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ABSTRACT

A promising solution to nullify the net embodied greenhouse gas emissions of civil infrastructure is the use of
carbon-negative materials for concrete manufacturing. Carbon-neutral coal ash and agriculture/forestry by-
products, such as biochar, exhibit a high carbon dioxide (CO3) uptake potential. The aim of the study is to
explore the viability of using biochar as a carbon sink and to develop carbon-neutral concrete with improved
performance. Experimental findings suggest that the optimal amount of biochar (1%) slightly improves hydration
and mechanical properties, but the combination with mineral additives significantly enhances the performance.
Thermogravimetric analysis (TGA) revealed that compared to OPC, the addition of 1% biochar contributes to a
42% increase in COy uptake, while the combination of biochar with 10% class C fly ash further increases CO5
capture capacity of the mix by 92%. Under accelerated carbonation conditions, the biochar-enriched mortars
exhibit a 20% higher modulus of elasticity indicating an effectively increased stiffness over the reference
carbonated OPC. The carbonated biochar mortars also exhibit up to 64% increased toughness indices indicating
the material’s great resistance to crack coalescence and propagation at the strain softening stage. Scanning
Electron Microscopy and Energy Dispersive X-ray Spectroscopy (SEM-EDS) results validated our prediction that
the porous morphology of biochar promoted enhanced CO, absorption and in-situ mineralization of calcium
carbonate, resulting in a denser and stronger cement matrix.

1. Introduction

Increased carbon dioxide (CO2) emission is becoming a serious threat
to the environment, wherein cement is one of the top commodities
contributing about 7% of anthropogenic CO, emissions globally, mainly
due to rapid urbanization. Adopting alternative materials in the con-
struction sector to sequester or capture atmospheric CO5 and utilize it in
the development of value-added building components can help address
these sustainability issues. Biochar is a porous byproduct of the biomass
pyrolysis process, which involves the thermochemical conversion of
biomass at temperatures between 450 and 550 °C in the absence of
oxygen [1,2]. Biochar is considered a carbon-negative material, as car-
bon is locked in its structure during preparation. It has the potential to
offset 12% of anthropogenic CO2 emissions by 2050, with estimated
sequestration of 0.3—-2 Gt CO; per year [3]. Properties of biochar depend
on several factors such as type of feedstock, preparation parameters, and
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by-product usage [4]. Biochar has been intensively investigated as a
material for soil amendment, water, and air filtration due to its unique
porosity and water retention ability [5]. As a carbon-sequestering
mineral additive for cement-based materials, biochar is currently
attracting interest in academia and industry [6-10]. If biochar can
replace a fraction of cement in a targeted concrete that will perform as
well as plain concrete, it would be a win-win alternative for lowering
CO, emissions and at the same time developing environment-friendly
carbon-neutral concrete [11]. So far studies have reported that in
biochar-cementitious composites the increase in hydration products
observed has the potential of creating more carbonate mineralization
sites in the cementitious matrix [12]. Some contradicting results have
been reported about the effect of biochar on cement hydration. While
Wang et al. [13] noticed greater heat of hydration after 48 h of curing in
mixtures with 2% biochar indicating a small increase in overall hydra-
tion, other researchers found no effects on cement hydration when using
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Fig. 2. XRD profile of “as received” biochar.

biochar at amounts up to 5% [14]. Biochar’s significant carbon content
was found to have an interesting effect on the mechanical and fracture
characteristics of the biochar cementitious mixes. Restuccia et al. [15]
and Ahmad et al. [16] found that the pyrolyzed biochar micro-particles,
which are characterized by high strength and stiffness due to their sig-
nificant carbon content, increase the crack tortuosity, hence promoting
the toughening mechanism of the cementitious matrix. As a result, the
fracture energy values of biochar enriched cementitious composites are
about 40% higher compared to OPC [17].

Little information is available on combining biochar with mineral
admixtures and their effects on the diffusivity of CO, and carbonate
mineralization. Gupta et al. [18] investigated the effect of biochar on
silica fume mixes and concluded that silica fume, due to its pozzolanic
activity, can offset the reduced strength observed in biochar mortars.
The pozzolanic activity of the additives mainly varies with the change in
composition, particle size, and morphologies. In a recent study by
Akhtar et al. [19], rapid carbonation caused by the addition of biochar to
fly ash blocks resulted in more CO; absorption. Similarly, Gupta et al.
[20] observed that biochar-fly ash composites sequestered 7%-13%
CO,, while reducing water absorption and chemical shrinkage on
carbonation. Drying shrinkage however increased by 39%, owing to the
presence of impurities in the biochar. It should be noted here that while
pozzolanic materials/mineral additives are important resources for
increasing economically the viability of concrete and improving
strength and durability, the diffusivity of CO, and the carbonate
mineralization process in a cementitious matrix enriched with pozzolans
are profoundly influenced, mainly due to the reduction of calcium

hydroxide (CH), which may result in 20-60% reduction in concrete’s
carbon sequestration potential [21-23]. However, the impact of
carbonation was mostly examined in pozzolan enriched cements as a
durability attribute; the effect on CO, uptake capacity has not been
thoroughly investigated.

