−1 is associated with the stretching of

Figure 2. Thermogravimetric analysis of different raw (unground) biochar batches: (a) effect of biochar exposure to air for different durations, (b)
effect of K2SiO3 dosage in biochar under varying air exposure durations, (c) effect of NaOH dosage in biochar, and (d) FTIR spectra of raw
(unground) biochar.
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Figure 3. High- and low-resolution SEM images and EDS analysis of different raw (unground) biochar batches: (a) effect of biochar exposure to air
for different durations, (b) effect of K2SiO3 dosage in biochar under varying air exposure durations, and (c) effect of NaOH dosage in biochar.
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carbonyl bonds of the conjugated ketone or carboxylic group.50

However, the addition of K2SiO3 in K_Si_1wk biochar led to
the formation of an additional band around 1380 cm−1,
corresponding to the asymmetric stretching of carbonate ions
(−CO3

2−).51 After 12 weeks of exposure to air, the K_Si_12wk
biochar exhibited a new peak at 1420 cm−1 due to the
stretching vibration of CO3

2−, indicating increased carbonation
of the alkali ion (K+) over time.52 Similar observations were
noted in the Na-containing biochar, where the absorbance
band at 1160 cm−1 was gradually overshadowed by the CO3

2−

vibration at 1380 cm−1 and 1420 cm−1 with increasing NaOH
dosage, which was most pronounced in the 2% Na biochar.
These FTIR results helped to differentiate two distinct CO2
uptake mechanisms by the biochar batches. For the ground
biochar (GB) batches, the absence of new carbonate bands or
notable changes in functional groups indicates that the CO2
uptake (observed in TGA analysis) was primarily physical. In
contrast, for the alkali-treated batches, FTIR and TGA results
together substantiated the formation of carbonate due to
chemical reactions with atmospheric CO2.

Figure 3a represents the SEM/EDS analysis of GB_1wk and
GB_12wk batches. No significant changes were observed in
the morphology of biochar particles after keeping them in air
for 12 weeks. The morphology of the biochar surface after
adding K2SiO3 in biochar is shown in Figure 3b. As per the
EDS point analysis, SiO2 agglomeration on the biochar surface
was comparatively higher in the K_Si_12wk batch than in the
1 week batch containing the same K−Si addition. The SEM
images, along with EDS point analysis of biochar batches with
varying Na dosages, are shown in Figure 3c. The SEM and
EDS analyses revealed no significant change in the morphology
of the biochar surface after adding 0.2% and 0.5% NaOH

dosages. However, with the higher NaOH dosages (1% and
2%), needle-shaped structures were observed on the biochar
surface, indicating Na-based compound formations, which
were adsorbed onto the biochar surface.

Effects of Biochar Modification on Workability. Figure
4 represents the workability measurements for the different
biochar batches. The control batch, prepared without biochar,
exhibited the highest flow value of 222.75 mm, which
drastically reduced after the incorporation of biochar. Among
the biochar batches, the 2% Na batch recorded the highest
workability, achieving 78% of the control batch, while the 0.2%
Na batch exhibited the lowest workability. Furthermore, the
K_Si_1wk and K_Si_12wk batches also exhibited significant
reductions in workability of 33% and 29%, respectively,
compared to the control. As shown in Figure 4a, negligible
differences were observed between the GB_1wk and GB_12wk
batches, which yielded workability values of 149.25 and 152.5
mm, respectively. This significant drop in workability is caused
by biochar’s porous structure and angular particle shape, which
increased water retention capacity and hindered cement
particle flow by reducing free water.11 During mortar
preparation, biochar absorbed a portion of the mixing water
by hydrogen bond, which reduced the workability of the
mortar mix.22 However, the workability increased gradually as
the NaOH dosage in biochar was increased. The 2% Na batch
showed a workability 40% higher than that of the 0.2% Na
batch. Na, added with biochar, formed NaOH in the fresh
mortar mix, which worked as an activator for the slag.
Increasing the NaOH dosage enhanced slag dissolution,
producing negatively charged aluminate and silicate ions that
repel each other, thereby improving the initial workability of
the mortar mix.53

