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Novel typology of accelerated carbonation =

curing: using dry and pre-soaked biochar
to tune carbon capture and mechanical
properties of cementitious mortar
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Abstract

One of the challenges of promoting accelerated carbonation curing (ACC) of concrete as a carbon sequestration
strategy is ensuring that carbonation will not deteriorate mechanical strength. This study examined the mechanical
strength, water sorptivity and carbonation efficiency of ten types of mortar containing dry or pre-soaked biochar
subjected to internal and/or external carbonation. The results obtained enabled a typology of ACC to be proposed,
in which the carbon dioxide absorption of mortar containing various types of CO,-dosed biochar ranged between
0.022% and 0.068% per unit dosage hour. In particular, the mortar containing dry biochar dosed with carbon dioxide
was the top candidate for concurrently increasing both compressive strength (54.9 MPa) and carbon dioxide absorp-
tion (0.055% per unit dosage hour). Mortar containing pre-soaked biochar dosed with carbon dioxide was identified
as a strategy that achieved the highest carbonation efficiency (0.068% per unit dosage hour), but it also reduced
compressive strength (45.1 MPa). Collectively, the proposed typology offers a useful overview of the different ways by
which biochar can be used to tune ACC in mortar, according to any technical constraints and/or intended functions
of the carbonated concrete components.

Highlights

+ A typology of accelerated carbonation curing for mortar was proposed

+ Dry and pre-soaked biochar was subjected to internal and/or external carbonation

+ Compressive and flexural strength, water sorptivity, and carbonation efficiency were measured
+ Dry biochar subjected to internal carbonation increased strength and carbonation of mortar
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1 Introduction
In recent years, a relatively simple and effective method
of capturing and sequestering carbon dioxide (CO,) in
concrete by mineralization has been widely discussed
in the literature; this is now known as Accelerated Car-
bonation Curing (ACC), which is a process whereby
cementitious materials are exposed to the injected CO,
that reacts with its unhydrated components (Kashef-
Haghighi et al. 2015), resulting in the conversion of the
absorbed CO, into various forms of stable carbonates
(Rostami et al. 2012). This method is preferred to natu-
ral, or weathering, carbonation because natural diffu-
sion of atmospheric CO, through the pores in concrete
or mortar is very slow (Gupta et al. 2017). In contrast,
ACC accelerates the carbonation rate and increases the
net amount of CO, sequestered (Lim et al. 2019); further-
more, the conditions of the ACC process can be adjusted
in a controlled environment (usually a carbonation
chamber) (Liu and Meng 2021). For ACC to be a com-
mercially viable technology, it is important to understand
the effects of ACC on the mechanical properties and per-
meability of the mortar or concrete (Tan and Sia 2009).
Studies on the use of biochar in concrete are a rela-
tively new field. Many studies have shown how the
hygromechanical properties of concrete/mortar can be
significantly enhanced by incorporating biochar into the
mix (for example, Choi et al. 2012; Ahmad et al. 2015;
Ferro and Restuccia 2016; Gupta and Kua 2017, 2019).
On the other hand, there are currently only a few stud-
ies on the use of biochar to enhance ACC. ACC should
not be seen as a method with a singular goal of capturing
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“Confined carbonation” in biochar
pores forms CaCO,, CSH,,,, and Al-Si
gel (pore-filling). Hydration yields
CSHyign, CH and AFt and Afm. “Late
carbonation” transforms some
CSHyg, into CSH, .

carbon; in this light, these studies provided insights into
how biochar can be used to modify the carbon absorp-
tion capacity and mechanical properties of concrete.
Hence, the aim of this study is to propose a typology of
ACC for cementitious mortar, using biochar as means of
tuning the mortar’s carbon capture and mechanical prop-
erties. The objectives are to quantify and compare the
compressive strength, flexural strength, water sorptiv-
ity and CO, adsorption of various types of cementitious
mortar containing two types of biochar—dry and pre-
soaked biochar—subjected to two different carbonation
methods (internal and external).

2 Literature review
2.1 Contribution of biochar to carbon sequestration
potential of mortar under accelerated carbonation
curing
The CO, adsorption capacities of different types of bio-
char is well documented in the literature. It’s carbon
sequestration capability is dependent on its physical
properties, such as pore volume and specific surface
area (Gupta and Kua 2017; Dissanayake et al. 2020).
Table 1 presents an overview of some of the key stud-
ies on various types of unmodified biochar in room
temperatures of 23-30 °C. As shown in Table 1, under
room temperature, unmodified biochar is capable
of capturing between 0.45 and 1.67 mmol of CO, per
gram of biochar (that is, between 19.8 and 73.5 mg CO,
per gram of biochar). A comprehensive compilation of
the CO, adsorption capacity of modified biochar was
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Table 1 Summary of key studies on the CO, adsorption capacity of unmodified biochar
Feedstock type Pyrolysis Specific surface Total pore Adsorption Maximum CO, References
temperature  area (BET) (m?>g~") volume (cm? temperature absorption capacity
(°C) g °C (mmolg™)
Soybean straw 500 0.04 Not reported 30 1.02 Zhang and Shao
(2016)
Hickory wood 300 0.10 Not reported 25 0.78 Creamer et al. (2014)
Sugar cane bagasse 300 520 Not reported 25 0.88
Sewage sludge 500 10.12 0.022 25 047 Xu et al. (2016)
Pig manure 500 3157 0.044 25 0.53
Wheat straw 500 20.20 0.041 25 0.78
Sawdust 450 8.76 Not reported 30 045 Madzaki and
KarimGhani (2016)
Mixed wood sawdust 300 0.83 0.123 28 1.67 Gupta et al. (2017);
Gupta et al. (2018b)
Processed peanut 500 2.15 0.00655 23 0.86 Gupta et al. (2021)
Mixed wood sawdust 400 126.88 0.104 28 1.30 Gupta (2021)

presented by Dissanayake et al. (2020), which ranges
from 15 to 99 mg CO, per gram of biochar.

The literature on ACC of concrete is also well devel-
oped. For example, Suescum-Morales et al. (2021)
found that the CO, adsorption of concrete mixes con-
taining different proportions of natural and recycled
aggregates was approximately between 24 and 27 kg
CO, per ton of concrete mix, which is approximately
13-14.4% of the mass of cement. Rostami et al. (2012)
reported that the carbonation of cement paste for only
2 h at early stage (18 h from mixing) could sequester
11.50 kg of CO, for every 100 kg of cement (that is,
11.5% of the mass of cement). Shao et al (2014) found
that concrete containing grounded limestone adsorbed
CO, at 17.44% of mass of cement. On the other hand,
adding biochar saturated with CO, (also known as
internal carbonation) into mortar at 2-10% by mass
of cement can only account for additional adsorption
capacity of about 0.2-0.99% of cement mass, which is
negligible (Gupta et al. 2018a, b, c). The true signifi-
cance of biochar to the overall carbon sequestration or
reduction in mortar can be understood by accounting
for the difference in the net life cycle carbon emission
of biochar and the materials it partially replaces in mor-
tar—that is, cement (Muthukrishnan et al. 2019; Gupta
et al. 2020; Gupta and Kua 2020) or sand (Praneeth
et al. 2021; Maljaee et al. 2021). Roberts et al. (2010)
estimated that the average net (life cycle) greenhouse
gas emissions from the biochar system made from
stover and yard waste are—864 and—885 kg CO,-e
emissions per tonne dry feedstock (or, about 300 kg of
biochar), respectively; this implies that replacing 1 kg
of cement with 1 kg of biochar can potentially reduce
the net emission by 3.65 kg CO,-e. That is, the real

carbon-reducing value of using biochar must be appre-
ciated in a life cycle systemic context. Furthermore,
what is more important is the net effect that ACC has
on the mechanical properties of mortar.