Given the demonstrated CO; sequestration potential of biochar, it is
envisioned that in a mix with biochar, fly ash and/or nanosilica, the
biochar’s highly porous nature will greatly affect the diffusion kinetics
and uptake of COy; hence a higher rate of carbonate mineralization may
potentially be observed. To the best of the authors’ knowledge, no prior
research has examined the CO; storage capability of concrete, enriched
with pozzolanic and biochar components and its effect on fracture
properties. Therefore, the objective of this study is to systematically
examine the physical and chemical interactions between biochar, fly ash
and/or nanosilica in cementitious mortars, and the enormous prospect
of COy uptake and in situ mineralization process, in an effort to
providing scientific insights into this novel and cleaner approach. Class
C fly ash was chosen for the CO, mineralization pathway due to its high
calcium content [24].

2. Experimental work
2.1. Materials

In this study, paste and mortar specimens were fabricated using Type
I ordinary Portland cement (OPC) 42.5 R and standard sand according to
ASTM C 778-17 [25]. Class C fly ash confirming with ASTM C 618 [26]
and powdered nano silica (NANOSHEL, USA) were used to study the
synergistic effect with biochar. Biochar was obtained from a local
vendor, and it contained more than 90% carbon with bulk density of
0.55 g/cm>. Scanning electron microscopy (SEM) was used to identify
the morphology of the biochar particles. Imaging was conducted at the
potential of 25 kV after coating the biochar specimens with platinum
sputter coater. Energy Dispersive X-ray Spectroscopy (EDS) was also
used for the elemental mapping of biochar. Particle size of biochar varies
between 20 and 250 pm with irregular shapes (shown in Fig. 1), which
could serve as interlocking agents. Additionally, they have a porous
microstructure with surface micropores that range in size from 5 to 10
pm. These pores generally form due to the emission of volatiles and
organic matter during pyrolysis, which can absorb water and act as a
self-curing agent in mortar and concrete [27]. The semi-amorphous
crystal structure of biochar together with the presence of calcite at
29.3 (20) was shown in Fig. 2, using X-ray diffraction. To quantitatively
evaluate the amount of calcite in “as received” biochar and class C fly
ash, thermogravimetric analysis (TGA) was performed. The TGA results
for “as received” biochar and class C fly ash are presented in Figs. 3 and
4, respectively. The amount of calcite was calculated from the weight
loss in the temperature range of 500-900 °C. It was found that the “as
received” biochar and fly ash contain 44% and 0.54% of calcite,
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Fig. 3. TGA curve of “as received” biochar.
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Table 1
Mix compositions.
Mix Cement Biochar Fly ash Nanosilica
(® ® ® ®
1 Cement mortar 960 - - -
(CM)
2 CM + Bl 950.4 9.6 - -
3 CM + B1.5 945.6 14 - -
4 CM + B1+C-FA10 854.4 9.6 96 -
5 CM + B1+NS1 940.8 9.6 - 9.6
respectively.

2.2. Sample preparation

Five different combinations were investigated in the present study
and the mix proportions are shown in Table 1. The water-to-cement and
sand-to-cement ratios were kept at 0.485 and 2.75, respectively for all
mixes. Biochar at amounts of 1% and 1.5 wt% was added to replace
cement. Combinations of biochar-fly ash and biochar-nano silica were
also investigated, where 10 wt% fly ash and 1 wt% nano-silica were
combined with 1 wt% biochar. Carboxylate-based superplasticizer was

used to maintain the workability of all the mortar mixes same as plain
cement mortar. A standard Hobart mixer capable of operating from 140
to 285 rpm was employed. According to the mixing procedure the
cement, biochar, and fly ash or nano-silica were placed in the mixing
bowl and mixed for 30 s at a speed of 140 rpm. The entire quantity of
sand was then added over a 30 s period while mixing at the speed of 140
rpm. Finally, water was added to the mortar mixture and mixed for 90 s
at a speed of 285 rpm. The mixture was cast in 4 x 4 x 16 cm® molds for
the three-point bending tests. Following demolding (at 24 h), the sam-
ples were cured in a moist chamber at controlled temperature and hu-
midity of 23 °C and 95%, respectively till the time of testing. After 3 days
of moist curing, a few samples were moved to a carbonation chamber
with the set condition of 12% CO4 (100% purity) supplied at 15 psi, 23
+ 5°C and 65 + 3% relative humidity for 7 days, which corresponds to
10 days from the time of casting, to assess carbon capture capacity. The
exposure concentration of CO, was selected to mimic the thermal power
plant emission and to ensure the suitability of biochar for carbon capture
in an accelerated environment.