Figure 4. (a) Flow diameter and (b−d) compressive strength of different batches: (b) effect of biochar exposure to air for different durations, (c)
effect of K2SiO3 dosage in biochar under varying air exposure durations, and (d) effect of NaOH dosage in biochar.
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Effects of Modified Biochar on the Compressive
Strength of Cementitious Composites. Figure 4b
represents the effect of biochar exposure duration to air on
the compressive strength of the 7 and 28 day sealed cured
mortar samples. The 28 day compressive strength of GB_1wk
and GB_12wk biochar batches was 62% and 70% of the
control batch, respectively. This reduction can be attributed to
the dilution effect as 30% of biochar was added to the mortar
mix. As a result, the overall amount of available binder
decreased for hydration.21 The SEM/ EDS analysis (Figure 5)
revealed the formation of cement hydration products on the
biochar surface, indicating that biochar could serve as an
additional nucleation site for cement hydration.

Figure 4c compares the compressive strength of the
K_Si_1wk and K_Si_12wk biochar batches with the control
batch. The K_Si_1wk batch exhibited the highest compressive
strength among all the biochar-containing batches. Specifically,
its compressive strength was 44% higher than that of the
GB_1wk batch and reached 89% of the control batch’s

strength after 28 days. The superior strength of the K−Si-
containing biochar batch was attributed to the pozzolanic
properties of the added silica, which reacted with calcium
hydroxide to produce calcium silicate hydrate (C−S−H),54 in
addition to the alkali activation effect of K due to the relatively
high pH of this biochar batch as observed in Figure 1. This
contributed to the improved compressive strength at later
stages. For example, the 28 day compressive strength of the
K_Si_1wk batch increased by 65% compared with the 7 day
strength. However, the strength of the K_Si_12wk biochar
batch did not increase significantly after 28 days. This is due to
the higher agglomeration of SiO2 on the biochar surface due to
the long-term exposure to the air, which was observed from the
SEM image of this batch (Figure 5b) and conversion of KOH
to K2CO3 due to the atmospheric carbonation as apparent by
the reduced pH of this biochar batch in Figure 1.

Figure 4d demonstrates the effect of varying the NaOH
dosage in biochar on the compressive strength of mortar
batches. The incorporation of 0.2% Na and 0.5% Na in biochar

Figure 5. High- and low-resolution SEM images and EDS analysis of 28 day sealed cured different paste samples: (a) GB_12wk, (b) K_Si_12wk,
and (C) 2% Na batches.
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enhanced compressive strength by 18% and 27%, respectively,
compared to the ground biochar (GB) batch. In contrast,
higher dosages of NaOH (1% and 2%) resulted in 25% and
17% lower compressive strength, respectively, relative to the
ground biochar (GB) batch. As the NaOH addition in biochar
worked as an activator for the binder, it helped to accelerate
the cement hydration kinetics in the initial stage55 (Figure 6c).
As a result, the 7 day compressive strength was comparatively
higher in all of the Na-containing batches than the ground
biochar batches. However, the reduction in strength after 28
days at higher NaOH dosages can be attributed to increased
capillary porosity within the mortar matrix compared to the

alkali-free system.49 As observed from Figure 4, all of the
biochar-containing batches showed reduced strength com-
pared to the control batch. However, to assess whether such
reductions were statistically significant, the t-test was
performed. The test was performed with a 95% confidence
level and provided the p-values for different batches. In this
analysis, p-values greater than 0.05 indicate that the difference
is not statistically significant, while p-values less than 0.05
indicate that the difference is statistically significant in
compressive strength due to the use of biochar. Table S8
presents the p-values of different biochar batches at both 7 and
28 days of curing conditions compared to the control batch. It

Figure 6. Total heat release and heat flow for the paste samples containing different modified biochar batches: (a) effect of biochar exposure to air
for different durations, (b) effect of K2SiO3 dosage in biochar under varying air exposure durations, and (c) effect of NaOH dosage in biochar.
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is observed that the p-values of the K_Si_1wk, 0.2% Na, and
0.5% Na batches were greater than 0.05, indicating that their
compressive strengths were not statistically different (i.e.,
lower) from those of the control (without biochar). This
corroborates that these three biochar-modified batches
achieved mechanical performance comparable to that of the
control, despite containing 30% biochar. However, all other
batches exhibited p-values of less than 0.05, indicating that the
compressive strength of these batches was drastically reduced
compared to that of the control batch. As a result, it is also
evident from the statistical analysis that the K_Si_1wk, 0.2%
Na, and 0.5% Na batches exhibited significantly higher
compressive strength compared to the other biochar batches.