2.2 Impact of ACC on mechanical properties of mortar
There are different carbonation pathways in concrete
(Teir et al. 2005). Clinker contains predominantly tri-
calcium silicate (alite, C;S) and the polymorph beta-
dicalcium silicate (belite, p-C,S), which are the most
hydraulically reactive calcium silicate minerals—that is,
they participate actively in the cement hydration pro-
cess. During clinker production, when the product was
cooled at a rate lower than about 500°C min !, some of
the B-C,S can transform into another polymorph known
as gamma-dicalcium silicate (belite, y-C,S). Although
chemical impurities (such as Na,O, P,O;, B,0;, Cr,O4
and K,O) are known to stabilize the B-C,S, if their
respective concentrations fall below approximately 1.2%,
0.3%, 0.3%, 1.0% and 1.5% (Zhao 2012), traces of y-C,S
can still be present in the clinker. Although y-C,S is non-
hydraulic and has no hydration reactivity, C;S, B-C,S,
and y-C,S were found to be almost equally reactive to
carbonation at near room temperatures (Ashraf and
Olek 2016). In the early stage of carbonation, C;S and
B-C,S were involved in the combined action of hydration
and carbonation as follows:

10(3Ca0 - SiO3) + 23CO; + 6H,O )
— 7Ca0.10Si0; - 6H20 + 23CaCOs3 &
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10(2Ca0 - SiOy) + 16CO; 4 3.5H,0
— 4Ca0.10Si0; - 3.5H,0 + 16CaCO; @)

By-products of hydration, such as calcium hydroxide
(CH), calcium silicate hydrate (CSH) and calcium alumi-
nate hydrate (CAH), under further carbonation (Kaliya-
varadhan and Ling 2017):

Ca(OH), + CO; — CaCO3 + H,0 3)

(Ca0),(Si0), (H20), + xCO3 — xCaCO3

+ ¥(Si0).(H20); + (2 — yt) HoO @)
4Ca0.Al;03.13H20 + 4CO2 — 4CaCOs3 + 2A1(OH)3 + 10H20
(5)
The carbonation of CSH binder gel (Eq. (4)) is a com-
plex decalcification—polymerization process in which the
CSH gel is decalcified and the liberated lime (CaO) mol-
ecules can react with the carbonate ions to form CaCO,
(Lagerblad 2005).
On the other hand, non-hydraulic y-C,S carbonates
by a different mechanism that can be summarized as
follows:

COy3 + HO — HyCOg (6)

2Ca0.Si0y + 2H,CO3 — CaCOs3 + SiOy + 2H,0
(7)

That is, CO, first dissolves in water to yield H,CO,
solution, and the latter ionizes into H*, HCO;~ and
CO,*". The leaching of Ca’>" from y-C,S occurs in an
exothermic reaction, with the gel on the surface of the
calcium silicate particles dissolved, releasing Ca** and
SiO~*ions (Wang et al. 2022; Maries 1985).

The CaCO; particles formed are finer than those
of ordinary portland cement and so the presence of
CaCOy results in better packing of particles between
cement and CaCO; (You et al. 2014; Ali et al. 2015). This
densification of the cement matrix accelerates cement
hydration as water retention is improved, which in turn
accelerates concrete hardening and improves early-
age strength of concrete (Matschei et al. 2007; Ali et al.
2015; Cao et al. 2019). Rostami et al. (2012) investigated
the effect of ACC on the compressive strength develop-
ment of plain cement mortar, which was carried out for
18 h from mixing for a duration of 2 h; after 28 days,
they reported an improvement of 30% in compressive
strength compared to control paste that underwent air
curing. However, prolonged exposure to CO, has been
reported to lower the compressive strength of both
cement mortar. For example, Junior et al. (2014) reported
that while carbonation curing for 1 and 2 h resulted in
an improved compressive strength of cement mortar,
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carbonation curing for 2 h and more (up to 12 h) led to
a reduction in compressive strength. The reason is that
despite the increase in CaCO; formed, the excessive
consumption of water in the pores of mortar interrupts
hydration essential for strength development (Papada-
kis 2000). Furthermore, prolonged carbonation can lead
to the decalcification of CH (Eq. 3) or CSH binder gel
(Eq. 4) thus reducing the binding capacity in the cementi-
tious matrix and causing a loss in its structural integrity
(Li et al. 2019, 2017). In summary, these studies indicate
the presence of a “tipping point” in carbon adsorption
over which mechanical properties of the mortar will be
compromised.

Similarly, prolonged exposure to CO, has also been
reported to increase the initial water absorption of plain
cement mortar and biochar-mortar. For example, Gupta
et al. (2021) found that after 28 days, the total water
absorption of both carbonated plain mortar and biochar-
mortar are higher than that of their water-cured counter-
parts and this increase is mainly contributed by higher
initial water sorptivity. Moisture stored in capillary pores
of cement matrix facilitates hydration, which aids in pore
structure refinement through the generation of hydration
products (Gupta et al. 2021); however, ACC results in
water consumption in these fine capillary pores for car-
bonation and this reduces the degree of hydration, which
leads to higher porosity and initial water sorptivity of the
cementitious matrix (Yang and Wang 2021).

The application of biochar to aid ACC is a relatively
new approach. A better understanding of the combined
effects of internal and external carbonation, and internal
hydration, afforded by biochar particles is crucial to eval-
uate the potential of ACC with biochar mortar.

2.3 Internal curing and internal carbonation

A fundamental concept explored in this work is the
internal curing effect of biochar in mortar. When excess
water during mixing is not absorbed by cement mortar,
water is lost through evaporation or concrete bleed-
ing. This results in the formation of capillary pores and
air voids (Kim et al. 2019), thus reducing the mechani-
cal strength and increasing the water sorptivity of cement
mortar (Gupta et al. 2017 and Gupta et al. 2018a). In the
presence of biochar, its pores absorb and retain excess
moisture in the matrix, and the moist pore surfaces act
as nucleation spots that facilitate development of hydra-
tion products (Gupta et al. 2018b). These products fill
the pores and densifies surrounding matrix, contribut-
ing to its strength and water-tightness development. The
internal effect manifests when a humidity gradient occurs
between the water-logged biochar and its surrounding
cementitious matrix, which results in the water desorbing
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from the pores (Gupta and Kua 2018). Hydration prod-
ucts formed from this release of additional moisture from
biochar offsets the empty pore spaces of the cementi-
tious matrix during the hardening phase, resulting in a
more continuous and uniform microstructure (Mrad and
Chehab 2019). Specifically, Gupta and Kua (2018) dis-
covered that the addition of pre-soaked biochar reduced
water accessible porosity by 18-20% and the depth of
water penetration by 55-60%. Significant improvement
in mechanical properties were also observed when pre-
soaked biochar was used compared to addition of dry
biochar in mortar.