2.3. Testing methods

An isothermal conduction calorimeter was used to measure the heat
of hydration of freshly mixed paste samples. Samples were mixed with
distilled water in a plastic ampoule at a speed of 200 + 10 r/min for 180
s, in accordance with the ASTM C1679 [28]. Thermogravimetric anal-
ysis (TGA) experiments following the ASTM C1872 [29] were conducted
on 7- and 28- day specimens to determine the chemically bound water
and the amount of calcium hydroxide (CH) and calcium carbonate
(CaCOg). For TGA, approximately 50 mg of the paste was cored and
wet-ground with isopropanol to stop the hydration [30]. The weight loss
was monitored throughout the temperature range of 20-900 °C at a
ramp of 15 °C/min, with the fixed flow of nitrogen 50 ml/min as purge
gas during the heating process. The weight loss occurring during the
decomposition of hydrated cement across the temperature range
(105-900 °C) was considered for quantifying combined/bound water
(W) using Eq. (1) [31].

W{; = W(h) + WCH + 041 (ch) (1)

Where W), Wen, and W are the loss of water due to dehydration of
C-S-H/C-A-S-H, ettringite etc (105-400 °C), de-hydroxylation of CH
(400-500 °C) and decarbonation (550-900 °C) respectively. The con-
version factor for the mass loss due to CaCOs to the molecular weight of
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Fig. 5. Experimental setup for the 3-point bending.
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Fig. 6. Heat of hydration (solid lines) and cumulative heat released (dashed lines) curves of biochar-cement pastes.

water in CH is 0.41 in Eq. (1). CH, CaCOs3, and CO; uptake were calcu-
lated using equations (2)-(4) [20,32].

Moo — M
CH(%) =—%_"% » 4.1 x 100 @)
CaCO5(%) Msas =Moo 5 57 100 3)
Msss — M.
CO, uptake (%) = (u) x 100 4)

Where Moo, Msoo, Msas, and Mggo represent the sample masses (g) at
their respective ignition temperatures and M, is the mass of anhydrous
cement heating to 1000 °C and corrected for the loss of ignition of
cement, biochar and Class C fly ash used in the study. The molecular
weight ratios of Ca(OH)2 to Hy0, and CaCOs3 to CO; are 4.1 and 2.27,
respectively.

Three-point bending tests were conducted to assess the flexural
strength and Young’s modulus of non-carbonated and carbonated mor-
tars following the Linear Elastic Fracture Mechanics (LEFM) [33,34].
Notched 4 x 4 x 16 cm® specimens were prepared and tested in
three-point bending at the age of 3, 7 and 28 days (Fig. 5). The prismatic
specimens were cut using a water-cooled band saw with a 13.3 mm
notch and the length of the notch was determined as per the RILEM,
which requires a notch-to-depth ratio of 1/3 [35]. As the feedback
signal, a crack mouth opening displacement (CMOD) extensometer was

employed to create steady crack propagation at a rate of 0.001 mm/min.
The strain softening behavior, which expresses the material’s resistance
to crack propagation when the micro- and macro-cracks coalesce to form
a fracture zone at the post-peak region, was also assessed by evaluating
the size-independent toughness indices, I5 and I, from the load-CMOD
curves following the RILEM TC 162 [36].

The three-point bending specimens were broken into two halves, and
the resulting prisms were tested for compressive strength and Young’s
modulus using ASTM C349-20 [37] and ASTM C109/109 M — 20,
respectively [38]. After the three-point bending test, the halves were
inspected for any cracks that may have formed before the uniaxial
compression test. For the testing, a 500 kN MTS servo-hydraulic,
closed-loop equipment with displacement control was used. A con-
stant velocity of 0.3 mm/s was maintained.

3. Results and discussions
3.1. Effect of biochar on cement hydration

The reactivity of biochar depends on the type of biomass from which
it is derived. Results about the effect of biochar on the rate of cement
hydration are conflicting, reporting occasional acceleration of the hy-
dration rate [13,14]. The isothermal calorimetry results in Fig. 6 present
the effect of biochar addition on cement hydration. The curve shows that
compared to plain OPC paste the addition of 1 wt% biochar to cement
paste marginally increases the heat of hydration; while increasing
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Table 2
Chemically bound water of non-carbonated cement paste calculated from TGA.