As observed in Figure 4, the 7 day compressive strength of
different NaOH- and K2SiO3-containing biochar batches was
significantly higher than that of the GB_1wk and GB_12wk
batches. As discussed previously, the addition of NaOH or
K2SiO3 to biochar acted as an activator for the binder, helping
to accelerate the cement hydration kinetics in the initial stage
(Figure 6). As a result, the 7 day compressive strength was
comparatively higher in all the NaOH- or K2SiO3-containing
batches than the ground biochar batches. Table S9 represents
the p-values of different NaOH- and K2SiO3-containing
biochar batches at 7 day curing conditions, which are
compared with the GB_12wk batch. It is evident from Table
S9 that all of the biochar batches, except GB_1wk, exhibited p-

values less than 0.05, indicating that the compressive strength
of the NaOH- and K2SiO3-containing biochar batches
significantly improved after 7 day curing conditions compared
to the GB_12wk batch. The only exception was the GB_1wk
batch (p = 0.23), which did not differ significantly from
GB_12wk, highlighting that unmodified biochar does not
provide significant early strength benefits only by extending the
air exposure duration of biochar.

Effects of Biochar Modification on Cement Hydration
Kinetics. Figure 6a represents the effect of biochar exposure to
air for different durations on the hydration kinetics of the paste
samples. The initial dissolution peak intensity for all of the
biochar-containing batches is higher than that of the control
batch. The heat flow peak for the GB_12wk batch shifted left
compared to the GB_1wk and control batch, indicating a
prominent cement hydration acceleration effect (Figure 6a). As
discussed earlier, a longer duration of exposure to air allows for
more CO2 adsorption by the biochar (Figure 2a). The
incorporation of CO2 is known to accelerate the cement
hydration reaction, leading to a faster heat release56,57 and
resulting in a quicker setting time (Figure 6a).

Figure 6b illustrates the effect of K−Si-modified biochar on
hydration kinetics. The primary hydration peak of the
K_Si_12wk batch, corresponding to the formation of
hydration products, shifted significantly to the left. This
indicates that prolonged exposure of the K_Si_12wk batch to

Figure 7. Thermogravimetric analysis of paste samples after 28 days of sealed curing of different biochar batches: (a) effect of biochar exposure to
air for different durations, (b) effect of K2SiO3 dosage in biochar under varying air exposure durations, (c) effect of NaOH dosage in biochar, and
(d) C−S−H and carbonate content of different biochar batches.
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the air significantly accelerated the initial hydration process.
This is also evident from Figure 6b, which shows that the heat
release from the K_Si_12wk batch was higher initially than the
K_Si_1wk batch. As a result, the dormant period for the
K_Si_12wk batch was reduced significantly compared to the
control and K_Si_1wk batch. Such an acceleration effect of the
12 week air-exposed sample was attributed to the additional
carbonate phase present in this biochar sample (observed from
TGA) in the form of K2CO3. This carbonate phase can
dissolve in mixed water rapidly to form K+ and HCO3

− ions,
both of which can accelerate the cement hydration.

Figure 6c illustrates the impact of varying the NaOH dosage
in biochar on the hydration kinetics of the mortar samples.
Figure 6c shows that the initial hydration peak moved to the
left as the Na dosage increased. This shift indicates an
acceleration effect resulting from the addition of NaOH in
biochar. The presence of NaOH enhanced the dissolution of
binder particles, increasing the availability of silica and alumina
ions in the system.58,59 At a lower NaOH dosage, the hydration
process showed a moderate acceleration in the reaction rates.
However, as the NaOH dosage increased, the dissolution of
the binder components intensified, leading to faster hydration
kinetics. This resulted in a shorter dormant period and
increased the hydration reaction in the acceleration period for
Na-containing batches compared to the control batch.60,61

To summarize, after 7 days, the total heat release of all of the
biochar batches is higher than the control. Ground biochar
provided an additional surface area to nucleate the hydration
products due to its filler effect. This indicates that more
cement underwent hydration in the biochar batches, resulting
in more efficient cement utilization in comparison to the
control.