The first ever study on the hygromechanical effect of
internal carbonation by biochar was done by Gupta et al.
(2018a). The adsorbed CO, in the biochar pores set off
carbonation in the biochar pores and at the interfacial
transition zone between the biochar and the cemen-
titious matrix, hence degrading the CH and CSH in
these areas. This gave rise to micro-cracks and air voids
that weakened the mortar microstructure. However,
this result would only occur when the magnitude of the
negative effect of the aforementioned air void forma-
tion outstripped the positive effects of hydration prod-
uct formation on strength development. Gupta (2021) is
the first to study the effects of using CO,-saturated bio-
char in mortar mix. He found that cement hydration is
less affected in internally carbonated pastes compared to
external carbonation in 28-day age cement paste samples,
which was shown in 8—10% higher compressive strength.

2.4 Knowledge gaps, novelty and contribution
to knowledge

Most of the works reviewed in this study involved expos-
ing the mortar or concrete samples to CO, dosage only
after pre-carbonation conditioning in which they were
moist cured in-mold. Most studies involving biochar
evaluated the effects of either internal carbonation or
external carbonation on the durability and mechanical
properties of cement mortar. When external and internal
carbonation were compared [for example, Gupta (2021)],
only dry biochar was used. Pre-carbonation condition-
ing delayed the start of the ACC and it is important to
know how much this delay will reduce the overall car-
bon absorption by, compared to if in-mold samples were
dosed with CO, immediately after casting; this was done
in this study. We also investigated the combined effects
of internal and external carbonation on the durability
and mechanical properties of cement mortar, and include
both dry and pre-soaked biochar in the mortar samples.

It is important to look at internal carbonation in car-
bonating dry and pre-soaked biochar for several reasons.
Firstly, CO, that is already present on the carriers—in
our case, biochar particles—before mixing in the mortar
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will initiate carbonation processes mainly represented
by Egs. (1)-(2) (herein termed as “early carbonation”).
Few studies have examined the effects of the interactions
among the products of such “early carbonation’; those
from carbonation that occurs later [herein termed as
“late carbonation” and it is described mainly by Eqgs. (4)—
(5)] and hydration. Secondly, biochar enhances proper-
ties of cementitious materials by modifying the flow and
distribution of free water in the mix to enhance internal
curing in mortar samples (Gupta and Kua 2018). Inter-
nal curing by dry and pre-soaked biochar has different
effects. By mixing CO, with dry and pre-soaked biochar,
we can understand how this different nature of internal
curing, caused by different ways of distributing water
by the dry and pre-soaked biochar, can affect the afore-
mentioned interactions between carbonation and hydra-
tion in biochar mortar. Thirdly, when dry biochar dosed
with CO, is subjected to “early carbonation”, the prod-
ucts are confined in and around the pores, and carbona-
tion is confined (herein called “confined carbonation”).
It is important to understand how the different physical,
chemical and mechanical properties of mortar will be
affected. Finally, it will be important to explore how more
conventional ways of ACC can possibly be augmented
using CO,-dosed dry and pre-soaked biochar, in terms of
compressive strength, flexural strength, water sorptivity,
CaCO; and CH contents, and microstructure develop-
ment. It is hoped that the results can help to provide a
scientific basis for creating a typology of ACC methods,
using biochar as a tuning agent.

3 Materials and methods
3.1 Preparation of dry and pre-soaked biochar;
CO,-dosing of biochar and mortar samples

The biochar used in this study was produced by the
pyrolysis of an assortment of wood from Thailand
(including teak, eucalyptus, mango and durian), at a tem-
perature range from 300 °C to 500 °C. The biochar was
delivered in a coarse form, and it was ground and then
sieved using a 0.5-mm stainless steel mesh screen. The
biochar was found to have a Specific Surface Area (BET)
of 0.066 m”g™!, and Total Pore Volume of 0.050 cm’®g .
Prior to mixing it in the mortar samples, the biochar was
preheated at 200°C at a heating rate of 5 *Cmin~' and
subjected to a residence time of 1 h to remove impuri-
ties such as volatile organic matter that may have been
adsorbed by the biochar during storage. After the
removal from the furnace, the preheated biochar was
covered with a metal tray and allowed to cool and reduce
surface oxidation. The mix and treatment methods for
the various samples are shown in Table 2.

Pre-soaking of biochar was done by soaking 50 g of bio-
char in 200 g of water for a period of 24 h prior to mixing.
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Table 2 Mix compositions and CO, dosage (internal and/or external carbonation) of 10 types of mortar samples
Sample Mix composition Dry biochar Pre-soaked biochar Mortar
names
Cement Sand Water Super- Biochar Internally Notdosed  [nternally Notdosed Externally  Not dosed
. . dosed with CO:
(kg) (kg) (kg) plastici-  (g) dosed withCO2  dosed with CO2
zer (g)
Control
1 2.5 400 4.5 0
Control-
EC
Dry-NC
Dry-IC
Dry-EC
Dry-
1&EC
1 2.45 400 4.5 50
PS-NC
PS-IC
PS-EC
PS-I&EC

A shaded box means that the particular condition is present in the biochar sample

Fig. 1 Experimental setup for dosing a biochar (dry or pre-soaked, which was kept in the white container), and b mortar samples containing
various biochar immediately after they were cast in moulds

This quantity of water will count toward the total amount
needed for the mortar samples so the containers used for
pre-soaking were completely sealed to prevent water loss.
In particular, when pre-soaked biochar was exposed to
CO, dosage in the tank, after 24 h of soaking, its mass
before and after the 14-h dosage period was compared; it
was found that the total water loss was only 1-5% of the
original mass, and this amount of lost water was compen-
sated when the pre-soaked CO,-dosed biochar was put

into the mortar mix. To affect internal carbonation (indi-
cated by “IC” in Table 2), both dry and pre-soaked bio-
char were subjected to CO, dosage. 50 g of each type of
biochar was saturated by passing 99.9% CO, into a sealed
glass tank in which it was kept (Fig. 1a). Investigations by
Pu et al. (2021) and Zhang et al. (2021) established the
efficacy of using low CO, concentrations (that is, ~20%
(200,000 ppm) or lower) as viable options for curing con-
crete at ambient pressures, which are practical for future
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adoption of ACC as an industrial process. An Aeroqual
S500 sensor fit with CO, sensor cartridge was used to
monitor the CO, concentration in the tank; the “saw-
tooth” CO, dosage method used by Gupta et al. (2018a)
was applied in which the internal concentration started
with 5000 ppm (or, 0.5%) and was allowed to gradually to
500 ppm (indoor concentration) before more CO, was
introduced into the tank to bring the concentration back
up to 5000 ppm (this is called refilling) (Fig. 1b). This
method of dosage is easier to manage without the need
for advanced sensor system to keep the internal con-
centration constant throughout the dosage period. Fur-
thermore, it ensures minimal CO, leakage from the tank
because fresh doses of CO, were introduced only after
the additional CO, in the tank was absorbed by the mor-
tar samples. In every 24-h period of “saw-toothed” CO,
dosage, refilling was done for only 7 h, that is, for only 7 h
after the first dosage of CO, was introduced into the tank
(in which the biochar and/or mortar samples were kept),
refilling was done whenever the concentration in the
tank dropped to 500 ppm; from the 7th hour onwards,
the tanks were not refilled and the concentration in the
tanks were allowed to fall to 0 ppm (this was achievable
because the tanks were air-tight).