Chemically bound water (%)

7 days 28 days
CP 17.89 20.91
CP + Bl 17.77 20.87
CP + B1.5 17.40 21.01
CP + B1 + C-FA10 16.83 21.97
CP + B1 + NS1 18.96 22.99

further the amount of biochar to 1.5 wt% slightly reduces the heat of
hydration, probably due to the insulating effect of the carbon in the
biochar structure. Poppe et al. [39] have also observed that adding high
inert filler content reduces heat development during the hardening stage
of cement. Comparing the cumulative heat released during hydration
also confirmed that the amount of 1 wt% biochar could be safely utilized
in OPC mixtures owing to a similar hydration behavior to that of plain
cement. It is also observed from Fig. 6 that increasing the replacement
level of cement with biochar i.e., 1.5 wt% marginally reduces the cu-
mulative heat released.

The effect of fly ash and nano-silica on the hydration of the biochar
cementitious mixes was also evaluated. From Fig. 7, one can observe
that using the optimal amount of biochar (1 wt%), in combination with
10 wt% fly ash and 1 wt% nano-silica, compared to reference samples
(without biochar) at 40 h of hydration increases the hydration heat by
2.3% and 5.6%, respectively. As expected, the addition of nano-silica to
the biochar-cement mix, compared to OPC, accelerates the cement hy-
dration and significantly increases the heat released. This is attributed to
the synergistic effect of nano silica and biochar, wherein nano-silica acts
as a nucleating site for faster dissolution of cement phases, and biochar
helps in moisture regulation during the hydration process [40,41]. This
conclusion agrees with previous findings suggesting that biochar retains
moisture in its porous structure and regulates the hydration of cement
with the progress of time [42]. However, in our study, it was noticed that
the incorporation of only biochar does not accelerate or delay the
cement hydration kinetics; hence biochar could be used as a green ad-
ditive in concrete. It is also observed from Fig. 7 that the addition of 10
wt% fly ash delayed the hydration reaction in the first 12 h. Due to the
slow reactivity of fly ash particles, dissolution-precipitation process
slows down at early hydration age and causes an extended dormant

period with respect to plain OPC. However, with the progress of hy-
dration time, the cumulative heat released in the FA-biochar mix (CP +
B1+FA10) eventually reached a level comparable to the
nanosilica-biochar mix (CP + B1+NS1), owing to the pozzolanic reac-
tion of fly ash after crystallization of calcium hydroxide. This observa-
tion revealed that the use of fly ash and nano-silica in the biochar-OPC
mix contributes to improving the hydration mechanism. This implies
that the introduction of additional supplementary cementitious material
with biochar might further open the avenue for saving more cement.
Furthermore, to observe the effect of biochar with mineral additives
on the formation of hydration products in 7 and 28 days, chemically
bound water was calculated. Table 2 presents the bound water for OPC-
biochar pastes at 1% and 1.5 wt% replacement levels, and with the
combination of fly ash and nano-silica. The addition of biochar
marginally reduces the bound water, probably due to replacing a small
fraction of cement with an inert filler, producing relatively fewer hy-
dration products. As mentioned earlier adding an optimum amount of
biochar does not accelerate or delay the hydration, thus no remarkable
change should be observed in the amount of bound water. A similar
trend was observed with the addition of fly ash at early hydration age (7
days). The results showed that a reduction of 11% of cement led to a
decrease in hydration products, which subsequently led to a 5.9%
reduction in bound water. On the other hand, the addition of nano-silica
resulted in a significant increase in bound water, as its high surface area
provided additional surface for the precipitation of hydration products.
After 28 days, the amount of chemically bound water of the OPC-
biochar mix increased with hydration time and attained comparable
quantities to the control sample. The mechanism behind this is not well
understood. A hypothesis put forward suggests an internal curing
mechanism contributed by biochar releasing moisture from its micro-
structure and leading to an increased cement hydration process [43].
Moreover, in the fly ash-biochar cement mix, compared to the plain
OPC, bound water increased subsequently by 5.0% indicating the for-
mation of additional hydration products due to pozzolanic reaction at
later age. Similarly, the amount of chemically bound water of the
nanosilica-biochar cement mix (CP + B1+4NS1) significantly increased
over time due to the superior pozzolanic activity of the nanosilica.
From the discussion above it is evident that in the fly ash and
nanosilica biochar-cementitious mix, the mesoporous structure of bio-
char provides sites for the deposition of the additional hydrates formed
due to the pozzolanic reaction and rapid nucleation. This process of
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rapid cement phase dissolution and hydrate precipitation reduces the
inter-particle empty spaces (or inter-connected capillary pores) and
contributes to a more uniform distribution of the hydration products.
Consequently, the combination of biochar and mineral additives has a
synergistic effect in enhancing the hydration mechanism.