Effects of Biochar Addition on the Microstructural
Phase Assemblage. Figure 7 illustrates the TGA plots of
different batches after 28 days of sealed curing. Calcium silicate
hydrate (C−S−H) generally shows water loss from 50 °C to
600 °C, whereas carbonates decompose above 550 °C.44,62

The biochar decomposition also starts from around 300 °C.
Therefore, in this study, mass losses from 105 °C to 300 °C
were considered to determine the C−S−H content, thereby
avoiding the influence of evaporable water, biochar,
portlandite, and carbonate phases. The range of 550−900 °C
was used to measure the carbonate content in the paste
samples. The 400 °C to 500 °C range was considered to
calculate the portlandite content (CH),62 and the weight loss
between 105 °C and 600 °C was considered to calculate the
chemically bound water in the paste samples.21 However,
biochar also decomposes in the same temperature range
(Figure 2). Therefore, the calculation of C−S−H, carbonate,
portlandite, and chemically bound water content in paste
samples was revised to consider the weight loss from biochar
decomposition, which was done according to a previously
published work.21 Figure 7d represents the C−S−H and
carbonate contents, and Figure S1 represents the portlandite
(CH) and chemically bound water contents in different
batches after adjusting the biochar decomposition. Detailed
calculations of carbonate, C−S−H, portlandite, and chemically
bound water are provided in Tables S10−S13.

All biochar batches exhibited higher weight loss in the 550−
900 °C range compared to the control batch, indicating higher
carbonate formation (Figure 7d). This is attributed to the
biochar’s exposure to air for 1 or 12 weeks, during which it
adsorbed atmospheric CO2 that subsequently contributed to

different carbonate formations during cement hydration. As
per Figure 7a,b, the weight loss associated with carbonate
decomposition of GB_12wk and K_Si_12wk batches was
higher than that of 1 week batches, highlighting the porous
biochar’s enhanced capacity to sequester CO2 over time and
aiding in higher carbonate formation.9 The carbonate content
also gradually increased with a higher NaOH dosage in
biochar. Notably, the batch with 2% Na exhibited a 46% higher
carbonate content than that of the batch containing 0.2% Na,
demonstrating the influence of Na treatment on carbonate
formation.

Figure 7d shows that the control batch exhibited the highest
mass loss up to 300 °C, indicating a greater presence of
hydrated products such as C−S−H. In contrast, all biochar-
incorporated batches exhibited lower mass loss in this
temperature range, primarily due to the dilution effect caused
by the partial replacement of cementitious materials with
biochar. A similar trend was observed in the chemically bound
water results (Figure S1). The lower bound water content of
biochar-containing samples compared to the control, further
confirms the dilution effect. However, among all the biochar
batches, the K_Si_1wk batch had the highest chemically
bound water and C−S−H content, which is consistent with the
mechanical performance of this batch. Specifically, the
K_Si_1wk batch demonstrated 8% and 18% higher C−S−H
than the K_Si_12wk and 1% Na batches (the lowest strength
batch), respectively, resulting in the highest strength among all
the biochar batches. Notably, there is no significant variation in
C−S−H content between the GB_1wk and GB_12wk batches.
Moreover, it was observed from the FTIR analysis (Figure S2)
that the inclusion of various modified biochars did not alter the
polymerization of the C−S−H gel.

Effects of Engineered Biochar on the Environmental
Impact. As shown in Figure 8, the control mortar batch that

did not contain biochar had a very high carbon footprint of
277.4 kg of CO2 eq/m3 of mortar. All mortar batches had a
biochar dosage of 30% of the binder mass and followed the
same production method with and without additives.
Consequently, the carbon footprint changes in biochar batches
mainly relied on their physical carbon storage capacity and the
CO2 sequestration ability of the binder matrix when combined
with various biochar samples. To calculate the overall GWP
value of mortar samples (Figure 8), total emission from each of
the materials, including biochar, was calculated and then

Figure 8. Global warming potential (GWP) of different biochar-
containing mortar batches.
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summed, which provided negative GWP values for biochar
batches due to their high carbon sequestration capacity.