Externally carbonated (indicated by “EC” in Table 2)
mortar samples were first cast in mold and then imme-
diately put into glass tanks and dosed with CO, using
the same method mentioned above for internal carbona-
tion of dry or pre-soaked biochar for 24 h in the first
day. After this, the tank was opened, the mortar samples
were taken out and demolded, and put back in the tank
for another 24 h of dosing. After 48 h of dosing, all mor-
tar samples, regardless of whether they contained inter-
nally carbonated dry or pre-soaked biochar, were sealed
in re-sealable plastic bags during curing for the following
7 days to control evaporative water loss. From the 8th day
onwards, all plastic bags were opened to allow further
natural carbonation to continue. A summary of the dos-
ing or carbonation procedures for the different types of
samples are shown in Fig. 2.

3.2 Quantifications of carbonation and hydration products
using thermogravimetric analyses (TGA)

We applied the widely used technique of TGA to estimate
the masses of the main carbonation and hydration prod-
ucts. All masses were calculated as percentages of a ref-
erence mass (M), which was either the mortar sample’s
mass or the mass of the anhydrous cement in the mortar.
The mass of CaCO4 was calculated as follows
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(a) Dosed dry/pre- (b) Dosed dry/pre- (C) Biochar mortar
soaked biochar soaked biochar samples dosed
for 24 hours for 24 hours in-mould for 24

i

Biochar mortar

i

Dosage stopped;
samples cured
in sealed bags

¢

Samples cured
in air from 8t

Biochar mortar

day onwards

-

Testing on 28th
day

hours

_,_

samples dosed samples cured in Samples
in-mould for 24 sealed bags for 24 demoulded and
hours hours; after dosed for
_,_ demoulding, they another 24
Samples were further hours
demoulded and cured in the bags _,_
dosed for Dosage stopped;
another 24 Samples cured samples cured
hours in air from gt in sealed bags

Samples cured
in air from 8th
day onwards

Testing on 28t
day

day onwards

¢

Testingon 28t
day

Fig. 2 Duration of CO, dosage (accelerated carbonation curing) for:
a Dry-I&EC and PS-I&EC, b Dry-IC and PS-IC, and ¢ Dry-EC and PS-EC

CaCO3(%) =(M63o — Mgzo — AMcarrection(630—830))
1 100.1

(8)
TGA measured the loss of mass of the samples
between 630 °C (i.e. M¢s,) and 830 °C (i.e. Mg;,) due
to the emission of CO, from the decomposition of the
CaCO;, and the molar mass ratio of CaCOj; to CO,,
%, is the factor used to convert CO, mass loss into
an estimation of the mass of CaCO; present before
decomposition. The results derived from Eq. (7) must
be adjusted for the decrease of total mass due to dis-
integration of biochar mass in the same temperature
ranges. Therefore,

AM )
where Mpjocnar@e3o is the mass of the biochar at 630 °C
and fis the mass fraction of biochar—dry or pre-soaked—
in the mortar sample concerned. The correction term for
other temperature ranges could be calculated similarly.
From the estimated values of CaCOj,, the CO, uptake due
to the different samples can then be calculated as follows:

correction(630—830)=f"-(Mpiochar@630 —MBiochar@830)
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Table 3 Four main types of comparisons done on the results of the ten types of mortar samples
Pre-soaked biochar Dry biochar No biochar
Notdosed Internally-dosed Notdosed Internally-dosed
with CO, (IC) with CO, (IC)
Mortar ~ Not dosed Sample PS-NC PS-IC Dry-NC Dry-IC Control
Comparison type 1 2 1 2
Externally-dosed with CO, (EC) ~ Sample PS-EC PS-I&EC Dry-EC Dry-I&EC Control-EC
Comparison type 3 4 3 4

Absolute CO3 absorption(%) :(CaCOgﬂmple

— Ca COSControl)
44

100.1
(10)

where CozCOgamp  and CaCOS"r! is the CaCOj, content
in the different samples and control, respectively. CO,
absorption effectiveness of samples was calculated as
follows

CO, absorption effectiveness(%)
= (Ca Cogarbonated sample

(11)
. Cacog[on—carbonatedsample) . 44
100.1
Similarly, the CH content can be calculated as
1 741
CH(%) = (M410 - M520 - AMcorrection(lHOfSZO)) . Mi - ——.100

R 18

(12)

where M,;, and M;,, are the mass of the mortar sam-
ple after being heated to 410 °C and 520 °C, respectively,
which signifies the start and the end of the heating phase
in which the CH decomposed, and % is the molar mass
ratio of CH to water, which is the factor that converts
H,O mass loss into an estimation of the mass of CH pre-
sent before decomposition. Finally, the content of total
water in the samples, which is a reflection of the amount

of CSH, AFm and ettringite, could be estimated as

1
H(%) = (M1os — Ma10 — AMcorrection(105-410)) * E~100

(13)

where M,;, and M,y are the mass of the mortar sample

after being heated to 410 °C and 105 °C, respectively, and

it was assumed that by the time the samples were heated

to 105 °C, all forms of water in the mix would have been
evaporated off from the hydration products.

3.3 Mechanical strength and water sorptivity tests
Compressive strength tests were done in adherence to
ASTM C109, on 50 mm-50 mm-50 mm cubes. The
standard specified the loading rate to be within the
range of 0.9 kNs™! to 1.8 kNs™!, Therefore, the test was
run at a compression load of 3000 kN, with a load rate
of 1.40 kNs ™. Nine cubes were tested for each of the ten
sample types. Flexural strength tests were done according
to ASTM C293, whereby samples were cast in the form
of rectangular prisms and were subjected to center-point
loading. The tests were run at a flexural load of 100 kN,
with a load rate of 0.05 kNs™'. Six rectangular prisms
were tested for each of the ten sample types.

ASTM C1403 was used to measure the rate of water
absorption tests for the mortar samples. To dehydrate the
50 mm-50 mm-50 mm cube samples, they were heated
at 110 °C for 24 h. After that, the samples were partially
submerged in a tank filled with 3 mm of water, which was
covered to minimize water loss through evaporation. To
ensure that all surfaces of the samples were uniformly
exposed to moisture, the cubes were placed on stain-
less rods of 3 mm diameter over the entire test period of
seven consecutive days. All samples were spaced 12 mm
apart from one another, and the samples at the further-
most right and left were placed about 25 mm away from
the sides of the tank. Five cube samples were tested for
each of the ten sample types. On the first day of the test,
the masses of the samples were measured at the 15th
minute, first hour, fourth hour and 24th hour. For the
subsequent six days, the masses were measured once
daily. Prior to each weighing, a damp cloth was used to
wipe off the surface water from each sample.

4 Results and analyses

As summarized in Table 3, four types of comparisons
were done among the ten types of mortar samples. For
example, PS-NC and Dry-NC were evaluated in com-
parison 1. The following sections were presented with
respect to these comparisons. Figure 3 shows the TGA
curves of all ten types of mortar, classified into the four
types of comparison outlined in Table 3.
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4.1 Comparison 1—non-carbonated mortar samples
(control, Dry-NC and PS-NC)

In non-carbonated samples, addition of pre-soaked bio-
char led to significant improvement of 14.9% and 10.9%
in 28-day compressive strength (p=0.001<0.05, 95%
confidence level) over control and Dry-NC, respectively
(Fig. 4). This observation is congruent with the earlier
findings by Gupta and Kua (2018). But the difference in
the flexural strengths of the control, PS-NC and Dry-
NC (Fig. 5) was found to be statistically insignificant
(»p=0.210 and 0.374,>0.05). Addition of biochar can
only increase flexural and tensile strengths if the surface
roughness afforded by the biochar particles anchors them
into the surrounding matrix, hence acting as connec-
tion points in the matrix; this not only reduces the rela-
tive displacement between regions in the matrix, but also
reduces the formation and propagation of cracks through
these layers (Kua et al. 2020).