3.2. Effect of biochar on the strength of OPC, fly-ash and nanosilica
mortars

The average compressive strength of OPC, fly ash, and nanosilica-
mortars modified with biochar at 3, 7 and 28 days is shown in Fig. 8.
The addition of biochar at an amount of 1 wt% slightly increases the
compressive strength of OPC mortars as it is shown by the 5-7.5% higher
strength values. As explained earlier, biochar does not exhibit any hy-
draulic property, therefore, this enhancement at an early age may be the
result of a filler effect and the fine particle size of the biochar. Increasing
the biochar dosage to 1.5 wt% results in negligible increases of the early
age compressive strength, while with increased hydration time a lower
by 26% compressive strength is observed at 28 days. The results are in
accordance with the literature suggesting that the addition of biochar
concentrations higher than 1 wt% reduces the compressive strength of
OPC mixes, due to the mesoporous structure of biochar [44]. Moreover,
compared to OPC and OPC-biochar mortars, the combination of 1%
biochar with 10% fly ash results in a slightly improved compressive

strength at the 7- and 28- day probably due to the different particle sizes
and shapes of the fly ash and biochar particle, which can offer improved
binary packing in the cementitious matrix that enhances strength.
Alongside, fly ash serves as an effective pozzolanic material enabling the
conversion of CH to C-S-H, which is the primary hydration product
responsible for the strength development of the cementitious materials.
It is also worth mentioning here that the performance of the biochar-fly
ash mix was not compromised even after replacing 11 wt% of cement
with fly ash and biochar. This result highlights the great potential of
carbon-negative waste by-products such as biochar and fly ash
contributing to the manufacturing of carbon-neutral concrete. In
contrast to the biochar-fly ash mortar, the combination of biochar and
nano-silica results in 7-9% higher compressive strength compared to the
OPC and OPC-biochar mortars. This is attributed to the refined micro-
structure of the cement matrix by filling inter-particle spaces with
additional hydration products, as shown in the SEM micrographs in
Fig. 10. Previous studies also revealed that the combined use of bio-
char—fly ash significantly enhances the bond strength and cohesiveness
of solid particles hence increasing the physicomechanical properties of
the composites [45]. Enhanced pore filling by hydration products would
lead to improvement in mechanical strength through the densification of
the cementitious matrix [46].

The flexural strength values of the cement mortars modified using
biochar, fly ash, and nano-silica at the age of 3, 7 and 28 days are
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interface with the biochar particles filled with hydration products. Re-

sults from the SEM micrographs of the specimens’ fractured surfaces,
shown in Fig. 10, revealed carbon-inert microparticles that act as ob-

Table 3
TGA analysis of 7-day carbonated specimens.

Mix Sample CH (%) CaC0s (%) CO; uptake (%) stacles in the crack growth path and deflect around the biochar micro-
1 Cement mortar (CM) 1.78 8.72 3.84 structure filled with hydration products. The inclusion of fly ash or/and
2 CM + B1 1.55 12.41 5.46 nanosilica further densified the microstructure and enhanced the flex-
3 CM + FA10 1.66 13.88 6.11 ural strength compared to the OPC-biochar samples.

4 CM + FA10+B1 1.42 16.78 7.39

presented in Fig. 9. The addition of 1% and 1.5 wt% biochar increases 3.3. Effect of biochar on carbon capture capacity

the flexural strength by 11.5% and 13.4% at 7 d, and 12% and 8.6% at

28 d compared to plain mortar. This is attributed to the improved The carbon capture capacity of mortars with B1, FA10, and a com-

bination of fly ash and biochar (FA10+B1) was investigated. We chose
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Fig. 12. Increase in CO, uptake after 7 days of carbonation.

Table 4
Mechanical properties of 7-day carbonated specimens.

Flexural Strength (MPa) Compressive Strength (MPa)

OPC Mortar (M) 5.39 + 0.55 25.81 +£1.89
M + Bl 5.77 £ 0.43 25.97 +£1.84
M + FA10 5.59 + 0.41 25.14 £ 1.02
M + FA10+B1 5.80 + 0.43 26.03 +£1.83

to use class C fly ash because of its high calcium content, which could
help in the reaction with diffused CO, and the subsequent mineraliza-
tion process. As demonstrated earlier, the presence of nano-silica
resulted in the development of a refined and denser microstructure
due to nucleation and pozzolanic reaction starting from a very early age
of hydration, which could potentially limit the pathways for the diffu-
sion of CO, in the cementitious matrix. Therefore, in this section, the

potential for CO; capture and mineralization in concrete will be studied
using an optimal amount of biochar (1 wt%), only in combination with
fly ash.