GB_1wk and GB_12wk biochar had comparable physical
carbon content, ranging from 77% to 78%. Additionally, the
CO2 sequestration related to carbonate formation in the binder
captured 19−20 kg of CO2 per m3 of mortar. Overall, these
batches produced carbon-negative mortar with a GWP ranging
from −58 to −60 kg CO2 eq/m3 of mortar.

Among all the batches, the biochar samples modified with
K2SiO3 exhibited the highest carbon content, ranging from
86.4% to 87.2%. K, Si addition to biochar also facilitated
increasing the binder CO2 sequestration capacity, ranging from
22 to 24 kg/m3. Overall, these mortar batches achieved the
maximum negative carbon footprint, approximately −89.67 to
−90.68 kg of CO2 eq/m3.

In Na-containing biochar batches, as the NaOH dosage
increased from 0.2 to 2 wt % of the biochar feedstock, the
physical carbon content of the biochar rose from 79% to 86%.
The binder CO2 sequestration was higher than the control
batch, ranging from 9−14 kg CO2/m3. These batches also
created carbon-negative mixtures, with a GWP varying
between −49.80 and −71.53 kg CO2 eq/m3.

■ CONCLUSION
This paper presents an investigation on how altering the
biochar properties can enhance its role as concrete additives.
Overall, the effect of the 30% surface-modified biochar
addition on the microstructural and mechanical properties of
the mortar composites was investigated in this study.

The following conclusions can be drawn from this study:

I A longer exposure of biochar to air before using it in
concrete is beneficial. This is because a longer exposure
enables more CO2 binding in the pores of biochar,
which eventually enhances the performance of cementi-
tious composites. Specifically, biochar exposed to air for
12 weeks improved the composite’s 28 day compressive
strength by 15% compared to biochar exposed for just 1
week.

II The K−Si-containing batch (exposed to air for 1 week)
provided 44% higher 28 day compressive strength than
the one containing pure biochar. The benefit of adding
K2SiO3 before pyrolysis is attributed to the pozzolanic
properties of the Si. However, such benefit of
incorporating K−Si during biochar production was
diminished for longer air exposure duration. Specifically,
the K_Si_12wk and GB_12wk batches exhibited similar
compressive strength. The diminished benefit of K−Si
due to the air exposure was attributed to the
agglomeration of SiO2, as observed from the SEM image.

III The workability of biochar-containing mortar batches
improved with increasing Na content in biochar. 0.5%
Na batch (29 MPa) provided the maximum strength
among other Na-containing batches after 28 days. This
was 27% and 11% higher than the GB_1wk and
GB_12wk batches, respectively. Na acted as a slag
cement activator, enhancing the dissolution of raw
materials during early hydration. However, higher Na
addition (1% and 2%) in biochar reduced the strength
significantly after 28 days due to the increased porosity
in the mortar matrix caused by excessive Na. Therefore,
the addition of Na, upto a certain dosage, during the

production of biochar also improved its performance as
concrete additives.

IV The cement hydration was enhanced by incorporating
ground biochar, which offered additional surface area for
the nucleation of cement hydration products. However,
the initial hydration peak of batches containing 12 weeks
air exposed biochar showed more prominent acceler-
ation effect compared to the 1 week batches. This is
attributed to the higher CO2 adsorption of the 12 week
batches, leading to a faster heat release during the initial
stages of hydration.

V All the biochar batches resulted in a negative carbon
footprint, with the K_Si_1wk and K_Si_12wk batches
showing the maximum negative GWP of −90.68 kg CO2
equivalent per m3. The reduction in GWP of the
biochar-containing mortar mixes compared to the
control batch ranged from 117%−133%.

This research demonstrated the use of a higher dosage of
biochar by modifying its surface properties to develop carbon-
negative cementitious composites. Further investigation is
needed as this study focuses on a single feedstock and does not
address long-term durability under varying environmental
conditions. Additionally, the large-scale applicability and long-
term performance should be evaluated by using various
feedstocks and surface modification strategies. However, this
study successfully demonstrates the potential of using high-
dosage surface-modified biochar for producing carbon-negative
cementitious composites, achieving significant CO2 sequestra-
tion and improved mechanical properties. It provides a novel
framework for utilizing biochar as a multifunctional additive,
paving the way for sustainable construction materials.
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