Figure 6 compares the overall water sorptivity, and
Table 4 compares the initial and secondary sorptiv-
ity values, of the three samples; while no statistically
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Table 4 Initial and secondary sorptivity comparisons for all
mortar samples

Mean Secondary

Sample types
Sorptivity (g cm™2)

Mean Initial Sorptivity in
first 24 h (gcm—2)

Control 0.38 0.13
Dry-NC 038 0.12
PS-NC 0.27 0.10
Dry-IC 035 0.14
PS-IC 0.51 0.16
Control-EC 048 0.1
Dry-EC 045 0.12
PS-EC 046 0.10
Dry-I&EC 037 0.14
PS-I&REC 044 0.09

significant difference was found between control and
Dry-NC, PS-NC shows distinctly lower (about 26%)
initial and secondary sorptivity than control. This
result is again consistent with those from Gupta and
Kua (2018). Mortar permeability was mainly deter-
mined by the porosity of cementitious matrix instead
of the aggregates’ (Espinoza-Hijazin and Lopez 2011).
Biochar pores absorbed part of the free water in the
binder gel, resulting in lower water loss from the
matrix around the biochar particles due to evapora-
tion and bleeding, which in turn yielded a more com-
pact pore structure with lower connectivity in the pore
network. This subsequently reduces the “conduits” for
infusion of water into the hardened mortar. Further-
more, the waterlogged biochar particles act “reser-
voirs” that released portion of the absorbed moisture
to the matrix whenever there was a water concentra-
tion gradient between biochar and the surrounding
matrix (Gupta and Kua 2018). This sustained hydra-
tion and resulted in a denser microstructure and this
can be seen in Fig. 7a. Lastly, the biochar particles
acted as filler that reduced the overall permeability of
the mortar matrix (Mrad and Chehab 2019). In sum-
mary, the two main mechanisms by which the pre-
soaked and dry biochar enhanced hydration were the
filler effect and moisture regulation (which balanced
between absorption of free water and realizing the
“reservoir” effect).

The key difference between dry and pre-soaked bio-
char in these two mechanisms was that pre-soaking
enables saturation of the biochar pores before mixing,
and because the total amount of water in the mortar
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Table 5 Contents of products of hydration and carbonation, as calculated from thermogravimetric analytical data

Types of Sample types CaCO; (%), CaCo; (%), H (%), relativeto  CH (%), relative Absolute CO, Carbonation
comparison relative to mass of relative to mass mass of mortar to mass of mortar adsorption (%) effectiveness
mortar samples of anhydrous samples samples (%)
cement
1 Control 0.90 1.40 1.90 538 0.00 0.00
Dry-NC 1.58 245 172 3.61 0.46 0.00
PS-NC 224 347 2.21 4.06 091 0.00
2 Dry-IC 2.85 442 244 4.86 1.33 0.87
PS-IC 3.30 5.12 3.50 7.37 1.64 0.72
3 Control-EC 437 6.77 3.02 587 2.36 2.36
Dry-EC 373 578 336 6.56 1.93 146
PS-EC 3.83 5.94 3.31 6.72 2.00 1.08
4 Dry-I&EC 3.20 4.96 202 392 1.57 1.10
PS-I&EC 521 8.08 522 10.86 294 2.02

Absolute CO, adsorption was calculated with respect to the control (relative to mass of anhydrous cement), whereas carbonation effectiveness was calculated with
respect to corresponding non-carbonated samples (relative to mass of anhydrous cement)

mix was kept unchanged, the free water in the matrix
outside the biochar pores was lower than if the biochar
was dry; this reduced the formation of air voids due to
evaporative water loss and caused the pre-soaked bio-
char to have a better internal curing effect than dry
biochar, thus leading to more compact microstructure
(Gupta and Kua 2018). As a result, the compressive
strength of PS-NC is higher, and its water sorptivity is
lower than control. Two types of sorptivity were exam-
ined—initial sorptivity, which occurred in the first 24 h
(or, second =147) of test due to the suction of fine cap-
illary pores, and secondary sorptivity, which occurred
from day 1 onwards due to absorption of water into
macroscopic pores and air voids. Table 4 shows that
enhanced hydration caused by pre-soaked biochar
effectively reduced the total amount of fine capillary
pores and subsequent macroscopic air voids.

Although Dry-NC was stronger in compression,
its water sorptivity was statistically the same as con-
trol's—this can be attributed to the higher pore tor-
tuosity of Dry-NC. Ahmad et al. (2005) examined the
relationships among porosity, permeability, tortuosity
and water-cement (w/c) ratio; they found that between
w/c ratios of 0.4 and 0.5, the variations in permeabil-
ity of samples with different fine and coarse aggregate
proportions were about 40% but the variations in tor-
tuosity were 62.9%. Higher pore tortuosity is associated
with higher compressive strength of mortar because
it leads to higher surface energy needed for cracks to
propagate through the bulk material.

The ability of pre-soaked biochar to enhance hydra-
tion manifested in the higher combined water, H
(%), content that includes CSH, AFm and ettringite.
Although Dry-NC had higher compressive strength

than control, the former’s H% was found to be close
to the latter’s. However, one couldnt differentiate
between the CSH content of Dry-NC and control from
H% data (Fig. 3a); more studies are therefore needed.
PS-NC and Dry-NC were found to have about 2.49
times and 75.6% more CO, than control, and this can
be attributed to the additional CO, adsorbed on the
surfaces of the biochar from air (for Dry-NC) and both
air and water (for PS-NC). As shown in Table 5 and
Fig. 8, in the absence of ACC, putting pre-soaked bio-
char in cementitious mix can result in reasonably high
natural carbonation rate. This point was further elabo-
rated in Sect. 4.5.

4.2 Comparison 2—mortar containing internally
carbonated biochar (control, Dry-IC and PS-IC)

The reaction products in the mortar depend on the con-
fluence of carbonation and hydration at any point in
time, depending on the specific reactivity of the phases
present and CO, availability (Cizer et al. 2009), and some
of the key by-products are different CSH phases charac-
terized by different Ca/Si ratios that could co-exist (Zajac
et al. 2022a). In particular, post-carbonation hydration
reactions have a pronounced effect on the phase compo-
sition—for example, carbonated systems rich in the CSH
phase with low Ca/Si ratio (CSH,,,,) and silica gel can be
transformed into systems dominated by the CSH with
high Ca/Si ratio (CSHy,p,) during normal cement hydra-
tion (Zhan et al. 2019; Liu et al. 2021; Zajac et al. 2022a).
Increasing Ca/Si ratio has varying effect on the mechani-
cal properties of CSH pastes (Im et al. 2023). As Ca/Si
increases, the density of the CaO layers increases and sili-
cate chains shortens—the former increases the nano- and
micro-mechanical properties (Li et al. 2020; Geng et al.
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2017), whereas the latter decreases the macro-mechani-
cal properties (Abdolhosseini Qomi et al. 2014; Manzano
et al. 2009). Furthermore, higher H,O/Si ratio caused by
higher moisture content in the CSH pastes in the pres-
ence of higher Ca/Si ratios can also hinder the ability of
the solid phase to resist external loading at the macro-
scopic scale (Zajac et al. 2022b).