The CO, uptake potential of the OPC-biochar mix was evaluated
using TGA on specimens kept in CO chamber for 7 days, after 3 days of
normal curing. CO2 curing of cementitious materials is a diffusion-
controlled reaction that depends on several factors such as the concen-
tration of COg, time of exposure, and moisture gradient [47,48]. A
previous study observed that increasing the water-cement ratio from
0.25 to 0.45 resulted in a constant rise in CO, sequestration from 40 g
CO9/kg to 175 g COo/kg of clinker at a COy concentration of 50%.
Higher CO, diffusion into the cementitious matrix is attributed to
increased porosity due to the availability of a sufficient amount of
moisture for the dissolution of CO2 [49]. Therefore, this study was
carried out on specimens prepared with w/c = 0.485, kept under
accelerated carbonation conditions. Bertos et al. [50] reported that the

18 7d Mortar w/c/s=0.485/1.0/2.75
16 - B Non-carbonated
oy E Carbonated 14.4 14.5
g 147 =
g 12.2 —
2 127 = =
§ 10.1 10.2: =
v 10 - I =
= =
B g =
° =
2 - —
= =
2 =
= Y =
2 =
0 —_— | E
OPC Mortar (M) M+ Bl M+ FA10 M+ FA10 + Bl

Fig. 13. Modulus of Elasticity of 7-day non-carbonated and carbonated OPC and OPC-fly ash mortars modified with 1% biochar.
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Fig. 14. Load-CMOD curves of mortars with biochar and fly ash after 7 days of
carbonation.

continued exposure of specimens to CO, for a long time may affect re-
sults due to the generation of a dense membrane of carbonates around
the interior anhydrous cement and hydration products, hindering
further CO,, diffusion and reaction. Thus, due to the supply of high CO,
concentration (12%) at high pressure of 1 bar, the ingress of CO3 is
recorded at early hydration age, in this study. The mass change curve of
carbonated biochar and the combination of biochar with fly ash ob-
tained from TGA can be seen in Fig. 11, where the mass loss in the range
400 °C-500 °C represents the dehydration of CH and 530 °C-900 °C,
considered for the decomposition of different polymorphs of calcite.
From the TGA curve, it can be seen that the addition of biochar and fly
ash (M + FA10+B1), compared to the other mixes, results in lower

Cement and Concrete Composites 140 (2023) 105078

amounts of CH and increased amounts of calcite due to mineralization. It
is speculated that the availability of the porous pathways provided by
the biochar facilitated the diffusion of CO,, and the abundance of free
Ca?* ions from the class C fly ash accelerated the precipitation of car-
bonates. To validate this mechanism, a quantitative analysis of CaCO3
and CH was conducted and provided in Table 3.

Table 3 illustrates the calculation of the amount of CaCOs3 in mixes
with biochar, fly ash, and the combination of biochar-fly ash. The
amount of total calcium carbonate including three polymorphs arago-
nite, vaterite, and calcite is calculated based on the weight loss in the
temperature range of 530-900 °C due to the decarbonization of all
polymorphs of calcium carbonates. The decarbonation of calcium car-
bonate in the range of 530-650 °C corresponds to the decomposition of
poorly crystalline carbonates (i.e vaterite and aragonite), and in the
range of 650-1000 °C to the decomposition of well crystalline calcite
[51].

Compared to plain OPC (8.72%), the amount of calcium carbonate
was observed 12.41%, 13.88%, and 16.78% in biochar, fly ash, and
combined biochar-fly ash mixes, respectively. The increase in carbonate
mineralization in the biochar mix (B1) is attributed to the mesoporous
volume and pore area of biochar, which expedited the ingress of COz in
the cement matrix; while in fly ash mixes (FA10), carbon mineralization
was significantly higher due to the rapid dissolution of calcium ions from
fly ash during COy curing. Accelerated carbon curing enhanced the
hydration activity and resulted in higher precipitation of CaCO3 which
should also lead to an improved strength [52]. Moreover, when FA10
and B1 are combined in the CM + FA10+B1 mix, the synergistic effect of
fly ash and biochar further enhanced the formation of carbonates.
Interestingly, it is observed that the CO, uptake capacity of the
biochar-fly ash mix is 7.3%, which translates to a 92% increase (shown

5.0 5.0
7d Mortar w/c/s=0.485/1.0/2.75 4.6
LEFM. . —_
Notched 4x4x16 cm =
40 | HE |, L 64% L 4.0
= 1, A
3.0 2.8 - 3.0
. 23 -
= —_
200 T= _15;__+_4_1,%T_ I +41%T 2.0
1.0 - 1.0
0.0 0.0
Mortar (M) M+B1 M+FA10 M+FA10+B1

Fig. 15. Toughness indices Is and I of 7 d carbonated mortars with fly ash and/or biochar.

Fig. 16. Typical fracture surfaces of the carbonated cement composites tested in flexure (a) Plain mortar (b) biochar-enriched cement mortar.
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Fig. 17. SEM images and EDS elemental mapping of (a) carbonated OPC, and (b and c) carbonated biochar enriched OPC-fly ash mortar.

in Fig. 12) when compared with the CM + B1 (42%) and CM + FA10
(59%). It should be noted that the concentrations of calcite included in
the 1 wt% pristine “as received” biochar (0.44%) and 10% class C fly ash
(0.054%), defined by the TGA analysis of the pristine materials in Figs. 3
and 4 respectively, were subtracted from the calculations of CaCO3 (%)
and CO; uptake (%) in 7-day carbonated specimens in Table 3.

The reduction of CH content is obvious in all the mixes due to
carbonation and transformation into CaCOs. This finding implies that
combining biochar with high calcium pozzolan is a novel approach for
sequestering CO2 and permanently storing the formed mineral within
the cementitious matrix. The research into the use of biochar in concrete
production is still in its early stages, and additional research is needed to
fully comprehend its potential and economic viability.

3.4. Effect of biochar on the strength, stiffness and crack propagation
resistance of carbonated biochar — OPC and fly ash mortars

The compressive and flexural strength results of the 7-day carbon-
ated plain cement, fly ash, and biochar-enriched OPC and fly ash mortar
are presented in Table 4. It is observed that under accelerated carbon
curing, the biochar cement mortar exhibits 3-10% higher compressive
and flexural strength compared to the samples without the biochar
addition. This is attributed to the higher CaCOs content in biochar-
enriched mortars, than the plain OPC and fly ash mortars, as revealed
by the TGA analysis results in Table 3. The modulus of elasticity of non-

carbonated and carbonated 7-day OPC and fly ash mortars with 1 wt%
biochar is presented in Fig. 13. All the non-carbonated samples exhibit
almost the same modulus of elasticity ranging from 10.1 GPa to 10.8
GPa. On the other hand, the carbonated biochar and/or fly ash cemen-
titious mortars exhibit 20% higher modulus of elasticity indicating an
effectively increased stiffness over the reference carbonated OPC. This is
attributed to the precipitation of higher CaCO3 content in biochar OPC
and fly ash mortars during carbonation which increases the volume of
the solid phase due to pore filling and crack healing, which leads to the
densification of the matrix [53]. Therefore, higher amounts of elastic
energy can be absorbed by the densified matrix, improving the
carbonated material’s elastic behavior [54].

Load-CMOD curves of the 7-day carbonated mortar and fly ash-
mortar specimens with 1 wt% biochar addition are presented in
Fig. 14. The load-CMOD curves of plain and modified mortars exhibit
similar patterns with a linear elastic stage before peak load and a
nonlinear stage of stable crack propagation up to failure. It is observed
however that the load-CMOD ratio at the linear elastic stage and the
peak load of biochar-enriched fly ash mortars are higher than the OPC
mortar, leading to the observed increases in modulus of elasticity
(Fig. 13). The carbonated fly ash-mortar exhibits a brittle behavior as it
is indicated by the reduced post-peak load-CMOD stage (CMOD at fail-
ure ~0.03 mm) compared to the reference carbonated mortar (CMOD at
failure ~0.08 mm). The brittle behavior of carbonated fly-ash concrete
has been reported previously in the literature [55]. On the other hand,
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the carbonated biochar-cementitious specimens exhibit markedly elon-
gated load-CMOD curves with 150% higher CMOD values at failure
(~0.20 mm) compared to the reference (~0.08 mm) and fly ash-mortar
(~0.03 mm). The results indicate a remarkably increased post-peak
energy absorption capability, thus, improved strain-softening
behavior, despite the high CaCO3 content (Table 3) that has the poten-
tial to increase the embrittlement of concrete and fly ash-concrete [56,
57].