As shown in Fig. 8a, by confining the CO, within

and around the biochar pores (that is, “confined car-

bonation”), the products of carbonation—namely,

co,
v CSHIOWAVAAI-Si gel

“Carbonation barriers” may be formed,
which restrict the entry of CO,from
exterior and limits movement of CO,

within the matrix

J

p

Dispersal of water film in
matrix, distributing

carbonation products and
remaining CO,

“Early carbonation” occurs in water film.
Remaining CO, triggers “late carbonation”

CSH,,,, alumina-silica gel and CaCO;—were con-
fined in the pores, resulting in pore-filling (Fig. 7b).
In the meantime, enhanced hydration occurred in the
matrix around the biochar through the aforementioned
mechanisms of moisture regulation by the pores. As
shown qualitatively in Fig. 8a, “late carbonation” initi-
ated by any remaining CO, that flowed out of the pores
with the moisture reacted with available CH to yield
CaCOj; and CSH,,,,, (partially converted from CSHyy,).
This localized accumulation of carbonation products
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explained the higher compressive strength of Dry-
IC, compared to control (p=0.001<0.05) (Fig. 4), and
higher H% in Dry-IC compared to control (2.44% com-
pared to 1.90%) (Table 5).

Despite the high H content, Dry-IC’s lower CH con-
tent—4.86% compared to 5.38% (for control)—indicated
that certain degree of decalcification had occurred as a
result of the aforementioned late carbonation (Fig. 3b).
Finally, the lack of significant difference between the flex-
ural strength of Dry-IC and control (p=0.91>0.05) is
consistent with the observations in the last section.

On the contrary, PS-IC was found to have 16.04% sig-
nificantly lower flexural strength (»p=0.02<0.05) and
10.33% lower compressive strength (p=0.01<0.05) than
control; this corresponds to being 21.7% lower in com-
pressive strength (p=0.00<0.05) and 17.23% lower in
flexural strength than Dry-IC (p=0.02 <0.05). This differ-
ence in the mechanical properties of Dry-IC and PS-IC
could be explained using the two variants of internal
carbonation in Figs. 8a and 6b. Pre-soaked biochar in
PS-IC was exposed to CO, when it was water-logged
before it was deployed in the mortar mix, which resulted
in CO, being predominantly dissolved and concentrated
in the water film (Fig. 8b). This initiated “early carbona-
tion” in this water layer within the binder gel. As the
water film dispersed in the mortar matrix, promoted
by the “reservoir effect” (that is, internal curing), any
remaining CO, concentrated in the water could go on
to decalcify any CH and/or CSH that was formed from
hydration enhanced by the water regulation effects and
filler effect of the pre-soaked biochar. The concentra-
tion of decalcified CH and/or CSH in regions with this
CO,-concentrated water, including the interfacial transi-
tion zone (ITZ), created weak zones that facilitated the
formation and growth of microscopic cracks through the
matrix (as shown in both Figs. 7c and 8b).

However, as shown in Fig. 6 and Table 4, there was no
significant difference in overall water sorptivity between
Dry-IC and control (p-value=0.579>0.05), which
implied that while pore-filling (due to “confined carbona-
tion”) and enhanced hydration in Dry-IC contributed sig-
nificantly to its compressive strength, the CaCO, formed
in the biochar pores and the matrix were unable to suf-
ficiently block the ingress of water through the capillary
and macro-pores when the sample was submerged over
extended period of time. One possible reason was that
excess amount of dissolved unreacted CO, on the bio-
char surface caused some of the CaCOj to be turned into
soluble Ca(HCO;),. Another possible reason was pore-
filling resulted in higher tortuosity of the pore network in
Dry-IC compared to that in the control, which increased
the surface energy required for cracks to propagate
through the matrix, but this phenomenon would not
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affect the infiltration of water through the fine capillary
pores within the densely formed hydration and carbona-
tion products over time.

Results on water sorptivity of PS-IC were consistent
with the compressive and flexural strength results—it
was 31.37% more permeable to water than the control
and Dry-IC (Fig. 6); this was mainly due to higher cap-
illary porosity (initial sorptivity) of the PS-IC (34.21%
higher than control and 36.73% higher than Dry-IC),
even though its secondary sorptivity was similar to those
of control and Dry-IC (Table 4).

Finally, the higher CaCO; content of PS-IC (15.79%
higher than that in Dry-IC) indicated higher CO,
absorbed by the pre-soaked biochar. This could be under-
stood from the difference in the production and prepa-
ration process that pre-soaked biochar went through,
compared to dry biochar—after biochar was produced, it
absorbed CO, from the surrounding air; pre-soaked bio-
char was kept in water for additional 24 h and this would
have enabled the water film in the proximity of the bio-
char pores to capture more CO, compared to the amount
that could be adsorbed in the pores in Dry-IC.

Furthermore, the higher CH content (7.37%, compared
to 5.38% in control) and H content (3.50%, compared to
1.90% in control) indicated that any decalcification of
CH and/or CSH had been more than compensated by
the enhanced hydration due to the internal curing effect
afforded by the waterlogged pores.

4.3 Comparison 3—externally carbonated mortar
(control-EC, Dry-EC and PS-EC)
No significant difference was found between the
compressive  strengths of PS-EC and Dry-EC
(p=0.769>0.05). Both were also similar in compressive
strength to control-EC (p=0.30 for Dry-EC, and p=0.25
for PS-EC). However, compared to control, the compres-
sive strength of control-EC was found to be significantly
lower (p-value=0.012<0.05). These results differed from
the results obtained by Rostami et al. (2012), who found
that ACC using external carbonation approach improved
the 28-day compressive strength of cement mortar. The
difference between their study and this study was that
Rostami et al. carried out carbonation curing for only
2 h (after 18 h of air curing). As mentioned above, pro-
longed exposure to CO, could disintegrate the CH and
CSH within the matrix (as indicated in Figs. 8c and 6d),
and excessive carbonation would also convert part of the
CaCO; into water soluble Ca(HCO,),, thus giving rise to
a more porous matrix with lower mechanical strength.
Similar to the trend in compressive strength, no signifi-
cant difference was found between the flexural strengths
of PS-EC and Dry-EC (p=0.311>0.05) (Fig. 5). There
was also no significant difference between PS-EC and
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control-EC (p=0.38>0.05), and between Dry-EC and
control-EC (p=0.23>0.05). These results showed that
when the biochar was not dosed, the properties of the
mortar were determined primarily by external carbona-
tion; however, the lack of difference in the hydration
enhancement effect of the dry and pre-soaked biochar
was counter-intuitive. As described above, setting the
water-cement ratio constant across all sample types
meant that using pre-soaked biochar indirectly reduced
the amount of free water added into the matrix around
the biochar, which reduced the rate of evaporative water
loss; this phenomenon would be less effective when dry
biochar was used. However, as shown in Figs. 8c and 6d,
the layer of “early carbonation” products near the sur-
face of the externally CO,-dosed samples could have
limited evaporative water loss, thus reducing the differ-
ence between the effects of dry biochar and pre-soaked
biochar.

Figure 6 shows consistency with the trend in mechani-
cal strengths—control-EC was significantly more per-
meable than control, and both Dry-EC and PS-EC were
marginally less permeable than control-EC. The perme-
ability of all three samples was determined mainly by
the layer of “early carbonation” products; however, the
aforementioned enhanced hydration due to the pres-
ence of biochar particles developed a denser matrix that
would have restricted the ingress of water and CO, into
the matrix for carbonation, thus resulting in control-EC
having 14.64% and 12.36% higher CaCOj; content than
Dry-EC and PS-EC respectively (Table 5 and Fig. 3c).
Correspondingly, control-EC was able to absorb more
CO, than the other two samples. Enhanced hydration
in the presence biochar also resulted in control-EC to
have significantly lower H and CH contents than Dry-IC
(by 11.26% for H and by 11.69% for CH) and PS-EC (by
9.60% for H and by 14.41% for CH).

4.4 Comparison 4—externally carbonated mortar
containing internally carbonated biochar (control-EC,
Dry-I&EC and PS-1&EC)

4.4.1 Dry-I&EC, Dry-IC and Dry-EC

In general, the properties of Dry-I&EC are intermediate

to those of Dry-EC and Dry-IC, and those of PS-I&EC

are intermediate to those of PS-EC and PS-IC. Specifi-
cally, as shown in Fig. 4, Dry-I&EC was 7.16% higher in
compressive strength than Dry-EC and this difference
was found to be marginally significant (p=0.05); how-
ever, it was statistically similar to Dry-IC (p=0.09>0.05).

In contrast with Dry-IC (Fig. 8a), “early carbonation” in

Dry-EC (Fig. 8c) occurred near the external surface area

of the mortar cubes, and so pore-filling by “early car-

bonation” products was absent in Dry-EC; instead, “late
carbonation” in which the remaining CO, molecules that
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diffused deeper into the matrix decalcified CH and/or
CSH, developed a more porous matrix in Dry-EC. This
explained Dry-EC’s 10.93% significantly lower compres-
sive strength (p=0.00<0.05), and 7.04% significantly
lower in flexural than Dry-IC (p=0.04<0.05). Corre-
spondingly, Dry-EC had 14.04% higher water sorptivity
than Dry-IC.

With respect to flexural strength, all three types of
samples were found to be statistically the same (Fig. 5).
Water sorptivity of Dry-IC, Dry-I&EC and Dry-EC
was found to be 0.49, 0.51 and 0.57 gcm’z, respectively
(Fig. 6) and no significant difference was found among
these values. The initial sorptivity of Dry-I&EC and
Dry-IC was similar, whereas Dry-I&EC was 21.62%
lower than Dry-EC in initial sorptivity but 16.67%
higher in secondary sorptivity.

Absorbing CO, over a larger external surface area
enabled Dry-EC to develop more CaCOg (by 30.88%)
than Dry-IC. It is counterintuitive that even with addi-
tional CO, dosage (that is, internal carbonation fol-
lowed by external carbonation), Dry-I&EC did not
have higher CaCOj; content than Dry-EC; in fact, it
was about 16.56% lower. A likely reason was that exces-
sive CO, that diffused through the layer of near sur-
face “early carbonation” products (Fig. 8c) dissolved in
the free water available within the biochar pores that
already contained dissolved CO, or CaCO; from “early
carbonation” in and around the biochar pores, thus
causing the biochar pores to become locations with
higher acidity that could set off this reaction

CO3(aq) + H20 = H,CO3 = HCO; + H' = CO;™ + 2H*
(14)

Increased CO, availability produced high amount of
carbonic acid (H,CO;) and more free H+ions would be
released into the mortar mix and this creates an imbal-
ance in the above equation. Maintaining chemical equi-
librium necessitates carbonate ions in the mortar mix
reacting with the H* ions to yield soluble bicarbonate
ions. This reaction was expected to have decreased the
CaCOj, content of Dry-I&EC. More studies are needed
to confirm this deduction in the future.

Finally, the lower CH content of Dry-I&EC—27.21%
lower than control and 33.29% compared to control-
EC—was an indication that a substantial amount of the
CO, absorbed in the biochar pores was involved in the
“late carbonation” (Fig. 3d). Together with the addi-
tional CO, from exterior that diffused into the matrix
through the layer of near surface “early carbonation”
products, the total degree of CH decalcification in Dry-
I&E was expected to be higher than Dry-EC. Further-
more, “confined carbonation” in the biochar pores of
Dry-IC used up relatively more water in the pores, thus
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rendering them less effective in their water regulation
function; this could explain the fact that Dry-IC has
37.70% lower H than Dry-EC. This phenomenon does
not contradict the observation that Dry-IC is higher in
mechanical strength because, as shown in Fig. 7c, the
highly dense matrix of Dry-EC could still yield lower
strength values due to the formation and development
of micro-cracks as a result of localized CH or CSH
decalcification from “late carbonation”.

In general, the results provided evidence that the
combined actions of internal carbonation and hydra-
tion have a more dominant effect on the permeability
of the matrix.

4.4.2 PS-I&EC, PS-IC and PS-EC

No significant difference was found between the com-
pressive strength of PS-I&EC and PS-IC (p=0.12>0.05),
and between PS-I&EC and PS-EC (p=0.65>0.05). Simi-
larly, no significant difference was found among the
flexural strengths of all three samples. However, water
sorptivity of PS-I&EC was found to be significantly
lower than that of PS-IC (p=0.01<0.05), even though
there was no significant difference found between that
of PS-EC and PS-I&EC (p=0.55>0.05). Table 5 shows
that the CaCO; content of PS-I&EC was the highest
among the three samples, which was opposite to the
situation with Dry-I&EC. The reason was that, as illus-
trated in Fig. 8d, “early carbonation” occurred mainly
in the water film and dispersed water around the bio-
char particles. As a result of such dispersion, the local-
ized acidity level would be lower than in the biochar
pores of Dry-I&EC, thus reducing the conversion of the
CO,*" ions into HCO,™ ions. Moreover, this dispersion
of CO,-concentrated water from the pre-soaked biochar
into the surrounding matrix, as part of the internal cur-
ing process, was expected to increase the rate of carbona-
tion, thus increasing the CaCOj, content of the areas it
reached. However, this deduction necessitates further
investigation in future studies.

Overall, as shown in Figs. 4, 5 and 6, PS-IC has the low-
est compressive and flexural strength, and the highest
water sorptivity. Specifically, the compressive strength
of PS-IC was 7.10% lower (p=0.02<0.05) and flexural
strength 16.23% lower than that of PS-EC (p =0.03 <0.05),
despite having 5.74% higher H and 9.68% higher CH than
PS-EC; water sorptivity of PS-IC was 19.64% higher than
that of PS-EC, which corresponded to the trend in the
mechanical strength. This difference could be attributed
to the formation of “early carbonation” products and
decalcification in various concentrated spots, includ-
ing around the ITZ. In contrast, external carbonation of
PS-EC resulted in carbonation that was more widely dis-
tributed throughout the matrix (Fig. 8d), which avoided
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or reduced the formation of concentrated weak spots.
More uniform carbonation (early and late) across larger
volume of materials also caused PS-EC to have higher
CaCO; content than PS-IC. The layer of near surface
“early carbonation” products in PS-EC limits CO, diffu-
sion so the said increased carbonation was due mostly to
“late carbonation” where CH and/or CSH were decalci-
fied to yield CaCOs, hence leading to lower CH in PS-EC.
On the other hand, “early carbonation” in PS-IC was
higher (Fig. 8b) and coupled with enhanced hydration by
the pre-soaked biochar, its CH content was higher than
that found in PS-EC.

In contrast with Dry-I&EC, PS-I&EC has the high-
est CH content of all sample types in this study. Other
than having a high degree of internal curing by the pre-
soaked biochar in the PS-I&EC that led to enhanced
hydration, there could be another reason. With refer-
ence to Fig. 8¢, when CO,-rich water around the pre-
soaked CO,-dosed biochar dispersed and initiated
“early carbonation” in the proximity and if these loca-
tions coincided with “early carbonation” sites near the
mortar surface, “carbonation barriers” would be formed
that restricted the entry of CO, from exterior, and/or
limited the spreading of this CO, within the matrix.
This would have the effect of limiting “late carbonation’,
thus resulting in less CH and CSH decalcification com-
pared to PS-IC and PS-EC.