To quantitatively evaluate the carbonated materials’ energy ab-
sorption capability at the post-cracking area the dimensionless tough-
ness indices I5 and I were calculated by dividing the area up to a CMOD
of 3.0 and 5.5 times the CMOD at first-crack (8) by the area up to first
crack, as it is shown in Fig. 15 [58]. The carbonated mortars exhibit 30%
lower toughness indices Is and I; o compared to the values reported in the
literature for non-carbonated materials [59] indicating an improved
inherent brittleness. The toughness index Is of the carbonated fly ash
mortars is even lower while the I;¢ cannot be calculated due to the
limited post-peak load-CMOD stage. This is an indicator of the highly
brittle behavior of the carbonated fly ash-mortar specimens as a result of
the high CaCOs content (Table 3) due to the fly ash addition. The
addition of biochar however greatly increases the post-crack energy
absorption capacity of carbonated cementitious materials. The carbon-
ated biochar-mortar and fly ash mortars exhibit 41% and 64% higher
toughness indices Is and I compared to the reference carbonated OPC
material, respectively (Fig. 15). The increase in the toughness indices of
the carbonated biochar enriched samples; hence their enhanced
post-crack strain energy absorption capacity/strain softening behavior is
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attributed to the angular and fibrillar morphology of biochar that con-
tributes to an effective stress redistribution into the matrix and the
development of more tortuous and articulated crack paths. Typical
fracture surfaces of the notched cement composite samples are pre-
sented in Fig. 16. The fracture surfaces of the plain OPC mortars are
smooth and sharp indicating a typical brittle fracture pattern of
carbonated cementitious materials as compared to the biochar cement
mixes that show a deflected crack growth pattern and much less linear
crack propagation [9,60].

3.4.1. Microstructure development on carbonation

Fig. 17 (a), (b) and (c) illustrate the morphology of carbonated OPC
and biochar-enriched OPC fractured mortar specimens. From Fig. 17 (a),
in carbonated OPC matrix, a crystalline layer over the surface of hy-
drated cement particles is observed, which restricts the identification of
the individual hydration products. To observe the elemental composi-
tion of the surface deposited over hydration products, elemental map-
ping and the EDS spectrum on the SEM images were used. According to
the resulting spectrum, the layer is predominantly consisting of Ca, C, Si
and O components, which indicates the formation of carbonate micro-
crystals in the scattered form around the hydration products.

Hexagonal and cubical-shaped crystals are presented in the SEM
micrograph of the carbonated OPC-biochar sample in Fig. 17 (b). The
observation suggests the precipitation of calcium carbonates together
with the partially carbonated hydration products. The formation of
calcium carbonate as hexagonal plate-like and cubical-shaped crystals in
the carbonated cementitious matrix has also been reported in the
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literature [61,62]. The elemental mapping of several points in the
carbonated OPC-biochar sample are presented in Fig. 17 (b) and (c). The
EDS spectra show that the major elements observed in the carbonated
sample are Ca, O, and C indicating the formation of CaCOs crystals. It is
speculated that biochar provides additional surface for CO5 adsorption
due to its high micro-porous surface area and structure. Upon carbon-
ation, the dissolution of Ca®* ions from the hydration products and CO3~
from the adsorbed CO; leads to the in-situ precipitation of calcium
carbonates onto the biochar surface. It can be seen from Table 4 and
Fig. 15 that this CO, mineralization process results in a very good
enhancement in the resiliency and ductility of the carbonated
biochar-enriched mortars, as indicated by ~ 10% increase in flexural
strength and 40-65% enhancement post-cracking energy absorption
capacity.

4. Conclusions

This study investigated the viability of using biochar in combination
with fly ash and/or nano silica for improving carbon capture and storage
capacity, hydration, strength, and fracture properties of cementitious
systems. Utilizing biochar in a cementitious system provides the op-
portunity to capture additional CO, from the atmosphere and store it in
a thermodynamically stable form of calcite within the cement matrix.
The addition of 1% biochar alone increases CO, uptake by 42%, how-
ever, the combination of 10% class C fly ash enhances the uptake po-
tential to 92%, owing to the availability of additional calcium from class
C fly ash, which promotes carbonate mineralization. The inclusion of
biochar improved the fracture properties of carbonated fly ash-biochar
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mix, as evidenced by a 20% increase in modulus of elasticity
compared to reference carbonated OPC, and a 64% increase in resistance
to crack propagation, as expressed by the toughness index Ijo. The
findings of SEM-EDS confirmed our hypothesis that the porous shape of
biochar facilitates COy absorption and the in-situ mineralization of
calcium carbonate, resulting in a denser and stronger cement matrix.
From the results, we can conclude that combining mineral additives
with biochar offers a feasible and sustainable prospect in offsetting the
net embodied CO4 emissions and developing carbon-neutral concrete
while providing better performance and excellent CO, storage capacity
compared to traditional Portland cement-based concrete.
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