4.5 Typology of ACC—comparison of absolute carbon
dioxide absorption and carbonation effectiveness
per CO, dosage duration

As shown in Fig. 9a and b, two types of typologies were
proposed for biochar mortar, using two types of CO,
absorption measurement (equations). It is worth men-
tioning that because carbonation effectiveness measures
the additional CO, absorption due to carbonation for
every sample type by comparing between the carbonated
and the non-carbonated samples (for example, compar-
ing Dry-IC with Dry-NC, and comparing PS-EC with
PS-NC). A lower carbonation effectiveness does not
mean worse carbon sequestration capability, because
this might be caused by a relatively high CO, absorption
capability of the non-carbonated samples, which may be
caused by the presence of biochar (dry or pre-soaked).
Both these CO, absorption measurement qualities were
normalized to the carbonation duration (in hours) to
which the respective samples were subjected; in other
words, we also measured carbonation efficiency, which
is defined as carbonation effectiveness per carbonation
duration.

The four quadrants in Fig. 9 were defined in relative
terms—the levels of strength (high or low) were defined
with respect to the strength of the control, and the levels
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Fig. 9 Typology of Accelerated Carbonation Curing, using different
types of biochar as tuning agent. a represents the absolute CO,
absorption per unit dosage duration of each CO,-dosed sample
relative to control, whereas (b) represents the increase in CO,
absorption (%) of each sample relative to the non-carbonated version
of itself (that is, carbonation effectiveness) per unit carbonation
duration. Data from this study (Ill), Gupta (2021; @) and Gupta

et al. (2021; 4) were compared. Four general typologies were
identified: “low strength, low carbonation” (LS, LC), “high strength, low
carbonation” (HS, LC), “low strength, high carbonation” (LS, HC), and
"high strength, high carbonation” (HS, HC)

of carbonation (high or low) can be defined according to
any set target. In Fig. 9, 0.03%/hour was used as an arbi-
trary target and any values higher than it was considered
higher carbonation and vice versa. In Fig. 9a, it is evident
that Dry-IC could increase both compressive strength
and carbonation efficiency with respect to the control
and the carbonation target (0.03%/hour); this implies
that internally carbonated dry biochar was the most effi-
cient way to augment ACC in cementitious mortar. This
conclusion was also supported by the results obtained
by Gupta (2021) in Fig. 9b. Samples containing carbon-
ated pre-soaked biochar (PS-EC, PS-IC and PS-I&EC)
were able to increase carbonation but at the expense of
compressive strength (they are in the “low strength, high
carbonation” quadrant). However , PS-EC was grouped
under the “low strength, low carbonation” quadrant in
Fig. 9b, due to relatively high CO, absorption in PS-NC
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(0.91% of the anhydrous cement mass, as shown in
Table 5).

These results imply that if the aim is to increase car-
bonation to the maximum possible, and high compressive
strength is not necessary (for example used in non-load
bearing wall of less than 40 MPa in buildings), then using
internally carbonated pre-soaked biochar is the preferred
approach. The significance of these conclusions for Dry-
IC and PS-IC is that carbonating dry and pre-soaked bio-
char is technically easier to implement on commercial
scale than carbonating cast concrete components that are
larger; therefore, this implies that Dry-IC and/or PS-IC
might be considered as an alternative to the conventional
method of ACC (using the equivalent of control-EC).

A combination of external and internal carbonation
(Dry-EC and Dry-I&EC) could increase compressive
strength but they drastically decreased carbonation. In
particular, Dry (1%)-EC and Dry (3%)-EC from Gupta
et al. (2021) were found to reside in the “low strength,
low carbonation” quadrant because of the long carbona-
tion period (28 days). The small difference between the
carbonation effectiveness of Dry (1%)-EC and Dry (3%)-
EC (in Fig. 9b) showed that when carbonation is external,
increasing the quantity of biochar in the mortar mix will
not produce substantial increase in carbonation.

Finally, the widely differing positions of control-EC in Fig. 9
underlined the fact that carbonation efficiency of this more
conventional way of ACC can differ substantially according
to a host of factors—for example, total carbonation duration,
CO, concentration during carbonation, and the presence
of pre-carbonation treatment. Specifically, the control-EC
in this study was exposed to carbonation right after casting
when the samples were in the mold, and this early exposure
(thus absence of pre-carbonation treatment) was expected to
have increased the total amount of CO, sequestered.

5 Conclusions

This study set off to quantify and compare the compres-
sive strength, flexural strength, water sorptivity and
absolute CO, adsorption efficiency of cementitious mor-
tar containing dry and pre-soaked biochar subjected to
internal and/or external carbonation. By examining pat-
terns in these qualities and collating recent results from
the literature, we understood how these different types
of biochar can augment ACC. It was found that Dry-IC
increased both the compressive strength and carbonation
efficiency of ACC. This increase in strength could pri-
marily be explained by five interrelated qualitative mod-
els of combined carbonation-hydration in biochar mortar
(Fig. 8); specifically, “early carbonation” and “confined
carbonation” within the pores of the dry biochar caused
pore-filling and subsequent reduction in mortar perme-
ability. However, if further increase in carbonation is
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required with certain tolerance for reduction in compres-
sive strength, then PS-IC could be used instead. These
two methods are easier to implement than the conven-
tional ACC (that is, control-EC).

The quantity of biochar, size of mortar samples and size
of dosing tanks used in this study were of bench top scale;
furthermore, 99.9% industrial grade CO, was used for
the dosage. If the proposed methods of ACC were to be
employed over larger commercial scales, future studies
should involve dosing actual precast concrete members
(which contain different types of biochar samples) with
exhaust gas from an onsite source (such as a generator)
in a dosage chamber of actual size. By varying the dosage
duration of each batch of these precast concrete mem-
bers and conducting this experiment over an extended
period of time, one can gain useful insight into the opti-
mal duration that can yield the highest carbonation effi-
ciency while keeping compressive strength to a certain
minimum value. Nonetheless, on the whole, the ACC
typology proposed in this study could hopefully acceler-
ate more studies and eventually industrial adoption of
ACC methodologies that apply biochar as a tuning agent.

Abbreviations
ACC Accelerated carbonation curing
Control-EC Control mortar subjected to external carbonation

Dry-NC Mortar containing dry biochar and mortar not subjected to any
carbonation

PS-NC Mortar containing pre-soaked biochar and mortar not subjected
to any carbonation

Dry-EC Mortar containing dry biochar and mortar subjected to external
carbonation

PS-EC Mortar containing pre-soaked biochar and mortar subjected to
external carbonation

Dry-IC Mortar containing dry biochar subjected to internal carbonation

PS-IC Mortar containing pre-soaked biochar subjected to internal
carbonation

Dry-I&EC  Mortar containing dry biochar subjected to internal carbonation,
and mortar subjected to external carbonation

PS-IREC  Mortar containing pre-soaked biochar subjected to internal
carbonation, and mortar subjected to external carbonation

Variables

Decrease of total mass due to disintegration of bio-
char mass in the temperature ranges between x and y
M, Mass of mortar samples at temperature x

f Mass fraction of biochar in mortar sample
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